
 1

CHAPTER ONE 

General Overview 

Significance and Pathogenesis: 

Clostridium perfringens is a Gram-positive, pathogenic, anaerobic, spore-forming 

rod.  Due to its ability to produce thirteen different toxins, C. perfringens is the causative 

pathogen in tissue infections such as gas gangrene (clostridial myonecrosis) (21), and a 

variety of intestinal diseases including enteritis necroticans (26), infectious diarrhea, and 

antibiotic-associated diarrhea (34). C. perfringens is also the third leading cause of 

bacterial food poisoning in the United States behind Campylobacter jejuni and 

Salmonella (43). Clostridial food poisoning develops after the ingestion of food 

containing a large number of vegetative cells (~109cells).  The low pH of the stomach 

kills the majority of the Clostridium but triggers the initiation of sporulation in the 

surviving cells as they move to the small intestine where they continue the sporulation 

process (24).  At the end of the sporulation process, the cells lyse to release their 

endospores, concomitantly releasing Clostridium perfringens enterotoxin (CPE), a toxin 

produced during the sporulation process (26).  It has been established that non-

sporulating cells do not transcribe the cpe gene (6, 45, 76), although it has been 

determined that C. perfringens can sporulate and not produce CPE (44).  CPE first comes 

into contact with the intestinal epithelial cell membranes at the site of a CPE receptor 

protein and then complexes with a 70-kDa host protein forming a pore that eventually 

leads to cell death due to an influx of ions and water.  As the epithelial cells die, the 

claudins of the tight junctions are exposed.  CPE is also capable of binding and degrading 

these exposed claudins, breaking down the tight junctions between cells (42).  Cell death 
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of these intestinal epithelial cells and the breakdown of the tight junctions results in the 

major symptoms associated with C. perfringens food poisoning, diarrhea and intestinal 

cramping (32, 33, 73).  

C. perfringens  was first recognized as a possible cause of food poisoning in 1943 

in England and in 1945 in the United States (26).  Since that time, C. perfringens has 

become recognized as a significant source of food poisoning. In the United States, the 

CDC estimates there are approximately fourteen million cases of food poisoning 

annually, from various sources.  Of this total number, 250,000 cases are singly attributed 

to C. perfringens, resulting from more than 600 major outbreaks with a fatality rate of 1% 

(43).  

 Symptoms of C. perfringens food poisoning include diarrhea, abdominal pain and 

occasionally nausea and fever (62).  However, the disease is self-limiting and runs its 

course in under twenty-four hours (27).  Annually, the economic costs of C. perfringens 

food poisoning, in the U.S. alone, ranges in the millions of dollars (69).  

 C. perfringens is identified also as a cause in the non-food related illnesses of 

antibiotic-associated diarrhea and infectious diarrhea.  Infectious diarrhea caused by C. 

perfringens is found primarily in the institutionalized elderly (39).  Clostridia related 

infectious diarrhea targeted mainly women (72%) and in people over the age of sixty 

(86%).  The symptoms of C. perfringens infectious diarrhea include all of the symptoms 

of C. perfringens food poisoning with the addition of blood in the stools and the ability to 

last more than seven days (27).  

  C. perfringens is now recognized as a major cause of antibiotic-associated 

diarrhea, an illness typically attributed to Clostridium difficile (65, 74).  Abrahao et al 
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showed that the detection rates of C. difficile and C. perfringens are actually very similar 

in cases of antibiotic associated diarrhea when properly tested (1, 2).  

The Phosphotransferase System:  

The phosphotransferase system (PTS) is a well-documented mechanism of  active 

sugar transport found in both Gram-positive and Gram-negative bacteria, composed of a 

network of sugar transporters and phosphate shuttling proteins (66).  The PTS pathway is 

also able to couple this sugar transport to the subsequent phosphorylation of the sugar 

using phosphoenol pyruvate (PEP) as the phosphate donor.  Sugar phosphorylation by 

PTS transport allows the sugar to immediately be introduced into the glycolytic pathway 

as a sugar phosphate. Only specific sugars known as PTS sugars, including glucose, 

fructose, mannitol, and mannose are taken up by the PTS system in this manner (58).  In 

addition to sugar transport/phosphorylation, the PTS systems of both Gram-positive and 

Gram-negative bacteria are able to sense the nutritional state of the cell via pathways 

recognizing the phosphorylation state of the PTS proteins used in phosphate transfer.  

The mechanisms and components behind PTS transport and nutritional sensing in Gram-

positive and Gram-negative bacteria, however, differ in many aspects (66, 67).  

 C. perfringens is capable of utilizing a broad variety of sugars (15); however, it 

has been shown that in the presence of the PTS sugar glucose, C. perfringens is subject to 

a repressive effect on the uptake and metabolism of non-PTS sugars and exhibits varied 

effects on several aspects of its physiology (71, 75).  The genes and operons required for 

the utilization of poorer carbon sources, for example, are generally expressed only if the 

corresponding non-PTS sugar is present and more preferable sugars are not present.  This 

ability to globally control gene expression based on the presence or absence of a PTS 
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sugar is known as carbon catabolite repression (CCR) and has been demonstrated in 

multiple species of bacteria (67).  Examples of cell functions known to be regulated by 

CCR include acetate and acetoin utilization in Bacillus subtilis (16, 70), amylase 

production in Clostridium acetobutylicum (7), and maltose utilization in Listeria 

monocytogenes (4). The sporulation process is also known to be suppressed by CCR in 

both C. perfringens and Bacillus subtilis (63, 71). 

Carbon Catabolite Repression:  

Carbon catabolite repression in B. subtilis (68) and in many other Gram-positive 

low G+C subfamily members, including C. perfringens, is mediated by the 

transcriptional regulator Catabolite Control Protein A (CcpA) (4, 38, 41, 67). CcpA has 

the ability to bind to cis-elements called catabolite responsive elements (CRE), which are 

operators found near the promoters of genes controlled through CCR (70). CcpA belongs 

to the LacI/GalR family of repressors, which are capable of binding DNA at operator 

sites based on the presence or absence of low molecular weight effectors (72). (The 

mechanism of CcpA mediated catabolite repression is diagramed in Figure 1.) The 

effector responsible for CcpA binding the CRE-site was experimentally shown to be HPr-

serine 46-Phosphate (36).  

 In the enteric Gram-negative PTS system, HPr (histidine-containing 

phosphocarrier protein) is the protein responsible for transferring a phosphate from the 

E1 protein to the E2 protein, which then transfers the phosphate to the incoming sugar. In 

the event that this transfer cannot take place the phosphorylated EII protein activates 

adenylate cyclase, which increases cAMP levels. cAMP then acts as a cofactor for the 

CRP (catabolite responsive protein), which binds DNA, affecting transcription rates (52).   
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    In low G+C Gram-positive bacteria, there is a vastly different cAMP-independent 

mechanism of carbon catabolite repression.  In this system, HPr-histidine-phosphate, the 

form of HPr phosphorylated via PEP through EI, is required for PTS transport of several 

carbon sources. The transport of a sugar through the PTS will accept the phosphate 

donated from histidine-phosphorylated HPr, leaving HPr.  In the presence of high 

amounts of glucose (repressing conditions), the high level of the glycolytic intermediate 

fructose 1, 6- bisphosphate stimulates the ATP-dependent HPr kinase/phosphatase to 

phosphorylate HPr on the serine-46 (20).  Two molecules of seryl-phosphorylated HPr 

interact with a CcpA dimer allowing it to bind DNA at the CRE regions.  The ratio of 

HPr-His-phosphate (no PTS sugar present) and HPr-Ser-phosphate (PTS sugars are 

present) determines whether or not a particular carbon source is utilized or not by 

interacting with CcpA to repress or activate selected genes.  This controlled system of 

nutritional sensing and gene regulation allows for the sequential utilization of carbon 

sources that allow the growth of the cell to be maximized for a given environment (67).  

 Past research into understanding the role of CcpA in catabolite repression was 

accomplished by mutating the ccpA gene and testing phenotypes under different 

environmental stimuli.  In this manner, it was demonstrated that CcpA repressed 

transcription of multiple genes and operons in B. subtilis (12,9), B. megaterium (37) and 

several other Gram positive low G+C bacteria (4, 22, 37) and is responsible for 

transcription of the las operon, containing the genes for the glycolytic enzymes 

phosphofructokinase, pyruvate kinase and L-lactate dehydrogenase in Lactococcus lactis 

(41), and the ackA gene, which is involved in acetate excretion in B. subtilis (70).  Many 

of the single substitution mutations of CcpA were affected in their ability to bind the co-
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repressor HPr-serine phosphate (38), lost the ability to dimerize, or were affected in the 

binding cleft for DNA binding.  These mutants were characterized by constitutive 

binding of CRE-sites, or by an inability to recognize and bind the operator (37).  In C. 

perfringens, a ccpA- mutant has been shown to exhibit altered sugar utilization as well as 

a lack of sporulation ability (71).   
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CHAPTER TWO 

Characteristics of C. perfringens HPr K/P and HPr 

Abstract:  

 Carbon catabolite repression in many low G+C Gram-positive bacteria is 

mediated through the bifunctional enzyme HPr kinase/phosphatase. This enzyme has 

been shown to phosphorylate HPr on the regulatory serine-46 residue producing HPr-Ser-

P, a cofactor that increases the affinity of CcpA for a cis-element sequence known as a 

Catabolite Responsive Element or CRE-site, found near the promoters of regulated genes. 

