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Abstract 
 
 
Diarrheal diseases are one of the most common diseases in the world with a high number 
of deaths each year in developing countries. Worst is the situation for children under the 
age of 5. Diarrhea accrues by viral or bacterial pathogens contaminating food and water. 
One of the bacterial pathogens is enterotoxigenic Escherichia coli (ETEC). ETEC 
produces one or two enterotoxins known as heat-stable (ST) and heat-labile (LT). LT 
consists of B-subunit which binds to the ganglioside on the epithelial cells in the small 
intestine, and an A-subunit which starts an enzymatic activation inside the cell. This 
activation leads to a high amount of water secreting from the small intestine leading to 
diarrhea. Ganglioside contains a carbohydrate chain with N-acetylneuraminic acid 
(Neu5Ac) and sometimes even an N-glycolylneuraminic acid (Neu5Gc). LT toxin can be 
divided into LT type 1 (LT-I) and LT type 2 (LT-II), and LT-II can further be divided into 
LT-IIa, LT-IIb, and LT-IIc. In this study, we will look closer to LT-IIb and LT-IIc.  
 
The aim is to further define the interactions that accrue in the binding of LT-IIb and LT-
IIc B-subunits to gangliosides by glycolipid binding studies, followed by NMR and co-
crystallisation studies.  
 
By using LT-IIb from strain collection, the bacteria were grown, and the inclusion bodies 
were expressed. This was followed by sonication, centrifugation and a washing step by 
using PBS and Triton x114. Urea was added followed by a dialyzes. LT-IIb protein was 
analysed by SDS-PAGE electrophoresis to detect the B-subunits pentamer. For LT-IIc a 
cloning was done by ligating it into Cholera toxin B-subunit CTB (from strain collection) 
by digestion followed by ligation. The new DNA plasmid was transferred into a new 
bacteria and the LT-IIc plasmid was collected followed by ion exchange chromatography 
and analysed by SDS-PAGE electrophoresis. The isolated LT-IIb and LT-IIc B-subunits 
was labelled with 125I. The binding analyses were done on thin-layer chromatography 
(TLC) by adding different ganglioside on a TLC plate. Followed by LT-IIb and LT-IIc 
proteins. 
 
The result from LT-IIb and LT-IIc gave a pentamer structure. The amount of LT-IIb 
obtained was 30 mg while LT-IIc was 9 mg. Ganglioside binding of LT-IIc was higher in 
the amount of bound ganglioside comparing with LT-IIb. The binding of the LT-IIb B-
subunit was restricted to the gangliosides Neu5Gc-GM3, Neu5Gc-nLc4, Neu5Ac-nLc4, 
and Neu5Gc-nLc6, while LT-IIc B-subunit had a broader binding range, binding to 
Neu5Ac-GM3, Neu5Gc-GM3, Neu5Ac-GD1a, Neu5Ac-GT1b, Neu5Gc-nLc4 and Neu5Ac-
nLc4 and Neu5Gc-nLc6.  
 
The ganglioside binding of LT-IIc B-subunits has previously only been examined using 
commercially available compounds with ganglioside core chain. In this study, we found 
that LT-IIc B-subunits also binds to gangliosides with neolacto core chain, as e.g. 

Neu5Gc3- and Neu5Ac3-nLc4, and Neu5Gc3-nLc6. Recent crystal structure of the B-

subunits of LT-IIb with bound Neu5Ac3-neolactotetraose demonstrated that the 
ganglioside binding site of LT-IIb is in the same region as the GM1 binding sites of CT and 
LT type I. However, the network of contacts is entirely different because the Neu5Ac in 
LT-IIb is rotated about 120° and the orientation of carbohydrate chain is different 
comparing with CT and LT-I.  
 
The conclusion in this study is that LT-IIc has a broader ganglioside binding compared 
with LT-IIb. LT-IIc B-subunits also bind to gangliosides with neolacto core chain 

(Neu5Gc3- and Neu5Ac3-nLc4, and Neu5Gc3-nLc6) 
 
 
Keywords: Diarrhea, enterotoxins, LT-II, B-subunit, ganglioside   
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Abbreviation 
 
ETEC- Enterotoxigenic Escherichia coli  
E. coli- Escherichia coli  
CF- Colonization factors  
ST- Heat-stable toxin 
LT- Heat-labile toxin 
CT- Cholera toxin 
Neu5Ac- N-acetylneuraminic acid  
Neu5Ac- N-glycolylneuraminic acid  
CHMP- Committee for Medicinal Products for Human Use 
SDS-PAGE- Sodium Dodecyl Sulphate PolyAcrylamide Gel Electrophoresis  
IEC- Ion exchange chromatography 
TLC- Thin layer chromatography 
LB- Lysogeny broth 
IPTG- Isopropyl β-D-1-thiogalactopyranoside 
PBS- Phosphate-buffered saline 
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Introduction  
 
Diarrheal diseases are one of the most common diseases in the world with a high number 
of deaths in developing countries [1]. Worst is the situation for children under 5 years old. 
The most common reason for diarrhea is food and water contaminated with viral or 
bacterial pathogens. One of these bacterial pathogens is enterotoxigenic Escherichia coli 
(ETEC). 
 
The World Health Organization has estimated the number of diarrheal episodes in 
children under 5 years to 280-400 million cases, 100 million cases for children between 
5-14 years and 400 million for people over 15 years in each year developing countries [2]. 
ETEC induced diarrhea cause 15-20% of all diarrhea in children under the age of 5. The 
annual number of deaths attributable to ETEC has decreased the past years but remain 
unchanged among young children under the age of 5 with 150,000- 300,000 deaths [1,2]. 
ETEC induced diarrhea is also common among tourists in parts of Africa, Asia, and Latin 
America, where 60 % of traveller’s diarrhea is caused by ETEC [3].   

