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PREFACE

This work is the culmination of many years of work and dedication. I started my
scientific carrer several years ago in Mexico, where I obtained my Masters degree. I came
to the US to complete my PhD, and although not all the time things were easy, this
dissertation is the completion of my degree. Every obstacle I have encountered had
helped me to be a more mature person. Life is a learning experience and one can only
keep learning.

One of my iterests in science is to understand how microorganisms are able to cause
disease. Diarreageni Escherichia coli and pathogenic Neisseria are two examples of how
little organims can cause severe disease in humans that can be fatal. Both, E. coli and
Neisseria are Gram-negative bacteria that cause completely different diseases. The work
presented here is the result of the research I have done working with diarrheagenic
Escherichia coli (E. coli) and Neisseria sp. I have to topics in this dissertation and the
reader should read them as independent stories.

This dissertation is organized in five chapters. Chapters one, two, and three correspond to
the work done with diarrheagenic Escherichia coli and chapters four and five are related
Neisseria. Chapter one provides a literature review of Escherichia coli. Chapters two and
three are individual manuscripts with their own introduction, material and methods,
results, and discussions. Chapter two was published in Proceedings of the National
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Academy of Science (June 19, 2007) vol. 104(25): 10637–10642. Chapter four has two
topics, a literature review of Neisseria and a literature review of the secondary structure
of DNA known as G-quadruplex. Finally, Chapter 5 corresponds to my current research,
which is leading us towards the use of compounds that have been used to study Gquadruplex as antimicrobials.

I hope that the readers enjoy this work, as much as I enjoyed working on it.

Maria A Rendón
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ABSTRACT
Diarrheagenic Escherichia coli (E. coli) and Neisseria sp. are Gram-negative pathogens
that cause high disease burden, especially in low-income countries.
Enterohemorrhagic E. coli (EHEC) and enteropathogenic E. coli (EPEC) are a subset of
E. coli that can cause disease. The sequence of E. coli genomes revealed the presence of
at least 16 putative pili operons, it is still unknown if they encode functional pili. Several
adhesins have been described in EPEC; however it is still an enigma if EHEC produces
pili. In this dissertation the identification and characterization of a new pilus in EHEC is
described. The main pilin subunit is encoded in the yagZ gene (renamed ecpA) and is
present in all E. coli. We demonstrate ECP production in 137 (70%) of a total of 197
ecpA+ strains representing different categories of E. coli. Isogenic ecpA mutants of
EHEC O157:H7 and fecal commensal E. coli showed significant reduction in adherence
to cultured epithelial cells. Adherence levels were not hampered after single mutation of
ecpA in EPEC. Only after the removal of the known EPEC adhesins such as BFP and
intimin we were able to see significant reduction in adherence levels. In sum, ECP is the
first pilus of EHEC O157:H7 with a potential role in host epithelial cell colonization.
However, EPEC-ECP plays a secondary role in adherence.
Since 2007 the CDC recommends only third generation cephalosporins as the elected
treatment for Ng infections. There is an urgent need to search for new drug targets and to
development new drugs. Regions rich in guanine in the DNA are able to form secondary
structures known as G-quadruplexes. It has been shown that G-quadruplexes are involved
in control of transcription, translation and telomere elongation in mammalian cells. G-
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quadruplex interactive compounds are being developed for cancer therapy. G-quadruplex
motifs are also present in bacteria. The fact that G-quadruplex interactive compounds can
impair cancer development leads us to hypothesize that these drugs can be used as
antimicrobials. This work presents evidence for the potential of G-quadruplex interactive
compounds as broad-spectrum antimicrobials.
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CHAPTER 1: Escherichia coli Literature Review

1.1 Introduction

Enterohemorrhagic Escherichia coli (EHEC) was first identified as a human pathogen in
1982. This pathotype of E. coli can cause a severe hemorrhagic colitis characterized by
gastrointestinal symptoms and bloody diarrhea. Complications brought on by EHEC
infections can lead to Hemolytic Uremic Syndrome (HUS), a disease characterized by
hemolytic anemia, thrombocytopenia and acute renal failure (131, 242). There are an
estimated 70,000 cases of people infected with EHEC in the US anually. Some of these
cases have been linked to serious outbreaks. A recent outbreak was due to the
consumption of contaminated spinach, in which 200 individuals became infected, 31
developed HUS, and 3 cases of which ended in fatalities (www.cdc.gov). Although
occurring less frequently in the US, enteropathogenic E. coli (EPEC), a closely related
pathogen, which causes diarrhea in infants and remains a significant health concern in
developing countries (200). EHEC and EPEC are called attaching and effacing E. coli
(AEEC) because of their ability to produce lesions in the intestine known as attaching and
effacing lesions (AE) (171, 190). The AE lesion will be described in detail in section 1.3
of this chapter.

EHEC, and EPEC, as well as resident flora have developed various strategies to avoid
clearance by constant peristaltic movements and cell turn over of the GI tract. One such
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strategy is the production of adhesins that help these microbes anchor to the epithelial
surface of the GI tract; research has focused on identifying and studying both fimbrial
and non-fimbrial adhesins of EHEC and EPEC. Several adhesins like the bundle forming
pilus (BFP), intimin and EspA are found in EPEC and have been shown to contribute to
adherence (89, 123, 137, 147). Mutations in the genes that encode these adhesins lead to
an attenuated adhesive phenotype. However, the fact that a number of bacteria still have
the ability to persist suggests the presence of other, yet unknown adhesive factors. Both
EPEC and EHEC express EspA and intimin (129). Although a number of pili and nonfimbrial adhesins have been described, only EspA and intimin were shown to have a role
in EHEC adherence. The EHEC genome presents several fimbrial operons, whose roles
remain to be elucidated. Chapter 2 and 3 will describe a novel adhesin of EHEC and
EPEC and demonstrate a role in adherence to epithelial cells.

Since adherence is considered to be the first step in a successful colonization; some
efforts have focused on the use of bacterial adhesins as targets in vaccine development
(320). The roles of commensal bacteria in maintaining host homeostasis and in the
development of the immune system are well established (269). Thus, the study of
adherence mechanism in normal flora should not be overlooked. This chapter will be
dedicated to the review of the known adherence mechanisms in EHEC and EPEC, and
begin with a background description of E. coli.
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1.2 Escherichia coli Pathotypes

E. coli is the most studied and well-understood bacterium; it was first described in 1885
by the German bacteriologist Theodor von Escherich, who observed a high prevalence of
E. coli in the gut flora of healthy individuals. E. coli is a Gram-negative, motile, lactose
fermenting bacterium that can colonize the gut mucosa of animals and humans (82).
Research has shown that various E. coli serotypes can colonize the gut and that these can
vary throughout the life span of the host. Carriage can vary from persistance, transient, or
total disappearance (246). Although E. coli are part of the normal flora, commensal
strains can cause illness, especially in immuno-compromised individuals or in individuals
when GI barriers have been damaged (200). Some E. coli strains have acquired specific
genetic traits that allow them to cause disease in humans or animals (129). These
pathogenic E. coli have been classified according to the type of infection that they
produce; diarrheagenic, extra-intestinal infections, and those that only affect animals
(129).

1.2.1 Diarrheagenic Escherichia coli

Diarrhea is one of the major causes of infant mortality and morbidity in developing
countries (151). According to the World Health Organization (WHO), there are
approximately 1.5 billion cases of diarrhea per year, resulting in nearly 3 million deaths
(wvw.who.int/en/). Since 1945, E. coli has been recognized as an etiologic agent of these,
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and many other diseases. In some instances, E. coli can also cause urinary tract
infections, meningitis, and septicemia (200).

Based on virulence traits of diarrheagenic E. coli, their pathology, and the presence of the
O and H antigens, these strains have been sub-classified into 6 pathogroups: 1)
enterotoxigenic E. coli (ETEC), 2) enteroinvasive E. coli (EIEC), 3) enteropathogenic E.
coli (EPEC), 4) Shiga toxigenic E. coli (STEC), 5) enteroaggregative E. coli (EAEC), and
6) diffuse-adherent E. coli (DAEC) (129).

1) ETEC is an important pathogen in developing countries, especially in areas where
poor health conditions exist. In these areas, ETEC is a leading cause of infant and adult
diarrhea (236) and is responsible for nearly 210 million diarrhea episodes per year and
380,000 deaths (www.who.int/en/). ETEC causes a cholera-like illness in different
regions around the world and is the main cause of traveler’s diarrhea (WHO (1999) The
World Health Report 1999: Making a Difference, WHO, Geneva).

ETEC strains are capable of colonizing the human gut and are defined by their ability to
produce two toxins (thermo-stable and thermo-labile), which are responsible for changes
in the secretion and inhibition of intestinal absorption (265). Three more ETEC toxins
have been describe in ETEC: EAST1 (325), EatA (222), and ClyA (166); however the
role of those toxins in the ETEC pathogenesis remains unclear. ETEC produces several
colonization factors (CF); to date, more than 20 different CF have been identified, of
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which CFA/I, CFA/II, and CFA/IV are mainly produced by isolates obtained from
humans (83).

2) The EIEC pathogroup of E. coli are closely related to Shigella spp, both produce a
type of dysentery. The symptoms are so similar that biochemical tests are necessary to
differentiate between these two pathotypes (129). A distinguishing characteristic of EIEC
is the ability of this pathogroup to invade and multiply within the epithelial cells of the
distal small intestine and colon (157, 277). The early stages of EIEC pathogenesis
consists of cellular invasion followed by escape from the endocitic vacuole, intracellular
multiplication, and dissemination to neighboring cells (129, 253).

EIEC carries its

virulence factors on a large plasmid (140 MDa) known as pInv; this plasmid contains all
the genes necessary for its pathology (106).

3) EPEC was identified as a causative agent of infant diarrhea in the 1940’s. EPEC
colonizes the small intestine of children, destroying the epithelia and leading to a profuse
diarrhea, which can result in severe dehydration (24). The name EPEC was first used in
1955 by Neter to describe E. coli strains of specific serogroups that caused infant diarrhea
(207). One striking feature of EPEC is the adherence phenotype that the bacteria display
on tissue culture cells in vitro, seen as 3-dimensional microcolonies sitting atop the cells
(260). EPEC harbors a plasmid of 92 Kb (60 MDa) called EAF (159); this plasmid
encodes for a type IV adhesin known as BFP (89). In 1995 it was proposed that EPEC be
sub-divided in to two groups: a) typical strains, which are those that only affect humans
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and contain the EAF plasmid and b) atypical strains, the ones that lack the EAF plasmid
and that are both animal and human pathogens (306).

4) STEC is a pathogroup of E. coli capable of producing a potent toxin similar to the
Shiga toxin (Stx). A special sub-class of STEC known as enterohaemorrhagic E. coli
(EHEC) carries a pathogenicity island known as the locus of enterocyte effacement
(LEE) within their genomes (200). The primary reservoir for STEC changes by
geographic location. In the US, the main reservoir is domestic livestock, where more than
435 different serotypes have been isolated from cattle (15, 16, 21). In Australia, the main
reservoir is sheep (294). In humans, more than 400 serotypes have been isolated
worldwide; the O157:H7 serotype is the most common, followed by O145:NM, 026:H11,
O113:H21, O174:H2, O8:H19 and O145:H25 (243). Although adult cattle can carry the
bacteria without complications, pigs and newborn calves can develop disease (54). EHEC
O157:H7 was recognized as a human pathogen in 1982 during an outbreak of acute
bloody diarrhea, in which the source of contamination was found to be tainted meat
(242). E. coli O157:H7 has also been found in alfalfa, lettuce, unpasteurized products,
salami, and cheese (224). In humans, EHEC causes hemorrhagic colitis, non-hemolytic
diarrhea and HUS (131, 242). Worldwide, HUS is the most frequent cause of acute renal
failure in children. HUS is an acute disorder characterized by progressive renal failure,
hemolytic anemia and low platelet count (thrombocytopenia) that normally follow a
period of bloody diarrhea (224). Although HUS can occur in individuals of all ages,
children and the elderly are most susceptible (130). The main virulence factors of EHEC
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are the Stx toxins that are responsible for hemorrhagic colitis and HUS (131). The Stx
group of toxins is a family of cytotoxins with similar structure and biological activity, the
main members of this family are known as Stx1 and Stx2 (288). The final target of the
Stx toxins is the 28S rRNA, where it cleaves a specific adenine, resulting in the arrest of
protein synthesis and consequently cellular apoptosis (97).

5) EAEC is considered an emerging global pathogen associated with diarrhea. It was
first described in 1985 and was later associated with an outbreak of diarrhea in children
in Santiago, Chile in 1987 (201). Generally, EAEC infections are characterized by a
persistent diarrhea (more than 14 days of duration) in both children and adults (129).
EAEC initiates infection by the colonization of the gut mucosa and colon, followed by
the secretion of enterotoxins and cytotoxins into the host cell (202). EAEC displays an
aggregative adherence pattern to epithelial cells and abiotic surfaces. This adherence
pattern has been described in terms of a stacked bricked-like formation (201). There have
been a variety of virulence factors defined in EAEC including, fimbrial and non fimbrial
adhesins (14, 47, 189, 199, 203, 258), a thermo stable toxin (EAST-1) (257), a toxin
associated with cellular damage that is encoded on a plasmid (Pet) (204), an enterotoxin
(ShET-1), a mucinase involved in colonization (Pic) (108)), and a secreted protein
dispersin that may function as a colonization factor (270).

6) DAEC is a heterogeneous group of E. coli strains that have been identified by their
diffuse adherence pattern on epithelial cells such as HEp-2 and HeLa (201, 260). The
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DAEC pathotype has been sub-divided in two classes, the first class is comprised of
strains that harbor the adhesin Afa/Dr (211) and have been associated with urinary tract
infections as well as enteric infections (268). The second class includes strains that
express an adhesin involved in the diffuse adherence known as AIDA-I (12, 13), and are
responsible for infant diarrhea. This class of DAEC has one or more homologues to
effectors proteins found in EPEC, which are thought to contribute to their pathogenicity
(268).

1.2.2 Extra-intestinal Escherichia coli

E. coli strains that causes extra-intestinal infections are known as Ex-PEC (250). Ex-PEC
infection occurs at any age and can involve multiple organs and anatomic sites. An
important characteristic of the Ex-PEC pathogroup is their ability to evade the immune
system, which might be attributed to their ability to survive inside neutrophils (205). The
Ex-PEC have been sub divided in 3 groups: 1) Uropathogenic E. coli (UPEC), 2)
Meningitis associated E. coli (MENEC) and 3) strains that causes septicemia E. coli
(SEPEC) (125).

Urinary tract infections are the most common extra-intestinal disease manifestation.
Currently, there are more than 7 million cases of acute cystitis and 250,000 of
pyelonephritis in the US. UPEC being responsible for 70-90% of these cases (111).
UPEC strains utilize a variety of virulence factors such as pili (P pili, type I pili, F1C, S,
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Dr, and M pili), hemolysins, aerobactin, cytotoxic necrotizing factor, and the Sat protease
(124, 212). Some variants of UPEC can be transmitted from the mother to the newborn
during childbirth. Infections of newborns can result in meningitis, the E. coli responsible
are known as MENEC. Both UPEC and MENEC can also cause septicemia and some
researchers have grouped them into the Ex-PEC subgroup SEPEC.

MENEC strains are the major cause of neonatal meningitis caused by Gram-negative
bacteria, conferring a mortality rate of 15-50% and causing severe neurological damage
in survivors (53, 311). Like the other E. coli pathogroups, MENEC strains belong to the
same serotype and more than 80% of these strains posses the capsular antigen (K1) (150,
244). Interestingly, the levels of bacteremia and the presence of the capsular antigen
correlate with the development of meningitis (59, 141). It is known that MENEC travels
from the blood stream to the central nervous system without damaging the blood-brain
barrier. This is a complex process which remains poorly understood, but is thought to
involve several steps including adherence and invasion of MENEC to endothelial cells of
the brain microvascular system (285). Several adhesins involved in this process have
been describe; OmpA(231), S pili (230) and recently Mat (229).

1.2.3 Animal Pathogenic Escherichia coli

A number of E. coli strains are exclusive animal pathogens that infect poultry or rabbits,
avian pathogenic E. coli (APEC) and rabbit pathogenic E. coli (RPEC) respectively.
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APEC is found as part of the normal flora of poultry and the majority of the infections are
secondary in nature and associated with preconditions in the host (58). APEC causes
extra-intestinal infections such as septicemia, chronic respiratory disease, vitellus
infection, salpyngitidis, peritonitis, chronic skin infections, osteomyelitis, swollen head
syndrome, perihepatitis and air sacculitis, especially in broilers and turkeys (58). RPEC
causes diarrhea in rabbits and are consider the rabbit counterpart of EPEC (27). RPEC
lacks the toxins of EPEC and adheres to rabbit intestinal epithelia causing AE lesions
(190). The more virulent RPEC strains express an adhesin involved in cell attachment
known as AF/R1, which has been shown to play an important role in host and tissue
tropism (34, 35).

1.3 AE Lesion

1.3.1 Definition

EPEC and EHEC are human pathogens capable of adhering intimately to epithelial cells
with a histopathology characterized by hemorrhage and edema in the lamina propria of
the colon along with mononuclear infiltration. This histopathology is known as the
attaching and effacing (AE) lesion (283). E. coli strains that are capable of causing this
type of lesion are known as AEEC (attaching and effacing E. coli). Moon et. al., first
described the AE lesion in pig and rabbit epithelial cells (190). In an AE lesion the host
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microvilli are devoid from the sites of bacterial attachment and the cytoskeleton suffers a
rearrangement, which leads to an elevation of the cellular membrane, forming a pedestal
at sites where bacteria are present (Fig. 1.1) (190). It has been proposed that the
formation of the AE lesions causes the loss of the absorption capabilities of the intestinal
mucosa, which in turn leads to an electrolytic unbalance and diarrhea (201).

Fig. 1.1. AE lesion. After the AEEC pathogens have
adhered intimately to the host cell there is a
rearrangement of the host cytoskeleton in which the
membrane (green) elevates forming a pedestal
(arrow) in which the bacteria (blue) are sitting atop.

