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Populärvetenskaplig sammanfattning 
Förändringar av de kolhydrater som sitter fast på de flesta av våra proteiner i kroppen har 
kunnat knytas till flera olika typer av sjukdomar. Man säger att sjukdomar ger ett förändrat 
kolhydratmönster. Till exempel uppvisar alla typer av tumörceller ett förändrat 
kolhydratmönster jämfört med normalvävnad. Vår forskargrupp har tidigare visat att proteiner 
som finns i blodbanan (plasmaproteiner) ofta uppvisar kolhydratmönster som går att relatera 
till en viss sjukdom. Ett exempel är plasmaproteinet orosomukoid vars förändringar i 
kolhydratmönstret har visat sig kunna användas för diagnostik av till exempellevercirrhos.  

För att mäta förändringar av kolhydratmönstret som kan uppstå vid sjukdom används 
proteiner som känner igen och binder till kolhydrater. Dessa naturligt förekommande 
kolhydratbindande proteiner kallas lektiner. Vi har nyligen visat att ett lektin vid namn 
Aleuria aurantia lektin (AAL) kan användas för att hitta de förändringar i kolhydratmönstret 
som uppkommer vid leversjukdom. AAL binder till en kolhydrat som kallas fukos och det är 
just mängden av fukos som förändras vid leversjukdom. I detta arbete har vi detaljstuderat 
AAL för att få bättre kunskap om hur AAL binder till fukos. Detta för att det ska vara möjligt 
att förbättra AALs förmåga att upptäcka olika sjukdomstillstånd.  

Vi har producerat AAL i bakterier och visar att bakterieproducerat AAL kan binda mycket 
starkt till fukos. Vi har också kunnat göra två mindre former av bakterieproducerat AAL som 
båda kan binda fukos. Den minsta av dessa former binder något annorlunda till fukos än de 
övriga två AAL formerna. Denna AAL form tror vi kan ha nya användningsområden inom 
diagnostik. Studierna har dels gett oss större förståelse för hur AAL binder till fukos men de 
visar också att DNA-teknik kan användas för att påverka ursprungsegenskaperna hos ett 
lektin. De DNA-tekniska metoderna kan vara viktiga redskap för att skapa nya tillförlitliga 
kolhydrat bindande reagens för sjukdomsdiagnostik. 
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Abstract  
The presented work describes construction and analysis of recombinantly produced forms of 
Aleuria aurantia lectin (AAL). The binding properties of the produced AAL forms were 
studied using techniques such as tryptophan fluorescence, hemagglutination analysis, ELISA 
and surface plasmon resonance analysis.   
 
Lectins are proteins that are ubiquitous in nature with the ability to bind specifically to 
different types of carbohydrates. The physiological function of different lectins is not always 
known, but they are involved in many recognition events at molecular and cellular levels. In 
research, lectins are widely used for structural and functional studies of complex 
carbohydrates, and they are also used to detect changes in the carbohydrate pattern on 
glycoproteins in different diseases.  
 
With the use of recombinant technology it is now possible to refine properties of lectins such 
as decreasing the valency and alter specificity and affinity. This may be a way of constructing 
more suitable reagents for use in diagnostic glycosylation analysis assays. 
 
AAL has been extensively used in different types of research for its ability to bind the 
monosaccharide fucose and to fucose-containing oligosaccharides. It is composed of two 
identical subunits where each subunit contains five binding sites for fucose. AAL was 
expressed recombinantly (rAAL) and its properties was investigated. These studies reveled 
that one of the binding sites in rAAL had unusually high affinities towards fucose and fucose-
containing oligosaccharides with Kd-values in the nanomolar range. This binding site is not 
detected in AAL that have been exposed to fucose during its purification, and therefore we 
proposed that this site may be blocked with free fucose in commercial preparations of AAL. 
 
Normally lectin-oligosaccharide interactions are considered to be of weak affinity, so the 
finding of a high affinity site was interesting for the future study of recombinant forms of 
AAL. The next step was to produce recombinant AAL forms with decreased valency. This 
was done using site-directed mutagenesis. First a monomeric form of AAL (mAAL) was 
constructed and then a monovalent form of AAL, containing only one fucose-binding site 
(S2-AAL) was constructed. Both of these forms had retained ability to bind fucose. The 
binding characteristics of mAAL were similar to that of rAAL, but mAAL showed decreased 
hemagglutinating activity. S2-AAL showed a lower binding affinity to fucosylated 
oligosaccharides and did not bind to sialylated fuco-oligosaccharides such as sialyl-LewisX. 
This study shows that molecular engineering techniques could be important tools for 
development of reliable and specific diagnostic and biological assays for carbohydrate 
analysis. 
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Abbreviations 
AAA  Anguilla anguilla agglutinin   
AAL  Aleuria aurantia lectin 
AGP  α1-acid glycoprotein 
BSA  Bovine serum albumin  
CD  Circular dichroism 
ELLA  Enzyme linked lectin assay 
Fuc Fucose 
GAG Glycosaminoglycan  
Gal Galactose 
GalNAc N-acetylgalactosamine 
GlcNAc N-acetylglucosamine 
HA  Hemagglutination 
HAI Hemagglutination inhibition 
ITC Isothermal titration calorimetry 
Kd  Dissociation constants 
koff Dissociation rate constant 
kon Association rate constant 
mAAL  His-tagged recombinant monomeric Aleuria aurantia lectin (AAL-Y6R) 
Man Mannose 
MIC  Minimum inhibiting concentration 
nAAL  Native Aleuria aurantia lectin 
Neu5Ac Sialic acid 
PA – IIL  Pseudomonas aeruginosa lectin  
PBS  Phosphate buffered saline 
RA  Rheumatoid arthritis 
rAAL  His-tagged recombinant Aleuria aurantia lectin 
RSL  Ralstonia solanacearum lectin   
S2-AAL  His-tagged recombinant site 2 of Aleuria aurantia lectin 
SE Sedimentation equilibrium 
SPR  Surface plasmon resonance 
SV Sedimentation velocity 
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Background 

Protein-carbohydrate interactions 
Protein-carbohydrate interactions are normally considered as weak affinity interactions.  
Weak biological interactions are determined by a dissociation constant of about 0.10-0.01 
mM [1]. Protein-carbohydrate binding is mainly formed by two types of interactions: 
hydrogen bonds formed from the hydroxyl groups of the carbohydrate, and van der Waals 
interactions formed by stacking of the hydrophobic face of carbohydrates to the side chains of 
aromatic amino acids [2]. The protein-carbohydrate interactions in biological processes is 
often multivalent interaction between protein and carbohydrate, that creates an avidity effect 
that compensate the low affinity generally observed for each individual carbohydrate binding 
site. In the human body, several biological processes are mediated by weak interactions 
between proteins and carbohydrates, one example being rolling of leukocytes along the 
endothelial surface during an inflammatory process [3]. During rolling, the speed of the 
leukocytes decreases so that they can extravasate through the endothelium to the site of 
inflammation. This rolling event is mediated by the selectin family of cell adhesion molecules 
including L-, P-, and E-selectin [3, 4]. L-selectin is expressed on the surface of leukocytes 
whereas P- and E-selectins are expressed on the surface of endothelial cells. L-selectin 
interacts with carbohydrates on endothelial cells, while P-and E-selectins interact with 
carbohydrates on the leukocytes [3, 4].  

