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Abstract 

Natural products constitute an important source of new drugs. The bioavailability of the 
drugs depends on their absorption, distribution, metabolism and elimination. To achieve 
good bioavailability, the drug must be soluble in water, stable in the gastrointestinal tract 
and palatable. Binding proteins may improve the solubility of drug compounds, masking 
unwanted properties, such as bad taste, bitterness or toxicity, transporting or protecting 
these compounds during processing and storage. The focus of this thesis was to study the 
interactions, including ligand binding and the effect of pH and temperature, of bovine β-
lactoglobulin (βLG) and, for the first time, reindeer βLG with such compounds as 
retinoids, phenolic compounds and their derivatives as well as with compounds from plant 
extracts, and to investigate the transport properties of the βLG-ligand complex. 

 
To examine the binding interactions of different ligands to βLG, new methods were 
developed. The fluorescence binding method for the evaluation of ligand binding to βLG 
was miniaturized from a quartz cell to a 96-well plate. A method of ultrafiltration 
sampling combined with high-performance liquid chromatography (HPLC) was developed 
to assess the binding of compounds from extracts and the binding of non-fluorescent 
ligands to βLG.  
 
The interactions of phenolic compounds, their derivatives and βLG were investigated 
using the 96-well plate method. The majority of flavones, flavonols, flavanones and 
isoflavones were shown to bind to bovine and reindeer βLG. Phenolic compounds, 
contrary to retinol, were not released at acidic pH. Those results suggest that βLG may 
have more binding sites, probably also on the surface of βLG. 
 
Since milk is added to many food products, one aim here was to evaluate whether βLG 
could also bind compounds from plant extracts. Studies were conducted using an extract 
from Camellia sinensis (L.) O. Kunze (black tea), Urtica dioica L. (nettle) and Piper 

nigrum (black pepper). Piperine from P. nigrum was found to bind tightly and rutin from 
U. dioica weakly to βLG. No components from C. sinensis bound to βLG in our 
experiments. These results suggest that βLG may also bind compounds from natural 
extracts. 

 
The binding studies with retinoids showed that all of the retinoids included were able to 
bind to reindeer and bovine βLG. As in earlier studies, retinol starts to be released at three 
hours at acidic pH. 
 
The uptake and membrane permeation of bovine and reindeer βLG, free and bound with 
retinol, palmitic acid and cholesterol, were investigated using Caco-2 cell monolayers. 
Both bovine and reindeer βLG were able to cross the Caco-2 cell membrane. Free and 
βLG-bound retinol and palmitic acid were transported equally across a Caco-2 cell 
monolayer, whereas cholesterol could not cross the Caco-2 cell monolayer free or bound 
to βLG. 



 
 
 
 

 
Our results showed that βLG can bind different natural product compounds, but cannot 
enhance transport of retinol, palmitic acid or cholesterol through Caco-2 cells. Despite 
this, βLG, as a water-soluble binding protein, may improve the solubility of natural 
compounds, possibly protecting them from early degradation and transporting some of 
them through the stomach. Furthermore, it may decrease their bad or bitter taste during 
oral administration of drugs or in food preparations. βLG can also enhance or decrease the 
health benefits of herbal teas and food preparations by binding compounds from extracts.  

 
 
 
 
 
 

 
  

 
 



 
 
 
 

Acknowledgements 

This work was carried out at the Division of Pharmaceutical Biology, Centre for Drug 
Research (CDR), Faculty of Pharmacy, University of Helsinki and at Faculty of 
Mathematics and Natural Sciences, Åbo Akademi University, during 2003-2009. 
 
I sincerely thank my supervisor, Professor Pia Vuorela, for her support, guidance and 
valuable ideas and comments over the years. Especially her support and advice in writing 
process of publications and this thesis has been invaluable. 

 
I appreciate Professors Raimo Hiltunen and Heikki Vuorela at the Division of 
Pharmaceutical Biology for providing excellent working facilities for this thesis. 
 
Professors Thomas Haertlé and Markku Kulomaa are acknowledged for carefully 
reviewing my thesis and for invaluable suggestions and comments that greatly improved 
this thesis. 

 
Carol Ann Pelli is acknowledged for revising the language of the thesis. 
 
My sincere gratitude goes to Docent Kaija Valkonen, Docent Vesa Virtanen and Jonna 
Heikura, BSc, from the Laboratory of Biotechnology for sharing their β-lactoglobulin 
knowledge with me. 
 
I thank all of my other co-authors, Olli Aitio, MSc, Docent Moshe Finel, Dr. Anna Galkin, 
Docent Reijo Laaksonen, Leena Pohjala, MSc, Professor Peter J. Slotte, Mikko Vahermo, 
MSc, Dr. Mikko Vainio and Professor Jari Yli-Kauhaluoma for their valuable 
contributions. 
 
My colleagues at the Division of Pharmaceutical Biology are thanked for the pleasant 
work atmosphere and for their company at congress excursions and parties. Special thanks 
go to my closest colleagues and roommates and also my friends, Anna Galkin and Päivi 
Järvinen. You’ve made the years at the University unforgettable.  
 
The staff at Medifiles Ltd are acknowledged for their flexibility during the last two years. 

 
I am indebted to all of my friends and close relatives. My grandparents Pirkko, Onni and 
Tyyne, and my parents-in-law, Aila and Matti, are warmly thanked for their support 
during the thesis. I also thank my dear friend, Maija Puukangas, for her unwavering 
friendship and support, and for patiently listening all of these years. 
 
My heartfelt thanks are owed to my parents Sinikka and Sakari for support, motivation 
and care. Finally, my most sincere thanks are oved to my family; my dear husband Jarkko 
for his love, patience and support, our lovely son Risto, who has given us a new 



 
 
 
 

perspective on life and certainly our dog Niilo for given joy in our life. Without you, I 
would not have coped. 

 
I am grateful to the National Technology Agency of Finland (grants 40029/03 and 
40072/04), the Finnish Cultural Foundation (specially, the Elli Turunen Foundation), the 
Graduate School of Pharmaceutical Research in Finland, the Finnish Pharmaceutical 
Society and the Association of Finnish Pharmacies (AFP) for their financial contributions 
to this project. 
 
 
 
 
Helsinki, November 2009 
 



 
 
 
 

Contents 

Abstract 3 

Acknowledgements 5 

List of original publications 9 

Abbreviations 10 

1 Introduction 11 

2 Review of the literature 13 

2.1 Natural products 13 
2.2 β-Lactoglobulin (βLG) 15 

2.2.1 Structure of bovine βLG 16 
2.2.2 Structure of reindeer βLG 19 

2.3 Methods of studing protein-ligand interactions and structures 19 
2.3.1 Protein-ligand interactions 19 
2.3.2 Protein-ligand structures 23 

2.4 Transport of βLG across the intestinal epithelium 24 

3 Aims of the study 26 

4 Experimental 27 

4.2 Materials 27 
4.2.1 βLG 27 
4.2.2 Compounds used in the study 27 
4.2.3 Plant materials and extraction (II) 30 
4.2.4 Caco-2 cells (V) 30 

4.3 Methods 30 
4.3.1 Binding studies with fluorescence spectroscopy 30 

4.3.2 Binding studies with the ultrafiltration/HPLC system (II, IV) 32 
4.3.3 Transport studies with Caco-2 cells (V) 33 

5 Results and discussion 34 

5.1 Method development 34 
5.1.1 Microplate screening assay based on fluorescence quenching for binding 

of ligands to βLG (I) 34 
5.1.2 Ultrafiltration/HPLC method for binding of compounds from extracts to 

βLG (II) 35 

5.2 Binding of natural product ligands to bovine milk βLG (I, II, III, IV) 37 
5.2.1 Phenolic compounds and their derivatives (III) 37 

5.2.2 Compounds from natural extracts (II) 39 
5.2.3 Retinoids (I, IV) 40 
5.2.4 Warfarinyl palmitate (I) 41 



 
 
 
 

5.3 Binding properties of reindeer milk βLG (I, III, IV) 41 
5.4 Transport studies in the Caco-2 cell model (V) 42 

6 Summary and conclusions 44 

References 46 

Appendix 1. Summary of the binding studies conducted using a variety of 
techniques based on bovine βLG (modified from Sawyer, 2003). 55 

Original publications 



 
 
 
 

9 

List of original publications 

This thesis is based on the following publications: 
 
I Riihimäki, L., Aitio, O., Vahermo, M., Heikura, J., Valkonen, K., Virtanen, 

V., Yli-Kauhaluoma, J., Vuorela, P., 2006. Microplate screening assay for 
binding of ligands to bovine or reindeer β-lactoglobulins. Journal of 

Biochemical and Biophysical Methods, 68, 75-85. 
 
II Riihimäki, L., Vuorela, P., 2007. Tracking of β-lactoglobulin binding 

compounds with biofingerprinting chromatogram analysis of natural 
products. Natural Product Communications, 2, 1129-1132. 

 
III Riihimäki, L.H, Vainio, M.J., Heikura, J.M.S., Valkonen, K.H., Virtanen, 

V.T., Vuorela, P.M., 2008. Binding of phenolic compounds and their 
derivatives to bovine and reindeer β-lactoglobulin. Journal of Agricultural 

and Food Chemistry, 56, 7721-7729. 
 
IV Riihimäki-Lampén, L.H., Vainio, M.J., Vahermo, M., Pohjala, L.L., Heikura, 

J.M.S., Valkonen, K.H., Virtanen, V.T., Yli-Kauhaluoma, J.T., Vuorela, 
P.M., 2009. The binding of synthetic retinoids to lipocalin β-lactoglobulins. 
Journal of Medicinal Chemistry, in revision. 

 
V Riihimäki, L., Galkin, A., Finel, M., Heikura, J., Valkonen, K., Virtanen, V., 

Laaksonen, R., Slotte, J.P., Vuorela, P., 2008. Transport properties of bovine 
and reindeer β-lactoglobulin in the Caco-2 cell model. International Journal 

of Pharmaceutics, 347, 1-8. 
 
The publications are referred to in the text by their roman numerals. 

 
Reprinted with the permission of the publishers. 



 
 
 
 

10 
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AFM atomic force microscopy 
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ATCC American Type Culture Collection 
Bis-ANS 1,1’-bis(4-anilino)naphthalene-5,5’-disulfonic acid dipotassium salt 
βLG β-lactoglobulin 
BSA bovine serum albumin 
Caco-2 human colon adenocarcinoma cell line 
CD circular dichroism 
COSY correlated effect 
Cryo-EM electron cryo-microscopy 
3D three-dimensional 
DMEM Dulbecco’s modified Eagle’s medium 
DMSO dimethylsulphoxide 
2D NMR two-dimensional resonance energy transfer 
DR excited donor 
DSC differential scanning calorimetry 
ESI-MS electrospray ionization mass spectrometry 
FBP fatty acid binding protein  
HBSS Hank’s balanced salt solution 
HEPES N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulphonic acid) 
HPLC high-performance liquid chromatography 
4-HPR N-((4-hydroxyphenyl)retinamide) 
HSA human serum albumin 
IgE immunoglobulin E 
ITC isothermal calorimetry 
Kd apparent dissociation constant 
kDa kiloDalton 
LIMR lipocalin-interacting membrane receptor 
MeOH methanol 
MS mass spectrometry 
NMR nuclear magnetic resonance 
NOE Nuclear Overhauser Effect 
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RET  resonance energy transfer  
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TEER transepithelial electrical resistance 
TSPP meso-tetrakis(p-sulfonatophenyl)porphyrin 
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1 Introduction 

Development of successful medication is a complicated process. Drug products must be 
stable, efficacious, palatable, easy to administer and well tolerated (Allen, 2008). To have 
a good bioavailability, the drug must be soluble in water and stable in the gastrointestinal 
tract (de Wolf and Brett, 2000). Odour, taste and colour also have an important role with 
respect to patient acceptance and compliance which maximize the effect of the drug 
(Anand et al., 2007; Allen, 2008). The biological activities of natural products, which play 
a dominant role as sources of new leads in the development of new drugs (Newman and 
Cragg, 2007), depend on their absorption, bioavailability and metabolism. Many active 
ligands, such as natural products used in pharmaceutics and food products, require 
stabilization against oxidation and degradation or shielding in sensitive environments (de 
Wolf and Brett, 2000). Binding proteins may improve the solubility of these ligands, mask 
unwanted properties (such as bad taste, bitterness or toxicity), protect ligands from early 
degradation, protect ligands in food products during processing and storage and also act as 
ligand carrier proteins. Food proteins are good binding proteins and tend to have little 
flavour of their own (Guichard, 2006).  
 
Interactions between natural products and β-lactoglobulin (βLG) are an interesting 
research topic since βLG, a food component in milk and dairy products, is often used in 
coffee, tea and other plant beverages that contain natural products. Milk in tea has been 
shown to affect the intake of flavonoids (Hertog et al., 1997) and inhibit tea’s vascular 
protective effect (Lorenz et al., 2007). 
 