1.3.2 LEE Pathogenicity Island

The ability of AEEC to induce the AE lesion is dependent on a 35.6 Kb pathogenicity
island known as LEE (from locus of enterocyte effacement) (123, 172). The LEE island
is composed of 41 genes arranged in 5 polycistronic operons LEE1 to LEE5 (Fig. 1.2)
(68, 72).
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Fig. 1.2. LEE Pathogenicity Island. The LEE pathogenicity island is composed by 5
operons, LEE1-5, which encode for the necessary products for assembly of the type III
secretion system. LEE also encodes proteins involved in intimate adherence as well as
several regulators that coordinate gene expression.
Taken from: Deng, W., Y. Li, P. R. Hardwidge, E. A. Frey, R. A. Pfuetzner, S. Lee, S.
Gruenheid, N. C. StrynaKDa, J. L. Puente, and B. B. Finlay. 2005. Regulation of type
III secretion hierarchy of translocators and effectors in attaching and effacing bacterial
pathogens. Infect Immun 73:2135-46.

The protein products of LEE1, LEE2 and LEE3 are required for assembly of the type III
secretion system (72, 177). LEE4 encodes translocated proteins, and the LEE5 operon
encodes for all the necessary proteins required for the intimate adherence (252). The
expression of the genes found in LEE are highly regulated, and regulation is dependent
on environmental cues, quorum sensing, and several regulators within the bacteria (71,
134, 281, 282). The coordinate regulation of these genes reflects an adaptation of the
pathogen to the differing environments found in the host. Ler, in the LEE1 operon, is the
first gene and a master regulator of the LEE pathogenicity island (172, 177). Recently, it
was demonstrated that LEE harbors two other regulators: GrlA, which acts as a positive
regulator of ler and GrlR, which acts as a negative regulator of ler (56). Both regulators
are part of a cascade in which GrlA and GrlR interact with a region upstream of ler (56),
underscoring the complexity of LEE regulation.
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1.3.3 Type III Secretion System (TTSS)

The TTSS has been associated with virulence in several Gram-negative pathogens such
as Yersinia, Shigella, Salmonella, EPEC, and EHEC (114). The TTSS is highly
conserved among bacteria of different species. TTSSs function by injecting bacterial
virulence factors directly into the cytoplasm of the host cell (114). Base on homology
with different TTSSs, there are 19 components identified as necessary in the assembly of
TTSS apparatus in E. coli (72). Two double rings anchored to the inner and outer
membranes form the base of the secretion system and are joined by a central ring (Fig.
1.3). The size of the entire filament varies in length (75-260 nm) and diameter (10-12
nm) (266). The secretin EscC, and the outer membrane proteins EscR, EscS, EscT, EscY,
and EscV compose the basal body of the TTSS (85). The lipoprotein EscJ spans the
periplasmic space linking the inner and outer rings. Its primary function is in the
secretion of the distal components of the TTSS (46). EscF forms part of the secretion
needle (266, 318). EscN is an ATPase that provides the necessary energy to translocate
bacterial effector proteins through the secretion needle into the host cytoplasm (85).
Although the proteins that form the basal body of the TTSS are known, the exact location
of these proteins in the rings remains to be elucidated.

The EspA subunits are secreted through the TTSS and polymerized to form a structure
similar to a filament (137); the length of the EspA filament is dependent on the amount of
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EspA present (266). EspB and EspD are inserted in the host membrane to form a pore,
which facilitates protein translocation (76). The EspA filaments have been shown to be
an important adherence factor, establishing a transitory connection between the bacteria
and the host cell (147). After the translocation of effectors into the host cytoplasm, the
TTSS apparatus is eliminated (80, 147).

Fig. 1.3. Type III secretion system. The proteins exported (effectors)
by the TTSS are translocated into the cytoplasm of the host cell through
a pore formed by the translocation machinery (see text for a detailed
explanation).
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1.3.4 Intimate Adherence

Once the secretion system has been assembled, the effectors proteins encoded in LEE5
with the exception of intimin are translocated to the host cytosol (Fig. 1.4). Intimin is an
outer membrane protein responsible for the intimate attachment of the bacteria (62, 123).
The intimin receptor Tir is translocated into the host cell cytoplasm through the TTSS
(135). Recently, it was shown that intimin also interacts with host receptors such as
integrin (79) and nucleolin (275). Upon intimin interaction with Tir, a series of events
takes place including actin filament rearrangement in the host cell. In EPEC
phosphorylation of Y474 in Tir (133) maturates the binding site for the adaptor protein
Nck (25, 95). Nck in turn activates the protein N-WASP (neural Wiskott-Aldrich
syndrome protein), which is responsible for actin rearrangement (94). Tir from EHEC
lacks Y474, and instead utilizes an effector protein called TccP (Tir-cytoskeleton
coupling protein) to activate Nck. Recently, it was reported that there are EPEC strains
that have both a Y474 in Tir and TccP (84). In these cases, strains are capable of utilizing
either mechanism to activate Nck (84).
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Fig. 1.4. Effectors translocation by EPEC and EHEC. EPEC and EHEC inject several
effectors into the host cytosol that lead to cytoskeletal rearrangements (AE lesion),
destruction of the epithelial barrier, ion secretion alteration. A striking difference between
EPEC and EHEC is that TirEPEC needs to be phosphorylated before recruiting actin;
TirEHEC lacks Y474 and instead uses TccP to recruit actin. Taken from: Garmendia, J., G.
Frankel, and V. F. Crepin. 2005. Enteropathogenic and enterohemorrhagic Escherichia
coli infections: translocation, translocation, translocation. Infect Immun 73:2573-85.
All known translocated effectors are listed in Table 1.1. A number of these effectors have
been studied in EHEC and EPEC, as well as in the mouse pathogen Citrobacter
rodentium.

Table 1.1. Role of effectors secreted through the TTSS
Translocators
and effectors

Function

EspA

Adherence, filament involved in translocation

Reference
(137, 147)
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(63)

EspB

Forms a pore in the host cell membrane

EspC

Enterotoxin with cytotoxic activity

EspD

Forms a pore in the host cell membrane

(154)

Tir (EspE)

Intimin receptor

(135)

EspF

Destroy tight junctions and blocks intestinal barrier,

(178, 284)

(45, 175)

triggers apoptosis
EspG

Targets microtubules

(70)

EspH

Suppress fillipodia formation and favors pedestal formation

(308)

EspI (NleA)*

Associated with Golgi apparatus, favors virulence

EspJ*

Exhibits anti virulence properties favoring host survival.

(48)

EspK

Persistene

(313)

Map

Targets the mitocondria, blocking its normal functions

(136)

(95, 195)

favoring phillipodia formation.
EspZ/SepZ

Unknown

(302)

Cif*

Inhibits cell cycle

(168)

TccP (EspFU)*

Activates Nck; cytoskeletal rearrangement

(26, 84)

NleB

Required for colonization

(56, 132)

*Non-LEE encoded proteins
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1.4 Pili, Adherence and Biogenesis

Adherence is consider to be an important virulence factor, it allows pathogens to establish
efficient contact with host tissues in order to release toxins, facilitating invasion, resist
peristaltic activity and establish elaborate biological communities known as biofilms
(126, 213). Adherence is considered to be the first step in successful colonization. E. coli
utilize two types of adhesins to attach to surfaces; fimbrial adhesins (pili) and nonfimbrial adhesins (213). Pili are composed of protein monomers arranged into a hair-like
structure on the bacterial surface, which can mediate contact with both biotic and abiotic
surfaces. The non-fimbrial adhesins are proteins located in the outer membrane that
recognize specific proteins on the surface of the host (67, 98).

The pilus is a highly organized structure composed of pilin subunits assembled in a
cylindrical-helix shape. Structurally, the pili are long, rigid or flexible filaments of
various widths (5-7 nm) and lengths (2-3 um) (145, 194, 255). The pili extend past the
surface of the bacteria in order to interact with the host cell or abiotic surface. Although
most of the pili are distributed evenly along the bacterial surface, some species display a
localized pili distribution on the bacteria surface (polar) (50, 98).

Due to the great diversity of pili, attempts have been made to standardize classification;
one system is based on the biogenesis pathway that pili undergo. In general, pili
biogenesis requires a large amount of genes. Among them are genes that encode for
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structural subunits, minor pilin, chaperones, usher proteins, and ATPases involved in
translocation (145, 290, 298). The 3 mechanisms by which Gram-negative bacteria
assemble pili are: 1) The chaperone-usher pathway (Fig. 1.5A), 2) Extra cellular
nucleation (Fig. 1.5B), and 3) General secretion pathway (Fig. 1.5C).

1) Chaperone-usher pathway.
This mechanism of pili biogenesis is fairly common among Gram-negative bacteria, and
more than 25 pili, assembled by this pathway, have been identified in numerous bacteria
(256). Type I pili (TIP) and Pap pili of E. coli are of the best-understood pili. There are 8
genes involved in pili biogenesis (FimA-FimH) (216, 298), all of which are encoded in a
single operon.

Proteins that form part of the pili are synthesized in the cytoplasm (FimA, FimG, FimF,
and FimH) (216, 298), and transported to the periplasm by the Sec proteins, where a
chaperone (FimC) will bind to the pilin subunits preventing misfolding and subsequent
degradation. The complexes formed by the chaperone and pilus subunits are stable and
the process by which they interact is known as donor strand complementation.
Crystallography data have shown that TIP has an immunoglobulin (Ig)-like structure
composed by 7 antiparallel β–strands (βA-βG). Pilin subunits lacking the βG strand are
unable to form stable structures (36). The chaperone posseses a free G1 strand at the Nterminus. In the donor strand complementation process, the chaperone donates the G1
strand to each pilin subunit forming a stable complex, which facilitates protein folding
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and prevents aggregation and depolymerization of pilin subunits (36, 254). Next, the
chaperone-subunit complexes reach the usher protein (FimD), which specifically
recognizes the N-terminus of the chaperone, and causes the release of the chaperone
along with the immediate recognizing of the pilin subunits by the usher in a process
termed donor strand exchange. In this exchanges the N-terminus of the subunit to be
incorporated replaces the G1 strand of the chaperone (10). Secretion of the pilin subunits
occurs in a linear manner, the first subunit to be secreted represents the most distal
subunit of the filament. In TIP, the first protein that is secreted is the FimH adhesin.
Following, the translocation of FimH across the inner membrane, the remaining pilin subunits are incorporated (FimF, FimG and FimA) into the fiber (209). Once the pilus has
reached a desired length, other periplasmic proteins provide the signals to halt pili
assembly.

2) Extra-cellular nucleation
Curli is an example of a pilus that is assembled through an extra-cellular mechanism. The
main feature of this pathway is the assembly of pili at the bacterial surface (9). Two
divergently transcribed operons, csgDEFG and csgBA, are responsible for production of
curli (101). CsgB, a nucleating protein, and CsgA, the pilin monomer, the operon csgBA
is regulated by CsgD (101). CsgA is secreted directly to the extra-cellular milieu as a
soluble unpolymerized protein and is self-assembled with the help of CsgB through a
process called nucleation (102). CsgB is located along the pilus, which favors the
formation of new branches. It has been proposed that the C-terminus of CsgB is located
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on the outer membrane and facilitates the nucleation of CsgA as soon as the subunits
have been secreted (103). CsgG is an outer membrane lipoprotein that forms an
oligomeric structure required for translocation of CsgA and CsgB through the outer
membrane (161). Chapman et. al.. (2002), suggested that CsgE could act directly on
CsgA and CsgB, helping in the assembly process or possibly contributing to CsgA and
CsgB stability indirectly by interacting with CsgG (32). CsgF may work independently or
in concert with CsgB to guide nucleation of CsgA (32).

3) Type IV pili (Tfp).
The Tfp is one of the most well-studied pili; they are produced by a wide variety of
Gram-negative pathogens (290). Individual precursor pilin subunits are translocated from
the cytoplasm to the periplasmic space by the general secretory pathway (235). In
Neisseria, Tfp is composed of about 500-2000 subunits, of which PilE is the main subunit
(184). More than 30 proteins have been identified to be involved in the assembly and
retraction of the Tfp (Fig. 1.C). PilE is synthesized as a precursor and modified in the
inner membrane. PilD cleaves the signal peptide of PilE and other pilins (81, 289). Once
all the pilins have been modified, they accumulat in the periplasmic space, the
transmembrane region of the pilin located in the amino terminus end remains bound to
the inner membrane. Mature pilins are incorporated into the nascent pilus via an ATPse
dependent process involving PilF (81, 314). Twelve PilQ subunits form a pore in the
outer membrane through which the growing pili is extruded (19, 64). Once the pilus has
been assembled, PilC and PilW are incorporated to stabilize the structure (29, 192). PilT
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is an ATPase required for pilus retraction (183). PilV has been implicated in the
functional presentation of the Tfp (319). Other components necessary for Tfp biogenesis
includes an inner membrane protein PilG (51, 303). Finally, PilN, PilO and PilP are
thought to be involved in the assembly of the pilus but their specific role remains
unknown. (29)

A

B

C

Fig. 1.5. Pili biogenesis in Gram-negative bacteria. Chaperone-usher pathway (A),
extracellular nucleation (B) and Tfp biogenesis. For a detailed explanation see text.
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1.5 EHEC and EPEC Adhesins

Both EHEC and EPEC present fimbrial and afimbrial adhesins, some which are present
in both pathogens. Analysis of the sequenced genomes of different E. coli groups
revealed the presence of several fimbrial operons that are shared between pathogenic E.
coli and commensal strains (22, 107, 226, 315). Since adherence is consider to be the first
step in successful colonization, the study of both afimbrial and fimbrial adhesins have
focused on understanding the responsible components in hopes of developing new
therapies. The last section of this chapter will focus on describing the known adhesins in
EPEC and EHEC.

1.5.1 Afimbrial Adhesins

Intimin was the first product of LEE to be related with the AE lesion (123), it is present
in EHEC, EPEC and C. rodentium. The sequences of the various intimins present in
EHEC and EPEC are not identical; it was found that the first 700 amino acids are highly
conserved (97 % identity), while the 280 amino acids representing the C-terminus
(Int280) are variable. Notably, the binding active site is found in the domain Int280 (78).
There have been at least 17 different types of intimin identified (α1, α2, β1, β2, γ1, γ2/ θ,
δ/κ, ε, ζ, η, η 2, ι, λ, µ, ν, ξ, ο), and distinguished by their heterogeneity of the carboxi
termini (6). The α-intimin has been associated with specific EPEC evolutionary lineages
known as EPEC-1, the γ-intimin is presented by EHEC O157:H7, the β –intimin is the
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most common type and has been found in both animal and human pathogens including
EPEC-2, EHEC-2 and C. rodentium (6). One of the most interesting features of these
different intimins, is the tissue tropism each presents (88, 173, 228). In-vivo and ex-vivo
studies have demonstrated that EHEC O157:H7 strains that present γ-intimin colonize
and destroy the large gut, while EPEC O127:H6 strains that express α -intimin are able to
colonize both the large and small gut. Expression of non-native intimin causes changes in
tropism tissue (74, 75, 88, 228, 309).

Two more afimbrial adhesins have been described in EHEC, EFA was described in a
hyper-adherent EHEC strain belonging to the O111:NM serotype and it was
demonstrated that the efa1 locus was necessary for in vitro adhesion to cells and
autoaggregation (208). Iha is an outer membrane protein found in EHEC that presents
homology to IrgA of Vibrio cholerae (293). Iha was associated with the diffuse
adherence pattern of non-fimbriated EHEC strains on HeLa cells. However, mutation in
iha did not impair adherence, which makes the role of Iha as an adhesin per se
questionable (293).

1.5.2. Fimbrial Adhesins

The genomes of different E. coli groups reveal the presence of several fimbrial operons,
many of which have not been studied. EHEC harbors at least 16 fimbrial operons, 5 of
them are highly conserved in E. coli K-12 and 5 semi-conserved. In silico analysis of
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these operons revealed the presence of early stop codons that prevent transcription into a
functional proteins (165). In addition, several approaches that include random transposon
mutagenesis (295) and analysis of the expression of putative pili operons under in vitro
conditions (165) have been used to identify adhesins in EHEC.

TIP is the best-studied pilus in Gram-negative bacteria. TIPs are characterized for their
ability to hemaglutinate guinea pig red blood cells in the absence of D-mannose (214).
TIP is highly distributed in the members of the Enterobacteriaceae family; and has been
shown to be an important virulence factor for UPEC (39). Type I pili are composed of
about 500 – 3000 copies of a major subunit known as FimA. EHEC lacks a 16 bp
sequence in the fimA promoter region, which is necessary for the on off switching of the
operon. Therefore, EHEC is unable to produce TIP. In addition, EHEC fimH also
contains a mutation that prevents mannose binding. Apparently, EPEC strains are able to
produce TIP during infection, however, the importance of this pilus in virulence remains
unclear (69).

Curli are a highly aggregative pili produced by both pathogenic and non-pathogenic E.
coli as well as Salmonella enterica serovar typhimurium strains (40, 41, 215, 233). This
pilus promotes bacterial aggregation and biofilm formation. In addition, curli can trigger
cytokine activation patterns (17, 232, 312). Curli production is highly regulated and
depends on environmental factors, such as temperature and osmolarity for its expression
(215). Curli are rarely produced by bovine or human EHEC strains (310). It was
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suggested that the aggregative adherence pattern to HEp-2 cells displayed by EHEC
strain 4304 was due to curli whereas EHEC strains showing a localized pattern of
adherence were curli negative (143). Although EPEC carries the csg operons, it is still
uncertain if they can express curli.

There are two loci encoding a long polar fimbriae (Lpf) in the EHEC genome known as
Lpf1 and Lpf2 with high homology to the Lpf operon of Salmonella enterica serovar
Typhimurium (304, 305). Lpf1 of EHEC O157:H7 does not contribute to adherence to
cultured epithelial cells (305), but it appears to be important for colonization and
persistence in swine and sheep (127). Lpf2 may be involved in the initial stages of EHEC
adherence (305). Although EPEC also posses Lpf, it was not shown to be involved in
adherence (296).

One of the best-characterized pili is the bundle forming pilus (BFP) of EPEC. BFP is a
type IV pili that is encoded in an ~80 Kb plasmid named EAF (8). BFP assemble into
rope-like structures that have been shown to be important in adherence and microcolony
formation assays using various cell lines (38, 60, 89, 279, 287), as well as in ex vivo
assays using duodenal pediatric explants (110). Studies done in volunteers revealed that
BFP is important for EPEC pathogenicity (18, 159). However, with all the evidence
linking BFP to virulence; it remains unclear if BFP interacts directly with the host cell or
if its function is to tether bacteria within the microcolony (210).
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Prior to our studies, no Tfp had been described in EHEC. In 2007 it was reported that
EHEC produce a Tfp called the hemorrhagic coli pilus (HCP). HCP is responsible for the
twitching motility in EHEC and is thought to function as an accessory colonization factor
(322).

