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Abstract

Knowledge about the carbohydrate binding specificity of pathogens can give an increased
understanding of their virulence strategies, and is also of importance for the development of
anti-adhesive therapies and vaccines. Enterotoxigenic Escherichia coli (ETEC) is a well-
known causative agent of diarrheal disease. The first step in the pathogenesis of ETEC
infections is adhesion of the bacterium to the small intestinal epithelium, mediated by
colonization factors (CFs). Two of the most common CFs are CFA/I and CS6. CFA/l is a
fimbriae with a major subunit, CfaB, and a minor subunit, CfaE. CS6 is non-fimbrial and
composed of two major subunits, CssA and CssB.

The potential carbohydrate recognition by CFA/I was investigated by binding CFA/I-
fimbriated bacteria and purified CFA/I fimbriae to variant glycosphingolipids on thin-layer
chromatograms. Both with CFA/I bacteria and purified fimbriae binding to a number of non-
acid glycosphingolipids was obtained. These compounds were also recognized by CFA/I in
the absence of CfaE, demonstrating that the glycosphingolipid-binding of CFA/I resides
within CfaB. Using CS6-expressing E. coli, and purified CS6 protein, a highly specific
binding to sulfatide (SO;-3Galf1Cer) was obtained. The binding of the CS6 protein and CS6-
bacteria to sulfatide was inhibited by dextran sulfate, but not by dextran, heparin, galactose 4-
sulfate or galactose 6-sulfate, suggesting that sulfate in position 3 is of importance for binding
of CS6. When using recombinantly expressed and purified CssA and CssB, sulfatide binding
was obtained with CssB, demonstrating that this subunit carries the glycolipid binding
capacity. CS6-binding sulfatide is present in the small intestine of species susceptible to CS6-
mediated infection, as humans and rabbits, but lacking in species not affected by CS6 ETEC,
as mice. The ability of CS6-expressing ETEC to adhere to sulfatide in target small intestinal
epithelium may thus contribute to virulence.

The heat-labile enterotoxin of ETEC is an ABs toxin, with a pentamer of receptor-binding B-
subunits. B-subunits from porcine and human isolates of ETEC (pLTB and hLTB,
respectively) and the B-subunit of cholera toxin (CTB) are highly similar, and all of them
bind to the GM1 ganglioside. pLTB also binds neolacto sequences and hLTB blood group A
type 2 sequences. A B-subunit (CFXB), with 73% sequence identity to CTB, is found in
Citrobacter freundii and some ETEC strains. Binding studies showed that CFXB binds with
high affinity to GM1, and to both neolacto and blood group A sequences. The blood group
antigen A binding site of hLTB has been proposed to be involved in binding of hLTB to
lipopolysaccharides (LPS). Our study aimed at defining the relationship between the blood
group A/B binding site and the LPS binding site. However, no binding of the B-subunits to E.
coli LPS was obtained, and incubation with LPS did not affect the binding of hLTB to blood
group A-determinants, indicating that the blood group A binding site is not involved in LPS
binding. Incubation with blood group A saccharide inhibited the binding of hLTB to GM1,
and vice versa, suggesting that a concurrent occupancy of the two binding sites does not
occur.

Key words: Carbohydrate recognition/ETEC colonization factors/CFA/I fimbriae/CS6
protein/heat-labile enterotoxin



Popularvetenskaplig sammanfattning

Enterotoxigen Escherichia coli (ETEC) ar en bakterie som varje ar orsakar ca 650 miljoner
fall av magsjuka varav 800 000 med dodligt utfall, framst hos barn upp till fem ars élder.
ETEC ér vanligast forekommande i utvecklingslédnder och dr ocksa orsaken till turistdiarré.

For att kunna orsaka sjukdom maste ETEC fa féste i tarmen. Detta gor bakterien med hjilp av
kolonisationsfaktorer som kinner igen och greppar tag om sirskilda kolhydratstrukturer som
finns pa tarmcellerna. Olika ETEC-bakterier kan ha olika kolonisationsfaktorer och det finns

mer &n tjugo olika varianter av dessa faktorer. Tva av de vanligaste kolonisationsfaktorerna ar
CFA/T och CSe.

CFA/I fungerar som en arm som sticker ut fran bakterien, en fimbrie. Den ar uppbyggd av tva
olika byggstenar, CfaB och CfaE. Vi har kartlagt vilka kolhydratstrukturer som CFA/I kénner
igen och dven visat att det dr via CfaB som igenkénningen sker.

CS6 ér inte en fimbrie. Dock kan dven den kénna igen och haka fast vid sdrskilda
kolhydratstrukturer pd tarmcellerna. CS6 ar ocksa uppbyggd av tva olika enheter, CssA och
CssB. Vad giller CS6 har vi kunnat visa att det &r CssB som kdnner igen och binder till vissa
kolhydratstrukturer pa tarmcellerna.

Nér ETEC-bakterierna vél sitter fast pd tarmcellerna kan de borja kolonisera tarmen. Darefter
utsondrar de ett gift, ett toxin, som skickas in i tarmcellerna och gor att tarmcellerna minskar
upptaget av vitska fran tarmen och dessutom utsondrar ytterligare vitska till tarmen.
Resultatet blir att man far diarré. ETEC kan producera tvd olika toxiner, virmelabilt toxin
(LT) och virmestabilt toxin (ST). Vi har studerat LT som ar mycket likt koleratoxinet (CT).
Béda dessa toxiner binder till kolhydratstrukturer pa tarmcellerna. Vi har jimfort
kolhydratbindningen for det traditionella vdarmelabila toxinet och ett nyupptéckt toxinliknande
protein som finns hos bakterien Citrobacter freundii, och dven hos en del ETEC-stammar.

I nuldget finns inget vaccin mot ETEC-infektion. Vaccinet Dukoral mot kolera skyddar &dven
delvis mot ETEC-infektion, men bara delvis. Tidigare studier har visat att ETEC-bakterier
utan kolonisationsfaktorer inte kan orsaka sjukdom. Véra studier av olika kolonisations-
faktorer och LT ér ett steg i utvecklingen av ett vaccin som ska hindra kolonisationsfaktorerna
frén att {4 faste, gora toxinet overksamt och ddrmed oskadliggora bakterien.
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BSA
Cer
CF
CFA/T
CFXA
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CT
CTB
ETEC
Fuc
Gal
GalNAc
Glc
GlcNAc
hLTB
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NeuAc
NeuGce
pLTB
ST
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bovine serum albumin

ceramide

colonization factor

colonization factor antigen [
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B-subunit from Citrobacter freundii
coli surface antigen 6

cholera toxin

cholera toxin B-subunit
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N-acetylglucosamine

B-subunits of heat-labile enterotoxin from ETEC pathogenic to humans

lipopolysaccharides
heat-labile enterotoxin from ETEC
N-acetyl neuraminic acid

N-glycolyl neuraminic acid

B-subunits of heat-labile enterotoxin from ETEC pathogenic to pigs

heat-stable enterotoxin from ETEC

thin-layer chromatography



Background

Introduction

Enterotoxigenic Escherichia coli (ETEC) is a major cause of diarrheal disease. Two major
virulence factors of ETEC are the colonization factors and the enterotoxins. The colonization
factors are proteins, mediating the initial attachment of the bacteria to the epithelial cells of
the small intestine of the host by binding to carbohydrate structures on the cell membrane.
The enterotoxins produced by the bacterium are responsible for most of the diarrheal
symptoms, and the primary receptor for one of these toxins, the heat-labile enterotoxin is the
GM1 ganglioside, i.e. a glycosphingolipid. Thus, protein-carbohydrate interactions are
involved in at least two steps in the pathogenesis of diarrheal disease by ETEC and
charcterization of the recognition mechanisms between proteins and carbohydrates are of
importance for the understanding of pathogenic mechanisms of ETEC-induced diarrheal

disease.

Microbial adhesion
Adhesion of microbes to the target tissue is an important determinant for successful initiation,

establishment and maintenance of infection. The majority of known attachment sites for
bacteria, viruses and bacterial toxins on host cells are glycoconjugates. Glycoconjugates
exhibit a characteristic and specific pattern of expression, which is dependent on the animal
species, individual and cell type, thus explaining the phenomenon of tropism of infection. A
large number of glycoconjugate receptors for microbes are known (Karlsson 1989; Ofek and
Doyle 1994; Varki et al. 1999), although a detailed characterization including recognized
epitopes in most cases is lacking. One of the best characterized examples of bacterial
carbohydrate recognition is the binding of P-fimbriated uropathogenic E. coli to Gala4Gal-
containing glycosphingolipid receptors, where evidence from a monkey model of urinary tract
infection show that the expression of the Gala4Gal-binding PapG adhesin is essential for the

ability of the bacteria to cause pyelonephritis (Roberts et al. 1994).



At a structural level, noteworthy results are the first X-ray structures of some E. coli fimbrial
adhesins; the mannose-binding FimH adhesin, the Gala4Gal-binding PapG adhesin and the
GlcNAc-binding F17-G adhesin (Choudhury et al. 1999; Dodson et al. 2001; Buts et al.
2003). Interestingly, these proteins all have an immunoglobulin-like (Ig-like) fold, although
they have little to no sequence identity. Crystal complexes are also known for bacterial toxins
and receptor saccharides, including cholera toxin B subunits and GM1 pentasaccharide

(Merritt et al. 1994), and the heat-labile enterotoxin of E. coli and lactose (Sixma et al. 1991).

Carbohydrates

Carbohydrates are one of the most abundant types of molecules on earth, and have a variety
of different functions as e.g. energy storages and structural building blocks. Other important
roles of carbohydrates on the mammalian cell surface are as recognition molecules, involved

in cell signaling and microbial adhesion (Varki and Sharon 2008).

Carbohydrates are either monosaccharides (e.g. glucose), disaccharides (e.g. lactose) or poly-
/oligosaccharides. Due to variations of the constituent monosaccharides, carbohydrate
sequence, binding position, glycosidic configuration, ring size and branching the diversity of

the oligosaccharides is almost infinite.

The most common monosaccharides found in mammalian glycoproteins and glycolipids are
mannose (Man), galactose (Gal), glucose (Glc), fucose (Fuc), N-acetylgalactosamine
(GalNAc) and N-acetylglucosamine (GIcNAc), N-acetyl-neuraminic acid (NeuAc), and N-
glycolylneuraminic acid (NeuGc). The monosaccharides are either aldoses or ketoses. In
vertebrates most monosaccharides have D configuration. One exception is fucose, which has

L configuration (Bertozzi and Rabuka 2008).

