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I do not know what I may appear to the world, but to myself  
I seem to have been only like a boy playing on the seashore,  
and diverting myself in now and then finding a smoother pebble 
or a prettier shell than ordinary, whilst the great ocean of truth 
lay all undiscovered before me. 

 
Sir Isaac Newton, 1642-1726 

 
 



 

 

 

 

 



 

POPULÄRVETENSKAPLIG SAMMANFATTNING 

 

 Livets finurlighet är fascinerande att studera. När man undersöker biologiska sam-
band i detalj visar det sig att allt styrs av biomolekylernas förmåga till igenkänning och 
växelverkan med varandra. Molekylernas speciella egenskaper bygger upp kroppens alla 
komplicerade funktioner, till exempel immunförsvar, celldelning och muskelarbete. 
Interaktionerna mellan biomolekylerna kan vara av olika karaktär; de beskrivs som 
starka eller svaga (affinitet), långsamma eller snabba (kinetik). Det har visat sig att 
många biologiska mekanismer styrs av svaga interaktioner som, flera tillsammans, 
skapar igenkänning och stringens. Tack vare att de enskilda interaktionerna är svaga 
skapas samtidigt en dynamik och förmåga för systemen att snabbt anpassa sig till om-
givande förhållanden. Detta har samtidigt medfört att de varit har svåra att studera, just 
på grund av att de är så svaga.  

 
Denna avhandling handlar om dessa svaga biomolekylära interaktioner. Den 

diskuterar vilken roll de har i biokemiska kommunikationer och hur man kan studera 
dem. Tonvikten ligger dock på hur man kan utnyttja svagt växelverkande biomolekyler 
som reagens i analytiska metoder. Som reagens använder man också antikroppar. Dessa 
proteiner är en viktig del i kroppens immunförsvar och kan på konstgjord väg fås att 
känna igen de speciella molekyler (antigen) man är intresserad av. Antikropparna an-
vänds sedan i analyser av exempelvis läkemedel, diagnostik eller i biotekniska processer. 
I de arbeten som presenteras här har låg-affina antikroppar använts i olika modellsystem. 
Artikel I visar att svaga interaktioner lämpar sig väl för kromatografisk separation av 
strukturellt närbesläktade molekyler. Övriga arbeten handlar om hur svaga interaktioner 
kan tillämpas i biosensorer. I artiklarna II och III utforskas möjligheterna till mätning av 
verkligt svaga biomolekylinteraktioner. Den dynamik och specificitet som kännetecknar 
dessa gör att man kan använda dem till att övervaka föränderliga processer. Artiklarna 
IV och V introducerar den kontinuerliga immunsensorn som har stora möjligheter till att 
användas i områden där man vill mäta fluktuerande koncentrationer av intressanta 
molekyler.  

 



 



 

CONTENTS 

 

ACKNOWLEDGEMENTS 8 

LIST OF SYMBOLS AND ABBREVIATIONS 9 

ORIGINAL PAPERS 10 

1. INTRODUCTION 11 

2. THEORY OF MOLECULAR INTERACTIONS 12 

2.1. MATHEMATICAL MUSINGS 12 
2.1.1. Affinity 12 
2.1.2. Kinetics 14 
2.1.3. Thermodynamics 14 

2.2. MOLECULAR BASIS OF INTERACTIONS: THE ANTIBODY–ANTIGEN RECOGNITION 15 
2.3. SPECIFICITY AND SELECTIVITY 18 

3. WEAK AFFINITY BIOMOLECULAR INTERACTIONS 19 

3.1. CELL-ADHESION MOLECULES 19 
3.2. T-CELL RECEPTOR–MHC/PEPTIDE INTERACTION 20 
3.3. WEAK AFFINITY ANTIBODIES IN VIVO 21 
3.4. CARBOHYDRATE-CARBOHYDRATE INTERACTIONS 22 
3.4. APPLICATIONS OF MULTIVALENT AGENTS 22 

4. HOW TO MEASURE WEAK BIOMOLECULAR INTERACTIONS 23 

4.1. ANALYTICAL AFFINITY CHROMATOGRAPHY 23 
4.1.1. Determination of affinity constants 24 
4.1.2. Determination of kinetic constants 24 

4.2. OPTICAL REAL-TIME BIOSENSORS BASED ON SURFACE PLASMON RESONANCE 26 
4.2.1. Detector basics 26 
4.2.2. Evaluation of SPR biosensor data 27 
4.2.3. SPR biosensor applications 28 

4.3. MISCELLANEOUS BIOMOLECULAR INTERACTION ASSAYS 30 

5. HOW TO UTILIZE WEAK BIOMOLECULAR INTERACTIONS - THE PRESENT 
    INVESTIGATION 33 

5.1. WEAK AFFINITY CHROMATOGRAPHY 33 
5.2. WEAK AFFINITY SURFACE PLASMON RESONANCE BIOSENSOR 36 

5.2.1. Experimental design of weak affinity SPR biosensor experiments 36 
5.2.2. Continuous immunosensing 41 

6. CONCLUDING REMARKS 46 

REFERENCES 47 

PAPERS I-V 
 



8 

ACKNOWLEDGEMENTS 

 

Without the help and understanding from the people around me, the way to this 
thesis would have been impassable. I will always remember the years as a PhD-student 
with joy. Of course, it has been hard work; late night shifts, dying cells and leaking 
columns, but I believe that I have been most fortunate. I have really enjoyed myself! To 
use your brains and hands to explore the unknown and to be around smart people in a 
stimulating environment is indeed a privilege.  

I am especially grateful to my supervisor Sten Ohlson for introducing me to the 
world of fuzzy interactions. Sten has been a ‘solid’ support and an extraordinary source 
of inspiration throughout the years. It has been exciting to be a part of the ever-growing 
research activities at the department and I thank Sten and the University of Kalmar for 
this opportunity. 

The department has always been a nice place to be in as it is inhabited by great 
people and I would like to take this opportunity to thank you all. I would also like to 
express special appreciation to:  

 The ReLATe™ team: Lisa, for being the nicest room-mate there is; Maria, for your 
carefulness and our stimulating discussions; and Jeanna and Liselott, for your great 
contributions to my projects. 

 Stina Jungar, Carl-Fredrik Mandenius and Peter Påhlsson at Linköping University 
for fruitful collaborations and many laughs.  

 Mats Ohlin, Carl Borrebaeck and the rest of the staff at the Department of 
Immunotechnology, Lund University, for support and encouragement.  

 All the past and present members of the original doktorandrum: Håkan, Katarina, 
Mikael, Sofie, Torleif and Ulf for giving me a great start. 

 Anne, Agnetha, Annika, Eva, Leif, Peter K., Sara, Stefan, Gleffe for solving all 
kinds of problems. 

 The staff of the bioorganic chemistry lab for sauna and beachvolley combats. 
 Caroline and Niklas for being people you can count on. 
 My parents Birgitta and Bosse and my brothers Anders and Mikael for believing in 

me. 
 Finally, Chanti for being herself and the love of my life. 

 
The revision of the manuscript by Sten, Mats and Chanti is much appreciated. 
 

 Kalmar, October 2000 

 



9 

LIST OF SYMBOLS AND ABBREVIATIONS 

 

Ab   antibody binding site 
[Ab]t  total Ab concntration, see 

also Qmax 
Ag   antigen 
ACE  affinity capillary  

electrophoresis 
AFM  atomic force microscopy 
APC  antigen-presenting cell 
CAM  cell adhesion molecule 
CD   cluster of differentiation 
CDR  complementarity determining  

region 
CE   capillary electrophoresis 
Da   Dalton (g/mol) 
ELISA  enzyme linked immuno- 

sorbent assay 
Fab   fragment antigen binding 
Fuc   fucose 
Fv   fragment variable 
Gal   galactose 
Glc   glucose 
HPLC  high performance LC 
HPLAC high performance liquid  

affinity chromatography 
HSA  human serum albumin 
ICAM  intercellular adhesion  

molecule 
Ig   immunoglobulin 

IS   immunological synapse 
ITC  isothermal titration 

calorimetry 
KA   association constant 
kass   association rate constant 
KD   dissociation constant 
kdiss   dissociation rate constant 
Lex  Lewis X antigen  

(Galβ1-4[Fucα1-3]GlcNAc-β1-R) 

lmw  low molecular weight 
LC   liquid chromatography 
MHC  major histocompatibility  

complex 
MS   mass spectrometry 
Mw  molecular weight 
NMR  nuclear magnetic resonance 
pnp   p-nitrophenyl 
PEEK  polyetheretherketone 
Qmax  maximum binding capacity, 

equivalent to [Ab]t  
RI   refractive index 
RU   resonance unit 
SPR  surface plasmon resonance 
scFv  single chain Fv 
t½   half-life 
TCR  T-cell receptor 
WAC  weak affinity chromatography 
WGA  wheat germ agglutinin

 



10 

ORIGINAL PAPERS 

 

The present thesis is based on the following papers, which will be referred to in the text 
by their Roman numerals. 
 
 

I. Strandh, M., Ohlin, M., Borrebaeck, C. A. K., and Ohlson, S. (1998).  
 New approach to steroid separation based on a low affinity IgM 
 antibody. 
 Journal of Immunological Methods 214, 73-79. 
 
II. Ohlson, S., Strandh, M., and Nilshans, H. (1997).  
 Detection and characterization of weak affinity antibody-antigen  
 recognition with biomolecular interaction analysis. 
 Journal of Molecular Recognition 10, 135-138.  
 
III. Strandh, M., Persson, B., Roos, H., and Ohlson, S. (1998).  
 Studies of interactions with weak affinities and low molecular weight  
 compounds using  surface plasmon resonance technology. 
 Journal of Molecular Recognition 11, 188-190. 
 
IV. Ohlson, S., Jungar, C., Strandh, M., and Mandenius, C.-F. (2000). 
 Continuous weak-affinity immunosensing. 
 Trends in Biotechnology 18, 55-58. 
 
