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ABSTRACT 

Erwinia chrysanthemi is a plant pathogen responsible for causing disease on a 

wide variety of plants. Pathogenicity is due in part to the degradation of pectin, an 

integral component of the plant cell wall. Pectin is degraded into monomers, dimers. and 

oligomers of galacturonate. These molecules are transported into the bacterium where 

they are metabolized and generate inducers for the production and secretion of the pectin 

degrading enzymes. The uptake of these molecules into the bacterium, therefore, plays an 

important role in the virulence potential of the bacterium. The exuT%ene, encoding the 

protein for transport of galacturonate (GalUA) into E. chrysanthemi has been previously 

cloned and sequenced. In order to study this permease, the GalUA transporter was 

overexpressed and localized to the bacterial cytoplasmic membrane. The toplogy of the 

protein was mapped using information from computer algorithms, hydrophobic analysis, 

and gene fusion studies. These studies indicate that ExuT has nine transmembrane 

a-helices, four periplasmic domains, and four cytoplasmic domains The amino-terminus 

resides in the cytoplasm and the carboxy-terminus in the periplasm. Mutations in exuT 

were generated by marker exchange mutagenesis and characterized for their ability to 

grow on and transport GalUA. These mutants were also assessed for their ability to cause 

disease on plant tissue. The ĴCWJ mutants were unable to grow on GalUA as a sole 

carbon source and showed reduced uptake of the monomer The maceration of plant 

tissue by these mutants was delayed and reduced significantly when compared to the 

parent strain EC 16. 
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CHAPTER I 

INTRODUCTION TO PLANT CELL WALL DEGRADATION 

AND CATABOLISM 

Erwinia chry.santhemi and other members of its genus are known to cause disease 

on a wide variety of plants. The major characteristic of this disease is maceration of the 

plant tissue resulting from degradation of pectin, a major component of the plant cell wall. 

Pectinases, cellulases, and proteases are some of the extracellular enzymes secreted 

by Erwinia that attack the plant cell wall. The pectinases are key enzymes that enable E. 

chrysanthemi to cause disease (Basham and Bateman, 1975; Barras et al., 1994). Once 

these enzymes were shown to be important to the disease-causing potential of the bacteria, 

work turned toward the genetic and regulatory factors that control the synthesis and 

secretion of these enzymes. Pectin, a major component of plant cell walls located in the 

middle lamella, can be thought of as the glue that holds the plant cells together and helps 

impart rigidity to the cell (Carpita and Gibeaut, 1993). It follows that a pathogen would 

need to break down this molecule in order to be successful. Pectin is a methylated 

polymer of galacturonate. Degradation of the polymer, after demethylation, yields 

monomers, dimers, and oligomers of galacturonate (GalUA) and keto-deoxy-gluconate 

(KDG) (Garbaldi and Bateman, 1971; Preston et al., 1992). These molecules can then be 

catabolized and utilized as carbon and energy sources and as inducers of pectinases 

(Collmer and Bateman, 1982, Hugouvieux-Cotte-Pattat et al., 1983; Reverchon et al, 

1991; Nasser et al., 1992). Pectin-degrading enzymes have been shown to be induced by 

catabolites of these monomers, dimers, and oligomers of galacturonate, but in order for 
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this induction to occur, these molecules must first enter the cell. Hence it would seem that 

transport of degraded plant cell wall materials is important to the virulence of the 

bacterium. E. chrysanthemi provides an excellent model for studying the role of transport 

in virulence due to its ability to cause disease in a wide variety of plants and ease of 

genetic manipulations. Studying the expression and topology of the transport systems that 

exist for the uptake of these pectin/pectate-derived molecules will allow for a better 

understanding of the role that they play in the virulence of the bacterium and allow for 

development of novel approaches to control these pathogens. 

Plant Cell Wall Degradation and Catabolism. 

Soft-rot is a disease characterized by maceration and killing of the susceptible 

tissues of a plant (Basham and Bateman, 1975). E. chrysanthemi is a member of a group 

of plant pathogens known to cause this disease. The pectin-degrading enzymes secreted 

by these pathogens have been implicated as one of the key molecular factors in 

pathogenesis. Pectin (Figure 1-1, Figure 1-2) is a methylated polymer of galacturonate 

and is a major constituent of the plant cell wall. The demethylated form, 

polygalacturonate (PGT or pectate), is a polymer made up of a-(l,4) linked D-

galacturonate residues. Several other residues as well as neutral sugars are also 

considered to be integral components of pectin (Starr and Chatterjee, 1972). The glue

like fiinction of pectin helps hold cells together. A large portion of the cell wall is 

comprised of cellulose arranged in layers around the plasma membrane Pectin makes up a 

large portion of the middle lamella of a cell wall, which is also the first part to form during 



cell division. The cell wall is fiirther divided into the primary and secondary cell walls. 

The secondary cell wall is composed of cellulose and lignin (Figure 1-1). Degradation of 

these components leads to a loss of turgor pressure and eventual cell death due to lysis. 

This gives rise to the watery characteristic look of soft-rot. 

Pectate can be cleaved by two different types of enzymes, hydrolases and lyases. 

Different strains of £. chrysanthemi produce various combinations of these enzymes. The 

degradation of pectin (Figure 1-2) begins with the action of a pectin methylesterase, and 

then the resulting polygalacturonate is cleaved by lyases resulting primarily in 4,5 

unsaturated digalacturonate. The genes that correspond to the five pectate lyases {pelA, 

pelB, pelC, pelD, pelE) and pectin methylesterase {pem) have been identified and are 

organized into two clusters on the E. chrysanthemi 3937 (French strain) genome 

(Hugouvieux-Cotte-Pattat et al., 1989). These genes have been cloned and expressed in E. 

coli (Collmer et al.; 1985, Keen et al., 1984). The genes with their native promoters are 

not inducible in E. coli but are expressed constitutively (Collmer et al., 1985, Keen et al., 

1984). The most likely reason for the lack of induction is the absence of regulators or 

effector molecules. The complete extracellular degradation of PGT by pectinases results 

in products that can then be transported into the cell and used as sources of carbon and 

energy. The catabolism of these molecules also generates metabolic intermediates that can 

act as inducers or repressors in regulatory processes (Collmer and Bateman, 1981, 

Chatterjee et al., 1985). 

The catabolism of these molecules (Figure 1-3) can be divided into several 

different but associated pathways. Degraded PGT can be catabolized by the GalUA, keto-



deoxy-uronate (KDU), and keto-deoxy-gluconate (KDG) pathways However, it is 

necessary to ftirther degrade GalUA2, uGalUA2 and oligomers of GalUA. 

Oligogalacturonate lyase (OGL) is required for the catabolism of GalUA2 and uGalUA2 in 

E. chrysanthemi (Chatterjee et al., 1985; Reverchon and Robert-Baudouy, 1987). It has 

also been proposed that there is a cytoplasmic a-galacturonidase, oligogalacturonate 

hydrolase (OGH), or exoPL that functions in the catabolism of oligomers of GalUA longer 

than two residues if these molecules can enter the cytoplasm (Collmer et al., 1982, 

Chatterjee et al., 1985). The action of OGL on uGalUA2 or GalUA2 yields either two 

molecules of 5-keto-4-deoxyuronate (DKI) or one molecule of GalUA and one molecule 

of DKI respectively. Degraded PGT can then enter one of the three hexuronate catabolic 

pathways GalUA, KDU, or KDG (Kilgore and Starr, 1959; Preiss and Ashwell, 1963a; 

Preiss and Ashwell, 1963b; Chatterjee et al., 1985). These catabolic pathways degrade the 

monomers into molecules that can be used by the cell as carbon and energy sources. The 

pathways involved are all independent but converge at the point of formation of KDG. At 

this point KDG is converted into pyruvate and 3-phosphoglyceraldehyde 

Numerous genes involved in the degradation and catabolism of pectin can be 

induced in the presence of PGA or GalUA, including/7^/^-£, ogl, kdgT{KDG transport) 

uxoA, uxaB, and uxaC (hexuronate catabolism) The probable intracellular inducers of 

these genes are KDG, 2,5-diketo-3-deoxygluconate (DKII), and 5-keto-4-deoxyuronate 

(DKI), the products of intracellular catabolism (Chatterjee et al., 1985, Condemine et al, 

1986). Investigation into the uptake of the undegraded galacturonans suggests that the 

polymer cannot be taken up into the cell, but the bacterium can detect them in the 



environment due to increased pectate lyase production in the presence of this undegraded 

material (Collmer and Bateman, 1982). 

Glucose has been shown to exert catabolite repression in the regulation of many of 

the genes involved in the degradation and metabolism of pectin (Hugouvieux-Cotte-Pattat 

et al, 1996). A repressor (KdgR) has been shown to be a coordinate negative regulator of 

the genes of the pectin catabolic pathways as well as those involved in pectin degradation 

(Condemine and Robert-Baudouy, 1987a, Barras et al., 1994; Nasser et al, 1992). The 

regulatory regions of several of these genes have a highly conserved motif of dyad 

symmetry that may correspond to the binding site for KdgR (Reverchon et al, 1989; 

Barras et al, 1994; Nasser et al, 1992; Hugouvieux-Cotte-Pattat et al., 1996) Mutants in 

the five major pectate lyase genes failed to completely eliminate tissue maceration by the 

bacterium (Reid and Collmer, 1988). This suggests that pectate lyases are important in 

the virulence of the bacterium. It does not indicate, however, that they are all that is 

needed for pathogenesis. 

The genes for hexuronate catabolism are postulated to be under the control of the 

negative regulator ExuR, as mutants in the gene result in constitutive expression of the 

genes exuT, tncoA, uxaB, and uxaC (Hugouvieux-Cotte-Pattat and Robert-Baudouy, 

1987). Recently it has been shown that exuTxs important in the early stages of the disea.se 

process and is negatively regulated by ExuR (Valmeekam et al., in preparation) It is not 

yet known if this regulator may also play a role in the control of other genes involved m 

pectin degradation and metabolism. 
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Systems for Transport of Plant Cell Wall Degradation Products 

kdgT, the gene responsible for the uptake of KDG, DKI, and DKII, has been 

cloned and its importance in pectin metabolism has been demonstrated (Condemine and 

Robert-Baudouy, 1987b). DKI and DKII demonstrated a higher affinity for the 

transporter as well as the ability to competitively inhibit the transport of KDG. Expression 

of kdgT is, induced by PGT, GalUA, udGalUA, and GulUA but is very weakly induced by 

DKI and DKII and not at all by KDG (Allen et al, 1989). Furthermore, the bacterium 

cannot use KDG as a sole carbon source (Pouyssegur and Stoeberg, 1974). This failure to 

grow on the substrate is not due to the lack of a transport system but rather to low basal 

levels of the permease, its low affinity for KDG, and the inability of KDG to induce its 

own transport system (Condemine and Robert-Baudouy, 1987b). The sensitivity of this 

particular permease to carbonyl cyanide m-chlorophenyl hydrazone suggests that it is 

dependent on the electrochemical potential, which in turn suggests that this is a single-

component system since energy is coupled to the transport of the substrate in a single 

functional protein (Allen et al, 1989). kdgT, kdgK and kdgA belong to the kdg regulon 

(Pouyssegur and Lagarde, 1973). The permease shows strong homology to E. coli kdgT 

and its hydrophobic character suggests that it is indeed an integral membrane protein 

(Allen etal, 1989). 