Glycoconjugates on the mammalian cell surface

Three major types of membrane-linked carbohydrates can be found on the surface of animal
cells. These are proteoglycans, glycoproteins and glycolipids (Varki and Sharon 2008). The
proteoglycans are macromolecules with a central core protein, to which a number of
glycosaminoglycan chains are attached by xylosyl-serine linkages. Although proteoglycans

are mainly found in the extracellular matrices of connective tissues, they may also be



membrane-inserted. The presence of e.g. heparan sulfate, anchored in the plasma membrane
by a hydrophobic region in the protein core, has been demonstrated in a variety of mammalian
cells (Hook et al. 1984). The protein part of the glycoproteins is also integrated in or through
the lipid bilayer. In addition, glycoproteins may be anchored to the membrane via
phosphatidylinositol-containing glycolipids. The glycosylation of glycoproteins mainly occurs
at asparagine residues by linking of N-acetylglucosamine to the amino group (N-linked), or at
serine or threonine by linking of N-acetylgalactosamine to the oxygen atom of the hydroxyl
group of these residues (O-linked). The carbohydrates of the glycolipids are found linked to
glycerolipid or sphingolipid, with the lipid part inserted in the outer leaflet of the plasma

membrane.

The main oligosaccharide chains of proteoglycans, consisting of linear repeating disaccharide
units, which are highly substituted with carboxyl and/or sulfate ester groups, differ
significantly from the carbohydrates of glycoproteins and glycolipids. In contrast similarities
between the oligosaccharide chains, in particular the terminal sequences, of glycoproteins and
glycosphingolipids are common (Finne et al. 1989). However, there are also important
differences. Mannose, which is a common constituent of N-linked oligosaccharide chains of
glycoproteins, has not as yet been described in glycosphingolipids of higher animals. On the
other hand, there are carbohydrate sequences that so far only have been identified in
glycosphingolipids, as e.g. the lactose sequence (Galf4Glcp) and the Galad4Gal sequence
(Yang et al. 1994).

Glycosphingolipids

Glycosphingolipids are present on all mammalian cell plasma membranes. They are
amphipatic molecules, which have one hydrophobic part and one polar part. The hydrophobic
part is the ceramide, built up of a long-chain base (sphingosine, sphinganine or
phytosphingosine) and an amide linked fatty acid (Chester 1999; Schnaar et al. 2008).
Variations of the number of carbon atoms, double bonds, methyl branches and hydroxyl
groups in the fatty acid and the long-chain base result in a large number of molecular species.
Sphingosine is named after the Egyptian Sphinx, since the structure was a bit of a mystery
when first isolated (Thudichum 1884). The polar part of the glycosphingolipids is formed by
one or more monosaccharides. In most cases the carbohydrate moiety contains one to ten

monosaccharide units, but glycosphingolipids with more than forty saccharide residues
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(polyglycosylceramides) have also been described (Karlsson et al. 1999). More than 500
different glycosphingolipids have been found so far (LipidBank 2007).

In 1884 the German biochemist J. L. W. Thudichum described the first glycosphingolipid,
galactosylceramide (Galf1Cer) (Thudichum 1884). It is one of the simplest

glycosphingolipids, consisting of the ceramide and only one monosaccharide, galactose.

The most common core structures of mammalian glycosphingolipids are lacto-, neolacto-,
ganglio-, globo- and isoglobo-series (Table 1). In humans glycosphingolipids the lacto-series
are found in e.g. the gastrointestinal tract, neolacto-series in hematopoietic cells, ganglio-

series in the brain and globo-series in erythrocytes (Schnaar et al. 2008).

Table 1. Tetraglycosylceramides based on the different core structures. The carbohydrate sequences defining the
different core structures are in bold.

Series Structure

Lacto GalB3GIcNAcp3Galp4Glcp1Cer
Neolacto GalpB4GIcNAcp3Galp4Glcp1Cer
Ganglio Galp3GalNAcB4Galp4Glcp1Cer
Globo GalNAcp3Gala4Galp4Glcp1Cer
Isoglobo GalNAcp3Gala3Galp4Glcp1Cer

The expression of glycosphingolipids varies both quantitatively and qualitatively between
different species, individuals of the same species, organs, and cells. The composition of the
glycosphingolipids of a certain cell is dependent on the glycosyltransferases expressed by the
cell in question. The ceramides are produced at the cytosolic face of the endoplasmic
reticulum, and after transfer to the luminal side, transported to the lumen of the early Golgi
apparatus (Snook et al. 2006; Schnaar et al. 2008). There, a stepwise glycosylation of the

ceramide is catalyzed by a number of glycosyltransferases (Schnaar et al. 2008).

Sulfatide is a simple glycosphingolipid (Figure 1), which in mammalians is expressed in large

quantities in the myelin-producing oligodentrocytes of the central nervous system, and in the
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epithelial cells of the gastrointestinal tract. The creation of sulfatide starts with synthesis of
galactosylceramide (Galfl1Cer) on the lumenal face of the endoplasmic reticulum.
Galactosylceramide is sulfated in position 3 by 3’phosphoadenosine-5’-phosphosulfate:
cerebroside sulfotransferase, giving SOs3-3Galf1Cer, during the passage through the Golgi
(Eckhardt 2008).

Sulfatide GM1 ganglioside

Figure 1. Molecular structures of sulfatide (SO5-3Galp1Cer) (A) and GM1 ganglioside
(Galp3GaIlNAcp4(NeuAca3)Galp4Glep1Cer) (B).

Gangliosides have one or more sialic acids. The complex gangliosides are built mainly on a
ganglio- or neolacto core structures (Proia 2003). The GMI1 ganglioside
(Galp3GalNAcB4(NeuAca3)Galp4Glcp1Cer) (Figure 1) is of great biological importance
since it is the primary receptor for cholera toxin from V. cholerae (Holmgren and
Svennerholm 1977; Fishman 1982) and heat-labile enterotoxin from enterotoxigenic E. coli

(Fishman 1982; Lencer and Tsai 2003).
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Protein-carbohydrate interactions

Investigations of protein-carbohydrate interactions at the molecular level may be done by x-
ray crystallography and nuclear magnetic resonance (NMR). By comparison of crystal
structures of a large set of protein-carbohydrate complexes, some general principals that
underlie specific carbohydrate binding by proteins have emerged (reviewed in (Weis and
Drickamer 1996; Cummings and Esko 2008). Thus, the selective binding is obtained by a
combination of hydrogen bonding to the hydroxyl groups of the carbohydrate, and van der
Waals interactions, often due to stacking of hydrophobic surfaces of the carbohydrates on
aromatic side chains of amino acids. Indirect interactions, as water-mediated interactions

between the protein and the carbohydrate ligand, also contribute to ligand binding.

Escherichia coli

E. coli is a gram-negative bacterium belonging to enterobacteriaceae. This bacterium was
discovered by the German-Austrian bacteriologist Theodor Escherich in 1885 and named
after him. Most E. coli strains are harmless and some strains live in the intestines and are part
of the normal flora. Some of their tasks are to produce vitamin K and to stop pathogenic E.
coli from colonizing the intestines. However, certain strains of E. coli may cause diseases, as
e.g. sepsis/meningitis, urinary tract infections and enteric diseases (Nataro and Kaper 1998).
The different forms of E. coli, which cause enteric diseases are enterotoxigenic E. coli
(ETEC), enterohaemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC),
enteroaggregative E. coli (EAEC) and enteroinvasive E. coli (EIEC) (Nataro and Kaper 1998;
WHO 2009).

Enterotoxigenic E. coli

Enterotoxigenic E. coli (ETEC) is one of the major causes of diarrheal diseases. There are
approximately 650 million cases annually, and 800 000 deaths due to ETEC infections each
year (Gaastra and Svennerholm 1996). ETEC infections are most common in developing
countries and are lethal mostly for children under the age of five. ETEC is also responsible for

traveler’s diarrhea.
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Virulence factors of ETEC

The host has a defense system to protect itself against infections. The defense against
diarrheal diseases compiles e.g. peristalics, normal flora, acid, mucus, bile salts and secretory
IgA (Gaastra and Svennerholm 1996). In order to cause infection ETEC need to adhere
strongly, and with high specificity, to the target cells of the host, otherwise there is evident
risk that it is put out of action by the host’s defense mechanisms. Hence, ETEC have a large
number of virulence factors. The major groups of virulence factors of ETEC are colonization

factors and enterotoxins.

|. Colonization factors
The colonization factors mediate adherence of the bacteria to the host small intestinal

epithelium. About twenty different colonization factors have been described so far (Gaastra
and Svennerholm 1996; Qadri et al. 2005). These colonization factors are divided into
different groups according to their structure (Table 2). The CFA/I-like group, the CS5 group,
type-IV-like group and a few do no have enough similarity to other CFs and therefore not
belonging to any group. The CFA/I-like group compiles CFA/I, CS1, CS2, CS4, CS14, CS17,
CS19 and PCFO71 (Gaastra and Svennerholm 1996; Nataro and Kaper 1998; Qadri et al.

2005). CS6 is an individual colonization factor.

Table 2. ETEC colonization factors in their groups. The last column contains CFs which do not belong to any

group.
CFA/I-LIKE CS5 TYPE-IV-LIKE | DISTINCT
CFAI/ CS5 CS8 (CFA/II) | CS3
CS1 CS7 CS15 CS6
CS2 CS13 CS21 CS10
CS4 CS18 CS11
CS14 CS20 CS12
CS17
CS19
PCFO71

14



Almost one third of the ETEC strains express CFA/I (Wolf 1997). Of these strains two thirds
express the heat stable enterotoxin (LT), and one third both LT and the heat-stable enterotoxin
(ST).

The CFA/II group is defined by the expression of CS3 and/or CS1 or CS2 (Cassels and Wolf
1995; Wolf 1997; Torres et al. 2005), and is found on 23 % of the strains. CFA/II strains
usually express both ST and LT. 21 % of the strains belong to CFA/IV group, which means
that they express CS6 and/or CS4 or CS5 (Cassels and Wolf 1995; Wolf 1997; Torres et al.
2005). These strains usually express ST.

CFA/
Colonization factor antigen I (CFA/I) was the first described CF, and is also one of the most

common CFs in ETEC strains (Gaastra and Svennerholm 1996; Wolf 1997; Qadri et al.
2005). CFA/T belongs to a family of eight CFs (Table 2). These are divided into three
subgroups; CFA/I, CS4 and CS14, CS1, CS17, CS19 and PCFO71, and CS2. CFA/l is a
fimbriae made of a major subunit, CfaB, and a minor subunit, the tip protein CfaE. The
operon contains cfad, cfaB, cfaC and cfaE (Jordi et al. 1992). cfaAd encodes a chaperone-like
protein, and the cfaC gene product is a protein involved in transport of the fimbriae across the

outer membrane.

CS6
Coli surface antigen 6 (CS6) is also one of the most common CFs (Qadri et al. 2005). It is

non-fimbrial and the structure has not yet been defined. However, CS6 is made of two
different subunits, CssA and CssB. The operon contains cssA, cssB, c¢ssC and cssD (Wolf et
al. 1997). CssC is a chaperone and CssD is an usher that transports CssA and CssB across the

outer membrane.