V. Jungar, C., Strandh, M., Ohlson, S., and Mandenius, C.-F. (2000).  
 Analysis of carbohydrates using liquid chromatography-surface 
  plasmon resonance immunosensing systems. 
 Analytical Biochemistry 281, 151-158. 
 
 

 



11 

1. INTRODUCTION 

 

The wonders and mysteries of life have always intrigued mankind. Our innate 
curiosity has led us to dissect the mechanisms and processes that make us what we are. 
On every level that we have studied, from the macroscopic to the microscopic scale, the 
concept of recognition and interaction has been a striking feature. It is indeed hard to 
imagine something more fundamental in biological systems than molecular interactions. 
The properties of the interacting biomolecules dictate the type of forces involved and the 
strength and dynamics of the interaction. Many interactions are very strong whereas 
others are readily reversible and each interaction is evolving through time to be a refined 
part of Natures machinery.  

 
Typically, weak interactions work in concert to trigger a biological response. The ad-

vantage with this approach, compared to the use of one or a few strong binders, is the 
inherent dynamics. It has been shown that this approach can be successful for in vitro 

applications as well. By exposing analytes to a multitude of specific, weak affinity inter-
actions, which are governed by fast association and dissociation rates, separation based 
on small differences in affinity is possible. The same principles can also be used to 
characterize biological weak affinity binders and for analytical purposes.  
 

This thesis will discuss biomolecular interactions in the weak affinity range (defined 
in this investigation as dissociation constants (KD) larger than 10 µM) in general and 
focus on how they are studied and how they can be exploited in vitro. Weak affinity 
monoclonal antibodies have been used as model systems; (i) to explore how weak inter-
actions can be employed in chromatographic separations of structurally related com-
pounds (paper I); (ii) to explore the possibilities of studying weak interactions with a 
real-time optical biosensor (papers II and III); and finally (iii) to introduce continuous 
immunosensing for monitoring fluctuating concentrations of analytes in a flow (papers 
IV and V). 
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2. THEORY OF MOLECULAR INTERACTIONS 

 

2.1. Mathematical musings 

To describe a biomolecular interaction, terms describing affinity, kinetics and 
thermodynamics are used. The fundamental laws and equations are discussed below and 
exemplified with the antibody–antigen interaction. 
 
2.1.1. Affinity 
 

In a reversible biomolecular interaction in solution, Ab (e.g. antibody-binding site) 
and Ag (e.g. antigen) form the complex AbAg 

 
 
 

At equilibrium, the mass action law states 
 

 [eq. 1] 
 
where KD (M) is the dissociation constant and the brackets denote molar concentrations. 
The magnitude of KD describes the affinity, or “tightness”, of the Ab–Ag binding. The 
closer KD is to zero, the higher is the affinity that characterizes the complex. The 
association constant KA (M-1) is often used instead of KD and they are related according 
to 
 

[2] 
 
The mass action law can be rewritten  
 

[3] 
or 

 
[3�]  

 
where [Ab]t is total concentration of antibody sites ([Ab]t = [Ab] + [AbAg]). Figure 1 
shows a saturation binding curve of [AbAg] versus free antigen [Ag]. The curve 
illustrates the effect of increased free antigen concentration [Ag] on the concentration of 
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formed complex [AbAg] at constant antibody concentration [Ab]t. When KA[Ag] << 1, 
there is a near linear relationship between [AbAg] and [Ag]. At higher [Ag], the complex 
concentration [AbAg] asymptotically approaches the plateau denoting total antibody 
concentration [Ab]t. The antibody saturation, i.e. [AbAg]/[Ab]t is given by  
 

[3��]  
 
For example, when [Ag] = 1/KA (that is KD), then 50 % of the antibody binding sites are 
saturated, independent of [Ab]t.  
 

 
 
In many methods for measuring affinity of a biomolecular interaction, for example 

equilibrium analysis, another variant of [3] is used, also known as the Scatchard 
equation: 
 
 

[3���]  
 
By plotting the ratio between bound and free antigen concentrations ([AbAg]/[Ag]) 
versus bound antigen concentration [AbAg], a straight line is obtained (fig. 2). The slope 
equals –KA and the intercept on the ordinate gives the concentration of antibody binding 
sites ([Ab]t). Any heterogeneities are indicated by a curved Scatchard plot. 
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Figure 1. Binding curve for 
increasing antigen concentration 
(free ligand) at constant amount 
of binding sites ([Ab]t). Graphical 
representations of KD, [Ab]t and 
[Ab]t/2 are indicated. 
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2.1.2. Kinetics 
 

 The affinity can also be expressed as the ratio between the kinetic constants of the 
interaction 
 

[4] 
 
where kass (M

-1s-1) is the association rate constant (also denoted k1 or kon) and kdiss (s
-1) is 

the dissociation rate constant (k-1 or koff), describing the rate of formation and decay of 
the complex, respectively. Thus  

 
[5] 

 
describe the complex formation as a function of time. The association is determined 
mainly by the diffusion rate (theoretical upper limit 109 M-1s-1) and collision frequency, 
whereas kdiss depends mostly on the strengths of the participating bonds. 
  

2.1.3. Thermodynamics  
 

The laws of thermodynamic tell whether an interaction is energetically favorable or 
not. For an interaction to be spontaneous, the change in Gibb’s free energy (∆G, J/mol) 
must be negative. The equation  

 
 [6] 
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consists of three factors; ∆H is the change in enthalpy (exo- or endothermic), T is the 
absolute temperature (Kelvin) and ∆S denotes the entropy change (degree of order). The 
entropy is decreased by the loss of configurational freedom in the molecules and is in-
creased by expulsion of surface-bound water, hydrophobic effects in the binding inter-
face and by induced conformational movements. The balance between the gain of new 
interactions and the loss of protein-solvent interaction upon binding generates the net 
enthalpy contribution to binding. Of the many interactions that occur in the Ab–Ag inter-
face, almost as many are repulsive as attractive. The difference dictates the affinity that 
often corresponds to only one or a few (net) hydrogen bonds. Therefore, a small modi-
fication in the contact area can have a remarkable impact on the affinity.  

 
The Gibb’s free energy relates to affinity according to 

 
[7] 

 
where R is the gas constant (8.314 J/K·mol).  
 
 
2.2. Molecular basis of interactions: The antibody–antigen recognition 

 The knowledge about the relationship between structure and function has increased 
tremendously due to the technical achievements during the last decades, but still many 
problems remain to be solved. Structures of antibodies, with or without bound antigen 
(Davies and Cohen, 1996; Chen et al., 1999), have been determined with x-ray crystallo-
graphy and NMR. The results have confirmed many theories about molecular 
recognition, but they have also revealed new and surprising features. 
 

Antibodies (or immunoglobulins, Ig) are glycoproteins coded by the immunoglobulin 
gene superfamily and all have the basic structure with two identical heavy chains and 
two identical light chains (Frazer and Capra, 1999). The chains are held together by 
disulfide bridges and non-covalent hydrophobic and hydrophilic interactions forming a 
flexible Y-shape. Humans have five different classes of antibodies; IgA, IgD, IgE, IgG 
and IgM. All antibodies are present in the serum with IgG being the most abundant (~11 
mg/ml).  

 
The N-terminal domains of one heavy and one light chain together make up the anti-

gen-binding site, called paratope. The amino acids that take part in the direct antigen 
binding are divided on six loops called complementary determining regions (CDRs); 
three on the light chain (CDR L1-3) and three on the heavy chain (CDR H1-3). Binding 
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can also be affected by structural changes separate from the CDRs. This is most apparent 
in the framework regions that connect the loops (Panka et al., 1988), but also in more 
remote positions of the antibody (Bazin et al., 1992; Ito et al., 1993; Rauffer-Bruyère et 

al., 1997; Daugherty et al., 2000). The CDR-sequences differ from one antibody to 
another, while the amino acid sequence for the rest of the molecule is more or less 
constant. CDR H3 is the most diverse region in both sequence and length and it appears 
to be the most important loop for antigen binding (Wilson and Stanfield, 1994).  

 
The antibody can bind to many different molecular structures, called epitopes, such 

as carbohydrates, peptides, protein moieties, lipoproteins, and nucleic acids. Small anti-
gens are called haptens and they usually enclose only one epitope. The binding affinity 
for antibodies isolated in vivo is typically in the range of 10 mM to 0.1 nM (KD). The 
affinity is dictated by the type of interactions (hydrophobic, van der Waal and electro-
static forces, and hydrogen bonds, see below) involved, the “goodness” of structural and 
electrostatic fit and the surface area buried in the paratope-epitope interface (700-900 Å2) 
(van Oss, 1995). There is a hyperbolic relationship between KD values for monoclonal 
antibodies and the molecular weight of the epitope or hapten, with a minimum 
(maximum affinity) of approximately 0.1 nM for antigen determinants above 350 Da 
(Chappey et al., 1994). A large variation in affinities for different antibodies elicited to 
the same antigen exists however. The clonal selection for affinity maturation in vivo 
lacks a mechanism to select higher affinity antibodies, i.e. there is no evolutionary ad-
vantage to increase the affinity further. However in vitro, the potential affinity is much 
higher; KD = 48 fM and a dissociation rate corresponding to a half-time (t½) of more than 
five days have recently been reported (Boder et al., 2000; Foote and Eisen, 2000).  

