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ABSTRACT 
Carbohydrate-binding proteins expressed by microbes are key determinants in initiating and 
sustaining infections that account for millions of deaths each year. This thesis focused on 
proteins integral to infections instigated by enterotoxigenic Escherichia coli (ETEC); estimated 
as the largest bacterial cause of diarrhea in the world with hundreds of millions of cases each 
year. ETEC infections are mediated by two primary carbohydrate-binding proteins; 1) 
Colonization factors (CF), which facilitate host cell attachment, and 2) Enterotoxins, which 
penetrate host cells to induce a potentially lethal diarrheal response. By employing biochemical 
techniques, such as chromatogram binding assays, mass spectrometry and NMR, we dissected 
the precise mechanisms fundamental for the interactions of ETEC carbohydrate-binding 
proteins.  

In the presented papers, the novel colonization factor CS30, and the enterotoxins LT-IIb, and 
LT-IIc where investigated. Our findings identified the sulfatide glycosphingolipid as the 
principal receptor for CS30 and emphasized the significance of the carbohydrate-presenting lipid 
moiety in binding. The diarrhea-inducing toxins, LT-IIb and LT-IIc, demonstrated distinct 
binding specificity to sialic acid presenting glycosphingolipids, and the presence of such 
receptors were confirmed in the human intestine. Lastly, structural studies detailed the atomic 
framework of these binding interactions and quantified the binding affinities. 

By revealing the specific carbohydrate interactions underpinning both adhesion and toxin action, 
our study uncovers the intricate processes governing pathogenic infection mechanisms, which 
may inform the design of next-generation anti-bacterial therapeutics, vaccines and diagnostical 
tools.  

Keywords: Carbohydrate recognition, glycosphingolipid, diarrheagenic E. 
coli, ETEC, heat-labile enterotoxin, colonization factor 
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SAMMANFATTNING PÅ SVENSKA 
Varje år drabbas hundratals miljoner människor och tiotusentals mister livet på 
grund av enterotoxinbildande Escherichia coli (ETEC). Infektionen etableras och 
upprätthålls med två typer av proteiner hos bakterien; kolonisationsfaktorer som 
medger inbindning av bakterier till tunntarmens celler, och toxiner som tar sig in i 
tarmcellerna och påbörjar diarréreaktionen.  

Syftet med denna avhandling var att identifiera strukturer på våra celler som 
kolonisationsfaktorer och toxiner binder för att eventuellt orsaka infektion, samt 
kartlägga de molekylära förutsättningar som medger inbindning – allt med 
slutmålet att bana väg för framtida behandlingsstrategier. ETEC är nämligen en 
komplex bakterie som kan producera en uppsjö av olika kolonisationsfaktorer och 
toxiner, vilket sammantaget har hindrat vaccinutvecklingen.  

I tre delarbeten så riktar vi vårt fokus mot ETEC:s toxiner och undersöker de senast 
upptäckta toxinerna LT-IIb och LT-IIc. Här upptäckte vi att ETEC:s toxiner binder 
till en viss form av kolhydratstrukturer som heter glykosfingolipider. Med 
masspektrometri lyckades vi fastställa att sådana glykosfingolipider uttrycks i 
människans tunntarm. 

Vidare så använde vi oss av röntgenkristallografi för att i detalj avgöra toxinernas 
tredimensionella struktur tillsammans med kolhydraten. Vi upptäckte till vår 
förvåning att LT-IIb uppvisar totalt tio bindningssäten, medan LT-IIc enbart har 
fem. Kärnmagnetisk resonans hjälpte oss därefter att ytterligare kartlägga 
bindningsinteraktionen för LT-IIb. Dessa experiment gav stöd för 
bindningssätenas lokalisation, fastställde vilka aminosyror som ansvarar för 
kolhydratbindningen, samt uppskattade kvantitativt bindningsstyrkan. 

Den nyupptäckta kolonisationsfaktorn CS30 studerades i ett delarbete. Vi visar här 
att ETEC som uttrycker CS30 binder till sulfatid, ännu en glykosfingolipid som 
finns på både människans och grisens tunntarmsceller. Frågan väcktes således 
huruvida ETEC-stammar kan infektera både människa och gris – något som inte 
har påvisats tidigare.  

Sammantaget så klarlades många för ETEC grundläggande bindningsfenomen 
som kan användas för vidare forskning, vilket kan leda till nya terapeutiska och 
diagnostiska strategier. 
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1 INTRODUCTION 

1.1 GENERAL OVERVIEW 
The complex relationship of microorganisms and hosts is a balance between 
symbiotic harmony and parasitic disruption. On one end of the spectrum, 
microorganisms coexist with their host, establishing an environment where 
both entities thrive. On the opposite end, the interaction causes disease. Central 
to these interactions is a molecular interface where both entities meet and 
engage. In this thesis, we delve into the complexities of this interface from the 
perspective of enterotoxigenic Escherichia coli (ETEC). 

Adherence of microorganisms to their host is a necessary precursor for 
colonization and subsequent infection. Microorganisms in this context are 
commonly referred to as pathogens. In the bacterial realm, adherence is 
conferred by surface polysaccharide or polypeptide structures, such as 
fimbriae, curli or non-fimbriae adhesins [1]. By anchoring themselves to 
specific host cell receptors, bacteria can get in proximity of the host to 
effectively proliferate and deliver toxic products. Indeed, the host receptor 
specificity of these adherence molecules determine which tissue of which host 
the pathogen will colonize – a phenomenon known as tropism. These host 
receptors are, more often than not, carbohydrate structures (glycans) presented 
on the cells of infected tissues [2-4].  

Pathogenic capabilities to cause infection are known as virulence factors, and 
what usually follows in the process leading to infection, is the disruption of 
target cell functions. This can be by either direct cell invasion or toxin 
secretion, the latter of which is the case for ETEC. After adherence, ETEC 
produces enterotoxins that binds glycans in the small intestine, which causes 
the severe diarrhea synonymous with the disease [5, 6].  

This thesis aims to elucidate the intricate interactions between ETEC's 
virulence factors and host glycan receptors, specifically glycosphingolipids. 
By dissecting the molecular and cellular determinants governing bacterial 
adherence, we may come closer to understanding the mechanisms that dictate 
the course of bacterial infections. 
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1.2 GLYCOCONJUGATES 
Present on all cells, glycoconjugates are complex macromolecules composed 
of carbohydrates covalently bonded to non-carbohydrate entities such as 
proteins and lipids (figure 1). These biomolecules play a multitude of roles in 
multicellular organisms, impacting processes ranging from cellular recognition 
and signaling to endothelial homeostasis and immune responses [3, 7-9].  

The building blocks of the glycan moiety are monosaccharide units, usually 
consisting of five or six carbons as D-enantiomers (except for L-fucose) of 
either aldoses or ketoses [10]. These units are connected via glycosidic bonds. 
A glycosidic bond can occur on a number of different atomical positions on 
each monosaccharide and is configurated in either an a- or b-form. In addition, 
each monosaccharide may sustain more than one glycosidic linkage, resulting 
in branching glycans, causing the overall possible complexity of 
polysaccharides to far exceed other cellular macromolecules, such as 
nucleotides or amino acids [8]. However, only a handful of monosaccharide 
species dominate the glycosylation of vertebrates, as represented in figure 1 
[11].  

The glycosidic linkage is catalyzed by glycosyltransferases, and their synthesis 
is therefore not directly regulated by gene expression [11, 12]. Furthermore, 
the availability of sugar donors and acceptors, competition among precursors, 
and the spatial distribution of glycosyltransferases also affect the total glycan 
expression of a cell (= glycome).  

Eukaryotic cells are surrounded by a protective glycoconjugate layer, that may 
or may not be anchored to the cell membrane, known as the glycocalyx, which 
microbes must navigate to establish infection [13-15]. In addition to binding 
glycoconjugates during colonization, some microbes may adorn themselves 
with host-like glycans to evade immune response. For instance, the densely 
glycosylated N-linked protein, gp120, on the surface of the human 
immunodeficiency virus is believed to help disguise the underlying viral 
polypeptide [16]. Hyaluronan, an extracellular non-sulfated 
glycosaminoglycan present in vertebrate species, may also be expressed by 
some bacterial strains [17]. This not only forms a protective capsule, but may 
also be used to evade host immune response by molecular mimicry [18], and 
aid in bacterial adhesion [19].  
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Figure 1. The glycoconjugates of the eukaryotic cell. ES = extracellular space, IS = 
intracellular space. 

 

1.2.1 GLYCOPROTEINS 
Glycoproteins play a myriad of roles vital to biological processes, including 
aiding in protein folding and functionality, and contributing to cell-cell and 
cell-matrix interactions [20]. During inflammatory response, endothelial cells 
express glycan-binding proteins (GBPs) known as selectins (E-, L- and P-
selectins). These interact with sialyl-Lewis x (sLeX) related glycans on white 
blood cell glycoproteins, such as P-selectin glycoprotein ligand-1, to aid in 
directing them to the inflammatory site [21, 22].  

1.2.1.1 N-LINKED GLYCOPROTEINS  
The most well-studied form of glycosylation among eukaryotes is the N-linked 
GlcNAcb1-Asn-X-Ser/Thr sequence, in which “X” cannot be a proline. One 
glycoprotein may therefore carry several glycan chains, which in turn may vary 
in sequence and position of glycosylation [23].  
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Synthesis begins with the oligosaccharide formation on a lipid carrier 
(dolichol-phosphate) in the endoplasmic reticulum (ER). The oligosaccharide 
structure is then transferred to the sidechain amide of select asparagine 
residues, after which continued processing of the glycan occurs in the ER and 
Golgi apparatus [11, 20]. The N-linked glycoprotein follows the secretion 
pathway until it either ends up in the extracellular space or is incorporated into 
the plasma membrane.  

1.2.1.2 O-LINKED GLYCOPROTEINS 
Several forms of O-linked glycosylations have been described among 
eukaryotes. These include modifications by O-GlcNAc, an important and 
dynamical intracellular regulatory process akin to protein phosphorylation 
[24], as well as O-GalNAc, O-Fucose, O-Glucose, and O-Mannose [20]. Many 
of these are found on glycoproteins involved in cell signaling or as constituents 
of the extracellular matrix.  

O-GalNAc modification, although being prevalent in many glycoproteins, has 
been widely studied as a constituent of mucin which carries the most numerous 
such modification of any glycoprotein class.  