Il. Enterotoxins
ETEC can produce at least two different enterotoxins, the heat-stable enterotoxin (ST) and/or

the heat-labile enterotoxin (LT). ST is a peptide of twenty amino acids and has no
resemblance to LT. There are two subtypes of the heat-stable toxin, designated STa and STb.
The receptor for STa, which is associated with diarrhea in humans and animals, is the

extracellular domain of a trans-membrane guanylate cyclase type C protein (Schulz et al.
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1990). Binding to the extracellular domain of this protein activates the intracellular activity

leading to raised levels of cGMP, which ultimately results in secretory diarrhea.

The heat-labile enterotoxin (LT) (Figure 2) and is related to cholera toxin (CT), and both
belong to the ABs toxins, which also include shiga toxin and pertussis toxin and the recently
characterized subtilase cytotoxin from E. coli (Fan et al. 2000; Paton et al. 2004; Wang et al.
2007). These toxins are formed of one A-subunit and five B-subunits. The B-subunits form a
pentamer, and binds to cell surface receptors. The actual pathogenic property resides within
the A-subunit, which, in the case of LT and CT, is a potent stimulator of adenylate cyclase
and cause the intestine to secrete watery fluid rich in sodium, bicarbonate and potassium, in

volumes far exceeding the intestinal absorptive capacity (reviewed in (Sack et al. 2004).

The molecular weight of LT is 86 kDa. The A subunit is 28 kDa and the five B subunits are
11,5 kDa each (Nataro and Kaper 1998).

,.—Q = i ™
A= R /2,
Achain | (A\NY M Y4

B-subunits

Figure 2. Crystal structure of enterotoxigenic Eschericha coli heat-labile enterotoxin (LT). Reprinted from
(Lencer and Tsai 2003), with permission from Elsevier.

The B-subunit of the heat-labile enterotoxin from Escherichia coli (LTB) and cholera toxin
B-subunit (CTB) has a sequence identity of 83 %. In both cases five B-subunits form a
pentamer which primary receptor is the ganglioside GM1. While CTB almost exclusively
recognizes this one receptor, LTB is more promiscuous than CTB, and in addition to GMI,

LTB from piglet pathogenic ETEC (pLTB) binds to glycolipids and glycoproteins with N-
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acetyllactosamine- (Galpf4GIcNAc-) terminated carbohydrate chains, such as neolacto-
tetraosylceramide (Galp4GIcNAcP3GalB4GlcpCer) (Orlandi et al. 1994; Teneberg et al.
1994; Angstrom et al. 1994), while LTB from human pathogenic ETEC (hLTB) recognize
glycoconjugates carrying blood group A and B type 2 epitopes (Angstrom et al. 2000;
Holmner et al. 2007). hLTB and pLTB only differ in four amino acids. These are the amino
acids in position 4, 13, 46 and 102. In these positions hLTB have a serine, histidine, alanine

and glutamate while pLTB have a threonine, arginine, glutamate and a lysine.

Therapeutic strategies

It is of great interest to develop a vaccine against ETEC infection since it is a major cause of
diarrheal disease worldwide. One of the problems is that there are a large number of ETEC
strains with different properties and virulence factors. However, one possible strategy is to
construct a vaccine based on the enterotoxins and the most common colonization factors or a
common denominator for them. Another possible strategy is anti-adhesive therapy (Pieters
2007). This can be done in different manners. The carbohydrate receptor on the host cell can
be blocked so that adhesion by the pathogen is inhibited or carbohydrate receptor analogs can
be constructed which bind to the adhesins of the pathogen and put it out of action.
Carbohydrates have already been tested in studies for prevention of several bacterial
infections in different animals, e.g. infections caused by E. coli F18 fimbriae in pigs (Nollet et
al. 1999) and E. coli P pili in mouse (Eden et al. 1982; Johnson and Berggren 1994). This

suggests that it could be a possible strategy also with ETEC infection in humans.

In 1991 a cholera vaccine, Dukoral, containing killed whole cell V. cholerae and recombinant
non-toxic cholera toxin B-subunits (rCTB) was approved in Sweden (Likemedelsverket
2007). The approval was foremost based on studies in Bangladesh (Clemens et al. 1986;
Clemens et al. 1988; van Loon et al. 1996; Ali et al. 2005) and Peru (Sanchez et al. 1994;
Taylor et al. 2000). Because of similarities between CT and LT from enterotoxigenic E. coli
the vaccine had some protection against ETEC infection as well (Clemens et al. 1988).
Therefore, in 1996 the indication for Dukoral was increased to include traveler’s diarrhea.
Later when Dukoral was approved in the European Union, the indication only comprised
cholera infection, due to that the documentation was not sufficient concerning Dukoral’s

protection against ETEC infection.
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Methodology

Isolation of glycosphingolipids

Glycosphingolipids are excellent tools for studies of carbohydrate interactions. This is due to
the fact that glycosphingolipids have one carbohydrate unit per ceramide. In contrast,
glycoproteins usually carry several different carbohydrate structures, and hence it is difficult
to determine which carbohydrate sequence is involved in the binding. However, a prerequisite
for using glycosphingolipids for studies of protein-carbohydrate interactions is the availability
of these compounds in pure form, and with well-defined structures. The method developed at
this department for isolation of total acid and non-acid glycosphingolipid fractions (Karlsson
1987) starts with extraction of lyophilized tissue with mixtures of chloroform and methanol in
a Soxhlet apparatus. The extract is subjected to mild alkaline hydrolysis, followed by dialysis
to remove alkali-labile phospholipids. Fatty acids, cholesterol and cholesterol esters are
removed by chromatography on a silicic acid column, and thereafter acid and non-acid
glycolipids are separated on a DEAE-cellulose column. The fraction containing the non-acid
glycolipids is acetylated, and separated on a second silicic acid column in order to remove
alkali-stable phospholipids (mainly sphingomyelin). After deacetylation and dialysis, final
purification is done on DEAE-cellulose and silicic acid columns. Isolation of individual
glycosphingolipids is done by chromatography on Iatrobeads silica gel columns, or by

preparative HPLC.

For structural characterization of the isolated compounds a variety of methods is utilized,
mainly mass spectrometry (Samuelsson et al. 1990), proton NMR spectroscopy (Koerner et
al. 1983), methylation analysis using gas chromatography-mass spectrometry (Levery and
Hakomori 1987; Hellerqvist 1990), stepwise exoglycosidase digestion and binding of specific

ligands on thin-layer chromatograms.

Expression and purification of B-subunits

A very efficient over-expression system allowing production of large amounts of B-subunits
in V. cholerae has been developed at the Department of Medical Microbiology and
Immunology, Goteborg (Sanchez and Holmgren 1989; Lebens et al. 1993). Thus,
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recombinant B-subunits were expressed in Vibrio cholerae strain JS1569 (Sanchez and
Holmgren 1989), carrying the relevant expression plasmids. The cultures were grown
overnight at 37°C in modified syncase medium (Lebens et al. 1993). The B-subunits were
secreted from the bacteria and accumulated in the growth medium. The bacteria were then
removed by centrifugation and filtration. The B-subunits were precipitated with
hexametaphosphate (Lebens et al. 1993). The precipitate was dissolved in 50 mM Tris, pH 8
and dialyzed against phosphate buffer. The B-subunits were further purified by ion exchange
chromatography (Lebens et al. 1996). The B-subunit from Citrobacter freundii (CFXB) was
purified using a hydroxyapatite column. The purity of the B-subunits was checked with SDS-
PAGE and the gels were stained with Coomassie Brilliant Blue R-250. During the production
and purification of different B-subunits their ability to bind to GM1 was tested in GM1-
ELISA.

Thin-layer chromatography

Thin-layer chromatography (TLC) is both a qualitative and quantitative separation method
that in a physical chemistry perspective is very similar to column liquid chromatography. A
thin layer of a stationary phase is coated on a glass, metal or plastic plate. The plate is put in a
tank with a mobile phase in the bottom. The mobile phase move up in the plate due to
capillary forces. Staining with orcinol (Klenk and Langerbeins 1941) or anisaldehyde (Waldi
1962) may be used for detection of glycosphingolipids, while the resorcinol reagent is used
for detection of gangliosides (Svennerholm 1963). TLC is very useful because it is a fast

method with high capacity and easy to perform.

Different compounds migrate with different velocity depending on their polarity and size. In
principal, a hydrophobic compound migrates faster than a polar compound. The polar
compound interacts with the stationary phase and is slowed down. The separation of
glycosphingolipids depends both on the carbohydrate sequence (with a large number of
possible isomers), and is influenced by heterogeneities in the ceramide moiety. Thus, a
seemingly pure spot on the chromatogram may still contain several glycosphingolipids with

different structures.
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TLC binding assay

For binding assays (Magnani et al. 1980; Hansson et al. 1985) the TLC plates were prepared
as described above. Dried chromatograms were dipped polyisobutyl-methacrylate suspension
for 1 min, and dried. In theory, the coating of polyisobutylmethacrylate is supposed to mimic
a cell membrane, where the hydrophobic part of the glycosphingolipid is hidden and the
glycan faces the outside. However, there are also practical reasons for this plastic treatment: if
it is not done the silica gel will fall off during the ensuing incubations. The chromatogram
was then blocked with phosphate-buffered saline, pH 7.2, containing bovine serum albumin to
prevent unspecific binding. Thereafter, the plates were incubated with '*’I-labeled proteins or

3°S-labeled bacteria, and finally the plates were washed and subjected to autoradiography.

Inhibition assay

Inhibition assays were performed by preincubation of 100 ul of radiolabeled toxin or CF with
100 ul of the sugar suspension of interest, for two hours. The concentration of sugar was
usually 1 mg/ml. Thereafter the suspension was diluted 50 times and used in TLC overlay
assay, or microtiter well binding assay. The same method was used for inhibition experiments
with bacteria. The bacteria were washed and spinned down and dissolved in a small volume

of PBS and then incubated with the sugar of interest.

Microtiter well binding assay

For binding of radiolabeled B-subunits and CS6 to glycosphingolipids in microtiter wells
serial dilutions (each dilution in triplicate) of pure glycosphingolipids in methanol were
initially applied to the wells. When the solvent had evaporated, the wells were blocked and
thereafter, incubated with '*’I-labeled proteins. After washing, the radioactivity was counted

in a gamma counter.

Culture and labeling of bacteria

The recombinant colonization factor antigens were expressed in the E. coli strain TOP10
(Tobias et al. 2008). The different TOP10 strains were grown in CFA broth with ampicillin
added, and shaken over night. The bacteria were metabolically labeled using *S-methionine.

100 ul of bacterial suspension and 10 ul *>S-methionine was added to 10 ml CFA broth and
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grown at 37 °C for two hours with shaking. To induce expression of the recombinant proteins,

isopropyl-p-D-thiogalactopyranoside (IPTG) to a final concentration of ImM was added, and

the bacteria were incubated at 37 °C over night with shaking.