We have cloned the genes encoding the proteins HPr and HPr kinase/phosphatase from 

the chromosome of C. perfringens strain SM101 into an expression vector and 

overproduced the recombinant protein in E. coli for better characterizations of the protein 

interactions. We were able to demonstrate the phosphorylation of HPr by HPr 

kinase/phosphatase through phosphorylation assays designed to also determine the 

concentration of FBP necessary for optimal phosphorylation activity. HPr 

kinase/phosphatase was unable to phosphorylate an HPr-Ala-46 substitution mutant, 

providing evidence that in C. perfringens the serine-46residue is involved in the 

accepting the phosphate from ATP via HPr kinase/phosphatase.  

Introduction: 

HPr kinase/phosphatase is the bifunctional enzyme responsible for 

phosphorylating and dephosphorylating the serine-46 residue of the histidine-containing 

protein (HPr) of the CCR pathway of low G+C Gram-positive bacteria. This enzyme has 

been of particular interest to researchers since 1983 because of its integral role in this 

regulatory pathway, as well as its absence in eukaryotes, making it a prime antibiotic 
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target (8, 53, 54, 56). Early studies in B. subtilis and the lactic acid bacteria elucidated the 

mechanism of the novel enzyme through various biochemical assays designed to 

characterize the conditions necessary for either the kinase or the phosphatase activity of 

the bifunctional enzyme (13, 40). From these studies, it was determined that the 

kinase/phosphatase was able to respond to the nutritional state of the cell and accordingly 

adjust kinase/phosphatase activity (8, 55). The next problem came in determining if the 

enzyme independently adjusted its activity in response to intracellular stimuli, or whether 

it was part of a network where its activity was modulated by other proteins that actively 

sensed the carbon situation. Radioactive kinase and dephosphorylation assays were 

employed to measure the rate of phosphorylation/dephosphorylation of HPr by an HPr 

K/P obtained from Bacillus subtilis. These assays were performed under varying 

concentrations of several intermediates of glycolysis as well as several high-energy 

phosphate containing molecules. It was found through this method that fructose-1,6- 

bisphosphate (indicative of high glycolytic activity) was able to stimulate kinase activity 

of the enzyme and inorganic phosphate (indicative of low ATP) activated phosphatase 

activity (8, 54). In addition to its ability to phosphorylate HPr on Serine-46, HPr K/P is 

able to phosphorylate a second protein, called Crh (catabolite repression HPr), a protein 

found in B. subtilis, on a similar Serine-46 residue (12). HPr-Ser-46-P and Crh-Ser-46-P 

have both been shown to function as allosteric effectors for CcpA in B. subtilis, 

increasing the transcriptional regulator�s affinity for CRE-sites found near the promoters 

of regulated genes (12, 61). 
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Methods and Materials: 

Cloning of genes encoding CCR proteins of C. perfringens into pBAD30 vector:

 The genes encoding HPr (11kDa), HPr K/P (33kDa), and CcpA (36kDa) of C. 

perfringens strain SM101 were identified through homology searches of the recently 

sequenced C. perfringens strain SM101 genome using sequences identified in C. 

perfringens strain 13 as the CCR protein encoding genes hpr, ptsK, and ccpA. Once 

identified, primers were engineered to amplify these three genes, which contained 

restriction sites for simplified cloning (SacI and SalI) and also encoding a 6X-Histidine 

tag on the C- terminus of the translated gene product. After the PCR reactions, the 

amplified genes with the newly encoded 6xHis tag and restriction sites were then purified 

by agarose gel electrophoresis (0.8% agarose in 1X TAE buffer), excised, and cleaned 

using the Qiagen Gel Extraction Kit (Qiagen 2002). The purified DNA fragments were 

then digested with SacI and SphI (New England Biolabs Beverly, MA) for two hours at 

37û C, separated through gel electrophoresis, excised, and cleaned as described above. 

The digested fragments were then individually ligated into SacI and SphI digested 

pBAD30 at 15û C, using two units of New England Biolabs T4 Ligase (19). The resultant 

ligation was dialyzed on 0.025 µm pore filters against water and electroporated into 

electrocompetent Escherichia coli strain DH10B (Gibco BRL/Invitrogen Carlsbad, CA) 

in a BTX BCM399 cell electroporator set to 2500 V (BTX Holliston, MA). 

Electroporated cells were then allowed to recover for 45 minutes in SOC (20 g Bacto 

tryptone, 5 g Bacto yeast extract, 2 ml of 5 M NaCl, 2.5 ml of 1 M KCl, 10 ml of 1 M 

MgCl2, 10 ml of 1 M MgSO4, 20 ml of 1 M glucose, adjusted to 1 litre with dH2O) (59). 

The recovered electroporation culture was then centrifuged at 14,000 x g and plated on 
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LB plates containing ampicillin at a concentration of 100 µg/ml (selecting for the 

pBAD30 resistance marker). The pBAD30 plus insert plasmids obtained from ampicillin 

resistant colonies were then checked for proper inserts by restriction digestion with SacI 

and SphI and agarose gel electrophoresis. Clones shown to contain a proper sized insert 

were then sequenced using the BigDye Terminator system (Applied Biosciences, Foster 

City, CA) at the Virginia Bioinformatics Institute core facility (Blacksburg, VA) to 

ensure the correct insert sequence and orientation. Plasmids containing the desired insert 

in the correct translation frame were then obtained through alkaline lysis plasmid 

preparation (Qiagen Miniprep) and electroporated into E. coli strain BL-21 RIL 

Codonplus for use in overproduction of the encoded protein (Stratagene). A map of these 

expression vectors is included as Figure 2. All plasmids and strains used in these 

protocols are listed in Table 1. 

PCR Mutagenesis of hpr gene to encode HPr-Ala-46: 

To determine experimentally that the serine residue at position 46 in the HPr 

protein of C. perfringens was the residue phosphorylated by HPr K/P, PCR mutagenesis 

was undertaken to change the sequence encoding the serine residue to a sequence 

encoding an alanine residue. Four primers were designed for this purpose: OWH14, 

OWH22, OWH23, and OWH24. Two of these primers are designed to flank the HPr 

encoding sequence (OWH14, OWH24) and two of which will cover and introduce the 

desired mutation into the amplified product (OWH22, OWH23) (see Figure 3) (59). Two 

PCR reactions are performed first to obtain the two halves of the total DNA region, and a 

second round of reactions using the outside flanking primers and first round products to  
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 Table 1. Bacterial strains and plasmids used in the expression and characterization 
of components of C. perfringens CCR  
 
Strain/Plasmid Relevant Characteristics Reference/Source 
E. coli   

DH10B F- mcrA ∆(mrr-hsdRMS-mcrBC) F80d lacZ ∆M15 lacX74 
deoR recA1 araD139 (ara, leu)7697 galU galK λ-rpsL 
endA1 nupG 

Gibco/BRL Corp. 

BL21 
Codonplus 
(DE3)- RIL 

argU (AGA, AGG), ileY (AUA), leuW (CUA) Stratagene 

C. perfringens   

SM101 hpr, ptsK, ccpA Zhao and Melville, 
1998 

Plasmids   

pBAD30 L-arabinose inducible promoter, MCS, rrnB T1 T2 
transcription terminators, Ampicillin resistance, low copy 
number pACYC184 E. coli origin 

 Guzman et al,  
1995 

pBAD30+HPr hpr (261bp) of C. perfringens strain SM101 amplified to 
also encode a C-terminal 6X-His tag cloned into 5� SacI 
and 3� SphI sites of the MCS of pBAD30 

This Study 

pBAD30+K/P ptsK (897bp) of C. perfringens strain SM101 amplified to 
also encode a C-terminal 6X-His tag cloned into 5� SacI 
and 3� SphI sites of the MCS of pBAD30 

This Study 

pBAD30+CcpA ccpA (999bp) of C. perfringens strain SM101 amplified to 
also encode a C-terminal 6X-His tag cloned into 5� SacI 
and 3� SphI sites of the MCS of pBAD30 

This Study 

pBAD30+HPr-
Ala 

hpr (261) of C. perfringens strain SM101 containing an 
alanine codon substitution at the 46-serine position 
amplified to also encode a C-terminal 6X-His tag cloned 
into 5�SacI and 3�SphI sites of the MCS of pBAD30 

This Study 

 
 



 14



 15

 

obtain a fragment of the same size as the Clostridium perfringens strain SM101 wild type 

hpr, but containing the desired mutation. After agarose electrophoresis, the newly 

amplified fragment was then digested with SacI and SphI and ligated into pBAD30 (also 

digested with SacI and SphI). The resulting ligation was electroporated into E. coli strain 

DH10B (as described above) and plated on LB plates containing ampicillin 100 µg/ml. 