1.2.1.3 MUCINS 
Mucins are large, highly O-glycosylated (O-GalNAc) glycoproteins that forms 
the mucus which is central in maintaining epithelial integrity [25] and 
modulating interactions with microorganisms [26]. Intestinal mucins, mainly 
MUC2 in the lower intestines of humans, are produced by goblet cells, where 
mucin proteins undergo extensive O-glycosylation to Ser/Thr residues in the 
Golgi apparatus. Following glycosylation, mucins are transported in secretory 
vesicles to the epithelial surface, where they are secreted and interact with 
water to form a protective, gel-like mucus barrier.  

The small intestine forms a single, loose mucus layer which does not pose 
much resistance to bypassing bacteria (but makes nutrient uptake possible) 
[27]. Instead, the continuous mucus production, cell regeneration, intestinal 
peristaltic and secretion of antimicrobial peptides and IgA-antibodies helps rid 
the lumen from pathogens.   

In contrast, the colon forms two mucus layers which creates much more of a 
physical barrier. The proximal, viscous mucus layer travels from the crypts of 
the epithelium and loosens up to form a second, outer mucus layer. The 
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commensal microbiota may harbor in the outer mucus layer, where they sustain 
on digested food or degraded mucin polysaccharides.  

The protective barrier function formed by mucins is further enhanced by their 
ability to act as decoy molecules during infections. In-vitro cultures of gastric 
cells have shown that the membrane-bound MUC1 is shed from the cell surface 
upon interaction with Helicobacter pylori, thus physically removing the 
pathogen from the vicinity of the gastric cells [28]. 

1.2.1.4  GPI-ANCHORED PROTEINS 
Glycosylphosphatidylinositol (GPI) -anchored proteins are a diverse group of 
membrane proteins that are attached to the cell surface via a glycolipid anchor. 
GPI-anchored proteins are involved in various biological processes, such as 
signal transduction, immune response modulation, and cellular adhesion, by 
virtue of their ability to associate with specific lipid rafts and facilitate 
localized signaling events [29].  

GPI-anchored proteins are also involved in host-pathogen interactions. For 
instance, the trypanosome variant surface glycoprotein – a GPI-anchored 
protein – allows the parasite to evade the host immune response by creating a 
protective shield [30]. Furthermore, certain bacterial toxins target GPI-
anchored proteins, such as aerolysin from Aeromonas hydrophilia [31]. 

1.2.2 PROTEOGLYCANS  
Proteoglycans are comprised of a core protein and one or more covalently 
attached glycosaminoglycan (GAG) chains [32]. The GAG-chains are long, 
linear carbohydrate polymers that are negatively charged due to the presence 
of sulfate groups and uronic acids, forming a highly hydrated matrix, which 
resists compressive forces and provides structural support to the connective 
tissue.  

One of the more well-studied proteoglycans is heparan sulfate, which plays an 
important role in blood coagulation and cell-signaling [33, 34], but also serves 
as a receptor for pathogens such as herpes simplex virus [35] and respiratory 
syncytial virus [36].  
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1.2.3  GLYCOSPHINGOLIPIDS  
Glycolipids are present in all eukaryotic cells and in some prokaryotic [37]. 
These specialized molecules, found principally in the outer leaflet of cellular 
membranes, dictate numerous cellular interactions and are fundamental in the 
orchestration of various physiological processes; from providing the immune 
cells with a sense of self [38], to optimizing the efficiency of photosynthesis 
in plants [39].  

 

Figure 2. The five major mammalian glycosphingolipid core structures. Lacto (Lc), 
neolacto (nLc), ganglio (Gg), globo (Gb) or isoglobo (Gb) core structures are linked 
to a ceramide (Cer) by a glycosidic bond. 

 
At their core, glycolipids are amphipathic molecules formed by the covalent 
attachment of a lipid tail to a glycan. Almost all glycolipids of vertebrates are 
glycosphingolipids [20], where the lipid moiety consist of a long-chain base 
with an attached lipid, known as ceramide (as opposed to a glycerolipid that is 
found in most phospholipids) [40-42]. The most common long-chain bases are 
sphingosine, phytosphingosine and sphinganine. 

1.2.3.1 BIOSYNTHESIS AND CLASSIFICATION 
The ceramide portion of a glycosphingolipid is synthesized in the endoplasmic 
reticulum (ER) [43], where a sphingosine is joined to a fatty acid chain by an 
amide bond. The fatty acid is typically between 16 to 24 carbon atoms long 
and may be hydroxylated.  
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The ceramide formation is followed by the addition of a galactose in the ER, 
or a glucose in the Golgi apparatus. These single-sugar compounds form the 
simplest of glycosphingolipids, called cerebrosides (since they were first 
isolated from brain tissue). Further saccharide elongation occurs by 
glycosyltransferases on the luminal side of the Golgi apparatus, followed by 
transportation to primarily the outer leaflet of the cell membrane.  

The number of monosaccharide residues in a glycosphingolipid typically range 
from one to ten, but glycosphingolipids with more than 50 residues have been 
described [44]. Glycosphingolipids can be divided into several classes based 
on the sequence and stereochemistry of the monosaccharides closest to the 
ceramide (figure 2) [40]. Classification can also be made according to 
saccharide sequences associated with blood group determinants, such as the 
ABO, Lewis and P systems [45]. Furthermore, glycosphingolipids are often 
grouped as either acid or non-acid (or neutral). Acid glycosphingolipids are 
adorned with sialic acids or sulfate groups, commonly referred to as 
gangliosides and sulfatides, respectively.  

A handful of sialic acids are known, but the most common one found in healthy 
human tissue is the N-actetylneuraminic acid (Neu5Ac). The CMAH gene 
encoding the enzyme CMP-Neu5Ac hydroxylase that converts Neu5Ac to N-
Glycolylneuraminic acid (Neu5Gc) [46] was lost during evolution but remains 
in most other mammals [47]. 

1.2.3.2 LIPID RAFTS 
Lipid rafts, conceptualized in the mid-1990s [48], are microdomains within the 
cellular membrane [49]. These are characterized by their distinct lipid 
composition, rich in cholesterol, sphingomyelins and glycosphingolipids. They 
may also contain certain transmembrane proteins and GPI-anchored proteins.  

This order within the plasma membrane which defines lipid rafts, is seemingly 
transient and has made their observation challenging [50]. Nonetheless, lipid 
rafts have been proposed to serve as organizing centers for the assembly of 
signaling molecules, modulating various cellular processes including signal 
transduction, membrane trafficking, and cellular polarization. The lipid raft-
associated ganglioside GM1 has played a pivotal role in lipid raft research, 
largely because of its detectability by cholera toxin B-subunits [49]. 
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1.2.3.3 FUNCTION AND PATHOPHYSIOLOGY  
Glycosphingolipids contribute to the structural integrity of membranes, 
impacting fluidity and facilitating lipid raft formation [49]. They are involved 
in transmitting extracellular signals by acting as receptors for signaling 
molecules [51], and play a crucial role in cell-to-cell recognition [52] and 
inflammatory processes [53]. Certain glycosphingolipids are associated with 
cell differentiation stages and may play a role in embryogenesis [54], as well 
as oncogenesis [55, 56]. Defects in glycosphingolipid metabolism are 
associated with several congenital diseases, that are heterogenous in 
symptomology and severity [57]. Glycosphingolipids may be targeted by the 
immune system, causing auto immune disorder [58], and they are also often 
targeted by pathogens [4], which is the focus of this thesis. 

1.2.3.4 INTERACTION WITH MICROORGANISMS 
Many pathogens recognize and bind specific glycosphingolipid structures with 
surface-presenting GBPs as a first step to colonization or infection. A well-
studied such system is the P-fimbriated uropathogenic Escherichia coli, where 
the PapG adhesin at the tip of the P-fimbriae binds to the Galα1-4Gal sequence 
of globo series glycosphingolipids in the kidney and contributes to 
pyelonephritis [59-62]. This critical first step of infection, can in turn be used 
as a therapeutic strategy. In a murine model, reinfection of uropathogenic E. 
coli was effectively hindered by targeting its mannose-binding FimH fimbriae 
[63].  

 

Figure 3. The A- and B-subunits of AB5-toxins. The A-subunit (yellow) carries the 
enzymatic property, and the B-subunit binds receptors. PDB code 1TII. 
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After gaining entry to host tissues, pathogens may modify host 
glycosphingolipids to create a favorable environment for survival and 
proliferation [64]. Some bacteria possess enzymes that can alter the structure 
of glycosphingolipids, affecting cellular processes and immune responses, 
ultimately benefiting the pathogen.  

Several bacterial toxins also display affinities for specific glycosphingolipid 
structures [65, 66], using them as entry points or disruptors of cellular 
functions. In fact, some of the strongest known, non-covalent molecular 
interactions are toxin-glycan interactions, such as the interaction of cholera 
toxin (CT) and the GM1 ganglioside [67, 68].  

Bacterial AB5 toxins, are defined by their bifunctional AB5 architecture (figure 
3), where "A" signifies an enzymatically active subunit and "B5" designates a 
pentamer that mediates host cell binding [66, 69]. While various AB5 toxins 
exhibit certain disparities in their specific cellular targets, pathogenic 
strategies, and induced pathologies, common structural and functional are 
shared among them. The A subunit universally disrupts cellular mechanisms, 
often through ADP-ribosylation of specific proteins, whereas the B subunit 
invariably facilitates host-cell binding and entry, interacting predominantly 
with surface glycolipids or glycoproteins. Notable bacterial species producing 
these toxins include Vibrio cholerae, Bordetella pertussis, Shigella 
dysenteriae, Salmonella enterica, Citrobacter freundii and certain E. coli 
strains (table 1) [66, 69, 70]. 

 

 

 

Table 1. Examples of AB5-toxin producing pathogens. 
Bacteria AB5-toxin A-subunit activity Toxin family 
V. cholerae Cholera toxin ADP-ribosyltransferase Cholera 
E. coli Heat-labile ADP-ribosyltransferase Cholera 
C. freundii CfxAB Metalloprotease Cholera 
E. coli Shiga-like toxin RNA N-glycosidase Shiga  
S. dysenteriae Shiga toxin RNA N-glycosidase Shiga  
E. coli Subtilase toxin Serine protease Subtilase 
B. Pertussis Pertussis toxin ADP-ribosyltransferase Pertussis 
S. enterica Typhoid toxin* ADP-ribosyltransferase 

and DNase 
Pertussis  

*Several variants exist 
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1.3 ENTEROTOXIGENIC E. COLI 
Belonging to the Enterobacteriaceae family, the coliform enterotoxigenic E. 
coli is a gram-negative bacteria defined by its ability to express enterotoxins 
that can cause immense diarrhea [71]. Notably, ETEC is the most predominant 
among the five principal diarrheal E. coli strains, which also encompass 
enterohemorrhagic, enteropathogenic, enteroinvasive, and enteroaggregative 
[72].  