 
 

Enterotoxigenic Escherichia coli (ETEC) 
 
Escherichia coli (E. coli) is found in the gastrointestinal tract where it coexists with the 
human body [3]. There are several adapted E. coli clones that have obtained specific 
virulence attributes which allow them to cause diseases. Some of these pathogens bind to 
the intestinal cells and lead to intestinal infections, while other leads to urinary tract 
infections or brain inflammation. ETEC is one of the six groups E. coli that leads to 
intestinal infections. 
 
E. coli colonizes the surface of the small intestine epithelium by using proteinaceous 
fimbrial colonization factors (CF) to bind to the epithelial cells (figure 1) [2]. This binding 
will make it easy for E. coli to release its enterotoxin. ETEC can produce one or two types 
of enterotoxins; heat-stable (ST) and heat-labile (LT), depending on the bacteria [3,4]. ST 
enterotoxin contains small cysteine-rich peptides which have a similar 3D structure of 
guanyline and uroguanyline [3]. When these toxins are released from ETEC it will bind to 
the extracellular part of guanylyl cyclase enzyme on the surface of the cell lumen, which 
leads to activation of the enzyme. The activation will start the accumulation of cGMP 
inside the cell which leads to activation of cGMP-dependent protein kinase II, release of 
chloride and inhibition of sodium chloride. 
 
When ETEC release LT toxin, the first step is binding to the epithelial cells in the small 
intestine [3, 5]. LT consists of an A-subunit and a B-subunit [3]. The B-subunit binds to 
the gangliosides leading to the passage of toxin into the cell (figure 1). When LT is inside 
the cell, the A-subunit of LT will start an enzymatic activation of the toxin by reacting to 
ADP ribosylation factor, leading to GTPase activation of Gsα protein to stop. This results 
in continuous activation of cAMP which leads to intracellular cAMP increases, activation 
of cAMP depending kinases, phosphorylation and stimulation of chloride channels [3,4]. 
All this results in a large amount of liquid and electrolytes secreted out from the intestine 
which leads to watery diarrhea. LT can also stimulate prostaglandin synthesis and affect 
lumens nervous system which leads to an inhibition of the intestinal absorption [5]. 
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Figure 1. ETEC release LT and/or ST enterotoxins [3]. ST toxin binds to extracellular 
part of guanylyl cyclase enzyme on the small intestinal epithelium and an enzymatic 
activation accrue. This leads to the accumulation and activation of cGMP-depending 
protein kinase II which starts releasing chloride ions and inhibits sodium chloride 
absorption. LT toxins B-subunit binds to gangliosides, which is embedded into the cell 
membrane with a small group exposed outside the cell. This will make it possible for LT 
to pass into the cell. Inside the cell, A-subunit reacts with ADP ribosylation factor which 
leads to different reactions. All this lead at the end to stimulation of chloride channels. 
Both the process ST and LT leads to a high amount of liquid being released, secretion of 
electrolytes and diarrhea.  
Copyright approved 2019-01-10 from [21]  
 
 

Gangliosides 
 
Gangliosides are glycolipids containing a carbohydrate chain with N-acetylneuraminic 
acid (Neu5Ac) and sometimes even an N-glycolylneuraminic acid (Neu5Ac) [6, 7]. 
Gangliosides are found in the plasma membrane of almost all eukaryotic cells [6]. The 
gangliosides ceramide core is embedded into the cell membrane while the sugar group is 
exposed on the surface of the cell. This can be found in small intestinal epithelium cell 
surface (figure 1). There are many different gangliosides, some of them acts as receptors 
for bacterial toxins, while other take place into a bioactive part in normal cellular 
metabolism. 
 
 

AB5 toxins 
 
AB5-subunit toxins are produced by both Vibrio cholerae and E. coli [8]. These toxins can 
be divided into two big groups; type I and type II. Type I consist of cholera toxin (CT) and 
E. coli LT-I. Both CT and LT are closely related in their structure and function and cause 
the same diarrheal symptoms [3, 8]. Type II toxins of E. coli (LT-II) can be further 
divided into 3 groups, LT-IIa, LT-IIb and LT-IIc [4]. The differences between the three 
LT-II toxins are their amino acid sequences [9].    
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LT-IIc is the most recently discovered toxin in ETEC [10]. In a study done by Jobling et 
al. on type II ETEC, they found from the LT-II group that LT-IIc was the predominant 
type in a diverse collection of ETEC isolates [11]. This finding suggests that many 
uncharacterized LT-II toxins are in fact LT-IIc.  
 
The AB5 enterotoxins are oligomeric proteins consisting of one A-subunit with a 
catalysing activity and 5 identical B-subunits with a purpose to bind to glycoconjugates on 
the cells surface (figure 2) [4,5]. The 5 B-subunits are bound to each other and forms a 
pentameric ring [11]. 
 
 

  
Figure 2. Structure of E. coli LT toxins A- and B-subunit, which contain five identical 
subunits binding to each other, making up a pentameric structure [6].  
Copyright approved 2019-01-10 from [22]  
 
 
The B-subunits of CT, LT-I, and LT-II has a divergence in amino acid sequences giving 
them distinctive ganglioside binding patterns [6]. Also, within the type II group there are 
differences in the amino acid sequences of the B-subunits. The LT-IIc A-subunits 
polypeptides exhibit a relatively high amino acid sequence homology with both LT-IIa 
and LT-IIb A-subunit polypeptides [10]. However, the LT-IIc B-subunit polypeptide has 
only a moderate amino acid sequence homology with both LT-IIa and LT-IIb B-subunits 
polypeptides.   
 
Both CT and LT-I binds primarily to ganglioside GM1, and LT-I binds also to 
polyglycosylceramides, asialo-GM1, GM2, and polylactosamine-containing glycoproteins 
[6].  
 