βLG, the main whey protein in bovine milk, is an interesting protein because of its 
peculiar biochemical properties. It has been suggested to bind such hydrophobic ligands as 
retinol and fatty acids to the central cavity (Narayan and Berliner, 1997; Wang et al., 
1997a,b; Sawyer and Kontopidis, 2000; Forrest et al., 2005; Yang et al., 2008). The 
existence of binding sites on the surface of βLG has been reported (Lange et al., 1998; 
Dong et al., 2006; Eberini et al., 2006; Belgorodsky et al., 2007). Several analytical 
methods have been used to study ligand binding to βLG, the most common methods of 
which are based on fluorescence quenching (Fugate and Song, 1980; Cho et al., 1994; 
Wang et al., 1997a; Muresan et al., 2001). Other prevailing techniques include equilibrium 
dialysis (Muresan et al., 2001), circular dichroism, X-ray crystallography (Brownlow et 
al., 1997) and nuclear magnetic resonance (Ragona et al., 2000). βLG has also been 
identified in the milk of other species (Sawyer, 2003), such as reindeer. Rytkönen et al. 
(2002) have isolated βLG from reindeer milk, and Oksanen et al. (2006) have shown that 
the structure of reindeer βLG is similar to that of bovine βLG. Compared with bovine milk 
βLG, which has been recognized as the main protein causing bovine milk allergy in 
children (Wal, 1998), reindeer milk βLG might be less allerginic since it has only a partial 
ability to inhibit the βLG-specific IgE in sera of patients with cow’s milk allergy (Suutari 
et al., 2006). 
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Studies in vitro with gastric juice collected from the stomach of rats and in vivo studies in 
rats have shown that βLG is not digested in the stomach, but can be digested in the 
intestine (Kitabatake and Kinekawa, 1998). Because of these biochemical properties, βLG 
has been proposed for use as an oral drug carrier (McAlpine and Sawyer, 1990; Eberini et 
al., 2006). The transport of bovine βLG across the intestinal barrier in vitro has been 
investigated using differentiated monolayer cultures of human colon adenocarcinoma cell 
line Caco-2 cell monolayers and M-cell model, epithelial cell phenotype (Caillard and 
Tome, 1995; Puyol et al., 1995; Artursson et al., 1996; Tanabe et al., 2003; Rytkönen et 
al., 2006).  
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2 Review of the literature 

2.1 Natural products 

An old definition of pharmacognosy (from the Greek, pharmacon (drug) and gnosis 
(knowledge)) is ‘the study of starting materials and substances intended for therapeutics, 
and of biological origin, in other words obtained from plants, animals, or by fermentation 
from micro-organisms’ (e.g. found in Bruneton, 1999). Nowadays, pharmacognosy is 
defined as ‘a molecular science that explores naturally occurring structure-activity 
relationships with a drug potential’ (Bruhn and Bohlin, 1997). It focuses on the 
identification of drugs, including the isolation of active agents, and the investigation of 
biological activities (Larsson et al., 2008). For a long time, preparations extracted from 
natural products were the only medicines known to mankind. Newman and Cragg (2007) 
have listed 1184 new chemical entities (the number of true chemical entities when the 
combination of older drugs and old drugs with new indications and/or improved delivery 
systems are removed) covering all diseases/countries/sources over the period of 01/1981-
06/2006. Of these, 52% have a connection with natural products (Newman and Cragg, 
2007; Ganesan, 2008). Natural products are molecules or substances produced by plants, 
fungi, bacteria, protozoans, insects or animals (Strohl, 2000; Koehn and Carter, 2005). 
About one-third of the top-selling drugs in the world are natural products or their 
derivatives, e.g. semi-synthetic natural product analogues or synthetic compounds based 
on natural products (Strohl, 2000). 
 
Natural products, such as polyphenols, alkaloids and retinoids, are known to have 
favourable health-promoting effects and can cure some diseases. They are responsible for 
colour, taste, prevention of fat oxidation and protection of vitamins and enzymes. 
Polyphenols are found in fruit, vegetables, red wine and teas. Flavonoids are one of the 
main polyphenol group (D’Archivio et al., 2007). They occur in plants as pigments and 
are the major colouring compounds of flowering plants (Yao et al., 2004). They 
accumulate in the peels and skins of fruits and vegetables because their biosynthesis is 
stimulated by light (D’Archivio et al., 2007). Falvonoids have been postulated to act as 
antioxidants, preventing human diseases such as cancer and cardiovascular diseases (Yao 
et al., 2004). Flavonoids have also been found to have oestrogenic and anti-inflammatory 
activities (Harborne and Williams, 2000). The majority of polyphenols are present in food 
in the form of esters, glucosides or polymers (D’Archivio et al., 2007). For example, 
flavonoids (with the exception of flavonols) are present in foods in glycosylated forms 
(Manach et al., 2004). Polyphenols cannot be absorbed in their native form (D’Archivio et 
al., 2007). Quercetin glucosides have been demonstrated to degrade to their aglycones 
during roasting (Rohn et al., 2007), whereas flavonoid glycosides degrade into several 
reaction products in the cooking process (Buchner et al., 2006). Plant phenolic substances 
have been shown to react with proteins, influencing their physicochemical properties and 
in vitro (and also in vivo) their enzymatic degradation (Rawel et al., 2001). Many reactions 
substitute the epsilon amino group of the side-chain of lysines and at the indol rings of 
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tryptophan residues. The functional properties of whey proteins, such as solubility and 
hydrophobic/hydrophilic behaviour, can be influenced. 
 
Alkaloids have multiple pharmacological activities, including effects on the central and 
autonomic nervous systems (Bruneton, 1999). Piper nigrum (black pepper), one of the 
most common spices worldwide, has been used in folk medicine for example as an 
antipyretic and anti-inflammatory drug (Szallasi, 2005) in many Asian countries. P. 

nigrum’s main alkaloid is piperine. Piperine has been shown to promote melanocyte 
proliferation (Lin et al., 2007b). Piperine protects the cells against the ototoxic effect of 
cisplatin (chemotherapeutic agent used to treat several types of solid tumours) through the 
induction of haeme oxygenase expression (Choi et al., 2007). Piperine has also been 
demonstrated to bind to the central calyx of βLG mostly by van der Waals interactions 
(Zsila et al., 2005). 
 
The retinoid group comprises over 4000 natural and synthetic derivatives of vitamin A 
(Fields et al., 2007).These include retinol and its natural and synthetic analogues. 
Retinoids are essential in vision, immune function, reproduction, maintenance of epithelial 
tissues and control of normal cell differentiation (Fields et al., 2007). Retinoids and their 
synthetic analogues are chemopreventive and chemotherapeutic agents in, for instance, 
leukaemia and breast, ovarian and skin cancers (Moon et al., 1997; Fields et al., 2007). For 
example, the synthetic retinoid N-(4-hydroxyphenyl)retinamide (4-HPR) has been shown 
to be an effective agent in secondary and tertiary prevention of prostate cancer (Sharp et 
al., 2001) and in inhibiting the growth of oestrogen receptor (ER)-positive breast cancer 
cells (Fields et al., 2007). Retinoids are used as therapeutic agents in dermatology 
(psoriasis and other diseases involving hyperkeratinization) (Shudo and Kagechika, 1993). 
Some retinoids are available on the market, including isotretinoin, bexarotene and 
alitretinoin (Isotretinoin, CPMP/2811/03; Panretin, European Public Assessment Report; 
Targetin, European Public Assessment Report). Isotretinoin is used for the systemic 
treatment of acne, bexarotene for the treatment of skin manifestations of advanced-stage 
cutaneous T-cell lymphoma and alitretinoin for the topical treatment of cutaneous lesions 
in patients with AIDS-related Kaposi’s sarcomas. Isotretinoin and bexarotene are 
administered orally. Although isotretinoin has been used clinically for more than 25 years, 
its bioavailability remains unknown (Lin et al., 2007a). One reason for this is that, being 
lipophilic, retinoids are poorly soluble in water, affecting their bioavailability (Yap et al., 
2005; Lin et al., 2007a). The carrier systems for isotretinoin are thus being sought. The 
binding of retinol to βLG has been demonstrated in many studies (Futterman and Heller, 
1972; Fugate and Song, 1980; Cho et al., 1994; Naryan and Berliner, 1997; Wang et al., 
1997a; Zsila et al., 2002a). Bovine βLG has also been shown to increase circulating 
plasma retinol concentrations in preruminant calves (Kushibiki et al., 2001). 
    
Natural products and proteins mainly interact weakly (Patrick, 2005; Dangles and Dufour, 
2006). For instance, van der Waals interactions can take place between two hydrophobic 
regions, e.g. between two aromatic rings or between two alkyl groups. Although van der 
Waals interactions are weak, the total numbers of these weak interactions make them 
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important for proteins. Amino acid residue tryptophan contains polar functional groups, 
but the residue also has a substantially hydrophobic character, enabling van der Waals 
interactions. The other important interaction between natural products and proteins is 
hydrogen bonding, which occurs between amino acid residues. 

2.2 β-Lactoglobulin (βLG) 

Lipocalins, which belong to the superfamily calycins, consist of more than 30 small 
extracellular proteins (Salier et al., 2004; Grzyb et al., 2006). Lipocalins are considered to 
be transport proteins since they can bind many small hydrophobic molecules (Åkerström 
et al., 2000). Lipocalins may also have other functions, such as modulation of cell growth 
and metabolism, and participation in a diverse range of biological mechanisms, including 
the regulation of immune responses, tissue development and animal behaviour. 
Structurally, lipocalins consist of a single 160-190 aminoacid peptide, with 8-9 β-strands 
folded into a β-barrel core (Skerra et al., 2000; Salier et al., 2004). The characteristic 
elements of lipocalins are the presence of conserved elements of the tertiary structure and 
short conservative regions in lipocalin primary sequences (Grzyb et al., 2006). The 
number of conservative regions differs between lipocalins, resulting in two subfamilies: 
kernel lipocalins and outlier lipocalins (Flower, 1996; Grzyb et al., 2006). βLG is a typical 
member of the lipocalin family (Flower et al., 1993). It belongs to kernel lipocalins 
together with retinol binding protein (RBP) (Grzyb et al., 2006). 
 
The main whey protein of bovine milk is βLG. Milk proteins are the main source of 
dietary protein for human, the main milk proteins being whey and casein. Whey is the 
liquid remaining after milk has been curdled to produce cheese. The concentration of βLG 
in raw milk is around 4 mg/ml (Peréz et al., 1990). α-Lactalbumin and βLG together 
constitute 70-80% of the total whey proteins (Brown, 1984; Korhonen et al., 1998). βLG 
also exists in the milk of 40 other species, including reindeer, goats and horses, but not in 
the milk of human or rodents (Pervaiz and Brew, 1985; Pervaiz and Brew, 1986; 
Rytkönen et al., 2002; Sawyer, 2003). 
 
The physiological role of βLG is unknown, but some roles have been suggested. βLG is 
recognized to have a role in the transport of retinols and fatty acids (Davis and Dubos, 
1947; Futterman and Heller, 1972; Sawyer et al., 1998; Sawyer and Kontopidis, 2000). 
Various peptides derived from βLG have been shown to have anti-hypertensive, anti-
cancer, hypocholesterolaemic, opioidergic and anti-microbial activities (Yoshida et al., 
1991; Mullally et al., 1997a,b; Nakajima et al., 1997; Nagaoka et al., 2001; Pellegrini et 
al., 2001; Teschemacher, 2003; Yamauchi et al., 2003; Chatterton et al., 2006). At a 
physiological pH (≈ 7), βLG occurs as a dimer. At an acidic pH of about 3.5 and at a basic 
pH of over 7.5, the dimers dissociate into monomers (McKenzie and Sawyer, 1967). 
However, the structure of βLG remains stable at an acidic pH. βLG has also been shown 
to be resistant to peptic and chymotryptic hydrolysis (Reddy et al., 1988). In in vivo 
studies with calves, βLG has been demonstrated to be resistant to pepsin hydrolysis in the 
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stomach (Yvon et al., 1984).  Moreover in in vitro studies, βLG was not hydrolysed by 
porcine pepsin, human pepsin or chymosin at any pH (Kitabatake and Kinekawa, 1998). 
Structural changes of βLG studied by tryptic hydrolysis have been observed at pH 7.5, 8.0, 
8.5 and 9.0 (Chobert et al., 1991). An evaluation of whether βLG could be digested by 
pancreatic enzymes or pancreatic juice in vitro also revealed that βLG was hydrolysed by 
these substances (Kitabatake and Kinekawa, 1998). In vivo studies in rats yielded similar 
results (Kitabatake and Kinekawa, 1998). βLG was not hydrolysed in the rat stomach, but 
was hydrolysed in the intestine. In βLG transport studies in rabbit ileum, βLG was slightly 
degraded by the rabbit ileal brush-border membrane and transported in both intact and 
degraded forms in the rabbit ileal mucosa by a transcellular mechanism (Caillard and 
Tome, 1994). βLG has also been shown to be internalized by an endocytic mechanism 
mediated by the human Lcn-1 receptor LIMR (lipocalin-interacting membrane receptor), 
which also acts as an endocytic receptor for lipocalin-1 (Fluckinger et al., 2008). These 
properties and some of these bioactivities make βLG a promising ingredient for use in 
food products, dietary supplements and pharmaceutical preparations. However, βLG is 
also the major allergen in cow milk allergies (Wal, 1998). Its structure is relatively 
unchanged during stomach digestion because it is resistant to acidic pHs and to cleavage 
with pepsin, allowing it to pass intact into the blood. The annual bovine milk and dairy 
consumption in Finland is about 180 kg per capita (Saxelin et al., 2003). In Finland, cow 
milk allergies occur in about 2% of infants (Saarinen et al., 1999). At least 48% of these 
children develop tolerance to cow’s milk by the age of 10 (Tikkanen et al., 2000; Vanto et 
al., 2004). 

2.2.1 Structure of bovine βLG 

At a physiological pH, bovine βLG exists as a dimer (Papiz et al., 1986). The molecular 
weight of the monomer is composed of about 162 amino acids and has a molecular weight 
of 18 kDa. There are five cysteine units in the monomer; four participate in two disulfide 
bridges (Cys 66-160 and Cys 106-199) and one is free (Cys 121) (Brownlow et al., 1997). 
Cys 121 is buried between the β-sheet and the α-helix. As in other lipocalins, the βLG 
calyx consists of an anti-parallel β-sheet, consisting of nine strands (A-I) and one α-helix 
(Fig. 1) (Papiz et al., 1986; Zhang and Keiderling, 2006). The strands A-H form the β-
barrel core, while the extra β-strand (I) forms the dimer interface (Sawyer and Kontopidis, 
2000). The EF loop acts as a lid in the core of the βLG protein and adopts a closed 
conformation below pH 6.5 (Ragona et al., 2000; Ragona et al., 2003; Adams et al., 2006). 
The most significant conformational changes happen between pH 6.5 and 8.0 (Tanford et 
al., 1959; Brownlow et al., 1997; Qin et al., 1998). In this pH range, βLG undergoes a 
conformational change called the Tanford transition. The Tanford transition is proposed to 
be rapid transition associated with the exposure of two carboxyl groups in each βLG dimer 
(Tanford et al., 1959; Brownlow et al., 1997; Qin et al., 1998). At an acidic pH, βLG 
exists as a monomer (Fugate and Song, 1980). Bovine βLG isolated from cow milk 
commonly has three variants, A, B and C (Qin et al., 1999), but as many as 11 genetic 
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variants have been identified (Farrell et al., 2004). βLG A and B differ at positions 64 
(Asp/Gly) and 118 (Val/Ala) (Brownlow et al., 1997). 