The hundreds of millions of annual cases makes ETEC a leading cause of 
bacterial diarrhea, and the most common cause of travelers’ diarrhea [73-77]. 
Similar to other diarrheal diseases, an ETEC infection is propagated through 
fecal-oral transmission and can lead to extensive outbreaks if drinking water 
becomes contaminated, and is endemic to areas where proper sanitation may 
not be sufficiently upheld [78].  

The prevalence among farm animals further exacerbates the challenges faced 
by developing countries [79, 80], where livestock commonly represent a 
primary source of income. Furthermore, in resource-limited settings, close-knit 
living with farm animals may contribute to fecal contamination of water 
supplies and transmission of diarrheal pathogens. However, there is no 
definitive evidence to categorize ETEC as a zoonotic disease as of yet, despite 
the similarities in some virulence factors expressed by isolates from animals 
and humans.  

Symptomatic similarities with other infections, and a scarcity of both resources 
and efficient diagnostical tests [81], make diagnosis a challenge and hinders 
the ability to estimate the true extent of the disease. Although ETEC disease is 
chiefly self-limiting, tens of thousands of individuals die due to the severe 
dehydration every year [82]. Most cases and fatalities occur among children 
under the age of five, with peak incidence between six to 36 months [83, 84]. 
While recovery typically occurs within three to four days, the accompanying 
loss of nutrients and intestinal tissue damage can have enduring repercussions, 
including stunted growth and disruption of the commensal flora [85]. 

Antibiotic treatment has no place in the treatment of ETEC other than in the 
most severe cases. Instead, the primary intervention involves the swift 
administration of liquid and electrolyte replacement therapy, either orally or 
intravenously, which includes water, glucose, and salts [6]. While this 
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treatment is relatively straightforward, it is contingent upon access to clean 
drinking water, highlighting a potential challenge in certain environments. 

1.3.1 INFECTION BY ETEC  
Typically, more than 106 ETEC colony-forming units (CFUs) are required for 
successful transmission [86]. This substantial inoculum size aligns with that of 
V. cholerae. Studies involving human volunteers suggest that this high quantity 
is necessary to overcome the normal acidity of the stomach, and as few as 104 
cells might suffice at elevated gastric pH levels [87]. 

The primary site of infection is the small intestine, where ETEC will try to 
surpass the protective mucus layer and gain access to the epithelial cells. For 
instance, ETEC may deploy a serine protease (EatA) to cleave MUC2 [88], 
thereby facilitating its path to the epithelial surface. 

Once in place, two principal carbohydrate-binding virulence factors of ETEC 
initiate and mediate the infection. These host-specific surface adhesion 
molecules are known as colonization factors (CFs) and enterotoxins.  

1.3.2 COLONIZATION FACTORS 
To date, over 25 known human ETEC CFs have been described [5, 6, 89, 90]. 
With the exception of CS2, these CFs are encoded on plasmids, alongside other 
virulence genes such as those for enterotoxins [91, 92]. CFs are typically 
grouped based on antigenic and genetic differences, leading to the formation 
of distinct categories such as the CFA/I-like, CS5-like, and class 1b groups [5]. 
Additionally, a collection of miscellaneous CFs that do not fit into these main 
categories is also recognized. 

Generally, CFs are composed of a repeating major subunit, which forms the 
bulk of the protruding adhesin, and a minor subunit commonly located at the 
tip of the complex [93]. Some ETEC strains express multiple CFs, potentially 
enhancing their adhesive capacity and thereby increasing their colonization 
potential. Moreover, CFs are associated with the co-expression of either heat-
stable or heat-labile enterotoxins, or in some instances, both (approximately 
one-third each) [94-96]. 

While the receptor specificity of many ETEC CFs remain incompletely 
characterized, studies have predominantly shown affinity for glycoconjugates 
[97-100]. For instance, the ubiquitous non-fimbrial CS6 exhibits affinity for 
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sulfatides in human small intestinal epithelial cells [101]. Furthermore, CFA/I, 
the first described CF and among the most common, adheres to glycoproteins 
and neutral glycosphingolipids present in the human small intestine [98]. The 
interactions with glycosphingolipids were found to be mediated by the major 
subunit (CfaB) [99], and a notable binding-active glycan-motif was the Lea 
determinant. In a following clinical study, it was demonstrated a significantly 
higher incidence for CFA/I-expressing ETEC infection among Le(a+b-) 
children than those for Le(a-b+) children [102]. 

1.3.2.1 CS30  
Despite the identification of a substantial number of ETEC CFs from human 
isolates, previous studies have indicated that 30-50% of isolates did not exhibit 
an identifiable CF [94, 96]. In a study by von Mentzer et al. (2017) [90], whole-
genome sequencing was employed on 94 such isolates, leading to the discovery 
of a set of genes (csmA-G) proposed to belong to a new CF, termed CS30. The 
expression of this novel protein was confirmed by SDS-PAGE and mass 
spectrometry (MS), and CS30+ ETEC strains demonstrated an affinity towards 
Caco-2 cells. However, the specific host receptors to which CS30 binds 
remained unidentified, and was further investigated in paper II.  

1.3.3 ENTEROTOXINS  
Once ETEC has gained access to the small intestinal epithelia, enterotoxins are 
released. The enterotoxins of ETEC are either heat-stable (STs) or heat-labile 
(LTs) and are the main reasons for the diarrheal symptoms [103, 104].  

1.3.3.1  HEAT-STABLE ENTEROTOXINS 
Two subtypes of ST can be formed according to structure and host-specificity; 
STa, which is found in isolates infecting humans, and STb, which is found in 
isolates from pig and cattle where it has been shown to bind sulfatide receptors 
[65, 103, 105]. STh and STp are, in turn, subtypes of STa, both of which may 
infect humans, but the latter was originally found to infect pigs [106].  

The encoding gene for ST, estA, is found on plasmids and the expressed protein 
consists of a single, non-immunogenic oligopeptide of 18-19 amino acid 
residues [103, 107]. Its small size and stable structure make it resistant to heat 
and proteolytic degradation, which contributes to its potency as a toxin. 

ST binds to the transmembrane receptor guanylate cyclase C on the intestinal 
epithelial cells, triggering increased levels of cyclic GMP (cGMP) [107, 108]. 
The elevated cGMP levels induce chloride ion secretion by activating Cystic 
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Fibrosis Transmembrane Regulator (CFTR), and inhibit sodium ion 
absorption, resulting in a net fluid secretion into the intestinal lumen and 
diarrhea. However, a recent study on human jejunal organoids showed elevated 
cGMP mainly in the basolateral space of the cells upon infection with ST, 
suggesting extracellular effects from cGMP [109].  

1.3.3.2 HEAT-LABILE ENTEROTOXINS 
Many important bacterial pathogens deploy structurally related AB5-toxins as 
their main way of pathogenicity (table 1), collectively responsible for more 
than one million deaths per year [66, 69, 70]. LTs belong to this superfamily 
of toxins, which are defined by their molecular composition, with a unique A-
subunit responsible for toxicity and a pentameric B-subunit enabling glycan 
binding and cell entry. Each of these components play a distinct role in the 
functionality and pathogenicity of the toxin. 

The AB5-toxin superfamily can further be divided into four families, 
depending on A-subunit function and sequence homology, of which LTs 
belong to the cholera toxin family [66]. The LTs of ETEC bear significant 
resemblance to CT in terms of structure, function, and, to a certain degree, 
receptor specificity. This includes powerful adjuvant properties [110].  

LTs can be divided into two antigenically different groups, type I (LT-I) and 
type II (LT-II), with LT-I sharing the most resemblance to CT [111, 112]. Both 
human and porcine variants of LT-I exist (LT-Ih and LT-Ip, respectively). LT-
II, in turn, can be further divided into LT-IIa, LT-IIb and LT-IIc, reflecting the 
order of discovery. LT-I is encoded on plasmid elements, while LT-IIs are 
located on the bacterial chromosome [113].  

Although LT-I is the primary heat-labile enterotoxin commonly associated 
with human infections, type II LTs, especially LT-IIc, have been linked to 
clinically significant human infections [104, 114]. Nonetheless, the relative 
novelty of LT-II toxins means they have been less extensively studied. 

1.3.3.2.1 MECHANISM OF ACTION 
While the specific actions of different AB5 toxins may vary, they generally 
follow a similar scheme. For CT and LTs, after ganglioside binding of the B-
pentamer and endocytosis, the holotoxin is transferred to the ER via retrograde 
trafficking through the Golgi apparatus [115]. Once in the ER, the A-subunit 
is dissociated from the B-pentamer. The A-subunit is unfolded and exported to 
the cytoplasm, where it refolds and catalyzes ADP-ribosylation of Gsa, which 
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in turn locks the heterotrimeric G-protein in an active state [116, 117]. This 
stimulates adenylate cyclase which causes the continued production of cAMP, 
and in turn activates CFTR [66]. The subsequent immense efflux of ions pulls 
water out of the intestinal cells, resulting in symptomatic diarrhea.  

1.3.3.2.2 THE STRUCTURE OF LTS 

A-subunit 
The 28 kDa A-subunit consist of one polypeptide made up of two domains; 
The A1 domain which carries the ADP-ribosylating properties, and the A2, 
which is anchored to the B-pentamer [118]. The A1 chain is cleaved from A2 
by the activity of protein disulfide isomerase in the ER. 

The A-subunits of ETEC and V. cholerae share similar structural morphology 
and more than 50% amino acid homology across the board. This converts to 
similar enzymatic properties [66]. 

B-subunit 
Crystal structures reveal a striking resemblance of the AB5-toxins from V. 
cholerae and ETEC (figure 4) [119-122]. Focusing on the B-pentamers, CT 
and LT-I shares approximately 80% amino acid homology, while the LT-IIs 
share about 50% identity. However, there is remarkably almost no sequence 
similarity between type II LTs and LT-I/CT. 