Lectins 
Proteins that interact with naturally occurring carbohydrates are generally referred to as 
“lectins”. When first discovered lectins were defined as phytoagglutinins because they were 
commonly detected by their ability to induce erythrocyte agglutination and were found almost 
exclusively in plants. This definition was later revised to define lectins as a class of proteins 
of non-immune origin that binds carbohydrates without modifying them. This definition is 
still used, but today a broader definition of lectins is starting to be accepted. Now lectins are 
defined as proteins which specifically bind (or crosslink) carbohydrates. One exception to the 
former definition is actually the oldest known lectin called ricin [5]. This lectin has been 
revealed to act as the enzyme RNA-N-glycosidase [6]. Today it is known that lectins are 
ubiquitous in nature and found in all kinds of organisms such as animals, fungi, bacteria and 
even viruses [7].  

Lectins are structurally different, and their binding properties are dependent on the exact 
three-dimensional structure and amino acid sequence of the lectin [7, 8]. A specific lectin 
usually binds a certain carbohydrate epitope [9].  

The biological function for most lectins is still unclear. The function differs depending on the 
type of lectin and the species that expresses the lectin but in general they are important in 
many recognition events at molecular or cellular level. It is known that bacteria uses lectins to 
bind host carbohydrates at epithelial cell surfaces and use these attachment points for further 
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colonization [10]. In fungi, lectins can be of importance for host association (symbiosis or 
parasitism) [11]. In humans lectins are involved in cell-cell recognition, leukocyte rolling, 
cancer metastasis, fertilization and microbial adherence to host tissues [7, 12, 13]. Plant 
lectins are proposed to be involved in the defense against pathogens since lectins bind to 
glycoproteins on the surface of parasites [14]   

Classification of lectins    
Lectins are not easily classified but some attempts have been made. One way of classifying 
lectins is according to the small carbohydrate haptens they recognize, e.g. mannose - (Man), 
galactose/N-acetylgalactosamine- (Gal/GalNAc), N-acetylglucosamine- (GlcNAc), fucose- 
(Fuc) and sialic acid- (Neu5Ac) binding lectins [15]. This conventional method is practically 
useful but it is not necessarily relevant for refined specificity because lectins in the same 
category, for example galactose-specific lectins, can show different binding specificity [16]. 
Since lectins are proteins it is also possible to classify lectins through their evolutionary 
kinship. Animal lectins are generally classified according to homologies in the carbohydrate 
recognition domain [12, 17, 18]. Some examples of animal lectin families are P-type, C-type, 
Galectins (former S-type), I-type and Glycosaminoglycan-binding proteins. The special 
features of these families are: 

• P-type lectins are lectins that recognize Man-6-P [17]. 

•    C-type lectins are a large family with diverse structure and function that requires calcium    
for recognition of carbohydrates (not all calcium-requiring lectins are C-type lectins) [17]. 
Selectins are a subfamily of C-type lectins distinguished by their specific function in 
leukocyte adhesion to endothelial cells through sialyl-LewisX recognition [3, 19]. 

•   Galectins all share galactose specificity and requires free thiols for stability [16].  

•   I-type lectins are members of the immunoglobulin superfamily. Siglecs are a subfamily of 
these molecules that specifically recognize sialic acids [18].  

•  Glycosaminoglycan-binding proteins (GAG-binders) binds with clusters of positively 
charged amino acid that line up against internal regions of the anionic GAG chains. This is 
unlike other lectins that bind their carbohydrate ligand with a relatively narrow binding 
pocket [20].  

Plant lectins have also been classified in families and the largest and most studied is the 
legume lectin family [21]. These lectins have a shared consensus sequence and most of them 
require Ca2+ and Mn2+ for carbohydrate binding. But since there is such a tremendous 
diversity of carbohydrate-binding specificities among plant lectins they are often classified 
according to the carbohydrate they bind.  

The three dimensional structure has been solved for more than 550 lectins and they all show 
proteins that are oligomeric, usually made up of two or four subunits (homo- or hetromers) 
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with typically one single carbohydrate binding site per monomer. Based on their tertiary 
structure lectins have been divided into different folding families. Most of these families 
contain several β-strands in the core structure [21, 22]. The tertiary structures are similar 
within many lectin families [22]. This similarity in the tertiary structure has been extensively 
studied for plant lectins and these studies suggest that lectins are conserved throughout 
evolution and thus may play important physiological functions [23-25].  

Lectins as research tools 
Since lectins recognize specific carbohydrate structures they are used to detect and separate 
cells, bacteria, and viruses with respect to their carbohydrate content. Lectins are also useful 
tools for investigating the structure and function of different carbohydrate chains on 
glycoproteins and glycolipids [26, 27]. In clinical research, lectins can be used to detect 
changes in the carbohydrate pattern on glycoproteins in different diseases [28-35].  

Today many researchers consider lectins as "deciphers of the glycocode". The use of lectins 
may be great tools to analyze glycosylation patterns and to facilitate the development of novel 
treatments for many diseases in which carbohydrate recognition plays a key role. To achieve 
this goal, it is important to learn more about lectin structure, function and binding properties.  

Aleuria aurantia lectin  
The Aleuria aurantia lectin is obtained from the mushroom Aleuria aurantia and was initially 
characterized by its binding to fucosylated blood group antigens [36]. When AAL was 
characterized by Kochibe et al. they showed that AAL had the ability to precipitate blood 
group substances in an agar gel that contained 0.5 % of SDS (sodium deoxycholate), Triton 
X-100 or Tween 80 [36]. The fact that AAL tolerated these detergents made it a promising 
tool for purifying and analyzing fucosylated oligosaccharides and glycoproteins. AAL has 
during the years been widely used to estimate the extent of fucosylation on glycoproteins and 
to fraction glycoproteins [28, 37-41]. AAL has shown to be a non-glycosylated dimer with 
two identical 312-amino acid subunits and both of these subunits specifically recognize 
fucose [42, 43]. Each subunit has a calculated molecular weight of about 33 400 Dalton [44]. 