 

 

Figure 1. Three-dimensional structure of bovine βLG monomer (www.rcsb.org, code 
2GJ5); picture generated with PDB ProteinWorkshop 1.50. 

βLG has been shown to bind hydrophobic ligands such as retinol, retinoic acid, vitamin-D, 
long-chain fatty acids and various aromatic compounds (Davis and Dubos, 1947; 
Futterman and Heller, 1972; Fugate and Song, 1980; Naryan and Berliner, 1997; Wang et 
al., 1997a,b; Sawyer and Kontopidis, 2000; Forrest et al., 2005; Yang et al., 2008). Two 
βLG binding sites have been identified by X-ray crystallography. The main site is in the 
central calyx inside the β-barrel (Kontopidis et al., 2002, 2004). Recently, the crystal 
structure of the vitamin-D3 second-binding site to βLG has been located at the exosite on 
the surface near the COOH-terminus of βLG (residues 136-149), including the γ-turn loop 
(residues 143-145), by combining part of the α-helix and β-strand I (Yang et al., 2008, 
2009). Evidence of other binding sites has also been found in previous studies (Busti et al., 
1998; Lange et al., 1998; Naryan and Berliner, 1997; Eberini et al., 2006; Belgorodsky et 
al., 2007). Lange et al. (1998) analysed energy transfer between intrinsic tryptophan and 
various ligands and determined that the surface cleft of βLG acts as a binding site for 
retinol, retinoic acid and bis-ANS. Binding studies with a porphyrin (TSPP) have shown 
that the most probable location for TSPP on βLG is the surface site (Andrade and Costa, 
2002). Using computational βLG-binding analysis with norfloxacin and levofloxacin, 
three potential binding sites were identified: in the calyx, between the α-helix and β-
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strand, and on the external surface (Eberini et al., 2006). Carboxyfullerene (a 
carbonaceous nanomaterial) has been demonstrated to bind near the α-helices 
(Belgorodsky et al., 2007). Quantitative analyses of βLG/carboxyfullerene complexes 
have revealed that these complexes contain up to three bound carboxyfullerene ligands per 
single βLG host (Belgorodsky et al., 2007). These results are in contrast to the typical 
binding mode of βLG and indicate that other binding sites also exist for ligands. In 
addition, the circular dichroism and docking studies of Belgorodsky et al. (2007) support 
these indications, showing that carboxyfullerene was located in the interface formed 
between βLG monomers, near the α-helix. The presence of a secondary binding site has 
also been indicated when the effect of pH and heating on βLG binding was studied 
(Belgorodsky et al., 2007; Yang et al., 2008). The binding of carboxyfullerene and 
vitamin D3 to βLG has been shown to withstand acidic pH conditions, unlike retinol and 
palmitic acid (Belgorodsky et al., 2007; Yang et al., 2008). When the effect of heating on 
βLG binding to retinol, palmitic acid and vitamin D3 was investigated using fluorometric 
titrations at a temperature above 80°C, βLG lost its ability to bind retinol and palmitic 
acid, but retained 40% of its ability to bind to vitamin D3 (Yang et al., 2008). Very 
recently, the binding of resveratrol, a natural polyphenolic compound, to bovine βLG has 
been assessed using circular dichroism, fluorescence and UV-vis absorbance (Liang et al., 
2008). Resveratrol was proposed to bind to the surface of βLG because the βLG 
environment of the bound polyphenol is not very hydrophobic compared with the internal 
cavity of βLG. 
 
Retinol and palmitic acid bind inside the β-barrel in the central cavity (Naryan and 
Berliner, 1998; Kontopidis et al., 2002, 2004). Retinol, palmitic acid and vitamin D3 are 
able to bind to the central cavity at a pH above 6.5. At a pH below 6.5, the ligands start to 
be released because the EF loop is in closed conformation (Ragona et al., 2000, 2003). 
Ragona et al. (2000) have shown that palmitic acid starts to be released at this pH. This 
indicates that βLG could not act as a carrier in acidic conditions of ligands binding only in 
the central cavity. In contrast to the binding in the calyx, the binding to the second binding 
site is unaffected by pH changes (Yang et al., 2008). 

 
A number of different methods have been used to study the ligand-binding interactions 
and structure of βLG. The spectroscopic methods include absorption spectroscopy (Zsila 
et al., 2002a), circular dichroism (Zsila et al., 2002a, 2005), dye binding spectroscopy 
assay (Farrel and Thompson, 1990), electron spin resonance spectroscopy (Naryan and 
Berliner, 1997), fluorescence quenching (Fugate and Song, 1980; Cho et al., 1994; Wang 
et al., 1997a,b; Muresan et al., 2001), ion-selective electrode (Jeyarajah and Allen, 1994) 
and NMR spectroscopy (Ragona et al., 2000). In addition, chromatographic methods such 
as affinity (Jang and Swaisgood, 1990; Wang and Swaisgood, 1993; Pelletier et al., 1998), 
gas liquid (Mohammadzadeh-K et al., 1969) and gel permeation chromatography (Puyol et 
a., 1991) were used in βLG binding studies. Equilibrium-based methods include 
equilibrium dialysis (Muresan et al., 2001), ultrafiltration (Wang et al., 1998; Noiseux et 
al., 2002; Girard et al., 2003a; Roufik et al., 2006) and equilibrium gel filtration (Puyol et 
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al., 1995). The results from the various ligand-binding studies with bovine βLG are 
compiled in Appendix 1. 

2.2.2 Structure of reindeer βLG 

Rytkönen et al. (2002) have characterized and isolated βLG from reindeer milk. The 
amino acid composition and the sequence of the 26 amino-terminal amino acids of 
reindeer βLG are apparently closely related to those of bovine βLG (Rytkönen et al., 2002; 
Heikura et al., 2005). The partial DNA and protein sequences of reindeer βLG have been 
sequenced (Oksanen et al., 2006). Like bovine βLG, reindeer βLG contains 162 amino 
acids. Only nine of its residues are different from bovine βLG. The X-ray structure of 
reindeer βLG has also been studied at a 2.1 Å resolution, revealing that the structure of 
reindeer βLG is very similar to that of bovine βLG (Oksanen et al., 2006). The molecular 
mass of reindeer βLG is similar to bovine βLG, about 18 kDa, and at a physiological pH 
reindeer βLG is also dimeric. The binding calyx of reindeer βLG is also almost identical to 
bovine βLG, and the EF-loop is in the closed conformation at pH 6. The only differences 
were found in the surface residues, giving reindeer βLG a lower solubility than bovine 
βLG (Oksanen et al., 2006). The reason for this might lie in a different charge distribution 
on the surface of reindeer βLG (Oksanen et al., 2006). Since bovine βLG is a major 
allergen, the allergenic properties of reindeer βLG have also been investigated (Rouvinen 
et al., 2001; Suutari et al., 2006). The studies were conducted by analysing the 
immunological cross-reactivity of IgE antibodies from cow-milk allergic patients with 
reindeer milk βLG (Suutari et al., 2006). Reindeer βLG has only a partial capability to 
inhibit the binding of βLG-specific IgE in sera of patients with cow´s milk allergy, 
suggesting that some bovine IgE epitopes are either absent, different or present in smaller 
amounts in reindeer βLG. Although the results of Suutari et al. (2006) suggest that 
reindeer βLG might not be as allergenic as bovine βLG, more studies are needed to 
confirm this. 

2.3 Methods of studing protein-ligand interactions and structures 

Protein-ligand interactions play crucial roles in biological processes and functions. 
Numerous techniques are currently used to detect protein-ligand interactions and measure 
their binding affinity. These methods are divided into protein-ligand interaction and 
structure-based methods. 

2.3.1 Protein-ligand interactions 

Ligands can bind to proteins with, hydrogen, electrostatic interactions, van der Waals 
bonds and especially a hydrophobic effect (Klotz, 1973). Ligand-protein binding 
interactions are usually measured using one of three techniques: by separating the free 
ligand from the protein/ligand complex (e.g. determination of the concentration of the free 
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ligand) or by detecting changes in either the physicochemical properties of the bound 
ligand or the physicochemical behaviour of the protein (Klotz, 1973). The schematic 
figure of ligand binding to βLG illustrates a situation where an excess amount of ligand 
has been incubated with protein. Ligand binding is then determined by measuring the 
physicochemical changes in the protein or in the concentration of the free ligand (Fig. 2). 
Spectroscopic methods are used to determine changes in physicochemical properties 
(Klotz, 1973). Equilibrium-based methods are applied in the separation of free ligands. 
Equilibrium dialysis, ultrafiltration and calorimetric methods are the best-known methods 
of assessing drug-protein binding (Oravcová et al., 1996). Other methods widely used to 
study protein-ligand interactions include surface plasmon resonance (SPR) and atomic 
force microscopy (AFM). SPR is a label-free, real-time, optical detection method 
(O’Shannessy et al., 1993). It detects changes in the refractive index close to the surface of 
the sensor chip (Zeder-Lutz et al., 1999). AFM is based on force measurements (Lee et al., 
2007). When ligand binding alters the mechanical stability of proteins, it can be measured 
with AFM (Cao et al., 2007). Mass spectrometry-based methods such as soft ionization 
methods, direct monitoring of protein-ligand interactions by electrospray ionization-mass 
spectrometry (ESI-MS), hydrogen-deuterium exchange methods, MS with affinity 
chromatography and chemical crosslinking are used to investigate protein-ligand 
interactions (Schermann et al., 2005). In βLG interaction studies, the following methods 
are most often used: 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Ligand binding to βLG. 

The method based on fluorescence quenching is probably the best-known method for 
studying ligand-binding interactions with proteins, especially with βLG or other 
lipocalins. Protein fluorescence is excited at the absorption maximum, near 280 nm, and is 
due to phenyl alanine, tyrosine and tryptophan residues, tryptophan being the major 
chromophore (Lakowicz, 2006). Fluorescence quenching can be a result of many 
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molecular interactions such as excited-state reactions, molecular rearrangements, 
resonance energy transfer and ground-state complex formation (Lakowicz, 2006). When 
the intensity is decreased, this is referred to as quenching. In collisional quenching, a 
fluorophore in the excited state collides with another molecule in the solution, called the 
quencher, after which the fluorophore returns to the ground state without photon emission. 
Resonance energy transfer (RET) is due to long-range dipolar interactions between an 
electron in the excited donor (DR) and an electron in the acceptor (AR) (Lakowicz, 2006). 
When RET occurs, the DR returns to the ground state, while the AR simultaneously enters 
a higher excited-state orbital (Lakowicz, 2006). In RET, the acceptor does not need to be 
fluorescent. The fluorescence-based method is quite fast and simple. Fluorescence 
quenching can also be used to study the structure and dynamics of protein molecules in 
solution and the folding and association reactions of proteins (Palazolo et al., 2000; 
Lakowicz, 2006).  

 
In equilibrium dialysis, the bound and unbound ligands are separated using dialysis tubes 
(Muresan et al., 2001). Two chambers are separated by a dialysis membrane, which retains 
the receptor component (in this case, βLG) of the sample and is permeable to low 
molecular weight ligands (Katz et al., 1970; Oravcová et al., 1996). At equilibrium, the 
activity of free ligand is the same on both sides of the membrane. When binding occurs, 
the ligand bound to the receptor is retained in the receptor chamber, making the 
concentration of ligand higher in the receptor chamber (Fig. 3). The dialysis method has 
been used to study the binding of small hydrophobic ligands to βLG (Muresan et al., 
2001). In equilibrium dialysis, a tube filled with βLG is placed in a bath that contains the 
ligand as well as the buffer in which the βLG was diluted (Muresan et al., 2001). The tube 
is then incubated for about two days. When equilibrium is reached, the tube is removed 
from the bath and the concentrations of bound ligand in the tube and unbound ligand in 
the bath are determined by gas chromatography. Disadvantages of this method include 
long equilibrium time, the large volume of buffer and samples and absorption of the 
ligands on the surface of the dialysis tube and membrane (Oravcová et al., 1996). 

 
In the ultrafiltration method, the bound and unbound ligands are separated in 
ultrafiltration cones (Wang et al., 1998; Noiseux et al., 2002; Girard et al., 2003a; Roufik 
et al., 2006). The method is also based on a membrane that retains the higher molecule 
weight receptor and bound ligands in the sample reservoir (Oravcová et al., 1996). The 
separation of unbound ligands is based on a pressure gradient forcing the passage of free 
ligands through the membrane. This method has been used to study the binding of 
peptides (Noiseux et al., 2002; Roufik et al., 2006) and palmitate (Wang et al., 1998) to 
βLG. In ultrafiltration, the βLG-ligand solution is added to the ultrafiltration cones and the 
unbound ligand is separated by centrifuging. The concentrations of bound and unbound 
ligand are then determined by scintillation counting (Wang et al., 1998) or HPLC 
(Noiseux et al., 2002; Roufik et al., 2006). The advantages of this method include short 
analysis time, simplicity, lack of dilution effects and low volume (Oravcová, 1996). A 
disadvantage is the loss of ligand or protein during the ultrafiltration process (Oravcová, 
1996) 
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Figure 3. Schematic illustration of equilibrium dialysis. 