Each of the five monomers of a B-pentamer consist of approximately 100 
amino acids (~11.5 kDa), folded into a globular shape of two a-helixes and 
two b-sheets. Studies on crystal structures of B-pentamers together with glycan 
receptors reveal that the primary binding sites are located in a loop region 
between two monomers, resulting in a total of five binding sites per B-
pentamer [123, 124]. The five binding sites allow for two advantages; 1) 
although the affinity for one binding site may be in the micro- or even 
millimolar range (which for CTB has been enough to trigger endocytosis 
[125]), the overall avidity of the binding sites can add up to the nanomolar 
level [126, 127], and 2) the position of the binding sites forces a crypt-like 
formation in the plasma membrane of target cells when receptors are bound, 
triggering vesicle formation and endocytosis [128-130].  

Both LT-I/CT and LT-IIs exhibit glycosphingolipid-binding properties. GM1 
is the main receptor for LT-I and CT [131], although LT-I also binds to 
glycoconjugates with terminal N-acetyllactosamine [132, 133]. Additionally, 
CT has recently been shown to interact with human blood group antigens on 



Dani Zalem 

15 

glycoproteins [134]. The type II LTs display preference to a wider array of 
ganglioside receptors [135], which are presented in papers I and III.  

 

Figure 4. B-subunits of the cholera toxin family. From top to bottom: Side-view, 
bottom-view, and focused view on the sialic acid binding sites. Although very similar, 
the configuration of the binding pocket, and mode of the glycan unit, differ between 
the CT/LT-I class and the type II LTs. PDB codes are 3CHB, 2XRQ, 5G3L and 7PRS. 

1.4 THERAPEUTIC IMPLICATIONS 
The interaction between glycans and microbial pathogens is multifaceted, 
influencing various stages of infection. Many of these infections are mediated 
by common pathogenic themes, such as the glycan-binding of AB5 toxins. 
Understanding such interactions holds significant therapeutic potential [136, 
137] and may aid to prevent microbial adherence and entry, as well as modulate 
immune responses, and disrupting microbial survival mechanisms [138-140]. 

Previous studies on the enterotoxins of ETEC and V. cholera helped elucidate 
fundamental cellular and pathological processes, such as the formation of lipid 
rafts and vesicles, chart the glycan expression of eukaryotic cells, deepen our 
understanding of the molecular basis for receptor-ligand interactions, and pave 
way for potent vaccines and adjuvants [139, 141].  
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2 AIM 

2.1 GENERAL AIM 
The overall aim of this thesis was to deepen our understanding of the 
pathogenic mechanisms leading to ETEC – and ETEC-related – infections, as 
well as characterizing the fundamental processes governing protein-
carbohydrate interactions. In addition, our goals were to further characterize 
the glycosphingolipid expression of the human small intestine, and search for 
potential receptors involved in ETEC pathogenicity.  

2.2 SPECIFIC AIMS 
Paper I: To characterize the carbohydrate-binding specificity of ETEC type II 
enterotoxin LT-IIb and structurally define the interactions involved in the 
carbohydrate binding. 

Paper II: To characterize the carbohydrate-binding specificity of the novel 
ETEC colonization factor CS30. 

Paper III: To characterize the carbohydrate-binding specificity of the novel 
ETEC type II enterotoxin LT-IIc and structurally define the interactions 
involved in the carbohydrate binding.  

Paper IV: To study the dynamics governing the protein-carbohydrate 
interactions of LT-IIb B-pentamers to allow for comparison with other, related 
B-pentamers of the AB5-toxin family. 
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3 MATERIAL AND METHODS 

3.1 BACTERIAL CULTURING AND 
RECOMBINANT PROTEIN EXPRESSION 

Expression and purification of recombinant proteins are essential steps in 
structural and functional studies. The E. coli expression system is favored for 
its rapid growth, ease of genetic manipulation, and cost-effectiveness [142-
144]. The E. coli strain BL21 is particularly suitable for its properties that 
enhance protein expression and was therefore used in paper I, III and IV.  

Synthetic genes that encode the glycan binding B-subunits of LT-IIb and -IIc 
were acquired from ATG-Biosynthetics and cloned into the locally developed 
and highly efficient expression plasmid pML-λcI857 [145, 146], initially 
formulated for expressing cholera toxin B-subunits (CTB) in V. cholerae. The 
plasmid is based on the commercially available pBR322 expression vector and 
modified with a lambda promotor and temperature-sensitive cI857 repressor 
derived from the bacteriophage Escherichia virus Lambda.   

The plasmids were transformed into electrocompetent E. coli BL21-strains, 
which were selected for ampicillin resistance, conveyed by the plasmid. 
Following bacterial growth in Luria Bertani (LB) broth at 30°C, protein 
production is induced simply by increasing temperature to 42°C which 
inactivates the cI857 repressor. Initially, a suboptimal expression of the native 
proteins was obtained. Therefore, the signal peptide, responsible for directing 
the proteins for periplasmic secretion, was removed. Consequently, B-
monomers were expressed intracellularly, accumulating as inclusion bodies 
due to the rapid expression rate and elevated temperature. This allowed for 
verification of protein expression through phase-contrast microscopy, wherein 
the inclusion bodies were easily identified.  

However, the intracellular protein expression necessitates extraction, which 
was achieved by extensive lysis of the bacterial cells using both lysozyme and 
ultrasonic treatment. The high-density inclusion bodies were thereafter 
separated from cell debris by centrifugation. Repeated washing steps 
eliminated cell debris such as lipopolysaccharides, after which the inclusion 
bodies were dissolved in high concentrations of urea to dissociate the protein 
aggregates. This was followed by gradual dialysis against a physiological 
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buffer (50 mM sodium carbonate buffer at pH 9) to promote proper folding 
into pentameric units.  

Final purification steps were performed by ion exchange and size-exclusion 
chromatography until samples generated single bands at both ∼11.5 kDa and 
∼55 kDa on 14% Tris/glycine gel, corresponding to the molecular mass of 
monomeric and pentameric protein, respectively. 

The isolated wild-type ETEC strain E873 expressing CS30 [90], was cultured 
on either CFA agar plates or in CFA broth, containing 0.15% crude bile at 
37°C. The same conditions, with addition of kanamycin 0.05 mg/ml, were used 
for culture and labeling of the mutant ETEC strain E873ΔcsmA with disrupted 
csmA (major subunit) gene.  

3.2 LABELING 

3.2.1 125I  
Protein labeling is often necessary for their detection and study. In papers I and 
III, LT-II B-pentamers were radiolabeled by the isotope iodine-125 (125I); a 
popular isotope due to its relatively long half-life (approximately 60 days) and 
its ability to emit gamma radiation [147], which can be easily detected with 
high sensitivity. Radiolabeling is especially useful for binding assays since the 
radioactive decay allows for direct and highly sensitive detection of protein by 
film or a gamma counter. However, the isotope decay of 125I may cause protein 
degradation and loss of function. Therefore, proteins should be used promptly 
after radiolabeling.  

The labeling procedure requires a catalyzing agent, such as the iodination 
reagent IODO-GEN, that initiates the iodation reaction from Na125I to the side 
chains of tyrosine [148]. Excess of Na125I, is then separated from radiolabeled 
protein by a gel filtration column.  

3.2.2 35S  
In paper II, bacterial cells were grown in media containing 35S-methionine. 
Under these conditions, the bacteria metabolically incorporate 35S-methionine 
into their proteins during synthesis, enabling detection of radiolabeled cells in 
a manner analogous to proteins labeled with 125I. Notably, the half-life of this 
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isotope is almost three months. A bacterial concentration of 1 × 108 CFU/ml 
was used on thin-layer chromatograms during CBAs. 

3.2.3 13C, 15N AND 2H LABELING OF RECOMBINANT 
B-SUBUNITS 

13C and 15N labeling of proteins is commonly employed for their study using 
nuclear magnetic resonance (NMR) spectroscopy, enabling two-dimensional 
(2D) and three-dimensional (3D) experiments. The magnetic moment of these 
isotopes allows them to be detected by NMR, unlike the more abundant 12C 
and 14N isotopes. With natural abundances of approximately 1.1% and 0.37% 
for 13C and 15N respectively, enriching proteins with these isotopes 
significantly enhances the resultant spectrum [149]. This enhancement 
improves the signal-to-noise ratio and resolution of cross-peaks, facilitating 
clearer identification and assignment of amino acid residues. 

While the proton (1H) spin state is NMR-detectable and sufficient for 
characterizing smaller molecules (using 1D-NMR), it can be problematic when 
studying larger biomolecules like proteins [150]. This is due to the abundance 
of NMR signals from both homonuclear (1H-1H) and heteronuclear (1H-15N or 
1H-13C) scalar couplings, which can overcrowd and complicate a spectrum. To 
alleviate this, proteins are sometimes labeled with deuterium (2H), which, 
although detectable by NMR, has different resonances that do not typically 
interfere with 1H-spectra. Deuterium at amide sites can also exchange with 
environmental protons, preserving detectable amide signals. Such spectra 
exhibit reduced complexity, resulting in narrower line widths and simplified 
peak interpretation across both 2D and 3D. Notably, even in multidimensional 
experiments, signal acquisition primarily focuses on protons due to their high 
gyromagnetic ratio, enhancing magnetization transferred from 13C and 15N 
through heteronuclear couplings. 

Labeling of proteins in paper IV was achieved by exchanging the growth 
medium from LB to deuterated minimal medium, containing 13C labeled 
glucose as the carbon source and 15N labeled ammonium chloride as the 
nitrogen source. The concentration of deuterium was slowly increased to 
acclimate the BL21-strain before protein expression was induced.  
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3.3 GLYCOSPHINGOLIPID ISOLATION 
The amphipathic character of glycosphingolipids, which facilitates their 
existence within the hydrophobic domain of cell membranes while 
simultaneously interacting with a hydrophilic environment, also enables their 
extraction (summarized in figure 5). First, as outlined by Karlsson (1987) 
[151], an organic solution mixture is employed in a Soxhlet apparatus to extract 
all lipids from a homogenized and lyophilized tissue.  

 
Figure 5. The main steps of glycosphingolipid isolation. Starting with lipid 
extraction from a lyophilized tissue sample, the procedure results in two fractions of 
acid and non-acid glycosphingolipids. GSL = glycosphingolipid. 