Structure of AAL 
Crystallisation studies of AAL show that each AAL monomer consists of a six-bladed β-
propeller fold and of a small antiparallel two-stranded β-sheet [42, 43]. The antiparallel two-
stranded β-sheets have an important role in the dimerization of AAL [42]. Between each of 
the six β-blades, a cleft is formed by the loops that connect the blades. Fucose can bind to five 
of these six clefts (site 1-5) in each monomer [42, 43]. AAL differs from other fucose-specific 
lectins, such as Anguilla anguilla agglutinin (AAA, isolated from the serum of eel) and 
Pseudomonas aeruginosa lectin (PA – IIL, isolated from the bacteria Pseudomonas 
aeruginosa) that also forms dimers but only have one fucose-binding site per monomer [45, 
46]. The recently characterized fucose-binding lectin from the bacterium Ralstonia 
solanacearum (RSL) forms trimers with two binding sites per monomer [47, 48].  
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Before the determination of the crystal structure of AAL, no lectins had been found in the 
group of six-folded β-propeller proteins. However when RSL was crystallized it also was 
included in the group of six-folded β-propeller proteins [48]. RSL forms a homotrimer that 
reproduces a six-bladed β-propeller fold [48]. Besides these two lectins a couple of other 
proteins are included in this family, for example glucose dehydrogenase and the low-density 
lipoprotein (LDL) receptor [22]. In contrast to other six-bladed proteins almost all residues in 
AAL and RSL are used to form the propeller structure, and therefore AAL and RSL form the 
most compact structures among all known six-bladed proteins [42, 43, 22]. AAL also differs 
from other β-propeller proteins, which normally are disc like, in the way that AAL monomers 
are shaped like short cylinders with a hydrophobic central cavity [42, 43].  

The dimerization of AAL creates a “back to back” association of the two cylinder-shaped 
monomers with the fucose-binding sites exposed to the solvent on each side of the dimer [42]. 
The AAL-monomers that forms the dimer are almost equivalent with the exception of a 
marginal contact between site 4 in one monomer and site 5 in the other monomer [42].   

Binding characteristics of AAL 
The dissociation constant (Kd) for interaction between free fucose and AAL has been 
determined to 16 µM using equilibrium dialysis [36]. However, since AAL has multiple 
binding sites for fucose this value represents an average Kd-value for all binding sites. 

The crystal structure of AAL was first determined by Wimmerova et al. [42] who showed that 
each AAL monomer could bind five fucose residues. In a similar study performed by 
Fujihashi et al. it was shown that three fucose molecules per monomer at sites 1, 2 and 4 were 
present after dialysis against a fucose-free buffer. This indicated that the binding affinity for 
fucose was higher at sites 1, 2 and 4 than at sites 3 and 5.  

Each binding sites in AAL includes arginine, glutamic acid and tryptophan as characteristic 
amino acids. All of these amino acids form hydrogen bonds with fucose [42]. In site 2 seven 
hydrogen bonds are formed between fucose and AAL, in site 4 six hydrogen bonds are 
formed whereas 5 hydrogen bonds are formed between AAL and fucose in site 1, 3 and 5 
[42]. This probably gives site 2 the highest affinity for fucose followed by site 4.  

AAL has been shown to bind to fucosylated oligosaccharides irrespective of linkage (Fucα1-
2, Fucα1-3, Fucα1-4 or Fucα1-6). However, affinity for oligosaccharides with α1-6 linked 
fucose is somewhat higher than for the other linkages. Therefore AAL has mostly been used 
for detection and fractionation of oligosaccharides containing α1-6 linked fucose [38, 44, 49]. 
Studies on whether there is specificity differences between the individual binding sites in 
AAL have not been performed.   

Fucose 
Fucose is a 6-deoxyhexose (Fig. 1) and a common component of many N- and O-linked 
glycans and glycolipids produced by mammalian cells. In contrast to other hexoses in 
mammals fucose has an L-configuration [50]. Fucosyltransferases (FucTs) are responsible for 
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the catalysis of fucose transfer from donor guanosine-diphosphate fucose to various acceptor 
molecules including oligosaccharides, glycoproteins, and glycolipids [51]. Fucose normally 
exists as a terminal modification but it can also serve as substrate for the addition of other 
monosaccharides [52]. Fucose is commonly linked α-1,2 to Gal or α-1,3, α-1,4 or α-1,6 to 
GlcNAc. Fucose linked α-1,6 is commonly found to the reducing terminal GlcNAc on 
complex type N-linked glycans [51]. Fucose linked α-1,2 to Gal forms the H antigen which is 
the precursor structure for formation of the A and B blood group antigens. Fucosylated 
structures are involved in a variety of important biological and pathological processes in 
eukaryotic organisms including tissue development, angiogenesis, fertilization, cell adhesion, 
inflammation, and tumour metastasis [51]. In prokaryotic organisms fucosylation appears to 
be less common. Still fucosylated structures are present in prokaryotes and these structures 
has been suggested to be involved in molecular mimicry, adhesion, colonization, and 
modulating the host immune response [51].   

 

 

Fucosylation as a disease marker 
Changes in fucosylation patterns are commonly associated with many disease states such as 
inflammation, liver disease and cancer [28, 39-41, 53]. Using AAL, Rydén et al. have shown 
that the fucosylation of the plasma protein α1-acid glycoprotein (AGP) also known as 
orosomucoid, is significantly higher in patients with rheumatoid arthritis and liver cirrhosis, 
and that the degree of fucosylation correlated with the severity of the disease [39]. Therefore 
they proposed that the fucosylation of AGP could be useful in diagnosis of inflammatory 
disease and in early detection of liver cirrhosis. 

Changes in glycosylation are also common in all types of tumor cells [28, 53]. On these cells 
N-linked oligosaccharides often become more branched and contain more fucose compared 
with non-malignant cells [53, 54]. The changed glycosylation pattern of tumor cells can give 
rise to expression of specific tumor-associated oligosaccharide structures [53, 54]. These 
structures could potentially be used as cancer markers, and some of them may have a 
prognostic value.   