In equilibrium gel filtration, a chromatography column is packed with gels such as the 
commercially available Sephadex, Sephacryl or Biogel (Fersht, 2000). The surface of the 
gel acts as a barrier (Klotz, 1973). Protein-ligand solution is then added to the 
chromatographic column (Fersht, 2000). The protein will travel faster than the unbound 
ligand through the gel. The ligand moves more slowly in the gel because it has to pass 
through the volume of solution surrounding the beads of gel and in the pores. The protein 
will only travel in the surrounding water. This method has been used in assessment of the 
binding of radioactive ligand to βLG in transport studies (Puyol et al., 1995), in βLG 
isolation to separate βLG from other higher molecular weight proteins (Heikura et al., 
2005) and in βLG labelling (Rytkönen et al., 2006). 

 
Calorimetric methods, such as isothermal titration calorimetry (ITC) and differential 

scanning calorimetry (DSC), are based on equilibrium thermodynamics and have been 
used to study protein-ligand interactions by measuring the changes in enthalpy and 
entropy (Jelesarov and Bosshard, 1999). ITC measures binding equilibrium by 
determining the heat change when a protein is titrated with a ligand (Jelesarov and 
Bosshard, 1999; Pierce et al., 1999). It allows the determination of binding constant, 
stoichiometry and binding enthalpy. ITC has been also used to characterize the 
thermodynamic changes accompanying the interactions between bovine βLG and peptides 
(Roufik et al., 2006) and to evaluate the interactions between βLG and pectin (Girard et 
al., 2003b). DSC enables the assessment of thermally induced transitions and particularly 
conformational transitions in biological macromolecules (Bruylants et al., 2005). In βLG 
studies, DSC has been used to investigate the stability of the native conformation of 
bovine βLG (Koistinen et al., 1999) and the effects of heating at neutral and acid pH on 
the structure of βLG (Wada et al., 2006). 
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2.3.2 Protein-ligand structures 

Methods used to study protein-ligand structures give more information on structures, 
conformations and ligand-binding sites of proteins. X-ray crystallography, nuclear 
magnetic resonance, circular dichroism and electron cryo-microscopy are the most widely 
used methods to characterize protein structures. The structure of proteins can also be 
examined using computational prediction. In βLG structural studies, the most commonly 
applied methods are circular dichroism, X-ray crystallography and nuclear magnetic 
resonance. 

 
In circular dichroism (CD), the polypeptide chain absorbs left- and right-circularly 
polarized light (Tremblay et al., 2003; Bulheller, 2007). The polarized light is elliptical 
and the measure unit of CD is ellipticity. Peptide bonds, histidine, cysteine, tryptophan, 
tyrosine and phenyl-alanine produce the signals (in the near UV 250-350 nm). In βLG 
binding studies, the strongest signals of the near UV CD curve are caused by tryptophans 
(Trp19 and Trp61) (Zsila et al., 2002b). The tryptophan signals occur in the near UV at 250-
300 nm. CD has been used to investigate the binding of retinoids (Zsila et al., 2002a) and 
trans-parinaric acid (Zsila and Bikádi, 2005) to βLG. In this method, the ligand is also 
added to βLG by titration. The CD and UV-vis spectra of the ligand-βLG mixture and 
βLG alone are recorded between 250 and 450 nm. The CD is then defined as the CD of 
ligand-βLG mixture minus the CD of βLG alone at the same wavelengths and is expressed 
as ellipticity in millidegrees (Zsila et al., 2002a; Zsila and Bikádi, 2005). CD spectroscopy 
can be used to detect conformational changes in proteins, e.g. in qualitative and 
quantitative binding studies (Wallace and Janes, 2003), in structural characterization of 
proteins and in secondary structure determination (Bulheller et al., 2007).  
 

X-ray crystallography allows the determination of the three-dimensional (3D) structure of 
a protein (Alberts et al., 1994; Tremblay et al., 2003; Atkins and de Paula, 2005). It 
enables information to be gained about the location of all atoms in a molecule and 
structural changes. Because the crystal structure is necessary, proteins can only be 
analysed if they have first been crystallized. The formation of protein crystals is probably 
the slowest step in X-ray crystallography. X-ray beams or synchrotron beams are directed 
at the crystal. Some of the X-rays are scattered by the crystal and diffraction spots appear, 
forming an X-ray diffraction pattern. This pattern contains information about the position 
of the atoms in the crystal and forms a complex 3D electron-density map. The map is then 
analysed by computer. The 3D structure of βLG has been resolved by X-ray 
crystallography at a 1.8 Å resolution (Brownlow et al., 1997). The partial DNA and 
protein sequences of reindeer βLG have been determined and its crystal structure has been 
characterized with X-ray crystallography at a 2.1 Å resolution (Oksanen et al., 2006).  
 
The other method for studying the 3D structure of proteins is nuclear magnetic resonance 

(NMR). NMR allows determination of the structure of small proteins (15-30 kDa) and 
protein interactions (Sykes and Hull, 1973; Alberts et al., 1994; Tremblay et al., 2003). 
The difference between NMR and X-ray crystallography is that NMR can be performed in 
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a solution (Gronenborn and Clore, 1990). NMR requires a small volume of highly purified 
protein at a high concentration. NMR is based on the detection of transitions between 
nuclear energy levels (Cooke and Campbell, 1988). The sample is placed in a magnetic 
field and radiofrequency pulses are applied. This disturbs the equilibrium of nuclear 
magnetization, and the signals to be analysed are then detected when the system returns to 
equilibrium. Two-dimensional NMR (2D NMR) is used to characterize of protein 
structures. In that method, the resonances are spread out in two dimensions, making it 
easier to detect the NMR signals of the molecule. 2D NMR is divided into two classes: 
detecting through-bond interactions between resonances (COSY, correlated spectroscopy) 
and detecting through-space interactions (NOE, Nuclear Overhauser Effect). The 
interactions between 13C-enriched palmitic acids and βLG have been examined by means 
of 1-, 2- and 3D NMR (Ragona et al., 2000). NMR technology has also been used to 
evaluate the structure of βLG (Kuwata et al., 1999; Jameson et al., 2002; Ragona et al., 
2003). 

 
Electron cryo-microscopy (cryo-EM) is used to determine the biological structures of 
proteins, even of lipid membrane proteins (Henderson, 2004). Cryo-EM enables analysis 
of the structure of molecules arranged in the form of 2D crystals, helical arrays or single 
particles with or without symmetry using frozen unstained specimens. 
 
Computational prediction is used to predict the structure of proteins-ligand complexes 
(Zhang, 2008). It is categorized into template-based modelling and free modelling. In 
template-base modelling, known structures available from the Protein Data Bank (PBD) 
are used. Free modelling is used when structural analogues do not exist in the PBD library. 
This type of prediction is called ab initio or de novo modelling. Computational prediction 
has been used to investigate the βLG binding sites in many studies (Eberine et al., 2006; 
Belgorodsky et al., 2007). 

2.4 Transport of βLG across the intestinal epithelium 

βLG crosses the intestinal epithelium by transcytosis mainly using a degradative pathway, 
implying the action of a lysosomal system (>90%), and by a minor route that allows the 
transport of intact proteins (<10%) (Heyman and Desjeux, 1992). The degradative 
pathway does not imply total hydrolysis, but generates new antigenic determinants. The 
transport of βLG has been investigated using a human intestinal cell-culture model (Caco-
2) (Caillard and Tome, 1995; Puyol et al., 1995; Rytkönen et al., 2006). The Caco-2 cell 
model is of human origin and can be manipulated to exhibit many characteristics of the 
human small-intestinal epithelium (Bailey et al., 1996). The Caco-2 cells can transport 
molecules across the intestinal epithelium by the passive transcellular and paracellular 
routes, by the carrier-mediated route and by transcytosis (Artursson et al., 1996). In 
transport studies with Caco-2 cells, βLG was taken up and subsequently recycled and 
transported by transcytosis or intracellular degradation in the Caco-2 cell monolayer 
(Caillard and Tome, 1995). The degradated products were either excreted outside or 
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retained in the cell. Puyol et al. (1995) have also used Caco-2 cells to examine the 
transport of βLG and βLG with bound retinol or palmitic acid using radioactively labelled 
125I-βLG. Fifty percent of total radioactivity was found to cross the monolayer in 24 h. 
Binding to retinol or palmitic acid had no effect on the passage of βLG. Recently, a 
transcytotic pathway was confirmed by following the transcytotic route using fluorescence 
microscopy to track the protein (Bernasconi et al., 2006). Rytkönen et al. (2006) have 
assessed the transport of fluorescent-labelled native and heat-denaturated βLG across 
Caco-2 cells and M-cells. M-cells are an epithelial cell phenotype that overlies organized 
mucosal lymphoid follicles (Neutra et al., 1999). Transport of βLG was more effective in 
M-cells than in Caco-2 cells, and heat denaturations affected the transport amounts of βLG 
in both (Rytkönen et al., 2006). In the same study the transport of βLG across Caco-2 cells 
was transcellular. βLG may be a potential carrier for drugs that have strong 
pharmacological functions at low concentrations, for drugs that cannot pass alone through 
the intestinal epithelium and having very low oral bioavailability and for drugs that 
strongly bind to βLG and do not affect its transport. Using the mouse as an animal model, 
the βLG fraction was very recently shown to be partially responsible for the uptake of 
vitamin D3 from milk (Yang et al., 2009). They fed the mouses with milk and milk 
fractions fortified with vitamin D3 for three weeks, and the plasma intake of 25-
hydroxyvitamin D was then determined. The native βLG (containing both the calyx and 
exosite) and heated βLG (~ 70°C, containing only an exocite, as the thermal treatment 
causes conformational changes to βLG, diminishing the calyx binding site but not 
affecting the exocite) were compared and native βLG was demonstrated to have an 
efficacy in vitamin D3 uptake almost twice that of heated βLG. The gate of the calyx is in 
a closed conformation at pH 2-6, and after thermal treatment (~ 70°C) vitamin D3 was 
shown to interact only with the exosite. Again, this exosite might have a role in the 
transport of vitamin D3. 



 
 
 
 

26 

3 Aims of the study 

As βLG is known to bind different types of compounds, it may protect them in drug and 
food products by improving their bioavailability. The overall goal of this thesis was to 
gain more information about the binding of naturally based compounds to βLG. The main 
focus was to improve methods for βLG binding studies and to investigate the interactions 
of βLG with natural compounds and their derivatives, as well as to determine whether 
βLG could bind compounds from plant extracts. In addition, the transport properties of 
βLG-ligand complexes through Caco-2 cells were evaluated. Another aim was to compare 
binding interactions of reindeer βLG with those of bovine βLG. 

 
In pursuit of these aims, the following studies were conducted:  

 
1. Methods to study the binding of different ligands to βLG were developed. 

The fluorescence quenching method to evaluate the binding of pure 
compounds to βLG was miniaturized from a quartz cell to a 96-well plate (I). 
The ultrafiltration sampling combined with HPLC method was developed to 
examine the binding of compounds of plant extract to βLG by comparing the 
fingerprinting chromatograms of the plant extracts before and after the 
interaction with βLG (II). 

 
2. The binding of retinoids (I, IV), phenolic compounds and their derivatives 

(III) and compounds from plant extracts (II) to βLG was investigated using 
the methods developed, and the effects of different pH and temperatures on 
the binding of natural compounds to βLG were evaluated (III). 

 
3. Interactions of bovine and reindeer βLG were compared (I, III, IV). 
 
4. The transport of bovine and reindeer βLG across the Caco-2 cell 

 monolayer was investigated using βLG as a transport molecule for three 
different model ligands: [3H]retinol, [3H]palmitic acid and [3H]cholesterol 
(V). 



 
 
 
 

27 

4 Experimental 

A detailed description of the materials and methods can be found in the original 
publications (I-V). 

4.2 Materials 

4.2.1 βLG 

Bovine βLG (product L0130, 3 x crystallized and lyophilized) was purchased from Sigma 
(St. Louis, MO, USA). Bovine (Bos taurus L.) and reindeer (Rangifer tarandus tarandus 
L.) βLG were isolated at the Sotkamo Biotechnology Laboratory (Kajaani University 
Consortium, University of Oulu, Finland). Native bovine βLG was isolated from fresh 
milk (de Jongh et al., 2001), cooled to +4°C, and isolation of βLG started within 3 h of 
milking. Reindeer milk was obtained from the Reindeer Research Station (Kaamanen, 
Finland) and stored at -20°C, after which βLG was isolated from reindeer milk by 
modifying the method of de Jongh et al. (2001) as described in Heikura et al. (2005). 

4.2.2 Compounds used in the study 

The classification and sources of the pure compounds used in this study are listed in 
Tables 1 and 2 and Figure 4. Pure compounds were dissolved in ethanol or dimethyl 
sulfoxide (DMSO) and the solutions were further dissolved in PBS, pH 7. The final 
concentration of ethanol was below 0.8% (V/V) and the final concentration of DMSO was 
below 2% (V/V) and did not affect the fluorescence quenching. All-trans-retinol (Sigma - 
Aldrich Co., St.Louis, MO, USA) in ethanol or DMSO was used as a positive control in 
binding studies. 

Table 1. Sources of retinoids and cholesterol compounds used in this study. 

Compound Source Publication 
All-trans-retinol Sigma-Aldrich Co., USA I, III, IV,V 
N-(4-hydroxyphenyl)retinamide  
(4-HPR) Sigma-Aldrich Co., USA 

I, IV 

TTNPB (arotinoid acid) Sigma-Aldrich Co., USA I, IV 
Retinol [11,12-3H(N)]- Life Sciences, USA V 
Palmitic acid [9,10-3H]- Life Sciences, USA V 
Cholesterol [1,2-3H(N)]- Life Sciences, USA V 
Palmitic acid  Sigma-Aldrich Co., USA V 
Cholesterol Sigma-Aldrich Co., USA V 
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Table 2. Classification and sources of plant-based natural compounds used in this 
study. 