Work has been undertaken to examine the system responsible for the transport of 

galacturonic acid into E. chrysanthemi. The exuT system is responsible for uptake of 

GalUA as well as the uptake of glucuronic acid (GulUA) and is inducible with the addition 

of GalUA, GalUA2, or a mixture of pectin and PGT into the medium. This induction 



increases activity of the transporter two- to three-fold and the activity is also inhibited by 

cyanide and 2,4-dinitrophenol up to 90%, suggesting that uptake of GalUA is energy 

dependent (San Francisco and Keenan, 1993). The transport system is most likely 

controlled by the negative regulatory element exuR (Hugouvieux-Cotte-Pattat et al. 

1983). The DNA from E. chrysanthemi EC 16 able to complement a GalUA uptake 

mutant was recently cloned (Freeman and San Francisco, 1994), and the nucleotide 

sequence determined (Freeman, 1996, Haseloff et al, 1998). The expression of exuT 

seems to be under the control of degraded pectin products or a metabolite of one of the 

molecules (San Francisco and Keenan, 1993). 

The uptake of the dimers generated by degradation has also been studied (Collmer 

and Bateman, 1981). The system is induced by the monomer, dimer, and a mixture of 

pectin and PGT, but induction by the dimer and the polymer was approximately 15 times 

that of the monomer (San Francisco et al., 1996). The uptake displayed saturation 

kinetics and was insensitive to arsenate and other inhibitors of ATP but sensitive to 

cyanide, 2,4-dinitrophenol, and others dissipaters of the electrochemical potential (San 

Francisco et al, 1996). Addition of the monomer failed to compete wdth dimer uptake, 

but addition of the unsaturated dimer did compete suggesting that saturated and 

unsaturated dimer share a component of the same system, but that system is independent 

of GalUA uptake (San Francisco et al, 1996). Furthermore, ĴTM^ mutants are capable of 

transporting the dimer, providing additional evidence for the presence of separate 

transport systems for the monomer and dimer of GalUA (San Francisco and Keenan, 

1993; San Francisco et al., 1996). 



Cloning of the exuT DNA from E. chrysanthemi EC 16 

The ^xw^gene product is responsible for the uptake of GalUA into the cytoplasm 

for use as a carbon source and intermediates in its metabolism as inducers of the genes for 

pectate lyase. An E. chrysanthemi genomic library in pLARF3 was used to identify a 3 4-

kbp fragment of the EC 16 genome able to complement a mutant in both growth and 

uptake of GalUA (Freeman and San Francisco, 1994). A 3.4-kbp ̂ coRV fragment was 

cloned into the Smal site of pUC19, given the designation pTTU-1 (Figure 1-4), and the 

cloned fragment sequenced (Freeman, 1996). Complementation studies as well as gene 

fusion analysis with TnphoA indicated that the entire fragment is necessary to complement 

an exuTmutant ofE. chrysanthemi ERH 215. The results from the complementation 

studies identified the gene to be present on an EcoKl fragment of the complementing 

DNA that allows growth on GalUA with an extended lag phase (Freeman and San 

Francisco, 1994). The gene fusions also allowed for the localization of at least one of the 

fiisions to the membranes of the cell (Freeman and San Francisco, 1994). Sequence 

analysis of the fragment revealed the presence of three potential open reading frames 

(Freeman, 1996). 
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Table 1. Extracellular pectin/pectate-degrading enzymes of Erwinia chrysanthemi. 

^"zy'"^ Gene Substrate Products 

endo-Pectate lyase 

endo-Pectate lyase 

endo-Pectate lyase 

pelA 

pelB 

PGA 

PGA 

pelC PGA 

endo-Pectate lyase 

endo-Pectate lyase 

exo-Polygalacturonase 

Pectin methylesterase 

pelD 

pelE 

ExoPeh 

pem 

PGA 

PGA 

PGA 

Pectin 

predominant 
oligomers: di to 
dodecomaers 
predominant 
oligomers: tri to 
tetrameters, 
monomers 
predominant 
oligomers: tri to 
tetrameters, 
monomers 
undetermined 

predominant 
oligomers dimers 
dimers 

Pectate 



Secondaiy Cell Wall 

Priflitty Cell Wan 

Middle Lamella 

Figure 1-1. Schematic of plant cells and their interaction. Pectin is the primary 
component of the middle lamella and the secondary cell wall 
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Figure 1-2. The degradation of pectin proceeds through saturated and unsaturated 
dGalUA to one molecule of GalUA and three molecules of 5-keto-4-deoxyuronate 
(DKI) 
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extiacelluar 
Galacturonate 

^&xu T 

Galacturonate <-
ogl 

uxa C 

Tagaturonate 

uxa B 

Altronate 

extracellular , , _, 
l^dg, T 

KDG ^ 

Pectin 

Polygalacturonate 

satvirated 
Digalacturonate 

H 

tins atuf ate d 

Digalacturonate 

ogl 
5-Keto-4-Deoxyuronate (DKI) 

.hdul 

2,5-Diketo-3-Deoxygluconate (DKII) 

uxa A 

yr 2-Keto-3-DeoxygIuconate (KDG) 

kdgK 

6-Pho spho - 2-K eto - 3-D eoxygluc onate 

kdgA 

Pyruvate + 3-Phophoglycer aldehyde 

kduD 

Figure 1-3. The degradative steps of pectin and GalUA in E. chrysanthemi The 
specified genes catalyze reactions by their respective gene products. Exu T 
transports extracellular GalUA into the cytoplasm and kdg 7" transport extracellular 
KDG into the cell even though it is not a major product of pectin degradation 
(Condemine and Robert-Baudouy, 1987). 

12 



[.pn I Kpn I 

+1—H 
Sacl Kpn I Kpn I 

37kDa ^ 

Hind III 

34kDai 

Figure 1-4. The ^xwr-complementing DNA from E. chrysanthemi A 3 4 kbp 
fragment of £". chrysanthemi DNA was cloned into the Smal site of pUC19 
yielding pTTU-1. The insert also shows relevant restriction sites and the putative 
open reading frames with the predicted molecular masses of the proteins 
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CHAPTER II 

EXPRESSION AND LOCALIZATION OF EXUT 

FROM ERWINIA CHRYSANTHEMI 

Introduction 

Cloning represents an early step in the characterization of a gene. Further 

characterization requires the expression of the protein, which facilitates studies on its 

structure and function. The gene of interest is first placed downstream of a strong 

regulatable promoter. The promoter must be inducible in the presence of a physiological 

inducer in the host bacterium, usually a strain of £". coli because of its well-characterized 

physiology (Neidhardt et al, 1996). Promoters used for this purpose include the lac 

promoter (Brosius and Holy, 1984); the tac promoter, a combination of the trp and lac 

promoters (Amann et al, 1983; de Boer et al, 1983); and the Xph regulated by a 

temperature-sensitive repressor (Shatzman and Rosenberg, 1987). These function in the 

presence of the molecules galactose or IPTG that induce genes under the control of these 

promoters. Another useful expression system is the T7 system (Tabor and Richardson, 

1985). The system is based on the use of the T7 RNA polymerase, the great asset of this 

system being that the polymerase is not a native E. coli polymerase. The gene for the 

polymerase is carried on a plasmid under the control of a temperature-sensitive k 

promoter in the same cell with the plasmid carrying the gene to be expressed downstream 

of a T7 promoter. Induction of cells carrying both plasmids will resuh in production o\ 

the polymerase, expression of the gene of interest will then be driven from the T7 

promoter. Inhibition of the host E. coli polymerase by the addition of rifampicin allo\̂ s 
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for expression of genes controlled by T7 promoters Adding [̂ ^S]-methionine allows for 

selective labeling of the protein encoded by the gene under the control of the T7 promoter 

Once the protein has been expressed it must also be localized to one of the 

membranes (outer or cytoplasmic membrane), the cytoplasm, or the periplasm of the 

Gram-negative bacterial cell. Localization can be accomplished by fractionating the 

radioactively labeled cells. Alternatively the protein can be localized by immunoblotting 

using antibodies to the purified protein. This approach cannot be used unless purified 

protein or a synthetic polypeptide is available to produce an antibody. Gene fusions can 

also be used in the same type of procedure using antisera to the protein encoded by the 

reporter gene. 

Gene fiisions are powerful molecular tools for studying the regulation of a gene or 

the structure and function of the gene product. Gene fijsions can be divided into two 

groups: transcriptional or translational Both types of fusions can be used to study the 

regulation of genes. Transcriptional fusions have reporter genes that are fused to the 

promoters of the genes being studied. The presence or absence of the reporter gene 

products under different conditions can identify molecules involved in the regulation of the 

gene. Translational fusions require in-frame fusions between the gene being studied and a 

reporter gene lacking sequences for the translation of the protein. The gene being studied 

then provides the promoter and signal sequences for the fusion, yielding a hybrid protein. 

Bacterial alkaline phosphatase (BAP) and p-galactosidase (p-gal) are two proteins used in 

translational fusion investigations. BAP is most active only in the periplasm of the Gram-

negative cell whereas P-galactosidase is active only in the cytoplasm. These hybrid 
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proteins can then be used to localize the gene product in the cell. The cell containing the 

fusions can be screened on their respective substrates to identify active hybrid protein for 

use in localizing the protein in the cell. 

Materials and Methods 

Bacterial strains and plasmids 

Strains, plasmids and phages are listed in Table 2-1 

Media and growth conditions 

E. coli and E. chrysanthemi strains were grown in Luria-Bertani (LB) medium or 

minimal sahs (M-9 or M-63) supplemented with the appropriate sources of amino acids, 

vitamins and carbon (Miller, 1972). Typically E. coli and E. chrysanthemi were grow^ at 

37°C and 30°C, respectively, with or without shaking as indicated. Antibiotics were used 

at the following final concentrations unless otherwise stated: kanamycin, 50|j.g/ml; and 

ampicillin, 50|ig/ml. 

DNA manipulations 

Plasmid DNA was isolated by alkaline lysis (Sambrook et al, 1989) or QIA spin 

prep for small amounts of DNA. Larger amounts of DNA were isolated by QIAgen midi 

columns. DNA restriction, modification, ligation, and agarose gel electrophoresis were 

performed essentially as described by Sambrook et al. (1989) or according to 

manufacturer's instructions. Transformation ofE. coli was carried by calcium chloride 
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treatment (Hanahan et al, 1983). Cells were grown overnight in LB, diluted 1 20 into 

fresh medium and incubated with shaking until the A595 was approximately 0.4, Cells were 

collected by centrifligation and resuspended in ice-cold 50 mM CaCb and incubated on ice 

for 20 minutes Cells were then centriftiged, resuspended in the liquid adhering to the 

walls of the centrifuge tube and incubated on ice for 20 minutes. Glycerol was added to a 

final concentration of 15% and the cells stored at -20̂ C (Hanahan et al, 1983). Cells for 

electroporation were prepared by growing the cells overnight in LB, diluting 1 20 into 

fresh medium and outgrovsdng until A595 was approximately 0 4. Cells were placed on ice 

for 15 minutes, centrifuged, and washed twice with ice cold 10% glycerol Cells were 

resuspended in the liquid adhering to the side of the centrifuge tube. Electroporation was 

performed according to the manufacturer's instructions using a BRL Cell Porator, Vohage 

Booster, and microelectroporation chambers at 330 |iF, 4 kW, and 12.5 kV/cm. 