 

 

 

Figure 1. Structure of the monosaccharide α-L-fucose.  
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Aims of the thesis 
Glycosylated plasma proteins and/or cell surface proteins have in various studies shown 
disease-specific or disease-state specific changes in glycosylation pattern. Thus there is an 
obvious need for glycosylation analysis in routine diagnostics. Therefore it will be important 
to obtain reliable carbohydrate binders with high specificity. In our lab Aleuria aurantia lectin 
(AAL) has been used in glycodiagnostic assays to determine fucosylation of AGP during 
different pathological conditions. This lectin has been shown to bind to fucose and 
fucosylated oligosaccharides with relatively high affinity and broad specificity compared to 
other lectins. The overall aim of this study was to use molecular biology techniques to 
produce recombinant AAL and recombinant AAL forms and to study their binding 
characteristics in detail. More specific aims were: 

Paper I  
The aim of this study was to produce a recombinant form of AAL lectin (rAAL). This rAAL 
would then be purified in the absence of free fucose. The aim was further to characterize the 
purified rAAL and determine its affinity to fucose and different fucose-containing 
oligosaccharides.  

Paper II 
A problem of using multivalent lectins for diagnostic purposes is that differences in affinity 
between different binding sites can reduce the accuracy and performance of the assay. 
Another problem is the fact that binding specificity can differ between different binding sites 
in the lectin giving unwanted cross reactivity. To solve some of these problems, it is of 
interest to produce monovalent lectins with more specific carbohydrate binding properties. 

The aim of this study was to create a functional monomeric form of AAL and to create a 
monovalent form of AAL by expressing only one binding site of AAL and to investigate their 
binding characteristics.  
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Methods 
Construction of plasmids 
  
His-tagged rAAL – Paper I  
Initially we obtained the plasmid pGEM-AAL as a generous gift from Dr. Yoshiho Nagata at 
the Chiba University, Japan. Instead of using this plasmid to produce AAL we incorporated 
the AAL-gene in the pET28b vector, which will produce rAAL with a Histidine tag (His-tag). 
The His-tag enabled purification of rAAL without adding free fucose during purification. The 
plasmid pGEM-AAL was digested with the two restriction enzymes NdeI and XhoI. The gene 
product (AAL = 939 bp) was purified from an agarose gel and then added to pET28b that had 
previously been digested with NdeI and XhoI, purified and dephosphorylated. This mixture 
was ligated with T4 DNA-ligase and then transformed into E.coli. Transformed E.coli was 
cultured on agar plates and bacterial colonies were screened for pET28b containing AAL 
insert.     

His-tagged monomeric AAL – Paper II   
To create monomeric AAL a single amino acid was changed in AAL. Site directed 
mutagenesis of pET-28b-AAL was used to change the codon TAC to CGC in the AAL coding 
region giving a switch in amino acid from Tyr6 to Arg6.  

His-tagged monovalent AAL – Paper II    
Initially we tried to use modified primers and PCR to amplify a part of the AAL gene 
comprising only binding site 2 (S2-AAL). The primers were modified to create an NdeI 
cleaving site in the 5’-end of S2-AAL and an XhoI cleaving site in the 3’-end. This PCR 
product was then cleaved with NdeI and XhoI and added to cleaved (NdeI and XhoI), purified 
and dephosphorylated pET28b. The mixture was ligated with T4 DNA-ligase and then 
transformed into E.coli. However this approach was not successful most probably due to 
failure of the restriction enzymes to cleave the PCR products prior to ligation. Our second 
approach was to use site directed mutagenesis of pET-28b-AAL (Fig. 2 A). An NdeI cleavage 
site was inserted at nucleotide position 150 in the AAL coding sequence. This was followed by 
the insertion of a stop codon site at nucleotide position 480 in the AAL coding sequence (Fig. 
2 B). The resulting plasmid was cleaved with NdeI to remove the 5’-segment of AAL 
corresponding to nucleotides 1-150 and then ligated (Fig. 2 C). The coding region of the 
resulting plasmid corresponds to nucleotides 150-480 (encoding S50 – G160) in the original 
AAL sequence. When expressed, we observed that approximately 50 % of S2-AAL was found 
in the supernatant and 50 % in inclusion bodies. We succeeded to purify S2-AAL from 
inclusion bodies using denaturation with guanidinium chloride and renaturation on the Ni2+-
column. However, due to ease of purification only S2-AAL purified from supernatant was 
used in Paper II.  
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Circular dichroism – Paper I and II 
Circular dichroism (CD) spectroscopy is a form of light absorption spectroscopy that is 
sensitive to the secondary structure of proteins. Changes in a CD signal reflect changes in the 
protein structure. The definition of CD is that it measures the difference in absorbance of left 
circularly polarized light (LCPL) and right circularly polarized light (RCPL) for a specific 
substance: CD = Abs (LCPL) – Abs (RCPL) [55-58]. The fact that CD measures circularly 
polarized light is the major difference compared to other absorption spectroscopic methods 
that measures the absorption of isotropic light. A molecule that has the ability to absorb RCPL 
and LCPL must be structurally asymmetric and exhibit absorbance [56, 57]. Such a molecule 
is said to be a CD active molecule. For instance proteins are CD active molecules because all 
amino acids except glycine contain a chiral carbon, and are thus asymmetric [56].  

CD is reported in units of absorbance or ellipticity and both can be normalized for the molar 
concentration of the sample [55, 56]. The CD spectra in Paper I and Paper II have the unit of 
molar ellipticity ([θ]) which is ellipticity that has been corrected for the concentration of the 
sample. The unit of molar ellipticity is (deg cm2/dmol). To calculate molar ellipticity, the 
sample concentration (g/L), molecular weight (g/mol) and the cell path length (cm) must be 
known [55, 56]. If the sample is a protein, the mean residual weight (average molecular 
weight of the amino acids it contains) is used instead of the molecular weight. 