Positive colonies were regrown, then plasmid DNA was purified through alkaline lysis, 

and checked through restriction digest for correct insert size. Positive restriction digests, 

however, looked identical for those of pBAD30+ HPr so further analysis was necessary 

to determine if the mutation occurred as planned. Sequencing at the VBI core facility 

(Blacksburg VA), using the BigDye Terminator Kit, determined that the AGC codon of 

wild-type C. perfringens had indeed been mutated to GCT, encoding alanine in this 

plasmid. The primers used for the amplification of the genes encoding the CCR pathway 

proteins of C. perfringens and in the PCR mutagenesis protocol to mutagenize HPr are 

included as Table 2. 

Protein expression: Induction Curve: 

Vector pBAD30 is a protein expression vector designed to provide a stringent 

mechanism of control of genes that may encode proteins toxic to the host cell (19). To 

control the transcription of genes inserted into pBAD vectors, the araBAD promoter, is 

placed upstream of the multiple cloning site. The E. coli araBAD promoter is bound by a 

dimer of the repressor AraC until a sufficient level of L-arabinose is present to bind to the 

AraC proteins, releasing the DNA loop that was preventing transcription of ParaBAD. The  
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Table 2. Primers used in amplifying the hpr, ptsK, and ccpA genes from C. 
perfringens strain SM101 and in the PCR mutagenesis procedure to mutagenize 
the hpr gene 

 
Primer Name Primer Sequence (5'-3') Reference 

OWH14 
CAAATAGAGCTCAGGAGGTGTTTATAATGGTAACTAAAG 
AAGTTATAG This Study 

OWH15 
CCTTGCATGCTCATTAATGATGATGATGATGATGCTCTTCTAAA 
TTTTCGATTAACTTAGCTATTTCTTCAGC This Study 

OWH16 TAAGAAGAGCTCAGGAGGTTTTATATGGGTGTTACAATAGAG This Study 

OWH17 
GTTTATACGCATGCTCATTAATGATGATGATGATGATGAATTTT 
ACTCTCTTTTTCAATTATATCAAC This Study 

OWH18 GGCAATAAGTTAGAGCTCAGGAGGTGAGTTAGATGGCTGCTTC This Study 

OWH19 
GCATTTTTTATGGCATGCTCATTAATGATGATGATGATGATGCT 
TACAGCTATCTCTCTCTATTAAATC This Study 

OWH20 ATTTTAGGATCCGATGATTTAGTAAAATAATTTAGTAAAATTATA This Study 
OWH21 CT TCACTGCAGTTAAAAATCCCCCTCATATTTC This Study 
OWH22 GGAAAAAAAGCTAATGTTAAGGCTTTAATCGGAGTTTTATC This Study 
OWH23 GATAAAACTCCGATTAAAGCCTTAACATTAGCTTTTTTTCC This Study 
OWH24 AAGCCTGCATGCTCATTAATGATGATGATGATGATGCTCTTC This Study 
OWH25 CATTTAGGATCCGAATTTAGTATATTTCTGCA ATTTGG TCA This Study 

OWH26 
CATATTCTGCAGGAATTAATATTTAATTTTATTACAATTATTAATA 
AGAAAACGT This Study 
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AraC proteins then bind to a secondary site, where, with the aid of CRP-cAMP, it is able 

to strongly activate transcription. To gauge the responsive expression in E. coli strain 

BL21 RIL Codonplus (Stratagene) containing pBAD30+HPr, HPr-Ala-46, HPr K/P, or 

CcpA, an induction curve was set up to determine the concentration of L-arabinose that 

would produce the highest yield of protein upon induction. Single colonies that contained 

the pBAD30 plus insert plasmid were grown in 5 mls of Terrific Broth (per liter:12 g 

Bacto tryptone, 24 g Bacto yeast extract, 4 ml glycerol, 2.31 g KH2PO4, 12.54 g K2HPO4) 

plus 100 µg/ml ampicillin overnight and reinnoculated 1:60 into 5 ml fresh Terrific broth 

plus antibiotic. These cultures were grown to an O.D.600 of 0.6 and then induced to 

overexpress the protein of interest by the addition of L-arabinose to a final concentration 

of 0.2%, 0.02%, or 0.002%. 1 ml alliquots were pelleted and frozen at 0, 2, and 4 hours 

for the induced cultures. Pellets were washed in 500 µl TE and then resuspended in 50 µl 

of milliQ water. 6 µl of 10X sample buffer (10 mM Tris HCl, 1 mM EDTA pH 8, 2.5% 

SDS, 5% β-mercaptoethanol, 0.01% bromophenol blue) was then added to the cell 

suspensions and the samples were boiled for 5 minutes. The samples were cooled on ice 

for 5 minutes and briefly centrifuged to collect condensation and pellet insoluble 

material. The now denatured proteins were then electrophoresed on an 8%-25% SDS-

PAGE PhastGel (Amersham Pharmacia Upsala, Sweden), stained with PhastGel Blue R 

dye, and examined to determine the optimal concentration and length of induction with 

L-arabinose. 
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Protein Overexpression and Purification: 

E. coli colonies shown through plasmid purification and restriction digest to 

contain pBAD30 (19) plus the HPr, HPr-Ala-46, HPr K/P, or CcpA encoding inserts were 

inoculated to 10 ml of Terrific Broth containing 100 µg/ml ampicillin and grown 

overnight at 37ûC and reinnoculated into 250 ml of fresh Terrific Broth plus 100 µg/ml 

ampicillin. To retrieve the overexpressed protein, the protocol outlined in the Qiagen Ni-

NTA Spin Handbook (Qiagen, February 2003) was followed. This culture was grown 

with vigorous shaking to an O.D600 of 0.6 and then L-arabinose was added to a 

concentration of 0.02% (determined earlier as optimal concentration for induction). Four 

hours after induction the cells were pelleted at 4,000 x g in a JA-14 rotor, washed with 10 

mls TE, centrifuged again at 4,000 x g, and frozen at -20ûC. These pellets were then 

thawed and resuspended in 1 ml of lysis buffer (50 mM NaH2P04, 300 mM NaCl, 20 mM 

imidazole, pH 8.0) supplemented with 1 mg/ml lysozyme. After incubating on ice for 30 

minutes the cells were sonicated and centrifuged at 10,000 x g for 30 minutes at 4ûC. 

Qiagen Ni-NTA spin columns were equilibrated with 600 µl of lysis buffer. Six hundred 

microliters of the lysate was loaded per spin column and centrifuged for 2 minutes at 700 

x g to bind the 6xHis-tagged proteins. The columns were then washed with 600 µl of 

wash buffer twice (50 mM NaH2P04, 300 mM NaCl, 50 mM imidazole, pH 8.0) and 

finally the protein was eluted twice with 200 µl of elution buffer (50 mM NaH2P04, 300 

mM NaCl, 250 mM imidazole, pH 8.0) (Qiagen). The eluates were dialyzed against 4 L 

of TKED buffer (150 mM KCl, 100 mM Tris-HCl pH 8, 1 mM EDTA, 0.1 mM DTT) 

using Slide-A-Lyzers (Pierce). To concentrate the samples, the dialyzed solutions were 

centrifuged for 2 hours at 7500 x g in Centricon YM-3 Amicron filter devices at 4ûC 
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(Millipore Billerica, MA). Glycerol was then added to 10% and the samples were stored 

at -20ûC.  