Compound Source Publication 
Alkaloids   
Piperine Sigma-Aldrich Co., USA II, III 
Catechins and derivatives  

(+)-Catechin Sigma-Aldrich Co., USA III 
(+/-)-Catechin Sigma-Aldrich Co., USA III 
(-)-Epicatechin Sigma-Aldrich Co., USA III 
(-)-Epicatechin gallate  Extrasynthese S.A., France III 
(-)-Epigallocatechin Extrasynthese S.A., France III 
(-)-Epigallocatechin gallate Extrasynthese S.A., France III 
Procyanidin B1 Extrasynthese S.A., France III 
Procyanidin B2 Extrasynthese S.A., France III 
Coumarins  

Daphnetin Extrasynthese S.A., France III 
Esculetin Fluka Chemie, Switzerland III 
6-Methylcoumarin Extrasynthese S.A., France III 
Scopoletin Sigma-Aldrich Co., USA III 
Flavanones   
Hesperidin Extrasynthese S.A., France III 
Naringenin Sigma-Aldrich Co., USA III 
Naringin Extrasynthese S.A., France III 
Flavones   
Acacetin Carl Roth GmbH Co., Germany III 
Apigenin Fluka Chemie, Switzerland III 
Baicalin Extrasynthese S.A., France III 
Flavon Carl Roth GmbH Co., Germany III 
Luteolin Extrasynthese S.A., France III 
Vitexin Extrasynthese S.A., France III 
Flavonols  

Isorhamnetin Extrasynthese S.A., France III 
Kaempherol Extrasynthese S.A., France III 
Morin Carl Roth GmbH Co., Germany III 
Myricetin Extrasynthese S.A., France III 
Myricitrin Extrasynthese S.A., France III 
Quercetagetin Carl Roth GmbH Co., Germany III 
Quercetin Merck & Co., Germany III 
Quercitrin Carl Roth GmbH Co., Germany III 
Rhamnetin Extrasynthese S.A., France III 
Rutin Merck & Co., Germany II 
Isoflavones   
Daidzein Extrasynthese S.A., France III 
Genistein Extrasynthese S.A., France III 
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Table 2. continued. 

Compound Source Publication 
Phenolic acids and derivatives   
Benzoic acid Merck & Co., Germany III 
Caffeic acid Sigma-Aldrich Co., USA III 
Ferulic acid  Extrasynthese S.A., France III 
Gallic acid Sigma-Aldrich Co., USA III 
Protocatechuic acid Carl Roth GmbH Co., Germany III 
Rosmarinic acid Extrasynthese S.A., France III 
Sinapic acid  Fluka Chemie, Switzerland III 
Syringic acid Sigma-Aldrich Co., USA III 
Dodecyl gallate (DG) Fluka Chemie, Switzerland III 
Methyl gallate Fluka Chemie, Switzerland III 
Octyl gallate  Fluka Chemie, Switzerland III 
Propyl gallate Sigma-Aldrich Co., USA III 
 

 
 

OH
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O O
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MVK 175 MVI 10

warfarinyl palmitate

 
Figure 4. Structures of synthetic molecules. Warfarinyl palmitate was synthesized as 
described in (I). Retinoids MVK 175 ((E)-3-[4-[(E)-2-(2,6,6-trimethylcyclohex-1-
enyl)vinyl]phenyl]-acrylate) and MVI 10 ((E)-3-[4-[(E)-2-(2,6,6-trimethylcyclohex-1-
enyl)vinyl]phenyl]acrylic acid) were synthesized as described in (IV). 
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4.2.3 Plant materials and extraction (II) 

Powdered Piper nigrum (black pepper) was obtained from SantaMaria (Mölndal, 
Sweden). Portions of powdered P. nigrum (5 mg) were weighed and 10 ml of ethanol 75% 
(V/V) added. The sample was sonicated for 10 min and centrifuged twice for 10 min 
(3900 g). The supernatant was filtered through a 0.2 µm filter and 1.2 ml was diluted 1:10 
in 75% (V/V) ethanol. Camellia sinensis (L.) O. Kunze (black tea) was from Lipton 
(Yellow Label Tea, Crawley, UK). A 5 g quantity of C. sinensis was boiled two times 
with 100 ml of MilliQ water and filtered through Whatman No. 1 paper (11 µm). Urtica 

dioica L. (nettle) was collected during the flowering season (on 13 June 2006) in Viikki, 
Helsinki, Finland. A voucher specimen was deposited at the Division of Pharmaceutical 
Biology, Faculty of Pharmacy, University of Helsinki, Finland. The plants were air-dried 
for 3 weeks and stored in paper bags at room temperature. Five grams of crushed U. dioica 
leaves were boiled twice with 100 ml of MilliQ water, filtered through Whatman No. 1 
paper (11 µm) and filtrated through a 0.2 µm filter. Finally the C. sinensis and U. dioica 
filtrates were rotavaporized (water bath ~35°C) in a round-bottom flask, after which the 
concentrated extract was lyophilized for 2 days. 

4.2.4 Caco-2 cells (V) 

Caco-2 cells (originating from the American Type Culture Collection) were kindly 
donated by Professor Arto Urtti at the Centre for Drug Research, Faculty of Pharmacy, 
University of Helsinki, Finland. The cells were cultured according to Laitinen et al. (2003, 
2004). Briefly, the cells were grown in a medium comprising DMEM with 4.5 g/l glucose 
and supplemented with 10% foetal bovine serum, 1% non-essential amino acids, 1% V/V 
200 mM L-glutamine, penicillin (100 IU/ml) and streptomycin (100 µg/ml). The cultures 
were maintained at 37ºC in an atmosphere of 5% CO2, 95% air, and at 95% relative 
humidity. 

4.3 Methods 

4.3.1 Binding studies with fluorescence spectroscopy 

Fluorescence spectroscopy with quartz cell (Hitachi F-4010) (I). βLG emission spectra 
were recorded in the absence and presence of the added ligands on a Hitachi F-4010 
Fluorescence Spectroscopy Unit (Tokyo, Japan). All experiments were performed in the 
ratio mode, using a 10 mm quartz cell with 5 mm excitation and emission bandwidths at a 
temperature of 22°C. In ligand titrations, the fixed excitation and emission wavelengths 
were 280 nm and 334-335 nm, respectively, and the measuring range was 240-450 nm. 
Two millilitres of βLG solution (0.25 mg/ml ~ 13.9 µM) was titrated against 1 µl 
increments of retinol (1 mg/ml) solution in ethanol. 
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Fluorescence spectroscopy with 96-well plate (Varioskan) (I, II, III, IV). Fluorescence 
measurements were made using a Varioskan Scanning Spectrofluorometer and 
Spectrophotometer (Thermo Electron Corporation, Vantaa, Finland). Experiments were 
performed using a UV 96-well plate (UV Flat Bottom Microtiter®, Thermo Labsystems, 
Franklin, MA, USA). Nine to ten different ligand dilutions were pipetted onto the plate. 
βLG solution (225 µl) was added to each well (0.225 mg/ml ~ 12.5 µM (Sigma) and 
13.9 µM (reindeer)) together with 25 μl of ligand solution. βLG emission spectra were 
recorded in the absence and presence of the added ligands on the Varioskan. Before 
measurement, the plates were shaken for 30 s. The excitation wavelength was 280 nm, and 
the emission measurement range was 300-450 nm. The concentration of Sigma βLG 
solution was 11.25 μM, and the concentration of isolated bovine and reindeer βLG was 
12.5 µM in the well after addition of ligand. All ligand dilutions had eight replicates. The 
value of the blank PBS solution was subtracted from the value obtained for the sample. 
Retinol was used as a positive control in all measurements. Measurements were made 
directly after pipetting the samples. In the pH studies, 5 µl of 1.0 M HCl solution was 
pipetted into the well to achieve a pH of 2, and 2 µl of 1.0 M NaOH were pipetted into the 
well to achieve a pH of 10. When the effect of pH was determined, the measurements 
were obtained immediately and then every hour over a 6-h period.  

 
The apparent dissociation constant (Kd) of the ligand and the number of independent 
binding sites for the ligand (n) were determined according to Cogan et al. (1976). Kd is the 
molar concentration of ligand at which half of the available ligand binding sites are 
occupied. The method is based on titration data. Data were blotted according to the 
following linear relationship: 
 
PTα = (1/n)[LTα/(1-α)] – Kd/n 
 
PT = total βLG concentration 
α = fraction of unoccupied ligand binding sites 
LT = total ligand concentration 
 
A change of fluorescence intensity at 325 nm was assumed to depend on the amount of 
protein-ligand complex, which allowed for the calculation of α, the fraction of unoccupied 
ligand binding sites on the protein. 
α = (I/I0 – I/I0sat) / (100 – I/I0sat) 
I/I0 = relative fluorescence intensity of the solution 
I/I0sat = relative fluorescence intensity of βLG saturated with ligand 
I/I0 = relative initial fluorescence intensity 
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4.3.2 Binding studies with the ultrafiltration/HPLC system (II, IV) 

The schematic illustration of binding studies with an ultrafiltration/HPLC system is 
presented in Figure 5. The binding studies of pure compounds and extracts were 
conducted with Millipore ultrafiltration cones YM-30 (Millipore Corp., Bedford, MA, 
USA) to separate bound and unbound components from βLG. A 400 µl portion of the 
βLG-ligand/extract mixture was incubated for 2 h at room temperature before 
ultrafiltration. After incubation, the solution was centrifuged at 16 000 g for 12 min 
(except P. nigrum, which was centrifuged for 3 x 12 min) and the sample reservoir was 
then placed upside down and centrifuged at 3400 g for 15 min. The concentration of 
ligands was 100 µM (natural products), 200 µM (retinol derivatives) and 2.25-2.5 mg/ml 
(natural extracts), while the concentration of βLG in PBS, pH 7, was 50 µM. The amounts 
of ultrafiltrate and retentate were analysed by HPLC (D-7000 HPLC system (LaChrom, 
Merck, Hitachi) consisting of a L-7100 pump, L-7455 diode array detector, L-7300 
column oven (30°C), L-7200 autosampler, L-7612 solvent degasser and HSM-Sys1 
chromatographic workstation). More detailed information on the HPLC separation 
conditions are presented in studies II and IV. The blank ultrafiltrate and retentate (PBS-
ligand mixture) were collected by the same procedure. The recovery of ultrafiltration 
sampling is defined as the concentration ratio of the starting material concentration to the 
filtrate concentration. The recovery of individual ligands was calculated from the ratio of 
peak areas for filtrate to that in standard solution. 
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Figure 5. Schematic illustration of the ultrafiltration/HPLC protocol. 



 
 
 
 

33 

4.3.3 Transport studies with Caco-2 cells (V) 

The transport properties of bovine and reindeer βLG were evaluated with the Caco-2 cell 
model. For transport studies, the Caco-2 cells were seeded at 6.8 x 104 cells/cm2 on 
polycarbonate membranes with a pore size of 0.4 µm in 12-well plates (Transwell, 
Corning Costar, Cambridge, MA, USA). Cells at a passage of 32-43 were used in 
experiments at the age of 21-27 days, and the cultures were fed three times a week. Prior 
to the transport studies, the cell monolayers were washed twice with DMEM medium. The 
apical solution was then changed to 550 µl of DMEM medium containing the βLG-ligand 
complex or the bovine or reindeer βLG alone. Samples were collected from the apical 
compartment at the beginning of the experiment and at the end of experiment after 6 or 
24 h, and from the basolateral compartment at the end of experiment after 6 or 24 h. The 
experiment was performed in an incubator (Stuart, Orbital Incubator S150, Bibby Sterilin 
Ltd, USA), in a humidified atmosphere and shaking at 75 rpm at 37ºC. The plates for 24-h 
transport studies were incubated at 37ºC in an atmosphere of 5% CO2, 95% air and 95% 
relative humidity. At the end of every experiment, cells were washed three times with PBS 
buffer, and the polycarbonate membranes were then cut and dissolved in 100 µl of trypsin. 
The solution was stirred and 100 µl of DMEM medium was added. The polycarbonate 
membranes were then removed, and the solution was centrifuged at 10 000 rpm for 2 min. 
The supernatant was removed and the cells were diluted in 75 µl of PBS buffer. Protein 
inhibitor cocktail (Protease inhibitor cocktail complex tablets, Roche Diagnostics, 
Mannheim, Germany) was added to all samples at a concentration of 20 µl/ml to prevent 
degradation of βLG. After the transport experiment, the radioactivity of the collected 
samples was measured with a liquid scintillation counter. The quantity of βLG was 
estimated by immunoblotting. Monolayer integrity was assessed by measuring 
transepithelial electrical resistance (TEER, EVOMX voltohmmeter, EVOMTM, World 
Precision Instruments Inc. USA) after the DMEM medium washes, both before and after 
the experiment. If the TEER value was below 250 Ω, the monolayer was not used. The 
amount of radioactive ligands retained in polycarbonate membranes and well walls was 
determined by dissolving polycarbonate membranes in 75 µl of methanol and adding 2 ml 
of methanol to the empty wells. The samples were measured with a liquid scintillation 
counter, as described above. 
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5 Results and discussion 

5.1 Method development 

Ligand-protein binding is usually investigated with spectroscopy and equilibrium-based 
methods (Klotz, 1973). Here the fluorescence quenching and ultrafiltration sampling 
methods were selected to evaluate the binding of ligands to βLG. Fluorescence quenching 
is widely used to study whether ligands bind to βLG. The binding of retinol to βLG has 
been assessed with this method in particular (Fugate and Song, 1980; Cho et al., 1994; 
Wang et al., 1997a; Muresan et al., 2001). Ultrafiltration sampling was used to examine 
the binding of compounds from extracts and the binding of non-fluorescent ligands to 
βLG. 