 
The antibody-antigen interaction is often discussed in terms of “domains”. The CDR 

amino acids interact with other moieties, such as other amino acids as in the case of 
protein or peptide antigens or other defined molecular building blocks. It is, however, 
important to remember that the actual interaction is built by attractions on the atomic 
level. This is referred to as the “functional” epitope, which subsequently is much smaller 
than the structural epitope. Together the more or less favorable attracting forces result in 
the affinity between the two macromolecules. The non-covalent forces that determine the 
specific epitope-paratope interactions also act as repulsive forces between all molecules 
or cells on a macroscopic level. Only when the specific, local attraction is strong enough 
to overcome the general repulsion, binding can occur (van Oss, 1995). The actual 
epitope-paratope binding can be divided into primary and secondary interactions (which 
can be further subdivided in several overlapping steps). The primary attraction works at 
a distance of at least 3 nm and has to surmount the macroscopic repulsion. The 
secondary interaction happens when the distance decreases and the attractive forces may 
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modify the shape of the interacting species and thus optimizing the goodness of fit. 
During this step, water of hydration is expelled and short-range forces (van der Waals) 
takes over. As a final step, residues in the vicinity might now be closer together, 
rendering secondary bonding according to the steps above. Direct hydrogen bonding has 
it effects at very short distances (approximately 0.2 nm) and cannot initiate the attraction. 
Hydrogen bonds can be a part of the consolidation of the binding, but require precise 
angles and distances and are therefore not frequent. Remaining water molecules in the 
interface can form hydrogen bonds to the paratope and/or epitope, thus compensating for 
a sub-optimal fit and mediating interaction (Bhat et al., 1994).  

 
Two main types of antibody-antigen recognition have been described. One is the 

induced fit model, where the structures of free and antigen-bound antibodies are 
different in the backbone of the antibody-combining site, thus implicating a structural 
adaptation that improves binding (Rini et al., 1992; Wilson and Stanfield, 1994; Davies 
and Cohen, 1996). The other model is the lock-and-key recognition, which presumes 
rather rigid structures of both antibody and antigen, where the epitope complementarity 
is preorganized in the paratope before binding. One can speculate if the flexibility 
(movement of side-chains and changes of angles) of the induced fit mechanism is a pre-
requisite for the function of germline antibodies as broad range defenders. These anti-
bodies usually exhibit low to moderate affinities and pronounced multispecificity, which 
could suggest a significant expansion of the diversity in the early response due to the 
adaptation ability. Examples show that antibodies exhibit an induced fit recognition in 
the first line of the immune response and then, as hypermutated and affinity maturated 
binders, assume a more rigid lock-and-key mechanism (Wedemayer et al., 1997). Of 
course, it is impossible to draw any clear boundaries between the two types of binding 
mechanisms and the principle has to be determined on a case-to-case basis. 

 
One individual cell can only encode a single antibody sequence, yet the expressed 

antibodies can have differences in fold and antigen-combining sites. Foote and Milstein 
(1994) reported of a structural diversity for monoclonal antibodies, where the different 
forms exist in an isomeric equilibrium and bind haptens with different kinetics and 
affinities. This isomerism for antibodies with identical structures may imply an enhanced 
diversity in the antibody repertoire, similar to the increased diversity originating from 
induced fit recognition; hence a way to cope with the countless foreign structures that 
challenge the immune system. 

 
Different epitopes elicit antibodies of varying strengths; some antigen determinants 

are immunodominant due to a high antigenicity, which is increased by its accessibility, 
hydrophilicity and mobility. There are methods available to calculate the antigenicity 
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from the primary amino acid sequence of a protein or from a three-dimensional structure 
(Branden and Tooze, 1998), but a true prediction is often impossible, among other things 
since most protein epitopes are discontinuous (van Regenmortel, 1986; van 
Regenmortel, 1996). 
 
 
2.3. Specificity and selectivity 

 When weak affinity biomolecular interactions are discussed, the issue of specificity 
versus non-specificity is inevitably raised. The term specificity is used in various 
contexts to denote a unique relation. When antibody-antigen interactions are described, 
specificity has to be used in a relative manner. Polyspecificity, arguably “non-
specificity”, is found, at least to some extent, for every antibody (Richards et al., 1975). 
If a large number of target compounds are screened, there is a high probability that a 
cross-reacting antigen, which can be structurally related or unrelated to the immunogen 
used to raise the antibody, with similar or even higher affinity for the antibody is found. 
The phenomenon is called heterospecificity and originates in that the antigens bind to 
different functional paratopes (Keitel et al., 1997). Therefore, the term specificity can be 
misleading and instead selectivity has been introduced (Berzofsky and Schechter, 1981). 
Selectivity is defined as the ratio of affinities for the binding to two molecules, i.e the 
antibody is KA,X/KA,Y times more specific for X than for Y. A selectivity of > 103 is 
considered to be highly specific. As concluded from the discussion above about cross-
reactivity and isomerism, there are no defined boundaries that separate one paratope or 
epitope from another, but more a sliding scale of overlapping interaction sites, which 
only can be defined in the presence of the two reactants together. Van Regenmortel 
(1998) describes this heterospecificity as an inherent “fuzziness” of the nature of 
molecular recognition.  
 

 Weak affinity interactions are less tight, i.e. more dynamic, but not automatically less 
specific, compared to stronger binding pairs. Instead, they tend to have a better “power 
of discrimination” than high affinity antibodies. If two molecules should be separated 
from a crude extract and from each other, a weak-affinity ligand that interacts with both 
molecules with a low, but detectable, selectivity and no affinity for irrelevant molecules 
would suffice your needs. The small selectivity factor in cross-reactive interactions can 
be amplified by a multitude of fast-kinetic interactions to obtain the desired separation. 
The advantages with weak affinity and this type of multispecificity in analytical methods 
are discussed in chapter 5. 
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3. WEAK AFFINITY BIOMOLECULAR INTERACTIONS 

 

As previously discussed, human antibodies exhibit affinities up to 1010 M-1 (KA) 
which make them powerful enough to initiate neutralization of infectious agents by 
various mechanisms in the immune system. Other events however, rely on low affinity 
interaction characteristics to meet special demands. The expression “low affinity” is 
often used in the literature to describe something with lower affinity, for example a 
receptor that is present in two (conformational) states can exhibit 10-100 fold difference 
in binding affinity between the forms (Schlessinger et al., 1995). The examples below 
are all characterized by weak affinities, KD � 10 µM, for the one-to-one interaction, even 
though multivalency can increase the apparent affinity (avidity) 100-1000-fold. 
 
 

3.1. Cell-adhesion molecules 

The most well studied weak interaction events are the different cell-cell interactions, 
which characteristically have a pronounced polyvalency and a high degree of 
carbohydrate elements that function as recognition structures for numerous ligands 
(Gahmberg and Tolvanen, 1996). Adhesion of cells to other cells is essential in many 
biological processes, not only in the obvious maintenance of tissue structure, but also in 
areas as signal transduction and in the immune system (van der Merwe and Barclay, 
1994). The mediators for these interactions are called cell adhesion molecules (CAMs). 
They are anchored in the cell membrane and are heavily glycosylated (Wagner and 
Wyss, 1994). Cell-cell adhesion is highly multimeric due to clustering of different 
complexes, which provide the cells with a functional stability. The monomeric CAMs 
interact with low affinity and fast kinetics, which has prevented the detection and 
quantification of these interactions until recently. 

 
 One example is the interaction between the CAM CD2 on the T cell surface and its 
ligand (CD48 in rat or CD58 in human) on the antigen presenting cell (APC) (van der 
Merwe et al., 1993b; van der Merwe et al., 1993a; Brown et al., 1995; reviewed in van 
der Merwe and Barclay, 1996). Combined with site-directed mutagenesis, the experi-
ments have explored the complex surface on a molecular level. It was revealed that the 
adhesion molecules interact with low affinities (50–100 µM for the CD2-CD48 inter-
action), which were governed by exceptionally fast dissociation (>1 s-1) and average 
association rates (~105 M-1s-1). 
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Carbohydrate-binding CAMs (e.g. selectins and sialoadhesins) require correct glyco-
sylation for unaffected interaction with the ligand (Crocker and Feizi, 1996). This have 
been studied by modifying the carbohydrates on the native, immobilized glycoproteins in 

situ, by treating them with glycosidases and/or sialidases (Hutchinson, 1994) or by direct 
lectin-oligosaccharide analysis (Shinohara et al., 1994; Shinohara et al., 1995). The 
leukocyte selectin (CD62L) mediates the tethering and rolling that initiates extravasation 
of leukocytes. The endothelium-attached leukocyte is subjected to a considerable 
mechanical stress from the flowing blood. The interactions that strap the cells and yet 
manage to permit a low-velocity rolling, without the leukocytes floating away, have 
special binding properties that cannot be described by affinity constants alone (van der 
Merwe, 1999). CD62L has been shown to bind preferentially to O-linked carbohydrates 
on glycosylation dependent CAMs (GlyCAM-1) with typical monomeric CAM inter-
action affinity; KD ~ 100 µM and kdiss � 10 s -1 (Nicholson et al., 1998). Interestingly, 
soluble GlyCAM-1 cross-linked immobilized CD62L with a dramatically lower apparent 
dissociation rate (kdiss < 0.001 s-1) at serum level concentrations, due to the avidity effect. 
It has been proposed that this binding initiates CD62L mediated signal transduction and 
subsequent cell adhesion (Nicholson et al., 1998). Another example of the features of 
weak CAM interactions was presented by Ganpule et al. (1997). Examination of the 
binding of ICAM-coated, cell-sized particles to activated T cells revealed that the 
selectivity for cell-cell adhesion was maintained by low affinity cell surface lymphocyte 
function-associated antigen-1 (LFA-1). 
 
 
3.2. T-cell receptor–MHC/peptide interaction 

Apart from the CD2-CD58 interaction discussed above, the T-cell – APC 
communication provides another intriguing weak receptor–counter receptor interaction. 
The binding between the αβ T-cell receptor (TCR) and the major histocompatibility 
class I and II (MHC I/II)-peptide complex on APC plays a central role in the immune 
system. There seems to be a difference in the affinity between the helper T-cell (to MHC 
II) and the cytotoxic T-cell (MHC I) with KD of 10-100 µM for the former and 0.1-1 µM 
for the latter complexes. Both are characterized by relatively fast dissociation rate 
constants (~0.05 s-1) (Matsui et al., 1991; Corr et al., 1994).  