Considering the information available in the literature regarding the numerous pili
operons in EHEC genome, we explored the possiblility that EHEC would be able to
produce a novel adhesin, which might also be present in EPEC. We hypothesize that
EHEC and EPEC are capable of expressing at least one or more, of the putative operons
present in the genome that had not yet been described.
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CHAPTER 2: Commensal and pathogenic Escherichia coli use a common pilus
adherence factor for epithelial cell colonization

2.1 Introduction

Bacterial adherence to host tissues is a complex process that in many cases involves the
participation of several distinct adhesins, all of which may act at the same time or at
different stages during infection (213). Many pathogenic bacteria display polymeric
adhesive fibers termed pili or fimbriae that facilitate the initial attachment to epithelial
cells and subsequent successful colonization of the host (213). Pili are virulence factors
that mediate inter-bacterial aggregation and biofilm formation, or mediate specific
recognition of host cell receptors (126). It is clear that pili play similar biological roles for
commensal bacteria, since they also have to colonize specific niches and overcome the
host’s natural clearing mechanisms. It is thought that commensal and some pathogenic
Escherichia coli strains use type I pili (TIP) or curli to colonize human and animal tissues
(215, 261). However, analysis of the genome sequence of E. coli K-12 and some
pathogenic E. coli strains shows the presence of multiple putative pili operons (22, 107,
226, 315), suggesting that other pili might be produced by pathogenic and normal flora E.
coli (NFEC) in the human gut.
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Enterohemorrhagic E. coli (EHEC) O157:H7 is a potentially fatal food-borne pathogen
that can cause hemorrhagic colitis (242) and hemolytic uremic syndrome (HUS) (131).
Hallmarks of EHEC pathogenicity are the production of intestinal attaching and effacing
(AE) lesions (129) and the secretion of potent Shiga toxins, which are responsible for the
HUS (131). Most of the EHEC genetic elements responsible for the AE lesions are
contained within the pathogenicity island called the locus of enterocyte effacement or
LEE (129). While the LEE of enteropathogenic E. coli (EPEC) can confer the ability to
cause AE lesions when introduced into a laboratory E. coli K-12 strain, the cloned EHEC
LEE cannot (68, 172). This is explained by a recent report, which shows that an EHEC
specific non-LEE effector molecule is required for full development of AE lesions by
EHEC (26, 84). EHEC strains are a subset of the Shiga-toxigenic E. coli (STEC)
pathogroup. There are STEC strains that do not contain the LEE region and that can
cause severe disease in humans, including HUS (224), indicating that existence of other
non-LEE virulence factors. Cattle, and other farm, as well as wild animals are important
reservoirs of STEC strains of different serotypes, including O157:H7 (28). However, the
bacteria can only cause disease in neonatal cattle (54).

EHEC strains bind to many cultured cell types (292) and to the intestine of gnotobiotic
piglets, newborn rabbits, and neonatal calves (193). Despite efforts to identify putative
adhesins, the only factor of EHEC demonstrated to play a role in colonization in vivo is
intimin (62, 173). Intimin is an outer membrane protein encoded in the LEE that mediates
intimate adherence to the enterocyte cell membrane (123) via its own translocated
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receptor (Tir) (135), integrin (79), or a host cell protein called nucleolin (276). Other less
well-characterized surface adhesins have been reported (164, 208, 223, 293, 304) but
their role in in vivo adherence and host colonization remains elusive. The genome of
EHEC O157:H7 strains contains 16 loci encoding genes putatively involved in pili
biosynthesis (107, 165, 226); however, what role they play in the pathogenic scheme of
these organisms remains largely unknown. In this chapter, we demonstrate the production
of a novel pilus in EHEC, in other E. coli pathogroups, as well as in NFEC isolates,
which we hypothesize is involved in promoting bacterial adherence and host
colonization.

2.2 Material and methods

2.2.1 Bacterial strains and plasmids
E. coli strains and plasmids are described in Table 2.1. ECOR and DEC collections were
kindly donated by Dr. Howard Ochman. Bacterial strains were propagated overnight in
Luria-Bertani broth or in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen) at
26° or 37ºC, statically or with aeration, under 5% carbon dioxide atmosphere or
anaerobiosis. Anaerobiosis was achieved using the GasPak EZ anaerobe gas generating
pouch system (Beckton Dickinson). For testing ECP production, bacterial cultures were
normalized by spectrometry. Antibiotics were added, when necessary, at concentrations
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of 100 µg/mL (ampicillin) or 50 µg/mL (kanamycin).

Arabinose was used at

concentration of 100mM.

Table 2.1. List of strains and plasmids used in this study.
Strain

Description

Serotype

Reference

EDL933

EHEC

O157:H7

(242)

EDL933∆ecpA

EHEC

O157:H7

This study

EDL933∆ecpA(pMR13)

EHEC

O157:H7

This study

Leo21

NFEC

ND

This study

Leo21∆ecpA

NFEC

ND

This study

Leo6

NFEC

ND

This study

Leo6∆ecpA

NFEC

ND

This study

pMR13

ecpA in pGEM-T

This study

pGEM-T

cloning vector

Promega

pKD46

λRed recombinase genes

(52)

pKD4

Source of Km cassette

(52)

Plasmids

2.2.2 Interaction with Eukaryotic Cells.
HEp-2 and HeLa epithelial cells (ATCC CCL-23 and CCL-2, respectively) were used in
adherence assays carried out from 0 to 6 h of infection as previously described (90). The
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results obtained on ECP production by EHEC strains were identical for both cell lines.
Adherent bacteria were quantified by plating out ten-fold serial dilutions on LB agar.
Replica samples were used for immunofluorescence (IF) and Giemsa staining. Inhibition
of adherence was performed by incubation of EDL933 and cultured cells with 1:10 and
1:100 dilutions of anti-ECP (see section 2.2.5). Statistical analysis was performed using
Student’s t test.

2.2.3 Ultrastructural Studies
The presence of pili on bacterial cells was visualized by EM in a Phillips CM12 electron
microscope at 80 kV, as previously described (89, 90). Immuno-EM was performed with
anti-EHEC ECP antibodies and anti-rabbit IgG conjugated to 10- or 30-nm gold particles
as previously described (90). Initial studies employed rabbit anti-MatB antibodies (kindly
provided by Dr. Timo K. Korhonen) (229). Glass coverslips containing fixed mammalian
cells with adhering bacteria were prepared for SEM, as previously described (90) and
visualized using a Hitachi S-4500 scanning electron microscope.

2.2.4 Pili Purification
Tissue culture flasks containing monolayers of HEp-2 cells were infected with EHEC
EDL933 for 6 h at 37°C under 5% CO2 atmosphere. The bacteria were collected and the
pili purified as previously described (90). The pili were denatured with HCl (174) and
resolved by SDS-PAGE (153). A 21-kDa protein was excised and subjected to Edman
degradation (Stanford University). For immunoblotting (IB), bacteria were normalized to
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equal amounts and HCl-treated prior to SDS-PAGE and then reacted with primary antiECP-antibodies, followed by the secondary peroxidase conjugate (Sigma). The substrate
was a chemo-luminescent reagent (GE-Healthcare). An IB using anti-DnaK antibodies
(Stressgene Bioreagents Corp.) was used as loading control.

2.2.5 Anti-EPC Antibodies
Polyclonal antibodies were raised (Lampire Laboratories, PA) by immunization of a
rabbit with four weekly doses of 0.5 mg/ml of the purified ECP. The antiserum was
extensively absorbed using EDL933∆ecpA and the specificity of the reaction was tested
by IB, flow cytometry, TEM immunogold labeling, and IF using homologous and
heterologous antibodies (α-TIPEPEC and α-curli) available from previous studies
(unpublished results).

2.2.6 Human and Animal Sera
Sera from HUS patients were a kind gift of Dr. Phillip Tarr to Dr. James B. Kaper.
Normal human and bovine sera were obtained from the collection of Dr. James B. Kaper.
These sera were tested for reactivity against ECP by IB.

2.2.7 Flow Cytometry.
Flow cytometry was used to detect the production of ECP by all E. coli strains studied, as
previously described (115). Briefly, bacteria grown overnight in DMEM were incubated
with anti-ECP antibodies (1:1,000) followed by goat anti-rabbit IgG Alexa fluor
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conjugate (Invitrogen). The Alexa fluor fluorescence emission was collected through a
30-nm band pass filter centered at 530 nm in which 50,000 events were measured.
Bacteria were labeled with propidium iodide (Sigma) and detected through a 42-nm band
pass centered at 585 nm. These experiments were repeated three times in triplicate. The
samples were analyzed in a Becton Dickinson FACScan.

2.2.8 Construction of Non-polar ecpA Mutants.
A non-polar deletion of ecpA in EDL933 and NFEC Leo21 and Leo6 was created by the
λ Red recombinase method (52), using primers listed in Table 2.2. To complement the
ecpA mutation, we constructed plasmid pMR13 by amplifying and cloning into pGEM-T
(Promega) a fragment of 974 bp containing ecpA with primers G244 and G91.

Table 2.2. List of primers used in this study
Name
G60

Sequence
GTTCTGGCAATAGCTCTGGTAACGGTGTTTACCGGCGTGTA

Target gene and purpose
ecpA (Mutagenesis)

GGCTGGAGCTGCTTC
G61

TTAACTGGTCCAGGTCGCGTCGAACTGTACGCTAACCATAT

ecpA(Mutagenesis)

GAATATCCTCCTTAG
G84

CGCGGATCCATGAAAAAAAAGGTTCTGGC

ecpA (Detection)

G85

CGCGAATTCTAACTGGTCCAGGTCGCGTCG

ecpA (Detection)

G90

AACAGCAATATTAGGGGCGTG

ecpA (Confirming mutation)

G91

GGATAACAGCAGAGCGAGAAG

ecpA (Confirming mutation
and cloning ecpA)
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G244

CCCGGGGAACTGGCCTATGTGATTAATGG

ecpA (Cloning ecpA)

K1

GCCCAGTCATAGCCGAATAGCCT

Km cassette

K2

CGGTGCCCTGAATGAACTGCAGG

Km cassette

G112

ACTCAAATGAATTGACGGGGGC

rrsB

G113

AGGCCCGGGAACGTATTCAC

rrsB

G268

GTGACATGGCAAAATGATTACAGC

ecpR (Multiplex)

G269

TTTTGAGTACAGCTTGGCCTCTG

ecpR (Multiplex)

G270

TGAAAAAAAAGGTTCTGGCAATAGC

ecpA (Multiplex)

G271

CGCTGATGATGGAGAAAGTGAA

ecpA (Multiplex)

G272

AGCACCTTCTGCTTCTCGCTCTG

ecpB (Multiplex)

G273

TCACGGGAATGAACTTATCACCC

ecpB (Multiplex)

G274

ATGCCTTTACGACGGTTCTCCC

ecpC (Multiplex)

G235

ATCACCCCACCTATTTGCTG

ecpC (Multiplex)

2.2.9 PCR and RT-PCR.
Transcription of ecpA was assessed by RT-PCR using bacterial RNA obtained from
bacteria growing on cultured cells or from bacteria grown in LB and DMEM, as
recommended by the manufacturers (Qiagen). Reactions containing only HEp-2 cell
RNA or no reverse transcriptase were used as negative controls. Primers G84 and G85
were used to amplify ecpA, while primers G112 and G113 were used for amplification of
16S RNA (rrsB). The Imagequant 5.2 software (Molecular Dynamics) was used to
calculate the intensity of bands in agarose gels. When needed a PCR reaction was carried
out using the GoTaq Green Master Mix (Promega) containing 1 uM of each primer .
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2.2.10 Multiplex PCR
The multiplex PCR primers were designed using the VectorNTI advance 10 software
(Invitrogen) targeting ecpR (G268-G269), ecpA (G270-G271), ecpB (G272-G273) and
ecpC (G274-G235) to generate fragments of different sizes (ecpR 570 bp, ecpA 483 bp,
ecpB 657 bp, ecpC 112 bp, and ecpBC 807 pb), distinguishable by agarose DNA
electrophoresis. A colony PCR was done using the GoTaq Green Master Mix (Promega)
containing 1 uM of each primer. The reaction was carried out as follows: 1 cycle at 72°C
for 5 min, 30 cycles of PCR (95°C for 45 sec, 55°C for 45 sec and 72°C for 45 sec)
followed by a final extension at 72°C for 5 min in an Mastercycler (Eppendorf). The PCR
products were analyzed by electrophoresis in a 1% agarose gel using the multiplex PCR
profile of EHEC EDL933 as a positive control. The integrity of the DNA in the ecpAnegative strains was tested by PCR amplification of the 16S gene (rrsB) and as a negative
control a PCR reaction without DNA was performed.
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2.3 Results

2.3.1 Detection of Novel Pili on EHEC Adhering to Cultured Epithelial Cells
An ultrastructural approach by high-resolution scanning electron microscopy (SEM) was
undertaken to investigate whether any of the 16 loci of EHEC EDL933 encoding putative
piliation genes direct the expression of functional pili. Examination of EDL933 adhering
to cultured epithelial cells (HEp-2 and HeLa) for a total of 6 h, revealed the production of
thin (4-nm-wide), flexible fibers resembling pili that extended several microns away from
the surface of the bacilli (Fig. 2.1). The peritrichous pili-like structures had a tendency to
intertwine and to coil together forming thicker structures (12-nm-wide) that seemed to
promote bacteria-to-bacteria interactions. These filamentous bridges were evident on
bacteria adhering to the epithelial cell surface as early as 1.5 h post-infection (Fig. 2.1A)
and throughout the 6-h duration of the experiment (Fig. 2.1B-D). At 3 h post-infection,
the bacteria formed AE lesions and appeared embedded in concavities formed on the
eukaryotic cell surface (Fig. 2.1B). Transmission electron microscopy (EM) analysis of
the bacteria present in the supernatant of infected cells showed peritrichous long pili (4nm in width) (Fig. 2.2A), which probably corresponded to those observed by SEM (Fig.
2.1).
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A

B

C

D

Fig. 2.1. Scanning electron micrographs showing production of fibers by
adhering EDL933. EDL933 adhering to HEp-2 cells for 1.5 (A), 3 (B), 4.5 (C), and
6 h (D) were visualized by SEM. Note the presence of tethered fibers that create
thicker structures, which appear to form physical bridges between bacteria. Scale
bar 0.1 µm.

2.3.2 Purification and Identification of the Pilin Subunit
To elucidate the nature of these fibrillar structures, EHEC EDL933 incubated with HEp-2
epithelial cells was collected for isolation of the pili. The major component of these pili
was resolved as a 21-kDa protein (Fig. 2.2B, lane 1), whose size and N-terminus amino
acid sequence [(Q/A)DVTAQAVAT(T/W)SAT(A)KKDTT] matched that of the
predicted protein encoded by the yagZ gene found in the genome of EHEC O157:H7
(107, 226), E. coli K-12 (22), uropathogenic E. coli (UPEC) (315), and meningitis-
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associated E. coli (MENEC) (229). In light of the apparent wide distribution of yagZ
amongst the E. coli, the generic name E. coli common pilus (ECP) was given for the pilus
composed by the subunit protein product of this gene, herein proposed to be renamed
“ecpA.”

A

B
97
60
45

1

2

C

D

30
20
14

E

F

Fig. 2.2. Identification of the pili produced by adhering EDL933. (A) Pili (arrow)
produced by bacteria obtained from the supernatant of infected HEp-2 cells. (B)
SDS-PAGE of pili purified; lane 1, Coomasie-blue staining showing the pilin subunit
with an apparent molecular mass of 21 kDa; lane 2, reactivity of the pilin with antiECP antibodies. (C) Immuno-EM of purified ECP (inset). (D) Immuno-EM of ECP
produced by EDL933 recovered from the supernatants of infected HEp-2 cells. (E) IF
showing production of ECP (green) by EDL933 adhering to HEp-2 cells. Bacterial
and nuclear DNA was stained with propidium iodine (red). (F) Immuno-SEM using
anti-ECP antibodies and anti-rabbit IgG conjugated to 30-nm gold particles (arrows).
Scale bar, 0.5 µm.
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Fig 2.3. Specificity of ECP antibodies. Immunoblot showing the reactivity of
purified ECP and type I pili (TIP) (A) and whole bacterial extracts of EDL933 and its
∆ecpA derivative (B) with homologous and heterologous antisera. Note that the ECP
antibodies detect no other protein bands. (C) IF of EDL933 adhering to HEp-2 cells
showing no reactivity with heterologous antisera (α-TIPEPEC and α-curli). TIP and curli
are not produced under the growth conditions used for this experiment (unpublished
results). (D) Immuno-SEM using anti-curli antibodies and anti-rabbit IgG conjugated
to 30-nm gold particles showing lack of reactivity with ECP. See Fig. 2.2 for
comparison with ECP positive reactivity.

Sequence analysis of the predicted EcpA subunit revealed that 60% of the protein is
hydrophobic (229) and its C-terminus does not contain the typical two-cysteine residues
present in many pili types (272). Rabbit polyclonal antibodies produced against purified
ECP, specifically detected the 21-kDa-protein by immunoblotting (IB) (Fig. 2.2B, lane
2), and decorated the purified ECP filaments by immuno-EM (Fig. 2.2C). No reactivity
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was seen with heterologous anti-TIPEPEC antibody (Fig. 2.3A), demonstrating the
specificity of the anti-ECP antiserum.

2.3.3 Demonstration of ECP on EHEC O157:H7 Adhering to Host Epithelial Cells
The identity of the structures produced by EHEC adhering to cultured epithelial cells
(Fig. 2.1) and of the pili seen on bacteria recovered from the supernatants was confirmed
by immuno-EM, immunofluorescence (IF), and immuno-SEM. Bacteria recovered from
the supernatants of infected cells displayed ECP that were decorated by anti-ECP
antibodies (Fig. 2.2D). Bacteria adhering to HEp-2 cells produced abundant ECP, which
were seen by IF as a specific fluorescent fibrillar pattern associated with the bacteria (Fig.
2.2E). Lastly, using immuno-SEM we demonstrated that the fibers tethering the adhering
bacteria are ECP (Fig. 2.2F). The fibers were not detected with anti-TIPEPEC and anticurli antibodies, used as negative controls (Fig. 2.3B and C). Attempts to inhibit
adherence of EHEC using anti-ECP antibodies were unsuccessful (data not shown). The
bases for this result are unknown, although we cannot rule out the possibility that our
antibodies have no access for those ECP epitopes or regions involved in adherence.