Table 1. Summary of the GLS isolation procedure 
Step Effects on the GSLs  Protocol procedure   
      
1.   Extraction of lipids   

      
2. Degradation of ester-linkages  Mild alkaline methanolysis   

      
3. Removal of cholesterol-esters and fatty 

acids 
 Silicic acid chromatography   

      
4. Separation of acid from non-acid 

GSLs 
 Ion exchange 

chromatography 
 TOTAL ACID 

GSLS 
      
5. Alteration of chromatographic 

properties of non-acid GSLs 
 Acetylation   

      
6. Separation of non-acid GSLs from 

sphingomyelin 
 Silicic acid chromatography   

      
7. Reversal of GSLs to original state  Deacetylation   

      
8. Removal of remaining acid compounds  Ion exchange 

chromatography 
  

      
9. Removal of remaining non-polar 

compounds 
 Silicic acid chromatography   

      
      

      
   TOTAL NON-ACID 

GSLS 
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Next is the task of separating glycosphingolipids from unwanted lipids, such 
as triglycerides, cholesterols, and phospholipids. Given that 
glycosphingolipids exhibit resistance to mild alkaline conditions – a trait not 
generally shared with non-sphingosine lipids – treatment with a mild alkaline 
enables hydrolysis of the glycerol-based phospholipids. After dialysis the non-
polar compounds are separated from the glycosphingolipids by silicic acid 
column chromatography.  

The isolated glycosphingolipid fraction is then divided into an acid and non-
acid (neutral) fraction by ion-exchange chromatography, such as a 
diethylaminoethyl (DEAE) cellulose column. However, the non-acid fraction 
contains the alkali-stable phospholipid sphingomyelin and is therefore 
subjected to acetylation [152] followed by a second silicic acid column 
separation, deacetylation, and dialysis. The remaining non-acid fraction is 
purified by a final step of DEAE- and silicic acid-columns. 

These mixtures of acid and non-acid glycosphingolipids generated from each 
tissue may be sufficient for the testing of protein-carbohydrate interactions. 
But for any in-depth analysis of glycan structure, further separation into single 
compound fraction is needed. Optionally, lectins may be utilized to segregate 
specific glycosphingolipids via affinity chromatography. Separation can also 
be achieved by chromatography on IatrobeadsR silica gel columns [153] or 
high-pressure liquid chromatography, with simultaneous thin-layer 
chromatography (TLC)  [154] to monitor the separation. Within the TLC 
process, mixtures of chloroform, methanol, and water serve as the mobile 
phase, facilitating the separation of glycosphingolipids across the silica gel 
plate based on the polarity and size of both carbohydrate and ceramide 
moieties. For staining, anisaldehyde [155] or resorcinol [156] is utilized to 
detect total glycosphingolipid content or gangliosides only, respectively. 

All in all, this is a highly reproducible and straightforward method, albeit a bit 
time-consuming, which allows for detailed functional and structural studies of 
glycosphingolipids.  

3.4 CHROMATOGRAM BINDING ASSAYS 
Leveraging the simplicity of TLC to separate glycosphingolipids is a notable 
advantage for their use in chromatogram binding assays (CBA) [157]. Post-
separation of glycosphingolipids on a silica gel plate, the entirety of the plate 
is soaked in polyisobutylmethacrylate, dissolved in an n-hexane/diethyl ether 
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solution, for a one-minute duration, serving to immobilize the silica gel. 
Unspecific binding is prevented through pre-incubation with bovine serum 
albumin, or an alternative blocking agent, whereafter the silica plate is overlaid 
and incubated with the studied adhesin. The adhesin can be either directly or 
indirectly detected (with the use of secondary antibodies). Direct labeling with 
radioactive isotopes was used in this thesis, followed by autoradiography for 
the detection of bound adhesins.  

The strategy for elucidating the glycan binding specificity of the adhesins in 
papers I-III, involved the initial screening of known and unknown 
glycosphingolipids amassed over the years at our department from various 
animal species and tissues. Binding assays were performed with fractions 
containing either characterized single compounds glycosphingolipid, or acid 
and non-acid glycosphingolipid mixtures from various tissues.  

Upon achieving binding to any of the glycosphingolipid mixtures, further 
separation into a refined, single-compound fraction can be performed by 
repeated IatrobeadR silica gel columns. The structural determination of 
binding-active glycosphingolipids is primarily achieved through analytical 
techniques such as mass spectrometry (MS), NMR, or by glycan-binding 
proteins.  

An inherent strength of employing glycosphingolipids for discerning 
carbohydrate binding activity lies in the fact that each lipid possesses only a 
singular saccharide chain – unlike glycoproteins which may be glycosylated 
with numerous heterogeneous chains. Moreover, some saccharide structures, 
such as the lactose sequence, are exclusively present in glycosphingolipids. 
While glycosphingolipids do not contain mannose in higher animals, this can 
be mitigated by using mannose containing glycosphingolipid mixtures from 
alternative sources, like plants and sea animals [158]. Thirdly, 
glycosphingolipids have commendable stability and are amenable to storage. 
Lastly, the ease, speed, and cost-effectiveness of the TLC-based method render 
it ideal for repeated experiments. 

Nonetheless, like any experimental model, a few drawbacks warrant 
acknowledgment. Due to the static nature of the studied, immobilized 
glycosphingolipids, the impact of avidity for multivalent binding sites, and the 
importance of epitope presentation, might be underestimated. For instance, 
while binding of cholera toxin B-subunits to fucosylated glycoproteins has 
been observed to a non-canonical binding site [134], no such binding is evident 
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to similar epitopes on glycosphingolipids [159]. The proposed idea is that the 
shorter length of the glycosphingolipids does not access all possible binding 
sites on the B-pentamer, thereby initiating only a limited number of binding 
interactions that are too weak to detect.  

3.4.1 INHIBITION STUDIES 
When a specific glycan motif is suspected to mediate an observed binding 
interaction to glycosphingolipids, inhibition studies may be used to strengthen 
such suspicions. In this context, the adhesin of interest is pre-incubated with 
an oligosaccharide analogue, resembling the proposed binding epitope, prior 
to proceeding with the CBA as previously described. Absent glycosphingolipid 
interaction through this procedure serves to confirm the saccharide epitope 
requisite for binding. Nonetheless, this approach may warrant caution as there 
are documented instances where saccharides, although not constituents of the 
recognized glycan structure, have inhibited interaction with the protein. For 
instance, the lectins E-PHA and L-PHA isolated from kidney beans are 
inhibited by GalNAc, a sugar that is not part of the N-glycan structures that 
they recognize [160, 161]. 

3.4.2 MICROTITER WELLS 
Once the initial screening has provided evidence for binding active 
glycosphingolipid receptors, a more semi-quantitative and comparative 
binding analysis can be performed by microtiter wells assays. Increasing 
amounts of glycosphingolipids are immobilized in microtiter wells, followed 
by the addition of radiolabeled adhesin. The plates are then washed to remove 
any unbound material and a gamma counter will provide information 
equivalent to the bound adhesin.  

3.5 GLYCOSPHINGOLIPID 
CHARACTERIZATION  

Several strategies exist for the structural identification of glycosphingolipids, 
each varying in complexity and precision. The most straightforward approach 
entails utilizing TLC to compare the retention factor of known reference 
glycosphingolipids with that of an unknown sample, or by running the isolated 
fraction alongside known reference samples on a silica gel plate and inspecting 
for co-migration. However, since different glycosphingolipids can co-migrate 
and manifest as a single band due to subtle variations in e.g. ceramide 
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composition, this approach leaves room for uncertainty. Luckily, alternate 
methods are available to supplement or validate findings derived from this 
primary strategy, ensuring a comprehensive and accurate analysis of 
glycosphingolipid structures. 

3.5.1 GLYCAN BINDING PROTEINS 
A key tool in characterizing glycan structures is glycan-binding proteins 
(GBPs). Their ability to distinguish glycans can range from a single 
monosaccharide, to complex, branching oligosaccharides, including the 
discrimination of a- and b-anomeric linkages. In addition to recognizing 
terminal glycan structures, some GBPs instead recognize core saccharide 
sequences, allowing for a more comprehensive structural glycan 
characterization when different GBPs are combined.  

Commonly, GBPs are classified as either lectins, antibodies, microbial 
adhesins or viral agglutinins. Historically, lectins have been extensively 
isolated from plants ever since their first description at the end of the 19th 
century [162]. They are however found in all living organisms, but it was not 
until the 1960’s that the first animal lectin was isolated [163]. The 
hemagglutinating properties of some lectins played a pivotal role in 
investigating the structural foundation of the ABO blood group antigens. 
Although the in vivo function of numerous lectins is yet to be established, many 
animal lectins play important roles in e.g. the immune response and 
glycoprotein synthesis. 

3.5.2 MASS SPECTROMETRY  
The immense structural diversity that arises from multiple saccharides linked 
together far exceeds that of amino acids or nucleotides and requires precise 
analytical tools for their study. The single most revolutionizing technique for 
carbohydrate characterization is MS which has been used to structurally 
determine glycosphingolipids over the past 50 years [164, 165]. At its core, 
MS is an analytical technique where molecules are ionized to form charged 
species. These ions are then sorted based on their mass-to-charge ratio (m/z) in 
an analyzer and detected in a manner proportional to their abundance. 

Different MS modalities exist, divergent mainly in the ionization step, which 
gives the option to use the technique best suited for the analyte in mind. 
Electrospray ionization (ESI) MS, often used for polar and larger molecules, 
typically produces intact ions and fewer fragment ions than other forms of MS, 
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such as electron impact (EI) MS, and is therefore considered to be a “soft” 
ionization technique. This is particularly suitable for the study of 
glycosphingolipids since it allows for the study of intact molecules. 
Furthermore, tandem MS analysis (ESI-MS/MS or MS2) may generate and 
detect more fragmented ions if needed, with the purpose of increasing 
resolution and sensitivity. Furthermore, connecting ESI-MS to an initial liquid 
chromatography step (LC-ESI-MS) allows for an on-line separation of 
glycosphingolipids, which facilitates the study of more heterogeneous 
samples.  

Characterization of the glycan part of glycosphingolipids can be achieved by 
LC-ESI-MS after removal of the ceramide by endoglycoceraminidase 
digestion (EGCase) [166]. The oligosaccharides are separated on a graphitized 
carbon column, whereby resolution of isomeric oligosaccharides is obtained, 
and MS2 gives C-type ion series from which the carbohydrate sequence can be 
deduced. Information about linkage positions is given by cross-ring 0,2A-type 
fragment ions which are present when HexNAc or Hex is substituted at C-4. 

This method has however been hampered by the somewhat restricted 
hydrolytic capacity of EGCase II, which does not fully digest globo series 
glycosphingolipids and gangliosides. However, recently EGCase I, with a 
more universal hydrolytic capacity [167] has become commercially available. 