Radiolabeling

Proteins were labeled with '*I by using Na-'*T according to the IODO-GEN protocol of the
manufacturer (Pierce, Rockford, IL). Thereby the '*°I gets incorporated into the tyrosine side
chains of the protein. By passing the material through a gel filtration column the radiolabeled

protein is separated from unbound iodine and collected.
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Aims

- Investigate the potential carbohydrate recognition of ETEC colonization factors.

- Determine the relationship between the blood group A/B antigen binding and
lipopolysaccharide binding of the E. coli heat-labile enterotoxin.

- Determine the carbohydrate binding specificity of the cholera toxin-like B-subunit

CFXB from Citrobacter freundii.
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Results and Discussion

Paper |

CFA/I is a fimbriae formed by repetitions of a major subunit, CfaB, which form a rod, and a
minor subunit, CfaE, also called the tip subunit. In this study, the potential carbohydrate
recognition of CFA/I was first investigated by binding CFA/I-fimbriated bacteria and purified
CFA/I fimbriae to mixtures of glycosphingolipids using the thin-layer chromatogram binding
assay. This showed that CFA/I seemed to have affinity for non-acid glycosphingolipids in a
manner reminiscent of lactosylceramide-binding bacteria (Karlsson 1989). However, CFA/I
also bound to additional glycosphingolipids not recognized by lactosylceramide-binding
bacteria. No binding was seen to acid glycosphingolipid fractions, which suggest that no
binding to sialic acid-containing glycosphingolipids occurs. To further define the binding
properties of the CFA/I fimbriae, a large number of pure glycosphingolipids at defined
concentrations were tested in the binding assay. The binding patterns of CFA/I-fimbriated
bacteria (Fig. 3D) and purified CFA/I fimbriae (Fig. 3B) were identical, i.e. both ligands
bound to lactosylceramide with hydroxy long chain base and/or fatty acids,
isoglobotriaosylceramide, gangliotriaosylceramide, gangliotetraosylceramide, neolactotetra-
osylceramide, the Le" pentaglycosylceramide, the Le* pentaglycosylceramide, the Le”
hexaglycosylceramide and the HS5 type 2 pentaglycosylceramide (see Appendix [ for
glycosphingolipid structures).
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Figure 3. Binding of CFA/I fimbriae, CFA/I/E- fimbriae, and recombinant bacterial cells expressing CFA/I
fimbriae and CFA/I/E- fimbriae to pure glycosphingolipids on thin-layer chromatograms. Chemical detection by
anisaldehyde (A), and autoradiograms obtained by binding of CFA/I fimbriae (B), CFA/I/E- fimbriae (C),
CFA/l-expressing E. coli (D) and E. coli with CFA/I/E- fimbriae (E). The lanes were: Lane 1,
galactosylceramide (GalB1Cer), 2 ug; Lane 2, glucosylceramide (Glcf1Cer), 2 ug; Lane 3, lactosylceramide
(Galp4Glcp1Cer) with d18:1-16:0-24:0, 2 ug; Lane 4, lactosylceramide (GalB4Glcp1Cer) with t18:0-h16:0-
h24:0, 2 ug; Lane 5, isoglobotriaosylceramide (Gala3Galp4Glcf1Cer), 2 ug; Lane 6, neolactotetraosylceramide
(Galp4GlcNAcB3Galp4Glcp1Cer), 2 ug; Lane 7, Le” pentaglycosylceramide (GalB3(Fucad)GlcNAcB3GalB4
Glcp1Cer), 2 ug; Lane 8, globotetraosylceramide (GalNAcB3Gala4GalpB4Glcp1Cer), 2 ug.

The next step was to investigate if both the major subunit and the minor subunit of the CFA/I
fimbriae were essential for binding, or if the binding resided within just one of the subunits.
Hence, a CfaE deletion mutant was constructed, and the glycosphingolipid recognition by
both CFA/I/E- fimbriated E. coli (Fig. 3D) and purified CFA/I/E- fimbriae (Fig. 3C) was
studied. These experiments showed that the CfaE deletion mutant had identical binding
patterns to the native CFA/I fimbriae. Thus CfaB is the glycosphingolipid binding protein,

while the minor subunit CfaE is not involved in CFA/I glycosphingolipid recognition.

It has previously been reported that CFA/I can cause hemagglutination (Cravioto et al. 1982)
and that it is due to the CfaE tip protein (Sakellaris et al. 1999). A point mutation (R181A) in

CfaE resulted in the loss of hemagglutination and adherence to CaCo-2 cells and biopsies
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from human small intestine (Sakellaris et al. 1999; Li et al. 2007; Baker et al. 2009). So even
if CfaE is not involved in recognition of the CFA/I binding glycosphingolipids defined in this
study, it might have other important adherence properties. Still, the cellular receptor for CfaE

is not yet defined.

In order to evaluate the importance of the glycosphingolipid recognition by CFA/I we
compared CFA/I to other CFs, i.e. CS1, CS4 and CS7. CS1 and CS4 belong to the same
family as CFA/I, the CFA/I group. CS4 and CFA/I also belong to the same subgroup in the
family, while CS1 belongs to another subgroup. CS7 belongs to the CS5 group. The major
subunit of CS4, CsaB, and CfaB have a sequence identity of 67 %. For the major subunit of
CS1, CooA, and CfaB the sequence identity is 54 %. The binding patterns of these CFs were
compared in a binding assay with glucosylceramide, lactosylceramide, isoglobotriaosyl-
ceramide, gangliotetraosylceramide, neolactotetraosylceramide and Le* pentaglycosyl-
ceramide. All these CFA/I-binding glycosphingolipids were also recognized by CS1 and CS4.
CS7 on the other hand, which major subunit, CsvA, has a sequence identity of 19 % with
CfaB, showed weak or no binding to these glycosphingolipids.

The binding of CFA/I to lactosylceramide, Le® pentaglycosylceramide, isoglobotriaosyl-
ceramide and neolactotetraosylceramide was inhibited by preincubation of CFA/I with Le®

pentasaccharide or lactose.

To assess the potential role of glycosphingolipid recognition by CFA/I in the target tissue
adherence, the binding of CFA/I fimbriae to non-acid glycosphingolipid fractions from human
small intestine was studied. Binding of CFA/I to a compound co-migrating with Le®
pentaglycosylceramide was thereby obtained. Also monoclonal antibodies directed against
Le" determinant bound in this region. In the epithelium of human small intestine
monohexosylceramides (galactosylceramide and glucosylceramide) and blood group ABH
(type 1 chain) and Lewis glycolipids with 5-7 sugar residues are the major compounds (Bjork
et al. 1987). There are also trace amounts of type 2 carbohydrate chain glycosphingolipids,
like Le*- and Le’-terminated compounds. The expression of the major blood group
glycosphingolipids in the intestine is in agreement with the ABO, Lewis, and secretor
phenotype of the individuals. Several of the CFA/I-binding compounds, like
glucosylceramide, Le’-, Le*- and Le’-terminated glycosphingolipids may thus function as

targets for CFA/I-mediated adherence.
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In a recent follow-up study the Lewis antigen expression was determined in 179 Bangladeshi
children from a prospective birth cohort study in urban Dhaka, in which diarrhea caused by
ETEC expressing major CFs during the first two years of life was assessed (Ahmed et al. in
press). These studies showed that Le atb- children more often had symptomatic than
asymptomatic ETEC infections (P<0.001), whereas symptomatic and asymptomatic ETEC
infections were equally frequent in Le a-b+ children. Children with Le a+b- type also had
significantly higher incidence of diarrhea caused by ETEC expressing fimbriae of the CFA/I
group than Le a-b+ children (P<0.001). In contrast, no association between Lewis blood

group phenotype and diarrhea caused by ETEC expressing CS6, or by rotavirus, was found.

Paper Il

Coli surface antigen 6 (CS6) is a non-fimbrial colonization factor antigen from
enterotoxigenic E. coli. The structure of CS6 has not yet been defined. CS6 is formed by two
major subunits, CssA and CssB (Wolf et al. 1997). A previous study has shown that treatment
with meta-periodate abolished the binding of CS6 expressing E. coli to rabbit and human
intestine (Helander et al. 1997), which suggest that carbohydrates are involved in the binding

process.

To investigate the potential carbohydrate recognition of CS6 screening by binding of CS6-
expressing E. coli and purified CS6 to mixtures of glycosphingolipids was performed in the
same manner as with CFA/I. These assays showed binding to a fast-migrating compound in
some of the mixtures containing acid glycosphingolipids (Fig. 4B, lanes 2, 5 and 6). The acid
fractions comprise sialic acid-containing glycosphingolipids (gangliosides) and sulfated
glycosphingolipids. No binding to more slow-migrating compounds in the acid fractions or to
non-acid glycosphingolipids was obtained. Ensuing binding assays with pure
glycosphingolipids at defined concentrations showed binding to sulfatide. In addition, the
CS6 expressing E. coli and purified CS6 protein bound to sulfolactosylceramide, but not to

sulfogangliotetraosylceramide.
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Figure 4. Binding of CS6 adhesin to mixtures of glycosphingolipids on thin-layer chromatograms. Chemical
detection by anisaldehyde (A), and autoradiogram obtained by binding of !25I-labeled CS6 protein (B). The
lanes were: Lane 1, acid glycosphingolipids of human hepatoma, 40 ug; Lane 2, acid glycosphingolipids of
human small intestine, 40 ug; Lane 3, acid glycosphingolipids of guinea pig erythrocytes, 40 ug; Lane 4, acid
glycosphingolipids of guinea pig stomach, 40 ug; Lane 5, acid glycosphingolipids of human meconium, 40 ug;
Lane 6, acid glycosphingolipids of human colon cancer, 40 ug; Lane 7, glucosylceramide (Glcf1Cer), 4 ng.

Binding of CS6 expressing E. coli and purified CS6 protein to sulfatide was inhibited by
dextran sulfate, but not with dextran, heparin, galactose-4-sulfate or galactose-6-sulfate
(exemplified in Fig. 5). Sulfatide has a sulfate group in 3-position on the galactose, which
seems to be important for the interaction with CS6, since galactose-4-sulfate and galactose-6-

sulfate did not inhibited binding of CS6 to sulfatide.

A 35S-labeled B. 35S-labeled C. '?51-labeled CS6 protein
E. coli TOP10- E. coli TOP10-CS6 o0

B Sulfatide

[] Sulfatide /dextran sulfate 0.01 mg/ml
M Sulfatide/dextran sulfate 0.1 mg/m
[ Sulfatide/dextran sulfate 1 mg/ml

[] A7 type 2 glycosphingolipi

CS6 + dextran + dextran sulfate
S

1000

Figure 5. Effects of incubation of CS6 protein and recombinant CS6-expressing E. coli with dextran and dextran
sulfate. Radiolabeled CS6 protein and recombinant CS6-expressing bacteria were incubated with dextran or
dextran sulfate (0.01-1 mg/ml) for 1 h at room temperature. Thereafter the suspensions were utilized in the
chromatogram binding assay or the microtiter well assay. Autoradiograms obtained by binding of 33S-labeled E.
coli TOP10-CS6 strain incubated with dextran (A), and with dextran sulfate (B). The lanes were: Lane 1,
sulfatide (SO3-3Galp1Cer), 4 ug; Lane 2, sulfatide, 2 ug; Lane 3, sulfatide, 1 ug. Binding of CS6 protein, and
CS6 protein incubated with dextran sulfate, to pure glycosphingolipids in microtiter wells (C).
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To more thoroughly evaluate the roles of the two major subunits, CssA and CssB were
expressed separately. The CssB subunit showed a very distinct binding to sulfatide, while
CssA bound in an unspecific manner to both acid and non-acid glycosphingolipids. Thus, the

affinity for sulfatide resides within the CssB subunit.