In the initial binding studies, the ganglioside recognition of type II LTs were defined 
using a small range of commercially available compounds [10]. This showed that B-
subunits of LT-IIa binds with highest affinity to GD1b, while LT-IIb binds best to GD1a 
and GT1b and LT-IIc binds to GM1, GM2, GM3, and GD1a. These initial studies of the 
binding properties of type II B-subunits were focused on ganglio core chain gangliosides. 
More recently it was demonstrated that LT-IIb B-subunits bind with high affinity binding 

to gangliosides with neolacto core chain, as e.g. Neu5Gc3- and Neu5Ac3-

neolactohexaosylceramide, and Neu5Gc3- and Neu5Ac3-neolactooctaosylceramide 
was demonstrated [5]. 
 
 

Treatment 
 
Dukoral is the only vaccination registered for use against cholera and was also used as 
prevention against tourist diarrhea [12]. It used to have an indication against both cholera 
and LT-producing ETEC but has been taken back in recent years by The Committee for 
Medicinal Products for Human Use (CHMP), since CHMP did not consider the protective 
effect against ETEC to be convincingly documented. Meanwhile there is no effective 
vaccination in the market against ETEC. However, there are a lot of studies on developing 
an oral vaccine against ETEC, by using CF and LT as the main targets [13, 14]. 
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Objective 
 
Binding of heat-label LT enterotoxins by B-subunits to carbohydrate on small intestine 
epithelium surface is a qualification to the intoxication of cells and the rise of diarrheal 
disease. The purpose of this study is to further define the interactions that accrue in 
carbohydrate bindings of LT-IIb and LT-IIc B-subunits to gangliosides by binding to 
glycolipids, followed by NMR and co-crystallisation studies. The ultimate result of the 
project is a rational drug design of inhibiting receptor saccharides based on structural 
characterisation of the carbohydrate binding place of LT-IIb and LT-IIc B-subunits. 
 

• What gangliosides do LT-IIb and LT-IIc bind? 

• Does LT-IIb bind to different ganglioside compare to LT-IIc? 

• How does each protein bind to the ganglioside? 
 
 
 

Material and method 
 

Used instruments 
 

Electrophorese SDS-PAGE 

 
Sodium Dodecyl Sulphate PolyAcrylamide Gel Electrophoresis (SDS-PAGE) is a method 
used to separate molecules by their size and charges [15]. In this study, the protein 
molecules will be used to separate it based by its size. This takes place by ionic charged 
SDS denaturize and binds to a protein which leads to a negative charge [16]. The gel is put 
inside an ion containing a buffer. When the voltage is put in the gel the protein starts to 
migrate through the gel, from the negatively charged side toward the positively charged 
end. A protein with a low weight will be able to travel through the gel at a faster speed 
than a protein with a higher weight. This is due to the high amount of polyacrylamide at 
the beginning of the gel which makes the passage through it harder for bigger proteins 
[15]. As the protein travels down the gel the amount of polyacrylamide reduces. Big 
proteins will stay much higher on the gel while smaller proteins will travel much lower 
down the gel before it gets stuck. To know the size of the protein, there is a protein ladder 
run alongside with the protein sample [16]. The protein ladder consists of a set of known 
proteins with known mass and by comparing the protein sample with the protein ladder, 
the mass can be determined. 
 

Electroporation 
  
In this study an electroporation was used to detect the pentamer of LT-IIb and LT-IIc 
protein. Electroporation is a technique in which electric pulses are used to cause a 
temporary loss of the semi-permeability of the cell membrane [17]. This leads to escape of 
metabolites, ion leakage and increased uptake by cells of molecular probes, DNA and 
drugs. Electroporation can be used to add plasmids or DNA into a living cell for the fusion 
of cells for hybridoma development, transfection and implantation of proteins in the cell 
membrane.  
 

Ion exchange chromatography  
 
In this study ion exchange chromatography (IEC) was used to separate pentamer from 
different component in the protein solution. IEC is a method used by introducing an 
increasing salt concentration gradient before adding the protein solution [18]. When the 
protein solution is injected into the IEC column, a gradient elution will accrue leading to 
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separation of the different compound. The separation will accrue by their net charge, 
where a small net charged molecule gives a weaker binding in the column and will 
therefore be the first one to leave the column.  
 
 

Thin layer chromatography (TLC) 

 
Thin layer chromatography (TLC) is a method used to separate a mixture of substances 
into their components, in this study, ganglioside will be used [20]. TLC consist of a 
stationary phase and a mobile phase. The stationary phase consists of silica gel with 
silicon atoms linked through the oxygen atom to form a large covalent structure. The 
silicon atoms at the surface of the silica gel are bound to a -OH group. The mobile phase 
consists of a liquid that flows upon the stationary phase and carries the components of 
the mixture added on the stationary phase. The elution level depends on how soluble they 
are to the solution in the mobile phase and on how much of the component get stuck on 
the stationary phase. As the component flows up, hydrogen bonds occur, and slows down 
the component.  

 
 

Material 
 
Producing LT-IIb and LT-IIc 

• BB.1 pML-LTBIIca, pML-LCTBλ7/CI857, pML-LTBIIb and strain code XL-21 
from strain collection in department of microbiology, Gothenburg University 

• LB- Lysogeny broth 

• Ampicillin 

• IPTG- Isopropyl β-D-1-thiogalactopyranoside 

• PBS- Phosphate-buffered saline 

• Triton x114 0,1% 

• 6 M Urea 

• Dialysis tube 

• 5 mM carbonate buffer (pH 9,0) 
• Gelectrophoresis: SDS-PAGE, 1xTris Glycin SDS buffer, protein ladder 

• Plasmid miniprep kit: purification column, P1 buffer, P2 buffer, P3 buffer, 
endo-wash buffer and DNA elution buffer 

• Digesting enzymes: x10 EcoRI buffer, EcoRI, Eco31I, x10 Tango buffer, HindIII 

• Electrophoresis: DNA ladder and midori green dye 

• GenJET kit: purification column, binding buffer, wash buffer and elution buffer  