Kinase Assays: 

The procedure for these assays is essentially the same as those performed with 

similar proteins from Streptococcus and Bacillus species (12, 57). The reactions are set 

up to contain 1 µg of the purified HPr kinase/phosphatase, 5 µg HPr, fructose-1, 6- 

bisphosphate concentrations ranging from 0-7.5 mM, 5 mM MgCl2, and 0.5 mM [  32P]-

ATP is added to a 1.5 ml Eppendorf tube to a final volume of 20 µl and incubated at 

37°C for 5-15 minutes. The incubation is stopped using SDS quench buffer containing 10 

mM Tris-HCl, 1 mM EDTA, 2.5% SDS, 5% β-mercaptoethanol, and 0.01% bromophenol 

blue and adjusted to pH 8. The 20 µl sample is then loaded to an SDS-polyacrylamide 

15% gel and electrophoresed in a BioRad MiniProtean II under standard conditions. The 

electrophoresis chamber and buffers used during the protein separation and subsequent 

fixing/staining with Coomassie blue (0.1% in methanol-acetic acid-water, 5:2:5 by 

volume), were checked before disposal for radioactivity and disposed or cleaned properly 

based on their relative levels of radioactivity. After fixation/staining, the gels were 

wrapped in cellophane and placed on a blanked phosphorimager screen for 10-30 

minutes. After exposure, the wrapped gels are removed and the screen was scanned on a 

STORM 860 phosphorimager scanner (Molecular Dynamics, Sunnyvale California) to 

quantify the fluorescence created by the radioactivity of the gel. Imagequant software 

was then used to quantify the density of the bands on the resulting gel pictures. 
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Results: 

Protein Purification: 

The protein samples were verified by SDS-PAGE separation on homogenous 20% 

acrylamide Phastgel minigels. Figure 4 illustrates a 20% polyacrylamide gel containing 

cell lysates of the three protein induction cultures before and after Ni2+-NTA purification 

and concentration. 

Kinase Assays: Optimal Fructose-1,6-bisphosphate Concentration: 

To perform HPr K/P kinase assays, conditions were based on conditions set forth 

in previous assays of kinase activity of the HPr K/P of other species of bacteria (20 mM 

Tris-HCl, 5 mM ATP, and 5 mM MgCl2) (13, 18). Reactions were then set up with 

varying levels of fructose-1, 6- bisphosphate to identify the intermediate�s relationship to 

kinase activity. The results indicated that fructose-1, 6- bisphosphate does activate the 

kinase activity of HPr K/P to phosphorylate HPr. This enzyme, however, appears more 

sensitive to lower concentrations of fructose-1, 6- bisphosphate than the corresponding 

HPr K/P enzymes of other bacteria. In these assays, 8 mM was shown as the optimal 

concentration for C. perfringens HPr K/P.  This contrasts the results seen in other B. 

subtilis, where 40 mM has been tested as the optimal concentration for the activation of 

the B. subtilis HPr K/P (54). Figure 5 illustrates the results of these assays. 

 
Kinase Assays: HPr-Ser-46 vs. HPr-Ala-46 

To verify the phosphorylation site of HPr, PCR mutagenesis was undertaken to 

mutate the codon encoding serine-46 of HPr to an alanine. The new overproduced HPr-

46-Ala was then used in the same kinase assays utilizing γ-P32 ATP that were used to 

characterize the wild-type C. perfringens HPr protein. The results of these assays agree  
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with the belief that the serine residue of position 46 in HPr is the phosphorylation site. 

Even in concentrations of fructose-1, 6- bisphosphate that provided for the optimal level 

of phosphorylation of HPr by HPr K/P, HPr-46-Ala remains unphosphorylated by HPr 

K/P (Figure 6). 

Discussion: 

C. perfringens strain SM101 is a highly saccharolytic bacterium capable of using 

a diverse number of sugars and is also equipped with genes allowing it to make use of 

multiple amino acids. Depending on the environment, the bacteria may or may not need 

any one of these genes actively transcribed and translated and would benefit greatly from 

a system of regulation that could coordinate these metabolic genes based on carbon 

source availability. Carbon catabolite repression, the system of gene regulation found in 

many other low G+C Gram-positive bacteria, is believed to perform this function. Genes 

encoding the three major components of CCR were found in C. perfringens strain 

SM101. I have PCR amplified the genes encoding HPr kinase/phosphatase  and its 

substrate HPr with primers designed to incorporate a 6X-Histidine tag onto the C-

terminal end of the protein and cloned them into an inducible expression vector. After 

purification of the proteins from induced cultures containing these plasmids, I have been 

able to conduct biochemical assays in order to determine some basic features of the 

proteins and compare them with results of similar assays conducted on HPr 

kinase/phosphatase and HPr expressed in other low G+C Gram-positive bacteria. The 

kinase assays were conducted to determine whether C. perfringens HPr K/P 

phosphorylated HPr and if so, is stimulated by increased levels of fructose-1, 6-

bisphosphate. The exact residue of phosphorylation was also determined. The results  
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Figure 6: Kinase Assay to identify the transfer of 32P containing phosphate from ATP to 
the putative phosphate-receiving residue in the proteins HPr and HPr-46-Ala. HPr and HPr-
46-Ala both ran to a position corresponding to 11kDa when electrophoresed on SDS 15% 
acrylamide PAGE gels. After electrophoresis the gels were fixed and exposed on a 
phosphorimager screen for 30 minutes. The phosphorimager screen was then scanned for 
fluorescence on a STORM 860 phosphorimager scanner. 
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indicated that C. perfringens strain SM101 HPr K/P is able to phosphorylate HPr and is 

stimulated by fructose-1, 6- bisphosphate. However, 7.5 mM fructose-1, 6- bisphosphate 

in the reactions provided the optimal level of phosphorylation as opposed to the 40 mM 

fructose-1, 6- bisphosphate needed to achieve optimal phosphorylation as seen in similar 

assays with B. subtilis (54). This indicates the CCR sensing in C. perfringens may be 

more sensitive and more quickly activated to produce HPr-Ser-P. After PCR mutagenesis 

of the gene encoding HPr-Ser to encode HPr-46-Ala, kinase assays were performed by a 

similar method to those performed to identify the optimal concentration of fructose-1, 6- 

bisphosphate. Phosphorylation reactions were set up with HPr K/P with wild-type HPr or 

with HPr-Ala for concentrations of 0 mM, 3.75 mM, and 7.5 mM of fructose-1, 6- 

bisphosphate. The assays confirmed the idea that HPr is phosphorylated on the serine 

residue 46 of HPr, as the bands pertaining to HPr-Ala on the SDS-PAGE gels did not 

contain detectable levels of P32-PO4 after undergoing the same phosphorylation reaction 

conditions that will phosphorylate HPr-Ser. 
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CHAPTER THREE 

Electrophoretic Mobility Shift Assays of ORF54 and ccpA CRE-sites and Loss of 

Glucose Repression in ccpA- C. perfringens 

Abstract:  

Clostridium perfringens is a Gram-positive anaerobic pathogen capable of 

causing, amongst other diseases, severe food poisoning and antibiotic associated diarrhea. 

The pathogenesis of C. perfringens food poisoning has been found to be intimately 

connected with sporulation; a pathway that is itself controlled through sensing of the 

nutritional state of the cell. Sensing and subsequent regulation of the carbon situation in 

many Gram-positive bacteria has been shown to be governed by a pathway known as 

carbon catabolite repression (CCR) (67). In this pathway, catabolite control protein A 

(CcpA) and seryl-phosphorylated HPr (histidine containing phosphocarrier protein) form 

a complex that is capable of binding to cis-elements near the promoters of regulated 

genes, regulating transcription. Two such sites that may function as CcpA binding sites 

were found: one preceding ORF54, a gene encoding a putative lactose permease and part 

of an operon encoding β-galactosidase in C. perfringens ATCC 13124 and another 

upstream of the gene encoding ccpA in C. perfringens strain SM101. After identifying the 

putative CRE-sites in the promoter region and performing electrophoretic mobility shift 

assays using purified CcpA and HPr on DNA fragments containing these putative CRE-

sites, we were able to conclude that CcpA+HPr-Ser-P was able to bind to these DNA 

fragments. To determine the role of CcpA in the regulation of the β�galactosidase 

encoding operon, we compared the levels of β�galactosidase in wild-type versus ccpA- C. 
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perfringens strain SM101, providing correlating in vivo evidence to support the 

biochemical evidence of CCR in C. perfringens.  

Introduction: 

Carbon catabolite repression (CCR) is a regulatory pathway based upon the need 

to sequentially transport and break down the highest energy carbon substrate possible 

while repressing genes involved in the transport/breakdown of less energetically 

favorable carbon sources (67). In C. perfringens, a common soil and  inhabitant of the 

human intestines that is capable of utilizing a diverse number of sugars, amino acids, and 

proteins, the ability to regulate the numerous genes responsible for the breakdown and 

metabolism of secondary carbon sources is a high priority (64). In the accepted model 

CCR is accomplished through the action of HPr kinase/phosphatase, which is stimulated 

through high levels of fructose-1, 6-bisphosphate, the result of high glycolytic activity, to 

phosphorylate HPr on the serine-46 residue. HPr-Ser-P then forms a tetramer complex in 

conjunction with a dimer of the protein CcpA, which is then able to bind DNA at sites 

known as CRE-sites near promoters of regulated genes or operons and regulate 

transcription (61).  