5.1.1 Microplate screening assay based on fluorescence quenching for 
binding of ligands to βLG (I) 

Conventionally, fluorescence quenching binding studies have been performed with 
fluorometric titration using quartz cells. In fluorometric titration with quartz cells, βLG is 
titrated with ligand and the emission spectra are measured after each titration. Because this 
method is quite slow and unsuitable for the screening of large ligand libraries, a new 
method based on fluorescence quenching was developed that could be used in the 96-well 
plate format. Fluorescence quenching of βLG is due to changes of the polarity in the 
neighbourhood of indoles and is observed as fluorescence quenching of two tryptophan 
residues, Trp19 and Trp61 (Cho et al., 1994; Lakowicz, 2006). Trp19 is located in the 
bottom of the central calyx and Trp61 at the end of β-strand C near the Cys66-Cys160 
disulfide bridge (Brownlow et al., 1997; Busti et al., 1998; Kontopidis et al., 2002). The 
binding of ligands to βLG causes a quenching of the fluorescence of Trp19 for those 
ligands that bind to the central calyx (Busti et al., 1998; Wang et al., 1997a). This happens 
also for those ligands that bind to the surface of βLG, because Trp19 is located only a 
short distance away from the exosite (Yang et al., 2009). Trp61 is more accessible to 
solvent and might have only a minor contribution to fluorescence emission. The binding 
constants, the apparent dissociation constant (Kd) and the number of binding sites per 
monomer (n) for ligands can be calculated from the fluorescence intensity results after the 
titration of βLG with the ligand (Cogan et al., 1976; Wang et al., 1997a). The binding 
constants are calculated from titration data using linear regression equations. The 
quenching of βLG is drawn by RET between the excited tryptophan rings and the ligand 
and by changes of polarity in the neighbourhood of the tryptophanyl residue (Muresan et 
al., 2001). RET occurs because of spectral overlap between the absorption and emission 
spectra of tryptophan (Lakowicz, 2006). 
 
Method development and optimization were performed with retinol. First, the assay in a 
96-well plate was carried out in the same way as with the quartz cells using titration. The 
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96-well plate method was then developed to include ligand dilutions. Figure 6 displays 
the progress of the βLG-ligand binding study. Each well contains the same amount of βLG 
(except the blank). Nine different ligand dilutions (ten in the case of retinol) were added in 
the 96-well plate. When binding occurs, the fluorescence is quenched. More quenching 
occurred with stronger ligand concentrations. The apparent dissociation constants (Kd) and 
the binding sites per monomer (n) were calculated from a plot of fluorescence quenching 
of 330 nm. In the optimization of the 96-well plate, six control plates were used and 
robustness was determined using plate-to-plate and day-to-day variations (n=3), which 
were 7.7% and 4.5%, respectively. 
 
The results with 96-well plate and quartz cells were very similar and consistent with 
previously reported findings for retinol (Table 1 in I) (Fugate and Song, 1980; Cho et al., 
1994; Wang et al., 1997a; Muresan et al., 2001). This method enables measurement of the 
fluorescence of all nine ligand concentrations and eight replicates of each in 7 min on the 
same plate, compared with fluorometric titration, where the measurement time of one 
concentration (one titration) was 10 min. The 96-well plate allows measurement of 96 data 
points per assay, instead of one with quartz cells. This miniaturized 96-well plate can be 
used in βLG-binding screening studies with large ligand libraries. The method is also 
suitable for screening the binding of other proteins such as other lipocalins. 

5.1.2 Ultrafiltration/HPLC method for binding of compounds from extracts to 
βLG (II) 

Because the fluorescence quenching method (96-well plate method) can only be used with 
pure compounds, a biofingerprinting chromatogram analysis using ultrafiltration sampling 
combined with HPLC was developed to detect the binding of compounds from plant 
extracts. The ultrafiltration/HPLC method was developed with piperine as a pure 
compound, and ethanol extract of Piper nigrum (black pepper). P. nigrum was chosen 
because piperine, which is the main compound of P. nigrum, is known to bind to βLG 
(Zsila et al., 2005). First, the binding of piperine to βLG was shown with an 
ultrafiltration/HPLC system by comparing the chromatograms before and after filtration. 
The method was optimized by determining the standard curve (linear in the range 1.56 – 
150.7 µM, R2=0.997) and recovery (82%) of piperine. The binding of piperine from P. 

nigrum extracts to βLG was then demonstrated by comparing the chromatograms before 
and after incubation with βLG. Identical methods have been used in the determination of 
human plasma protein binding of baicalin (classified in the group of flavones) (Tang et al., 
2006) and with βLG-binding studies with peptides (Roufik et al., 2006). A method of 
microdialysis combined with HPLC has been used in DNA binding studies with extracts 
for screening and analysis of the multiple bioactive compounds in traditional Chinese 
medicines (Su et al., 2005). Here the ultrafiltration/HPLC system was used for the first 
time to investigate protein-extract binding. This method is suitable for βLG-binding 
studies for all kinds of ligands and extracts, and in the future it will also be possible to 
miniaturize it to a 96-well plate. 
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n = number of independent binding sites for ligand
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Figure 6. Flow chart of the βLG-ligand binding studies. Retinol was used as a model 
substance. 
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5.2 Binding of natural product ligands to bovine milk βLG (I, II, III, 
IV) 

5.2.1 Phenolic compounds and their derivatives (III) 

The interactions (binding, pH and storage time) between bovine milk βLG and a group of 
plant-based phenolic compounds with their derivatives were investigated using the 96-
well plate method developed in this study, which is based on fluorescence quenching. In 
the binding studies, a total of 44 phenolic compounds were evaluated. Twenty-three of the 
compounds bound to bovine βLG, and 13 of the compounds tightly bound to βLG (Kd ≤ 
0.51 µM) (Fig. 7 and Fig. 1 in III). Sixteen of the studied compounds, i.e. acacetin, 
benzoic acid, (+)-catechin, (+/-)-catechin, (-)-epicatechin, gallic acid, isorhamnetin, 
naringin, octyl gallate, procyanidin B1, procyanidin B2, protocatechuic acid, quercetin, 
rhamnetin, scopoletin and syringic acid, did not bind to bovine βLG. Almost all of the 
flavonoids studied bound to βLG. Most of the compounds that bound tightly to βLG 
belonged to the groups of flavonones, flavones, flavonols and isoflavones. Rawel et al. 
(2003) have also shown that the flavonols quercetin and rutin bind to βLG. The 
interactions between phenolic compounds (resveratrol, curcumin, and diacetylcurcumin) 
and βLG have also been investigated earlier, revealing that these compounds do bind to 
βLG (Liang et al., 2008; Mohammadi et al., 2009). Binding of flavonoids to other proteins 
has also been shown, e.g. the binding of quercetin to bovine serum albumin (BSA) 
(Papadopoulou et al., 2005; Rawel et al., 2005) and human serum albumin (HSA) (Salvi et 
al., 2001), and binding of genistein and daidzein to HSA (Bian et al., 2004; Mahesha et al., 
2006) has been confirmed. 
 
The influence of pH on binding was investigated with the compounds found to bind to 
bovine βLG. Acidic pH did not affect the fluorescence quenching of phenolic compounds 
and their derivatives over the 6-h period, whereas the reference compound retinol began to 
be released, after 3 h at acidic pH. Figure 3 in III presents the situation at the 6-h time-
point. βLG has been speculated to have more binding sites (Naryan and Berliner, 1997; 
Busti et al., 1998; Eberini et al., 2006; Belgorodsky et al., 2007). The crystal structure of a 
second binding site of vitamin D3 to βLG has been resolved (Yang et al., 2008). As acidic 
pH did not affect the binding of phenolic compounds and their derivatives, our results also 
confirm the existence of other binding sites on the surface of βLG. In βLG/vitamin D3 
binding studies, βLG also retains about 35% of the maximal binding of vitamin D3 at pH 
between 2 and 6, unlike retinol and palmitate (Yang et al., 2008). Belgorodsky et al. 
(2007) obtained similar results in binding studies with carboxyfullerene and βLG; 
carboxyfullerene binding by βLG was unaffected by pH changes. Moreover, the natural 
polyphenolic compound resveratrol has been suggested to bind to the surface of βLG 
because the βLG environment of the bound polyphenol is not very hydrophobic relative to 
the hydrophobic internal cavity of βLG (Liang et al., 2008). If the phenolic compounds 
bind to the surface of βLG as indicated, βLG could potentially serve as a carrier protein 
for them in the stomach at acidic conditions. As many phenolic compounds are also 
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known to have poor water solubility and are poorly absorbed in their natural form in the 
intestine (Rezende et al., 2009), βLG might increase their solubility and in this way 
enhance their bioavailability. 

 
The influence of the binding of phenolic compounds myricetin and daidzein to βLG in 
basic conditions (pH 10) over 6 h was also evaluated. In that study, piperine was used as a 
reference compound. Piperine has been shown to bind to βLG in earlier studies (Zsila et 
al., 2005). The results are presented in Figure 4 in III. The slight differences between pH 
7 and 10 indicated that piperine was bound to βLG better at pH 10. When the binding 
studies were conducted with myricetin and daidzein, the difference between pH 7 and 10 
was even greater. The findings indicate that the studied flavonoids and alkaloid withstand 
basic pH very well, unlike retinol, palmitic acid and vitamin D3, whose binding to βLG 
has been shown to decrease to some extent at pH 9-10 (Yang et al., 2008). Our results 
indicate that βLG might protect the flavonoids and alkaloids in food exposed to high pH 
during food processing. Some naturally occurring polyphenolic compounds have been 
demonstrated to be damaged when exposed to high pH (Friedman and Jürgens, 2000). 
Studies with conjugated forms of genistein and daidzein isoflavones showed a 
considerable loss in the total amount of known isoflavone derivatives at elevated pH 
(Mathias et al., 2006). Studies with quercetin and rutin also demonstrated that at pH 8 
quercetin could not be detected by HPLC/DAD, and the amount of rutin decreased to 
approximately 20% (Bucher et al., 2006). 
 
The thermal stability of the βLG-ligand was investigated with retinol, myricetin and 
daidzein. Stability studies were performed in the storage conditions of 25 ± 2°C and 5 ± 
3°C for 3 months and in conditions of 40 ± 2°C for 3 days. The stability studies are 
summarized in Figure 6 in III. In storage conditions of 25 ± 2°C and 5 ± 3°C over 3 
months, no significant changes in Kd and n values were observed, but in conditions of 40 ± 
2°C, the changes were observed as early as after 2-3 days. These results indicated that 
βLG could be used in drug or food preparations and stored in normal conditions and also 
that βLG can be used in dairy products requiring refrigerated storage. 
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Figure 7. Average apparent dissociation constants (Kd) and binding sites per monomers 
(n) of phenolic compounds bound to bovine βLG. 

5.2.2 Compounds from natural extracts (II) 

A biofingerprinting analysis using the ultrafiltration/HPLC method was used to study the 
binding of compounds from tea extracts of Urtica dioica L. (nettle) and Camellia sinensis 
(L.) O. Kunze (black tea) and from the extract of Piper nigrum (black pepper). U. dioica 
contains flavonols such as rutin and isoquercetin (Akbay et al., 2003; Exarchou et al., 
2006). The main compounds of C. sinensis are catechin, epicatechin, epigallocatechin, 
epicatechin gallate, epigallocatechin gallate and quercetin (Hertog et al., 1997; Stangl et 
al., 2006). The main compound of P. nigrum is piperine. The results showed that rutin 
from U. dioica was slightly bound to βLG. Pure rutin was also confirmed, using 
ultrafiltration/HPLC and fluorescence quenching, to bind to βLG, and the identification 
was made using spiked samples and a survey of the literature (Exarchou et al., 2006; 
Rawel et al., 2003). None of the compounds of C. sinensis bound to βLG, indicating that 
βLG does not prevent favourable health-promoting effects of black tea by binding 
phenolic compounds (Fig. 8A). These results were in line with findings of binding studies 
of phenolic compounds to βLG that showed that catechins did not bind to βLG. The 
piperine from P. nigrum extract was able to bind to βLG very tightly (Fig. 8B). The 
binding of pure piperine to βLG was also confirmed with fluorescence quenching and 
ultrafiltration.  
 
Milk containing βLG is often added to plant beverages. For example, the addition of milk 
to tea has been considered to interact with the intake of flavonoids from tea (Hertog et al., 
1997), and the addition of milk to tea is now known to prevent the vascular protective 
effects of tea in human (Lorenz et al., 2007). We demonstrated that βLG is able to bind to 
compounds from extracts, suggesting a potential for enhancing or decreasing health 
benefits in, for example, herbal drugs and food preparations. 
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                A  Retention time (min)              B           Retention time (min) 
                        

Figure 8. Overlay chromatograms of the microdialysates of C. sinensis at 270 nm (A) 
and P. nigrum at 340 nm (B) before and after incubation with βLG. Representative HPLC 
chromatograms were recorded at 270 nm and 340 nm according to UV-vis spectra of the 
extracts. 

5.2.3 Retinoids (I, IV) 

As retinol has been shown to bind to the calyx of βLG in many studies, the question was 
raised of whether synthetic retinoids are able to bind to βLG. Two commercial retinoids, 
N-(4-hydroxyphenyl)retinamide (4-HPR) and TTNPB (arotinoid acid), and two in-house 
synthesized retinoids, MVK 175 and MVI 10, were evaluated. In vitro binding studies 
were conducted with the 96-well plate method and confirmed with the 
ultrafiltration/HPLC method. The binding constants (Kd- and n -values) were determined 
by 96-well plate assay. 
 
The results of the binding studies with the 96-well plate showed that the Kd -values of the 
studied retinoids were low (Kd = 0.12 – 0.73 µM; n = 0.74 – 2.13) and demonstrated that 
all of these retinoids bound to βLG (Fig. 3 in I and Fig. 2 in IV). The binding constants of 
retinoids were also similar to those quoted in the literature for retinol in βLG binding 
studies (Fugate and Song, 1980; Cho et al., 1994; Wang et al., 1997a; Muresan et al., 
2001). The results with the ultrafiltration/HPLC method also confirmed that all of the 
retinoids bound to the βLG. 
 