The CD spectrum is divided into a far-ultraviolet (far-UV) region (180-260 nm) and a near-
ultraviolet (near-UV) region (260-320 nm). In a far-UV CD spectrum the amide groups in the 
polypeptide backbone are the major CD absorbents. Since these amide groups will have 
different orientations depending on the secondary structure of the protein a CD spectra in the 
far-UV region will give information on the presence of secondary structures such as α-helix, 
β-sheet and random coil. These different structural elements give roughly the following 
characteristic CD spectra: α-helical proteins have negative bands at 222 nm and 208 nm and a 
positive band at 193 nm, proteins with well-defined antiparallel β-sheets have negative bands 
at 218 nm and positive bands at 195 nm, whereas disordered proteins (random coil) have very 

Figure 2.  Modification of pET28b-AAL to express S2-AAL. a  Shows were AAL is located in pET28b-AAL 
and restriction enzyme cleavage sites. b Indicates insertion of new NdeI and stop codon sites. c The final 
pET28b-S2-AAL plasmid.  
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low ellipticity above 210 nm and negative bands near 195 nm (Fig. 3) [59]. But it is not only 
the polypeptide backbone that affects the far-UV CD spectrum. It has been shown that 
tryptophans with its aromatic side chains also affect the CD spectrum in almost the entire 
wavelength region (180-310 nm) [60]. Since tryptophans contribute to the CD spectra also in 
the far-UV region it will make predictions of the amount of various types of secondary 
structure more difficult for proteins containing several tryptophans. One monomer of AAL 
contains 16 tryptophans. Therefore, we did not predict the secondary structures of the studied 
AAL forms on basis of the obtained CD spectra. Instead we used the data obtained from CD-
measurements to determine whether the different AAL forms were correctly folded and 
whether there were differences in secondary structure between the different AAL forms.  

 

 

 
In the near-UV region the side chains of aromatic amino acids (phenylalanine, tyrosine and 
tryptophan) influence the CD spectrum the most. To give a CD signal these side chains have 
to be situated in an asymmetric environment. Unfolded proteins do not give CD signals in the 
near-UV region. Therefore a CD spectrum in this region gives information about the tertiary 
structure around the aromatic side chains.  

Requirements for obtaining a far-UV CD spectrum are a sample volume of 30-200 µL with a 
protein concentration of 100 µg/mL to 1.5 mg/mL depending on type of cuvette used [55]. 
Signals in the near-UV region of the CD spectrum are generally more than an order of 
magnitude weaker than in the far-UV region of the CD spectrum. Therefore these 
measurements require more material with a sample volume of about 1 mL and a protein 
concentration between 0.25-2 mg/mL [55]. The buffers in which the proteins are dissolved 
during a CD experiment can not contain any molecules that have a high absorbance in this 
region of the spectra (180-320 nm). Such molecules are for example dithiothreitol (DTT) and 
imidazole [61]. In our experiments we never experienced any problems with lack of material 
or high background absorbance from the buffer.   

Figure 3. Theoretical CD spectra for different structural elements in 
the far-ultraviolet region. 
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Both near- and far-UV CD spectra provide a fingerprint of the examined protein. CD 
spectroscopy can therefore be used to study protein stability or folding intermediates 
following different treatments such as heating or treatment with denaturating agents. 
 
Enzyme Linked Lectin Assay – Paper I and II  
One important application area for lectins is to detect specific carbohydrate structures on 
glycoproteins. This can be done by different techniques such as lectin affinity 
chromatography [62, 63], crossed affino-immunoelectrophoresis [64, 65], lectin 
immunosensors [66], lectin blotting [65, 67, 68] and enzyme linked lectin assay (ELLA, lectin 
ELISA) [69-72]. AAL has previously been used in different ELLA assays [69, 40]. The 
advantages with the ELLA method are that it gives much information within a short time and 
it is easy to perform and repeat. ELLA does not give any affinity values but it can be used for 
specificity studies. We used ELLA to investigate if our lectin forms had retained ability to 
bind a number of fucosylated oligosaccharide structures and if there was differences in 
binding specificity. All ELLA experiments were performed in the same way. Initially a 
microtiter plate was coated with synthesized BSA-oligosaccharide conjugates, containing on 
average 15 oligosaccharide chains per conjugate. Then the wells were blocked with BSA 
followed by addition of biotinylated lectin forms. The bound biotinylated lectin was 
visualized by adding ExtrAvidin and phosphatase substrate and absorbance was measured at 
405 nm. These experiments gave information about binding capacity and binding specificity 
for the different lectin forms compared to the native lectin. 
    
Surface Plasmon Resonance – Paper I and II  
A sensor that uses biomolecules to detect a certain analyte is called a biosensor. One of the 
most used types of biosensors is the affinity biosensor. An affinity biosensor can measure the 
interaction between different biomolecules, for example between an antibody and an antigen 
or between a lectin and a carbohydrate [73]. A common method to detect the interaction is 
Surface Plasmon Resonance (SPR). The underlying physical principles of SPR are complex. 
Simplified, the SPR method will give information on how the refractive index is changed near 
the surface of a sensor chip. When an analyte binds to the sensor surface the refractive index 
is changed and this will be measured and the interaction can be studied [74].  In 1990 a 
commercial instrument using this technology was released by Biacore AB (Uppsala, Sweden) 
and it was named BIACORE® [74]. There are several SPR-based systems but it is the 
different BIACORE systems that are the most widely used [72]. An advantage with this 
method is that data describing affinity as well as kinetics is obtained in a straightforward 
manner [75].  
 
Affinity biosensors based on SPR technique provide a powerful tool for the analysis of 
protein carbohydrate interactions [76-83]. In addition to affinity measurements SPR can also 
be used to determine the enthalpy, stoichiometry, kinetics and activation energy of an 
interaction. A major advantage of SPR over other techniques such as isothermal titration 
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calorimetry (ITC) is that less amounts of protein are required. 
 