Lactose utilization is a characteristic in C. perfringens strain SM101 that has been 

shown to be regulated through a CcpA-dependent mechanism (Melville, unpublished). 

Examination of the DNA sequence in and around the promoter of the operon ORF54 

encoding β-galactosidase showed a sequence resembling a consensus CRE-site of B. 

subtilis (TGWNANCGNTNWCA) (31). A second CRE-site was identified based on 

information that in many species of low G+C Gram-positive bacteria, the gene encoding 

CcpA is autoregulated (9, 48). By locating and examining the ccpA gene of C. 
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perfringens strain SM101, a second candidate CRE-site was identified with sequence 

homology to the CRE-site of B. subtilis (3, 30). This second CRE-site was also of interest 

based on its high degree of dyad symmetry (AGAAAACGTTTTTT),  a characteristic of 

CRE-sites in many other species of low G+C Gram-positives (50, 51). Figure 7 illustrates 

the CRE-site of C. perfringens strain SM101 ccpA and its relation to the putative 

promoter of the gene. By utilizing purified C. perfringens strain SM101 HPr, HPr K/P, 

and CcpA proteins produced through recombinant E. coli and two radiolabeled DNA 

fragments containing these two C. perfringens candidate CRE-sites, we were able to 

show the basic functions of CCR in C. perfringens strain SM101. This technique will 

distinguish if CcpA binds the two CRE-sites and if so, whether this interaction is 

enhanced by HPr-Ser-P. Proving that these candidate CRE-sites bind CcpA will further 

the search to create a consensus CRE-site used in finding genes regulated through CCR, 

and perhaps an insight into the regulation of pathogenesis and sporulation in the 

pathogenic Clostridia.  

A ccpA- C. perfringens is unable to produce the CcpA protein to bind to CRE-

elements and regulate the transcription of its regulon. If the CRE-site preceding the 

operon containing β�galactosidase in C. perfringens is used to negatively regulate lacZ 

transcription from its �1 position, a ccpA- strain should produce recognizably more LacZ, 

as glucose repression of the lactose degrading enzyme is abolished (see Figure 8 for a 

map of ORF54 CRE-site in relation to the promoter and start codon of the operon). β�

galactosidase assays were used to gauge LacZ levels in a ccpA- and wild-type C. 

perfringens in glucose rich, lactose rich, or sugarless media to illustrate the loss of  
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glucose repression over lacZ expected if the gene is regulated through CCR. A table of all 

plasmids and pertinent strains used in these experiments is included as Table 3. 

Methods and Materials:   

Electrophoretic Mobility Shift Assay: 

  A 261 bp DNA fragment containing the catabolite responsive element (CRE) of 

an operon encoding a lactose permease and β-galactosidase (ORF54) from C. perfringens 

type strain 13124 was PCR amplified and cloned into the pKS- cloning vector. Similarly 

a 120 bp DNA fragment containing the CRE-site containing region of the promoter 

region of ccpA was amplified from C. perfringens strain SM101 and cloned into the pKS- 

cloning vector. After restriction digestion to remove the DNA fragments from the vector 

backbone, gel electrophoresis, and purification through a Qiagen gel extraction kit, the 

DNA fragments were radioactively labeled with γ-P32 ATP via T4 polynucleotide kinase 

in a reaction adjusted to 5% PEG 8000 and incubated at 37ûC for 10 minutes. After heat 

inactivation at 90ûC for 2 minutes, the radiolabeled fragments were extracted with 

phenol: chloroform: isoamyl alcohol (25:24:1), ethanol precipitated, air dried, and 

resuspended in dH2O.  

 Purified HPr is then phosphorylated by HPr kinase/ phosphatase under the 

conditions determined through kinase assays: 20 mM Tris-HCl (pH 7.5), 7.5 mM fructose 

-1, 6-bisphosphate, 5 mM MgCl2, 1 mM DTT, 10 mM ATP, in a 20 µl reaction 

containing ~12 µg HPr, and ~2 µg K/P. The reaction was incubated at 37ûC for 15 

minutes and stored on ice.  
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Table 3. Bacterial strains and plasmids used in the study of CRE-site binding of CcpA of 
C. perfringens CRE-sites and study of glucose repression in ccpA- C. perfringens 
 
Strain/Plasmid Relevant Characteristics Reference/Source
E. coli   

DH10B F- mcrA ∆(mrr-hsdRMS-mcrBC) F80d lacZ ∆M15 
lacX74 deoR recA1 araD139 (ara, leu)7697 galU galK 
λ-rpsL endA1 nupG 

Gibco/BRL Corp. 

C. perfringens   

SM101 hpr, ptsK, ccpA Zhao and 
Melville, 1998 

SM120 ccpA- SM101, CmR  Varga et al, 2004 

Plasmids   

pKS- General cloning vector providing blue/white screen, 
Ampicillin resistance, high copy number pUC E. coli 
origin 

Stratagene 

pWH5 261bp DNA fragment containing the upstream region 
of the ORF54 operon of C. perfringens ATCC 13124 
cloned into the 5� BamHI site and 3� PstI site of pKS- 

This Study 

pWH6 111bp DNA fragment containing the upstream region 
preceding the ccpA gene of C. perfringens strain 
SM101 cloned into the 5� BamHI site and 3� PstI site 
of pKS- 

This Study 
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Tubes were then arranged containing binding buffer: 100 mM Tris-HCl (pH 7.5), 

1 mM EDTA, 10% glycerol, 50 mM KCl, 0.05% Igepal 630, and ~2 µg of the now 

phosphorylated HPr-Ser-P. CcpA was added to the tubes to final concentrations of 0 µM, 

1.95 µM, 4 µM, 10 µM, and 19.5 µM. A control was also performed containing no HPr-

Ser-P. The radiolabeled CRE containing DNA fragment was then added to the reaction 

and incubated for 15 minutes at 37ûC. Cold competitor DNA (where needed) was added 

at a concentration of ~60X the amount of radiolabeled DNA (2.4 µg). Nondenaturing 

sample buffer (10% glycerol, 0.25% bromophenol blue) was then added and the samples 

were added directly to a nondenaturing Tris-Borate-EDTA (TBE) 6% polyacrylamide, 

10% glycerol gel and electrophoresed for 1 hour at 150 V. The gel was dried onto 

Whatman paper on a BioRad 583 gel drier under vacuum for 30 minutes. The gel/paper 

was then exposed to a phosphorimager screen for ~10 minutes and visualized on a 

STORM 860 Phosphorimager (Molecular Dynamics, Sunnyvale California). The 

resulting images were then examined for the shift of the DNA + CcpA band characteristic 

of DNA bound by a DNA-binding protein as it electrophoresed through the gel. 

β-galactosidase Assays: 

 Wild-type C. perfringens strain SM101 and ccpA- C. perfringens strain SM101 

(71) were grown in PGY (30 g/L proteose peptone #3 (Difco), 111 mM D-glucose, 10 

g/L yeast extract, 1 g/L sodium thioglycolate, and resazurin as redox indicator), PLY 

(same as PGY, except 111 mM D-lactose instead of D-glucose), and PY (PGY, but with 

no glucose) under anaerobic conditions at 37°C. These cultures were subcultured into 

their corresponding media and an O.D.600 measurement was immediately taken and 1 ml 

aliquots were pelleted and stored at -20°C. The subcultures were incubated under 
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anaerobic conditions at 37°C with samples being taken every hour for O.D.600 

measurement and 1 ml aliquots removed for pelleting and storage at -20°C. These 

samples were taken for 8 hours for each strain and media type. The frozen pellets of these 

samples were resuspended in 800 µl of assay buffer (50 mM NaH2PO4, 1 mM EDTA, 5 

mM DTT) and 8 µl toluene was added. Samples were vortexed for 1 minute and 

incubated on ice for 10 minutes and incubated in a 37°C waterbath for 30 minutes with 

caps open. In 15-second intervals, 160 µl O-nitrophenyl-β-D-glucuronide was added to 

the tubes, recording the start times. Tubes were incubated at 37°C until yellow color 

developed and at that point 400 µl 1 M Na2CO3 was added to stop the reaction (recording 

the stop time). Tubes were centrifuged for 10 minutes at 10,000 x g, and 900 µl of the 

supernatant is transferred to a disposable cuvette for a A405 reading in a 

spectrophotometer. Specific activity for each sample time point is determined by the 

equation (A405 x 1000)/(O.D.600 x time x culture volume). 