Previous research has demonstrated that the βLG calyx gated by the EF loop is in an open 
conformation at a neutral pH and in a closed conformation at pH 2 (Ragona et al., 2000; 
Yang et al., 2008). The binding studies with βLG and palmitic acids have shown that 
palmitic acid starts to dissociate from βLG at pH 2, when βLG is in a closed conformation. 
This study also assessed the effect of acidic pH on βLG-retinol binding, revealing that 
retinol started to be released from βLG at acidic pH after 3 h. Because of this, βLG cannot 
protect ligands that bind to the central calyx under acidic conditions in the stomach. But 
the water-soluble βLG could improve the solubility of retinoids insoluble in water. 
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Masking the taste of retinoids might also be possible because βLG has been found to 
suppress taste responses to bitter substances (Katsuragi et al., 1997). Recently, the popular 
surfactant SDS and Triton X-100 used in biological, pharmaceutical and cosmetic systems 
were reported not to cause significant changes in the binding of retinol to βLG (Taheri-
Kafrani et al., 2008). In recent studies, βLG was conjugated with cationic saccharides (PL-
Dex) to improve βLG function (Ikeuchi et al., 2008). In retinol binding studies with βLG-
PL-Dex conjugate, the apparent dissociation constant was similar to that of βLG to retinol 
(Ikeuchi et al., 2008). No information is available as to whether these conjugated forms 
can protect the ligand in the calyx at acidic pH. 

5.2.4 Warfarinyl palmitate (I) 

Palmitic acid binds tightly to βLG in the hydrophobic pocket, leaving the carboxylic acid 
group outside. This prompted the idea of using this group to form linker molecules 
(palmitic acid linked to some other compound that does not otherwise bind to βLG). In 
Study I, warfarinyl was linked to palmitate (Fig. 4). The binding studies with fluorescence 
quenching demonstrated that warfarinyl palmitate could bind to bovine βLG (Kd = 
0.42 µM (bovine βLG from Sigma); Kd = 0.25 µM (bovine βLG, isolated in Sotkamo, 
Finland) (Fig. 3 in I). The possibility thus exists of using palmitate as a linker molecule to 
ligands that do not bind to βLG. 

5.3 Binding properties of reindeer milk βLG (I, III, IV) 

Oksanen et al. (2006) have determined the partial DNA and protein sequences of reindeer 
βLG and its crystal structure. They showed that the structure of reindeer βLG is almost 
identical to that of bovine βLG. For example, the central calyx conformation is highly 
similar (Oksanen et al., 2006). The only differences occur in surface residues; the charge 
distribution on the surface of reindeer βLG was significantly different from that of bovine 
βLG (Oksanen et al., 2006). Here, the binding properties of reindeer milk βLG were 
investigated for the first time. Reindeer milk βLG is a Finnish product first isolated at the 
Biotechnology Laboratory in Sotkamo (Rytkönen et al., 2002). The content of reindeer 
milk and its use in foods have also been studied in Sotkamo (Alatossava, 2002). Reindeer 
milk βLG might be less allergenic than bovine milk βLG (Suutari et al., 2006). The 
affinity to reindeer βLG of the compounds that bound to bovine βLG in our earlier studies 
(I, III, IV) was investigated. Studies with retinoids demonstrated that the retinoids bound 
in a similar manner to bovine and reindeer milk βLG (Fig. 3 in I and Fig. 2 in IV). Also 
the results with phenolic compounds and their derivatives showed that the studied 
compounds bound to reindeer milk βLG, but with different affinities (Table 1 in III). If 
the phenolic compounds bind to the surface of βLG (as the results with phenolic 
compounds and bovine βLG indicated), the differences in binding constants with phenolic 
compounds between reindeer and bovine βLGs might be due to differences in the surfaces 
of reindeer and bovine βLGs. The results with phenolic compounds and their derivatives 
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and reindeer βLG also confirmed the hypothesis that the studied phenolic compounds and 
their derivatives bound to the surface of βLG. Reindeer milk βLG can be used as a binding 
protein in a manner similar to bovine milk βLG and probably is a better carrier molecule 
for ligands, as it may be less allergenic (Suutari et al., 2006). 

5.4 Transport studies in the Caco-2 cell model (V) 

Bovine and reindeer milk βLG can bind natural products to βLG. Study V explored 
whether bovine and reindeer milk βLG could be transported, alone or with ligands, 
through a Caco-2 cell monolayer that has been used in in vitro modelling for predicting 
intestinal absorption by epithelial cells (Caillard and Tome, 1995; Puyol et al., 1995; 
Artursson et al., 1996; Tanabe et al., 2003). The transport of bovine and reindeer milk 
βLG across Caco-2 cells was studied first, followed by the transport of βLG-ligand using 
three model ligands: [3H] retinol, [3H] palmitic acid and [3H] cholesterol. Our results 
demonstrated that bovine and reindeer milk βLG could permeate the Caco-2 cell 
monolayer (Fig. 1 in V). Using a βLG concentration of 0.001 mg/ml, the proportions of 
bovine and reindeer βLG crossing the membrane after 6 h were 4.6% (SD 2.2%) and 
17.6% (SD 9.5%), respectively, while after 24 h the corresponding proportions were 
11.2% (SD 2.6%) and 16.8% (SD 7.4%). Puyol et al. (1995) used [125I] βLG to show that 
50% of βLG was transported across the Caco-2 cells in 24 h. The differences between 
these two studies are most likely due to differences in experimental setups, e.g. in βLG 
concentrations, Caco-2 cell densities and analytical procedures. 
 
The percentages of [3H] ligands and βLG-[3H] ligands that passed across the Caco-2 cell 
membranes after 6 and 24 h are presented in Table 3 and in Figure 3 in V. These results 
showed that retinol and palmitic acid were better transported alone than with bovine or 
reindeer milk βLG across the Caco-2 cell monolayer. The results with cholesterol 
demonstrated that it could not be transported, either alone or with bovine or reindeer milk 
βLG, across the Caco-2 cell monolayer. No significant differences between the 6- and 24-
h time-points were observed in the transport of the βLG-ligand complex, but more retinol 
and palmitic acid were transported free across the Caco-2 cell monolayer at the 24-h time-
point. The missing palmitic acid was mainly retained by the cells, and the missing 
cholesterol was retained in the polycarbonate membranes and in the well walls. The results 
obtained by Puyol et al. (1995) demonstrated that 35% retinol complexed with βLG was 
transferred across Caco-2 cells during 24 h, but they did not show whether retinol was 
transferred alone through the Caco-2 cells. In the transport of palmitic acid complexed 
with βLG, Puyol et al. (1995) obtained a fairly similar result to ours (7% after 24 h, with 
most of the palmitic acid being retained in the cells). In conclusion, it can be said that 
neither bovine nor reindeer βLG raise the amount of retinol, palmitic acid or cholesterol in 
the basolateral compartment. However, bovine and reindeer milk βLG can be transported 
across Caco-2 cells. In an animal study with a mouse model, the exosite of βLG was 
shown to potentially play a role in the transport of vitamin D3 (Yang et al., 2009). In the 
future, it would be interesting to investigate the transport of phenolic compounds with 
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βLG, as phenolic compounds seem to bind to the exosite of βLG, and might therefore 
manifest a different behaviour than retinol, palmitic acid and cholesterol in the Caco-2 cell 
model. 

 

Table 3. The proportions of [3H] retinol, [3H] palmitic acid and [3H] cholesterol 
transported alone (ligand (%)) and with βLG across the Caco-2 cell monolayer after 6 and 
24 h. The results represent the proportions in the apical and basolateral compartments and 
in the cells. 

 6 h   24 h   

  
ligand (%) bovine βLG + 

ligand (%)  
reindeer βLG + 
ligand (%) 

ligand (%) bovine βLG + 
ligand (%) 

reindeer βLG + 
ligand (%) 

[3H]Retinol       
  Apical 52 86 93 57 77 87 
  Cells 17 3 3 16 7 6 
  Basolateral 15 8 6 23 9 6 
  Total 84 97 102 96 93 99 
[3H]Palmitic acid       
  Apical 40 32 29 6 5 5 
  Cells 14 12 10 38 28 30 
  Basolateral 5 3 4 9 5 5 
  Total 59 47 43 53 38 40 
[3H]Cholesterol       
  Apical 63 60 67 49 48 64 
  Cells 6 4 3 22 13 9 
  Basolateral 1 1 1 2 2 1 
  Total 70 65 71 73 63 74 
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6 Summary and conclusions 

This research focused on the interactions between natural products and bovine and 
reindeer milk βLG. 
 
First, the binding assay methods were developed. The fluorescence binding method for the 
evaluation of ligand binding to βLG was miniaturized from quartz cells to a 96-well plate. 
The results showed that the binding constants were comparable between the quartz cell 
and the 96-well plate. The benefits achieved included the possibility of measuring 96 data 
points at the same time, rather than one with the quartz cell. Thus, the method was faster 
to perform. A method of ultrafiltration sampling combined with HPLC was also developed 
to investigate the binding of compounds from extracts as well as binding of non-
fluorescent ligands to the βLG. 
 
Natural products, such as phenolic compounds and retinoids, have been reported to 
prevent common conditions such as cancer, cardiovascular diseases and osteoporosis. 
Many dairy products contain natural products added as plant extracts, or milk may be 
added to plant extracts, e.g. in tea. In this study, the interactions of natural compounds 
from natural extracts with bovine and reindeer βLG were investigated under different 
conditions. In the binding studies of phenolic compounds to βLG, the compounds from the 
groups of flavonols and isoflavonols were shown to be the best binders. The binding of 
retinoids to bovine and reindeer βLG was detected with both the 96-well plate and 
ultrafiltration/HPLC methods. The latter method proved to also be suitable for detecting 
βLG-binding compounds from plant extracts. In the pH studies, retinol started to be 
released from βLG at acidic pH, as has previously been shown. Contrary to retinol, the 
phenolic compound/βLG complex was shown to be stable at acidic pH, indicating that the 
phenolic compounds probably bind to the surface of βLG instead of to the calyx, 
supported also by in silico docking experiments. When the effect of temperature was 
examined the phenolic compound/βLG complex and the retinol/βLG complex were stable 
in storage conditions of 25 ± 2°C and 5 ± 3°C for a period of 3 months. 
 
Another aim of this study was to investigate the binding of ligands to reindeer βLG. The 
structure of the calyx of reindeer βLG is similar to that of bovine βLG, whereas the charge 
distribution on the surface of reindeer βLG is different. The studies revealed that the 
binding of ligands to the central calyx was similar to that of the calyx of bovine βLG, but 
some differences were found in the binding of phenolic compounds, probably binding to 
the surface of βLG. 
 
To demonstrate whether βLG could carry the ligands through the epithelial cells, transport 
of the βLG/ligand complex through Caco-2 cells was investigated. Neither bovine nor 
reindeer milk βLG increased the amount of ligand in the basolateral compartment in the 
Caco-2 cell experiments, but both reindeer and bovine milk βLG could be transported 
across the Caco-2 cells. 
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In conclusion, rapid screening of a large group of ligands is possible with the 96-well plate 
method based on fluorescence quenching. The method is easy and inexpensive to perform. 
After the screening of potential binders with the 96-well plate, more specific information 
on ligand binding can be obtained using X-ray crystallization and NMR studies, which are 
more costly and complicated. X-ray crystallization studies with potential flavonoids/βLG 
complexes have already been started to clarify their exact binding site. How the binding of 
compounds to this site will affect behaviour in a Caco-2 cell permeability assay is an 
interesting future research topic. With the ultrafiltration/HPLC method, for the first time it 
was possible to study whether βLG could bind ligands from natural extracts. This 
ultrafiltration/HPLC method could also be miniaturized onto a 96-well plate to increase 
the throughput of the measurements. Both of the methods used for the βLG binding 
studies are also applicable for use in ligand binding studies with other proteins, such as 
other lipocalins. 
 
This thesis contributed to the understanding of the relationships between natural products 
and proteins, in this case, βLG from the lipocalin family. This could lead to the 
development of new, effective and multifunctional strategies for use in foods, dietary 
supplements and pharmaceutical applications. 
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Appendix 1. Summary of the binding studies conducted using a variety of techniques based on bovine βLG (modified from 
Sawyer, 2003). 