 
At a quick glance, these data (kdiss~0.05 s-1, corresponding to a half-life of less than 

30 s) seem to be in disagreement with the fact that only a few TCR molecules need to be 
engaged to activate the T-cell. Several solutions for this apparent mystery have been 
presented; (i) multivalency possibly followed by conformational changes to prolong 
residence time (Corr et al., 1994); (ii) allosteric binding (Karjalainen, 1994); (iii) re-
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current binding (Valitutti et al., 1995; Valitutti and Lanzavecchia, 1997); or (iv) a kinetic 
model based on the dissociation rate of the ligand from TCR (Rabinowitz et al., 1996; 
Rabinowitz et al., 1997). Furthermore, Matsui et al. (1991) suggested that an antigen-
independent adhesion precedes TCR engagement. The fast on/off binding has been 
shown to be physiologically relevant for T-cell repertoire selection in vivo and for certain 
immunological disorders (Brock et al., 1996; Fairchild and Wraith, 1996). The concept 
of the “immunological synapse” (IS) has recently been proposed (Grakoui et al., 1999; 
van der Merwe et al., 2000). An IS is located in the cell membrane of a T-cell and 
consists of a ring of CAMs with TCRs positioned in the center. It was proposed that the 
synapse is formed in three stages, which involve, among other regulatory routes, dis-
crimination steps in the screening for self versus non-self structures in the MHC-cleft.  
 
 
3.3. Weak affinity antibodies in vivo 

In case of infection by a foreign agent, there is an immediate need for an effective 
protection. The first (hours) active defense against for example a virus is the release of 
interferons. Within a couple of days, the first antibodies that neutralize virus and initiates 
further immune response mechanisms can be detected. The antibodies in the primary 
immune system are encoded by the germline genes, which provide a vast, but limited, 
number of antigen binding sites, and are therefore devoid of any somatic mutations. To 
compensate the lack of affinity maturation, germline antibodies rely on multispecificity 
(see chapter 2.3) and/or polyvalence (especially for the IgM decamer). These features are 
well adapted to repetitive epitopes that are found on bacteria and viruses. Kalinke et al. 
(2000) detected neutralizing capacity for all germline antibodies that were isolated 
shortly after a viral infection. The binding constants for the one-to-one interaction were 
approximately 300–fold lower for the initial antibodies than for the hypermutated one. 
However, the bivalent interaction for germline and mature antibodies (all IgG) differed 
only by a factor of 10-15. The suggested cause for this apparent inconsequence in 
affinity data was that the selection is based on the monovalent interaction between 
membrane bound Ig on B-cells and processed viral epitopes on APCs and not the 
functional, multivalent interaction. The lower avidity for the antibodies in the initial 
response is compensated by a high antibody titer so that the critical serum level for 
neutralization is reached. The low-affinity (KD= 0.1-1 µM) antibodies in vivo cannot be 
regarded as weak in the context of this thesis (KD> 10 µM), but the described principle 
displays a way to solve a complicated challenge (effective protection fast) using 
generous quantities of weak affinity, but sufficient avidity, interactions. The alternative, 
i.e. a set of genes coding for perfect matching antibodies for every imaginable intruder, 
would be impossible.  
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3.4. Carbohydrate-carbohydrate interactions 

The surfaces of cells are covered with intricate carbohydrate structures. The impor-
tance of these in cell-cell adhesion mediated by protein-carbohydrate interactions has 
been previously described. Additionally, carbohydrate-carbohydrate interactions based 
on a multitude of very weak affinities have been suggested to play a central role in cell 
recognition (Bovin, 1997). There are several examples in the literature that can illustrate 
this type of interaction (Spillmann, 1994). The most studied interaction is the homotypic 
binding of Lewis X antigen (Lex) to itself (Eggens et al., 1989). Lex is highly expressed 
during the mammalian embryogenesis and has been found to be crucial for the 8-32 cell 
stage. Carbohydrate structures offer many sites for interaction; ring structures, hydro-
phobic stretches and hydrophilic groups. The structure is also very flexible and facilitates 
complementarity. A “zipper-like” interaction model, constituted of highly ordered arrays 
of polyvalent carbohydrate moieties has been proposed (Spillmann, 1994). The forces 
involved are the same as for other interactions, which include ionic bonds, van der Waals 
forces and hydrogen bonds. The ionic attraction is stabilized in the presence of bivalent 
cations, such as Ca2+ or Mg2+. Of course it is extremely difficult to quantify these 
individual interactions, but preliminary results using AFM and WAC, indicated an 
unbinding force of 4 pN and affinities of KD = 0.1 M (Barrientos et al., 2000; Martinez 
de la Fuente, 2000, Personal communication).  
 

 

3.5. Applications of multivalent agents 

The examples above illustrate the principles of how to achieve biological function by 
utilizing weak affinity interactions, mostly working together in ingenious arrangements. 
By mimicking this principle for biological recognition, a new approach for synthesis of 
medical drugs, inhibitors, antiviral- and antibacterial agents has been suggested (Ohlson, 
1990; von Itzstein and Colman, 1996; Mammen et al., 1998; Koeller and Wong, 2000). 
As the knowledge of these very weak interactions grows and the techniques for rational 
design of drug candidates improve, a number of new applications in the glycoscience 
will evolve. 
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4. HOW TO MEASURE WEAK BIOMOLECULAR INTERACTIONS 

 

Characterization of the interaction between two or more biomolecules is often funda-
mental to elucidate biological mechanisms. It is also important in the development of 
new assays, for instance in the screening for antibodies for immunoassays or biotech-
nological applications (Hage, 1999). In the available methods for interaction analysis, 
affinity is measured either with both reactants in solution or with one (both in the case of 
AFM) immobilized to a solid phase. Some methods provide information on both affinity 
and binding kinetics, whereas in others only equilibrium constants can be obtained 
(Phizicky and Fileds, 1995; Neri et al., 1996). 

 
It is often difficult to obtain a reliable estimate of the kinetics and the affinity for a 

biomolecular interaction. Deviations, such as heterogeneities and mass transport 
limitations, make the evaluation of data a delicate task (van der Merwe and Barclay, 
1996). For weak interactions the task is even more challenging and only a few methods 
are available, which will be discussed here.  
 
 
4.1. Analytical affinity chromatography 

Preparative affinity chromatography, for example high performance liquid affinity 
chromatography (HPLAC) (Ohlson et al., 1978; Larsson et al., 1983; Chaiken, 1990) or 
perfusion biochromatography (Katoh et al., 1994; Whitney et al., 1998), is used to 
effectively isolate compounds from various sources. Additionally, the same kind of 
affinity supports can be used in analytical affinity chromatography to analyze the 
binding of macromolecules to both immobilized ligands and to soluble competitors 
(Dunn and Chaiken, 1975; Jones et al., 1995; Hage, 1998). Low-affinity reagents, such 
as weak affinity antibodies, have been utilized to extend traditional affinity chromato-
graphy to provide simultaneous multi-molecular analysis using under isocratic, non-
competitive conditions (Ohlson et al., 1988). The technique was named weak affinity 
chromatography (WAC) and can be used both for separations under non-denaturing 
conditions and for the study of weak interactions between any kinds of biomolecules. 
This method will be discussed in detail in chapter 5.1.  
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4.1.1. Determination of affinity constants 
 

A representative example of competitive analytical affinity chromatography is the 
work by Inman (1983). Multispecificity and association constants for 24 hapten-sized 
compounds to an anti-2,4-dinitrophenyl monoclonal antibody were estimated. The com-
pounds were used as competitive inhibitors to elute the radioactive labeled monoclonal 
antibody that was bound to immobilized antigen. The method is, for practical reasons, 
most suited for weak affinity (or avidity) interactions where the elution volumes are 
quite small. The affinities for the interactions with disparate hapten structures were in the 
range of KD = 0.2–3 mM at 24 °C. 

 
A commonly used method to determine KD and maximum binding capacity (Qmax) 

with chromatography is frontal elution analysis (Kasai et al., 1986; Hirabayashi et al., 
2000). This procedure involves saturation of the column by the analyte at various con-
centrations ([A]), which renders chromatograms describing elution profiles each com-
posed of an elution front and a plateau, see Figure 3a. The elution volume (V) depends 
on [A] and the affinity (KD) between the analyte and the immobilized ligand and is 
determined by the inflection point of the front. V0 describes the front volume when no 
adsorption exists. Varying the flow rate (within reasonable limits) should not alter V or 
V0. By plotting 1/([A](V-V0)) versus 1/[A], in analogy with the Lineweaver-Burk plot of 
enzyme kinetics, KD can be calculated from the intercept on the abscissa (fig 3b). The 
intercept on the ordinate reflects 1/Qmax. Figure 3c illustrates a saturation binding curve 
which is analogous to the graph in Figure 1. One example of frontal elution analysis is 
the report of Rosé et al. (1992) where the self-association of the capsid protein p24gag of 
human immunodeficiency virus was studied. Once the Qmax and KD of the p24gag 
column were determined, zonal chromatography was used to estimate KD at different pH 
values, using a simple mathematical expression (Strandh et al., 2000). This method was 
reported to be less time consuming than many other equilibrium phase methods.  
 

4.1.2. Determination of kinetic constants 
 

Reliable binding rates are extremely difficult to estimate with affinity chromato-
graphy (Arnold and Blanch, 1986). Apparent association rate constants for antibody-
protein antigen interactions have however been determined using successive pulse 
injections in a competitive (Hage et al., 1993) or non-competitive (Renard et al., 1995) 
HPLAC immunoassay. The adsorption rate for the binding of antibodies to column 
matrices with antibody binding proteins (e.g. protein A and G) has been measured using 
the split-peak phenomenon (Rollag and Hage, 1998). Different theoretical models were 
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used to evaluate data from these methods and to predict adsorption rates. However, the 
obtained data are system dependent (due to heterogeneities and multi-point interactions) 
and differ from the true one-to-one association rates. Furthermore, it remains to be seen 
how predictive these mathematical expressions are for weak interactions.  