Results: 

Electrophoretic Mobility Shift Assays: 

Electrophoretic Mobility Shift Assays (EMSAs) were employed for the purpose 

of showing that CcpA will bind regions of DNA considered to contain CRE-sites. By 

utilizing these assays we were first able to show that C. perfringens strain SM101 CcpA 

is capable of binding the two candidate CRE-sites, identified through sequence homology 

to accepted CRE-site sequences taken from B. subtilis. Both the CRE-site taken from the 

gene encoding CcpA in C. perfringens strain SM101 as well as the CRE-site amplified 

from the upstream region of an operon encoding a lactose permease from C. perfringens 

ATCC 13124 were retarded during electrophoresis through a 5% polyacrylamide gel by  
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CcpA binding. Figure 9 illustrates the binding of CcpA to the 261bp DNA fragment 

containing the ORF54 CRE-site tested with increasing concentrations of CcpA and as a 

control, one reaction where no HPr-Ser-46-P was included in the binding reaction. In this 

control, there is no distinctive evidence that HPr-Ser-46-P is necessary for binding of 

CcpA to this CRE-site, although more experimental evidence will be necessary to verify 

this conclusion. Another EMSA, utilizing a ~111bp DNA fragment bearing the CRE-site 

found near the ccpA gene of C. perfringens strain SM101 was performed in which 

concentrations of CcpA were included in reactions to retard the DNA as it is moves 

through a 5% polyacrylamide gel and also in corresponding reactions where cold 

unlabeled DNA containing the ccpA CRE-site was added to compete with CcpA binding. 

By competing for CcpA binding, the competitor DNA shifted the labeled band to the 

same position as reactions with no CcpA included (Figure 10). This competition assay 

was also performed for the DNA fragment containing the ORF54 CRE-site (results not 

shown). 

ββββ-galactosidase Assays 

 β-galactosidase assays used to gauge differences in the production of the lactose 

cleaving enzyme between wild-type and ccpA- C. perfringens strain SM101 distinctly 

illustrate the loss of glucose repression through CCR of β-galactosidase in the ccpA- C. 

perfringens. Even in glucose rich media, the ccpA- C. perfringens is unable to bind the 

CRE-site regulating the genes involved in lactose degradation under conditions where 

they are unnecessary to the metabolism of the bacteria.  Figure 11 illustrates the β- 

galactosidase specific activities of ccpA- and wild-type C. perfringens in both glucose 

rich/lactose free and lactose rich/glucose free media. 
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Figure 11. β-galactosidase assay results for wild-type and ccpA- C. perfringens when 
grown in PGY (top) or PLY (bottom). Cultures were grown simultaneously at 37 C 
anaerobically, with samples taken every hour for O.D. 600 measurement and measurement 
of β-galactosidase activity. The results illustrate a lack of glucose repression over β-
galactosidase production in the ccpA- mutant, demonstrating the role of CcpA in carbon 
catabolite repression. Error bars are included, indicating standard deviation for the three 
replications of the experiment. 
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Discussion: 

 We were able to show experimentally the binding of purified recombinant CcpA 

to DNA fragments containing CRE-sites amplified from upstream of the C. perfringens 

strain ATCC 13124 operon encoding the ORF54 lactose permease and β-galactosidase, as 

well as a region of DNA found upstream of the ccpA gene of C. perfringens strain 

SM101. These findings indicate that these genes may be regulated during CCR in C. 

perfringens. The DNA fragment containing the CRE-site of ORF54 was bound by CcpA 

in the EMSA procedure, indicating that the operon encoding the proteins needed for the 

transport and breakdown of lactose may be regulated through CCR. To phenotypically 

test for evidence of this assumption, we made use of a ccpA- strain of C. perfringens to 

compare β-galactosidase levels of the mutant versus wild-type. The findings of these 

assays support the idea that the genes involved in lactose utilization in C. perfringens are 

repressed by glucose in a CcpA dependent manner as glucose repression of β-

galactosidase is abolished in the ccpA- mutant. 

 An interesting result of the EMSA assays performed was the lack of effect the 

HPr-Ser-P concentration had on the binding of CcpA to CRE-sites. One possible 

explanation for this is that at the C-terminus of CcpA there is a binding site for HPr-Ser-P 

that could be affected by the addition of the 6X-His tag encoded for the purification of 

the proteins (36). This hypothesis could be disproven with the creation of an expression 

vector encoding CcpA with an added protease cleavage site preceding the 6X-His tag that 

would allow for its removal after purification. However, 6X-His tagged CcpA has been 
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used in similar experiments with no reported unresponsiveness to HPr-Ser-P, so the more 

likely explanation is that C. perfringens may control CCR in a yet undescribed fashion.  
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CHAPTER FOUR 

Identifying CRE-sites through Computer Based Searches 

Abstract:  

 Examination of the genomes of sequenced strains of Clostridium perfringens for 

genes involved in metabolism illustrates a species of bacteria capable of utilizing a 

variety of carbon sources. In order to coordinate this array of genes, CRE-sites, ~14bp 

cis-elements, are found near promoters of genes to be regulated through carbon catabolite 

repression. To these CRE-sites, the transcriptional regulator CcpA will bind and either 

repress or activate transcription based on the CRE-sites position relative to the promoter. 

This CcpA binding site has been elucidated in Bacillus subtilis by compiling the genes 

shown to be controlled through CCR, examining the promoter regions for CRE-sites and 

aligning these CRE-sites to arrive at a consensus sequence for a CRE-site (46). Similarly, 

in C. perfringens we can take CRE-sites shown to be bound by CcpA to make a rough 

consensus CRE-site for use in finding even more CCR regulated genes. As more CRE-

sites are found, our predicted C. perfringens strain SM101 CRE-site will arrive closer to a 

true consensus. 

Introduction: 

The first reference to CcpA came through work dedicated to studying the α-

amylase gene of Bacillus subtilis, a gene known to be transcriptionally regulated under 

glucose repression (23, 29). During this study, a transposon insertion mutation was found 

that abolished the glucose repression of the α-amylase gene. The sequence surrounding 

the transposon insertion was examined and was found to encode a transcriptional 
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regulator with similarity to the LacI/GalR family of repressors. It had been identified 

earlier as the transcriptional regulator alsA, a transcriptional regulator involved with 

acetoin biosynthesis of B. subtilis (23). Many studies have utilized this CRE-site, known 

as amyO, for studies investigating the binding properties of CcpA with CRE-sites (29, 

30). It was also shown that by knocking out or changing the sequence of sites resembling 

the amyO found preceding the xyl, hut and gnt operons of B. subtilis also knocked out 

glucose repression of these metabolic operons (10, 25, 35). Later work, aimed at the 

newly broadening scope of  genes regulated by CCR in low G+C Gram-positive bacteria, 

involved creating a ccpA- mutant and comparing phenotypic characteristics of this strain 

versus the wild-type of the same bacteria (5, 14, 16, 70).  

The CRE-sites of the B. subtilis CCR mechanism discovered through research of 

the amylase, histidine utilization, and xylose utilization genes/operons are the best 

studied examples of these CcpA binding sequences. With the new tool of a putative CRE-

site consensus, Moreno et al were able to identify many genes regulated by CcpA 

dependent (and independent) CCR by utilizing a whole-transcriptome approach through  

a cDNA microarray based experiment comparing the transcriptional pattern of wild type 

B. subtilis  versus a ccpA- mutant of the same strain under various growth conditions. 

These results were then compared to the results of a computer based search designed to 

identify possible CRE sites in or around promoters of genes found in the B. subtilis 

chromosome (49). For this search, a weighted matrix consensus CRE site 

(TGNAANCGNWNNCW) (47) was used to search the B. subtilis chromosome using the 

GRASP-DNA program (60). It was determined that the genes of the computer based 

search correlated well with the results of the microarray-based experiment for genes 
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regulated by CCR (glucose repressed, CcpA repressed with or without glucose, and CcpA 

activated without glucose and repressed with glucose) (49). The results of the 

experiments showed evidence that this technique was efficient at distinguishing CRE-

sites based on sequence alone and could be similarly performed in other bacteria.  

In the case of C. perfringens, however, there is no easily accessible microarray 

available for use in determining the differences in transcriptional patterns between a 

ccpA- mutant and wild-type C. perfringens then comparing these results to those of the 

CRE-site searches. However, since Moreno et al gave proof of concept for this procedure 

we can use a modified version of this method to search for CRE-sites and then 

experimentally show CcpA binding on a gene-by-gene basis, rather than through a 

transcriptional profile (49). 

Methods and Materials:   

CRE Searching:  

Searches were performed on the newly sequenced genome of  C. perfringens 

strain SM101 for CRE-sites with similarity (two base degeneracy allowed) to the CRE 

sites found preceding the ORF54 operon and the C. perfringens strain SM101 ccpA gene. 