Construction of plasmids for expression of the galacturonate 
transport protein 

Expression of the galacturonate transport protein was carried out as previously 

described by Tabor and Richardson (1985). Plasmids pTTU-1 and the expression 

plasmids, pT7-5 (Figure 2-2) and pT7-6 (Figure 2-3), were digested with Sacl and 

Hindlll and electrophoresed in a 0.7% agarose gel. A 3.4-kbp fragment from pTTU-1 

and fiill-length expression plasmids were excised and purified using the Gene Clean II kit 

(Bio 101). This fragment was then ligated into the expression vector These constructs, 

designated pT7-5T and pT7-6T (Figure 2-5), were then transformed into E. coli K38 

containing plasmid pGPl-2 (Kan )̂ carrying the gene for T7 RNA polymerase under the 
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control of a temperature-sensitive X repressor. Difficulties with pT7-6T necessitated the 

preparation of a new construct to identify polypeptides, if any, encoded by open reading 

frames in the opposite direction of pT7-5T. Plasmid pT7-5R (Figure 2-5) was constructed 

by digesting plasmid pT7-5 with Hindlll followed by heat inactivation, and the DNA was 

blunt-ended using T4 DNA polymerase. Following heat inactivation of the polymerase and 

phenol-chloroform extraction, digestion withXbal was performed. Plasmid pTTU-1 was 

digested with Sacl and subjected to the same treatment as pT7-5 to digest with Xbal. 

Following digestion with Xbal, both digestions were separated on a 0.7% agarose gel. A 

3.4-kbp fragment from pTTU-1 and pT7-5 were excised from the gel, purified using the 

Gene Clean II kit and the 3.4-kbp fragment was ligated into pT7-5. The construct was 

then transformed into E. coli K38 for expression studies Further analysis of the sequence 

of pTTU-1 revealed two potential open reading frames (Freeman, 1996) In order to 

identify the transport protein the fragment of DNA containing the putative transporter was 

cloned into pT7-5. Plasmid pT7-5F was digested with Apal and ^coRI, blunt-ended, 

separated on a 0.7% agarose gel and the approximately 4.0-kbp band was excised, 

purified, and self-ligated yielding pT7-5A (Figure 2-5). 

In order to identify the gene product it was necessary to disrupt the predicted ORF 

with another gene or cassette. This was accomplished by inserting the kanamycin 

resistance gene from pUM24 into the unique Pstl site of pT7-5A. Plasmids pUM24 and 

pT7-5A were digested with Pstl, separated on a 0.7% agarose gel, and the 4 2-kbp band 

from pT7-5A and the 1.0-kbp band from pUM24 containing the kanamycin resistance 
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gene were excised and ligated to yield plasmid pT7-5K (Figure 2-5). Both plasmids were 

transformed into E. coli K38 and HBlOl harboring pGPl-2 (Figure 2-1). 

Expression of the galacturonate transporter 

Cells containing pGPl-2 and one of the expression constructs were grown 

overnight at 30̂ C in 5 ml of LB with kanamycin and ampicillin. Cells were then diluted 

1:20 into 3 mis of fresh media and grown at 30̂ C until an A595 of 0.4 to 0.5 was reached. 

The temperature was increased to 42̂ C for 30 minutes, rifampicin was added to a final 

concentration of 200 jig per ml, and the incubation was continued at 42°C for 15 minutes 

The cells were then moved to a 37̂ C incubator for 30 minutes. Cells were then collected 

by centrifiigation and resuspended in IX TE SDS sample buffer added and the samples 

heated to lOÔ C and proteins separated on 10% SDS-polyacrylamide gels. The gels were 

visualized by using either Coomassie blue or silver stain. When selective labeling was 

performed, cells were collected by centrifiigation 15,000 xg and washed twice with 5 ml 

of IX M63. The cells were then resuspended in 1 ml of IX M63 supplemented with 

thiamine (l|ig/ml), MgS04 (ImM), and a mixture of eighteen amino acids (lacking 

methionine and cysteine) at a concentration of 50 |ig/ml each. Cells were incubated m the 

medium for 1 hour at 30^C. The gene for T7 RNA polymerase was then induced by 

moving the cells to an incubator at 42̂ C for 15 minutes. Rifampicin was then added to a 

final concentration of 300 îg/ml to inhibit the host RNA polymerase, and the cells v\erc 

incubated at 42''C for an additional 10 minutes. Cells were then transferred to 37"C for :<) 

minutes and labeled by adding 20 nCi of [̂ Ŝ] trans-label methionine (Dupont NEN) for 
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five minutes at 30*̂ C. The cells were then fractionated as described by Manoil and 

Beckwith (1986). The cells were collected by centrifiigation and resuspended in 150 |il of 

spheroplast buffer (100 mM Tris, 0.2 mM phenyl methyl sulfonyl flouride (PMSF), 0.5 M 

sucrose, and 0.5 mM EDTA) and 50 1̂ was removed and frozen as the whole-cell 

fraction. Cells were then centriftiged and resuspended in 100 \x\ of ice cold water 

incubated on ice for 45 seconds, and 5 1̂ of 20 mM MgCb was added. Cells were 

centrifuged, and the supernatant was removed and stored as the periplasmic fraction. The 

cells were then resuspended in 150 |il of cold spheroplast buffer and 15 pil of 2 mg/ml 

lysozyme and 150 |il of ice cold water incubated on ice for 5 minutes, and centrifuged at 

7200 xg. The cells were then resuspended in 600 |il of 10 mM Tris and 0.2 M PMSF and 

subjected to three cycles of rapid freezing and thawing in a dry ice methanol bath. DNase 

I and 1 M MgCli were added to the suspension, which was then centrifuged for 25 

minutes. The supernatant represented the cytoplasmic fraction and the pellet the 

membrane fraction. The membranes were resuspended in 10 pil of TE. Two |il of each 

fraction were then precipitated using trichloroacetic acid and assayed for incorporation of 

radioactivity on glass-fiber filters. Approximately equal counts were loaded onto a 15% 

resolving SDS-polyacrylamide gels and electrophoresed for 16 hours at 50V. The gel was 

treated with ENH^ANCE (Dupont NEN), dried, and autoradiographed to visualize 

radioactively labeled proteins. 
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Subcloning of t?xwrinto a muhicopy plasmid 

Sequence analysis of the 3.4-kbp fragment of pTTU-1 revealed three possible open 

reading frames, one putatively identified as the transporter based on its high hydrophobic 

character (Figure 2-4; Freeman, 1996). This open reading frame was subcloned by 

digesting pTTU-1 With Apal and Hindlll, and blunt-ending with T4 DNA polymerase. 

The fragments were then separated on a 0.7% agarose gel and the 4 4-kbp fragment was 

excised and purified using the Gene clean kit (Bio. 101). The fragment was then self-

ligated using T4 DNA ligase and transformed into E. coli DH5a. The construct was then 

confirmed by restriction mapping. This plasmid designated, pTTU-4, was then 

transformed into E. coli CCl 18. 

Generation of alkaline phosphatase gene fusions 

Gene fusions were made using transposon XTnphoA as a vector to deliver alkaline 

phosphatase (AP) linked Tni to pTTU-4 (Manoil and Beclcwith, 1985) Phage were 

prepared by infecting 1 ml of £". coli DH5a, grown overnight in LB supplemented with 

0.2%) maltose, with XTnphoA at an approximate multiplicity of infection (moi) of 1 from a 

stock of phage. The cells and phage were mixed in 3 ml of 0.7% soft agar, which was 

then poured onto LB plates and cooled to allow the top agar to solidify The plates were 

then incubated until plaques formed (12-24 hrs). The phage were then diffused out of the 

agar with SM, treated with chloroform, centrifuged, and stored at 4̂ C until needed 

(Sambrook et al, 1989). 
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Alkaline phosphatase fiisions were generated as previously described (Wilmes-

Riesenberg and Wanner, 1992). E. coli CCl 18 cells containing pTTU-4 were grovsm 

overnight in LB supplemented with ampicillin and 0.2% maltose Cells were then 

centriftiged, resuspended in the same volume of buffer MC (10 mM MgCb, 5 mM CaCl:). 

and 5 \i\ of phage (10^ to 10̂ ' pfii/ml) added to 100 \i\ of cells. Cells were then incubated 

for 20 min at room temperature, then diluted into 1 ml of LB and grown by shaking at 

30 C for 1 hour. Approximately 75 1̂ of cells were plated onto LB containing Amp (50 

|ig/ml), Kan (300 |ig/ml), and 40 pig/ml of XP (5-bromo-4-chloro-3-indolyl phosphate). 

Cells were pooled from the plates or blue colonies selected, and DNA was prepared and 

used to transform either E. coli CCl 18 or DH5a. Cells were then plated onto LB 

containing Amp (50 }ig/ml), Kan (50 |ig/ml), and 40 |ig/ml of XP (5-bromo-4-chloro-3-

indolyl phosphate) and blue (alkaline phosphatase-positive) and white (AP-negative) 

colonies were selected for further study. 

Localization of ExuT in the bacterial cell 

The location of a transport protein is presumed to be in the cytoplasmic or 

periplasmic membrane of the bacterial cell To identify the location of ExuT, inner and 

outer membranes were prepared from E. coli CCl 18 as previously described (Osborn et 

al, 1972). Cells were grown overnight in 500 ml of LB supplemented with the 

appropriate antibiotics, harvested by centrifiigation, and resuspended in 10 ml of 0 75 M 

sucrose in 10 mM Tris-HCl (pH 7 8) Lysozyme was added to a final concentration of 

500 îg/ml and incubation continued on ice for 2 minutes Cells were diluted by adding 20 
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ml of 5 mM EDTA over a period of 10 minutes, lysed by three passages through a French 

pressure cell at 20,000 psi and centriftiged for 10 minutes at 10,000 x ^ to remove 

unbroken cells. The supernatant was centriftiged at 100,000 x g for 90 minutes at 4̂ C and 

the pellet resuspended in 500 |il of 3.3 mM Tris HCl (pH 7.8), 0.25 M sucrose, and 1 mM 

EDTA, diluted to 10 ml and centriftiged at 100,000 x g for 90 minutes at 4'̂ C. The pellet 

was resuspended in 1 ml of 25% (w/w) sucrose in 5 mM EDTA, layered onto sucrose step 

gradients and centriftiged at 200,000 x ̂  for 12-16 hrs at 4̂ C. The upper and lower 

bands, corresponding to inner and outer membranes, respectively, were washed in 50 mM 

potassium phosphate (pH 7) and centrifiiged at 100,000 x g for 90 minutes. Membranes 

were then resuspended in 30 jal of 50 mM potassium phosphate using a paintbmsh 

Membranes, cytoplasmic, periplasmic and total, were then subjected to a Bradford protein 

assay to determine the protein concentration in the membranes. 