• IEC: 5 mM carbonate buffer (pH 9,0) and 5 mM carbonate buffer (pH 9,0) 
 

 

Glycolipid binding  

• LTIIb and LTIIc protein labelled with 125I by the Iodogen method (Pierce) 

• TLC Silica gel 60 plate with aluminium backed side  

• Liquid elution medium: chloroform-ethanol-water 60:35:8 (V/V/V)  

• Plastic solution: 0,5% polyisobutylmethacrylate (Sigma-Aldrich) in diethylether-
hexane 5:1 (V/V) 

• PBS/BSA+ Tween+ Na-azide: Phosphate buffer (pH 7.2) containing 2% bovine 
serum albumine, 0.1% Tween 20 and 0.1 % Na-azide 
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Method 
 

Extraction of LT-IIc B-subunit protein from E. coli expressing LT-IIc  
 
E. coli expressing LT-IIc B-subunit (from strain collection with the following name 
BB.1+pML-LTBIIca) was grown on a lysogeny broth (LB) containing 0,1% ampicillin plate 
(LBamp) at 37°C overnight. A small amount was transferred into a Lowenstein bottle 
together with 5ml LBamp and incubated overnight at 37°C, 180 rpm. From the bacterial 
culture, 250 µl was taken and added into a 250 Erlenmeyer flask together with 25 ml 
LBamp and incubated as previous for 2 h, followed by adding 25 µl Isopropyl β-D-1-
thiogalactopyranoside (IPTG) and incubated for further 5 h. The expression of inclusion 
bodies was observed by phase contrast microscopy. Because the few amounts of inclusion 
bodies, the bacteria were incubated until next day and inclusion bodies were then 
detected. The cells were harvest by centrifugation at 5000 rpm for 15 minutes and the 
pellet was collected and re-suspended in a 10 ml Phosphate-buffered saline (PBS). The 
cells were disrupted by sonication on ice with 2 second pulses at 60% amplitude for 10 
minutes. The disruption of the cells and the inclusion bodies was observed by phase 
contrast microscopy. The solution was centrifuged at 5000 G for 1 min and the pellet was 
collected. This step was repeated until no more pellets were seen. Pellets was washed 
three times with 10 ml PBS and centrifuged between each wash at 6500 G for 5 min. Then 
washed with 10 ml Triton x114 0,1% 4 times and finally 3 times with PBS. The pellet was 
re-suspended in a minimum amount of distillate water and 20 ml 6,5 ml urea was added. 
The tube was put on a shaker with low speed overnight. The solution was centrifuged at 
20 000 G for 25 min and the supernatant was filtered through a 0,45 µl syringe filter. 
 
Dialyze and electrophoresis with SDS-PAGE  
 
To obtain the correct protein fold the solution containing protein and urea was 
transferred into a dialysis tube and added into a 400 ml 5 mM carbonate buffer (pH 9) 
solution and dialyzed overnight at 4°C under slow rotation. To the carbonate buffer, 400 
ml, 5 mM carbonate buffer (pH 9) was added and the protein was dialyzed for 1 hour. 
This step was repeated once more. A new 2 L 5 mM carbonate buffer (pH 9) replaced the 
old one and the dialyzing went for 4 h. This step was repeated once more and dialyzed 
overnight. The protein solution was transferred into a plastic tube and the concentration 
was measured by spectrophotometry. To determine how clean the protein was, an 
electroporation was run with SDS-PAGE. In a chamber a 1xTris Glycin SDS buffer was 
added and a gel was inserted. In each well in the gel, 6 µl of protein ladder was loaded 
followed by 20 µl protein solution and 20 µl boiled protein solution on 98 °C for 5 
minutes. By boiling the protein, the pentamer breaks up into dimers and can be used to 
compare it with the non-boiled protein with pentamers. There was no difference between 
the two. We repeated the process as above and got the same result. At this step, we took 
the BB.1 pML-LTBIIca plasmid and cloned it into a CTB plasmid. 
 
 

Cloning of LT-IIb B-subunit DNA plasmid into CT B-subunit DNA plasmid  
 
Preparing the plasmid for LT-IIc and CTB 
 
To get the plasmid, e. coli expressing LT-IIc and CTB (pML-LTBIIca and pML-
LCTBλ7/CI857 from strain collection) was grown separately in a 5 ml LBAmp and 
incubated at 37°C for pML-LTBIIca and 30 °C for pML-LCTBλ7/CI857 overnight. In an 
1,5 ml Eppendorf tube 1 ml of the bacteria solution was transferred and centrifuged at 
9000 G for 10 minutes. The pellet was collected for the plasmid preparation and the 
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plasmid was prepared by following the plasmid miniprep kit. In this kit there are P1 
buffer, P2 buffer, P3 buffer, endo-wash buffer and DNA elution buffer. The pellet was 
dissolved in 200 µl P1 buffer, followed by 200 µl P2 buffer and incubated for 2 minutes at 
room temperature. 400 µl P3 buffer was added and mixed until the pink colour 
disappeared. The solution was centrifuged at 17 000 G for 5 minutes and the supernatant 
was transferred into a purification coloum and centrifuge at 17 000 G for 1 minutes. The 
flow-through mixture was discarded and 200 µl Endo-wash buffer was added, centrifuged 
for 1 minutes and the fluid was discarded. 400 µl plasmid wash buffer was added and 
centrifuged for 1 minutes. The collection tube was transferred over an Eppendorf tube 
and 30 µl DNA elution buffer was added and centrifuged for 1 minute.  This will release 
the plasmid from the collection tube.  
 
To the BB.1 pML-LTBIIca, primer lac/tac was added, dissolved and sent for sequencing. 
The concentration of both plasmids was measured by spectrophotometry. 
 