2.3.4 Expression of ecpA and Environmental Regulation
Consistent with the ultrastructural (Fig. 2.1) and kinetics studies of ECP production
followed by IF (Fig. 2.4A), RT-PCR experiments showed that ecpA expression occurs in
bacteria interacting with cultured epithelial cells between 1.5 and 6 h post-infection,
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showing an increase of 1.34 fold over time (Fig. 2.4B). Production of ECP is apparently
driven from a putative operon comprised of six genes among which, four are predicted to
encode proteins with homology to proteins involved in pili bioassembly (Table 2.3).

Table 2.3. Nomenclature of the genes within the ecp operon genes of different E. coli
strains and their predicted function.
Proposed name

EDL933

Sakai

K-12

MENEC

Predicted function

ecpR

ykgK (Z0361)

ECs0324

ykgK

matA

Regulator

ecpA

yagZ (Z0360)

ECs0323

yagZ

matB

Pilin subunit

ecpB

yagY(Z0359)

ECs0322

yagY

matC

Chaperone

ecpC

yagX(Z0358)

ECs0321

yagX

orf1

Usher

ecpD

yagW(Z0357)

ECs0320

yagW

orf2

Unknown

ecpE

yagV(Z0356)

ECs0319

yagV

orf3

Chaperone

Expression of bacterial pili is under the influence of environmental cues and sometimes
of host factors (67). Previously, it was shown that MENEC strains, but not any other E.
coli pathogroups, were able to assemble the EcpA protein (formerly YagZ) into pili
named Mat (meningitis associated and temperature regulated pilus) only after growth at
20°C in LB broth (229). EHEC is indeed able to assemble the EcpA protein into pili upon
infection of cultured epithelial cells at host temperature, a phenotype that is biologically
significant from the host-pathogen interaction standpoint. We sought to determine if
eukaryotic cells triggered ECP production and what environmental cues might be signals
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to activate the ecp operon. Adherence experiments performed with formalin-killed HEp-2
cells or with cells separated from the bacteria by a 0.2-µm filter, showed similar levels of
production of ECP (Table 2.4), suggesting that a host cell product or direct contact of the
bacteria with host cells are not required for induction.

Table 2.4. Production of ECP by EHEC EDL933 under different growth conditions.
LB
DMEM*
Live HEp-2 Cells in Dead HEp-2 cells
Condition
DMEM
Temperature

in DMEM

26°C

37°C

26°C

37°C

37°C

37°C

O2

-

-

++

+

ND

ND

CO2

-

-

++

+++

++

++

Anaerobiosis

-

-

++

+

ND

ND

*The Imagequant 5.2 software was used to assign densitometry values to each band, shown in

Figure 3, in which the lowest positive value was considered as 1. + = values ranging from 1-1.69;
++ = 1.7-2.69; and +++ = values >2.7. ND: Not done.

We then compared ecpA transcription and production of ECP after growth of EHEC in
LB versus DMEM, at 26°C versus 37°C, and with aeration versus 5% carbon dioxide
atmosphere versus anaerobiosis. No ECP was observed in LB medium in any of the
conditions examined (Table 2.3 and Fig. 2.4C and D). In general, bacterial growth in
DMEM at 26°C yielded higher levels of expression of the pili compared to growth at
37°C; this property could be relevant during the life of the bacteria outside the bovine or

61

human hosts. The presence of 5% carbon dioxide was generally a stimulator of ECP
production at either temperature (Table 2.3, Fig. 2.4C and D). The level of ecpA
transcription found under the conditions examined was in line with the phenotypic data.
Thus, like many other pili types, production of ECP is subjected to regulation by
environmental cues such as temperature, oxygen tension, and growth media. The
molecular mechanisms that modulate ECP expression are unknown and currently under
investigation.
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Fig. 2.4. Kinetics and environmental regulation of ecpA expression. (A), Timedependent production of ECP by adhering bacteria demonstrated by IF. (B),
Expression of ecpA mRNA analyzed during the course of cell infection (1.5 to 6 h).
Influence of temperature and oxygen tension in environmental regulation of ECP
demonstrated by IB (C) and RT-PCR (D). DnaK and amplification of 16S RNA
(rrsB) were used as loading controls; RNA from uninfected cells was also used as a
negative control (-). M, mass standards.

2.3.5 Distribution of ecpA Amongst E. coli Strains
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In order to assess the distribution of ecpA amongst E. coli strains from different sources,
we performed a PCR-based ecpA survey in a collection of 176 strains representing NFEC
and the major E. coli pathogroups [EHEC, EPEC, enterotoxigenic (ETEC),
enteroaggregative (EAEC), enteroinvasive (EIEC), rabbit pathogenic (REPEC), avian
pathogenic (APEC), and UPEC].

B

A
M 1

2 3

4 5 6

7 8

9 10

M
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pR pA pB pC
ec ec ec ec

M 1 2 3

4 5
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7 8

100-

9 10

850500-

- rrsB

300-

Fig. 2.5. Multiplex PCR. (A) Multiplex PCR of the ecpA-negative strains and (B)
individual PCRs, to detect ecpR, ecpA, ecpB, and ecpC. (C) PCR of the16S RNA
gene (rrsB) to confirm the integrity of the DNA employed. In A and C the samples
were loaded as follows: lane 1, EDL933 and lane 2, E2348/69 (positive controls);
lane 3, Ecor13; lane 4, Ecor16; lane 5, Ecor20, lane 6, Ecor21; lane 7, Ecor35; lane
8, Ecor36; and lane 9, EAEC 66C1 (ecp negative strains); lane 10, negative control.
M, mass standards. Note the lack of ecp genes in lanes 3 through 9. Some of these
DNAs were also tested on individual PCR reactions for ecpA obtaining similar
results (data not shown).

Using primers G84 and G85, which are derived from the 5’- and 3’-ends of ecpA, we
found that this gene was present in 169 (96%) of these strains, supporting the notion that
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this locus is highly common among intestinal and extra-intestinal E. coli strains. We
investigated whether the remaining 4% of the strains lacked ecpA or possessed genetic
differences in the ecp operon that would account for the negative results with the primers
employed. We performed a multiplex PCR using primers (Table 2.1) for internal
sequences of ecpR, ecpA, ecpB, and ecpC, and found that ecpRABC were absent in all
cases (Fig 2.5), indicating that the remaining 4% of the strains actually lack the ecp
operon.

2.3.6 Production of ECP by EHEC and non-EHEC E. coli
We investigated the production of ECP by flow cytometry in 169 ecpA+ clinical and
normal flora E. coli isolates grown statically overnight at 26°C in DMEM. This collection
included 43 EHEC strains belonging to different serotypes (O157:H7 and non-O157:H7),
among which 38 were LEE+ and 5 were LEE-. ECP production was demonstrated in 35 of
the 38 LEE+ and 2 of the 5 LEE- EHEC (Table 2.1). The level of production of ECP
varied among the strains tested, as determined by IB and IF (Fig. 2.6). Further, 84 (66%)
out of the 126 non-EHEC E. coli strains tested produced ECP, albeit to different levels
(Table 2.1). Representative strains of this collection showed ECP when adhering to HEp2 cells (Fig. 2.6B). We speculate that the remaining ECP-negative E. coli might produce
ECP in vivo or under other in vitro growth conditions. These data suggest that most
pathogenic and non-pathogenic E. coli strains are able to produce ECP.
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EHEC O55:H7

EHEC O113:H21

EPEC
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EIEC

UPEC
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37(1)
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5624-50

86-24

85-170

A
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Fig. 2.6. Production of ECP by different EHEC and non-EHEC isolates. (A)
Detection of EcpA in different EHEC strains by IB using anti-EcpA antibodies. (B) IF
showing production of ECP (green) by EHEC strains 5624-50(O55:H7) and 90-067
(O113:H21); and EPEC E13 (O127:H6), ETEC B7A (O148:H29); EAEC 042
(O44:H18), EIEC E11 (O124:NM), UPEC CFT073 (O6:H1:K?), APEC
7302(O1:K1), and NFEC 2628-1 (O:H not determined) strains.
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2.3.7 Antibody Reactivity of Human and Bovine Sera to ECP
The presence of antibodies against a particular antigen is a biological marker of the
production of that antigen in a host. The presence of anti-ECP antibodies in 3 pools of
sera: 5 normal human sera, 5 sera from HUS patients, and 5 sera from bovines, was
investigated. Regardless of the origin of the sera, IgG reactivity against EcpA was seen
by IB (Fig. 2.8). These results suggest that circulating anti-ECP antibodies are already
present in healthy humans and bovines, which correlate with our observations that NFEC
are also able to produce ECP.

Fig. 2.7. Human and bovine antisera reactivity versus ECP. Detection of anti-ECP
antibodies in human and animal sera by IB. Serum from healthy individuals (pool) and
from patients with HUS, as well as, sera from cows without being in contact with
EHEC (wk0) and after being infected with EHEC (wk25, wk38), were analyzed. In all
the cases it was observed reactivity versus purified ECP. As positive control anti-ECP
antibodies were utilized.

2.3.8 ecpA Mutants of EHEC and NFEC are Deficient in Adherence to Epithelial Cells
To provide genetic evidence of the involvement of ECP in bacterial adherence, the ecpA
gene of EHEC EDL933 was targeted for mutagenesis. The resulting EDL933∆ecpA strain
lacked ECP production (Fig. 2.8A, B and D) and was significantly impaired in adherence
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compared to the wild type strain (p=0.0023) or the ecpA mutant trans-complemented with
plasmid pMR13 containing ecpA (Fig. 2.8C and E). EDL933∆ecpA(pMR13) produced
abundant ECP which correlated well with the level of adherence seen for this strain (Fig.
2.8). To our knowledge, this is the first report of a mutation in an EHEC O157:H7 pilus
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Fig. 2.8. EHEC EDL933 ecpA mutant is deficient in adherence to epithelial
cells. Demonstration of production of ECP by EHEC strains by flow cytometry (A)
and IB (B). (C), Quantification of adhering bacteria. The results shown represent the
average of three separate experiments. (D) IF showing ECP (green) on bacteria
(red). (E), Giemsa staining showing reduction of adherence in the ecpA mutant.
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Next, we investigated the role of ECP for NFEC adherence by mutating ecpA in a HEp-2
cell-adherent E. coli isolate (Leo21) obtained from the stool of a healthy child. The
resulting NFEC Leo21∆ecpA lacked ECP production (data not shown) and consequently,
became significantly deficient in adherence (~94% reduction, p=0.0008) in comparison to
the parental strain (Fig. 2.9). In support of this observation, similar results were obtained
with a second NFEC (Leo6) ecpA mutant (data not shown). In all, our data point to a
significant role of ECP in cell adherence and perhaps in colonization of the host gut
mucosa by EHEC and non-pathogenic E. coli.
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Fig. 2.9. NFEC ecpA mutant is significantly reduced in adherence to HEp-2 cells.
(A), Giemsa staining showing reduced adherence of the NFEC Leo21 ecpA mutant to
HEp-2 cells. B), Quantification of adherence showing that Leo21∆ecpA is significantly
reduced in adherence (p=0.0008).

2.4 Discussion

It is well established that EHEC adheres to and colonizes the intestinal tracts of humans
and farm animals, and that in vitro, it attaches to a variety of epithelial cell lines (193,
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292). There are 16 putative piliation operons present in the genome of EHEC O157:H7
(107, 226), but what role pili play in the colonization of the human or bovine
gastrointestinal tracts remains to be elucidated. Here, we found that EHEC expresses
ecpA (yagZ), a highly conserved gene present in the genomes of E. coli K-12 (22) and
strains with pathogenic attributes (107, 226, 315), and assembles the encoded protein
EcpA into pili structures. In addition, we found that 96% of a collection of intestinal
(NFEC, EPEC, ETEC, EAEC, EHEC, EIEC, and REPEC) and extra-intestinal (APEC
and UPEC) E. coli strains contain ecpA. Further analysis by multiplex PCR of the ecpAnegative strains revealed that the remaining 4% of strains lack the ecp operon. The
importance of the biological role of ECP may expand beyond E. coli since homologs of
ecpA are found in the genomes of Shigella boydii (accesion number CP00037-38),
Aeromonas hydrophila (accesion number CP000462), and Yersinia pestis (accesion
number CP000309-311) (data not shown).

To judge the biological significance of ECP in E. coli adherence, we chose EHEC
EDL933 (O157:H7) as a model of study over other pathogroups, because of its clinical
importance and because this organism does not routinely produce pili. We began this
study by investigating the production of pili on EHEC adhering to human cultured
epithelial cells by high resolution SEM. Compelling data demonstrate that EHEC strains
produce a novel pilus structure composed of a 21-kDa pilin subunit, whose amino acid
sequence corresponded to that of EcpA. Ultrastructural EM and IF studies suggested that
ECP contribute to EHEC adherence by mediating direct binding of the bacteria to the cell
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membrane through recognition of specific host cell receptors or by forming physical
bridges between adhering bacteria. Our results suggest that the production of ECP may be
necessary for stabilizing the adhering bacteria to the host cell membrane favoring tissue
colonization.

Expression of bacterial virulence factors is generally regulated by complex molecular
mechanisms that respond to host and environmental signals (67). The presence of host
cells was not required for ECP production as initially thought, eliminating the hypothesis
that eukaryotic cells or a soluble product were triggering signals. In contrast to MENEC
(229), EHEC produced ECP after growth in DMEM at 26° or 37°C, but not in LB;
suggesting that subtle differences in the mechanisms regulating ECP production may
exist between different strains. Production of ECP at temperatures below 37°C might
have important implications during the life of the organism outside their bovine or human
hosts, allowing for their persistence in the environment and contamination of produce. It
is also possible that ECP mediate biofilm formation in some E. coli categories. The
presence of 5% carbon dioxide, but not anaerobiosis, was favorable for ECP production.
That ECP are produced at 37°C under low oxygen tension is an indication that they might
be produced by EHEC in the intestine.

The expression of the 16 putative pili operons present in EHEC O157:H7 was previously
investigated through transcriptional analysis (165). Except for genes encoding curli
(csgA), a fimA-like gene, ybgD, and yehD (putative pilin genes), the expression of the
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remaining 12 pilin subunit genes, including ecpA, was not demonstrated under the
conditions examined (165). Likewise, genome-wide scale efforts using transposon or
signature-tagged mutagenesis have not evidenced a role for ECP in adherence to Caco-2
cells or in colonization of the bovine gastrointestinal tract (66, 295). These apparently
contradictory results may be attributed to differences in the experimental assays and
conditions employed.

To provide genetic evidence of the role for ECP in EHEC cell adherence an isogenic
ecpA mutant of EDL933 was constructed. This mutant was substantially reduced in
adherence to HEp-2 cells in comparison with the parental strain. The residual adherence
observed in the ECP mutant was likely due to intimin. It is still an open question as to
how commensal E. coli strains adhere to the gut mucosa. The finding that two NFEC
strains mutated in ecpA were also significantly reduced in their adherence to HEp-2 cells
further support a role for ECP for EHEC and NFEC adherence. We attempted to block
EHEC adherence using anti-ECP antibodies but the results were unsuccessful. Although
the reason for this result is unknown, it is possible that the anti-ECP serum lacks
antibodies directed to epitopes involved in cell adherence

To determine whether production of ECP was a general phenomena amongst the E. coli,
we surveyed a collection of 169 ecpA+ intestinal and extra-intestinal E. coli strains.
Production of ECP was demonstrated in 71.6% of the E. coli tested. Among STEC strains
(including LEE+ and LEE-), 86% of them produced ECP. This suggests that production of
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ECP is a common property of STEC strains and perhaps a biological marker of their
ability to colonize the intestinal epithelium. Notably, within the EAEC group, 95% of the
strains studied produced ECP. This observation is particularly significant given that only
a minority of EAEC strains produce any of the 3 AAF/I-III fimbriae reported in this
diarrheagenic E. coli group (129). Also of note is our finding that 9 out of 10 (90%)
UPEC strains produced ECP, which suggested that, in addition to type I and Pap pili,
ECP may contribute to the adherence properties of this pathogroup. It is possible that the
ECP-negative E. coli strains found may have genetic alterations or, simply, may produce
ECP under other experimental conditions. This idea is supported by the results showing
that not all ecpA+ strains produced ECP under the conditions tested in this work. The
remarkable high percentage of E. coli strains producing ECP is an indication that the pili
must play a significant biological role in the host-bacteria interplay. The presence of antiECP IgG in sera from healthy individuals and HUS patients may reflect the ability of
NFEC and EHEC to produce ECP in the intestine. It is unlikely that the bacteria would
expend a significant amount of energy in producing pili that play no biological function.
These observations have extensive implications regarding pathogenesis of disease caused
by the major diarrheagenic E. coli pathogroups and their evolution.

This work represents the first reproducible demonstration of pilus production by EHEC
O157:H7 and that a mutation in a pilus gene of EHEC O157:H7 results in such a
substantial decrease in epithelial cell adherence. If ECP-mediated events are critical for
EHEC to establish a successful intestinal infection then it is tempting to speculate that
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pathogenic E. coli strains use ECP to mimic commensal E. coli and provide themselves
with an ecological advantage for host colonization and evasion of the immune system.
This study supports our standing hypothesis that ECP is a common E. coli attribute that
was inherited and conserved during evolution of intestinal and extra-intestinal E. coli
providing a widespread mechanism of host colonization of different hosts and host
tissues.
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CHAPTER 3: Role of the Escherichia coli Common Pilus in Adherence of
Enteropathogenic E. coli

3.1 Introduction

Bacterial adherence to host tissues is a complex process that in many cases involves the
participation of several different adhesins, all acting in concert or independently during
various stages of the infectious process (213). Enteropathogenic Escherichia coli (EPEC)
is an important worldwide cause of pediatric diarrhea (200), it was first described during
an outbreak in England. EPEC adheres to the small intestine enterocytes forming tight
three-dimensional microcolonies, in an adherence pattern referred to as the localized
adherence (LA) phenotype (260). A hallmark of EPEC pathogenicity is the production of
intestinal attaching and effacing (AE) lesions, distinguished by intimate attachment and
effacement of brush border microvilli (190, 283).