Interestingly, a recent study has demonstrated that the CssA subunit binds to fibronectin, and
suggested a role for fibronectin in matrix adherence of CS6 expressing ETEC (Ghosal et al.

2009).

To be able to purify the subunits efficiently they were produced with affinity tags, and the
binding studies were performed with these tags remaining on the subunits. In order to purify
native CS6 an affinity system based on a sulfate-carrying polymer has now been constructed.
On this column the CS6 protein and native CssB, but not native CssA, were retained on this
column, verifying that the CssB subunit is responsible for sulfatide recognition (to be

published).

Sulfatide is present in the small intestine of species susceptible to CS6-expressing E. coli
infections, as humans and rabbits (Falk et al. 1979; Breimer et al. 1983), but not in the small
intestine of species not susceptible to infection with CS6-expressing E. coli, as mice (Leffler
et al. 1986). This suggests that the ability of CS6-expressing ETEC to adhere to sulfatide in

target small intestinal epithelium may contribute to virulence.

CFA/I and CS6 are two of the most common colonization factors from enterotoxigenic E.
coli. The binding studies with these two CFs demonstrate that they have very different
carbohydrate binding patterns. CFA/I only binds to non-acid glycosphingolipids, while CS6
only binds to a few sulfate-carrying glycosphingolipids. Furthermore, for the major part of the
large repertoire of CFs expressed by ETEC, the attachment sites have not yet been defined.
The mechanisms of adherence mediated by the variant CFs of ETEC thus merits further

studies.
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Paper Il

Lipopolysaccharides (LPS), which form the outer layer of the outer membrane of most gram
negative bacteria is composed of a covalently-linked N,O-polyacylated disaccharide of
glucosamine with two negatively charged phosphates (lipid A), a core oligosaccharide and an
O-specific polysaccharide antigen (Freudenberg and Galanos 1990). Using a series of
commercial LPS preparations from E. coli, Horstman et al. have reported that the heat-labile
enterotoxin of ETEC, after secretion via the general secretory pathway becomes bound to
outer membrane vesicles through interactions with E. coli LPS (Horstman and Kuehn 2000;
Horstman and Kuehn 2002; Horstman et al. 2004). This binding occurs without disturbing the
binding of LTB to its primary GM1 ganglioside receptor. For unclear reasons the blood group
A/B binding site of LTB has been proposed to be involved in LPS binding. The aim of this
study was therefore to determine the relationship between the blood group A/B binding site

and the LPS binding site of LTB.

To perform this task we used a battery of B-subunits (CTB, hLTB and the CTB-hLTB hybrid
LCTBK (Angstrom et al. 2000)) in binding assays with different glycosphingolipids, LPS and
LPS-derived compounds, and inhibition studies. The same commercial E. coli LPS
preparations as in the previous studies by Horstman et al. were used. However, none of these
studies showed any binding between the B-subunits and LPS (exemplified in Figure 6).
Preincubation of B-subunits with LPS before incubation with blood group A terminated
glycosphingolipids did not affect the binding to these glycosphingolipids. To eliminate the
possibility that LPS was washed away during the incubation steps, control experiments with

antibodies against LPS were done.
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Figure 6. Binding of 12]-labeled B-subunits to glycosphingolipids, lipopolysaccharides, Kdo2-lipid A and lipid
A in microtiter wells. GMI1 ganglioside (GalB3GalNAcB4(NeuAca3)Galp4Glcp1Cer); A9 type 2
glycosphingolipid (GalNAca3(Fuco2)Galp4(Fuca3)GlcNAcB3Galp4GIcNAcB3Galp4Glcp1Cer); Lipid A-2P,
diphosphoryl-lipid A; LPS O55:B5, LPS from E. coli O55:B5.

During the course of these inhibition studies we found that GM1 binding reduced the affinity
for blood group A determinants and vice versa, suggesting that a concurrent occupancy of the
two binding sites does not occur. The latter finding is related to a connection between the
blood group antigen binding site and the GM1 binding site through residues interacting with
both ligands.

LPS are amphiphilic molecules and easily form micelles. In the studies by Hortsman et al.
LPS in buffer solutions were utilized. Small changes in water content, pH, temperature, cation
concentration, can affect the supramolecule structure of LPS (Brandenburg et al. 1990;
Brandenburg 1993). The evidence for association of LT to the bacterial cell surface through
interactions with LPS is indirect, i.e. inhibition of binding of exogenously added LT to the
bacterial surface by preincubation of the toxin with e.g. E. coli LPS in a buffer. However,
since LPS may form different three-dimensional supramolecular structures, the interpretation

of such inhibition studies is difficult.
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Paper IV

Karasawa et al. have reported that Citrobacter freundii produces a cholera toxin-like B-
subunit (CFXB) with high sequence identity (73 %) to CTB and LTB (Figure 7) (Karasawa et
al. 2002). A CFXB-like B-subunit was also detected in some ETEC strains.

4 7 10 13 181920 2223 2526 31 34
CFXBAPQNI TELCSEYHNTQIYELNKEIKT Y TESLAGYREM
rCTB APQN I TDLCAEYHNTQIHTLNDKIFS Y TESLAGKREM
hLTB APQS I TELCSEYHNTQIYTINDKILS Y TESMAGKREM
pLTB APQT ITELCSEYRNTQIYTINDKILS Y TESMAGKREM
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CFXBVI I SFANGATFQVEVPGSQHLESQKR LERMKDTLRA

P
rCTB AIITTFKNGAIFQVEVPGSQHIDSQKK A I ERMKDTLRI
hLTB VI I TFKSGATFQVEVPGSQHIDSQKK A I ERMKDTLRII
pLTB VI I TFKSGETFQVEVPGSQHIDSQKK A I ERMKDTLRI
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hLTB TYLTETKIDKLCVWNNKTPNSIAAI SMEN
pLTB TYLTETKIDKLCVWNNKTPNSITAAIT S MKN

Figure 7. Alignment of amino acid sequences of CFXB, rCTB, hLTB and pLTB. Residues highlighted in bold
differ between the B-subunits. The recombinant CTB has an alanine instead of a threonine in its first position
(Sanchez and Holmgren 1989).

In order to determine the carbohydrate binding specificity of CFXB, this B-subunit was
expressed in V. cholerae, and isolated in high yields (20 mg of protein obtained from 0.5 1
culture medium). Glycosphingolipid binding studies show that CFXB binds to the GMI
ganglioside with high affinity (Figure 8). In addition, CFXB has high affinity for both

neolacto-terminated and blood group A type 2-terminated glycoconjugates.
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Figure 8. Binding of '“’I-labeled B-subunits (CFXB, hLTB and pLTB) to serial dilutions of the GMI
ganglioside (Galp3GalNAcf4(NeuAca3)Galp4GlcBCer) (A), blood group A-9 type 2 glycosphingolipid
(GalNAca3(Fuca2)Galp4(Fuca3)GlcNAcB3Galp4GIcNAcB3Galp4Glefl1Cer) (B) and neolactotetraosyl-
ceramide (Galp4GlcNAcB3GalB4Glcf1Cer) (C), adsorbed in microtiter wells.

While pLTB binds to neolacto-terminated glycoconjugates, hLTB does not recognize these
carbohydrate structures. One of the differences between hLTB and pLTB is amino acid
number 13, which is a histidine in hLTB and an arginine in pLTB. A hLTB H13R mutant has
been constructed and this mutant received affinity for neolacto-terminated structures. Hence,
the arginine in position 13 is of importance for the neolacto binding. However, CFXB also
has a high affinity for neolacto-terminated glycoconjugates despite having a His at position

13. Thus, other factors must be involved in giving neolacto-specific binding, which merits

further investigations.

A hybrid of CT and hLT B-subunits (LCTBK) with an Asn (as in CTB) at position 4, instead
of Ser (as in hLTB), and having a gain-of-function mutation resulting in recognition of blood
group A and B type 2 determinants has previously been constructed (Angstrom et al. 2000).
In the crystal structure of LCTBK, a novel binding site interacting with blood group A/B
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determinants was identified at the top of the B-subunit interfaces (Holmner et al. 2004). The
native hLTB molecule also binds to blood group A/B antigens, but with much lower affinity
than LCTBK. However, an increased binding affinity for blood group A determinants was
created by introducing a single Ser to Asn substitution at position 4 in hLTB. In the native
CFXB, the residue at position 4 is also an Asn, which may contribute to the high affinity
binding of this B-subunit for blood group A type 2 determinants.

One difference between C. freundii and V. cholerae/enterotoxigenic E. coli is that the B-
subunit of C. freundii does not seem to have a “classical” A-subunit. The C. freundii gene
encoding the CFXB (cfxB) is located downstream of an 852-nucleotide open reading frame
(denoted cfxA) (Karasawa et al. 2002). There is no homology between the deduced
polypeptide (named CFXA) and the A-subunits of CT or LT. In fact, the CFXA sequence
does not resemble any other known protein sequence. However, when performing a BLAST
search one find low sequence similarity with metallopeptidases, and a closer look reveals that
CFXA contains a zinc binding region, the sequence HEXGHXXGXXH, as in the zinc binding
region in the catalytic domain of bacterial metalloproteinases (Bode et al. 1999). Further
studies are needed to investigate if there is any association between CFXA and CFXB. Still it
is very tempting to speculate about this being a novel type of toxin. It should, however, be
noted that no toxic effects in terms of CHO cell elongation, or fluid accumulation in the

suckling mouse assay, were obtained by culture supernatants of CFXB-producing C. freundii.
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Concluding remarks

To summarize, the investigations of carbohydrate recognition by ETEC virulence factors,
reported in this thesis, have led us to conclude the following

- CFA/l and CS6, two of the most common colonization factors of ETEC, have
distinctly different the carbohydrate binding preferences. CFA/I binds to a set of non-
acid glycosphingolipids, while CS6 to sulfate-carrying compounds. Further studies are
needed to define the potential carbohydrate binding of other CFs within the large
repertoire of variant CFs expressed by ETEC.

- We found no evidence to support an involvement of the blood group A/B antigen
binding site of the heat-labile enterotoxin in binding to lipopolysaccharides. Inhibition
studies showed that GM1 binding led to a reduced binding of blood group A
determinants, and vice versa, indicating that a concurrent occupancy of the GMI1
binding site and the blood group A antigen binding site, is not likely.