Cutting the DNA plasmid by using digestion  
 
In an Eppendorf tube, 6,4 µl pML-LTBIIca.tac was added and digested with 4 µl x10 
tango buffer, 0,5 µl EcoRI, 0,5 µl HindIII and 8,6 µl water. In the next Eppendorf tube, 
3,5 µl pML-LCTBλ7/CI857 was added and mixed together with 4 µl x10 tango buffer, 0,5 
µl EcoRI, 0,5 µl HindIII and 9,5 µl water. Both mixtures were digested at 37 °C for 2 
hours. 2 µl of both plasmids was mixed separately with 3 µl water and 0,3 µl midori green 
dye. Each sample and DNA ladder were loaded into the gel on a gel electrophorese and 
run at 100 V for 28 minutes.  
 
Ligate pML-LTBIIc into pML-LCTBλ7/CI857  
 
In an Eppendorf tube 15 µl of each digested plasmid was mixed together and 70 ml water 
was added. This was followed up by a clean-up process following the instruction on the 
genJET kit. 30 µl of binding buffer was added into the DNA mix and mixed until the 
solution turned into a yellow colour, which indicates an optimal pH for DNA binding. The 
solution was transferred into a GeneJET purification column and centrifuged at 14 000 
rpm for 1 minutes. The flow-through mixture was discarded and 700 µl wash buffer was 
added to the GeneJet purification coloum and centrifuged for 1 minutes. The flow-
through was discarded, the empty column was centrifuged for an additional 1 minutes 
and the flow-through was discarded. The coloum was transferred into a new Eppendorf 
tube and 50 µl elution buffer was added to the column and centrifuged for 1 minutes. This 
will release the DNA from the coloum.  
 
The DNA was recovered in 30 µl elution buffer. 4 µl x10 ligase buffer and 6 µl water were 
added. The mixture was divided in two, 20 µl in each Eppendorf tube. 0,5 µl T4 DNA 
ligase buffer was added and placed in room temperature overnight. 80 µl water was 
added followed by a clean-up process as described above (genJET kit) and then recovered 
in 30 µl elution buffer. 
 
Electroporation DNA ligase into E. coli (strain code XL-1)  
 
4 µl Buffer R, 0,5 µl Eco32I enzyme and 5,5 µl water were added to each tube containing 
the ligated DNA plasmid. The solution was mixed and digested at 37 °C for 2 hours. The 
tube was put over ice and 0,7 µl of DNA digested to Eco32I was transferred to strain code 
XL-1 and mixed together. The solution was then transferred to a cuvette and 
electroporated at 2,5 V.  
 
1 ml of growth medium was added to the mixture and incubated at 30°C for 90 minutes. 
A small amount was then transferred to a LBAmp plate and incubated at 30°C overnight. 
The clones were then re-plated in another plate and incubated overnight. 50 of the 
colonies was taken and plated on a new LBAmp plate and incubated the same way as 
earlier. Ten of total 50 colonies were cultured into a 5 ml LBAmp and inoculated at 30°C 
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overnight. The plasmid was prepared by following plasmid Miniprep, as earlier for 10 of 
the bacterial growth. Then digested with EcoRI, HindIII and x2 Tango buffer, as earlier 
and incubated at 37°C for 90 minutes. To see which of the 10 plasmids that expressed the 
LTBIIc a gel-electrophorese was run. One of the cultures with LTBIIc expression was 
electroporated with BL-21, an E. coli used to express recombinant protein, at 2,5 kV and 
transferred with 1 ml SOC to a Lowenstein bottle and incubated at 30°C for 2 hours.  

 
 

Growing up the new LT-IIc expressing bacteria (BL-21 pML-LTBIIcλ7/CI857) 
 
The bacteria BL-21 carrying pML-LTBIIcλ7/CI857 was transferred to a LB agar plate and 
incubated at 30°C overnight. In a Lowenstein bottle, 5 ml LBAmp was added together 
with the grown culture and incubated at 30°C 180 rpm overnight. 25 µl was taken from 
the culture and transferred to a 250 ml Erlenmeyer flask together with 25 ml of LBamp 
and incubated at 30°C for 2 h followed by an increase of temperature to 42°C for 2-5 h. To 
a 2 L Erlenmeyer flask 500 ml of LBAmp was added together with 5 ml grown culture and 
incubated at 30°C 180 rpm for 2-3 hours, followed by an increase in temperature 42°C for 
2-5 hours to induce the LTBIIc expression. The expression was observed by phase 
contrast microscopy to detect inclusion bodies. The cells were harvest by centrifugation at 
5000 rpm for 15 minutes and the pellet was collected and stored at -20°C. This was 
followed by washing the pellet and dialyzing as described above, see under Extraction of 
LT-IIc B-subunit protein from E. coli expressing LT-IIc.  
 
 

Extraction of LT-IIb B-subunit protein from E. coli expressing LT-IIb  
 
The LT-IIb B-subunit is produced the same way as LT-IIc B-subunit, see under Growing 
up the new LT-IIc expressing bacteria (BL-21 pML-LTBIIcλ7/CI857) 
 
The protein was determined by using SDS-PAGE. To the gel, protein from LT-IIb and LT-
IIc was loaded, one boiled in 98°C and the other non-boiled. A protein ladder was loaded 
in the gel to function as a marker. The gel was run at 180 V for 50 min. Because the 
concentration of LT-IIc was too low, the solution was put on a viva spin concentrate and 
centrifuged at 8 000 G for 30 min. The volume was taken down from 20 ml to 10 ml 
increase the concentration. The SDS-PAGE was repeated as earlier. LT-IIc did not show a 
much difference in the pentamer. Therefore, LT-IIc protein was cleaned by using an IEC 
together with 5 carbonate buffer pH9 followed by an SDS-PAGE, and the pentamer was 
observed.  
 