An NADH dehydrogenase assay was performed to determine the purity of the 

inner membrane fraction. Approximately 30 jig of protein was added to 1 ml of 100 mM 

Tris-HCl (pH 7.4), and then 2 [il of 75 mM NADH was added. Absorbance readings were 

taken at 30-sec intervals for 10 minutes at 340 nm. Activity of inner and outer membrane 

fractions were compared to the activity of the total membranes (Table 2-2). 

Approximately 30 |ig of protein were then separated on 10% SDS-polyacrylamide 

reducing gels and transferred to nitrocellulose by electroblotting (Towbin et al, 1979) 

The nitrocellulose was blocked using 5% non-fat dry milk, and then proteins were 

incubated with rabbit antibody directed against bacterial alkaline phosphatase Bound 
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rabbit antibody was visualized using alkaline phosphatase-linked goat anti-rabbit IgG and 

reagents supplied in a commercially available detection kit (5'->3', Inc.). 

Results and Discussion 

The uptake of galacturonate into the bacterial cell has been thought to be mediated 

by a single polypeptide. Analysis of the sequence (Freeman, 1996) of pTTU-1 yielded 

two potential open reading frames (ORF) (Figure 2-4) that encoded potential polypeptides 

with molecular masses of 37 kDa and 34 kDa, respectively. In order to identify the 

polypeptide, expression studies were undertaken with the entire cloned fragment of 

pTTU-1 in opposite orientations to serve as controls (Figure 2-5) and a 37 kDa protein 

was identified (Figure 2-6). A second protein was also observed in the gel. This protein 

had a molecular mass of approximately 34 kDa and also localized in the membranes of the 

radiolabeled cells. The deduced amino acid sequence of ExuT indicated a hydrophobic 

protein, possibly a membrane protein, ahhough the predicted size of the polypeptide is 37 

kDa. The high hydrophobic amino acid content (58% non-polar residues) of this protein 

may account for the observed abnormality. A highly hydrophobic polypeptide binds a 

greater amount of SDS and therefore would migrate faster than its apparent molecular 

mass (San Francisco et al 1989). 

In order to positively identify the 37 kDa polypeptide as ExuT, the 1.8-kbp ACY;RI-

Apal fragment harboring the first ORF was subcloned into the T7 system Expression 

studies using pT7-5A revealed a single polypeptide encoded by the fragment as seen in 

Figure 2-7. In order to identify conclusively that any protein expressed using this 
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construct was indeed encoded by the 1.8-kbp EcoRI-Apal fragment, the nptl cassette 

encoding kanamycin resistance was inserted into the Pstl site to disrupt the gene and 

expressed independently, as a control when expressing ExuT. Figure 2-7 (lane 6) shows 

that disruption of the ORF with the nptl cassette results in the loss of the observed 

polypeptide No protein was observed in the disrupted construct due to the kanamycin 

resistance gene being inserted in the opposite direction with respect to the T7 promoter 

Crude localization of the galacturonate transporter (ExuT) to the total membranes 

was accomplished by fractionating the radioactively labeled cells as previously described 

Cells carrying pT7-5A expressing ExuT were fractionated into total membranes and 

cytoplasm. The protein was observed in both the membrane and whole cells, but no 

protein was observed in the cytoplasmic fraction. The low amount of protein in the 

membranes compared vsdth that of the whole cells can be attributed to the nature of the 

preparation. Membranes are typically centrifuged at 100,000 x g for 90 minutes. This 

radioactive preparation involved centrifuging for 20 minutes at 7200 x g. This g force was 

probably insufficient to fully pellet the membranes but due to the radioactive nature of the 

proteins this was the highest g force available in the radioactive lab. The location of this 

protein in the membranes combined with the fact that this fragment has the ability to 

complement a galacturonate transport mutant (Haseloff et al., 1998), indicates it is most 

likely responsible for the transport of galacturonate into the bacterium. 

Using cells carrying alkaline phosphatase fusions in exuT, further fractionation into 

inner and outer membranes was performed. Gene fusions were constructed in pTTl -4 .js 

previously described, and alkaline phosphatase-positive (blue) colonies were selected for 
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further study. The location of the fusions were confirmed by restriction mapping to ensure 

the fiisions were in the exuTgene. ExuT-BAP fusions (with alkaline phosphatase activity, 

or lacking activity) were selected for ftirther analysis. Total membranes, inner membranes, 

and outer membranes were prepared from cells bearing these fiisions and their protein 

content determined. Representative proteins from each fraction were subjected to an 

NADH dehydrogenase assay to determine the purity of each of the membrane samples. In 

each assay, except fusion #33, greater than 85% of the activity of the total membranes was 

associated with the inner membranes of each sample. Equivalent amounts of proteins 

from the cytoplasmic and outer membrane preparations were separated by SDS-PAGE. 

Figure 2-8 shows the results of the immunoblot following electrophoresis on a 10% gel. 

Both have an apparent molecular mass higher than that of native alkaline phosphatase and 

are consistent with the expected size of the fusion products based on the location of the 

fusion in the gene as determined by restriction enzyme analysis. The other bands present 

in the fusion lanes most likely represent degradation of the fusion products. Most of these 

bands are approximately the same size which would indicate that they are most likely the 

same protein ahhough the two cells contain independent fusions. The bands are not 

present in the control lanes which would indicate that they are not part of the host cell 

protein profile. It is also possible that these bands are the result of the reaction of the 

substrate for the conjugated alkaline phosphatase with the fusion products. The relatively 

low level of the fusion proteins in the cell make it unlikely that the signal is due to the 

reaction of the substrate with the ftisions and not with the conjugated antibody It has 

been shown that alkaline phosphatase fiisions are relatively unstable and are quickly 
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degraded to yield mature alkaline phosphatase (Manoil and Beckwith 1986). Most of the 

bands are larger than mature alkaline phosphatase, which is expected due to the fact that 

mature alkaline phosphatase would be released into the periplasm of the bacterial cell and 

not be part of a membrane preparation. 

In summary, these data represent the first physical identification of the 

galacturonate transporter (ExuT) in E. chrysanthemi. Immunoblots of alkaline 

phosphatase gene fusions in the gene were used to localize the protein to the inner 

membrane of the bacterial cell. 
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Table 2-1. Strains, plasmids and phage used in this study. 

Strain Genotype Source 

Escherichia coli 

DH5a 

CC118 

HBlOl 

F(t)80d/acZ AM15 A{lacZYA-argR) U169 
deoR recAl endAl hsdRll (rK", mK ) 

araDI39 A{ara, leu)1697 AlacXl4 phoA A20 
galE galK thi rps rpoB argEam recA I 

supE44 hsdSlO recAIS ara-14proA2 lacYI 
GallK2 rpsLlO xyl-5 mtl-I 

D Hanahan 

C Manoil 

Sambrook et 
al, 1989 

Erwinia chrysanthemi 

EC 16 wild type 
SF1601 E. chrysanthemi EC\6exuTKan' 
SF1602 E. chrysanthemi EC\6exuTKan' 

A. Chatterjee 
This study 
This study 

Plasmids 
pGPl-2 

pMLB1034 
pMLB1033 
pMLB1035 
pRK415 

pTTU-1 

pTTU-4 
pTTU-4 
pTTU-5 

pTTU-6 

pTTU-7 
pT7-5 
pT7-6 
pT7-5T 

pT7-6T 

Gene for T7 RNA polymerase controlled 

by?iPL 
lacZ and LacY Amp' 
pMLB1034 with a 1 base deletion 
pMLB1034 with a 1 base addition 
pRK404 derivative Tet' 

pUC19 carrying 3.6-kbp exrwlcomplementing 
DNA from E. chrysanthemi EC 16 

1.8-kbp Sacl-Apal fragment of pTTU-1 in pUC19 
1.8-kbp Sacl-Apal fragment of pTTU-1 in pBR322 
pUC19 carrying 1.82-kbp EcoRi-Apal exuT 
fragment 
pRK415 carrying \ .Sl-kbp EcoBJ-Apal exuT 
fragment 
pTTU-6 with nptl cassette insertion 
Expression vector with T7 promoter 
Expression vector with T7 promoter 
pT7-5 containing 3 6-kbp Sacl-Hindlll 
ofpTTU-1 
pT7-6 containing 3 6-kbp Sacl-Hindlll 

S. Tabor 

A. Hamood 
A. Hamood 
A. Hammod 
A. Chatterjee 

T. Freeman 

This study 
This study 

This study 

This study 
This study 
S Tabor 
S Tabor 

This study 
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Table 2-1 Continued. 

Strain Genotype Source 

Phage 

pT7-5R 

pT7-5F 
pT7-5A 

pT7-5K 

pUM24 

ofpTTU-1 
pT7-5 containing 3,6-kbp Sacl-Hindlll 
in opposite orientation of pT7-5T 
pT7-5T 
pT7-5 containing I .S-kbp EcoKl-Apal 
ofpTTU-1 
pT7-5A with nptl cassette of pUM24 
in Pstl site 
pUC4K with nptl-sacB-sacK cassette 

XTnphoA b22I cl857 Pam3 with TnphoA 

This study 

This study 
This study 

This study 

This study 
A Collmer 

C. Manoil 

Table 2-2. NADH dehydrogenase activity (A34o/time) of membrane fractions. 

Fusion 
3 
11 
33 
TTU-4 

Total Membranes 
.022 
.047 
.045 
.038 

Inner Membranes 
06 
.047 
,014 
045 

Outer Membranes 
.007 
.003 
.0007 
.004 

29 



Figure 2-1. Plasmid pGPl-2. The gene for T7 RNA polymerase is under the 
control of a temperature-sensitive X repressor (Tabor and Richardson, 1985) 
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Figure 2-2. Plasmid pT7-5 containing the promoter for T7 RNA polymerase 
(Tabor and Richardson, 1985). Sites indicated are E: ̂ coRI, S: Sacl, Sm Smal. 
B: Bamm, X Xbal, SI Sail, P: Pstl, H: Hindlll, C Clal 
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Figure 2-3. Plasmid pT7-6 containing the promoter for T7 RNA polymerase 
multiple cloning site are in the opposite orientation to pT7-5 (Tabor and 
Richardson, 1985). 