The findpattern program provided by SeqWeb (Accelrys) was used for searches of the 

genome of C. perfringens strain SM101 for possible CRE-sites based on these ccpA and 

ORF54 CRE-sites. 2000 bp of sequence taken upstream and downstream from the CRE-

site was then searched through databases using the blastx program provided by NCBI 

(http://www.ncbi.nlm.nih.gov/BLAST/). CRE-sites that were found to be in or within 400 

bp (arbitrarily chosen distance) of the promoters of these nearby genes were considered 

potential candidate CRE-sites.   Primers were then designed to amplify small DNA 

http://www.ncbi.nlm.nih.gov/BLAST/
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fragments containing these candidate CRE-sites and these amplified fragments were then 

used in electrophoretic mobility shift assays to again determine the binding affinity of 

CcpA for these sites and determine if these genes may be regulated under the control of 

CCR in C. perfringens strain SM101. 

DNase Protection Assay: 

To determine the protein-DNA sequence binding specificity of CcpA to a CRE-

site containing DNA fragment, DNase footprinting was performed as described by Galas 

and Schmitz, with modifications (11). To perform this assay, HPr is phosphorylated by 

HPr K/P in 20 mM Tris-HCl (pH 7.5), 7.5 mM fructose -1, 6-bisphosphate, 5 mM MgCl2, 

1 mM DTT, 10 mM ATP, in a 20 µl reaction containing ~12 µg HPr, and ~2 µg K/P for 

15 minutes at 37ûC. Varying concentrations of CcpA varying from 0 mM to 12.5 mM and 

~1.5 µg of the phosphorylated HPr were added to a reaction mixture containing 10 mM 

Tris-HCl pH 8, 1 mM EDTA, 50 µg BSA, 0.05% Igepal 630, 10% glycerol, 1 mM DTT, 

and 10 µg poly dAdT and P32 radiolabeled CRE containing DNA measuring ~50,000 cpm 

of activity (28). One unit of RQ1 DNase was then added to each reaction along with 2 µl 

1X DNase buffer and incubated for 30 seconds at 37ûC. The reactions were stopped with 

90 µl of DNase stop solution containing 3 M sodium acetate, 0.25 M EDTA, and 0.15 

mg/ml herring sperm DNA. The samples were then phenol:chloroform:isoamyl alcohol 

(25:24:1) precipitated twice, ethanol precipitated, washed in 70% ethanol twice, air dried 

and resuspended in loading buffer (10 mM NaOH, 95% formamide, 0.05% bromophenol 

blue, 0.05% xylene cyanol) (Promega). After heating to 85ûC for 2 minutes, the samples 

along with Sequenase sequencing reactions of the DNA fragment (USB) were loaded 

onto a 6% polyacrylamide 7 M urea sequencing gel on a Gibco model S2 sequencing gel 
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apparatus where it was electrophoresed in TBE buffer at 1500 V, 40 mA, and 45 W for 3 

hours. The gel was then dried to Whatman filter paper on a BioRad 583 gel dryer under 

vacuum for 2 hours. The gel/paper was then visualized using a STORM 860 

Phosphorimager (Molecular Dynamics). 

Electrophoretic Mobility Shift Assay: 

   ~100 bp DNA fragments containing possible catabolite responsive elements 

(CRE) found in the genome of C. perfringens type strain SM101 through searches for 

sites homologous to CRE-sites known to bind CcpA, were PCR amplified. After gel 

electrophoresis, and purification through a qiagen gel extraction kit, the DNA fragments 

were radioactively labeled with γ-P32 ATP via T4 polynucleotide kinase in a reaction 

adjusted to 5% PEG 8000 and incubated at 37ûC for 10 minutes. After heat inactivation at 

90ûC for 2 minutes, the radiolabelled DNA fragments were extracted with phenol: 

chloroform: isoamyl alcohol (25:24:1), ethanol precipitated, air dried, and resuspended in 

dH2O.  

 Purified HPr is then phosphorylated by HPr kinase/ phosphatase under the 

conditions determined through kinase assays: 20 mM Tris-HCl (pH 7.5), 7.5 mM fructose 

-1, 6-bisphosphate, 5 mM MgCl2, 1 mM DTT, 10 mM ATP, in a 20 µl reaction 

containing ~12 µg HPr, and ~2 µg K/P. The reaction was incubated at 37ûC for 15 

minutes and stored on ice.  

Tubes were then arranged containing binding buffer: 100 mM Tris-HCl (pH 7.5), 

1 mM EDTA, 10% glycerol, 50 mM KCl, 0.05% Igepal 630, and ~2 µg of the now 

phosphorylated HPr-Ser-P. A control was setup containing only radiolabeled DNA and 

CcpA was then added to the other tubes to final concentrations of 10 µM. Cold unlabeled 
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competitor DNA (where needed) was added at a concentration of ~60 X the amount of 

radiolabeled DNA (2.4 µg). The radiolabelled CRE containing DNA fragment was then 

added to the reaction and incubated for 15 minutes at 37ûC. Nondenaturing sample buffer 

(10% glycerol, 0.25% bromophenol blue) was then added and the samples were added 

directly to a nondenaturing Tris-Borate-EDTA (TBE) 6% polyacrylamide, 10% glycerol 

gel and electrophoresed for 1 hour at 150 V. The gel was exposed to a phosphorimager 

screen for ~12 hours and visualized on a STORM 860 Phosphorimager (Molecular 

Dynamics, Sunnyvale California). 

Results:  

CRE Search:  

 Two separate searches were performed on the genome of C. perfringens strain 

SM101: a search for sites homologous to the CRE-site found upstream of ORF54 of C. 

perfringens ATCC 13124, and a search for sites homologous to the CRE-site found near 

the promoter of the ccpA gene itself of C. perfringens strain SM101. Both of these 

searches allowed a two base pair mismatch to expand the search results.  

 The search of the C. perfringens strain SM101 genome for sites similar to the 

CRE-sites of ORF54 and ccpA provided several results immediately of interest based on 

their similarity to CRE-site searches done in B. subtilis, as well as experimental evidence 

of genes known to be controlled through CCR in B. subtilis, including genes involved in 

the acetate production pathways, several types of sugar and amino acid/peptide 

transporters, and various other metabolically involved genes (5, 16, 17). 

 We have taken the ~150 genes found through this method and identified the genes 

which possess a CRE-site in or within 400 bp from the promoter of the candidate gene. 
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45 CRE-sites were found through this manner that satisfied these criteria, and I have 

designed primers to PCR amplify ~100 bp DNA fragments containing these CRE-sites 

from the genome of C. perfringens strain SM101 for use in gel retardation assays 

screening for CcpA binding. These results (which are not finished as of the publication of 

this text) will allow us to narrow the suspected consensus CRE-site of C. perfringens to a 

truer to life model, which will then be used to identify other genes regulated through 

CCR. Table 4 contains the gene/ gene products (found through sequence homology 

searches through blastx (NCBI) putatively regulated by CcpA dependent CCR as well as 

the location of the CRE-site within the C. perfringens strain SM101 genome. Also 

included in Table 4 are The Institute for Genomic Research (TIGR) assigned Open 

Reading Frame designations for C. perfringens strain SM101 for genes that could be 

definitively identified (single copy gene, with correct flanking genes). Genes that could 

not be given ORF designations because of redundancy (transposons, hypothetical 

proteins) will be given ORF numbers after the C. perfringens strain SM101 genome 

becomes available through NCBI for blast searches to correctly identify the genes as 

identified by TIGR.  

DNase Protection Assay: 

DNase protection assays designed to show where CcpA binds to CRE-sites 

(shown earlier to bind CRE-sites) were attempted several times for both the ORF54 and 

the ccpA CRE-site containing fragments. Unfortunately, no valid results were returned 

from this procedure that helped elucidate the binding position of CcpA. Figure 12 

illustrates the inconclusive results of the DNase protection assay for CcpA using a ccpA 

CRE-site containing fragment. 
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 Table 4: Genes identified as candidates for regulation through CCR in  
C. perfringens strain SM101. ORF designations are given where applicable. The 
underlined gene product indicates the CCR regulated gene candidate and arrows 
indicate gene orientation in relation to the CRE-site. 
 