-  CFXB binds to the GM1 ganglioside, neolactotetraosylceramide and blood group A
type 2-terminated glycosphingolipids, i. e. the carbohydrate binding preferences of
this B-subunit has traits in common with both hLTB and pLTB.

There is an urgent need to develop new therapeutic strategies against ETEC-induced diarrheal
disease in developing countries. One possible strategy is to interfere with the initial
attachment of the bacteria to the target tissue using synthetic analogues of the binding-active
carbohydrates (Ofek et al. 2003; Pieters 2007). However, given the different carbohydrate
recognition profiles of CFA/I and CS6, and the fact that binding specificities of the major part
of the ETEC CF repertoire are undefined, further studies are needed before an anti-adhesive

approach to prevent ETEC-induced diarrhea is possible.

The binding of the B-subunits of LT to receptor glycoconjugates on the small intestinal
epithelial cells is a prerequisite for the following steps in toxin action leading to diarrhea. In
addition, LT elicit a strong immune responses, and is, along with CT, among the most potent
mucosal adjuvants identified. The immunogenicity, and to some extent the adjuvant activity,
are also dependent on receptor binding. An important further step to will be to investigate
whether the “multi-binding” mode of the B-subunit CFXB, with binding to carbohydrate
receptors different from the GM1 ganglioside, will influence the immunogenic capacity.

Comparison of the immunogenicity of CTB, LTB and CFXB may lead to novel insights into
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how the biological activities of these B-subunits are related to recognition of different

carbohydrate receptors.

35



Acknowledgements

Tack till alla som pd nigot sitt bidragit till att jag har kunnat genomfora detta. Sarskilt tack
till:

Min handledare Susann Teneberg som har lotsat mig genom de hér aren. Det hade inte gatt
utan dig. Béttre handledare fr man leta efter!

Min nistan handledare Michael Lebens som mdgjliggjort mycket av arbetet och alltid &r
entusiastisk. Natascha och Susanne for hjdlp med allt det praktiska pad mikrobiologen.

Joshua Tobias och Ann-Mari Svennerholm f6r bra samarbete.
Jonas Angstrom for snygga modelleringar.
Carina Ejdeholm for hjdlp med det administrativa.

Vad vore Medkem utan Marianne? Formodligen mycket, mycket trakigare.. Historier och
diskussioner om allt mellan himmel och jord och oj vad roligt vi har haft under aren!!

Catharina for mycket skratt och dventyr i Bryssel.. Adnan som forgyllde vér lilla grupp, ett
litet tag i alla fall..

Petra, Elisabet och Carina, mina doktorandforebilder.
Helena, Dzeneta m.fl. for gemensamt slit pa kurslab.

Frida, Stina, Sara, Lisa, Yalda, Tina, Halina och alla andra, for trevligt fikaséllskap.

Mamma Iréne och pappa Thore som &r vérldens basta fordldrar!!

Mina bréder Anders och Henrik som tar hand om lillasyster.

Lotta, en av mina allra bésta vinner som alltid finns dér och &r ruskigt bra pa att sdga ritt
grejer, och Lottas familj. Fia, for vinskap och behdvliga avbrott i min ofta mer &n
fullspickade tillvaro. Ténk vad bra att vi bor i samma hus! Sara, for alla roliga stunder och
filosofiska diskussioner.

Alla andra néra och kéra. Tack for att ni finns!

Friidrotten och alla underbara ménniskor dir som gett mig s& mycket!

36



References

Ahmed, T., Lundgren, A., Arifuzzaman, M., Qadri, F., Teneberg, S. and Svennerholm, A. M.
(in press). "Children with Lewis a+b- blood group have increased susceptibility to
diarrhea caused by enterotoxigenic Escherichia coli expressing colonization factor I-
group fimbriae." Infect Immun in press.

Ali, M., Emch, M., von Seidlein, L., Yunus, M., Sack, D. A., Rao, M., Holmgren, J. and
Clemens, J. D. (2005). "Herd immunity conferred by killed oral cholera vaccines in
Bangladesh: a reanalysis." Lancet 366(9479): 44-9.

Angstrom, J., Bickstrom, M., Berntsson, A., Karlsson, N., Holmgren, J., Karlsson, K. A.,
Lebens, M. and Teneberg, S. (2000). "Novel carbohydrate binding site recognizing
blood group A and B determinants in a hybrid of cholera toxin and Escherichia coli
heat-labile enterotoxin B-subunits." J Biol Chem 275(5): 3231-8.

Angstrom, J., Teneberg, S. and Karlsson, K. A. (1994). "Delineation and comparison of
ganglioside-binding epitopes for the toxins of Vibrio cholerae, Escherichia coli, and
Clostridium tetani: evidence for overlapping epitopes." Proc Natl Acad Sci U S A
91(25): 11859-63.

Baker, K. K., Levine, M. M., Morison, J., Phillips, A. and Barry, E. M. (2009). "CfaE tip
mutations in ETEC CFA/I fimbriae define critical human intestinal binding sites." Cell
Microbiol.

Bertozzi, C. R. and Rabuka, D. (2008). Structural Basis of Glycan Diversity. Essentials of
Glycobiology. A. Varki, R. D. Cummings, J. D. Esko et al. New York, Cold Spring
Harbor Laboratory Press: 23-36.

Bjork, S., Breimer, M. E., Hansson, G. C., Karlsson, K. A. and Leffler, H. (1987). "Structures
of blood group glycosphingolipids of human small intestine. A relation between the
expression of fucolipids of epithelial cells and the ABO, Le and Se phenotype of the
donor." J Biol Chem 262(14): 6758-65.

Bode, W., Fernandez-Catalan, C., Tschesche, H., Grams, F., Nagase, H. and Maskos, K.
(1999). "Structural properties of matrix metalloproteinases." Cell Mol Life Sci 55(4):
639-52.

Brandenburg, K. (1993). "Fourier transform infrared spectroscopy characterization of the
lamellar and nonlamellar structures of free lipid A and Re lipopolysaccharides from
Salmonella minnesota and Escherichia coli." Biophys J 64(4): 1215-31.

Brandenburg, K., Koch, M. H. and Seydel, U. (1990). "Phase diagram of lipid A from
Salmonella minnesota and Escherichia coli rough mutant lipopolysaccharide." J Struct
Biol 105(1-3): 11-21.

Breimer, M. E., Hansson, G. C., Karlsson, K. A. and Leffler, H. (1983). "The preparative
separation of sialic acid-containing lipids from sulphate group-containing glycolipids
from small intestine of different animals. Analysis by thin-layer chromatography and
detection of novel species." J Biochem 93(6): 1473-85.

Buts, L., Bouckaert, J., De Genst, E., Loris, R., Oscarson, S., Lahmann, M., Messens, J.,
Brosens, E., Wyns, L. and De Greve, H. (2003). "The fimbrial adhesin F17-G of
enterotoxigenic Escherichia coli has an immunoglobulin-like lectin domain that binds
N-acetylglucosamine." Mol Microbiol 49(3): 705-15.

Cassels, F. J. and Wolf, M. K. (1995). "Colonization factors of diarrheagenic E. coli and their
intestinal receptors." J Ind Microbiol 15(3): 214-26.

Chester, M. A. (1999). "TUPAC-IUB joint commission on biochemical nomenclature (JCBN)
nomenclature of glycolipids recommendations 1997." J Mol Biol 286(3): 963-70.

37



Choudhury, D., Thompson, A., Stojanoff, V., Langermann, S., Pinkner, J., Hultgren, S. J. and
Knight, S. D. (1999). "X-ray structure of the FimC-FimH chaperone-adhesin complex
from uropathogenic Escherichia coli." Science 285(5430): 1061-6.

Clemens, J. D., Harris, J. R, Sack, D. A., Chakraborty, J., Ahmed, F., Stanton, B. F., Khan,
M. U., Kay, B. A., Huda, N., Khan, M. R. and et al. (1988). "Field trial of oral cholera
vaccines in Bangladesh: results of one year of follow-up." J Infect Dis 158(1): 60-9.

Clemens, J. D., Sack, D. A., Harris, J. R., Chakraborty, J., Khan, M. R., Stanton, B. F., Kay,
B. A., Khan, M. U., Yunus, M., Atkinson, W. and et al. (1986). "Field trial of oral
cholera vaccines in Bangladesh." Lancet 2(8499): 124-7.

Clemens, J. D., Sack, D. A., Harris, J. R., Chakraborty, J., Neogy, P. K., Stanton, B., Huda,
N., Khan, M. U,, Kay, B. A., Khan, M. R. and et al. (1988). "Cross-protection by B
subunit-whole cell cholera vaccine against diarrhea associated with heat-labile toxin-
producing enterotoxigenic Escherichia coli: results of a large-scale field trial." J Infect
Dis 158(2): 372-7.

Cravioto, A., Scotland, S. M. and Rowe, B. (1982). "Hemagglutination activity and
colonization factor antigens I and II in enterotoxigenic and non-enterotoxigenic strains
of Escherichia coli isolated from humans." Infect Immun 36(1): 189-97.

Cummings, R. D. and Esko, J. D. (2008). Principles of Glycan Recognition. Essentials of
Glycobiology. A. Varki, R. D. Cummings, J. D. Esko et al. New York, Cold Spring
Harbor Laboratory Press: 387-402.

Dodson, K. W., Pinkner, J. S., Rose, T., Magnusson, G., Hultgren, S. J. and Waksman, G.
(2001). "Structural basis of the interaction of the pyelonephritic E. coli adhesin to its
human kidney receptor." Cell 105(6): 733-43.

Eckhardt, M. (2008). "The role and metabolism of sulfatide in the nervous system." Mol
Neurobiol 37(2-3): 93-103.

Eden, C. S., Freter, R., Hagberg, L., Hull, R., Hull, S., Leffler, H. and Schoolnik, G. (1982).
"Inhibition of experimental ascending urinary tract infection by an epithelial cell-
surface receptor analogue." Nature 298(5874): 560-2.

Falk, K. E., Karlsson, K. A., Leffler, H. and Samuelsson, B. E. (1979). "Specific pattern of
glycosphingolipids enriched in a mucosa scraping of human small intestine." FEBS
Lett 101(2): 273-6.

Fan, E., Merritt, E. A., Verlinde, C. L. and Hol, W. G. (2000). "AB(5) toxins: structures and
inhibitor design." Curr Opin Struct Biol 10(6): 680-6.

Finne, J., Breimer, M. E., Hansson, G. C., Karlsson, K. A., Leffler, H., Vliegenthart, J. F. and
van Halbeek, H. (1989). "Novel polyfucosylated N-linked glycopeptides with blood
group A, H, X, and Y determinants from human small intestinal epithelial cells." J
Biol Chem 264(10): 5720-35.

Fishman, P. H. (1982). "Role of membrane gangliosides in the binding and action of bacterial
toxins." J Membr Biol 69(2): 85-97.