Ligand BLG sourcea pH nb Ka A Ka B Ka AB  M-1 Methodc Reference 
1.6-Diphenyl-1,3,5-hexatriene In-house 7 0.77  1.08  107 F Dufour et al., 1994 
1-Anilino-8-naphthalene sulphonate Sigma 2.3 2  1.4  104 F D'Alfonso et al., 1999 
1-Anilino-8-naphthalene sulphonate Sigma 8.2 2  1.1  103 F D'Alfonso et al., 1999 
1-Anilino-8-naphthalene sulphonate Sigma 7.5 1   1.56 104 F Laligant et al., 1995 
2- Heptanone Sigma 6.7 1  0.15  103 ED O'Neill and Kinsella, 1987 
2-Nonanone Sigma 6.7 1  2.44  103 ED O'Neill and Kinsella, 1987 
2-Octanone Sigma 6.7 1  0.48  103 ED O'Neill and Kinsella, 1987 
5-Doxylstearic acid Sigma 7 1   1.25 106 ESR Narayan and Berliner, 1997 
5-Doxylstearic acid Sigma 7 1   2.5 106 F Narayan and Berliner, 1997 
7-Dehydrocholesterol Sigma/In-house 7 0.83 3.75   107 F Wang et al., 1997b 
Apigenin Sigma 7 2.30   9.84 105 F Riihimäki et al., 2008 (III) 
Arachidic acid In-house 7 0.85  2.5  107 F Frapin et al., 1993 
Arachidonic acid In-house 7 0.83  3.03  106 F Frapin et al., 1993 
Arotinoid acid (TTNPB) Sigma 7 1.78   1.75 106 F Riihimäki et al., 2006 (I) 
Arotinoid acid (TTNPB) In-house 7 1.54 1.78   106 F Riihimäki et al., 2006 (I) 
Baicalin Sigma 7 1.41   3.31 106 F Riihimäki et al., 2008 (III) 
Benzo(α)pyrene In-house 7 0.11  4  107 F Dufour et al., 1992 
Bromophenol blue Miles B 9.35 1  1.57  104 S Waissbluth and Grieger, 1973 
Butane In-house 5.25 1 1.69   103 ED Wishnia and Pinder, 1966 
Butane In-house 2.06 1 1.85 2.22  103 ED Wishnia and Pinder, 1966 
Butyl pentanoate Besnier 3 1   5.34 102 C Pelletier et al., 1998 
Caffeic acid Sigma 7 1.61   1.38 106 F Riihimäki et al., 2008 (III) 
Carboxyfullerene Sigma       CD Belgorodsky et al., 2007 
Calcium ion Sigma 7.4 3   1.3 102 ISE Jeyarajah and Allen, 1994 
Calcium ion In-house 6 2 3.2 3.2  102 DBA Farrell and Thompson, 1990 
Cholesterol Sigma/In-house 7 1.18 2.87   107 F Wang et al., 1997b 
cis-Parinaric acid In-house 7 0.8  3.57  107 F Dufour et al., 1992 
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Ligand BLG sourcea pH nb Ka A Ka B Ka AB  M-1 Methodc Reference 
CO-Haem In-house 7 1  2  106 S Marden et al., 1994 
Curcumin Sigma 6.4 0.85  4.89  103 F Mohammadi et al., 2009 
Dadzein Sigma 7 1.70   4.92 106 F Riihimäki et al., 2008 (III) 
Daphnetin Sigma 7 2.21   7.0 105 F Riihimäki et al., 2008 (III) 
Diacetylcurcumin Sigma 6.4 0.93  9.41  102 F Mohammadi et al., 2009 
Dodecan-1-ol In-house 7 0.9  2.94  106 F Lamiot et al., 1994 
Dodecanylsuccinato-Sepharose In-house 7.4    7.0? 102 AC Pérez et al., 1989 
Dodecyl acetate In-house 7 0.85  3.85  106 F Lamiot et al., 1994 
Dodecyl gallate (DG) Sigma 7 2.61   9.07 105 F Riihimäki et al., 2008 (III) 
Dodecylsuccinato-Sepharose In-house 7.4    2.3? 104 AC Pérez et al., 1989 
Ellipticine In-house 8.5 0.88  1.11  107 F Dufour et al., 1992 
Ellipticine In-house 8.75   7  105 F Dodin et al., 1990 
(-)-Epicatechin gallate Sigma 7 2.64   6.91 105 F Riihimäki et al., 2008 (III) 
(-)-Epigallocatechin gallate Sigma 7 1.80   1.16 106 F Riihimäki et al., 2008 (III) 
Ergosterol Sigma/In-house 7 1.01 1.6   108 F Wang et al., 1997b 
Ethyl benzoate Besnier,AB 3 1   6.77 102 C Pelletier et al., 1998 
Ethyl heptanoate Besnier,AB 3 1   1.43 103 C Pelletier et al., 1998 
Ferulic acid Sigma 7 1.96   1.44 106 F Riihimäki et al., 2008 (III) 
Flavon Sigma 7 2.26   5.60 105 F Riihimäki et al., 2008 (III) 
Genistein Sigma 7 1.91   1.18 106 F Riihimäki et al., 2008 (III) 
Haemin In-house, B 7 0.85  4  106 F Dufour et al., 1990 
Heptane Nut. Bio. Corp. 6.8 1.35   4.8 105 GLC Mohammedzadah-K et al., 1969 
Hesperidin Sigma 7 1.28   3.30 106 F Riihimäki et al., 2008 (III) 
Hexafluorobenzene In-house 5.8 1 1.67   103 ED Robillard and Wishnia, 1972 
Hexyl acetate Besnier 3 1   5.69 102 C Pelletier et al., 1998 
Hexyl propionate Besnier 3 1   1.13 103 C Pelletier et al., 1998 
N-(4-hydroxyphenyl)retinamide (4-HPR) Sigma 7 1.54   3.94 106 F Riihimäki et al., 2006 (I) 
N-(4-hydroxyphenyl)retinamide (4-HPR) In-house 7 1.60 3.31   106 F Riihimäki et al., 2006 (I) 
Immobilised trans-retinal In-house 7.5 1 2.86   107 AC Jang and Swaisgood, 1990 
Immobilised trans-retinal In-house 7 1 8.4   103 AC Wang and Swaisgood 1993 
Iodobutane In-house 5.25 1 2.82   103 ED Wishnia and Finder, 1966 
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Ligand BLG sourcea pH nb Ka A Ka B Ka AB  M-1 Methodc Reference 
Iodobutane In-house 2.06 1 2.4   103 ED Wishnia and Pinder, 1966 
iso-Pentyl acetate Besnier 3 1   1.52 102 C Pelletier et al., 1998 
Kaempherol Sigma 7 1.15   1.62 106 F Riihimäki et al., 2008 (III) 
Lauric acid Pentex 7.4 1 0.5   105 ED Spector and Fletcher, 1970 
Lauric acid In-house 7 0.86  1.43  106 F Frapin et al., 1993 
Levofloxacin        MD Eberini et al., 2006 
Linoleic acid In-house 7 0.83  5.26  106 F Frapin et al., 1993 
Linolenic acid In-house 7 0.91  5.88  106 F Frapin et al., 1993 
Luteolin Sigma 7 1.27   1.58 106 F Riihimäki et al., 2008 (III) 
Methyl callate Sigma 7 1.75   2.98 106 F Riihimäki et al., 2008 (III) 
6-Methylcoumarin Sigma 7 1.87   7.51 105 F Riihimäki et al., 2008 (III) 
Methyl heptanoate Besnier 3 1   6.76 102 C Pelletier et al., 1998 
Morin Sigma 7 1.67   2.46 106 F Riihimäki et al., 2008 (III) 
Myricetin Sigma 7 1.74   2.94 106 F Riihimäki et al., 2008 (III) 
Myricitrin Sigma 7 1.91   4.61 106 F Riiihimäki et al., 2008 (III) 
Myristic acid In-house 7 0.33  3.03  106 F Frapin et al., 1993 
Myristoleic acid In-house 7 0.83  6.25  106 F Frapin et al., 1993 
N-Methyl-2-anilino-6-naphthalene sulphonate In-house 8 0.48  3.4  105 F Lovrien and Anderson, 1969 
N-Methyl-2-anilino-6-naphthalene sulphonate In-house 8 1  2  104 ED Lovrien and Anderson, 1969 
Naringenin Sigma 7 0.75   4.25 106 F Riihimäki et al., 2008 (III) 
Norfloxacin        MD Eberini et al., 2006 
n-Octylbenzene-p-sulphonate In-house 6.8 1.5   6.3? 104 ED Hill and Briggs, 1956 
Octylsuccinato-Sepharose In-house 7.4 >0.5   1.7? 103 AC Pérez et al., 1989 
Oleic acid Pentex 7.4 1 0.4   105 ED Spector and Fletcher, 1970 
Oleic acid In-house 7 0.82  7.69  106 F Frapin et al., 1993 
Palmitic acid Pentex 7.4 1 6.8   105 ED Spector and Fletcher, 1970 
Palmitic acid In-house 7 0.93  1  107 F Frapin et al., 1993 
Palmitic acid Sigma/In-house 7 1.03 2.28   105 UF Wang et al., 1998 
Palmitoleic acid In-house 7 0.82  3.85  106 F Frapin et al., 1993 
Pentane In-house 5.25 1 6.82   103 ED Wishnia and Pinder, 1966 
Pentane In-house 2.06 1 6.02 8.47  103 ED Wishnia and Pinder, 1966 
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Ligand BLG sourcea pH nb Ka A Ka B Ka AB  M-1 Methodc Reference 
Pentane In-house 4.65 1 9.52   103 ED Wishnia and Pinder, 1966 
Piperine Sigma 7.7 0.93   1.21 105 CD Zsila et al., 2005 
Piperine Sigma 7      F, UF Riihimäki and Vuorela, 2007 (II) 
Propyl gallate Sigma 1.96    9.48 105 F Riihimäki et al., 2008 (III) 
p-Nitrophenol In-house 6 1 1.9   104 F Farrell et al., 1987 
p-Nitrophenol phosphate In-house 6 1 3.2 1.6 1.4 104 F Farrell et al., 1987 
p-Nitrophenol acetate In-house 6 1 3   104 F Farrell et al., 1987 
p-Nitrophenol sulphate In-house 6 1 2   103 F Farrell et al., 1987 
p-Nitrophenol-β-glucuronide In-house 6 1 1.6   104 F Farrell et al., 1987 
Propyl hexanoate Besnier 3 1   1.23 103 C Pelletier et al., 1998 
Protoporhyrin IX In-house 7 0.79  2.5  106 F Dufour  et al., 1990 
Pyridoxal phosphate In-house 6 1 3.1   103 F Farrell et al., 1987 
Quercetagetin Sigma 7 1.66   2.02 106 F Riihimäki et al., 2008 (III) 
Quercetin Sigma 7 1.30   2.08 106 F Rihimäki et al., 2008 (III) 
Resveratrol Sigma 7.4 1  1  104-106 CD, F, S Liang et al., 2008 
Retinal Sigma/In-house 7 1.03 1.82   107 F Wang et al., 1997a 
Retinoic acid Sigma 7 0.92 4.8   105 F Chu et al., 1996 
Retinoic acid Sigma/In-house 7 0.9 5.88   107 F Wang et al., 1997a 
Retinoic acid Sigma 7 1.14/1.1 5.1 5.71  106 F MacLeod et al., 1996 
Retinoic acid Sigma  1 4.76   105 F Chu et al., 1996 
Retinoic acid Recombinant 8 0.81 2.56   107 F Cho et al., 1994 
Retinol Sigma 7.5 1  5  107 F Fugate and Song, 1980 
Retinol In-house 7 0.9?  2.22  107 F Dufour et al., 1994 
Retinol Sigma/In-house 7 1.05 5   107 F Wang et al., 1997a 
Retinol Recombinant 7.1 1 5.88   107 F Katakura et al., 1994 
Retinol Recombinant 7.1 1 4.17   107 F Katakura et al., 1994 
Retinol Recombinant 8 0.85 2.13   107 F Cho et al., 1994 
Retinol Recombinant 8 1 2.63   106 ED Cho et al., 1994 
Retinol In-house 3 0.9  1.18  107 F Dufour et al., 1994 
Retinol In-house 7.2 1   1.5 104 GPC Puyol et al., 1991 
Retinol Mann 7.4 1     F Futterman and Heller, 1972 
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Ligand BLG sourcea pH nb Ka A Ka B Ka AB  M-1 Methodc Reference 
Retinol Sigma 7.5 0.85   8.3 107 F Laligant et al., 1995 
Retinol Sigma 7 1.84   2.72 106 F Riihimäki et al., 2006 (I) 
Retinol In-house 7 1.97 8.13   106 F Riihimäki et al., 2006 (I) 
Retinyl acetate Sigma/In-house 7 1 2   107 F Wang et al., 1997a 
Rosmarinic acid Sigma 7 1.61   1.96 106 F Riihimäki et al., 2008 (III) 
Rutin Sigma 7      F, UF Riihimäki and Vuorela, 2007 (II) 
Safranin-O Miles B 7 1  ~2  103 S Waissbluth and Grieger, 1973 
SDS In-house 7 0.92  4.35  106 F Lamiot et al., 1994 
Sodium polystyrene sulfonate Sigma 6.27 16.8   1.91 104 CE Hallberg and Dubin, 1998 
Sinapic acid Sigma 1.69    2.12 106 F Riihimäki et al., 2008 (III) 
Stearic acid Pentex 7.4 1 1.7   105 ED Spector and Fletcher, 1970 
Stearic acid In-house 7 0.89  8.3  106 F Frapin et al., 1993 
Sucrose laurate Sigma 7 1   1.45 105 ED,F Clark et al., 1992 
Sucrose oleic Sigma 7 1   3.77 104 ED,F Clark et al., 1992 
Sucrose stearate Sigma 7 1   4.35 105 ED,F Clark et al., 1992 
Toluene In-house 5.8 1 4.5   102 ED Robillard and Wishnia, 1972 
Trifluorotoluene  5.8 1 4.17   102 ED Robillard and Wishnia, 1972 
Vitamin D2 Sigma/Home 7 1 2.04   108 F Wang et al., 1997b 
Vitamin D3 Sigma/Home 7 1.01 2.78   107 F Wang et al., 1997b 
Vitamin D3 sulphate Sigma/Home 7 0.87 3.3   107 F Wang et al., 1997b 
Vitexin Sigma 7 1.22   1.98 106 F Riihimäki et al., 2008 (III) 
Warfarinyl palmitate Sigma 7 1.90   2.36 106 F Riihimäki et al., 2006 (I) 
Warfarinyl palmitate In-house 7 1.95 4.00   106 F Riihimäki et al., 2006 (I) 
β-ionone In-house 3 1.08   1.67   106 F Dufour and Haertlé, 1990 

aGenetic variant is given when specified. AB denotes mixed A and B variants. 
bNumber of binding sites per monomer. Where this value is given as 1, no specific determination was reported. 
cMethods: AC - affinity chromatography to immobilized ligand; DBA - dye binding assay; CD - circular dichroism; CE - capillary electrophoresis; C - chromatography; ED - equilibrium; ESR - electron spin 
resonance; F - fluorescence; GLC - gas liquid chromatography; GPC - gel permeation chromatography; ISE - ion-sensitive electrode; MD - molecular docking; S - spectrophotometry; UF - ultrafiltration 

 