The 
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Figure 2-4. ORF analysis of pTTU-1. The potential open reading frames of 
plasmid pTTU-1 based on the completed DNA sequence. 
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Figure 2-5. Expression constructs used in this study. Open reading frames are 
indicated by arrows above the pT7-5T. The arrows on the left indicate the 
direction of transcription from the T7 promoter. 
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Figure 2-6. Expression of and localization of ExuT from pT7-5T Cells were 
labeled with [̂ ^S]-methionine, fractionated and separated on 12% SDS-PAGE 
gels. Radioactively labeled proteins were visualized by flurography. Molecular 
mass (kDa) markers from the top are 101, 83, 50 6, 35.5, 29.1. Lanes 1,3,5, 7, 
membranes, whole cells, periplasm and cytoplasm respectively, of cells carrying 
pT7-5A carrying the exuTgene. Lanes 2, 4, 6, 8: membranes, whole cells, 
periplasm and cytoplasm, respectively of cells carrying pT7-5R. 
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Figure 2-7. Expression of and localization ExuT from pT7-5A. Cells were 
labeled with [̂ ^S]-methionine, fractionated and separated on 12% SDS-PAGE 
gels. Radioactively labeled proteins were visualized by flurography. Molecular 
mass (kDa) markers from the top are 101, 83, 50.6, 35.5, 29.1, 20.9. The arrow 
indicates the ExuT protein. Lanes 1,3,5: cytoplasm, membrane, and whole cells, 
respectively, of cells carrying pT7-5A carrying the exuTgene Lanes 2, 4, 6: 
cytoplasm, membrane, and whole cells, respectively of cells carrying pT7-5K with 
the exuT gene containing the kanamycin cassette insertion. 
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Figure 2-8. Localization of ExuT-PhoA hybrid proteins. Immunoblot analysis of 
independent fusions fractionated and separated on 10% SDS-polacrylamide gel 
using anti-BAP antiserum. Lanes 1, 3, 5, 7, inner membranes of insertion #3 (AP-), 
insertion #11 (AP+), insertion #33 (AP+), pTTU-4 (negative control). Lanes 2, 4, 
6, 8. Outer membranes of insertion #3, insertion #11, insertion #33, pTTU-4 
Hybrid proteins are indicated by * Molecular mass (kDa) of markers from the top 
arel01,83, 50.6, 35.5, 29.1. 
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CHAPTER III 

TOPOLOGICAL ANALYSIS OF THE GALACTURONATE 

TRANSPORTER OF ERWINIA CHRYSANTHEMI. 

Introduction 

The primary structure of a protein consists of the sequence of amino acids that 

constitute the protein. This sequence can be deduced if the DNA sequence of the gene 

that codes for the protein is available. Many times this is the only information available 

when attempting to determine the three-dimensional structure of the protein. Secondary 

structure can be identified on the basis of the properties of the amino acids of the protein 

This information alone, however, does not allow for complete resolution of the protein 

structure. 

The only definitive method for determining the structure of proteins is X-ray 

crystallography, a difficult procedure that requires a great deal of purified and crystallized 

protein. The nature of membrane bound proteins makes resolution of their structure much 

simpler, the two-dimensional structure can be determined genetically (Manoil and 

Beckwhh, 1986), ahhough they are the most difficult to crystallize. Membrane proteins 

have been shown to contain sequences with high average hydrophobicity that correspond 

to transmembrane alpha helices (Leifer and Henderson, 1983, Deisenhofer et al, 1985) 

Hydrophobicity plots (Engelman et al, 1986; Kyte and Doolittle, 1982) of the amino acid 

sequence can then be used to identify putative transmembrane alpha helices of the protein 

This information alone does not give a complete picture of the structure of a membrane 

protein. The nature of hydrophilic sequences interspersed between the transmembrane 
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segments identifies areas of interaction with the extra- or intracellular environment. The 

location of these domains must be determined to reveal the two-dimensional structure of 

the protein. 

Several methods for determining the location of the hydrophobic domains of a 

membrane protein are available. The positive inside rule is based on the sequence of the 

amino acids in the loop. Evidence has shown that certain amino acids are preferentially 

located on the cytoplasmic face of the membrane (von Heijne, 1992, Persson and Argos, 

1996). By analyzing the sequence of each loop and determining the number of residues 

that are preferentially located on the inside of the cell for each loop, the topology of the 

protein can be tentatively identified. Proteins can also be compared to established model 

proteins (Jones et al, 1994). Both of these methods can be used to supplement 

biochemical and genetic data to study the topology of membrane proteins. 

Gene fusions have been widely used to study the topology of many membrane 

proteins (Manoil and Beckwith, 1986, Wu et al, 1992, Weiner et al, 1993, Cosgriflf and 

Pittard, 1997; Lina et al, 1998). Genes with known functions fiinctioning as reporters, 

are fused to the protein being studied. These may include alkaline phosphatase (phoA), P-

galactosidase {lacZ), and p-lactamase {blaM). Thus, useftil ftisions between the gene 

being studied and the reporter gene yield hybrid proteins. Enzymatic activity of the 

reporter is determined by its cellular location. For example, in-frame fiisions to alkaline 

phosphatase have been shown to be highly active when translocated across the bacterial 

cytoplasmic membrane to the periplasmic space (Manoil and Beckwith, 1985, Gutierrez et 

al, 1987). Similarly, in-frame ftisions to p-galactosidase are active only when 
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sequestered in the cytoplasm (Shuman et al., 1980). In-frame fiisions of p-lactamase to 

periplasmic portions of the protein being studied confer resistance to high levels of 

ampicillin (Broome-Smith et al, 1990). Fusions located in the cytoplasm can be identified 

by patches of resistance to ampicillin, allowing P-lactamase fusions to be used to identify 

domains on both sides of the membrane. These gene constructs are analyzed in mutant 

host cells lacking reporter gene activity. Active fusions can then be analyzed by restriction 

enzyme analysis and nucleotide sequencing to identify the precise location of the fusion A 

compilation of reporter gene activity data together with computer-derived hydrophobicity 

plots can be used to map the topology of a membrane protein 

Materials and Methods 

Bacterial strains and plasmids 

Strains and plasmids used in this study are listed in Table 2-1 

Media and growth conditions 

E. coli and E. chrysanthemi strains were grown in Luria-Bertani (LB) medium or 

minimal sahs (M-9 or M-63) supplemented with the appropriate sources of amino acids, 

vitamins and carbon (Miller, 1972). Typically E. coli and E. chrysanthemi were grown at 

37^C and 30°C, respectively, with or without shaking as indicated. Antibiotics were used 

at the following final concentrations unless otherwise stated: kanamycin, 50^g/ml, and 

ampicilUn, 50(ig/ml. 
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DNA manipulations 

Plasmid DNA was isolated by alkaline lysis (Sambrook et al, 1989) or QIA spin 

preparation for small amounts of DNA. Larger amounts of DNA were isolated by 

QIAgen midi columns. DNA restriction, modification, ligation, and agarose gel 

electrophoresis were performed essentially as described by Sambrook et al. (1989) 

Transformation of £. coli was carried by calcium chloride treatment (Hanahan et al, 

1983). 

Generation of alkaline phosphatase gene fusions 

Gene fusions were made using transposon XTnphoA as a vector to deliver alkaline 

phosphatase (AP) linked Tn5 to pTTU-4 (Manoil and Beckwith, 1985). Phage were 

prepared by infecting 1 ml of E. coli DH5a, grown overnight in LB supplemented with 

0.2% maltose, with XTnphoA at an approximate multiplicity of infection (moi) of 1 from a 

stock of phage. The cells and phage were mixed in 3 ml of 0.7% soft agar which was then 

poured onto LB plates and cooled to allow the top agar to solidify The plates were then 

incubated until plaques formed (12-24 hrs). The phage were then diffused out of the agar 

with SM, treated with chloroform, centrifuged, and stored at 4̂ C until needed (Sambrook 

et al, 1989). 

Alkaline phosphatase fusions were generated as previously described (Wilmes-

Riesenberg and Wanner, 1992). E. coli CCl 18 cells containing pTTU-4 were grown 

overnight in LB supplemented vsath ampicillin and 0 2% maltose. Cells were then 

centrifuged, resuspended in the same volume of buffer MC (10 mM MgCb, 5 mM CaCh), 
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and 5 îl of phage (10* to 10̂ ' pfti/ml) added to 100 îl of cells. Cells were then incubated 

for 20 min at room temperature, then diluted into 1 ml of LB and grown by shaking at 

30'C for 1 hour, and approximately 75 [i\ of cells were plated onto LB containing Amp 

(50 ng/ml), Kan (300 |ag/ml), and 40 ng/ml XP (5-bromo-4-chloro-3-indolyl phosphate). 

Following incubation for 24 hr at 37' colonies were pooled from the plates or blue 

colonies selected, and DNA was prepared and used to transform either £. coli CCl 18 or 

DH5a. Transformants were then plated onto LB containing Amp (50 |ig/ml), Kan (50 

|ig/ml), and 40 |ig/ml XP (5-bromo-4-chloro-3-indolyl phosphate), and blue (alkaline 

phosphatase poshive) and white (AP-negative) colonies were selected for ftirther study 

Construction of p-galactosidase fusions 

Plasmid pTTU-4B was digested independently with Styl and Mboll, blunt-ended 

using T4 DNA polymerase, and then digested with EcoBJ. The digestion products were 

separated by agarose gel electrophoresis, and the appropriate fragments were purified and 

subcloned into plasmids pMLB-1034, pMLB-1033, and pMLB-1035, (Figure 3-1), all 

containing the gene for p-galactosidase Constructs were then transformed into E. coli 

HBlOl, and plasmid bearing colonies were selected by plating on LB plates containing 

ampicillin and X-Gal. Blue colonies (p-galactosidase-positive) were selected for further 

study. 
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Sequencing of gene fiisions 

Gene fiisions were sequenced on an ABI 310 Geneanalyzer by dye termination 

chemistry. Primers used for sequencing (5'-AATATCGCCCTGAGCA-3') were 

generated by the Texas Tech University Institute for Biotechnology Core Facility. 

Results and Discussion 

ExuT has been shown to be a membrane protein. Some domains of the protein 

must therefore interact with the membrane. In order to determine the domains of ExuT 

consisting of transmembrane a-helices, a hydrophobicity plot of the protein was generated 

(Engelman et al, 1986) (Figure 3-2). The plot has nine regions that are highly 

hydrophobic indicative of areas that may interact with the cell membrane. The highly 

hydrophobic nature of these domains is noteworthy. It has been previously shown that 

areas with high hydrophobicity (< -1.5) can be identified as transmembrane a-helices, but 

domains with intermediate hydrophobicity (-1.5-0) are difficult to identify structurally in 

the protein (von Heijne 1992). The highly hydrophobic nature of nine segments of ExuT 

indicate that the protein most likely has nine transmembrane a-helices. Using this 

information putative toplogies of ExuT can be predicted. Figure 3-3 illustrates the 

possible topologies of ExuT based on the hydrophilic plot. The protein contains nine 

transmembrane a-helices, spanning residues 5-27, 48-70, 74-96, 101-123, 137-159. IM-

184, 239-261, 267-289, and 305-327 

The location of the hydrophilic domains of the protein can be determined based on 

the observation that the positively charged amino acid residues, Arg and Lys, are found in 
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much more abundance on the cytoplasmic face of a membrane protein (von Heijne, 1992) 

More recently, it has been shown that other amino acids residues are also preferentially 

located on either the extracellular or intracellular side of the membrane (Persson and 

Argos, 1996) Analyzing the hydrophilic domains of ExuT using the positive inside rule 

(von Heijne, 1986), a much higher differential (+14 to -14) is observed for the structure in 

Figure 3-3 a, (with a cytoplasmic amino terminus, four periplasmic domains, four 

cytoplasmic domains and the carboxy-teminus in the periplasm), when compared to Figure 

3-3b containing a protein with the opposite orientation in the membrane. Evaluation 

based on the presence of other amino acid residues that are normally found on the 

cytoplasmic or periplasmic face of the membrane (Persson and Argos 1996) is consistent 

with the topology of ExuT found in Figure 3-3a. 