We used BIACORE® 2000 and a CM5 sensor chip to study the affinity between the obtained 
AAL forms and fucose or different fucosylated oligosaccharides. The sensor surface where 
the interaction between ligand and analyte occurs is shaped as a small flow cell, 20-60 nL in 
volume, through which an aqueous solution (running buffer) passes under continuous flow. In 
order to detect an interaction, the ligand (in our case the lectin of interest) is immobilized onto 
the sensor surface. It is important that the activity of the ligand is not disrupted during the 
immobilization. After immobilization of the ligand, the analyte is injected (mono- and 
oligosaccharides in our experiments) in aqueous solution (sample buffer) through the flow 
cell under continuous flow. As the analyte binds to the ligand on the sensor surface the 
refractive index will change due to the accumulation of molecules on the sensor surface. This 
change in refractive index is measured in real time and the result is plotted as response or 
resonance units (RUs) versus time in a sensorgram (Fig. 4). After the desired association time 
a solution without the analyte, preferably the sample buffer, is injected over the sensor surface 
resulting in dissociation of the analyte (Fig. 4). As the analyte dissociates from the ligand a 
decrease in SPR signal is observed (Fig. 4). Finally the sensor surface is regenerated and a 
new binding cycle can be performed (Fig. 4). From these data association rate constant (on 
rate, kon) and dissociation rate constant (off rate, koff) as well as equilibrium constants can be 
calculated. To obtain correct data in an SPR experiment it is important to measure the 
background response. This is done to correct for unspecific binding of analyte or to correct for 
any difference in the refractive index between the running- and sample buffers. The 
background response must be subtracted from the sensorgram to obtain the actual binding 
response. The background response is recorded by injecting the analyte through a different 
reference flow cell on the same sensor chip, which has no ligand or an irrelevant ligand 
immobilized to the sensor surface (blank). In Papers I and II we used a blank flow cell with 
inactivated surface to record the background response. The advantage with this type of blank 
reference flow cell is that it is easy to create and it gives a good estimation of the background 
response. The disadvantage is that if there is any unspecific binding between the analyte and 
the ligand this will not be corrected for. On the other hand there is no risk of overestimating 
unspecific binding when this type of blank sensor surface is used. The ultimate reference 
surface, if a lectin carbohydrate interaction is considered, would be a lectin that has the exact 
same characteristics as the normal lectin but lacks the ability to bind the carbohydrate of 
interest. 
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The sensor surface of an ordinary BIACORE chip is coated with a 100-200 nm thick layer of 
carboxymethylated dextran matrix. Commonly 2000 – 10 000 pg protein/mm2 (corresponding 
to 2000 – 10 000 RU) is immobilized on the sensor surface when an experiment is performed. 
It is important that the level of immobilized ligand is not too high. Firstly, with too high 
ligand density the rate at which the surface binds the analyte may exceed the rate at which the 
analyte can be delivered to the surface (mass-transport). In this situation the mass-transport 
becomes the rate-limiting step and the kon will therefore be slower than the true kon. Secondly, 
when the analyte dissociates from the ligand it can rebind to an unoccupied ligand before 
diffusing out of the matrix and being washed from the flow cell. The consequence of this is 
that the measured koff is slower than the true koff . These two kinetic artefacts (mass-transport 
limitations and re-binding) are well known drawbacks for all surface-binding techniques. 

Due to the fact that SPR measures the mass of material binding to the sensor surface, small 
analytes as oligosaccharides will give low responses. Therefore we had to use quite high 
surface concentrations of ligand in our experiments (about 10 000 RU) to receive a detectable 
signal. Because of this high ligand concentration at the sensor surface there is a risk of mass-
transport limitations and/or re-binding events in our experiments. In our experiment this was 
partly controlled for by increasing the flow rates of the injected analyte. These experiments 
showed that kon was independent of flow rates, indicating that there were no mass-transport 
effects. We used steady state equilibrium analysis to evaluate the affinities from our 
experiments and not kinetic analysis which is more sensitive to mass-transport limitations and 
re-binding. 

In our BIACORE experiments we used oligosaccharides as analytes and different AAL forms 
as immobilized ligands. This approach has previously been successful for affinity 

Figure 4. Sensorgram obtained from a typical SPR experiment. 1 A baseline is 
recorded as running buffer flows over the immobilized ligand. 2 Injection of 
analyte resulting in an increased response due to formation of analyte/ligand 
complex. 3 Steady state equilibrium. 4 Injection of running buffer without 
analyte. As a consequence the analyte disassociates from the ligand. 5 High flow 
washing to remove remaining complexes.      
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measurements between lectins and oligosaccharides [76-78]. The Biacore experiments could 
also have been done with the different oligosaccharides immobilized on the sensor surfaces 
and the AAL forms in the running buffer [79-80]. However, since some of the AAL forms are 
multivalent this would result in an avidity effect that would complicate the interpretation of 
the SPR data [81].  
 
Tryptophan fluorescence – Paper I 
The fluorescence of a folded protein is a mixture of the fluorescence from individual aromatic 
residues. Most of the intrinsic fluorescence emissions of a folded protein are due to excitation 
of tryptophan residues, with some contribution from tyrosine and phenylalanine.  

Tryptophan fluorescence has shown to be a powerful tool to study the interaction between a 
carbohydrate ligand and its protein binder, and has therefore been used to study the affinity 
and specificity among different lectins [84-86]. Most proteins that bind carbohydrates contain 
tryptophan residues [84]. The innate fluorescence of these tryptophans can be affected upon 
binding due to changes in the microenvironment surrounding the tryptophans [87]. The 
change in tryptophan fluorescence can be observed as increased or decreased intensity, with 
or without change of the peak position of maximum intensity [87]. The tryptophans are 
usually excitated at 295 nm and the emitted tryptophan fluorescence can vary in wave length 
from 300-350 nm [84]. This variation depends on the environment surrounding the tryptophan 
residues in the protein. Even if a change in tryptophan fluorescence is not a consequence of a 
direct participation of tryptophans in the binding, the observed fluorescence change can still 
be used to calculate binding constants [87]. Carbohydrates do not affect the tryptophan 
fluorescence since they are transparent to ultraviolet light [87, 88]. 

We performed tryptophan fluorescence experiments by adding increased concentration of 
fucosylated oligosaccharides to nAAL and rAAL in solution. The tryptophans were excited at 
295 nm and a peak value of the emission spectra was obtained around 339 nm. For rAAL a 
decreased fluorescence intensity was observed after addition of fucosylated oligosaccharides 
(except NA2F) but no change was observed for nAAL. A non-fucosylated oligosaccharide 
was used to correct for background fluorescence. The obtained data from the experiments 
with rAAL was used to obtain binding curves and approximate Kd-values. 
 
Hemagglutination – Paper I and II 
Hemagglutination (HA) is a specific form of agglutination that involves erythrocytes. It is an 
assay based on the ability of multivalent binders to cross link their antigen on erythrocytes 
and thereby make them agglutinate. HA is commonly used to determine the ABO blood group 
of blood donors and transfusion recipients. This is done with antibodies directed to the 
different blood group antigens on erythrocytes. The wider term agglutination can involve 
different types of cells and molecules and it can be either direct agglutination, caused by a 
primary binder, or indirect agglutination caused by a secondary binder directed against the 
first. 
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HA and hemagglutination inhibition (HAI) has been extensively used to study the specificity 
of newly discovered lectins [89, 90]. AAL has previously been shown to agglutinate human 
erythrocytes in a reaction that could be specifically inhibited by fucose and fucosylated 
oligosaccharides [91, 36]. We used HA and hemagglutination inhibition (HAI) to investigate 
if the produced AAL forms had retained or altered binding activity. Human type O 
erythrocytes was used in our experiments and for the HA assay serial dilutions of the AAL 
forms were added. A positive reaction was determined as the formation of visual aggregates. 
If two lectins are compared and one gives agglutination at a lower concentration it can be 
concluded that this lectin has binding sites with higher affinity available for agglutination than 
the other lectin. For the HAI assay the AAL forms were preincubated with a serial dilution of 
fucose or fucosylated oligosaccharides and then assayed for hemagglutinating activity. In this 
way the minimum inhibition concentration (MIC) of oligosaccharide required to completely 
inhibit the agglutination reaction could be determined. 
 