Since the discovery of the adhesin intimin (123), a number of adhesins were reported in
EPEC. Intimin mediates intimate adhesion by binding to the cell membrane via its own
translocated receptor (Tir) (135). Other cellular components such as nucleolin (276) and
integrin (79) also serve as intimin receptors. One of the best-characterized pili in EPEC is
the type IV bundle-forming pilus (BFP). BFP is responsible for microcolony formation,
promoting bacteria-bacteria interactions (89) and was proven to be a virulence factor in
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human volunteer challenge studies (18). The EspA filament is also considered an adhesin
and is attached to the needle complex associated with the type III secretion system
(TTSS), which is involved in the translocation of effector molecules into the host cell
cytoplasm (147). Flagella, the appendage responsible for bacterial locomotion was also
shown to possess adhesive properties, which contributed to the adherence to epithelial
cells (90). In contrast, other studies have challenged the role of flagella as an adhesin
since it appears not to play a role in direct adherence. A recent study proposed that initial
cell attachment is mediated by both the BFP and the EspA fiber (38). Analysis of the
genome sequence of E. coli K-12 (22), and EPEC E2348/69 (www.sanger.ac.uk),
suggests the presence of various pili-like operons. Which of these operons are expressed
or functional remains to be elucidated. Among these, a pilus gene cluster with 60%
identity to the Salmonella enterica long-polar-fimbriae (LPF) was identified in EPEC
(296). A mutation in EPEC lpfA had no effect on adherence. Furthermore, production of
the pili was not demonstrated on these bacteria (296). Despite the importance of intimin
and BFP in intimate adherence and microcolony formation respectively, it is thought that
other adhesins are likely to contribute to the efficient interaction of EPEC with epithelial
cells during the course of an infection, in vitro.

A number of diarrheagenic E. coli strains fall within the serogroups of EPEC but do not
possess the EPEC adherence factor (EAF) plasmid or lack BFP genes, and have been
categorized as “atypical EPEC” (129, 306). These atypical strains produce a localized,
aggregative or diffuse adherence pattern on cultured epithelial cells, which is independent
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of the production of BFP. It has been proposed that atypical EPEC strains produce
several adhesins including fimbriae and non-fimbrial adhesins. However, their role in
pathogenesis remains elusive (7, 259).

Recently, we have shown that intestinal and extraintestinal E. coli strains are able to
assemble an adhesive structure, which we called E. coli common pilus or ECP and is
composed of a major pilin subunit encoded by the ecpA (formerly yagZ) gene. ecpA is
widely distributed and conserved amongst commensal and pathogenic E. coli (240). To
gain further understanding of the host cell adherence mechanisms of EPEC, we
undertook ultrastructural and genetic approaches to study the production of ECP on
EPEC adhering to host cultured epithelial cells. Herein, we establish the role of ECP in
EPEC cell adherence.

3.2 Materials and Methods

3.2.1 Strains, Plasmids, and Antibodies
Strains and plasmids employed in this study are listed in Table 3.1. Strains were
propagated in Luria-Bertani (LB) broth or in Dulbecco’s Modified Eagle Medium
(DMEM) (Invitrogen) supplemented with 0.5% mannose at 26°C (statically) or 37°C
(shaking) ovenight. Antibiotics when necessary were added at concentrations of 100
µg/mL (ampicillin), 50 µg/mL (kanamycin) or 25 µg/mL (chloramphenicol). L-(+)arabinose (Sigma) was used at a final concentration of 100 mM to induce the λ Red
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system of the plasmid pKD46. For immunoassays, rabbit antibodies against BFP, EspA,
type I pili, and E. coli O157:H7 ECP, and a chicken antibodies generated aginst ECP
were available from previous studies (89, 90, 240).

Table 3.1. List of strains and plasmids used.
EPEC

Notes

E2348/69

O127:H6 (Prototype wild type)

E2348/69∆ecpA

Wild type strain mutated in ecpA

E2348/69∆ecpA(pMR13) ∆ecpA complemented with pMR13

Reference
(158)
This study
This study
(137)

UMD872

E2348/69∆espA

UMD872∆ecpA

E2348/69∆espA∆ecpA

JPN15.96

E2348/69∆eae EAF plasmid-

JPN15.96∆ecpA

E2348/69∆eae EAF plasmid-∆ecpA

Other

Serotype

E13

O126:H6

(91)

E9

0127:H40

(91)

E10

O119:H6

(91)

E17

O55:H6

(91)

271 MX

O111:NM

This study
(123)
This study

Our collection

Plasmids
pKD46

λ Red recombinase system plasmid

(52)

pKD4

Kanamycin cassette

(52)

pKD3

Chloramphenicol cassette

(52)
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pMR13

EHEC ecpA cloned in pGEM-T

(240)

A collection of typical, and atypical EPEC strains belonging to different serogoups was
analyzed for ECP production. EPEC typical strains belong to serogroups O142:H6,
O127:NM, O127:H40, O127:H6, O126:H-, O119:H7, O119:H6, O111:NM, O111:H2,
O114:NM, O86:NM, O86:H34, O86: H2, O55:H6; Atypical EPEC serogroups
correspond to O128:H2, O119:H2, O114:H2 and O55:H-.

3.2.2 Interaction with Eukaryotic Cells
Bacterial adherence assays were carried out from 0 to 6 h of infection employing HeLa
(ATCC CCL-2) and HT-29 (ATCC HTB-38) cell monolayers as previously described
(90). Briefly, monolayers with at ~80% confluency were infected with equal amounts of
bacteria (~107). After the desired incubation period, the monolayers were washed with
phosphate buffer saline (PBS, pH 7.4). Adhered bacteria were quantitated by plating
serial dilutions on LB agar plates with the appropriate antibiotics. For microscopy
experiments, replica samples were fixed with 2% formaldehyde for Giemsa staining or
for immunofluorescence (IF) as previously described (90). Primary antibodies were
added to cells for 1 h in 10% horse serum followed by the appropriate secondary Alexafluor conjugate and visualized using an Axio Imager1.0 Zeiss microscope.
Quantifications were performed in triplicate in three different experiments. Statistical
analysis was done using the student’s t test.
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3.2.3 Ultrastructural Studies
For scanning electron microcopy (SEM) samples were fixed with 0.1% (for immunogold
labeling) or 3% glutaraldehyde as previously described (90). Briefly, samples were postfixed with 1% osmium tetraoxide, dehydrated by sequential ethanol concentrations, dried
to critical point, and coated with a mixture of gold and palladium. The specimens were
examined in a high resolution Hitachi S4500 scanning electron microscope. The presence
of pili on bacterial cultures was visualized by transmission electron microscopy (TEM),
as previously described (90). Briefly, bacteria were negatively stained with 1%
phosphotungstic acid (pH 7.4) on 300-mesh carbon-Formvar copper grids. Immuno-EM
studies were performed with rabbit anti-ECP (240), and goat anti-rabbit IgG conjugated
to 10-nm gold particles (TedPella) as previously described (90).

3.2.4 Pili Purification and Analysis
Tissue culture flasks containing monolayers with HT-29 cells were infected with EPEC
E2348/69 for 6 h at 37°C in a 5% CO2 atmosphere. The supernatants were collected and
pili were mechanically sheared from the bacteria and purified as previously described
(291). The pili were denatured with HCl as previously described (174) and subjected to
SDS-PAGE (153). Normalized whole cell extracts were reacted with antibodies against
ECP (240), EspA or type I pili by immunoblotting (IB) as previously described (90).
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3.2.5 Mass Spectrometry
A protein band of 21-kDa was excised from SDS-PAGE and subjected to mass
spectrometry analysis after digestion with trypsin at the Proteomics Core Facility at the
College of Pharmacy, University of Arizona.

3.2.6 Construction of Non-Polar ecpA Mutant
A non-polar deletion of the ecpA gene of strains E2348/69, UMD872(∆espA), and
JPN15.96(∆bfp∆eae) was introduced by the λ Red recombinase method previously
described (52) generating single, double, and triple mutans, respectively. Primers G60
and G61 (Table 2.2, Section 2.3.7) were employed to replace the structural ecpA gene
with a kanamycin or chloramphenicol cassette, obtained from plasmids pKD4 or pKD3,
respectively. The mutation was confirmed by PCR using primers flanking ecpA (G90 and
G91), as well as primers inside the kanamycin cassette (K1 and K2) or chloramphenicol
cassette (C1 and C2). The loss of ECP in the mutants was assessed by IB and IF using
antibodies against ECP.

3.2.7 RT-PCR
Total EPEC RNA was extracted using Trizol reagent (Invitrogen) and treated with
DNAse I (Promega) as recommended by the manufacturer. ecpA transcripts were
amplified using gene specific primers (G84 and G85) with the one step RT-PCR kit
(Qiagen), using 0.1µg/µl of total RNA as template. Reactions containing no reverse
transcriptase served as negative controls. To ensure that equal amounts of RNA were
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used, a reaction using primers G112 and G113 was performed to amplify the 16SRNA
(rrsB).

3.3 Results

3.3.1 Ultrastructural characterization of ECP produced by EPEC
We recently reported that the E. coli common pilus (ECP) is produced by pathogenic and
non-pathogenic (natural fecal isolates) E. coli strains after growth in Dulbecco’s
Modified Eagle Medium (DMEM) at 26°C or 37°C (240). In this study, we sought to
further characterize the ECP produced by EPEC and to further investigate its role in cell
adherence. We initiated this study by performing ultrastructural analysis of EPEC
E2348/69 growing at 37°C in Luria-Bertani (LB) broth, DMEM (which induces BFP
production) and colonization factor antigen agar (CFA agar), which induces production
of different colonization factors in enterotoxigenic E. coli (73). No pili were observed
after propagation of the bacteria on CFA agar (Fig. 3.1A) or LB (data not shown).
However, growth of E2348/69 in DMEM at 26°C or 37°C showed the presence of
peritrichous,

thin

(3-nm

wide),

semi-flexible pili

(Fig.

3.1B),

which

were

morphologically distinct from the rigid type I pili (7 nm in diameter) or large BFP
structures. These fibers bound anti-ECP antibodies (obtained by rabbit immunization
with purified EHEC ECP) as demonstrated by immunogold labeling, suggesting that the
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pili were ECP (Fig. 3.1C). No reactivity was seen with rabbit pre-immune serum (data
not shown).

A

B

ECP

C

Fla

Fig. 3.1. Negative staining and transmission electron microscopy of EPEC
E2348/69 grown in different media. (A) Electron micrograph of E2348/69 grown
on CFA agar showing no pili. (B) E2348/69 grown in DMEM in the presence of
HT-29 cells displays flagella (Fla) and abundant peritrichous fine pili (ECP). (C)
Immunogold labeling of ECP on E2348/69 with anti-ECP antibodies and rabbit IgG
conjugated to 10-nm gold particles.

3.3.2 Production of ECP among typical and atypical EPEC strains
To determine if production of ECP was a common feature of EPEC strains, we
investigated a collection of 38 typical EPEC strains (BFP+, LEE+) of heterologous
serotypes and found that 23 (60%) produced ECP after growth in DMEM, as determined
by flow cytometry and immunodot blotting using anti-ECP antibodies. Further, 10
atypical EPEC strains were studied; finding that one half of them (50%) produced ECP.
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3.3.3 Characterization of EPEC ECP
Pili were purified from E2348/69 growing in DMEM at 37°C as described in
Experimental Procedures. The sheared and purified pili dissociated into a polypeptide
band of 21 kDa after HCl denaturation and SDS-PAGE (Fig. 3.2A, lane 2). Mass
spectrometry analysis of this peptide revealed sequence identity to the EcpA pilin protein
produced by commensal and other pathogenic E. coli strains (22, 107, 226, 229, 315).
Anti-EHEC ECP antibodies detected the pilin subunit produced by E2348/69 (Fig. 3.2A,
lane 3). The purified ECP were antigenically unrelated to other pili produced by
E2348/69, since specific antibodies against EspA, type I pili, and BFP, showed no cross
reactivity between the pilin subunits (Fig. 3.2B and data not shown), indicating that ECP
is a distinct new pilus entity of EPEC. We also demonstrated that EPEC strains of
heterologous serotypes produced ECP as determined by immunoblotting (IB) (Fig. 3.2C).

A

1
94
67
43

2

3

EcpA FimA EcpA FimA

B
α-ECP

30
20

14

EcpA EspA

C

E2348/69
E9
O127:H6 O127:H40
O111:NM

α -TIP
E10
O119:H6

α -EspA

E17
271Mx
O55:H6

Fig. 3.2. Analysis of ECP purified from strain E2348/69 incubated with HT-29
cells. (A) Lane 1, mass standards; 2, SDS-PAGE and Commasie blue staining of
purified ECP showing the 21-kDa pilin subunit; 3, Immunoblot showing reactivity of
the purified protein with antibodies against ECP. (B) Immunoblots of purified ECP,
EspA, and type I pili reacting with homologous and heterologous antisera. ECP
antibodies do not react with type I pilin and anti-EspA antibodies do not react with
EcpA. (C) Immunoblots of different EPEC serotypes.
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3.3.4 EPEC produces ECP when Adhering to Cultured Epithelial Cells

We investigated the presence of ECP on bacteria adhering to cultured epithelial cells
were ECP, by IF and SEM. We employed human HeLa (cervix) and HT-29 (colonic)
epithelial cell lines. The former cell line has been widely used to reproduce the adherence
and AE phenotypes of EPEC strains (200). HT-29 cells were also utilized because of
physiologically relevance, to in vivo sites of infection, to study adherence of other
intestinal pathogens, and because their ability to withstand long incubation periods with
the bacteria. Since the results obtained were similar for both human cell lines, to avoid
redundancy, we focus on the data obtained with HT-29 cells.

ECP

EPEC

Fig. 3.3. EPEC producing ECP.
Detection of ECP (green) in EPEC
adhering to HT-29 cells using rabbit antiECP antibodies. Bacterial and cellular
DNA was stained with propidium iodide
(red).

Using IF and anti-ECP antibodies we observed that EPEC microcolonies containing
fluorescent bands that appear to be interconnecting adherence bacteria (Fig. 3.3). This
fluorescent pattern is different to that demonstrated for BFP (89, 91) or the EspA
filaments (147). No fluorescence was obtained when preimmune serum was employed
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confirming the specificity of the reaction (data not shown). The fluorescent structures
seen in Figure 3.3 are neither EspA filaments, BFP, nor type I pili.

It is well established that the production of BFP and the TTSS effectors are induced after
growth of EPEC in tissue culture media at 37°C and in the presence of cultured epithelial
cells (234, 247). To monitor expression of ECP over time of infection (0 to 6 h) we
performed kinetics studies of EPEC adherence to HT-29 cells using IF. For comparison,
we included bacteria that were pre-grown overnight in LB or in DMEM. The rationale for
this was that growth in DMEM would pre-activate the bacteria for production of ECP and
thus, these bacteria would be more efficient at adhering than bacteria pre-grown
overnight in LB. A striking difference in the timing at which ECP became evident was
observed (Fig. 3.4). When LB-grown E2348/69 bacteria were used, we noted that during
the first 3 h of infection (the typical localized adherence assay) no ECP were produced
(Fig. 3.4A). At 4.5 h post-infection some of the bacteria within the LA cluster began to
produce ECP, which appeared as fluorescent fibers emanating from the bacteria (Fig.
3.4A). Production of ECP continued progressively to 6 h as the bacteria multiplied and
colonized almost the entire eukaryotic cell surface. Abundant ECP were seen on bacteria
adhering throughout the colonized cell monolayer and also to an abiotic surface (Fig.
3.4A). In support of these data, we found identical expression of ECP in a Brazilian
clinical isolate EPEC strain E13 (O127:H6) during infection of cultured cells (data not
shown). In contrast, when DMEM-grown bacteria were employed to infect HT-29 cells,
we observed that EPEC produced ECP at early stages of infection (1.5 h) and production
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continued for the duration of the experiment (Fig. 3.4A). Thus, it is clear that
subculturing of the bacteria in DMEM, induces EPEC to produce more ECP which could
lead to early adherence to cultured epithelial cells. We could not determine when and if
ECP production reaches an end point, due to a limitation in the relative susceptibility of
the cell lines to damage caused by the bacteria after extended incubations.

A

1.5 h

3h

4.5 h

6h

LB

DMEM

B

LB
DMEM
1.5 3 4.5 6 1.5 3 4.5 6 h

C

LB
DMEM
1.5 3 4.5 6 1.5 3 4.5 6 h

ECP

650
500

ecpA

DnaK

500

rrsB

Fig. 3.4. Time and medium-dependent production of ECP. (A) The time course
(1.5 to 6 h) of ECP (green) production by EPEC (red) was monitored by IF
microscopy. Bacteria pre-grown overnight in LB or DMEM were used to infect
HT-29 cells. Difference in ECP expression overtime analyzed by IF microscopy
(B) Immunoblots showing time-dependent and media-dependent production of
EcpA. Approximately equal numbers of bacteria were loaded into the wells, as
indicated by the reactivity with anti-DnaK antibody. (C) RT-PCR demonstrating
EPEC expression of ecpA mRNA at 1.5 to 6 h post-infection on HT-29 infected
cells. Equal amounts of RNA were used for the experiment; RNA from uninfected
cells was used as negative control (Data not shown).
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The time-dependent production of ECP by bacteria pre-cultured in LB and DMEM was
confirmed by IB of normalized whole cell extracts of bacteria recovered from adherence
assays (Fig. 3.4B). Anti-DnaK antibody was used to confirm that equivalent numbers of
bacteria were analyzed. In addition, we performed RT-PCR experiments to measure
transcription of ecpA in bacteria propagating in the presence of epithelial cells, which
were pre-grown in DMEM or LB broth. We found that there is ecpA transcription in
bacteria pre-grown in LB or DMEM, which appeared to increase with the time of
infection of HT-29 cells (Fig. 3.4C). No amplification products were obtained in RNA
extracted from HT-29 cells or in the absence of the reverse transcriptase enzyme,
demonstrating the specificity of the reaction. We demonstrate the influence of growth
media in expression and production of the pili.