In order to determine genetically the topology of ExuT, gene fusions analysis was 

performed. Alkaline phosphatase fusions were constructed and fusions with high activity, 

as determined by the intensity of color on XP plates, were selected as those harboring 

fusions to periplasmic domains of the protein. Figure 3-4 shows the proposed topology of 

ExuT with fusions at the indicated points in the protein. The location of the first 

periplasmic loop was confirmed by sequencing/7/?o^48 andphoA4\ located at threonine-

35 and leucine-36 respectively. These ftisions both show high levels of alkaline 

phosphatase activity, intensely blue colonies (average activity 1300, control 330), whereas 

colonies that stained either pale blue or contained blue centers (average activity 800) 

mapped to transmembrane domains of the protein {phoAll an&phoAM) 
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In summary, the predicted topology based on the amino acid sequence and the 

molecular genetic analysis both support the same topological map of ExuT. The protein 

contains nine transmembrane spanning domains, four cytoplasmic domains, four 

periplasmic domains with amino-terminus in the cytoplasm and the carboxy-terminus in 

the periplasm One of the most interesting features of the topology is the size of the third 

cytoplasmic domain with 55 amino acid residues. The exact role of this domain is yet to 

be determined, but due to its size it possibly plays an important role in the activity of 

ExuT. The two-dimensional structure of ExuT presented here can be used to target sites 

for mutagenesis to identify the galacturonate-binding domain of ExuT The structure can 

also be used to determine if ExuT interacts with any other proteins in the cell, especially 

the large cytoplasmic domain. The data presented will allow for further development of 

the possible interactions of ExuT with other molecules. 
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E,X,A,S,B 

Figure 3-1. Plasmid pMLB1034. The gene for P-galactosidase is downstream of a 
multiple cloning site with the following sites, E, EcoRI, X, Xmal, A, Aval, S, 
Smal, B, Bamm Plasmids pMLB1033 and pMLB1035 differ only by the addition 
or deletion of a base respectively, before lacZ. 
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Hydrophilicity Window Size = 7 Scale = GES 

Figure 3-2. Hydrophilicity plot of ExuT based on the GES scale (Engelman et al, 
1986). 
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Figure 3-3 Potential topologies of ExuT in the membrane 
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was developed based on the location o f gene fusions and the hydrophilic analysis 
o f ExuT. Fusions were localized to the amino acids indicated. 
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CHAPTER IV 

RELEVANCE OF THE GALACTURONATE TRANPORTER TO 

THE PATHOGENICITY OF E. CHYRSANTHEMI 

Introduction 

Genes that can be shown to be involved in the pathogenesis of an organism 

represent possible key points for control of these pathogens. Mutational analysis allows 

identification of those genes important in pathogenicity. Marker exchange of an altered 

gene provides a mechanism to determine specifically the role a cloned gene plays in the 

organism. In this technique a mutation is directed at a specific locus on the bacterial 

chromosome by the homologous exchange of an insertionally inactivated cloned gene with 

the functional allele (Ruvkum and Ausubel, 1981). Mutants generated by this approach 

can then be assayed to determine the role of the gene in pathogenesis. The antibiotic-

resistance markers used can limit the complementation assays or construction of strains 

with mukiple mutations (Reid and Collmer, 1987). The process involves the insertion of a 

nptl gene that encodes kanamycin resistance into the cloned gene. After insertion of the 

nptl gene into the gene of interest, exchange with the chromosome occurs using low-

phosphate media while maintaining selection for the antibiotic marker. The low phosphate 

results in the loss of the unstable replicon inside the cell as a resuh of limited phosphate 

concentration being unable to maintain DNA structures in the cell. The process selects for 

homologous exchange between the chromosome and the mutant gene carried on the 

unstable plasmid. Kanamycin resistance is used to select for the exchange of the marked 
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gene for the chromosomal copy of the gene. This procedure has been used extensively to 

generate mutations in chromosomal genes (Reid and Collmer, 1987, 1988). 

Materials and Methods 

Bacterial strains and plasmids 

Strains and plasmids used in this study are listed in Table 2-1 

Media and growth conditions 

E. chrysanthemi EC 16 was used to generate target mutations in the galacturonate 

transport protein. Erwinia and E. coli strains were grown in Luria-Bertani media (Miller, 

1972), respectively, at 30̂ C and 37̂ C except where noted. Low-phosphate basal salts 

medium was used to select for the marker-exchange mutagenesis (Torriani, 1960). 

Growth rates of parent and mutant strains were determined by using M9 (Miller, 1972) 

media supplemented with 0.1% galacturonate as a sole carbon source. When indicated 

antibiotics were used at the following final concentrations: ampicillin (50|ig/ml), and 

kanamycin (50|i.g/ml), and tetracycline (10|i.g/ml). 

DNA manipulations 

Plasmid DNA was isolated by alkaline lysis (Sambrook et al., 1989) or QIA spin 

preparation for small amounts of DNA. Larger amounts of DNA were isolated by 

QIAgen midi columns. DNA restriction, modification, ligation, and agarose gel 

electrophoresis were performed essentially as described by Sambrook et al (1989) 
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Transformation ofE. coli was carried out by calcium chloride treatment (Hanahan et. al, 

1983). E. chrysanthemi was transformed by electroporation or treatment with calcium 

chloride ( Hanahan et al, 1983) Cells for electroporation were grown on a plate, 

resuspended in ice cold 10% glycerol, washed twice with ice cold 10% glycerol, and 

resuspended in a small volume (20 \x\) of ice cold glycerol. Electroporation was 

performed according to the manufacturer's instructions using a BRL Cell Porator, Voltage 

Booster, and micro-electroporation chambers at 330 [iF, 4 kW, and 12.5 kV/cm. 

Construction of plasmids for marker-exchange mutagenesis 

Marker-exchange mutagenesis was carried out using the nptl gene essentially as 

described by Reid and Collmer (1985) (Figure 4-1). Plasmid pTTU-1 was digested whh 

Apal and Xbal, protruding termini were blunt-ended using T4 DNA polymerase, and the 

digestion products were electrophoresed in a 0.7% agarose gel The 3.4-kbp fragment 

containing the exuTgene and vector was excised and purified using the Gene clean kit 

(Bio 101), and the DNA was then self-ligated to yield plasmid pTTU-5. The 1.84-kbp 

EcoRl-Hindlll fragment of pTTU-5 was cloned into pRK415 to yield plasmid pTTU-6 

Plasmid pUM24 carrying the nptl cartridge was digested vsdth Pstl and pTTU-6 was 

digested with Clal, blunt-ended using T4 DNA polymerase, and the 1 O-kbp band 

containing the kanamycin resistance gene nptl was ligated into pTTU-6 to generate 

plasmid pTTU-7. The recombinant plasmid was then transformed into E. chrysanthemi by 

electroporation and plated onto LB agar containing tetracycline and kanamycin 

52 



Selection for exchange recombination 

E. chrysanthemi EC 16 harboring pTTU-7 was grown overnight at 30̂ C in 4 ml of 

LB and then washed once in basal medium with 0.2% glycerol, and 125 \\M potassium 

phosphate. The cells were then resuspended in 10 ml of the same medium with kanamycin 

and grown at 30"C with shaking. Aliquots were removed every 12 hours and plated onto 

LB-kanamycin plates. Kanamycin-resistant cells were replica plated onto LB-tetracycline 

and LB-kanamycin plates to screen for tetracycline-sensitive colonies that indicate the loss 

of plasmid pRK415. Exchange of the insertion into the chromosome was confirmed by a 

genomic Southern using the nptl and ̂ xwT genes as hybridization probes of genomic DNA 

of the mutant and parental strains. 

Bacterial growth curves 

Growth of the mutant and parental strains were monitored using Klett flasks 

containing 15 ml of M9 medium containg either glycerol or galacturonate at a final 

concentration of 0.1% as the sole carbon source. The flasks were inoculated with 

overnight cultures to equivalent absorbances. The cultures were then shaken in a water 

bath at 30^C. Absorbances were measured hourly in a Klett-Summer son colorimeter with 

a green filter (595 nm). 

Galacturonate uptake assays 
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uptake of galacturonate was measured using the radiolabeled analog '"̂ C-GalUA 

(Sigma Chemical Co.) as described by San Francisco and Keenan (1993). Cells were 

grown under inducing and non-inducing conditions in M9 medium containing 

galacturonate or glycerol. Cells were collected in early-log phase, washed in transport 

buffer (M9 sahs, 5 mM MgS04, and 0.3 mM dithiothreitol), and starved for 15 minutes 

'̂ C-GalUA (58 mCi/mmol) was added to the final concentration of 0.1 mM. The final 

assay volume of 0.5 ml contained 50 \x\ of cell suspension. The suspension was incubated 

for 2 minutes at 30̂ C prior to the addition of the radioactive substrate After addition of 

the labeled substrate, aliquots were removed at specific time intervals and uptake was 

terminated by fikration through a 0.45-|j,m nitrocellulose filter and washing with 2 ml of 

prewarmed transport assay buffer. Uptake of '"̂ C-GalUA was quantified in a liquid 

scintillation counter (Beckman 7600) after the fikers were dried. 

Potato maceration assay 

Potato tubers were surface-sterihzed by washing wdth 0.1% bleach then washed 

with sterile distilled H2O. Slices of approximately the same thickness were cut and cored 

to a uniform depth using a cork borer at two sites. The wells had a diameter of 3 mm 

Approximately 10̂  cells from overnight cultures ofE. chrysanthemi EC 16 and the 

exchange mutant MSF 1601 grown in LB were washed twdce with IX M9 salts and 

inoculated into these wells. The slices were then incubated in magenta boxes at 30"C in a 

humid chamber. Photographs of the macerated tissue were taken at 16, 24, and 48 hours 

The area of macerated tissue was determined graphically from 15 experimental replicates 
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by video documentation. Analysis was performed on a Power Macintosh 6100 with the 

pubUc domain NIH image program (developed at the U.S. National Institutes of Heahh 

and available from the Internet by anonymous ftp from zippy.nimh.nih.com or on floppy 

disk from the National Technical Information Service, Springfield, Virgina, part number 

PB95-5001956EI.), 

Statistical analysis 

Differences in macerated tissue area were analyzed by performing a two-tailed 

repeated measures analysis of variance (ANOVA) using SAS (SAS Institute Inc., Cary, 

NC, USA. Proprietary Software release 6.12 TS020. Licensed to Texas Tech University, 

site 0017232003). 

Results and Discussion 

In order to determine the relevance of the galacturonate transporter to the 

pathogencity of the organism, marker-exchange mutagenesis was performed as described. 