 

Glycolipid binding 
  
The binding of glycolipids was studied by using a TLC. An aluminium backed TLC Silica 
gel 60 plate was used. To diminish the background the chromatography plates were first 
eluted with methanol and dried. Different glycolipids were applied to the baseline of the 
plate (0,8 µg) with a microsyringe. The plate was eluted with a liquid medium containing 
chloroform-methanol-water 60:35:8 (V/V/V) followed by drying. The plates were then 
submerged into a plastic solution for exactly 1 minute and air dried for 15 minutes. Each 
plate was laid in a petri dish and blocked with PBS/BSA+ tween+ Na-azide solution for 2 
hours. Meanwhile, 5 ml of BSA solution was mixed with 50 µl radioactive protein LT-IIb 
and LT-IIc (ladled with 125I) separately. The plates were removed from the PBS/BSA 
solution and the mixed protein solution was added on each plate and incubated for 2 
hours, followed by a washing step with PBS, 5 times and air dried.  
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Each dry plate was superimposed with a photographic film overnight and then the film 
was developed using a Kodak X-Omat 1000 Processor developing machine. The radiation 
from 125I bound to LT IIb and LT-IIc gave darkening of the films, which allowed us to see 
whether the binding took place or not. Each binding assay was repeated three times or 
more. 
 
 

Results 
 

Cloning and expression of the LT-IIc protein 
 
The cloning step for LT-IIc was added because the pentameric structure was not observed 
when an SDS-PAGE was run. So instead a DNA plasmid was extracted and send for gene 
sequences. By getting a gene sequence of the LT-IIc, a clone step was added. The LT-IIc 
plasmid was cut by enzymes and cloned into a CTB plasmid from e. coli. A a new plasmid 
caring the LT-IIc DNA was obtained. The plasmid was then transferred into XL-1 strain 
code and cultured. Each bacterial culture was re-cultured separately, with a total amount 
of 50 cultures.  A gel electrophoresis was run with 10 of the cloned bacteria to see which 
of the bacteria had the right DNA plasmid expressing LT-IIc B-subunit (figure 3). Four of 
the cloned bacterial culture showed the right cloned plasmid, bacteria number 5, 6, 7 and 
9.  

 
 

 
         1    2     3     4    5    6     7     8    9    10       
Figure 1. The cloned bacteria after being cultured at 30°C followed by plasmid extraction. 
Ten cultures have been taken and run through a gel electroporation. Nr 5, 6, 7 and 9 are 
the protein of interest caring LT-IIc (BL-21 pML-LTBIIcλ7/CI875). This can be detected 
at 4th ladder from underneath, se marking.  

 

Pentameric structure of LT-IIb and LT-IIc  
 
LT-IIb and LT-IIc expressing e. coli was cultured, followed by sonication to break down 
the bacteria and get the inclusion bodies containing the protein. The protein was washed, 
dissolved in urea and dialyzed to obtain the correct protein fold of the pentamer. Last, an 
SDS-PAGE was run for both the protein to determine how clean the protein is.  The result 
was presented in a gel (figure 4). A sample of both boiled and non-boiled proteins was run 
on the gel together with CTB and protein ladder. For LT-IIb a difference on boiled and 
non-boiled was detected, while LT-IIc did show a small difference, compared with LT-IIb. 
The first and second band detect the LT-IIb and LT-IIc non-boiled, and the 3rd and 4th are 
the boiled protein. At the bottom of the gel, the monomer form of the protein can be seen. 
The boiled protein of respective LT-IIb and LT-IIc are bolder at the bottom compared 
with the non-boiled, showing a more concentration of the monomer compared with the 
non-boiled protein. The monomer has a weight of 11 kDa, while the pentamer is much 
heavier and weight 55 kDa. This means that the pentamer form will be higher up in the 
gel, which can be seen between the 5th and 6th band of the protein ladder for LT-IIb.  
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Figure 2. LT-IIb and LT-IIc protein run in an SDS-PAGE gel. At the right is a protein 
ladder with known weight. In LT-IIb non-boiled, a bright band is spotted between ladder 
5 and 6 indicating a pentamer, which an approximate weight at 55 kDa. LT-IIc displays a 
less bright band, indicating a small amount of pentamer. Compare to the boiled protein 
both LT-IIb and LT-IIc shows a very thin band at ladder 5, indicating almost no 
pentameric structure. At the end of the gel, 2 bright bands can be seen, indicating a 
protein monomer.  

 
The LT-IIc did not show a high amount of pentamer and showed a lot of bands. That’s 
why we added a purification step by using IEC (figure 5). The pentamer can be seen at the 
highest peak of the blue line in the graph. We collected a total of 6 samples from the IEC, 
to be sure to get the pentamers and run them on SDS-PAGE. This time a pentamer was 
spotted in the gel at the second well. The pentamer can be seen at 55 kDA, on the 5th 
ladder of the protein ladder (figure 6). We collected a total of 6 samples from the IEC, 
where one of them contained the pentamer.  
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Figure 3. IEC. Blue peak LTIIc. The back peak is Carbonate Buffer 50 mM pH9 and the 
red peak is carbonate Buffer 50 mM pH9 with 1M NaCl. When LTIIc was injected into the 
IEC there were no binding indicating a straight line in the graph. But as the solution gets 
through the column the peak starts to show. The highest point of the peak indicates a high 
absorbance, which have the LTIIc pentamer.  

 
 
 

 
             1     2      3      4     5       6      7      8     9     10     11    12 
Figure 6. LT-IIc after IEC. Six protein solutions were collected from IEC. At the left we 
have the non-boiled (1-6) and at the right boiled (7-12) samples. The second one is 
pentamer which also was detected in the IEC graph showing a high peak. LT-IIc pentamer 
is seen between the 4th and 5th ladder of the protein ladder, giving us a weight between 55 
and 70 kDa. Comparing the boiled and non- boiled protein (nr 2 and 8), a much higher 
amount of monomer is seen at the bottom of the gel and with no pentamer in the non-
boiled protein.  