E2348/69 forms tight three-dimensional microcolonies typical of localized adhrence
during the first 3 h of infection of cultured cells (Fig. 3.5A). This process is thought to be
mediated by BFP, intimin, EspA fibers, and flagella (38, 89, 90, 123, 147). At this stage,
the presence of pedestals can be seen with bacteria sitting atop (Fig. 3.5A). Interestingly,
at 6 h post-infection, we observed E2348/69 bacteria adhering to HT-29 cells, colonizing
almost the entire surface of the cell monolayer (Fig. 3.5B). High magnification by SEM
of this infection time period shows the presence of a meshwork of abundant fibrillar
structures protruding from the bacterial surface (Fig. 3.5C). The fine structures appeared
to tether bacteria to each other within the bacterial cluster and to mediate direct binding
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of the bacteria to the mammalian cell surface. These structures were identified as ECP by
immuno-SEM (Fig. 3.5D).

A

B

C

D

Fig. 3.5. Scanning electron microscopy showing EPEC E2348/69 adhering to
HT-29 cells. (A) At 3 h post-infection EPEC forms the typical localized
microcolony and AE lesions characterized by pedestals with bacteria sitting atop
(black arrowhead). (B) At 6 h post-infection the microcolony has spread along
the cell surface. (C) High magnification (22,000X) of panel B showing abundant
peritrichous thin fibers (white arrows) that tether the bacteria together. (D)
Immuno-SEM gold labeling of ECP protruding from bacteria adhering to HT-29
cells. Anti-ECP antibodies and secondary rabbit IgG conjugated to 30 nm gold
particles were utilized. Scale bar, 100 nm.
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3.3.5 Role of ECP in EPEC Adherence
The presence of ECP interconnecting bacteria adhering to cultured epithelial cells may be
significant to EPEC pathogenesis. To further evaluate the role of ECP in adherence of
EPEC to epithelial cells, we deleted ecpA (pilin subunit gene) in E2348/69, by replacing
the structural gene with a kanamycin cassette resulting in a non-polar mutation. The ecpA
mutant was trans-complemented with plasmid pMR13 containing ecpA, restoring
production of ECP as demonstrated by TEM, IF, and IB (Fig. 3.6). Adherence
capabilities of the ecpA mutant when compared to those of the parent strain yielded no
obvious qualitative difference (Fig. 3.7). One reasonable explanation for this result is that
the adherence fitness of the ecpA mutant is attributed to the production of wild type levels
of BFP, intimin, EspA, and flagella. Thus, assessing the role of ECP in adherence using
the ecpA mutant would be difficult considering the presence of other factors.

The data suggested that ECP could act as an adhesive factor together with BFP, and
intimin, and contribute to the stability of the colonizing bacteria. To further judge the
biological significance of ECP in bacterial adherence, we mutated ecpA in
JPN15.96(∆bfp∆eae), a derivative of E2348/69, which lacks the EAF plasmid encoding
BFP and contains a mutation in the eae intimin gene (123). In spite of the lack of BFP
and intimin, JPN15.96 continues to adhere, albeit poorly, to cultured cells (Fig. 3.7),
suggesting the existence of other adherence factors. We found that the resulting triple
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mutant JPN15.96(∆bfpA∆eae∆ecpA) was significantly (p<0.05) reduced in adherence
compared to E2348/69 and JPN15.96 (Fig. 3.7).

Fig. 3.6. The E2348/69∆ecpA mutant does not produce ECP. Wild type E2348/69
and E2348/69∆ecpA(pMR13), but not E2348/69∆ecpA, were demonstrated to
produce ECP (arrows) by TEM (A), IF (B), and IB (C). Insets in panel A represent a
magnification of the rectangle area (broken line). In panel B, bacterial and cellular
DNA was stained with propidium iodide (red) while ECP (green) was detected using
rabbit anti-ECP antibodies. Scale bar, 100 nm.
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We next constructed an ecpA mutant in UMD872 (E2348/69∆espA) (137), a strain that
cannot form intimate attachment or AE lesions due to the inability to translocate Tir (135)
and adheres to cells through BFP. The double UMD872(∆espA∆ecpA) mutant was
significantly (p<0.05) less adherent compared to the wild type and UMD872 in spite of
the presence of BFP in these strains (Fig. 3.7). In all, these data indicate that in the
absence of BFP, intimin, and EspA, EPEC strains may still use ECP to adhere to host
cells. Based on our data, we propose that ECP is an accessory factor of EPEC that in
association with BFP and other adhesins contributes to the multi-factorial complex
interaction of EPEC with host epithelial cells.
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Fig. 3.7. Role of ECP in EPEC cell adherence in the absence of BFP and intimin.
Comparison of adherence levels of wild type and mutant strains when bacteria were pregrown overnight in LB or DMEM, as determined by plating out serial dilutions of
adhering bacteria. Percentages of adherence are indicated below the figure. Statistical
analysis was done using a paired t-student’s test.
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3.4 Discussion

We recently reported that ecpA is widely distributed and highly conserved amongst the E.
coli. Most non-pathogenic normal flora and pathogenic E. coli strains, including EPEC,
produce ECP. We have provided compelling evidence that suggest that ECP might be an
adherence factor employed by both intestinal and extra-intestinal E. coli to colonize
different hosts and host tissues. In this study, several lines of evidence are presented that
demonstrate that EPEC is able to produce ECP that appear as peritrichous fine pili
filaments that tether the bacteria within adhering microcolonies. Based on our
observations we speculate that ECP are important for the formation and stabilization of
adhering microcolonies.

Expression of most virulence factors is under the control of regulatory systems influenced
by growth phase and environmental signals (67, 176). Production of BFP, intimin, and
EPEC secreted products are activated under similar conditions, namely growth in tissue
culture media at 37°C or in the presence of cultured epithelial cells (60, 122, 134, 146,
234, 247). It was previously reported that meningitis-associated E. coli (MENEC) strains
assemble the product of the yagZ gene (herein called ecpA) into pili, which at that time
were appropriately called meningitis-associated temperature dependent pilus or Mat. Mat
production was seen after growth of the strains in LB at 20°C (229). In contrast, we
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found that these were non-permissive conditions for production of ECP in normal flora E.
coli, EPEC, and other E. coli pathogroups. In our hands, most E. coli produce ECP after
growth in DMEM, and not LB, at 26°C or 37°C (240).

We performed experiments to study the kinetics of the production of ECP by adhering
bacteria. In line with the phenotypic data and environmental regulation, we found that
timing in which ECP is produced depends on whether the bacterial inoculum originated
from LB or DMEM. LB-grown bacteria begin to produce ECP after 4.5 h of host cell
infection, whereas DMEM-grown bacteria produce ECP as early as 1.5 h post-infection.
In both cases, the level of ECP produced increased gradually in correlation with the
number of bacteria colonizing the cell monolayer. The component(s) in DMEM that
triggers production of ECP remains to be determined.

The interaction of EPEC with host epithelial cells is a multi-factorial and complex
phenomenon that involves several adhesins: intimin, BFP, EspA fiber, flagella, and the
newly described ECP. All of these players are induced in the presence of host cells and
seem to act in concert at different stages of infection (89, 90, 146, 147, 156, 300). In
contrast, type I pili appear to play no apparent role in in vitro cell adherence (69). Cleary
et. al. (2004) reported that only BFP, intimin, and EspA are required for adherence to
host cells and formation of AE lesions, concluding that no other adhesins are necessary
for EPEC’s interaction with epithelial cells. Although it is clear that intimin is an
important EPEC adhesin, it is equally apparent that other adhesins also exist, as intimin
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mutants remain capable of colonizing the human gut (61). How these different adhesins
are regulated during the interplay of EPEC with host cells remains to be defined. While
some reports suggested that the BFP mediates the initial adherence to host cells (156,
300), others support the notion that the BFP mediates interbacterial linkages that maintain
the architecture of the localized adherence microcolony (89, 110). It is widely accepted
that during EPEC localized adherence (between 0 and 3 h of infection), intimin is
essential to establish close contact with the cell membrane (123). Intimin can interact
with its own injected-receptor Tir (134), with integrin (79), or with the host cell surfaceexposed receptor nucleolin (276). Our data suggest a strong correlation between the
production of ECP and the level of adherence observed. Furthermore, ECP appears to be
expressed at stages when BFP and intimin are assumed to be down-regulated (146, 148,
234).

The analysis of the genome sequence of EPEC E2348/69 (www.sanger.ac.uk) reveals the
presence of several putative piliation genes, for which their role in EPEC’s virulence
scheme is largely unknown. Among these, expression of BFP, type I pili, and ECP has
been confirmed thus it remains to be determined whether any of the remaining pili-like
operons are functional or cryptic. Consistent with a potential role for ECP in adherence,
we have shown that in the absence of BFP and intimin, a significant reduction in
adherence is observed for ecpA mutants. These results provokingly suggest that the
production of ECP may be necessary for stabilizing the adhering bacteria to the host cell
membrane favoring tissue colonization. In summary, this study has established that EPEC
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produces ECP under conditions that are biologically relevant and highlights a role of ECP
as an accessory adherence factor in EPEC, opening an avenue to study their role as a gut
colonization factor of commensal and pathogenic E. coli.
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CHAPTER 4: Neisseria spp and G-quadruplex literature review

4.1 Neisseria Introduction

A member of the family Neisseriae is the genus Neisseria, consisting of Gram-negative,
aerobic diplococci (251). Within the Neisseria genus, 10 different species have been
isolated from humans: N. cinerea, elongata, flavescens, gonorrhoeae, lactamica,
meningitis, mucosa, polyssacharea, sicca, and subflava. Of these, only N. gonorrhoeae
(Ng) and N meningitidis (Nm) are human pathogens (163). The others colonize mucosa
of healthy humans and have evolved a commensalistic relationship with their host.

Ng and Nm cause two different diseases in humans, gonorrhea and meningitis,
respectively. Genetically, Ng and Nm are highly similar; this similarity can be seen with
the common factors utilized by Ng and Nm during infection. Within the past years, the
number of Ng strains resistant to one or more antibiotics had increased. The CDC
recommends only third generation cephalosporins as the elected treatment for Ng
infections. Although the vast majority of Nm isolates are still sensitive to antimicrobials
some reports of drug resistance have surfaced. Thus, there is an urgent need to develop
new drugs to treat Neisseria infections. With this in mind, this chapter will be divided in
two parts. The first will provide background on Ng and Nm, disease manifestations,
epidemiology, virulence factors and drug resistance. The second part will focus in the
secondary structure of DNA known as a G-quadruplex. We are currently investigating the
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presence of G-quadruplexes in Neisseria spp. To this end, we are using G-quadruplex
interactive compounds that have been used in the study of human G-quadruplexes. The
results, presented in the last chapter of this dissertation, shows that these compounds have
microbicidal properties. G-quadruplexes of pathogenic Neisseria seem to be a valid target
for the development of antimicrobials.

4.1.1 N. gonorrhoeae and STD’s
Gonorrhea is a purulent infection of the mucus membrane surfaces caused by Ng. This
infection is the second most commonly reported sexually transmitted disease in the US.
In the mid-1970’s the Center for Disease Control (CDC) implemented a plan to reduce
the national rate of gonorrhea, expecting to reach levels as low as 19 cases per 100,000
individuals by 2010. In 2007, 355,991 cases of gonorrhea were reported (2). Although the
levels have decrease, the targeted goal has proven difficult to attain. Indeed, for the past
ten years the numbers have remained relatively unchanged from those found in 2007 with
118.9 cases per 100,000 individuals.

A typical gonorrhea infection is manifested as a symptomatic urethritis in men with
purulent discharge and dysuria; and with complications that can lead to epididymitis, a
painful condition of the ducts attached to the testicles. Infections in females present with
mild symptoms and 50% of those cases are asymptomatic (163). In women, Ng infections
localize mainly to the cervix. In some instances, Ng can ascend the genital tract resulting
in salpingitis. In addition the ovaries can also be affected. These infections, if left
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untreated, can cause pelvic inflammatory disease, leading to ectopic pregnancy and
infertility (170). The most affected individuals are adolescents and young adults who
have unprotected sexual intercourse, and/or those with multiple partners (www.cdc.gov).
Ng infections are not restricted to the genital tract; it can affect other mucous membranes
that have been exposed such as the pharynx, anus, and conjunctiva. Mothers infected with
Ng can transmit the bacteria to the newborn during delivery, causing ophtalmium
neonatorum (infant blindness) if left untreated (163). In extremely rare cases, Ng can
disseminate and cause meningitis, endocarditis and arthritis (169, 187).

4.1.2 The Deadly N. meningitidis

Nm, also known as meningococcus, is transmitted from person to person via direct
contact or aerosol of respiratory and throat secretions. Sharing of eating and drinking
utensils facilitate the spread of the disease. Household members and other persons who
have been in close contact with people with meningococcal disease have a higher risk for
developing invasive disease. These persons typically receive antibiotic chemoprophylaxis
to eliminate the risk of nasopharyngeal carriage of Nm (144). Nm can be found in a
carrier state in 10-20% of healthy humans in non-epidemic settings. Nm initially
colonizes the nasopharynx and then gains access to the bloodstream where it can replicate
to cause septicemia and/or cross the blood-brain barrier to cause meningitis (197).
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Meningitis is an infection of the fluid of the spinal cord and the fluid that surrounds the
brain; meningitis etiology can be of viral or bacterial nature. Annually, there are
approximately 500,000 cases worldwide of this disease; of survivors, around 60,000
patients present permanent sequelae such as epilepsy, mental retardation or deafness.
Annually, meningitis kills more than 170,000 individuals worldwide, of which 25,000
deaths are caused by Nm (http://www.who.int).

Meningitis caused by Nm is of special importance in the sub-Sahara region of Africa
known as the meningitis belt, which comprises Ethiopia, Senegal and Gambia where it
causes large epidemics (Fig. 4.1). One of the largest meningitis outbreaks took place in
1996 where over 250,000 developed the illness, which resulted in more than 25,000
deaths (www.who.int).
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There are 5 major pathogenic serogroups of Nm (A, B, C, W135 and Y) based on their
different capsular polysaccharide structures (120). Worldwide, the distribution of these
serogroups varies. Serogroup A was found to be responsible for the large epidemics in
Africa (93). In industrialized countries, the most predominant serogroups groups are B
and C; serogroup Y is of importance in the US where it was found to be the responsible
for 36 % of meningitis cases (1). Serogroup W135 emerged in Saudi Arabia and in 2000,
in recent years countries belonging to the meningitis belt have reported the appearance of
this serogroup (4).

Fig. 4. 1. Meningitis belt and distribution of the different Nm serogroups
around the world. The meningitis belt (dotted line) is localized in the sub-Saharan
region of Africa where in 1996 an outbreak caused more than 25,000 deaths. Of
note is the presence of serogroup B to which there is no vaccine.
Taken from: Stephens, D. S., B. Greenwood, and P. Brandtzaeg. 2007. Epidemic
meningitis, meningococcaemia, and Neisseria meningitidis. Lancet 369:2196-210.
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4.1.3 Similarities and Differences Between Ng and Nm

Pathogenic and non-pathogenic Neisseria genomes are highly plastic. Because both
pathogenic species cause two very different diseases, studies have focused on what
gene(s) are the responsible for the differing pathologies. Before the availability of the
complete genomes sequences, subtractive hybridization studies revealed that Nm have 3
chromosomal regions that are absent from Ng. These regions comprised the capsulerelated genes (299). Today, additional sequence data have made it possible to analyze
more than 7 completed genomes of Nm, 2 genomes of Ng, and 1 genome of a commensal
Neisseria (11, 37, 186, 221, 225, 262). This new pool of information has lead to a better
understanding of Neisseria pathogenesis.

Analysis of the sequenced genomes showed that Neisseria genomes contain
approximately 2100 predicted ORF (11, 37, 221, 225, 297). Hotopp et. al. predicted that
there were only 122 genes specific to Nm. Of these 122 genes, more than half are
hypothetical (112), 18 were found in all the Nm strains and could represent the core of
Nm-specific genes (112). Microarray analysis data revealed that of the more than 100
virulence genes, 85 were present in N. lactamica and 11 specific in all the sequenced
pathogenic Neisseria strains (278). However, there is limited data regarding Neisserial
commensal strains and it remains to be determined if the commensal strains harbor the
virulence factors of pathogenic species. Recently, it has been proposed that virulence
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genes should be consider as fitness genes (262). The following section will describe some
of the pathogenic Neisseria “virulence factors.”

4.1.4 Neisseria Weapons (Virulence Factors)

Neisseria spp possess several different attributes that allow them to colonize the human
host and evade the immune response. Among them are type IV pili (Tfp), opacity
proteins (Opas), several iron uptake systems, efflux pump systems and the IgA protease.
In addition, Nm also possesses a capsule. In this section only Tfp, capsule, iron uptake
systems and efflux pumps will be briefly described.

The role of Neisseria Tfp in promoting adhesion to the host cell has been well established
for Ng and Nm (180-182). An interesting characteristic of Neisseria Tfp is the ability of
the filament to be extended and retracted, generating forces between 20-100 pN (183).
Pilus retraction results in the formation of cortical plaque beneath adhered microcolonies,
as well as the activation of host gene expression (113, 179).

The capsule is an important virulence determinant of Nm strains that is not expressed in
Ng and commensal strains. The capsule confers resistance to phagocytosis, a property
that is essential for meningococcal growth in the bloodstream and evasion of the
complement pathway (121).
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Iron is essential for many aspects in the life of organisms. Iron functions as a cofactor in
various biological processes. Iron scavenging is a requirement for successful pathogens.
Most iron in the human body is bound to specialized proteins, 76 % being stored in
hemoglobin, 23% in ferritin, and 1 % in transferrin and lactoferrin (218). Bacteria rely on
surface receptors and on the synthesis of small molecules called siderophores to acquire
iron from the host. Iron scavenging in Neisseria is vital; it has been shown that iron
acquisition is critical for successful gonoccocal infections in male the urethra (43).
Neisseria lacks the genes for producing siderophores (44). Instead, they possess a battery
of systems to obtain iron directly from host-iron binding proteins such as transferrin (TF),
lactoferrin (LF) and heme-containing compounds (33, 160, 263, 264, 286, 316). These
systems involved in Neisseria iron uptake are listed in Table 4.1.