Kanamycin-resistant, tetracycline-sensitive colonies were subjected to a Southern analysis 

to confirm exchange and its location in exuT{Figure 4-2). Lanes 1 and 3 contain genomic 

DNA from the parental strain and lanes 2 and 4 from the mutant MSF 1601 Lanes 1 and 

2 were probed using the nptl gene and show the presence of the kanamycin-resistance 

gene in strain MSF 1601 but not in the parental strain. Lanes 3 and 4 were probed with a 

1.2-kbp Kpnl fragment of pTTU-4 containing the exuTgene. The figure illustrates that 

the gene contains an insertion due to the shift in the size of the observed band in each lane 
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Comparing lanes 2 and 4 indicates the presence of the nptl in the exuT gene as the bands 

in these lanes are approximately the same size. Colonies with the insertion in the gene 

were selected for further study. 

To investigate if the mutation had an effect on the utilization of galacturonate, 

growth studies were conducted in M9-minimal salts with galacturonate as the sole carbon 

source. Figure 4-3 shows the resuhs of the growth studies on the parental strain and two 

of the mutants MSF 1601 and MSF 1602. Strain MSF 1602 shows a complete inability to 

grow on galacturonate as a sole source of carbon when compared to the parental strain 

Strain MSF 1601 shows a marked decrease in its ability to grow on galacturonate. Its 

growth is approximately 20% of the parent strain, and doubling took approximately three 

times longer than that of the parent strain. This suggests that marker exchange may have 

involved different regions of the gene in these two mutants, possibly as the result of a 

single crossover. 

To determine if the transport capabihty of the mutants was affected, galacturonate 

transport assays were performed. Figure 4-4 shows the results of the transport assays 

The mutants show approximately a three-fold reduction in the uptake of GalUA Both 

mutants show a similar but reduced ability to transport galacturonate which indicates that 

the low level of growth displayed by MSF 1601 on GalUA as a sole carbon source is not 

due to an incomplete inactivation of the gene but to some other factor 

Strains of £. chrysanthemi that produce pectin-degrading enzymes have shown the 

ability to macerate potato-tuber tissue (Collmer and Keen, 1986) Potato tubers were 

infected with one of the mutants and the parental strain EC 16 as described in Materials 
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and Methods. Figure 4-5 compares the maceration capability of mutant 1601 and the 

parental strain EC 16. The mutant does cause disease as indicated by the darkening and 

softening of the tissue. The extent of tissue destruction of the mutant however, was 

greatly reduced at 16 hr when compared to the parental strain (Figure 4-6) The extent of 

macerated tissue was analyzed graphically at each time point and subjected to a two-tailed 

repeated measures analysis of variance. Differences between the parental strain and the 

mutant in tissue maceration were found to be statistically significant at each time point (p 

<0.005). The ability of the mutant to cause disease, although at a reduced rate, shows that 

the galacturonate transporter does play a role in the virulence potential of the bacterium. 

Recent information indicates that the role of GalUA in signaling in the bacterium 

occurs at the very early stages of the plant-microbe interaction (Valmeekam et al, in 

preparation). The data presented here on mutational analysis of the galacturonate 

transporter support the concept that the transport system is an important component of 

the virulence arsenal of £". chrysanthemi. 
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Figure 4-1. Marker exchange mutagenesis of exuT. Panel A shows the in vitro 
steps. The exuT gene is inactivated by insertion of the nptl cassette into yield 
pTTU-7. Panel B shows the in vivo steps. An nptl marked mutation was 
introduced into the genome by exchange recombination resuhing in kanamycin 
resistance. 
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Figure 4-2. Southern blot analysis of ^xwf mutants. Lanes 1 and 3 contain 
genomic DNA from the parental strain EC 16. Lanes 2 and 4 represent the mutant 

MSF 1601 {exuT'). Lanes 1 and 2 were probed using the nptl gene encoding 
kanamycin resistance. Lanes 3 and 4 were probed with the 1.2-kbp Kpnl fragment 
ofpTTU-4. 
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Figure 4-3. Grovŝ h rates of EC 16, MSF 1601-1, MSF 1601-2. Cultures were 
grown overnight in 0.1% pectin/PGA. These cultures were then used to inoculate 
Klett flasks containing 0.1% GalUA as the sole carbon source and incubated with 
shaking at 30^C. 
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Figure 4-4. Uptake of "̂̂ C-GalUA by EC 16 and the mutant strains MSF 1601 and 
MSF 1602. Strains were grown on a mixture of pectin and PGA The mutants both 
show a reduced rate of transport when compared to the parental strain. 
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Figure 4-5. Effects of the exw^ mutation on the maceration potential of Erwinia 
chrysanthemi. Potato tubers were inoculated with 10 cells and incubated as 

described. Representative photographs for two of the 15 replicates taken at 16-, 
24-, 48-h time points are shown from left to right. Parent strain (rows A and C) 

and the exMT mutant (rows B and D). 
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Figure 4-6. Area of tissue maceration by E. chrysanthemi strains EC 16 and 
MSF1601. Average area of macerated tissue for each time point were plotted 
against time. 

63 



LITERATURE CITED 

Allen, C, Reverchon, S., and Robert-Baudouy, J 1989. Nucleotide sequence of the 
Erwinia chrysanthemi gene encoding 2-keto-3-deoxygluconate permease Gene 
83:233-241. 

Amann, E., Brosius, J and Ptashne, M. 1983. Vectors bearing a hybrid trp-lac promoter 
useful for regulated expression of cloned genes in Escherichia coli Gene 25:167-178 

Basham, H.G and Bateman, D F. 1975 Relationship of cell death in plant tissue treated 
with homogeneous endo-pectate lysae to cell wall degradation. Physiological Plant 
Pathology 5:249-261. 

Barras, F., van Gijsegem, F., and Chatterjee, A. K. 1994. Extracellular enzymes and 
pathogenesis of soft-rot Erwinia. Aimu. Rev Phytopathol 32:201-234. 

Broome-Smith, J.K., Tadayyon, M., and Zhang, Y 1990. (3-Lactamase as a probe of 
membrane protein assembly and export. Moi Microbiol 4:1637-1644. 

Brosius, B and Holy, A. 1984. Regulation of ribosomal RNA promoters with a synthetic 
lac operator. Proc. Natl Acad. Sci. USA 81:6929-6933. 

Carpita, NC. and Gibeaut, DM. 1993. Structural models of primary cell walls in 
flowering plants: consistency of molecular structure with the physical properties of the 
walls during growth. Plant Jour. 3:1-30. 

Chatterjee, A.K., Thum, K.K., and Tyrell, D.J. 1985 Isolation and characterization of 
Tn5 mutants in Erwinia chrysanthemi that are deficient in polygalacturonate catabolic 
enzymes oligogalacturonate lyase and 3-deoxy-D-glycero-2,5-hexodiulosonate 
dehydrogenase. J. Bacteriol 162:708-714. 

Chen, C, Misra, T. K., Silver, S., and Rosen, B. P 1986. Nucleotide sequence of the 
structural genes for an anion pump: the plasmid-encoded arsenical resistance operon 
J. Biol. Chem. 261:15030-15038. 

Collmer, A., and Bateman, D. F 1981 Impaired induction and self-catabolite repression 
of extracellular pectate lyase in Erwinia chrysanthemi mutants deficient in 
oligogalacturonide lyase. Proc. Natl Acad. Sci USA 78:3920-3924 

Collmer , A. and Bateman, D.F 1982 Regulation of extracellular pectate lyase in ErMinia 
chrysanthemi. evidence that reaction products of pectate lyase and exo-poly-a-D-
galacturonide lyase. Proc. Natl. Acad. Sci. USA 78:3920-3924 

64 



Collmer, A., Berman, P and Mount, MS. 1982. Pectate lysae regulation and bacterial 
soft-rot pathogenesis, pp. 396-422 Phytopathogenic Prokaryotes, Vol. 1. Academic 
Press. New York. 

Collmer, A., Schoedel, C, Rieder, D.L., Ried, J L. and Rissler, J.G 1985 Molecular 
cloning in Escherichia coli of Erwinia chrysanthemi genes encoding multiple forms of 
pectate lyase J. Bacteriol. 161:913-920. 

Collmer, A,, and Keen, N T. 1986. The role of pectic enzymes in plant pathogenesis 
Annu. Rev. Phytopathol. 24:383-409. 

Condemine, G., Hugouvieux-Cotte-Pattat, N., and Robert-Baudouy, J. 1986 Isolation of 
Erwinia chrysanthemi kduD mutants akered in pectin degradation. J Bacteriol. 
165:937-941. 

Condemine, G., and Robert-Baudouy, J. 1987a. Tn5 insertion in kdgR a regulatory gene 
of the polygalacturonate pathway in Erwinia chrysanthemi. FEMS Micro Lett 42:39-
46. 

Condemine, G., and Robert-Baudouy, J. 1987b. 2-keto-3-deoxygluconate transport 
system in Erwinia chrysanthemi J. Bacteriol. 169:1972-1978. 

Cosgriflf, A.J. and Pittard, A.J. 1997. A topological model for the general aromatic amino 
acid permease, AroP, of Escherichia coli. J. Bacteriol 179:3317-3323. 

De Boer, H.A., Comstock, L.J. and Vasser, M. 1983. The tac promoter: a hybrid derived 
from the trp and lac promoters. Proc. Natl. Acad. Sci. USA. 80:21-25. 

Deisenhofer, J., Remington, S.J. and Steigemann. 1985. Experience with various 
techniques for the refinement of protein structure. Meth. Enzymol 115:303-323 

Engelman, D. M., Steitz, T A., and Goldman, A. 1986. Identifying non-polar transbilayer 
helices in amino acid sequences of membrane proteins. Annu. Rev Biophys and 
Biophys. Chem. 15:321-353. 

Freeman, T. 1996. Regulation and nucleotide sequence of DNA from Erwinia 
chrysanthemi EC 16 required for uptake of galacturonic acid. PhD , dissertation, 
Texas Tech University 

Freeman, T., and San Francisco, M. J. D. 1994. Cloning of a galacturonic acid uptake 
gene from Erwinia chrysanthemi EC16. FEMS Micro Lett 118:101-106 

Garibaldi, A. and Bateman, D.F 1971. Pectic enzymes produced by Erwinia chry.santhemi 
and their effect on plant cell J. Bacteriol. 127 451-60. 

65 



Gutierrez, C, Barondess, J., Manoil, C and Beckwith, J. 1987. The use of transposon 
TnphoA to detect genes for cell envelope proteins subject to a common regulatory 
stimulus. Analysis of osmotically regulated genes in Escherichia coli. J. Moi Biol 
195:289-297. 

Hanahan, D 1983. Studies on transformation of Escherichia coli with plasmids J Moi 
Biol 166:557-580. 

Haseloff, B J , Freeman, T L , Melkus, M.W., Valakovic, M., Oner, F., Valmeekm, V, 
and San Fancisco, M. J D. 1998. The exuT gene of Erwinia chrysanthemi nucleotide 
sequence, expression, localization, and relevance of the gene product. Moi Plant-
Microbe Interact. 11:270-276. 