Freudenberg, M. A. and Galanos, C. (1990). "Bacterial lipopolysaccharides: structure,
metabolism and mechanisms of action." Int Rev Immunol 6(4): 207-21.

Gaastra, W. and Svennerholm, A. M. (1996). "Colonization factors of human enterotoxigenic
Escherichia coli (ETEC)." Trends Microbiol 4(11): 444-52.

Ghosal, A., Bhowmick, R., Banerjee, R., Ganguly, S., Yamasaki, S., Ramamurthy, T.,
Hamabata, T. and Chatterjee, N. S. (2009). "Characterization and the studies of
cellular interaction of native colonization factor CS6 purified from a clinical isolate of
enterotoxigenic Escherichia coli." Infect Immun.

38



Hansson, G. C., Karlsson, K. A., Larson, G., Stromberg, N. and Thurin, J. (1985).
"Carbohydrate-specific adhesion of bacteria to thin-layer chromatograms: a
rationalized approach to the study of host cell glycolipid receptors." Anal Biochem
146(1): 158-63.

Helander, A., Hansson, G. C. and Svennerholm, A. M. (1997). "Binding of enterotoxigenic
Escherichia coli to isolated enterocytes and intestinal mucus." Microb Pathog 23(6):
335-46.

Hellerqvist, C. G. (1990). "Linkage analysis using Lindberg method." Methods Enzymol 193:
554-73.

Holmgren, J. and Svennerholm, A. M. (1977). "Mechanisms of disease and immunity in
cholera: a review." J Infect Dis 136 Suppl: S105-12.

Holmner, A., Askariech, G., Okvist, M. and Krengel, U. (2007). "Blood group antigen
recognition by Escherichia coli heat-labile enterotoxin." J Mol Biol 371(3): 754-64.

Holmner, A., Lebens, M., Teneberg, S., Angstrém, J., Okvist, M. and Krengel, U. (2004).
"Novel binding site identified in a hybrid between cholera toxin and heat-labile
enterotoxin: 1.9 A crystal structure reveals the details." Structure 12(9): 1655-67.

Horstman, A. L., Bauman, S. J. and Kuehn, M. J. (2004). "Lipopolysaccharide 3-deoxy-D-
manno-octulosonic acid (Kdo) core determines bacterial association of secreted
toxins." J Biol Chem 279(9): 8070-5.

Horstman, A. L. and Kuehn, M. J. (2000). "Enterotoxigenic Escherichia coli secretes active
heat-labile enterotoxin via outer membrane vesicles." J Biol Chem 275(17): 12489-96.

Horstman, A. L. and Kuehn, M. J. (2002). "Bacterial surface association of heat-labile
enterotoxin through lipopolysaccharide after secretion via the general secretory
pathway." J Biol Chem 277(36): 32538-45.

Hook, M., Kjellen, L. and Johansson, S. (1984). "Cell-surface glycosaminoglycans." Annu
Rev Biochem 53: 847-69.

Johnson, J. R. and Berggren, T. (1994). "Pigeon and dove eggwhite protect mice against renal
infection due to P fimbriated Escherichia coli." Am J Med Sci 307(5): 335-9.

Jordi, B. J., Willshaw, G. A., van der Zeijst, B. A. and Gaastra, W. (1992). "The complete
nucleotide sequence of region 1 of the CFA/I fimbrial operon of human
enterotoxigenic Escherichia coli." DNA Seq 2(4): 257-63.

Karasawa, T., Ito, H., Tsukamoto, T., Yamasaki, S., Kurazono, H., Faruque, S. M., Nair, G.
B., Nishibuchi, M. and Takeda, Y. (2002). "Cloning and characterization of genes
encoding homologues of the B subunit of cholera toxin and the Escherichia coli heat-
labile enterotoxin from clinical isolates of Citrobacter freundii and E. coli." Infect
Immun 70(12): 7153-5.

Karlsson, H., Johansson, L., Miller-Podraza, H. and Karlsson, K. A. (1999). "Fingerprinting
of large oligosaccharides linked to ceramide by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry: highly heterogeneous
polyglycosylceramides of human erythrocytes with receptor activity for Helicobacter
pylori." Glycobiology 9(8): 765-78.

Karlsson, K. A. (1987). "Preparation of total nonacid glycolipids for overlay analysis of
receptors for bacteria and viruses and for other studies." Methods Enzymol 138: 212-
20.

Karlsson, K. A. (1989). "Animal glycosphingolipids as membrane attachment sites for
bacteria." Annu Rev Biochem 58: 309-50.

Klenk, E. and Langerbeins, H. (1941). "Uber die verteilung der neuraminsiure im gehirn (mit
einer mikromethode zur quantitativen bestimmung der substanz im nervengewebe)."
Hoppe Seyler's Z. Physiol. Chem. 270: 185-193.

39



Koerner, T. A., Jr., Prestegard, J. H., Demou, P. C. and Yu, R. K. (1983). "High-resolution
proton NMR studies of gangliosides. 1. Use of homonuclear two-dimensional spin-
echo J-correlated spectroscopy for determination of residue composition and anomeric
configurations." Biochemistry 22(11): 2676-87.

Lebens, M., Johansson, S., Osek, J., Lindblad, M. and Holmgren, J. (1993). "Large-scale
production of Vibrio cholerae toxin B subunit for use in oral vaccines." Biotechnology
(NY) 11(13): 1574-8.

Lebens, M., Shahabi, V., Backstrom, M., Houze, T., Lindblad, N. and Holmgren, J. (1996).
"Synthesis of hybrid molecules between heat-labile enterotoxin and cholera toxin B
subunits: potential for use in a broad-spectrum vaccine." Infect Immun 64(6): 2144-
50.

Leffler, H., Hansson, G. C. and Stromberg, N. (1986). "A novel sulfoglycosphingolipid of
mouse small intestine, IV3-sulfogangliotetraosylceramide, demonstrated by negative
ion fast atom bombardment mass spectrometry." J Biol Chem 261(3): 1440-4.

Lencer, W. L. and Tsai, B. (2003). "The intracellular voyage of cholera toxin: going retro."
Trends Biochem Sci 28(12): 639-45.

Levery, S. B. and Hakomori, S. (1987). "Microscale methylation analysis of glycolipids using
capillary gas chromatography-chemical ionization mass fragmentography with
selected ion monitoring." Methods Enzymol 138: 13-25.

Li, Y. F.,, Poole, S., Rasulova, F., McVeigh, A. L., Savarino, S. J. and Xia, D. (2007). "A
receptor-binding site as revealed by the crystal structure of CfaE, the colonization
factor antigen I fimbrial adhesin of enterotoxigenic Escherichia coli." ] Biol Chem
282(33): 23970-80.

LipidBank. (2007). from http://lipidbank.jp/.

Likemedelsverket (2007). "Ny ldkemedelsutvirdering/monografi - Dukoral." Informaton fran
Likemedelsverket 18(3).

Magnani, J. L., Smith, D. F. and Ginsburg, V. (1980). "Detection of gangliosides that bind
cholera toxin: direct binding of 125I-labeled toxin to thin-layer chromatograms." Anal
Biochem 109(2): 399-402.

Merritt, E. A., Sarfaty, S., van den Akker, F., L'Hoir, C., Martial, J. A. and Hol, W. G. (1994).
"Crystal structure of cholera toxin B-pentamer bound to receptor GMI1
pentasaccharide." Protein Sci 3(2): 166-75.

Nataro, J. P. and Kaper, J. B. (1998). "Diarrheagenic Escherichia coli." Clin Microbiol Rev
11(1): 142-201.

Nollet, H., Deprez, P., Van Driessche, E. and Muylle, E. (1999). "Protection of just weaned
pigs against infection with F18+ Escherichia coli by non-immune plasma powder."
Vet Microbiol 65(1): 37-45.

Ofek, I. and Doyle, R. J. (1994). Bacterial lectins as adhesins. Bacterial Adhesion to Cells and
Tissues. New York, Chapman & Hall: 94-135.

Ofek, 1., Hasty, D. L. and Sharon, N. (2003). "Anti-adhesion therapy of bacterial diseases:
prospects and problems." FEMS Immunol Med Microbiol 38(3): 181-91.

Orlandi, P. A., Critchley, D. R. and Fishman, P. H. (1994). "The heat-labile enterotoxin of
Escherichia coli binds to polylactosaminoglycan-containing receptors in CaCo-2
human intestinal epithelial cells." Biochemistry 33(43): 12886-95.

Paton, A. W., Srimanote, P., Talbot, U. M., Wang, H. and Paton, J. C. (2004). "A new family
of potent AB(5) cytotoxins produced by Shiga toxigenic Escherichia coli." J Exp Med
200(1): 35-46.

Pieters, R. J. (2007). "Intervention with bacterial adhesion by multivalent carbohydrates."
Med Res Rev 27(6): 796-816.

40



Proia, R. L. (2003). "Glycosphingolipid functions: insights from engineered mouse models."
Philos Trans R Soc Lond B Biol Sci 358(1433): 879-83.

Qadri, F., Svennerholm, A. M., Faruque, A. S. and Sack, R. B. (2005). "Enterotoxigenic
Escherichia coli in developing countries: epidemiology, microbiology, clinical
features, treatment, and prevention." Clin Microbiol Rev 18(3): 465-83.

Roberts, J. A., Marklund, B. 1., Ilver, D., Haslam, D., Kaack, M. B., Baskin, G., Louis, M.,
Mollby, R., Winberg, J. and Normark, S. (1994). "The Gal(alpha 1-4)Gal-specific tip
adhesin of Escherichia coli P-fimbriae is needed for pyelonephritis to occur in the
normal urinary tract." Proc Natl Acad Sci U S A 91(25): 11889-93.

Sack, D. A., Sack, R. B., Nair, G. B. and Siddique, A. K. (2004). "Cholera." Lancet
363(9404): 223-33.

Sakellaris, H., Munson, G. P. and Scott, J. R. (1999). "A conserved residue in the tip proteins
of CS1 and CFA/I pili of enterotoxigenic Escherichia coli that is essential for
adherence." Proc Natl Acad Sci U S A 96(22): 12828-32.

Samuelsson, B. E., Pimlott, W. and Karlsson, K. A. (1990). "Mass spectrometry of mixtures
of intact glycosphingolipids." Methods Enzymol 193: 623-46.

Sanchez, J. and Holmgren, J. (1989). "Recombinant system for overexpression of cholera
toxin B subunit in Vibrio cholerae as a basis for vaccine development." Proc Natl
Acad Sci U S A 86(2): 481-5.

Sanchez, J. L., Vasquez, B., Begue, R. E., Meza, R., Castellares, G., Cabezas, C., Watts, D.
M., Svennerholm, A. M., Sadoff, J. C. and Taylor, D. N. (1994). "Protective efficacy
of oral whole-cell/recombinant-B-subunit cholera vaccine in Peruvian military
recruits." Lancet 344(8932): 1273-6.