 

The kinetics in WAC, as well as other chromatographic parameters that govern the 
affinity separation, can be estimated by using simulation software (Wikström and 
Ohlson, 1992; Leickt, 2000). The program allows you to fit your experimental WAC-
data and generates information on the kinetics of the studied interaction. Mathematical 
models for designing and predicting chromatography of proteins in general have been 
reviewed elsewhere (Jungbauer, 1996). 
 
 

Figure 3. Frontal affinity chromatography according to Kasai et al. (1986).
a. Elution profiles for increasing analyte concentration (from right to left). The 
broken line (- - -) represents V0 as determined with a non-reacting molecule. 
b. Analysis of the data from a. See text for details. 
c. Binding isotherm of bound versus free analyte concentration. See also 
figure 1. 
Figure adapted from Kasai et al. (1986). 
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4.2. Optical real-time biosensors based on surface plasmon resonance  

The term biosensor is used to describe equipment that measures the concentration of, 
or the binding to, biomolecules. The equipment can be based on several physical 
principles, such as changes in optical, electrochemical or thermoelectric properties 
(Turner, 1994). Optical biosensors can be further divided into surface plasmon resonance 
(SPR), grating couplers, differential interferometry, reflectometric interference spectro-
scopy, double beam waveguide interferometry and resonant mirror sensors.  

 
The most widely used sensor for the study of antibody–antigen interactions is an 

optical biosensor based on SPR. The first commercially available instrument was 
BIAcore™ from Biacore AB (Uppsala, Sweden, website: www.biacore.com), which was 
released in 1990 (Malmqvist, 1993). The vast majority (~90 %) of biosensor publications 
cites the use of BIAcore instruments (Rich and Myszka, 2000). At least five other 
companies manufacture optical biosensor instruments including Affinity Sensors 
(Franklin, MA, USA, website: www.affinity-sensors.com) who offers the Iasys™ in-
struments (Davies and Pollard-Knight, 1993). The commercially available instruments 
vary in the biosensor design and they are hence suited for different applications (Ward 
and Winzor, 2000). 

 
4.2.1. Detector basics 
 

The principles of SPR in biosensing are explained in detail elsewhere (Liedberg et al., 
1993). In brief, a semi-circular glass prism in the sensor is covered with a thin metal film 
(most sensors use gold or silver) on the flat side (fig. 4). When a polarized light beam 
shines through the prism onto the flat surface at an incident angle large enough (θ in fig. 
4), no refracted light will pass through, i.e. the light is completely internally reflected. 
However, the electric field of the photons extends a short distance (approximately a 
quarter of a wavelength) beyond the reflecting surface, into the metal film. Here it 
interacts with free electrons and if the energy (proportional to θ) is accurate, the incident 
photons are absorbed and converted to surface plasmons. This resonance conversion is 
called SPR. Since the absorbed photons are not reflected (the plasmon energy is 
dissipated as heat), this results in a drop in the intensity at the corresponding angle that 
can be detected with a diode array detector (fig. 4). The energy for photon absorption is 
governed by the refractive index (RI) of the media in close proximity (< 1 µm) to the 
metal film, i.e. the sensor surface. A RI-change, for instance due to a change in 
concentration of molecules at the sensor surface, will alter the angle for the drop in 
reflected light intensity, and can thus be monitored in real-time.  
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The angle for intensity minimum equals binding response and is measured with 
arbitrary units; response units (RU) for BIAcore or arc seconds for IAsys. For proteins, 1 
pg/mm2 corresponds to 1 RU. The optical biosensor displays the binding response in 
real-time in a sensorgram, which describes association and dissociation of molecular 
complexes in the vicinity of the metal film. One reactant of the molecular complex is 
immobilized on the sensor chip (the ligand) and the other is in solution (the ligate or 
analyte). Many different sensor surfaces are available, but the most widely used sensor 
chips have a hydrophilic matrix consisting of carboxymethylated dextran chains coupled 
to the metal film. The hydrated matrix extends typically about 100 nm from the metal 
surface and makes efficient immobilization of ligands (e.g. proteins) possible (Löfås and 
Johnsson, 1990). Several methods for immobilization of proteins to dextran matrices are 
available (Johnsson et al., 1995). The “default” immobilization protocol is the amine 
coupling where primary amines in the protein react with N-hydroxysuccinimide esters on 
the dextran chains (Johnsson et al., 1991). The analyte solution is exposed to the sensor 
surface, either in a flow (BIAcore) or in a stirred cuvette (IAsys).  

 
4.2.2. Evaluation of SPR biosensor data 
 

The data extracted from the sensorgrams can be fitted to a number of mathematical 
models that describe the kinetics and binding of interactions at the sensor surface (Roden 
and Myszka, 1996; Edwards and Leatherbarrow, 1997; Karlsson and Fält, 1997; Schuck, 
1997a), even if the interaction deviates from “normal” behavior (Schuck and Minton, 
1996a; Bowles et al., 1997; Müller et al., 1998). The evaluation of biosensor data has 

Sensor surface 
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Gold film (50 nm) 

Polarized light Reflected light 

 Light source Diode array detector 

θ 

Flow channel 

Figure 4. A schematic overview of the SPR detector (not to scale). 
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improved significantly during the past years (O'Shannessy, 1995). It is now recognized 
that experimental design and careful choice of mathematical binding model are crucial 
for the quality of the results. To avoid the common pitfalls in kinetic analysis, one should 
subtract data from a reference surface and blank injections to correct for systematic arti-
facts. It is also important to use low ligand density and high flow rate to minimize mass 
transfer limitations in kinetic analyses, and to use pure samples free from multivalent or 
aggregated molecules to avoid multiphasic binding profiles (Karlsson and Fält, 1997). 
The consistency of kinetic data can be tested by simple calculations (Schuck and Minton, 
1996b).  

 
Many studies have compared results from biosensor experiments with binding data 

obtained with other methods, such as calorimetry and ELISA (Schuck, 1997b). 
Agreements between data could be found in many cases, but for some interactions there 
were significant differences. Many discrepancies could be attributed to poorly designed 
control experiments or to detrimental effects of the immobilization. Inconsistencies with 
results from ELISA experiments could be further resolved by determine the binding 
kinetics in a competition BIAcore experiment (Nieba et al., 1996). 

 
4.2.3. SPR biosensor applications 
 

There are several advantages with an optical biosensor compared to other methods 
for interaction analysis: The interaction is monitored in real-time, no labeling is required, 
kinetic data can be determined, the consumption of reactants is low and it is easy to 
operate. The method is applicable to many different types of molecules (proteins, oligo-
nucleotides, carbohydrates, lipids, small molecules, viral particles and even cells, see 
Table 1) and the field is expanding as new sensor surfaces become available. Today it is 
used to quantify active concentration, kinetics, affinity, thermodynamics (Zeder-Lutz et 

al., 1997), stoichiometry and binding mechanisms. Qualitative applications include 
epitope mapping (Malmqvist, 1996), screening for binders and determination of 
selectivity. The drawbacks include limited sensitivity (depends on the molecular weight 
of the analyte), the fact that one reactant must be immobilized, and that the instrument 
and consumables are expensive, even though methods for reusing the sensor chips are 
available (Chatelier et al., 1995). The most commonly employed methodical strategies 
are reviewed by Schuck (1997b) and several other reviews give an updated survey of the 
advances in SPR biosensors (e.g. Fivash et al., 1998; Leatherbarrow and Edwards, 1999; 
Malmqvist, 1999; Rich and Myszka, 2000). Molecules bound to the sensor chip can be 
analyzed and identified in detail by combining the SPR biosensor with mass spectro-
metry (Krone et al., 1997; Sönksen et al., 1998).  
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The pioneer experiments analyzed the interaction between immobilized monoclonal 
antibodies and their antigens (Malmqvist, 1993) and the BIAcore has become an 
important tool in the screening for and characterization of antibodies and antibody frag-
ments obtained from immunizations and recombinant protocols (Malmborg and 
Borrebaeck, 1995).  

 
The SPR biosensor has been particularly successful in the analysis of weak affinity 

biomolecular interactions, a field previously hampered with a lack of proper analytical 
tools (van der Merwe and Barclay, 1996). It is possible to directly monitor interactions 
with low molecular weight analytes and low affinities if proper precautions are applied 
(chapter 5.2.; Karlsson and Ståhlberg, 1995; Malmqvist, 1999). The low sample con-
sumption, label-free real-time detection and ability to analyze interactions in presence of 
dimethylsulfoxide are significant advantages in for example drug screening. Competition 
experiments are recommended if the response for direct binding of small molecules to 
immobilized ligand is too low or one wants to measure the interaction between 
molecules in solution (Karlsson, 1994; Nieba et al., 1996). Studies of weak virus-
receptor interactions have also been performed using BIAcore. Casasnovas et al. (1994) 
managed to immobilize intact human rhinovirus (300 Å in diameter) in the dextran 
matrix on the chip and measure its interaction to soluble ICAM-1. The interaction was 
relatively weak, with KD in the range of 2-8 µM (depending on the exact method), but 
contrary to the “weak” examples in chapter 5.2., this was governed by slow kinetics and 
did consequently not exhibit the typical square-pulse sensorgrams seen in Figure 6. SPR 
biosensors have also been used for epitope mapping of viruses and for characterization 
of the interaction of viruses with neutralizing antibodies (van Regenmortel et al., 1997).  

 
 Each method for measuring and detecting weak biomolecular interactions has its 

merits. One thing they have in common is that they all require a high concentration of 
the reactants in order for the weak affinity to be quantifiable and that control experi-
ments should be included to ensure specificity. The optical SPR biosensor technology is 
so far outstanding because of the kinetic data that can be retrieved and the instant feed-
back on what happens on the sensor surface. 
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Table 1. A selection of the different type of interactions studied with SPR biosensors using 
the standard carboxymethylated sensor chip. 