Hugouvieux-Cotte-Pattat, N., Quesneau, Y , and Robert-Baudouy, J. 1983. 
Aldohexuronate transport system in Erwinia carotovora. J. Bacteriol 154:663-668. 

Hugouvieux-Cotte-Pattat, N., Condemine, G., Nasser, W , and Reverchon, S. 1996. 
Regulation of pectinolysis in £'nvm/ac/7A75a«//? /̂w/. Ann. Rev. Microbiol. 50:213-
257. 

Hugouvieux-Cotte-Pattat, N., Reverchon, S., Condemine, G. and Robert-Baudouy, J. 
1986. Regulatory mutants affecting the synthesis of pectate lyases in Erwinia 
chrysanthemi J. Gen. Microbiol. 132:2099-2106. 

Hugouvieux-Cotte-Pattat, N. and Robert-Baudouy, J. 1987. Hexuronate catabolism in 
Erwinia chrysanthemi. J. Bacteriol. 169:1223-1231 

Hugouvieux-Cotte-Pattat, N., Reverchon, S., and Robert-Baudouy, J. 1989 Expanded 
linkage map of Erwinia chyrsanthemi strain 3937. Moi Microbiol. 3:573-580. 

Jones, D.T., Taylor, W.R. and Thomton, J M. 1994. A model recognition approach to the 
predication of all-helical membrane protein structure and topology. Biochem 33:3038-
3049. 

Keen, NT., Dahlbeck, D., Gentz, R. and Bujard, H. 1984. Molecular cloning of pectate 
lyase genes from Erwinia chrysanthemi and their expression in Escherichia coli J 
Bacteriol. 159:825-831. 

Kilgore, W.W. and Starr, MP. 1959. Catabolism of galacturonic and glucuronic acids by 
Erwinia carotovora. J. Biol. Chem. 234:2227-2235 

Kotoujansky, A. 1987. Molecular genetics of pathogenesis by soft-rot Erwinias Ann 
Rev Phytopathol. 25:405-430. 

Kyte, J. and Doolittle, R.F 1982. A simple method for displaying the hydropathic 
character of a protein. J. Moi Biol. 157:105-132 

66 



Leifer, D. and Henderson, R. 1983 Three-dimensional structure of orthorhombic purple 
membrane at 6.5 A resolution. J. Moi Biol. 163:451-466. 

Lina, G, Jarraud, S , Ji, G., Greenland, T , Pedraza, A., Etienne, J , Novick, R.P and 
Vandenesch, F 1998. Transmembrane topolgy and histidine protein kinase activity of 
ArgC, the agr signal receptor in Staphylococuss aureus. Moi Micro. 28:655-662 

Manoil, C, and Beckwith, J. 1985 TnphoA. A transposon probe for protein export 
signals. Proc. Natl. Acad, Sci. USA 82:8129-8133, 

Manoil, C. and Beckwith, J. 1986. A genetic approach to analyzing membrane protein 
topology. Science, 233:1403-1408. 

Miller, J. H. 1972. Experiments in Molecular Genetics. Cold Spring Harbor, NY Cold 
Spring Harbor Laboratory. 

Nasser, W., Reverchon, S , Condemine, G., and Robert-Baudouy, J 1994. Specific 
interactions of Erwinia chrysanthemi KdgR repressor with different operators of 
genes involved in pectinolysis. J. Moi Biol. 236:427-440. 

Nasser, W., Reverchon, S, and Robert-Baudouy, J. 1992. Purification and fiinctional 
characterization of the KdgR protein, a major repressor of pectinolysis genes in 
Erwinia chrysanthemi. Moi Microbiol. 6:257-265. 

Neidhardt, F.C. J.L. Ingraham, KB. Low, B. Magasanik, M. Schaechter, and HE 
Umbarger (ed.) 1996, Escherichia coli and Salmonella typhimurium. cellular and 
molecular biology. American Society for Microbiology, Washington DC. 

Osborn, M.J. Gander, J.E., Parisi, E., and Carson., J. 1972. Mechanism of assembly of the 
outer membrane of Salmonella typhimurium. J. Biol. Chem. 247:3962-3972 

Persson, B. and Argos, P 1996. Topology prediction of membrane proteins. Protein Sci 
5:363-371. 

Portalier, R., Robert-Baudouy, J., and Stoeber, F 1980. Regulation of Escherichia coli 
K-12 hexuronate system genes: exu regulon J Bacteriol. 143:1095-1107 

Pouyssegur, J. and Lagarde, A. 1973. Systeme de transport du 2-ceto-3-desoxy-D-
gluconate de structure et de son operateur Moi Gen. Genet 121:163-180 

Pouyssegur, J. and Stoeberg, F. 1974. Genetic control of the 2-keto-3-deoxygluconate 
metabolism in £". coli Yi-\1.kdg veguXon J Bacteriol. 117:641-651 

Preis, J. and Ashwell, G. 1963a. Polygalacturonic acid metabolism in bacteria I 
Enzymatic formation of 4-deoxy-L-threo-5-hexoseulose uronic acid J Biol Chem 
238:1571-1576. 

67 



Preis, J. and Ashwell, G. 1963b. Polygalacturonic acid metabolism in bacteria. II 
Formation and metabolism of 3-deoxy-D-glycero-2,5-hexodiulosonic acid. J. Biol, 
Chem. 238:1577-1583. 

Preston, J.F., Rice J.D., Ingram J.D., and Keen NT. 1992. Differential depolymerization 
mechanisms of pectate lyases secreted by Erwinia chrysanthemi EC 16 J Bacteriol. 
174:2039-42. 

Reid, J. L. and Collmer, A 1987 An nptl-sacB-sacR cartridge for constructing directed, 
unmarked mutations in Gram-negative bacteria by marker exchange mutagenesis 
Gene. 57:239-246. 

Reid, J. L. and Collmer, A. 1988. Construction and characterization of a.n Erwinia 
chrysanthemi mutant with directed deletions in all the pectate lyase structural genes 
Moi Plant-Microbe Int. 1:32-38. 

Reverchon, S. and Robert-Baudouy, J. 1987. Molecular cloning of an Erwinia 
chrysanthemi oligogalacturonate lyase gene involved in pectin degradation. Gene 
55:125-133. 

Reverchon, S., Huang, Y., Bourson, C. and Robert-Baudouy, J. 1989. Nucleotide 
sequences of Erwinia chrysanthemi ogl a.ndpelE genes negatively regulated by the 
kdgR gene product. Gene 85:124-134. 

Reverchon, S., Nasser, W., and Robert-Baudouy, J. 1991. Characterization of kdgR, a 
gene of Erwinia chrysanthemi that regulates pectin degradation. Moi Microbiol 
5:2203-2216. 

Roeder, D. L., and Collmer, A. 1985. Marker-exchange mutagenesis of a pectate lyase 
isozyme in £. chrysanthemi. J. Bacteriol. 164:51-56. 

Ruvkun G. B and Ausubel, F. M. 1981. A general method for site-directed mutagenesis m 
prokaryotes. Nature (London) 289:85-89. 

Sambrook, J., Fritsch, E. F., and Maniatis, T. 1989. Molecular cloning: A Laboratory 
Manual., 2nd ed. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory 

San Francisco, M. J. D., Tisa, L. S. and Rosen, B. P. 1989. Identification of the membrane 
component of the anion pump encoded by the arsenical resistance operon of R-fact or 
R773. Moi Microbiol 5:15-21. 

San Francisco, M. J. D., and Keenan, R. W. 1993. Uptake of galacturonic acid in / rM,nut 
chrysanthemi EC\6. J. Bacteriol. 175:4263-4265 

San Francisco, M. J. D., Xiang, Z-x , and Keenan, R. W. 1996 Digalacturonic acid uptake 
in Erwinia chrysanthemi. Moi Plant-Microbe Interact 9 144-147 

68 



Sanger, F. S., Nicklen, S. and Coulson, A. R 1977. DNA sequencing with chain 
termination inhibitors. Proc. Natl. Acad Sci. USA 74:5463-5467. 

Schnaitman, C. A. 1971. Solubihzation of the cytoplasmic membrane of Escherichia coli 
by Triton X-100. J. Bacteriol 108:545-552. 

Shatzman, A. R, and Rosenberg, M. The pAS vector system and its. Application to 
heterologous gene expression in Escherichia coli. Hepatology 7(1 Suppl): 30S-35S 

Shine, J,, and Dalgarno, L. 1974, The 3'-terminal sequence of Escherichia coli 16S 
ribosomal RNA: complementarity to nonsense triplets and ribosome, Proc, Natl. Acad 
Sci. USA 71:1342-1346. 

Shuman, H.A., Silhavy, T.J., and Beckwath, JR. 1980. Labeling of proteins with P-
galactosidase by gene fusion. J. Biol Chem. 255:168-174. 

Starr, M. P., and Chatterjee, A. K. 1972. The genus Erwinia: enterobacteria pathogenic to 
plants and animals. Ann. Rev. Microbiol. 26:389-426. 

Tabor, S., and Richardson, C. C. 1985. A bacteriophage T7-RNA polymerase/promoter 
system for controlled exclusive expression of specific genes. Proc Natl. Acad. Sci 
USA 82:1074-1078. 

Tinoco, I., Borer, P N., Dengler, B., Levine, M. D., Uhlenbeck, O. C , Crothers, D M , 
and Gralla, J. 1973. Improved estimation of secondary structure in ribonucleic acids. 
Nature New Biology. 246:40-41. 

Torriani, A. 1960. Influence of inorganic phosphate in the formation of phosphatases by 
Escherichia coli. Biochim. Biophys. Acta 38:460-469. 

Towbin, H. T., Staehelin, T. and Gordon, J. 1979. Electrophoretic transfer of proteins 
from polyacrylamide gels to nitrocellulose sheets: procedure and some applications 
Proc. Natl Acad. Sci. USA 76:4350-4354. 

van Gijsegem, F , Hugouvieux-Cotte-Pattat, N , and Robert-Baudouy, J. 1985 Isolation 
and characterization of Erwinia chrysanthemi mutants defective in the degradation of 
hexuronates. J. Bacteriol. 161:702-708. 

van Gijsegem, F., and Toussaint, A. 1983 In vivo cloning of Erwinia carotovora genes 
involved in the catabolism of hexuronates. J. Bacteriol 154:1227-1235 

von Heijne, G. 1992. Membrane protein structure predication Hydrophobicity analysis 
and the positive-inside rule. J Moi Biol 225:487-494. 

69 



Weinef, J. H , Shaw, G., Turner, R. J., and Trieber, C. A 1993. The Topology of the 
Anchor Subunit of the Dimethyl Sulfoxide Reductase of Escherichia coli. J. Biol 
Chem. 268:3238-3244. 

Wilmes-Riesenberg, M. R , and Wanner, B. 1992. TnphoA and Tn^/zo^' elements for 
making and switching fusions for study of transcription, translation and cell surface 
localization. J Bacteriol. 174:4558-4575 

Wu, J , Tisa, L,S, and Rosen, B P, 1992. Membrane topolgy of the ArsB protein, the 
membrane subunit of an anion-translocating ATPase. J. Biol. Chem. 267 12570-
12576, 

70 