 
The amount of LT-IIb obtained was 30 mg and LT-IIc was 9 mg. Both proteins were 
stored in 4 °C until used in the next step, which is the ganglioside binding step.   
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Ganglioside binding 
 

LT-IIb and LT-IIc B-subunit glycosphingolipid binding preferences 
 
The isolated B-subunits were labelled with 125I, and the glycosphingolipid recognition was 
examined by binding to reference compounds separated on thin-layer chromatograms 
(Figures 7 and 8, and summarized in Table 1). In figures 7 and 8, dark bands are spotted 
indicating a binding of LT-IIb and LT-IIc B-subunit to specific glycosphingolipid. In line 
with previous reports [4, 6] the binding of LT-IIb B-subunits (Figures 7A and 8A) was 
rather restricted, and this protein preferentially bound to the gangliosides Neu5Ac-
/Neu5Gc-neolactotetraosylceramide and Neu5Gc-neolactohexaosylceramide, i.e. 
gangliosides with a terminal Neu5Acα3/Neu5Gcα3Galβ4GlcNAc sequence.  
 
The LT-IIc B-subunits (Figures 7B and 8B) recognized a broader range of gangliosides 
and bound to all gangliosides with a terminal Neu5Acα3Gal or Neu5Gcα3Gal sequence 
(Table 1). Thus, like LT-IIb, the B-subunits of LT-IIc recognized gangliosides with a 
neolacto (Galβ4GlcNAc) core chain, which is a novel finding. 
 
In contrast gangliosides with disialo terminal (NeuAcα8Neu5Acα3- or 
NeuGcα8Neu5Gcα3), like Neu5Ac-GD3 or Neu5Gc-GD3, were not recognized by the LT-
IIc B-subunits, and no binding to gangliosides with an internal sialic acid (Neu5Ac-GM2 
and Neu5Ac-GM1) was obtained.  
 
 
 

 
Figure 4. The glycosphingolipids (0.8 µg/lane) were applied on thin-layer chromatograms 
and eluted with chloroform/methanol/water 60:35:8 (by volume). The binding assays 
were done as described under "Materials and methods".  
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Figure 5 The gangliosides (0.8 µg/lane) were applied on thin-layer chromatograms and 
eluted with chloroform/methanol/water 60:35:8 (by volume). The binding assays were 
done as described under "Materials and methods".  
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Table 1. Results from binding of 125I-labelled LT-IIb and LT-IIc B-
subunits to glycosphingolipids on thin-layer chromatograms  

Glycolipid Structure LT-IIb LT-IIc 

    

GgO4 Gal3GalNAc4Gal4Glc1Cer -* - 

Neu5Ac-GM3 Neu5Ac3Gal4Glc1Cer - + 

Neu5Gc-GM3 Neu5Gc3Gal4Glc1Cer (+) + 

Neu5Ac-GD3 Neu5AcNeu5Ac3Gal4Glc1Cer - - 

Neu5Gc-GD3 Neu5GcNeu5Gc3Gal4Glc1Cer - - 

Neu5Ac-GM2 GalNAc4(Neu5Ac3)Gal4Glc1Cer - - 

Neu5Ac-GM1 Gal3GalNAc4(Neu5Ac3)Gal4Glc1Cer - - 

Neu5Ac-GD1a Neu5Ac3Gal3GalNAc4(Neu5Ac3)Gal4Glc1Cer - + 

Neu5Ac-GT1b Neu5Ac3Galβ3GalNAc4(Neu5Ac8Neu5Ac3)Gal4Glc1Cer - + 

Neu5Ac-nLc4 Neu5Ac3Gal4GlcNAc3Gal4Glc1Cer + + 

Neu5Gc-nLc4 Neu5Gc3Gal4GlcNAc3Gal4Glc1Cer + + 

Neu5Gc-nLc6 Neu5Gc3Gal4GlcNAc3Gal4GlcNAc3Gal4Glc1Cer  + + 

* Binding is defined as follows: + denotes as an intense and highly reproducible darkening on the 
autoradiogram when 0.8 µg of the glycosphingolipid was applied on the thin-layer chromatogram, (+) 
denotes an occasional binding, while - denotes no binding at 0.8 µg. The experiment was repeated 4 times, 
each time gave the same result as seen above. 

 
 

Discussion  
 
The aim of this study was to produce B-subunits of LT-IIb and LT-IIc for initial 
characterization of carbohydrate binding specificities, followed by studies of the 3D 
structure of the carbohydrate binding sites of the proteins by NMR and x-ray 
crystallography. 
 
There was no problem to isolate the protein from the E. coli expressing LT-IIb. For LT-
IIc, even when the same method was used, we did not get the pentameric structure, and 
thus the experiment was repeated with a small difference. The result remained the same 
so instead we cloned the LT-IIc and the pentamer was obtained. The pentameric structure 
has a weight of 55 kDa and can be seen higher up in the gel (figure 4, 6).  
 
Finally, 30,45 mg of native LT-IIb and 9,24 mg of LT-IIc B-subunits, and 9,24 mg of 
labelled LT-IIb and LT-IIc B-subunits, were obtained. However, due to the problems with 
production and purification of the LT-IIc B-subunits described above, the NMR and x-ray 
crystallography experiments could not be finalized within the time frame of this study. 
 
Studies of the carbohydrate binding of the B-subunits of LT-IIb and LT-IIc were done 
by using a TLC binding assay. At first, we added 0.8 µg glycolipids were separated on 
TLC plates, before adding the radioactive protein LT-IIb and LT-IIc B-subunits.  
 
By comparing LT-IIb and LT-IIc binding, we see that LT-IIc binds to more gangliosides 
than LT-IIb does (table 1). The binding of the LT-IIb B-subunit was restricted to the 
gangliosides Neu5Gc-GM3, Neu5Gc-nLc4, Neu5Ac-nLc4 and Neu5Gc-nLc6, while LT-IIc 
B-subunit had a broader binding range, binding to Neu5Ac-GM3, Neu5Gc-GM3, Neu5Ac-
GD1a, Neu5Ac-GT1b, Neu5Gc-nLc4 and Neu5Ac-nLc4 and Neu5Gc-nLc6. There are some 
common bindings between LT-IIb and LT-IIc, both binding to Neu5Ac-GM3, Neu5Gc-
nLc4, Neu5Ac-nLc4 and Neu5Gc-nLc6. The proteins bind to the gangliosides with 
neolacto core chain nLc4 and nLc6.  
 