3.5.3 PROTON NMR  
While NMR spectroscopy is occasionally hindered by the substantial material 
quantities required to obtain a spectrum of adequate quality (typically between 
100 and 200 micrograms) its increased resolution enables a detailed 
determination of monosaccharide composition, anomeric configuration and 
linkage positions [168]. Proton NMR spectroscopy, utilizing its inherent 
capability to analyze chemical shifts exclusively on 1H nuclei, does not 
necessitate any labeling, rendering it particularly well-suited for the study of 
purified glycosphingolipid isolates from tissues. Additionally, the non-
destructive nature of NMR analysis allows for recovery of the analyte if further 
investigation is desired. 

3.5.4 ADDITIONAL METHODS 
Information about monosaccharide types and glycosidic linkage positions can 
be obtained by degradation studies [169]. However, this method is not often 
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used nowadays. Stepwise glycosidase digestion can also be used for structural 
characterization. 

3.6 STRUCTURAL AND DYNAMIC CHARAC-
TERIZATION OF PROTEIN-
CARBOHYDRATE INTERACTIONS 

Once binding-active glycosphingolipids are discovered and structurally 
characterized, a more detailed analysis of the underlying molecular foundation 
governing the protein-glycan interaction can be made. To leverage structural 
techniques, such as X-ray crystallography and NMR spectroscopy, it is 
imperative to first attain sufficiently pure samples of the recombinant protein. 
In paper II, recombinant protein expression was not successful, thus preventing 
such structural analysis.  

3.6.1 CO-CRYSTALLIZATION STUDIES 
X-ray crystallography stands as one of the most powerful techniques for 
determining the three-dimensional structures of biological macromolecules, 
providing pivotal insights into the molecular frameworks of proteins. This 
technique was first used to solve the structure of myoglobin derived from 
sperm whale [170], garnering the Nobel Prize in Chemistry in 1962. Ever 
since, X-ray crystallography has firmly established itself as an indispensable 
tool for the structural characterization of molecules due to its exceptional 
resolution capabilities [171]. 

At its essence, X-ray crystallography involves directing an X-ray beam toward 
a crystallized sample which generates a diffraction pattern, emerging from the 
interaction between the X-rays and the electron clouds of the atoms within the 
crystal. It is therefore crucial to produce high-quality crystals, which in turn is 
influenced by factors such as protein size and chemical properties. The 
detected diffraction pattern contains data pertaining to the electron density 
within the crystal, which is subsequently translated into a molecular model 
through a series of computational transformations. 

In protein-ligand interaction studies, the protein of interest is crystallized in 
conjunction with the ligand, and the resulting diffraction pattern can be 
compared with the ligand-free protein [172]. The co-crystallization studies of 
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papers I and III were carried out by collaborators from the laboratory of 
Annabelle Varrot and Anne Imberty at the University of Grenoble Alpes. 

The advantage of this mature technique is its near atomic resolution and lack 
of size limitations, as long as quality crystals can be acquired [173]. 
Conversely, the main drawbacks of X-ray crystallography revolve around 
crystal formation and the inability to determine dynamic and transient states. 
The complexity of achieving crystal formation tends to escalate with 
increasing protein size or insolubility and may necessitate a broad screening 
procedure to identify the optimum conditions for crystallization, which 
typically involve experimenting with a variety of buffers and pH levels. 

3.6.2 NMR FOR PROTEIN-LIGAND INTERACTIONS 
NMR spectroscopy is a powerful tool to not only determine the structure of a 
protein and its binding sites, but also reveal information about dynamic 
changes, binding affinity, and molecular contributions to binding interactions 
[174]. When placed in a magnetic field, certain nuclei (such as the 1H nucleus) 
resonate (or precesses) at specific frequencies, which can be detected. The 
frequency of this resonance can be influenced by the atom's local environment, 
including its interactions with neighboring atoms and molecules. This causes 
a variation in signal (chemical shift) which can be leveraged to identify 
molecular structures.   

For the study of protein-ligand interactions, either the protein ("protein-
observed") or the ligand ("ligand-observed") is detected. The protein-observed 
technique detects the ligand's effects on the protein and was used in paper IV. 

3.6.2.1 PROTEIN-OBSERVED NMR 
Through the detection of specific atomic nuclei, commonly 1H, 13C, and 15N 
due to their specific magnetic properties and natural abundance, NMR offers 
the advantage of monitoring molecular motion over a range of timescales. This 
allows for the revelation of not just static structures but also the inherent 
flexibility and dynamics of proteins, which are crucial for their function. As a 
result, protein NMR has become an invaluable tool in the fields of 
biochemistry, molecular biology, and drug discovery. Several different two- 
and three-dimensional experiments can be employed for protein detection, 
varying mainly in the isotopic labeling requirement of the protein, the pulse 
program applied for magnetization transfer, and the method of signal detection. 
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Special consideration must be given to the size of the protein, as the reduced 
tumbling rates of larger molecules lead to increased relaxation rates, resulting 
in diminished NMR signal strength [174]. A significant advancement in the 
NMR study of large proteins was the introduction of transverse relaxation 
optimized spectroscopy (TROSY) [175] – a pulse sequence that has enabled 
the analysis of proteins up to 1 MDa in size [176]. However, this often 
necessitates extensive labeling of the protein with 2H, 13C, and 15N isotopes 
[149]. The combination of a 2D HN-TROSY spectrum with spectra from triple 
resonance experiments, such as HNCA, HN(CO)CA, HNCO, HNCACB, and 
HN(CO)CACB, frequently allows for comprehensive protein assignment. 
Nuclear Overhauser enhancement spectroscopy (NOESY) [177] provides 
information of through-space interactions, typically up to 5 Å, and is an 
essential tool for determining 3D-structures by NMR. Yet, the efficacy of 
NOESY diminishes for larger proteins or complexes due to the associated 
decrease in NMR signal stemming from accelerated relaxation rates. 
Additionally, for these larger structures, the interpretation of NOESY spectra 
can become challenging because of signal overlap. 

Following the structural characterization of a protein and assignment of peaks 
in a TROSY spectrum, one can explore ligand interactions using chemical shift 
perturbation (CSP) analysis [178-181]. This technique is essential for probing 
the dynamics of protein-ligand interactions, pinpointing the location of binding 
sites, and determining binding affinity. In a typical CSP experiment, a 
consistent amount of protein in a physiological buffer undergoes titration with 
increasing quantities of ligand – preferably exceeding the binding sites by at 
least 20-fold to ensure saturation. At each titration step, NMR spectra are 
recorded. These are commonly a combination of HN- and HC-heteronuclear 
single quantum coherence (HSQC) experiments. Although HSQC is the 2D 
experiment foundation of TROSY, it tends to offer lower resolution for larger 
proteins. However, its relatively quicker acquisition time makes it a suitable 
choice when the protein's backbone assignment is already established. 
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4 RESULTS AND DISCUSSION 
Infectious diarrhea, primarily transmitted via the fecal-oral route, ranks second 
in global microbial-related mortality, following pneumonia. Proximity to 
domestic livestock without rigorous infrastructure and sanitation measures, 
enhances the risk of contamination with feces, thereby elevating the potential 
for transmission of pathogens between humans and animals. Numerous 
colonization factors (CFs) in ETEC utilize tip-localized adhesins to bind to 
glycan receptors, facilitating colonization of host tissues, with various 
glycosphingolipid receptors being characterized in human and porcine ETEC 
infections. Although CFs are considered to be host-specific, the relatively new 
Class 1B CFs in ETEC from humans with diarrhea exhibit structural and 
homological similarities to adhesin F6 (987P) in porcine ETEC strains [182]. 
This class includes the recently discovered CS30, which was expressed by 
ETEC strains isolated from symptomatic children worldwide [90]. The amino 
acid homology of the major subunit of CS30 (CsmA) with the major subunit 
of F6 (FasA) is more than 50%. To understand the prerequisites of infection, 
paper II studies the glycan binding preferences of these novel CS30 expressing 
ETEC strain.  

While type II heat-labile enterotoxins of ETEC are commonly associated with 
animal infections [79], they have also been identified in symptomatic humans 
[114]. However, due in part to their relative novelty, LT-IIb and LT-IIc have 
not been studied to the same extent as CT and LT-I. Prior to the studies 
conducted in papers I and III, binding assays were conducted exclusively with 
a restricted selection of commercially available ganglio core chain 
gangliosides, showing interactions with gangliosides GD1a and GT1b for LT-
IIb [135, 183], and with GM1, GM2, GM3 and GD1a for LT-IIc [184, 185]. 
Furthermore, structural data on the two pentamers were very limited, 
especially in conjunction with a ligand. Therefore, these two studies sought out 
to exhaustively elucidate the carbohydrate binding specificity of the B-
pentamers from LT-IIb and -IIc, as well as structurally characterize these 
interactions. The last paper (IV) dives into the detailed ligand-interaction of 
LT-IIb, in an attempt to understand the dynamics of the binding and further 
characterize the binding sites. 
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4.1 PAPER II – CS30 
In this study, a comprehensive examination was performed to explore potential 
binding of the novel ETEC colonization factor CS30 to glycosphingolipids. 
The wild type ETEC strain E873, which expresses CS30, and its mutant 
E873ΔcsmA, with a disrupted major subunit, were subjected to diverse 
carbohydrate structures from mixtures of acid and non-acid glycosphingolipid 
fractions. Notably, a specific binding of CS30-expressing ETEC to a fast-
migrating compound within acid glycosphingolipid fractions was consistently 
observed, a phenomenon not observed with the mutant strain. Slow-migrating 
compounds in acid fractions or non-acid glycosphingolipids were not 
recognized by the CS30-positive bacteria. 

Moreover, the CS30-positive strain demonstrated binding to a fast-migrating 
compound in acid glycosphingolipid fractions of both human and porcine 
small intestines, typically where cholesterol sulfate and sulfatide (SO3-
3Galβ1Cer) co-migrate. Subsequent binding assays to reference fractions 
containing sulfatide revealed exclusive binding with the CS30-expressing 
strain, with no detectable binding to cholesterol sulfate.  

Further isolation and analysis via LC-ESI-MS of binding-active compounds 
from human small intestinal samples displayed molecular ions corresponding 
to glycosphingolipids with sulfated hexose (SO3-Hex) and a set of variant 
ceramides. Anti-SO3-3Galβ monoclonal antibodies, employed in binding 
assays, confirmed the presence of sulfatide in these samples.  

To investigate the significance of the ceramide portion for CS30 binding, a 
number of sulfatide species – varying in ceramide composition – were isolated 
from human stomach and human meconium. Characterization of CS30-
binding sulfatides by LC-ESI-MS, revealed a pronounced binding preference 
for sulfatide featuring d18:1-h24:0 ceramide.  