CRE# 

TIGR assigned ORF 
in C. perfringens 
strain SM101 

Location in C. 
perfringens 
SM101 
Genome 

CRE-sites found through homology to ccpA or ORF54 CRE-
sites Regulated Gene(s) 

1 ORF00071 72,351 fatty acid synthesis! CRE !acetate kinase 

2 ORF00091 90,678 hypothetical protein !CRE !RNA binding Sun protein 

3 ORF00149 150,226 CRE "nitrate reductase cat. Subunit  

4 ORF01313 220,327  CRE "hypothetical protein (fucA) 

5 ORF01314 221,642 glycolate oxidase! CRE !stage V sporulation protein 

6 ORF00214       224,140 CRE "sporulation protein V D  

7 ORF02315 328,129 CRE "nucleoside diphosphate transporter 

8  438,318 CRE "DNA topoisomerase IV subunit A  

9 ORF02008 616,295 CRE"acyl-CoA thioesterase 

10 ORF00710 781,079 CRE "50S ribosomal L13  

11 ORF00778 836,013 
CRE "NAD dependent glyceraldehyde 3-phosphate 
dehydyrogenase  

12  871,522 CRE "transcriptional regulator  

13 ORF00887 955,274 CRE "ccpA  

14 ORF01098 1,208,767 CRE"phosphoglycerate mutase 

15  1,370,312 hypothetical protein" CRE "hypothetical protein 
16 ORF01313 1,443,504 lactate permease "CRE "beta subunit electron transfer protein 

17 
ORF01365/ORF0
1366 1,506,188 yeeA homolog "CRE!transposase 

18 ORF01393 1,550,854 CRE "xanthine permease 

19 ORF01466 1,622,380 CRE" UDP N-acetyl-D-mannosaminuronic acid dehydrogenase 

20  1,717,526 CRE"two component histidine kinase 
21 ORF00815 1,753,816 cell division protein (ftsH) "CRE "hypothetical protein 

22  1,739,281 CRE"glutaminase 
23 ORF01244 1,777,572 CRE"capsular polysaccharide synthesis protein 
24  1,823,545 CRE"moxR ATPase 

25  1,955,383 transposase!CRE "sugar transporter 
26  2,008,689 transposase "CRE "hydrolase 

27 ORF01806 1,996,959 cyclomaltodextrinase"CRE "hypothetical protein 

28 ORF01828/ORF0 2,009,329 transposase "CRE "hypothetical protein 
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1830 
29 ORF01833 2,024,768 Beta-galactosidase "CRE "hypothetical protein 

30 ORF01854 2,056,926 CRE "gluconate permease 

31 ORF01955 2,148,981 CRE "PTS permease for NAG  
32  2,267,728 hypothetical protein "CRE "tetracycline resistance protein 
33 ORF02100 2,302,614 HPr K/P "CRE "cation transporter 

34  2,218,047 CRE "hypothetical protein FOG PAS/PAC 
35  2,235,042 permease "CRE "hypothetical protein 

36  2,235,108 permease "CRE "hypothetical protein 

37  2,313,138 hypothetical protein "CRE "transposase 

38 ORF02194 2,392,109 citrate lyase" CRE !malate oxidoreductase  

39 ORF02229 2,426,814 dihydroortase !CRE !aspartate carbamoyl transferase 

40 ORF02439 2,658,829 FeS cofactor synthesis!CRE !chorismate mutase 

41 ORF02441 2,662,462 CRE "sugar hydrolase  

42  2,756,101 hypothetical protein" CRE "hypothetical protein 
43 ORF02550 2,773,836 transcriptional regulator !CRE !sucrose PTS permease 

44  2,826,211 ABC transporter !CRE !hypothetical protein 
    
   CRE-sites similar to ORF54 CRE-site only 

45  1,269,314 CRE "transporter protein 
46  1,677,068 Two component response regulator" CRE "hypothetical protein

47  2,577,308 CRE "amino acid transporter 
48 ORF00315 2,615,593 CRE "acetyl transferase 
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Figure 12. DNase protection assay in the presence of CcpA of a DNA fragment 
containing the CRE-site preceding ccpA from C. perfringens strain SM101. The result is 
similar to the DNase protection assays done with both the ccpA CRE-site and the ORF54 
CRE-site, showing what appears to be insufficient digestion by the RQ1 DNase. A 
Sequenase sequencing reaction (USB) was run alongside the assay (GATC). Lane 1: no 
CcpA, Lane 2: 1.25 µM CcpA, Lane 3: 6.25 µM CcpA, Lane 4: 12.5 µM CcpA 
 

Uncut 
DNA 
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Discussion:  

 The computer based searches of the genome of C. perfringens strain SM101 for a 

degenerate CRE-site sequence based on CRE-sites determined in this study to bind 

CcpA, provided a group of genes that intuitively could be regulated by CCR and many 

which are known to be regulated in B. subtilis through CCR. The screening of the ~100 

bp DNA fragments containing these CRE-sites will prove to be a decisive tool for 

separating true CRE-sites from false positives identified through accidental homology. 

These resulting positively identified CRE-sites will be used to create a new consensus for  

a continued search of the genomes of C. perfringens as we continue the search for a 

model for the sequence identified and bound by C. perfringens CcpA. 

 The DNase protection assays provided no evidence of the binding site of CcpA on 

the CRE-site. This may be attributed to the AT-richness of the C. perfringens DNA, and 

the fact that DNase is sometimes unable to effectively degrade low G+C DNA. To avoid 

this problem DNase protection assays can be performed utilizing hydroxy radicals rather 

than DNase to degrade the DNA. To determine the CcpA binding site, we may also be 

able to turn to a new mutagenesis procedure that will produce CRE-sites containing 1 bp, 

2 bp, 3 bp�etc. mutations in succession in the DNA fragment containing the CRE-site, 

creating an increasingly unidentifiable CRE-site. This series of mutated CRE-sites can 

then be used to identify at what point CcpA can no longer bind to the CRE-site, thereby 

determining the region necessary for CcpA to bind the DNA and effectively defining a 

footprint without the DNase footprinting procedure.  
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CHAPTER FIVE 

Concluding Remarks 

 In Bacillus subtilis, the discovery of the carbon catabolite repression pathway and 

its massive scope of regulation (~30% of the total genes) has led to a better understanding 

of the metabolism, physiology, and genetic regulation of the bacteria. If similar 

developments in the study of CCR are made in the study of C. perfringens, a bacteria 

whose quick metabolism and ability to sporulate make it a successful pathogen, this 

information could be used to prevent the pathogenesis of many clostridial diseases.  

 We have been able to demonstrate many similarities between the accepted model 

of CCR in other low G+C Gram-positives and C. perfringens. The HPr 

kinase/phosphatase of C. perfringens was able to phosphorylate HPr and was stimulated 

by high levels of fructose-1, 6-bisphosphate. The serine-46 residue of HPr was also 

shown to be the residue responsible for accepting the phosphate in this phosphorylation 

reaction. The role of HPr-Ser-P as a cofactor for CcpA in C. perfringens CCR, however, 

has been more inconclusive. The results of EMSAs examining the role of HPr-Ser-P on 

the binding of CcpA to CRE-sites gave no direct evidence that HPr-Ser-P influenced 

CcpA�s binding affinity for CRE-sites. Controls containing CcpA and no HPr-Ser-P were 

as effective for binding CRE-sites as those reactions containing up to 2 µg HPr-Ser-P.  

 To demonstrate that CcpA can bind to CRE-sites to regulate transcription and also 

that the predicted CRE-sites were effective at binding CcpA, electrophoretic mobility 

shift assays (EMSA) were performed. The candidate CRE-sites tested in the EMSAs 

were a predicted CRE-site taken from a region of DNA preceding an operon encoding a 

lactose permease and a CRE-site preceding the gene encoding CcpA itself. Both CRE-
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sites bound CcpA effectively in the assays, supporting the idea that these were both 

genuine CRE-sites and also that CcpA binds DNA to regulate transcription in C. 

perfringens. DNase assays were performed to identify where CcpA bound to the CRE-

site, but were inconclusive, as it appeared the labeled DNA remained uncut by the 

DNase. Other strategies could be used to get around this set back, including PCR 

mutagenesis of the CRE-site or nested deletions by exonuclease of the CRE-site 

containing DNA followed by EMSAs to identify the exact region of DNA needed to bind 

CcpA to the fragment.  

 Putative CRE-sites have also been identified through computer based searches of 

the genomes of C. perfringens strain SM101 for sites similar to the CRE-sites we have 

shown to bind CcpA. Primers have been designed to amplify small DNA fragments 

containing these CRE-sites for use in EMSAs to screen for CcpA binding. Sequences 

identified as CRE-sites can then be compiled and compared to determine a consensus 

CRE-site that can be used to search the genomes of C. perfringens species for CRE-sites 

more efficiently.  

Through this project many characteristics of CCR in C. perfringens have been 

elucidated through the study of the proteins of the pathway. Taken together, the results of 

these experiments, as well as those yet to be performed will provide a better 

understanding of the metabolism, physiology, and potential virulence of the pathogen C. 

perfringens.  
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