Table 4.1. Iron scavenging systems of pathogenic Neisseria.
Host storage protein

Scavenging

Surface receptors

system

Transport

from

periplasm

to

cytosol
Hemoglobin

TonB independent

Unidentified

Hemoglobin/haptoglobin HpuA/B

TonB independent

Unidentified

Transferrin

TpbA/B

TonB dependent

FbpA/B/C

Lactoferrin

LpbA/B

TonB dependent

FbpA/B/C

Enterobactin1

TonB dependent

FetA

1

HmbR

siderophore utilized by Nesseria of other bacteria
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Efflux pumps are specialized systems that microbes utilize to actively pump out
compounds, preventing their harmful accumulation in the cytoplasm. The presence of one
or more efflux pumps has been shown to confer resistance to a wide variety of
antimocrobials (Table 4.2). Ng and Nm express 4 different efflux pumps systems. The
genes involved and the resistances they confer are listed in Table 4.2

Table 4.2. Efflux pumps present in Neisseria spp.
System

Genes involved

Resistance

Reference

Mtr

mtrC/D/E/F

Antibiotics, non-ionic detergents and (77, 99)
antimicrobial peptides

Far

farA/B; mtrE

Long chain fatty acids

(155)

NorM

norM

Antimicrobial cationic compounds

(162, 248)

Mac

macA/B

Macrolides

(249)

4.1.5 Prevention and Vaccines

There is no available vaccine to prevent infections caused by Ng. Safe sex practices,
abstinence and monogamous relationships are the only means for preventing gonorrhea.
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Two polyvalent vaccines that prevent meningococcal disease have been approved by the
Food and Drug Administration (FDA). Both are directed against the infections caused by
serogroups A, C, Y and W-124, which account for approximately 70% of the cases in the
US (www.cdc.gov). Menomune is a multivalent Mn-vaccine that has been licensed since
the 1970s and can be used in children > 2 years. A disadvange of this vaccine is that it
requires a second boost, especially in those who received the immunization before 4 of
age old (www.fda.gov). Menactra® is a quadrivalent conjugate vaccine licensed in the
U.S. and can be used among persons ages 2 to 55 years of age. Menactra® vaccine
generates a robust inmune response and only requires 1 dose. The major limitation of
these vaccines is their inability to protect against serogroup B. New Zealand and Norway
are currently collaborating on developing a PorA vaccine directed against the
meningococcus New Zealand serogroup B (MeNZB). This vaccine effort is in an
intensified phase III/IV monitoring state, thought it only provides protection against
serogroup B (www.who.int). In African countries, the only affordable vaccine developed
in 1960’s, is based on bacteria polysaccharides. Several organizations are supporting the
development of an affordable long-lasting vaccine for meningitis in Africa (245).

4.1.6 Treatment and Antibiotic Resistance
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In 1993, the CDC advised the use of oral fluoroquinolones for treating infections caused
by Ng. Eventually, the CDC ceased recommending the use of fluoroquinolones for the
treatment of gonorrhea, leaving only third generation cephalosporins as the only elected
drug (5). This recommendation was first implemented in Hawaii, followed by California
and later expanded to the entire US in 2007. The change in the recommended
antimicrobial therapy was implemented after evidence in 2006 showed that more than 22
% of the Neisseria isolates collected were resistant to penicillin, tetracycline or both
antibiotics. In the same year, the CDC reported that 6.7% of the isolates were
flouroquinolone-resistant, corresponding to an 11-fold increase to that observed in 2001.
As a result, in 2007 Ng joined the group of bacteria known as “superbugs”. Among this
group are Clostridium difficile, methicillin-resistant Staphylococcus aureus and
vancomycin resistant Enterococcus faecalis, all of which present broad-spectrum
antimicrobial resistance.

Antimicrobial resistance of Ng to penicillin and tetracycline can be both plasmid- and
chromosomally encoded, while the resistance to spectinomycin and fluoroquinolones is
strictly chromosomal-mediated. The ability of Neisseria strains to rapidily develop drug
resistance is due to Neisseria’s inherent biology. Neisseria is one of many naturally
competent bacterial species than can easily acquire, integrate and express small fragments
of exogenous DNA. DNA uptake sequences (DUS) are required for efficient
transformation, in addition DUS prevent the deleterious effects that could be associated
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to gene loss or gene mutations (307). Piliation in Neisseria favors the acquisition of genes
that may confer a better fitness to the bacteria (280).

Most Nm strains are susceptible to several antibiotics such as penicillin and
chloramphenicol. However, reports of Nm resistance to fluoroquinolones have started to
emerge (3). Although Nm have not yet developed high antibiotic resistance levels, the
lack of available vaccines necessitates the development of alternative antimicrobials to
combat these life-threatening bacteria.

The exceptional ability of pathogenic Neisseria to acquire antibiotic resistance is of great
concern, as treatments options are reduce. To this end, the need to accelerate the
discovery and development of new drugs to combat not only pathogenic Neisseria but
also other multi-drug resistant microorganisms is of paramount importance. In light of
this, we are exploring novel targets for drug discovery and design. The following sections
will be dedicated to describing the G-quadruplex structure, which is being targeted for
anti-cancer drug development. This will set the base of my current work focused on the
role of G-quadruplexes in Neisseria spp biology and the use of G-quadruplex interactive
compounds as broad-spectrum antimicrobials.
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4.2 DNA Secondary Structures: G-quadruplex

Tandem sequences in the DNA composed of guanine (G) repeats are capable of forming
alternative arrangements known as G-quadruplexes. A G-quadruplex is any four-stranded
DNA structure composed of multiple tetrads stacked vertically; these tetrads are
interconnected by loops formed by other nucleotides (273). Each tetrad is formed by the
interaction of Gs that form planar arrangements, stabilized by Hoogsteen bonds (Fig. 4.2)
(87). G-quadruplex Hoogsteen bonds are formed between N1, N7, O6 and N2 of the G
residues.

Fig. 4.2. G-quadruplex structure. A tetrad is formed by the interaction of four
guanines (left). Three tetrads (in pink) stacking vertically form a G-quadruplex.
(Spheres in other color represent any nucleotide)
Taken from: Qin, Y., and L. H. Hurley. 2008. Structures, folding patterns, and
functions of intramolecular DNA G-quadruplexes found in eukaryotic promoter
regions. Biochimie 90:1149-71
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4.2.1 i-motif
Complementary to the G-quadruplex strand is a C-rich region; this region forms an
unusual DNA structure called the i-motif (Fig. 4.3) (86). The i-motif structure is
composed of two parallel duplexes (each duplex anti-parallel to the other) formed by the
intercalation of six C-C+ base pairs and three loops (86). These structures are stable at
low pH (227). The i-motif in concert with the G-quadruplex structure formed in the
complementary strand, compete with the formation of duplex DNA (227). The biological
role of the i-motif has yet to be determined, but it has been suggested that the i-motif
could act as a silencing element for DNA transcriptional regulation (96).

A

B

Fig. 4.3. Depiction of the i-motif structure. Opposite to the G-quadruplex a pairing
of cytosines (A) occurs forming a structure known as i-motif (B).
Modified from: Phan, A. T., and J. L. Mergny. 2002. Human telomeric DNA: Gquadruplex, i-motif and Watson-Crick double helix. Nucleic Acids Res 30:4618-25
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4.2.2 Searching for G-quadruplexes

Since the first description of the G-quadruplex there has been an explosion of reports
identifying G-quadruplexes in different organisms. A number of algorithms are available
to determine the presence of G-quadruplexes in any given genome (118, 139). Several
databases list potential G-quadruplex motifs as well as G-quadruplex-regulated genes in
the human genome (140, 324, 326). For a detailed list of the available databases see
Huppert, 2008 (117).

4.2.3 Role of the G-quadruplex in Eukaryotes

It is estimated that the human genome has more than 379,000 potential G-quadruplex
forming sequences, however it is possible that not all these sequences result in a
functional G-quadruplexes (117). The regions in which they have been found include
telomeric sequences (20, 241), immunoglobulin switch regions (267), insulin promoter
region (30), promoter region of the retinoblastoma susceptibility gene (323), the promoter
region of the c-myc oncogene (274), the fragile X syndrome triple repeats (138), and the
HIV DNA central flap (167).
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Telomeres function to protect chromosomal ends from unwanted degradation and the loss
of chromosomal function. Telomere shortening is thought to lead to the loss of cellular
integrity and to the activation of cellular senescence mechanisms (31). In 85 % of tumors,
telomerase is highly active (142, 217). Telomeric DNA sequences contain regions rich in
G that can adopt a G-quadruplex conformation under physiological conditions (20, 241).
It has been proven that stabilization of G-quadruplex formation leads to elongation
impairment by telomerase, triggering apoptosis events (92). As a result, several research
groups have focused their attention in developing drugs that can stabilize the Gquadruplex.

Promoter regions are enriched in G-quadruplex motifs, suggesting that G-quadruplex
may act as cis-acting regulatory elements, either repressing or activating transcription
(118, 327). A run of G repeats is located upstream of the promoter region of c-myc.
When the G-quadruplex is stabilized using a drug, transcription of the c-myc gene is
repressed. In addition, a point mutation in one of the Gs involved in G-quadruplex
formation destabilizes the structure leading to increased transcription (271). G-rich
sequences have also been found upstream of the insulin gene (42) and the Bcl-2 gene
(57). In both cases, the G-quadruplex acts as a transcriptional activator.

While DNA sequences are capable of adopting G-quadruplex structures, RNA such as the
5’untranslated region (UTR) of the human N-ras proto-oncogene presents a
thermodynamically stable RNA G-quadruplex that represses translation. In addition, in
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silico analysis revealed the presence of 2,922 other 5’ UTR RNA G-quadruplex
sequences (152).

All the previous examples have shown that G-quadruplexes are involved in many
different aspects of the life of a cell such as replication, transcription and translation.
Importantly, all these discoveries have been possible due to targeting the G-quadruplexes
by developing drugs aimed at stabilizing them.

4.2.4 G-quadruplex Stability

G-quadruplexes may exhibit different topologies that can be formed by one, two or four
strands. In addition, the polarity of these strands may vary (117). G-quadruplex stability
not only relies on the presence of Hoogsteen bonds. Monovalent cations such as K+, Na+
and perhaps Sr+ are involved in maintaining the stability of the structure being located in
the center of each tetrad (Fig. 4.2). In contrast, there are other ions that can counteract K+
induced G-quadruplex such as Mn++, Co++, Ni++, and Li+ ions that can inhibit G
quadruplex formation (317).

The nucleotides that exist among the run of Gs are also important since they form part of
the loop that contributes to the stability of the folded structure (118). In addition, the
conformation -syn or -anti will also determine stability; the -anti conformation being
more stable than -syn. To stabilize the tetrad composed by Gs in the –syn conformation, a
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capping structure composed of three adenines is present in the structure of the telomeres
(49).

One of the most important features that confer stability to the G-quadruplex structure is
the sequence itself; substitution of an A for G in certain positions of an oligonucleotide
did not prevent G-quadruplex formation, while substitution of a G that forms part of the
middle tetrad changed the physical properties of the G-quadruplex (301).

Finally, sequence analysis of the different G-quadruplexes found in promoter regions
showed that the 3’-end of the G-quadruplex sequences is formed by an identical motif
(G3N1G3), which may have been selected through evolution to stabilize the Gquadruplex. This motif serves as a consensus template for G-quadruplex formation (237).

4.2.5 Drugs Utilized to Stabilize G-quadruplex

Several drugs have been used to study the stability of the G-quadruplex. Some of them
have been found to have more affinity to duplex DNA than to quadruplex DNA. Such is
the case for ethidium bromide (Et-br), however, some Et-br derivatives bind more
strongly to G-quadruplexes than to duplex DNA (149).
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BSU-1051 stabilizes the intramolecular G-quadruplex structure formed by the four
repeats of the sequence TTGGGG or TTAGGG. In addition it appears to modulate
telomerase activity by the stabilization of the telomeric G-quadruplex (104).

TMPyP4 stabilizes G-quadruplexes in a concentration dependent manner. It preferentially
binds to G-quadruplexes at concentrations of 0.05 uM, whereas higher concentrations (1
and 2.5 uM) of this compound exhibited preferential binding to double stranded DNA.
TMPyP2 is a positional isomer of TMPyP4 and lacks the ability to insert or stack into the
G-quadruplex structure and has been used as a negative control in G-quadruplex studies
(238).

Two drugs targeting G-quadruplexes are now in human trials: Quarfloxin (CX-3543) is in
Phase II clinical trials (220). This drug localizes in the nucleoli, and targets the Gquadruplex in the ribosomal DNA. By interacting with the G-quadruplex the drug
prevents nucleolin binding, which leads to inhibition of ribosomal biogenesis and
subsequent cell death. This drug was design to selectively target cancer cells (220).
Interestingly, small G-quadruplex-forming oligo nucleotides (26 bases) are beeing
developed for use in cancer therapy such as AS1411. AS1411 just completed Phase I
trials,

this

oligo

binds

selectively

to

nucleolin

preventing

its

function

(http://www.antisoma.com/). Neither Quarfloxin, nor AS1411 has toxic effects on
humans.
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Several compounds of different chemical nature have been used to stabilize Gquadruplexes (188, 191, 206). Although there are two drugs currently in human trials, the
search for more effective and selective drugs continue.

4.2.6 G-quadruplex in Bacteria

In silico analysis of 18 different prokaryotes genomes revealed the presence of G repeat
motifs capable of forming G-quadruplex structures. These repeats are predominantly
associated with regulatory regions of genes, especially genes associated with
transcription, metabolite biosynthesis, and signal transduction (239). Furthermore, these
G-quadruplex

motifs

appear

to

be

conserved

across

orthologous

genes

in

phylogenetically distant organisms (239). Earlier studies indicated that E. coli RecQ is
capable of unwinding both duplex and quadruplex DNA in vitro; RecQ is a highly
conserved protein among prokaryotes and eukaryotes (321). Kang et. al. found two
protein complexes capable of binding to G-quadruplexes but the identity of those proteins
remains unknown (128). Although, the E. coli genome lacks highly G-rich regions
similar to those found in telomeres, mammalian G-quadruplex structures have been found
to be formed in E. coli when the bacteria harbor G-quadruplex sequences in trans (65).

Although it is known that bacteria possess potential motifs that can form G-quadruplex
structures, the actual role of these sequences remains to be elucidated. By using the drugs
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developed to study G-quadruplex in eukaryotes, we hope to gain insight into the role of
G-quadruplexes in bacteria. In the future, we will determine the effect of the Gquadruplex interactive compounds in Neisseria global gene regulation using microarray
technologies.

We hypothesize that G-quadruplex-interactive compounds affect bacterial gene
expression in such a way as to be microbicidal. As G-quadruplex sequence motifs are
widespread in bacterial genomes, we hypothesize that G-quadruplex compounds have
potential as broad-spectrum antibiotics.
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CHAPTER 5. G-quadruplex Interactive Compounds as Broad Spectrum
Antimicrobial Agents

5.1 Introduction

Since 2007, Neisseria gonorrhoeae (Ng) has been considered a “superbug”. Members of
this group include methicillin resistant Staphylococcus aureus, and vancomycin resistant
Enterococcus faecalis. Ng is the etiologic agent of gonorrhea and posses a remarkable
ability to rapidly develop resistance to antimicrobials (163). This capacity is linked to the
ability of Neisseria to acquire exogenous DNA (100). Due to the high rates of multidrug
resistance development, the therapeutic options for treating gonorrhea are limited. The
CDC guidelines recommend only the use of third generation cephalosporins to treat
gonorrhea (5). Due to the possible emergence of cephalosporin resistance strains, there is
an urgent need to develop new treatment options.

It has been 47 years since the first description of a unique DNA structure formed by the
interaction of runs of guanines (G) (87). The G’s interact with each other through
Hoogsteen bonds to form a planar structure known as quartet. Three or more quartets will
then stack vertically, forming what is known as a G-quadruplex (273). Various studies
have shown that G-quadruplexes are ubiquitous structures with a significant biological
role in living cells. G-quadruplexes can act as cis-regulatory elements and have been
found in promoter regions of important oncogenes, including c-myc, c-myb, c-fos and c-
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abl (271). Telomeres are enriched in G-quadruplex motifs (20, 241). Stabilization of Gquadruplex formation leads to elongation impairment by telomerase, triggering apoptosis
(92). RNA can also adopt G-quadruplex structures such as in the 5’untraslated region
(UTR) of the human N-ras proto-oncogene, where its presence represses translation
(152). The consequence of stabilizing the G-quadruplex structure has multiples outcomes
depending on the process that is affected. Various studies have shown that the drugs used
to stabilize G-quadruplexes are promising as a new cancer therapy (92;271).

There is limited information of G-quadruplexes in prokaryotes. In silico analysis predict
that G-repeat motifs in bacterial DNA can adopt G-quadruplex structures. These motifs
are preferentially located in regulatory regions (239). These regions include pathways
associated with transcription, metabolite biosynthesis, and signal transduction (239).
Although most of the studies have been in silico, there is emerging evidence that bacteria
posses runs of Gs that can adopt G-quadruplex structures. A report demonstrated the
ability of E. coli DNA to form G-quadruplex structures in vivo (65). Another study
demonstrated the presence of proteins that can unwind G-quadruplexes, destabilizing the
formed secondary DNA structure (128, 321).

The need for new drug alternatives to treat infections caused by Neisseria encourage us to
search new targets for drug development. The fact that G-quadruplex interactive
compounds can impair cancer development leads us to hypothesize that these drugs can
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be used as antimicrobials. This work presents evidence for the use of G-quadruplex
interactive compounds as broad-spectrum antimicrobials.

5.2 Material and Methods

5.2.1 Strains and Growth Conditions
The Neisseria strains and genomes analyzed in this study are listed in Table 5.1.
Complete genome sequences were obtained from the gene bank database (NCBI).
Routinely, all Neisseria strains were maintained on GCB agar plates with Kellog's
Supplements I and II (Ng and Nm) or on chocolate agar (commensal strains). Strains were
passed no more than twice before use in assays. Bacterial inocula were harvested from
plates incubated at 37ºC/5% CO2 for 16 h (Ng and commensal strains) or 14 h (Nm). E.
faecalis strains (kind gift of Dr. Donna Wolk) were maintained on Mueller-Hinton agar
and incubated at 35ºC for 18 h before the assay.