Schnaar, R. L., Suzuki, A. and Stanley, P. (2008). Glycosphingolipids. Essentials of
Glycobiology. A. Varki, R. D. Cummings, J. D. Esko et al. New York, Cold Spring
Harbor Laboratory Press: 129-141.

Schulz, S., Green, C. K., Yuen, P. S. and Garbers, D. L. (1990). "Guanylyl cyclase is a heat-
stable enterotoxin receptor." Cell 63(5): 941-8.

Sixma, T. K., Pronk, S. E., Kalk, K. H., Wartna, E. S., van Zanten, B. A., Witholt, B. and Hol,
W. G. (1991). "Crystal structure of a cholera toxin-related heat-labile enterotoxin from
E. coli." Nature 351(6325): 371-7.

Snook, C. F., Jones, J. A. and Hannun, Y. A. (2006). "Sphingolipid-binding proteins."
Biochim Biophys Acta 1761(8): 927-46.

Svennerholm, L. (1963). "Chromatographic Separation of Human Brain Gangliosides." J
Neurochem 10: 613-23.

Taylor, D. N., Cardenas, V., Sanchez, J. L., Begue, R. E., Gilman, R., Bautista, C., Perez, J.,
Puga, R., Gaillour, A., Meza, R., Echeverria, P. and Sadoff, J. (2000). "Two-year
study of the protective efficacy of the oral whole cell plus recombinant B subunit
cholera vaccine in Peru." J Infect Dis 181(5): 1667-73.

Teneberg, S., Hirst, T. R., Angstrom, J. and Karlsson, K. A. (1994). "Comparison of the
glycolipid-binding specificities of cholera toxin and porcine Escherichia coli heat-
labile enterotoxin: identification of a receptor-active non-ganglioside glycolipid for
the heat-labile toxin in infant rabbit small intestine." Glycoconj J 11(6): 533-40.

Thudichum, J. L. W. (1884). A Treatise on the Chemical Constitution of Brain. London,
Baillere, Tindall and Cox.

Tobias, J., Lebens, M., Kéllgérd, S., Nicklasson, M. and Svennerholm, A. M. (2008). "Role of
different genes in the CS6 operon for surface expression of Enterotoxigenic
Escherichia coli colonization factor CS6." Vaccine 26(42): 5373-80.

Torres, A. G., Zhou, X. and Kaper, J. B. (2005). "Adherence of diarrheagenic Escherichia
coli strains to epithelial cells." Infect Immun 73(1): 18-29.

41



Waldi, D. (1962). Spriihreagentien fiir die diinnschicht-chromatographie. Diinnschicht-
chromatographie. E. Stahl. Berlin, Springer-Verlag: 496-515.

van Loon, F. P., Clemens, J. D., Chakraborty, J., Rao, M. R., Kay, B. A., Sack, D. A., Yunus,
M., Ali, M., Svennerholm, A. M. and Holmgren, J. (1996). "Field trial of inactivated
oral cholera vaccines in Bangladesh: results from 5 years of follow-up." Vaccine
14(2): 162-6.

Wang, H., Paton, J. C. and Paton, A. W. (2007). "Pathologic changes in mice induced by
subtilase cytotoxin, a potent new FEscherichia coli ABS5 toxin that targets the
endoplasmic reticulum." J Infect Dis 196(7): 1093-101.

Varki, A., Cummings, R., Esko, J., Freeze, H., Hart, G. and Marth, J. (1999). Esssentials of
Glycobiology. New York, Cold Spring Harbor Laboratory Press.

Varki, A. and Sharon, N. (2008). Historical Background and Overview. Essentials of
Glycobiology. A. Varki, R. D. Cummings, J. D. Esko et al. New York, Cold Spring
Harbor Laboratory Press: 1-22.

Weis, W. 1. and Drickamer, K. (1996). "Structural basis of lectin-carbohydrate recognition."
Annu Rev Biochem 65: 441-73.

WHO. (2009, February 2009). "Diarrhoeal Diseases: Enterotoxigenic Escherichia coli
(ETEC)." from http://www.who.int/.

Wolf, M. K. (1997). "Occurrence, distribution, and associations of O and H serogroups,
colonization factor antigens, and toxins of enterotoxigenic Escherichia coli." Clin
Microbiol Rev 10(4): 569-84.

Wolf, M. K., de Haan, L. A., Cassels, F. J., Willshaw, G. A., Warren, R., Boedeker, E. C. and
Gaastra, W. (1997). "The CS6 colonization factor of human enterotoxigenic
Escherichia coli contains two heterologous major subunits." FEMS Microbiol Lett
148(1): 35-42.

Yang, Z., Bergstrom, J. and Karlsson, K. A. (1994). "Glycoproteins with Gal alpha 4Gal are
absent from human erythrocyte membranes, indicating that glycolipids are the sole
carriers of blood group P activities." J Biol Chem 269(20): 14620-4.

42



IN4D 1801 9o191dIeDedovNoIDTIIeDEnIED Gg
IN4D 18019019y dIenedovNoID(g0ond)ydieD G-x9T
IN4D 1991 9o191dIeDedovNIIDTdIeDZ0oNn Z-SH
ax40 ‘ga11d ‘I/v40 19019019y dIencdovNoIDrdieD B1}9)0}0B|08N
S9119S0)ok|OdN

1901 9o191dIeDrJovNIEDEdIEDE-£0S ¥0b9-4nS

1891 9o191dIeordovNIieDcdieDzoon y0b9-on4

IN4D 18019019 dIendovNIeDcd e 0069
IN4D 18019019y dIenrdovNIeD €0bo
saLiasoljbues

98D 1901 9o191dlene-£0s 1aDoeT-4Ins
IN4D 19019doopdies  (0:72U-0:91U-0:811) 182e7
1901 9o199dIen a(0:%2-0:91-1:8Lp) 1802€7

98D 18019Jleo-€0s aphejing
el/V40 18019919 aplwelsdjhsoon|
1)1deo aplweladjAsoioejen)

spunodwos ajdwis

uiajoid 2lnjonig awieu [elAl |

(g17d pue g1y 'g.LO ‘gX4D) sHunNgns-g UIX0j0iajus
pue (9SO pue |/\Y4D) S10joe} UOIBZIUO0|0D 3y} Jo sanoioads Buipuig pidijobuiydsooA|b jo Alewwng | xipuaddy

43



I/V40

I/V40

I/V40

g1y 'ax4o
axd40

I/V40

1801 do|opdlengnienenies

1801 9o1opdIeDniencdovNIieDcdieD(20on4)gnovyNIeD
18019019 dIeDtn[eDcdovNIEDEPIVYNIED

1801 9o|opdiengniencdoyNieD

1801 9o|opdienyniencdoyNieD

1891 Jo1o1dlenenien

1801 9o191Jleoynien

180190197 dIeDedovNoIDedIeD(200n4)g0ovYNIEDEY[eD(200N4)EPOVYNIED
1891 9o191dIeDcdovNoIDEdIeDEJOVNIIDEIIeD(20oNH)gPOYNIED

180190197 dIeDedovNoID(F0ond)edeD(Z2ond)gneD

1801 90197d1eDeJoVNIID(F0onH)ed[ED(Z0oN4)groVNIED

19019019y dIeDedovNoID(H0on4)gdleDz0oNn

18019019y dIenedovNoID(F0ond)edieD

1901 9o197d1eD(cdovNIIDTdIeD)9dovNIIDTYIED

1801 90197d1eDeJoVNIIDFIIeDeJoVNIID(£0oNH)1d[ED(Z00N4)g0oVNIED
180190197 dIeDeJovNIID(£10oNH)1d[ED(Z0oN4)g0oVNIED

1801 9o197dIeDedovNoIDrdien(zron4)gooyNED

180190197 dIeDedovNIIDrdIeD(z0on4)gnies

19019019y dIenedovNoID(g0ond)ydleDzoony

v-LV
UBWSSIOH
e.1910qo|60s|
BJ}810Q0|9
11joqo|bos|
1110qoID
$98119S0qOJ9)

L-6V

L-8V

[SAS|

L-LV

9-g®1

G-ed
$911950)9E7

EX9Y0}oe|0oN
c6vV

TAVA

-9V

¢-949

9-£°71

44



‘(susoapejoooulwe-z-AxolpAyLl-¢‘ L) suisobuiydsojhyd 0:811
pue (suadapejoooulwe-z-AxolpAyip-¢* 1) auisobuiyds sajeubisap :gLp snyl "AxoipAyuy } pue AxolpAyip sajousap p ‘saseq uieys buoj jo4 "0:9LYy b8
uoneinaiqge ay} a1ojaq Y xualud ayy Aq pajousp ate dnoub AX0IpAY-g B ylim spioe Ajje "a|ndsjow 8y} Ul Spuoq a|gqnop Jo Jaquinu |e}o} ay} SaAIb uojod

9y} Joye Jaquinu ay) pue Yyjbus| uleyd UogJed sy} 0} SI9)0J UOJ0D BU} 910497 Joquinu 8y} ‘saseq pue sploe Ajje} Joj 8injejouswou pueyloys sy} uj q
'sbid 01 oluaboyled D3| 3 woJ) UIXOJ0IBIUS BjIge|-}eay JO sHuUNgns
-g ‘g1 1d ‘suewny o} olusboyied H3 ] 3 wod} UIXO}0IBJUS B[Ige|-}Bay JO sHUNgNsS-g ‘gl Ty ‘sHungns-g uixo) eJajoyd ‘g1 ‘9 uabnue aseuns 1109 9313 ‘9SO

‘Ipunady Jojoeqo.io woly spungns-g ‘gx49 {(D3.13) /oo elyousyasg dluabixojolaus Jo | usbijue Jojoe} UOIEZIUOI0D ‘|40 e

ax40
‘g17d ‘g11y ‘91D

180190191 dIeD(€JovNIIDTIIeD900vNaN)9doVNIIDdIeD

1801 9o197dIeDedovNoID(g0ond)yd[eD0oyneN
1801 90197d1eDedovNoID(F0ond)gdeD0oyneN
180190197 dIeDedovNIIDFdIeDgnoynaN

1901 90197dIeDedovNoIDFIIeDgroDnNaN

180190197 dIeDedovNIIDFdleDgrovnaN

189019019 dIen(grovnaNg0ovnNaN)#dovNEDEdIeD
18019019y dlen(grovnaN)ydovNIeDcdieDgnoyneN

18019019 dIen(gnoynaN)ydovNIeDcd e
18019019 dleDgroynaNgooyneN

1991 do191dlengnoyneN

18019019 dIen(gro9naNg0IDNaN)JoVNIED
18019019y dIen(groynaN)ydovNIeD

1991 do191dlengnoyneN

%97 -0OYNeN
g7 -0OYNSN
OdS9PIVNSN
OdSEPIONSN
OdSEPIVNSN
q1do

eLdo

LNO
€do
ENDO
¢do
¢NO

ENO-OVNSN
sopisollbuen

45