Glycosphingolipids related to sulfatide, such as galactosylceramide 
(Galβ1Cer), were not recognized CS30-positive E. coli, underscoring the 
sulfate moiety's necessity in the binding process. Similarly, no binding was 
achieved to sulf-gangliotetraosylceramide (SO3-
3Galβ3GalNAcβ4Galβ4Glcβ1Cer), suggesting an integral role of ceramide in 
the interaction, either as part of the binding epitope or in optimizing the 
presentation of the relatively succinct SO3-3Galβ sequence.  
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CS30-expressing ETEC were incubated with saccharides and anionic 
polysaccharides before conducting binding to serially diluted sulfatide on 
chromatograms. A notable inhibition of the interaction between CS30-
expressing ETEC and sulfatide occurred with dextran sulfate at 10 mg/ml, 
while a concentration of 5 mg/ml exerted no inhibitory effect. Dextran, sodium 
octadecyl-sulfate, and galactose-4-sulfate failed to inhibit binding under the 
tested conditions. 

In conclusion, these findings reveal a sulfatide binding specificity of CS30 
positive ETEC, of which binding is influenced by the ceramide moiety. 
Sulfatide recognition, noted also in pathogens such as Mycoplasma 
pneumoniae, Bordetella pertussis, and H. pylori, underscores its biological 
relevance.  

Given that the porcine CF F6 (987P), a Class 1b-related variant, shares 
substantial amino acid sequence homology with CS30 (CsmA), and similarly 
binds to sulfatide, albeit only occasionally, indicate that CS30 positive strains 
might possess the capability to infect multiple hosts.  
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4.2 PAPER I – LT-IIB  
To deepen the understanding of toxins produced by ETEC, an exhaustive 
investigation into the carbohydrate binding specificity of the LT-IIb B-subunit 
was performed. The recombinant LT-IIb B-subunit was effectively expressed 
in the lambda expression model following method optimization. To maximize 
the variation in glycan epitope presentation to the B-pentamers, the initial 
strategy was to conduct binding assays to a comprehensive collection of acid 
and non-acid glycosphingolipid mixtures, isolated from various animal species 
and tissues.  

Distinct binding interactions to slow-migrating compounds in acid 
glycosphingolipid mixtures originating from rabbit thymus, human small 
intestine, and neutrophils were obtained. Major components of rabbit thymus 
and human neutrophils, which migrate at this level on a silica gel plate, include 
sialyl-neolactotetraosylceramide and sialyl-neolactohexaosylceramide [186-
188]. Both, as reference compounds, were also recognized by the LT-IIb B-
subunits, underscoring the pivotal role of gangliosides with a neolacto core 
chain in the interaction. 

Next, CBAs were performed with a diverse and extensive set of previously 
isolated and structurally determined glycosphingolipids to decipher 
carbohydrate sequences vital for the binding of LT-IIb B-subunits. The GD1a 
ganglioside was reaffirmed as a binding glycosphingolipid, although no 
binding to GT1b was observed. Additional interactions, primarily with 
neolacto core gangliosides, were also revealed. Taken together this suggests 
that the binding epitope is Neu5Aca3Galb3/4GlcNAc/GalNAc but that access 
is hindered by the di-sialyl unit of GT1b. Furthermore, terminal di-sialyl motifs 
and Neu5Ac in an a6-linkage, as opposed to an a3-linkage, went 
unrecognized, as did non-acid glycosphingolipids.  

The sensitivity of radioisotope-detected CBAs, suitable for estimating relative 
affinity of protein-glycan interactions, highlighted a detection limit of less than 
20 ng per lane for Neu5Gcα3-neolactohexaosylceramide, while the detection 
limits for Neu5Acα3-neolactotetraosylceramide and the GD1a ganglioside 
were approximately 800 ng per lane. This 40-fold preference for Neu5Gcα3-
neolactohexaosylceramide might partially be attributed to the elongated 
oligosaccharide structure of Neu5Gcα3-neolactohexaosylceramide, or a 
favored binding to Neu5Gc gangliosides over Neu5Ac. 
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Although in limited quantities, GD1a is expressed in the human small intestine. 
Nonetheless, binding-active slow-migrating compounds from human small 
intestinal isolates migrated on a level corresponding to that of neolacto core 
gangliosides on silica gel plates. These fractions were isolated into singular 
compounds and analyzed by LC-ESI-MS, revealing the presence of 
Neu5Acα3-neolactohexaosylceramide. Thus, the human small intestine 
expresses receptors for LT-IIb as both GD1a and Neu5Acα3-
neolactohexaosylceramide. 

Moreover, despite limited data regarding the acid glycosphingolipids presented 
by lymphocytes, their expression of neolacto core gangliosides has been 
documented and may designate them as target cells of LT-IIb [189, 190]. This 
could, in turn, mediate or amplify the strong adjuvant properties demonstrated 
by the protein. Past studies investigating immune responses induced by the 
cholera toxin family, some of the most potent known mucosal adjuvants, have 
attributed the elicited immune response profile to variations in ganglioside 
recognition by the B-subunits on lymphocytes. 

Lastly, to fully elucidate the binding interaction on a molecular level, the 
recombinant B-subunit was co-crystallized with the oligosaccharide Neu5Ac-
nLT (Neu5Aca3Galb4GlcNAcb3Galb4Glc). The subsequently obtained 
diffraction data, resolved at 1.72 Å, exhibited intact B-pentamers with electron 
density corresponding to the sugar ligand at the putative binding site. The 
binding site is situated between two monomers, analogous to the binding sites 
of CT and LT-I. However, the ligand-binding mode is distinct from those 
observed for GM1 in LT-I and CT.  

Additionally, a second binding site was identified on the same side as the 
primary/putative binding site. In both binding sites, the Neu5Ac unit facilitated 
most binding interactions, and due to the shallower groove of the secondary 
binding site, no saccharide besides the Neu5Ac moiety was accommodated 
therein. 

Attempts to fit the two Neu5Ac residues of a single GD1a oligosaccharide into 
the two binding sites of LT-IIb by molecular modeling were unsuccessful. 
Hence, it is more plausible that LT-IIb binds to separate sialylated 
glycosphingolipids on cell surfaces. This is the first description of a member 
from the cholera toxin family exhibiting two binding sites within a monomer, 
resulting in a total of ten binding sites per B-subunit to the same ligand. 
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4.3 PAPER III – LT-IIC 
Initially, the carbohydrate-binding specificity of LT-IIc was explored through 
solid-phase glycosphingolipid-binding studies, employing mixtures of both 
acid and non-acid glycosphingolipid mixtures in the screening process. 
Contrasting with other B-subunits from ETEC and V. cholerae, LT-IIc B-
subunits demonstrated a notably promiscuous binding, revealing bands in 
numerous mid- to slow-migrating acid compounds on silica gel plates, 
primarily migrating at and below the level of the GM3 ganglioside. No binding 
was observed to sulfatides, the major glycosphingolipid in the acid fraction of 
human small intestine. Mixtures which were considerably composed of 
neolacto core gangliosides, notably those isolated from rabbit thymus and 
human neutrophils, exhibited particularly intensive binding. LT-IIc B-subunits 
displayed no binding to GD3 during comparative analysis using TLC-plates 
overlaid with anti-GD3 antibodies.  

Subsequent investigations with a set of known, single-compound reference 
glycosphingolipids, aiming for a more detailed understanding of LT-IIc’s 
glycan binding specificity. A discernible pattern emerged where LT-IIc bound 
to terminal Neu5Aca3- or Neu5Gca3-Gal gangliosides, excluding ganglioside 
GM4, Neu5Acα3-lactotetraosylceramide, and the Neu5Ac-globopenta/SSEA-
4 ganglioside. 

The inability to bind to GM4 ganglioside may be attributed to its relatively 
short carbohydrate chain, potentially rendering it inaccessible to the B-
subunits. Non-binding to Neu5Acα3-lactotetraosylceramide and the Neu5Ac-
globopenta/SSEA-4 ganglioside could stem from conformational constraints.  

In additional binding experiments, LT-IIc demonstrated no affinity for a6- 
linked Neu5Ac or gangliosides with a disialo sequence. Moreover, further 
experiments with derivatives of Neu5Gc-GM3, wherein the carboxyl group of 
the sialic acid was modified to methylamide, ethylamide, or propylamide, 
elucidated the pivotal role of the carboxyl group in the binding process as all 
modifications ceased binding. 

To discern the comparative binding affinity of the binding-active gangliosides, 
serial dilutions of these compounds on silica gel plates and in microtiter wells 
demonstrated LT-IIc B-subunits binding with high affinity, comparative to that 
of the GM1 ganglioside binding of CTB, to gangliosides with a terminal 
Neu5Aca3-Gal or Neu5Gca3-Gal epitope, such as GD1a ganglioside and the 
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Neu5Ac-neolactohexaosylceramide. Inhibition studies with Neu5Acα3-
lactose (Neu5Acα3Galβ4Glc) markedly diminished binding to gangliosides in 
microtiter wells, thereby demonstrating a clear dependency on the sialic acid 
moiety for binding capacity. 

As the minimal sequence necessary for LT-IIc B-subunit binding to 
glycosphingolipids is also prevalent on numerous glycoproteins, the binding 
of LT-IIc B-subunits with this glycan epitope on fetuin (though not asialo 
fetuin) was anticipated. Consequently, the binding of LT-IIc to either 
gangliosides or sialylated glycoproteins in the small intestine may play a 
pivotal role in the binding of the toxin and the overarching infection 
mechanism. 

In addition to studies on glycosphingolipids from human small intestinal cells 
– which illustrated binding to slow-migrating compounds and to the 
gangliosides GM3, GD1a, and sialyl-neolactohexaosylceramide – binding 
assays to glycosphingolipids from immune cells were also conducted. These 
binding assays displayed similar binding, recognizing compounds co-
migrating with GM3 ganglioside and below, such as sialyl-
neolactotetraosylceramide and sialyl-neolactohexaosylceramide.  

Mirroring its related B-subunits, LT-IIc exhibits robust adjuvant properties 
[191, 192]. It’s noteworthy that, while immune cells lack gangliosides that are 
based on ganglio core chains [193], they are documented to express GM3 and 
gangliosides featuring neolacto core chains [189, 190]. Consequently, the 
discernible binding of LT-IIc to Neu5Acα3-neolacto gangliosides, 
complemented by Neu5Ac-GM3 binding, may underscore a pivotal role in 
steering the immunomodulatory activities of the protein. 