Table 5.1. Strains used in this study.
Strain

Organism

Gene bank accession number

Source

MS11

Ng

NA

(185)

FA1090

Ng

AE0049691

(55, 196)

NCCP11495

Ng

CP001050.1

(37)

8013.6

Nm

NA

(198)

Z2491

Nm

AL157959.1

(221)
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MC58

Nm

AE0020982

(297)

FAM18

Nm

AM421808.1

(11)

053442

Nm

CP000381.1

(225)

ATCC29212

E. faecalis

NA

NA

ATCC51299

E. faecalis

NA

NA

ATCC19433

E. faecalis

NA

NA

NA not available

5.2.2 Algorithms utilized to Search G-quadruplexes

The presence of G-quadruplexes in the different Neisseria genomes was determined
using two different algorithms, quadparser and a custom algorithm. Quadparser searches
for the pattern 5’ (G3+N1–7)4 3’, where N refers to any base including G (118). The
custom algorithm designed by Pradeep Marri, allows variable number of Gs and larger
loop size. The expression used to investigate the G-quadruplex in Neisseria was 5’ G(35)4N(1–9)4 3’. To investigate the presence of G-quadruplex in VRE strains the previous
expression was used, in addition to the expression 5’ G(2-5)N(1–9)4 3’. To avoid
overestimations, overlapping sequences were considered as a unit.

5.2.3 G-quadruplex Interactive Compounds
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Several compounds were used in this study to determine the effect of G-quadruplex
stabilization upon Neisseria growth. The compounds used, as well as the application for
which they were developed, specificity, and their source are listed in Table 5.2.

Table 5.2. G-quadruplex interactive compounds assessed for microbicidal activity.
Specificity1

Source

Compound

Application

TMPyP42

Structural studies, gene Two fold higher affinity for EMD
regulation

and

cancer
GQC-013

anti- G-quadruplex than to duplex Biosciences
DNA

Structural studies and Not published

NCI

anti-cancer
GQC-023

Structural studies and Not published

NCI

anti-cancer
GSA-073R3

Anti-cancer studies

Not published

L. Hurley

Quindoline-i3 Anti-cancer studies

Not published

L. Hurley

1

Compounds are listed in the order of specificity for G-quadruplex DNA (top to bottom:
least to greatest) compared to duplex DNA. Unpublished information on the relative
specificity of GQC-01 and GQC02 was provided by L. Hurley (personal
communication).
2
Anantha 1998; Qin 2007; Wheelhouse 1998
3
L. Hurley, unpublished

5.2.4 Neisseria Growth Curves and Microbicidal Assay
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Neisseria strains from an overnight culture on GCB agar were adjusted to an OD600 of
0.05 in pre-warmed, CO2-equilibrated DMEM-high glucose containing 5% fetal bovine
serum, and Kellogg’s supplements. Bacteria were added to each well of a 6-well plate
and incubated for 1 h at 37C/5% CO2 in a rotatory shaker at 60 rpm. Various
concentrations of each compound were added per well, and the plates were incubated in
the same conditions as above for an additional 6 h. For the growth curves, samples were
taken each hour.

To determine the number of bacteria able to grow in the presence of the compound, serial
dilutions were performed and plated out on GCB-VCN agar plates (Ng and Nm) or BHI
agar. The minimum inhibitory concentration (MIC) corresponded to the concentration of
the compound in which no obvious growth was evident. In addition the minimum
bactericidal concentration (MIB) was also determined by plating 100 ul of culture. The
MIB corresponds to the lower concentration of compound in which 99.9 % of the
bacteria were killed. Finally, the MIC50 of the compounds was also determined and this
corresponds to the minimun inhibitory concentration necessary to kill 50% of the
bacteria.

As a control, a reaction in which the bacteria were grown in the presence of each
compound’s vehicle was performed. DMSO was used to dissolve TMPyP4, GQC01 and
GQC02; water for GSA-073R, and methanol for Quindoline-i.
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5.2.5 Neisseria Adhesion Assay

A431 cells (ATCC CRL-1555™) were maintained in Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10 % fetal bovine serum and incubated at 37°C in
a humidified 5% CO2 atmosphere. For infections, the cell monolayer was washed,
trypsinized, seeded in 6 well plates, and incubated at 37°C with CO2 until needed.
Bacteria were harvested from 16 h (Ng) or 14 h (Nm) GCB plates, diluted in pre-warmed
serum-free DMEM and used to infect ~90 % confluent cells at an MOI of 20. After 1 h of
incubation the compounds were added at concentrations of GQC01 24.65 ug/ml and
GQC02 22.3 ug/ml. At 4 h post infection, supernatants were collected and the
monolayers washed with GCB medium. Epithelial cells and adherent bacteria were
collected in GCB containing 0.5% saponin (wt/vol; Sigma), serially diluted, and plated.
Each experiment was performed in triplicate and the values averaged.

5.2.6 Gentamicin Protection Assay

A431 cells and bacteria were prepared as described above (Section 5.2.5). An MOI of 20
was used for infections. After 1 h of incubation, the G-quadruplex interactive compounds
or mock-infected medium were added to the cells. At 4 h post-infection the media was
removed and the monolayers were incubated with Gentamicin (50 µg/ml) for 1 h to kill
the extracellular bacteria. The monolayers were washed thoroughly with GCB to remove
non-adherent bacteria and remaining gentamicin. Cells were lysed in GCB containing
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0.5% saponin. The lysates were serially diluted and plated on GCB agar for counts for
counts.

5.2.7 E. faecalis Microbicidal Assay

E. faecalis strains from an overnight culture were suspended in Muller Hinton broth and
allowed to grow for 3 h. The suspension was adjusted to 0.5 McFarland tube, then diluted
1:200. A series of wells containing each compound were prepared by diluting the stock
compound to twice the final concentration required in the most concentrated well, and
serially diluted the compound by passing 500 ul of the media with the compound to the
next well. Five hundred ul of bacteria were added to each well. The plates were then
incubated for 24 h at 35°C. To determine the number of bacteria able to grow in the
presence of each compound, serial dilutions were performed and plated out on Muller
Hinton plates for counts.

5.3 Results

5.3.1 Hunting G-quadruplex in Neisseria spp

G-quadruplexes consist of four runs of Gs. Several reports have proposed the use of
different sequences as motifs to search for G-quadruplex in eukaryotes (118, 237). We
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analyzed the genome of Ng FA1090, Nm Z2491, Nm MC58, Nm FAM18, Nm 53442 and
N. lactamica ST-640 for the presence of G-quadruplex motifs using two different
algorithms (see materials and methods). All the pathogenic Neisseria genomes presented
a similar number of G repeats along their genome (Table 5.3). Since the custom
algorithm allowed for searches of motifs with larger loops, the number of G repeats
found in all the genomes were almost twice the number found with quadparser. Of note,
our custom algorithm also identified all the motifs determined with the quadparser
searches. Although N. lactamica ST-640 has similar GC content as the pathogenic
Neisseria, only 36 G-quadruplex motifs were found using the custom algorithm. Next, we
sought to determine whether the G-quadruplex motifs were randomly located in the
genome. We found that they are evenly distributed throughout the genome.

Table 5.3. Total number of G-quadruplexes motifs found in Neisseria strains.
N meningitidis
N. gonorrhoeae N. lactamica
Strain

Z2491

MC58

FAM18 53442

Serogroup

A

B

C

Unknown NA

NA

GC%

51.7

51.5

51.6

51.7

52.7

52.27

Quadparser

73

78

82

77

94

0

Custom

142

153

169

149

170

36

NA. Not available.

FA1090

ST-640
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5.3.2 Distribution of G-quadruplex in Neisseria
It has been previously reported that promoter regions are enriched in G-quadruplex
motifs (239). Analysis of Neisseria G-quadruplexes obtained with the custom algorithm
showed that these motifs are found in both intergenic and intragenic regions, localizing
preferentially within 500 bases upstream of open reading frames (Fig. 5.1). A number of
G-quadruplexes were also found within the ORFs of some genes. In this analysis Gquadruplexes motifs downstream of ORF’s were not considered because these may be
counted as upstream of the neighboring gene.

Fig. 5.1. G-quadruplex motifs are localized in Neisseria putative regulatory
regions. Bars indicate the number of G-quadruplex motifs of four Neisseria genomes.
Nearly 50 % of the total G-quadruplex motifs found are located within 500 bp
upstream of an ORF. Diagram below represents any ORF illustrating the way in which
upstream region was analyzed.

5.3.3 Bactericidal Activity of G-quadruplex Interactive Compounds Against Neisseria
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We next determined the effect of G-quadruplex compounds on bacterial viability. As a
control, bacteria were first grown in DMEM containing 5% FBS with Kellogs
supplements, and in the presence of the different vehicles used to dissolve the
compounds. None of the vehicles had a detrimental effect on Neisseria viability. Next,
we performed growth curves in which the bacteria were exposed to the different Gquadruplex interactive compounds (Table 6.3) at various concentrations. Interestingly, we
observed that all but one, GSA-073R, of the G-quadruplexes interacting compounds
significantly reduced bacteria viability. Fig. 5.2 is a representative curve.

.
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% of Survival

100
80
GQC02

60

Quindoline-i
40
20
0
0

0.3125

0.625

1.25

2.5

5

uM/ml

Fig. 5.2. Dosis-response curve of Ng FA1090 in the presence of different
concentrations of GQC-02 and Quindoline-i measure as % of survival. GQC-02 or
Quindoline was added to log-phase cultures and incubated for 6 h. Bacteria were plated
on GCB agar for CFU counts. % Survival reflects the number of bacteria/ml relative to
the values obtained from the control.

Next, we determine the minimal inhibitory concentration (MIC) for each strain in the
presence of the different compounds (see Material and Methods). Althought, most of the
compounds had a MIC50 below the inhibitory concentration 50 (IC50) for human cells
(data not shown), only Quindoline-i killed Neisseria at low cocentrations (Table 5.4).
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TMPyP4 and GSA-073R did not kill Neisseria after 6 h of incubation. It required a
higher concentration of GQC01 and GQC02 to kill Neisseria. In addition the MIC in
most of the cases was similar to the MBC. We also determined the effect of the
compounds on two commensal Neisseria strains: N. lactamica and N. elongata.
Interestingly, these commensal strains had MIC 10 times higher than that of the
pathogenic strains in the presence of Quindoline-i. These results demonstrate the
potential for the use of G-quadruplex interactive compounds as antimicrobials against
pathogens strains that may leave normal flora unharmed.

Table 5.4. MIC and MBC (ug/ml) for G-quadruplex interactive compounds against
Neisseria spp
Strain
Quindoline-i GSA-073R
GQC02
GQC01
TMPyP4
MIC

MBC

MIC

MBC

MIC

MBC

MIC

MBC

MIC

MBC

Ng FA1090

0.33

0.33

R

ND

17.84

22.3

24.65 24.65

R

ND

Ng MS11

0.33

3.32

R

ND

44.6

44.6

R

ND

R

ND

Nm 8013.6

8.1

8.1

R

ND

44.6

44.6

49.3

49.3

R

ND

Nl

33.2

33.2

R

ND

44.6

44.6

R

ND

R

ND

Ne

33.2

33.2

ND

ND

44.6

44.6

R

ND

ND

ND

R resistant; ND not done
Ng, N. gonorrhoeae; Nm, N. meningitidis; Nl, N. lactamica; Ne, N. elongata.

5.3.4 Effect of G-quadruplex interactive compounds on bacterial adherence and
intracellular growth.
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One of the main features of Ng is its ability to adhere to and invade human cells lines.
This ability helps Neisseria persist within their human host. We determined the influence
of two G-quadruplex interactive compounds on Ng FA1090 adherence and invasion. The
results shown in Table 5.5 represent preliminary data of two independent experiments.
GQC-01 and GQC-02 significantly impaired adherence and invasion. In the future, we
will analyze the effect of more G-quadruplex interactive compounds upon Neisseria
adherence and invasion. In addition, we will extend this analysis to include more strains.

Table 5.5. Effect of G-quadruplex interacting compounds on N. gonorrhoeae FA1090
adherence and invasion
Conditions
Adherence (%)
Invasion (%)
Vehicle

100

100

No compound

100

100

GQC01

0.09

0.05

GQC02

0.21

0.05

Compound concentration used: GQC01 24.65 ug/ml and GQC02 22.3 ug/ml.

5.3.5 Suceptibility of E. faecalis to G-quadruplex Interactive Compounds

We next determined the presence of G-quadruplex motifs in the E. faecalis V583
genome. Both quadparser and the custom algorithm did not find G-quadruplex motifs.
We additionally searched the Proquad database for possible G-quadruplex in E. faecalis
V583. The search was done using the expression 5’G(2-5)4N(1-7)33’. According to
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Proquad, E. faecalis V583 contains a total of 501 potential G-quadruplex sequences, 39
of them being located in putatve regulatory regions.

Finally, we tested the effect of G-quadruplex interactive compounds on the growth of 3
strains of E. faecalis in the presence of the G-quadruplex interactive compounds and
determine the minimal inhibitory concentration (MIC). The results in Table 5.6 show that
high concentrations of 4 of the 5 compounds were requiered to kill E. faecalis. However,
all the strains tested were sensitive to lower concentrations of Quindoline-i.

Table. 5.6. MIC and MBC (ug/ml) for G-quadruplex interactive compounds against
MRSA and VRE.
Strain
Quindoline-i
GSA073R
GQC02
GQC01
TMPyP4
MIC
Ef 292121

MBC

16.62 33.24

MIC

MBC

MIC

MBC

MIC

MBC

MIC

MBC

R

ND

R

ND

R

ND

R

ND

Ef 512992

8.31

8.31

R

ND

R

ND

R

ND

R

ND

Ef 19433

8.31

16.62

R

ND

R

ND

R

ND

R

ND

Ef, Enterococcus faecalis,
R resistant; ND not done
1
Vancomycin sensitive; 2vancomycin resistant
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5.4. Discussion

Gonorrhea is the second most commonly reported infectious disease in the US (2). Ng is
the etiologic agent of gonorrhea. To control the infections caused by this bacteria is a
great challenge. It is alarming that only third generation cephalosporins are the
recommended treatment for gonorrhea (5). Neisseria is one of many bacteria that can
naturally aquire foreing DNA by natural transformation (100). This ability, and the
presence of efflux pumps, makes Neisseria a bacterium that can resist a number of
antimicrobials. Due to the need for new antimicrobials we started to look for new targets
for drug development. G-quadruplexes are especial structures in DNA formed by G
repeat motifs (87, 152, 274). These are thought to be involved in regulation of
transcription and translation (42, 57, 116, 152, 241, 271). G-quadruplexes are found in
promoter regions of oncogenes and telomeres. Many drugs have been used to study Gquadruplex and it has been shown that by the use of these drugs cancer cells undergo
apoptosis without harming healthy cells (92).

Little information is available in the literature about G-quadruplexes in bacteria.
Numerous bacterial genomes contain G repeat motifs that can potentially form Gquadruplex (324). We searched for G-quadruplexes in the genome of different Neisseria
and found that all the genomes contain G repeats that could potentially form Gquadruplexes. Previous studies have shown that G-quadruplexes are preferentially located
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in promoter regions in different organisms (109, 118, 239). Our results are in agreement
with those studies that predicted that the majority of the G-quadruplex motifs are located
in putative regulatory regions. However, it remains uncertain if bacterial G-quadruplex
motifs are involved in gene regulation. In the future, we plan to study Neisseria global
gene regulation in the presence of the G-quadruplex interactive compounds by
microarray assays. In additon, we analyzed the genome of a vancomycin resistant E.
faecalis and found that the genome does not contain the canonical G-quadruplex motifs
5’G(3-5)4N(1-7)33’. Instead we found several motifs with the expression 5’G(2-5)4N(17)33’. It has been previosly proposed that repeats of (GGA)4 can also form Gquadruplexes with a special structure formed by tetrad:heptad:heptad:tetrad (219). Thus,
the sequences identified may potentially be formed by GGA repeats. We need to further
analyze the G repeats found in E. faecalis to determine first what repeats are in higher
number, and then determine the type of structure that the G-repeats form. It is important
to note that G-quadruplexes can also be formed by the interaction of G-motifs from two
different strands (273), and the algoritms we used only identify G-motifs found on the
same strand (118). Thus, with the in silico analysis we are not identifying all the possible
G-quadruplexes that can be present in the genomes.

We investigated Neisseria spp viability in the presence of different G-quadruplex
interactive compounds. The results indicate that not all compounds presented bactericidal
activity, however only low concentration of Quindoline-i was required to kill pathogenic
Neisseria. This drug binds with high affinity to G-quadruplexes (L. Hurley personal
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comunication). It is interesting to note that commensal Neisseria, with fewer Gquadruplex motifs required higher concentrations of compound for killing, and this
correlates with the low number of G-quadruplex found in N. lactamica (Table 5.3). Once
more genomes of commensal Neisseria are available they will be analyzed to determine
the presence of G-quadruplex, in addition we will determine the MIC and MBC in more
commensals strains. The mechanism through which Quindoline-i exerted the bactericidal
effect on Neisseria remains to be elucidated.

TMPyP4 is a porphyrin based compound that stabilizes G-quadruplex structures (105,
119). Borzaj et. al., previously reported that porphyrin-based compounds present
bactericidal activity against Ng (23). However the underlying mechanism of action
remains unknown. It is temping to speculate that this mechanism involves the
stabilization of G-quadruplexes with impairment in replication, transcription or
translation. Much work needs to be conducted before we can establish a definite
mechanism for the microbicidal effect of G-quadruplex against Neisseria.

In order to determine if the bactericidal effect of G-quadruplex interactive compounds
against Neisseria is broad spectrum, we tested the survival of a vancomycin resistant and
vancomycin sensitive E. faecalis in the presence of the compounds. Although, a high
dose of the compound was required to kill E. faecalis it was very interesting to observe
Quindoline-i, the drug that has higher affinity for G-quadruplex, required low
concentrations to impair bacterial growth. In addition, W. Shafer tested the survival of
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MRSA strains in the presence of GSA073-R, GQC02 and Quindoline-i, and found that
these compounds present bactericidal effects at 250 uM, 31 uM and 62 uM respective
(data not shown, personal communication). Thus we conclude that G-quadruplex
interactive compounds have potential to be developed as broad-spectrum antimicrobials.
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