Reactants (ligand – analyte) Literature reference (example) 
antibody – antigen or vice versa Malmborg and Borrebeack, 1995; Hock, 1997 

antibody – DNA LeBlanc et al., 1998 

receptor – ligand Wu et al., 1995 

enzyme – lmw inhibitor Markgren et al., 2000 

lectin – oligosaccharide/glycopeptide Blikstad et al., 1996; Haseley et al., 1999 

lectin – glycoprotein Haseley et al., 1999 

oligosaccharide – lectin Shinohara et al., 1995 

glycolipid – lectin  Mann et al., 1998 

glycopeptide – lectin Shinohara et al., 1994 

glycoprotein – lectin   Hutchinson, 1994; Okazaki et al., 1995 

peptide – viral glycoprotein Cormier et al., 2000 

lipopolysaccharide – peptide/protein MacKenzie et al., 1996; de Haas et al., 1998 

nucleotide – nucleotide Bates et al., 1995; Persson et al., 1997 

nucleotide – protein  Jost et al., 1991; Bondeson et al., 1993 

various weak affinity biomolecules chapters 4. and 5.2. 

virus particles – receptor/mAb Casasnovas et al., 1994; van Regenmortel et al., 1997 

antibody – erythrocyte  Quinn et al., 1997 

lmw analytes Karlsson, 1994; chapter 5.2. 

 
 

4.3. Miscellaneous biomolecular interaction assays  

Perhaps the most classical method to determine the affinity for a biomolecular inter-
action is equilibrium dialysis. The set-up consists of two chambers separated by a 
semipermeable membrane through which only the smaller reactant (e.g. antigen) can 
move. The larger reactant (e.g. antibody) is placed in one chamber and after sufficient 
time to reach equilibrium, the concentrations can be measured. The concentration of free 
antigen will be identical in both chambers and the difference in total antigen con-
centration between the chambers will be the complex concentration. Affinity is then 
determined by calculating the slope of a Scatchard analysis or by any other graphical 
procedure (chapter 2.1.1.). No kinetic data can be obtained and reactants must differ in 
size (>3 fold). To improve the quality of the data for weak interactions, large amounts of 
purified material are needed in order to get a significant fraction of complexes. A closely 
related method, namely saturation binding study, has been used to determine affinities 
in the 40–60 µM range for a weak agonist that competed for binding to a cellular 
receptor with labeled high affinity monoclonal antibodies (Matsui et al., 1991). 
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Traditional enzyme-linked immunosorbent assay (ELISA), where one of the 
reactants is adsorbed to e.g. a polystyrene surface, is used to detect different compounds 
or to estimate selectivity. True affinity constants of biomolecular interactions in solution 
can be measured using a modified ELISA procedure (Friguet et al., 1985). Even binding 
rate constants can be estimated with further modified protocols (Li, 1985; Hardy et al., 
1997). In order to detect weak interactions the apparent affinity must be increased by 
avidity effects or by for instance lowering the incubation temperature. These procedures 
make however the quantification of weak binding characteristics well-nigh impossible. 

 
Optical SPR biosensors dominate the real-time kinetic analyses of biomolecular 

interactions. However, for measurements of membrane-bound proteins binding to 
proteins in solution, subsecond flow cytometry technology have been reported to be 
superior to SPR biosensors regarding kinetic data assessment (Nolan and Sklar, 1998; 
Boulla et al., 2000). The nonspecific binding of the fluorescent ligand must be subtracted 
from the specific interaction and as the study of weak interactions requires high ligand 
concentrations and thus exhibits large nonspecific binding, this can be cumbersome in 
the available experimental set-ups. Competition assays and new instruments could 
present a way to measure weak biomolecular interactions (Boulla et al., 2000).  

 
The absorption spectrum for a molecule in solution changes upon interaction. In 

spectral titration, the spectral shift is monitored at increasing concentration of one 
reactant and an adsorption isotherm is obtained and thus the affinity for the interaction. 
Spectral titration was used to analyze the binding of different dye conjugates to a protein 
and KD values up to 37.0 µM were obtained (Mayes et al., 1992). The complex 
formation could also be monitored in real-time to calculate the kinetic data. A possible 
error in this method is that the concentration of free proteins is overestimated if non-
specific binding occurs, hence an erroneous assessment of KD. The method is limited to 
interactions where a significant spectral shift occurs, either in UV or fluorescence spectra 
(fluorescence titration). 

 
In affinity capillary electrophoresis (ACE), the migration shift of interacting 

molecules can be assessed for affinity determination (Busch et al., 1997; Heegaard et al., 
1998; Kajiwara, 1999). For weak affinity interactions, one component is present in the 
capillary throughout the separation whereas the other is injected as a zone. The multiple 
association- and dissociation reactions during the electrophoresis present a quantifiable 
mobility change for the applied analyte. For the determination of KD with this approach, 
the electrophoresis is performed in gel-filled capillaries. KD values up to 3.6 mM have 
been reported for a pea lectin – sugar interaction (Shimura and Kasai, 1997). Weak anti-
bodies can be utilized to separate antigens in gel-filled ACE comparable with a 
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miniaturized WAC system (Ljungberg et al., 1998). Polyacrylamide gel affinity 
electrophoresis has also been used to study the interaction of carbohydrate binding 
proteins, for example lectins, with polysaccharides. The range of binding constants that 
can be determined with this method is 10 mM to 10 µM (KD) (Tomme et al., 2000). 

 
With isothermal titration calorimetry (ITC), the heat change that accompanies the 

formation of biomolecular complexes in solution can be measured. The thermodynamic 
parameters and affinity data (KD) can be obtained from a small series of experiments 
using only nanomoles of protein (Jelesarov et al., 1996). The dynamic range of the latest, 
highly sensitive microcalorimeters is governed by the c value that is calculated by multi-
plying the affinity constant (KA) with the total binding site concentration. As a rule of 
thumb, c should be in the range of 2 – 100 to get a good estimation of KD. ITC-studies of 
interactions with 0.1 – 0.4 mM affinities have been published (Tomme et al., 1996). 

 
Equipment based on electrochemiluminiscence for interaction analysis has been 

commercially available for some years (Yang et al., 1994). The method requires a 
luminescent label on one of the interacting molecules and is able to detect low affinity 
interactions, because of a high degree of cross-linking in the system (Ohlin and 
Borrebaeck, 1996). The technique has not been used to estimate affinity constants, 
except occasionally (Abraham et al., 1996). Its applicability to measure low affinity 
interactions has not been explored yet. 

 
Atomic force microscopy (AFM, also known as scanning force microscopy) is used 

to reproduce high-resolution topographic images of sample surfaces and to measure 
forces, e.g. adhesion, close to a surface (Moy et al., 1994; Takano et al., 1999). With 
AFM, the unbinding force for a single antibody–antigen interaction has been determined 
to be approximately 40-60 pN (Dammer et al., 1996; Ros et al., 1998; Harada et al., 
2000). The reported antibody – antigen interaction in Harada et al. (2000) had an affinity 
of 0.25 µM, as determined by ITC, which was close to the KD-values predicted from 
AFM-data (unbinding force = 60 pN) using a simple equation. Another recent report 
demonstrates a clear logarithmic correlation between unbinding forces and kdiss-values 
(and also KD since all kass-values in this study were in the same order of magnitude) for 
nine different single-chain antibody fragments (Schwesinger et al., 2000). The AFM 
instruments are capable of measuring intermolecular forces down to 10 pN, which may 
promise studies of weak affinity single macromolecular interactions.  
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5. HOW TO UTILIZE WEAK BIOMOLECULAR INTERACTIONS 

- THE PRESENT INVESTIGATION 

 

Weak interactions play an important role in vivo, as seen in the examples above. The 
fundamental understanding of these interactions requires analytical tools and methods 
capable of measuring them. Below are some examples of investigations where bio-
molecular weak interactions based on the antibody-antigen pair successfully have been 
studied with weak affinity chromatography (WAC) and optical biosensor.  
 
 
5.1. Weak affinity chromatography 

In qualitative chromatography, the goal is to separate or isolate compounds. The 
separation process is based on differences in the intrinsic qualities of the molecules in 
the mixture, such as size (in size exclusion chromatography), charge (ion exchange 
chromatography), hydrophobicity (hydrophobic interaction chromatography), chelating 
capability (immobilized metal affinity chromatography) or affinity for the immobilized 
ligand (affinity chromatography). The latter is a preferred method for isolating proteins 
from biological samples with a good purification factor and often with excellent yield in 
a single step. This high affinity procedure is in fact an adsorption/desorption routine with 
little resemblance to a true chromatographic separation. The concept of utilizing low 
affinity interactions in chromatography to obtain a dynamic and versatile analytical 
approach has been “in the minds” of researchers for quite some time, but was first 
implemented by Ohlson and co-workers with the advent of WAC (Ohlson et al., 1988; 
Zopf and Ohlson, 1990). WAC allows numerous successive interactions to occur whose 
effects accumulate to produce the observed retardation and thus separate the injected 
components. It is especially suitable to solve separation problems with structurally 
similar analytes, see examples below. 