Analytical Ultracentrifugation – Paper II 
An accurate way to determine the molecular weight, binding constants and the hydrodynamic 
and thermodynamic properties of macromolecules is through use of analytical 
ultracentrifugation (AUC) [92, 93]. The technique was developed by Theodor Svedberg in 
1923 [94]. An AUC application consists of a centrifugal force with the simultaneous real-time 
observation of the resulting redistribution of the macromolecules during the centrifugation 
[93]. The distribution of the macromolecules is monitored in real time through an optical 
detection system, normally ultraviolet light absorption (280 nm). The acquired data gives the 
spatial gradients that result from the application of the centrifugal field and their progression 
with time. There are several advantages with this method. For example it usually does not 
require any labeling or other chemical modification of the macromolecule/macromolecules to 
be analyzed, and the material can often be reused after an experiment [93]. The main strength 
with AUC is that the macromolecules of interest can be characterized in their native state in a 
biologically relevant solution. Furthermore, the solution conditions can be varied to give more 
information. Finally since the experiments are performed in free solution, there are few 
complications due to interactions with matrices or surfaces [95]. In our studies we used AUC 
to determine the molecular mass of the produced lectin forms and to determine whether they 
were present in monomeric or multimeric forms. We used SPR-analysis (Biacore) for affinity 
experiments due to the much higher throughput using this technique.  
  
There are two main AUC methods used to study macromolecules namely sedimentation 
equilibrium (SE) and sedimentation velocity (SV) [92, 93, 95]. In a SV experiment high 
centrifugal force (typically ≥40 000 rpm) is used and the time course of the sedimentation 
process is analyzed [95]. On the other hand in a SE experiment low centrifugal force is used 
that permits the diffusion to balance the sedimentation such that a time-invariant equilibrium 
gradient can be observed [95]. Both methods can be used to determine the molecular mass but 
we used SE since this method is less sensitive to the shape of the macromolecules and 
therefore reveals any heterogeneities of the sample [95]. After an equilibrium sedimentation 
experiment is performed the buoyant molecular weight of the analyte is received. To convert 



 

 

24

this value to an absolute molecular weight the partial specific volume for the analyte has to be 
determined. This can be done experimentally, however we used a simpler technique that 
computes the partial specific volume from a weight average of the partial specific volumes of 
the amino acid residues in AAL. Calculated partial specific volumes of amino acids are in 
agreement with the experimentally observed for most proteins [96]. 
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Results and Discussion 
Finding a high affinity binding site in recombinant AAL – Paper I 
Usually monovalet interaction between lectins and carbohydrates are of weak affinity 
(millimolar). But there have been reports of fungal and bacterial lectins that bind 
carbohydrates with affinities in the nanomolar range [97]. Previous studies has shown that 
AAL bind to different fucosylated oligosaccharides in the micromolar range [42]. We had 
previously purified AAL from the Aleuria aurantia mushroom in our lab [69].  But in the 
present study a recombinant form of AAL (rAAL) was produced to obtain larger quantities of 
the lectin for further studies and characterization. We expressed AAL with a His-tag that 
made purification fast, reliable and avoided the use of free fucose during purification steps. 
Purified rAAL was analyzed by fucose-agarose affinity chromatography and was found to 
have retained ability to bind fucose. Therefore the binding characteristics were studied in 
more detail.  

Secondary structure was examined using CD and it was obvious that the rAAL secondary 
structure was very similar to nAAL. The near-UV spectra of rAAL gave information 
indicating an ordered structure around the tryptophans in the protein. Since most of the 
tryptophans are located in the binding sites these results indicated an ordered structure of the 
binding sites.  

Purified rAAL was biotinylated and used in ELLA experiments. The binding preference to 
oligosaccharides with α1-2, α1-3 and α1-4 linked fucose was retained in rAAL. However, 
interestingly, rAAL showed three to five times higher binding level compared to nAAL. To 
check whether the His-tag was responsible for some of the gained ability to bind in the ELLA 
experiment the His-tag was removed using thrombin digestion. Thrombin digested rAAL was 
compared to untreated rAAL in an ELLA experiment. No difference in binding to different 
fucosylated oligosaccharides was observed indicating that the His-tag did not contribute to the 
binding between rAAL and fucosylated carbohydrates.  

Biacore experiments was then performed to determine the affinity for rAAL towards different 
fucosylated oligosaccharides. The Biacore sensorgrams obtained showed a remarkable 
difference between rAAL and nAAL in affinity for all oligosaccharides except NA2F (for 
oligosaccharide structures se Table I). When fucose, LNF I, LNF II, LNF III and LDFT was 
injected over a sensor surface with immobilized rAAL distinct association and dissociation 
phases was observed in the obtained sensorgrams. However when the same oligosaccharides 
were injected over a sensor surface with immobilized nAAL pulse shaped sensorgrams with 
extremely rapid association and dissociation phases were observed. This indicated that rAAL 
has a higher affinity for these oligosaccharides compared to nAAL. When NA2F was injected 
both rAAL and nAAL showed pulse shaped sensorgrams indicating similar affinity. When the 
Kd-values were calculated it became clear that rAAL had two different Kd-values for fucose, 
LNF I, LNF II, LNF III and LDFT. One in the micromolar range and one in the nanomolar 
range. The Kd-values in the micromolar range was similar for both nAAL and rAAL whereas 
the nanomolar Kd-value was only observed in rAAL.  
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The next step in the characterization was to use tryptophan fluorescence. These experiments 
showed a dose-dependent quenching of the tryptophan fluorescence when LNF I, LNF II and 
LNF III were added to a rAAL solution. However when NA2F was added no change in 
tryptophan fluorescence was observed. When the same oligosaccharides were added to a 
nAAL solution no change in its tryptophan fluorescence was observed regardless of 
oligosaccharides. These results showed that rAAL has a high affinity binding site capable of 
binding LNF I, LNF II and LNF III with affinities in the range 5-50 nM (Kd) that is blocked in 
nAAL.  