LT-IIb and LT-IIc bound to both Neu5Ac- and Neu5Gc-expressing ganglioside however 
that is not always the case. This makes both the proteins not only depending on the 
Neu5Ac or Neu5Gc part of the ganglioside when binding to different ganglioside. LT-IIc 
bound to Neu5Ac- and Neu5Gc-GM3 but not to Neu5Ac- and Neu5Gc-GD3. Both GM3 
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and GD3 consist of the following neolacto core chain GalGlc1Cer of the ganglioside. 
The difference between the two gangliosides is that GD3 has 2 groups of Neu5Ac or 
Neu5Gc while GM3 has only one. Therefore, LT-IIc could be dependent on one Neu5Ac/ 
Neu5Ac terminal and binds to the neolacto core chain GM3. Another option could be that 
when more then one Neu5Ac/Neu5Gc is present in the ganglioside, the protein will not be 
able to bind into the ganglioside because the binding site is blocked.  
 
Further, LT-IIc did not bind do Neu5Ac- and Neu5Gc-GM2 and -GM1. Both gangliosides 

have a neolacto core chain GalGlc1Cer and one Neu5Ac/ Neu5Gc, but the difference is 
that a GalNAcβ4 (for GM2) and Galβ3GalNAcβ4 (for GM1) also binds to Neu5Ac/ 
Neu5Gc. 
 
A binding study has been done with also Gg04 with the following structure 

Gal3GalNAc4Gal4Glc1Cer. This ganglioside has a GalGlc1Cer structure but 
without any Neu5Ac and Neu5Gc. Both LT-IIb and LT-IIc did not bind to it. As discussed 

above, the binding of LT-IIc is depending on GalGlc1Cer, but without Neu5Ac/ 
Neu5Gc the binding will not take place. This means that LT-IIc is dependent on both 

GalGlc1Cer and Neu5Ac/ Neu5Gc where more molecule structure around the 
ganglioside binding place makes the binding harder and therefore a binding cannot 
accrue.  
 
LT-IIb does not bind to ganglioside and therefore has another binding pattern compared 
with LT-IIc. It binds to ganglioside with neolacto core chain nLc4 with the following 

structure GalGlcNAcβ3Galβ4Glc1Cer bound to Neu5Ac and Neu5Gc. LT-IIb binds to 
Neu5Gc-nLc6 and Neu5Gc-GM3. Because LT-IIb does not bind to the rest of the 
ganglioside, it does not have the exact same properties compared to LT-IIc. LT-IIb does 

only bind to ganglioside with GalGlc1Cer in presence of Neu5Gcα3. 
 
Let’s look in another study where all three toxins; LT-IIa, LT-IIb and LT-IIc bind to the 
same ganglioside. These toxins were studied and bind to ganglioside with a NeuAcα2-
3Galβ1-3GalNAc terminus [23]. For LT-IIb to bind to this specific ganglioside do not 
require the specific terminal sequences, however it requires a terminal or penultimate 
single sialic acid. For LT-IIc binding, it depends on the conformation of the ganglioside 
receptor and ceramide composition. This gives the LT-IIc a less restricted, distinct 
repertoire of ganglioside receptor. After all, all three LT-II toxins share some features, but 
with fundamental difference.  
 
The first binding studies the ganglioside recognition of LT-IIb, using a small range of 
commercially available compounds with ganglio core chain showed a preferential binding 
to the gangliosides GD1a and GT1b [10]. However, recently it was demonstrated that LT-
IIb B-subunits bind also with high affinity to gangliosides with neolacto core chain, as e.g. 

Neu5Gc3- and Neu5Ac3-nLc6, and Neu5Gc3- and Neu5Ac3-nLc8 [5]. Our results 
are thus in agreement with the findings of this study.  
 

Until now the binding specificity of LT-IIc B-subunits has only been examined using 
commercially available compounds with ganglio core chain [15]. In this study we found 
that LT-IIc B-subunits also bind to gangliosides with neolacto core chain, as e.g. 

Neu5Gc3- and Neu5Ac3-nLc4, and Neu5Gc3-nLc6. This is a novel finding and 
broadens our definition of the carbohydrate binding specificity of LT-IIc.  
 

The recent crystal structure of the B-subunits of LT-IIb with bound Neu5Ac3-
neolactotetraose demonstrated that the ganglioside binding site of LT-IIb is located in the 
same region as the GM1 binding sites of CT and LT type I [5]. However, the Neu5Ac in 
LT-IIb is rotated about 120° compared to the one in CT and LT-I, and the orientation of 
the carbohydrate chain, and therefore the network of contacts, is entirely different. 
Furthermore, two Neu5Ac binding sites were identified in one of the monomers. A 
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secondary binding site in the vicinity of the primary site has not previously been found in 
the B-subunits of V. cholerae or ETEC.  

 

X-ray crystallography and NMR of the LT-IIb B-subunits produced in this study will show 
if the secondary binding site is present in all monomers. Furthermore, the carbohydrate 
binding site of the LT-IIc B-subunits will be defined. Finally, it will be determined if LT-
IIc also carry multiple carbohydrate binding sites, or if this is a unique feature of LT-IIb. 
 
 

 

Conclusion 

In this study we found that LT-IIc B-subunit has a broader ganglioside binding compared 
with LT-IIb B-subunit. We also found that LT-IIc B-subunits also bind to gangliosides 

with neolacto core chain (Neu5Gc3- and Neu5Ac3-nLc4, and Neu5Gc3-nLc6) and 
this broadens our definition of LT-IIc binding specificity.  
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