 
Paper I describes a WAC system based upon a monoclonal antibody that exhibits 

different fine specificities for digoxin derivatives (Danielsson et al., 1991). Unlike other 
WAC experiments where IgG has been the antibody class of choice (see below), we used 
a human monoclonal IgM antibody that had not been subjected to any affinity 
maturation. The immune defense uses IgM as an early, polyreactive, low affinity (KD > 
10-5 M) but polyvalent neutralizer to suppress the intruder in infections until higher 
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affinity (IgG) antibodies have been produced (Kalinke et al., 2000). These characteristics 
usually disqualify IgM antibodies as suitable reagents in immunoassays, but we could 
show that they perform excellent in WAC in regards to both activity and stability. A 
large amount of monoclonal anti-digoxin antibodies was covalently immobilized onto 
silica that was packed in an HPLC column. Digoxin and ouabain were differently 
retarded under isocratic conditions; both steroids eluted separated from the void volume 
(paper I). Eluted material was monitored using a UV-detector at the wavelength 230 nm, 
thus avoiding the need for labeled steroids. Presence of serum in the samples did not 
influence the retention of steroids, proving that the activity of the IgM matrix was re-
tained even in the presence of non-specific binding proteins. The column was evaluated 
further with frontal chromatography (Kasai et al., 1986; chapter 4.1.) to determine Qmax 
and KD for each steroid and a number of control molecules. In order to establish the 
specificity of the interactions, all values were compared to data from a reference column 
with polyclonal irrelevant IgM immobilized onto the silica support, which showed 
virtually no retention for either steroids or control substances. The estimated KD values 
from frontal chromatography were 25 µM for digoxin and approximately half the affinity 
for ouabain (60 µM), which is in fair correlation with previous studies using inhibition 
ELISA where the values were 14 and 28 µM for digoxin and ouabain respectively 
(Danielsson et al., 1991). The selectivity, i.e. the quotient between the retention volumes 
of the steroids, of the column may not be so impressive and could be significantly im-
proved by increasing Qmax. This can be achieved either by using a larger column, im-
proving the coupling chemistry (only 20 % of the sites remained active after the 
immobilization in paper I) or by using antibody fragments, as Fab, Fv or scFv, which 
allow a higher density of active sites (Berry et al., 1991; Berry and Davies, 1992; Berry 
and Pierce, 1993). Even short peptides (ten amino acids) derived from one hypervariable 
loop of a monoclonal antibody can be used (Welling et al., 1991). Furthermore, the use 
of support materials with smaller pore sizes and thus an increase in available surface area 
can also be beneficial (Clarke et al., 2000).  

 
One of the problems with applications using weak-binding antibodies is that they are 

not (commercially) available. High affinity antibodies can be altered to exhibit lower 
affinity and enhanced polyreactivity, by exposure to high temperatures or extreme pH 
(McMahon and O´Kennedy, 2000). A way of screening for any antibody with low 
affinity or avidity using chromatography with immobilized antigens has been described 
(Leickt et al., 1998). Recombinant antibody engineering with high diversity libraries 
could prove to be a valuable source for screening for weak reagents (Winter et al., 1994; 
Söderlind et al., 2000). Enzymatically or recombinant produced antibody fragments, e.g. 
Fab and scFv, have an apparent affinity (avidity) that is typically 10-1000-fold lower 
than the wild type complete antibody. Even the monovalent interaction is often 
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weakened when the antibody is cropped and fragmentation is hence a straightforward 
way of increasing the interaction reversibility and, as mentioned earlier, the amount of 
active material in the separation system (Roggenbuck et al., 1994). 

 
Much of the early WAC separations employed monoclonal antibodies from the same 

group as the antibodies used in the weak optical biosensor experiments (papers II-V). 
This group consists of mouse monoclonal IgG antibodies, all directed against the oligo-
saccharide tetraglucose (Glcα1-6Glcα1-4Glcα1-4Glc) (Lundblad et al., 1984b). The 
antibodies have affinities in the 0.01–4 mM range of KD (at 4–40 °C) for various oligo-
saccharides. The antigenic determinant is the Glcα1-4Glc carbohydrate sequence, 
present in for instance maltose (Glcα1-4Glc, Mw 342 Da) and panose (Glcα1-6Glcα1-
4Glc). In a work by Ohlson et al. (1997), two of the antibodies, designated 39.5 and 
61.1, were thoroughly studied as ligands in a WAC-HPLC system and the dependency of 
chemical and physical parameters on the isocratic separations were determined. It was 
concluded that the retardation, and thus the antibody-antigen affinity, showed a strong 
correlation to temperature, which could be controlled to fine-tune the separation. A span 
of 4-40 °C could be used without decreasing the lifetime of the column. Altering the pH 
value also affected the affinity, although non-physiological pH should be avoided since it 
decreases the stability of the antibodies. The typical mild conditions for WAC rendered a 
great long-term stability. Hundreds of separations could be performed during a couple of 
months with only minor loss in activity of the column.  

 
An attractive alternative to anti-carbohydrate antibodies in WAC is to use a lectin as 

the immobilized ligand. Immobilized wheat germ agglutinin (WGA) was used in a WAC 
experiment for the separation of different carbohydrates (Leickt et al., 1997). An iso-
cratic chromatographic separation of five different saccharides within 25 minutes at 18 
°C, corresponding to KD values of 1 mM (for α-N-acetylglucosamine) up to 10 mM (for 
β-N-acetylgalactosamine), was presented. The 10 mM-affinity is the weakest binding 
reported so far for successful use of WAC.  

 
Another example, using interactions with KD values of 3-35 µM, is affinity retar-

dation chromatography (ARC) for characterization of the laminin self-polymerization 
(Schittny, 1994). Analogously with the WAC experiments, a reference column was care-
fully designed to quantify the non-specific part of the interaction, such as binding to 
column material. The interaction between an enzyme and its substrate is often 
characterized by fast on and off rates, and enzymes have been used in WAC separation 
of substrate and substrate analogues (Ohlson and Zopf, 1993). The methodology for 
WAC using monoclonal antibodies are described in detail by Strandh et al., (2000), who 
also compared WAC to alternative techniques such as capillary weak affinity gel electro-



36 

phoresis (Ljungberg et al., 1998), miniaturized chromatographic systems and weak 
affinity immunosensor (papers II and III). 

 
To summarize, it was shown that WAC could be applied for different interactions. 

WAC allows molecules to be separated according to their slight differences in weak 
affinity to the immobilized ligand. Separation capacity is rather good and the retention 
volumes are small. Since no harsh elution step has to be implemented, the stability for 
both ligand and analyte is unaffected. WAC can be performed in any chromatographic 
system, but the combination with HPLC offers stability, reproducibility and possibilities 
for automation. The drawbacks with WAC include the scarcity of suitable ligands (or 
actually a lack of appropriate ligand screening procedures) and that a high ligand density 
in the column is needed.  
 
 
5.2. Weak affinity surface plasmon resonance biosensor  

Optical biosensors based on surface plasmon resonance has been a valuable comple-
ment to other methods, such as ELISA, microcalorimetry and two-dimensional immuno-
diffusion, in characterizing low affinity interactions, both in biological and in artificial or 
recombinant systems. The biosensor, described in detail in chapter 4.2., is used 
extensively to study specificity, thermodynamics and kinetics for protein-protein 
interactions, but can be used for almost any type of biomolecular interaction provided 
that one part can be immobilized (Table 1.).  
 

5.2.1. Experimental design of weak affinity SPR biosensor experiments 
 

There are many examples from the literature on protein–carbohydrate interactions 
that have KD values typically in the micromolar range. They have been studied both to 
improve the understanding of the binding mechanisms and structure-function relation-
ship, and to find suitable tools in the field of glycoscience. Lectins from plants and 
animals, as well as anti-carbohydrate antibodies, have been important model systems in 
the elucidation of the energetics and kinetics of carbohydrate-mediated events. 

 
In general, study of weak affinity biomolecular interactions places special demands 

on the method, such as adequate signal-to-noise ratio, careful choice of binding model to 
detect possible multiphasic association and dissociation and design of reference and 
control experiments to exclude irrelevant binding. These points are of course valid in 
biosensor experiments as well, since it is easy to be deceived by the direct and 
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apparently easy collection of data. The feasibility of BIAcore to study weak interactions 
has been reported for numerous different interactions (van der Merwe et al., 1993b; 
Karlsson and Ståhlberg, 1995; van der Merwe and Barclay, 1996; MacKenzie et al., 
1996; Margulies et al., 1996). 

 
In papers II and III, the BIAcore was used to study the interaction between an im-

mobilized antibody and its carbohydrate antigens, exhibiting a tenfold weaker interaction 
compared other reported interactions. The selected antibody-antigen pair was discussed 
in detail in 5.1. This generic antibody-antigen interaction really pushes the limits of the 
BIAcore instrument in different aspects: (i) very low affinities (KD>10-5M); (ii) fast 
kinetics (both kass and kdiss); (iii) low molecular weight analytes (all antigens tested had a 
molecular weight of less than 700 Da); and (iv) high analyte concentrations that have to 
be used to compensate for low sensitivity resulting in a high ”bulk” response. 
Experiences from our experiments can be applied as guidelines for investigation of weak 
affinity, low molecular weight biomolecular interactions.  

 
The murine monoclonal IgG antibody 39.5 was immobilized on the carboxy-

methylated dextran matrix, in close agreement with the manufacturer’s recommendation 
for covalent amine coupling. Reproducible results were only obtained at high antibody 
density (6,000 – 20,000 RU, corresponding to 6 – 20 ng/mm2 of immobilized antibody). 
Lower immobilization levels produced detector responses too close to the background 
noise, due to Qmax values (Rmax in Biacore terminology) of less than 10 RU. 
Carbohydrate antigens and control saccharides of different concentrations in running 
buffer were injected over the sensor surface. To exclude any nonspecific binding to the 
dextran surface of the biosensor chip and contributions from bulk refractive index (RI), 
data from a reference sensor surface with immobilized irrelevant proteins was subtracted 
in every point of the sensorgram. The apparent, uncorrected data was in the magnitude of 
500 RU at equilibrium, of which specific binding contributed with less than 10 % as 
evident from the control experiments. Different proteins such as serum proteins, anti-
bodies and enzymes were evaluated as reference surfaces and similar assessment of the 
non-specificity was obtained with all of them. It was important in the choice of reference 
ligand to immobilize it at the same density as the specific antibody. In most experiments, 
we selected mouse polyclonal IgG antibodies that provided a stable reference surface, 
even at immobilization levels of 20,000 RU or more. The importance of a reference 
surface that mimics the environment of your interaction of interest is further stressed by 
an artifact called the hook effect (fig. 5). At very high analyte concentrations, it is 
imperative that the relative contributions to the total refractive index at the sensor surface 
from the sample and the immobilized ligand are nearly identical in both flow cells. If no 
ligand, e.g. protein, is immobilized on the reference surface, then the response will be 
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based on the refractive index of the highly concentrated sample injections (RIsample). If 
that index differs from the ligand refractive index (RIimmob) on the sensor surface, the 
correction will be erroneous and could cause an apparent loss (RIsample > RIimmob, fig. 5B) 
or gain (RIsample < RIimmob) in specific binding (Karlsson and Ståhlberg, 1995).  