Structurally, despite a mere 53% amino acid homology, the crystal structure of 
LT-IIc is nearly identical to LT-IIb, preserving all secondary structure 
elements and almost all amino acids engaged in the sialic acid interaction of 
the primary binding sites. Indeed, electron density revealed a binding site 
analogue to the primary binding site of LT-IIb, where the sugar ligand 
(Neu5Ac-nLT) was modeled. Only two differences in the core of this conserved 
binding site were noted, potentially explaining the divergence in glycan 
binding specificity from LT-IIb B-subunits; a lysine residue instead of 
asparagine at position 32 of LT-IIc, and a tyrosine instead of proline at position 
86.  
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Unlike LT-IIb, LT-IIc did not have a secondary binding site. This could be 
explained by major side chain alterations, such as substitution of the LT-IIb B-
subunit amino acid residues Ser50, Arg51, Ala52, Lys53 and Asp54, thereby 
altering binding and interaction potentials. 

While LT-IIc exhibited no binding to non-acid glycosphingolipids, it is 
noteworthy that CTB binding to non-acid fucosylated glycans has been 
exclusively observed when these moieties are expressed on glycoproteins. It is 
plausible that the few fucosylated gangliosides recognized by LT-IIc in this 
study is attributable to their terminal Neu5Acα3Gal sequence. 
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4.4 PAPER IV – DYNAMICS OF LT-IIB 
The highly resolved crystal complex attained in paper I revealed the presence 
of two ligand binding regions on the surface of B-subunit monomers and 
described the atomic interactions of the protein-glycan interaction. However, 
based on the static nature of crystallography, the interaction visualized is a 
temporary moment stuck in time, which does not provide any dynamic 
information and may over- or underestimate binding interactions. NMR 
spectroscopy has been employed extensively to not only structurally determine 
a protein and its binding sites, but also reveal information about transient 
states, binding affinity, and molecular contributions to the binding [149]. 
However, protein-NMR does present with some challenges. The isotope 
labeling of proteins, as well as the backbone assignments, can be tedious and 
time consuming. Relatively large amounts of proteins are needed and the study 
of larger polypeptides is challenging due to slower tumbling, causing a fast 
decay of NMR signal, leading to decreased resolution and sensitivity [174]. 
However recent advancements have allowed for the analysis of much larger 
proteins than previously [175]. For instance, NMR-studies of the Shiga-like 
toxin from E. coli helped pave way for the development of effective inhibitors 
based on receptor analogues [138, 194]. 

This study attempted to unravel the intricate dynamics of the sialic acid binding 
mechanism associated with the B-pentamer from LT-IIb by the techniques of 
NMR-spectroscopy. Initially, the recombinant, 13C, 15N and 2H labeled protein 
allowed for an almost complete backbone assignment, which establishes a 
significant stepping stone for deeper structural and dynamic explorations. 
Besides proline residues, asparagine 11 and arginine 12 were the only two 
amino acids not resolved in the 2D-TROSY spectrum. These residues are 
situated within an exposed loop region neighboring the primary binding site, 
and their missing signal possibly roots from a slow to intermediate exchange 
of the amide protons with the surrounding aqueous environment.  

Next, chemical shift perturbation analysis allowed for the discrimination of 
amino acids that were most reactive upon Neu5Ac-nLT addition. Pointing once 
again to two separate sialic acid binding sites. The Kd-value to the primary site 
was estimated to be approximately 22.1 mM, while the secondary binding site 
had a Kd-value of approximately 31.3 mM. A challenge here was the 
insufficient amount of oligosaccharides added in the titration experiment, 
which did not completely saturate the binding sites.  
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An interesting observation was the major chemical shift change tied to residue 
methionine 37. Intriguingly, this residue did not seem to interact directly with 
the ligand in prior co-crystallization studies. A potential explanation could be 
its indirect influence, possibly stemming from conformational adjustments 
when the ligand binds to either of the binding sites. However, no other 
substantial sign of cooperative interaction was apparent.  

The intricate involvement of specific amino acid residues, such as threonine 
14 and the tryptophan residues, showcases the depth and complexity of the 
ligand binding dynamics. For instance, T14's prompt disappearance during 
ligand titration may be caused by strong interactions with the ligand, which 
was previously suggested in paper I. Although apt for weaker binding 
affinities, chemical shift perturbation studies do not lend itself well to stronger 
interactions. The slow exchange that occurs when the affinity is very high, 
limits the possibility of a traceable chemical shift evolution, which in turn 
hinders the determination of a Kd-value.  

In conclusion, the spatial segregation of amino acids influenced by the ligand 
in this study, in tandem with the disparity in Kd-values, supports the notion of 
two sialic acid-binding sites on the surface of LT-II B-subunit monomers. 

While the affinity of individual glycan interactions is relatively low, here 
reported as 22.1 mM for the primary and 31.3 mM for the secondary site, the 
accumulated avidity emerging from ten binding sites per B-pentamer may still 
infer physiologically relevant binding interactions.  

This study offers a novel insight into the type II heat-labile enterotoxin family 
and lays the foundation for further investigations by providing an almost 
complete backbone assignment of the LT-IIb pentamer and dynamically 
profiling the sialic acid binding interactions.  
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5 CONCLUSION 
Glycans represent a complex and crucial facet of biology that has historically 
been underexplored, largely due to the challenges associated with their 
research methodologies. Nonetheless, glycosphingolipids have served as 
premier tools in the study of protein-carbohydrate interactions, such as 
microbial adhesins. Expressed on the surfaces of eukaryotic cells, 
glycosphingolipids act as anchoring points for countless of microbes, thereby 
playing a pivotal role in infection mechanisms. Thus, research into protein-
glycan interactions specific to ETEC infections not only sheds light on the 
intricacies of ETEC pathogenesis, but may also offer a broader model for 
understanding various other infections. 

ETEC infections are rendered complex due to the numerous colonization 
factors and toxin variants expressed, with new ones being continually 
identified. In papers I and III, the carbohydrate binding profiles of the most 
recently discovered ETEC toxins, LT-IIb and LT-IIc, were extensively 
examined. Novel human intestinal glycosphingolipid receptors were 
characterized, and the ligand binding sites on the B-subunits were structurally 
determined. This study underlines the importance of a diverse and 
comprehensive screening procedure for receptor assessments. The study also 
highlights the extensive variability in glycan expression in nature and 
reinforces the call for their characterization. Additionally, it was demonstrated 
that subtle differences in either amino acid or glycan composition can 
profoundly influence their interactions. 

AB5 toxins are expressed among many different pathogens and share structural 
similarities [66, 69]. The receptor-binding B-subunits are especially intriguing; 
they can have striking similarities even at the level of binding site morphology, 
despite often negligible sequence homology. These similarities have allowed 
for the construct of hybrid B-pentamers with monomers belonging to different 
pathogens [195]. Research into the function and glycan-binding specificity of 
B-subunits has been linked to a number of areas, ranging from the development 
of inhibitory drugs [63] and immunomodulatory adjuvants [141, 196, 197] to 
their potential in drug delivery [198], therapeutics [137], cancer targeting, and 
diagnostic tools [199]. Beyond these applications, such studies have deepened 
our comprehension of microbial dynamics [140], cell membrane composition 
[49], vesicle genesis [129], and evolutionary facets of our glycome [3], while 
also equipping us with methodologies to further probe into these areas.  
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Thus, paper IV set out to provide more detailed insights on the receptor binding 
interactions of LT-IIb, identifying specific backbone assignments and 
pinpointing the amino acids involved in the binding. Additionally, further 
evidence for a secondary sialic acid-binding site was detected, as well as an 
estimate of the Kd-values involved in the bindings. Some signs of 
conformational change outside of the binding sites were observed, but more 
studies are needed to determine if any cooperative binding occurs.  

The tropism of ETEC, mediated by its colonization factors, has historically 
been described as species specific. However, the main receptor for the novel 
CF CS30, as shown in paper II, is sulfatide – an acid glycosphingolipid that 
constitutes a significant portion of both human and porcine intestinal 
glycosphingolipid composition. This finding specifies the need to investigate 
further the potential of ETEC as a zoonotic pathogen and raises the question 
of whether treatment strategies aimed at humans should also encompass 
animals. Furthermore, the intricate nature of glycoconjugate interactions was 
emphasized as the sulfatide-binding ability of CS30-expressing E. coli was 
affected by the composition of the underlying ceramide moiety. Moreover, the 
sulfatide binding was negated by the competitive binding of sulfated sugars. 
This not only reaffirms the sulfatide binding proficiency of CS30-expressing 
cells but also showcases the potential of such a strategy for future therapeutic 
approaches that could reduce antibiotic usage. 
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6 FUTURE PERSPECTIVES 
These studies adopted a fundamental research approach for the study of ETEC 
adhesins, and several future perspectives can be derived from these studies. In 
terms of glycosphingolipid expression, further characterization of both newly 
examined and previously studied tissues and cultured cells is warranted. Such 
investigations could offer insights into tissue and species-specific expressions, 
as well as variations in glycan expression over time and between individuals.  

The luminal expression of the proposed glycosphingolipid receptors in these 
studies is a prerequisite for their accessibility to ETEC. This is worth 
investigating given the proposed polar expression pattern of 
glycosphingolipids on cell surfaces [200], and their intracellular localization in 
some cells [201, 202]. It is also worth noting that binding does not necessarily 
equate to a pathophysiological response. The role of the known receptors for 
type II LTs in this context remains largely unexplored. 

One approach for validating the presence of a secondary binding site and 
investigating its contribution to binding is by NMR spectroscopy, but 
additional in vitro experiments can be conducted by site-directed mutagenesis, 
followed by binding and structural studies.  

Paper IV, while essentially prepared for submission, remains an active project 
since similar NMR experiments for the B-subunits of LT-IIc and CT have been 
performed for comparative purposes. However, a few additional experiments 
would enhance these comparisons, notably using ligand-observed NMR 
techniques to scrutinize the specific atoms of the sugar ligands involved in the 
interaction. Incorporating other methods to verify dissociation constants, such 
as surface plasmon resonance and isothermal titration calorimetry, would also 
be beneficial. 

The novel CF CS30, which was found commonly among ETEC isolates in 
symptomatic children, may also be prevalent among animals. Epidemiological 
efforts would therefore be of importance and such findings would have 
implications for future therapeutical strategies and vaccine development. 
However, the binding interactions in paper II were contingent on CS30 being 
expressed on the surface of a wild-type ETEC strain. Further research would 
greatly benefit from the use of a recombinantly expressed CS30, enabling more 
in-depth investigations, including structural studies. 
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