One interesting observation from the Biacore experiments was that if fucose was injected 
prior to the injection of a fucosylated oligosaccharide no high affinity Kd-values in rAAL was 
observed. But the fucose injection did not affect the low affinity Kd-values in rAAL or nAAL. 
Thus, suggesting that there is a high affinity site in rAAL that is blocked in nAAL by free 
fucose which is added to nAAL during its purification. This was supported by previous 
observations [43]. We also performed a sugar analysis of both nAAL and rAAL. This 
revealed that nAAL contained fucose, as expected, whereas rAAL did not which supports the 
hypothesis of a blocked site in nAAL.  

From the characterization we did not obtain direct evidence for which of the binding sites in 
AAL that was the high affinity binding site. Based on the crystal structure of the different 
binding sites in AAL we proposed that site 2 is the most probable high affinity site [42, 43]. 
However this remains to be confirmed. 
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Construction of a monomeric and a monovalent fucose binder – Paper II 
To study the role of AAL dimerization for its binding properties a monomeric form of AAL 
was produced. Previous crystallization studies had indicated amino acids that are important 
for dimer formation of AAL [42, 43]. Site-directed mutagenesis was used to exchange these 
amino acids. Two different constructs were made and one of the constructs resulted in a 
monomeric form of AAL. This monomeric form showed to be about 32 kDa with a similar 
secondary structure as rAAL. From the different binding experiments it could be concluded 
that mAAL had the same binding preference as rAAL but with slightly decreased affinities.  

The property that differed most between mAAL and rAAL was the ability to hemagglutinate 
erythrocytes. A twenty fold higher concentration of mAAL was needed to agglutinate 
erythrocytes compared to rAAL. This result was not surprising, since dimerization of AAL is 
expected to enhance its possibility to create cross-linking of erythrocytes. The MIC-values for 
fucose and LDFT were lower for mAAL compared to rAAL meaning that less concentration 
of these ligands was needed to inhibit mAAL’s ability to produce hemagglutination compared 
to rAAL. An explanation for this is that more sites involved in the agglutination are available 
on rAAL compared to mAAL. Thus, the difference in MIC-values is not connected to 
decreased affinities in individual sites of mAAL, but is rather connected with a decrease in 
avidity.     

Since a monomeric variant of AAL could be created that retained high affinity binding 
towards fucosylated oligosaccharides, this encouraged us to make a monovalent fucose binder 
composed of only binding site 2 (S2-AAL). Based on the results in Paper I and previous 
crystallization studies of AAL [42, 43], site 2 was the strongest candidate to be the high 
affinity binding site. This site was therefore the target for making a monovalent fucose binder. 
A plasmid encoding a part of the AAL sequence comprising site 2 (S50 – G160) was 
constructed and S2-AAL could be produced and purified. This protein had a greater tendency 
to form inclusion bodies compared to rAAL and mAAL. We could purify S2-AAL from both 
supernatant and inclusion bodies. S2-AAL showed the same binding characteristics in the 
Biacore experiments independent of purification method. However, since enough material for 
characterization studies was obtained from the bacterial supernatant this was used for further 
characterization.  

The secondary structure of S2-AAL was similar to that of mAAL, rAAL and nAAL. An AAL 
monomer is built up of six β-blades and the S2-AAL was constructed to contain two of these 
β-blades. The analysis of the secondary structure indicated that these β-blades were indeed 
formed in S2-AAL.  

ELLA experiments showed that S2-AAL had retained ability to bind fucose and fucose-
containing oligosaccharides. However one major difference between S2-AAL and the other 
AAL forms was that S2-AAL did not bind to fucosylated and sialylated oligosaccharides such 
as SLea and SLex.  
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Next S2-AAL was examined using Biacore and these experiments also showed that S2-AAL 
had lost its ability to bind to sialylated-fuco oligosaccharides. But for the other fucosylated 
oligosaccharides affinities could be calculated and S2-AAL showed as expected only one 
binding site. These affinities were 2-5 times lower than the weak affinity binding in rAAL, 
but the order of affinities to the different oligosaccharides were the same for S2-AAL and 
rAAL with Kd-values in the order of LNF I >LNF II > LNF III > NA2F, LDFT.  

From the obtained data it is impossible to conclude whether site 2 actually represents the 
“high-affinity binding site” identified in Paper I. If site 2 is assumed to be the “high affinity 
binding site” it means that S2-AAL has lost much of its affinity, but gained the ability to bind 
NA2F. This is possible since (even though the secondary structure of S2-AAL is similar to 
that of rAAL) there may be minor differences in the positions of different amino acids 
affecting affinity and specificity. Another explanation is that site 2 is not the “high affinity 
binding site”. Preliminary experiments to produce an AAL form comprising only site 4, which 
is another potential candidate, have been performed. 

Importantly, we have been able to create a recombinant monovalent carbohydrate binder with 
affinity in the low micromolar range towards fucosylated oligosaccharides (NA2F and 
LDFT).            
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Förutom mig själv så har min excellente handledare Peter Påhlsson varit oumbärlig under 
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kontinuerlig kontakt i framtiden.   
 
Ett speciellt tack vill jag rikta till Ingvar Rydé för allt du gjort för mig trots att du egentligen 
inte behövt. Med kontakter som dig går alla situation att lösa. Jag har verkligen haft tur att du 
och Peter tagit hand om mig och hjälpt mig på alla sätt. En dag hoppas jag kunna återgälda i 
alla fall något av all hjälp jag fått av er.  
 
Andra personer som varit viktiga för min forskarutbildning är min biträdande handledare 
Lena Tibell och Bengt-Harald ”Nalle” Jonsson. Tack för all hjälp med mitt arbete och för att 
ni visat en sådan uppskattning för det jag gjort. Ni har verkligen gjort mig motiverad!  
 
Som samtida forskarstudent i gruppen har Louise Levander varit mycket betydelsefull för 
mig. Tack för all hjälp jag har fått och för att du stått ut men alla mina små egenheter. Jag 
saknar all den skönsång som vi förgyllde dagarna med. 
 
I övrigt vill jag tacka alla er som gjort min tid i Linköping väl värd att minnas. Jag tänker då 
på alla mina underbara vänner och arbetskamraterna på cellbiologen plan 10.    

Självklart vill jag tacka min familj för er outsinliga tro på mig och för att ni alltid stöttar mig.   

Slutligen vill jag tacka min sambo Annica för att du gör mina dagar så underbara och för att 
du stått ut med alla turer runt min licentiatavhandling. Du är helt enkelt bäst älskling och jag 
hoppas vi får ett långt liv tillsammans.   
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