 
One can of course argue what the “perfect” reference system would be. Depending 

on the purpose, the reference has to be more or less carefully designed. Most scientists 
would agree that a molecule, identical to the active target in every aspect except a lack of 
the part responsible for the activity or binding, would be ideal. For example, an antibody 
mutated in the CDRs could be a perfect reference for the corresponding wild-type 
antibody. Alternatively, an antigen analogue that irreversibly blocked the antigen-
binding site of the antibody, without interacting with the true analyte, could be 
considered.  
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Figure 5. Two different adsorption isotherms obtained when injecting 
increasing concentrations of maltose on immobilized 39.5. Difference in 
response between 39.5-surface and reference surface is plotted versus
concentration. A. Reference surface (high density of irrelevant antibody) 
mimics the active surface. B. Reference surface with nothing immobilized.  
Figure adapted from paper III.  
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A series of representative reference-subtracted sensorgrams are illustrated in Figure 

6. The typical square pulse appearance is due to the fast kinetics of the interaction; 
equilibrium is set within one or a few seconds, both for binding and for dissociation. The 
BIAcore instrument has a resolution of 0.2 s (the maximum sampling frequency is 5 Hz), 
so the binding rate constants could not be measured directly. However, an estimation of 
the kinetics can be done by comparing simulated square pulses similar to the experi-
mental data, as shown in Figure 6. A simulated curve with kdiss = 0.8 s -1 has a good fit to 
the experimental data and corresponds to a half-life (ln2/kdiss) of the complex of less than 
one second (0.87 s). A special benefit with rapid dissociation rates is that the need for 
regeneration procedures of the surface is avoided and thus the stability and activity of the 
immobilized molecules are enhanced, similar to the long lifetime of the WAC columns 
(chapter 5.1.).  

 
 

Figure 6. Overlaid square-pulse shaped sensorgrams obtained for weak affinity inter-
actions (KD = 0.19 mM). The kdiss for simulated data were 0.01–0.8 s-1 and the top 
sensor-gram was obtained from injection of 0.3 mM maltose over a 39.4-coated surface. 
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Due to large margins of error in kinetic data, it was impossible to calculate the 
affinity constant KD by simple division of the rate constants [eq. 4]. Instead, the 
corrected equilibrium response levels were plotted vs. analyte concentration to make an 
adsorption isotherm (see for example Figures 1. and 5A.) that could be fitted to a 1:1 
binding model to obtain KD and maximum binding level (Qmax). The results showed good 
correlation data obtained with other methods; the affinity ranged from 0.06 mM 
(maltose, 15 °C) to 1.0 mM (tetraglucose, 40°C), which is comparable to 0.07 mM to 1.0 
mM for β-maltose and maltotetraose at 30 °C, respectively, as determined with WAC 
(Ohlson et al., 1997). 

 
What are the limits for measuring rapid kinetics in the BIAcore instrument? The 

manufacturer (Biacore AB) states a working range of kass: 103–5 x 106 M-1s-1 and kdiss: 5 
x 10-6–10-1 s-1 for the instrument. It has been suggested that association rates faster than 
105–106 M-1s-1 cannot be studied with the BIAcore since the assumption that the con-
centration of unbound analyte remains constant during the experiment then loses validity 
(Hall et al., 1996; Bourdillon et al., 1999). A borderline case, with respect to fast kdiss, is 
a study of an IgG monoclonal antibody specific to abequose (3,6-dideoxyhexose) sub-
units, present in the lipopolysaccharide of Salmonella bacteria (MacKenzie et al., 1996). 
Binding of both monomeric and dimeric forms of single chain antibody fragments (scFv) 
to immobilized antigen was studied. It was evident from the sensorgrams that the dimers 
had biphasic dissociation (kdiss,fast and kdiss,slow) and faster association rate (five-fold) 
compared to the monomers, due to presence of both monovalent and bivalent binding. 
The faster dissociation rate represented monovalent binding and was similar to the rates 
for pure monomers, whereas bivalency decreased the off-rate approximately 20-fold. 
The sensorgrams for the monovalent binding were similar to the square pulses in Figure 
6, presenting very narrow analysis windows for the association and dissociation phases. 
Association rate constants for the scFv monomers were 2.3 – 6.3 x 104 M-1s-1 and the kdiss 
values were approximately 0.25 s-1, to be compared with the stated BIAcore range (0.1 
s-1) and the estimations of the rate constants for the 39.5 system: kdiss ~ 1 s-1 and kass = 103 
– 104 M-1s-1 (paper II). The difference in binding kinetics increased the affinity abequose 
100-fold for scFv-dimers compared to monomeric fragments. 
 

The excellent performance for SPR biosensors (e.g. BIAcore) has significantly 
facilitated the study of low affinity biologically relevant interactions. The majority of the 
data and suggested mechanisms for the biological events presented in chapter 3. 
originate from BIAcore interaction analyses, using the experimental design and 
precautions suggested above. The binding data for the aforementioned weak affinity 
biological system, i.e. different types of cell-adhesion interactions, are comparable to 
those obtained in paper II and III. The majority of the reports failed to quantify the 
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kinetics directly, owing to the limited resolution of the instrument. Different approaches 
to indirectly determine kass and kdiss have been described. The kdiss values for the mono-
meric CAM and CD62L-GlyCAM-1 interactions were determined by extrapolation to be 
at least 5 s-1 and 10 s-1, respectively (van der Merwe et al., 1993a; van der Merwe et al., 
1994; Nicholson et al., 1998). The KD values (50–100 µM) for these interactions were 
determined by plotting equilibrium data for different analyte concentration, according to 
Scatchard or any other graphical model, as in the study of the 39.5-maltose interaction 
(paper II). Also the study of the TCR–MHC/peptide recognition system has benefited 
from real-time binding experiments (chapter 3.2.), although these usually exhibit a 
somewhat stronger binding (KD ~0.1 µM) (Corr et al., 1994). In addition, the recently 
suggested immunological synapse for cluster formation in the T-cell has been mapped 
using SPR biosensor. 

 
 

5.2.2. Continuous immunosensing 
 
The perhaps most intriguing feature with weak interactions is that the equilibrium 

between bound and free molecules reflects the concentration of reactants in every 
moment. The dynamic nature of these interactions is important in living cells where the 
interacting molecules have to be reused. The same feature is also necessary when we 
want to monitor a process of any kind, with real-time data reflecting the condition of 
interest. In papers IV and V we combined a highly dynamic antibody–antigen reaction 
with a real-time SPR biosensor to introduce a novel, continuous immunosensor 
application (Ohlson, 1990). A number of conditions must be considered when designing 
a specific on-line sensor: (i) the sensitivity and specificity must be sufficient; (ii) 
regeneration of the sensor surface must be avoided; (iii) the system should be compatible 
and stable (iv); it should handle complex samples without pretreatment; and (v) the out-
put should be reproducible and give real-time data. All these conditions can be met when 
combining the surface plasmon resonance biosensor with a weak, dynamic biomolecular 
interaction.  

 
In paper IV, we used a model system consisting of immobilized monoclonal IgG 

antibodies (chapter 5.1.) that bound to different saccharides of varying concentrations in 
a continuous flow. Maltose and maltohexaose (Glcα1-4Glcα1-4Glcα1-4Glcα1-4Glcα1-
4Glc) were used as analytes and cellobiose (Glcβ1-4Glc) as control. Two antibodies with 
similar antigen specificities were used (Lundblad et al., 1984a; Lundblad et al., 1984b). 
They were murine monoclonal IgG, designated 39.4 and 39.5, showing an affinity for 
maltose of 0.19 mM and 0.087 mM at 25°C respectively. The discrepancy in the affinity 
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data for the 39.5–maltose interaction between paper III and IV (0.07 and 0.087 mM, 
respectively is probably due to inter-experimental variations, but has not been 
investigated further. The fast kinetics (kdiss = 1 s-1, see Figure 6) implies that the inter-
action equilibrium is almost immediately set (within a second). The experimental setup 
was straightforward; an external peristaltic pump withdrew an analyte flow from a 
gradient chamber and presented it to the sensor surface where the specific interaction 
took place. The detector signal was processed and subsequently displayed. 

 
In general, the biosensor response depends on analyte concentration, the molecular 

weight of the analyte, the immobilized ligand density and the affinity for the ligand-
analyte interaction. In order to obtain adequate response signals in the system described, 
the low molecular weight of the analytes (<1000 Da) was compensated by high ligand 
densities and high analyte concentrations. In Figure 7, a sensorgram from a continuous 
immunosensing experiment is shown. The analyte concentration is altered stepwise and 
every plateau in the sensorgram reflects the factual analyte concentration. The steep 
“curves” separating them correspond to the time for the new equilibrium to set. The 
curves are not vertical since dispersion effects, mainly in the peristaltic pump, slow 
down the exchange from one analyte concentration in the system to the next. The peri-
staltic pump is also the major cause of the periodic noise in the sensorgram. As in every 
weak interaction experiment, the design of reference system is crucial. Analogously to 
the experiments in paper II and III, the response from a reference sensor surface (placed 
in series with the specific surface) with immobilized irrelevant mouse IgG, was 
subtracted to obtain specific binding data. When a crude sample containing serum was 
injected, a nonspecific signal was present. The amplitude was proportional to the 
contamination concentration and depended on the properties of the reference surface. 
Ideally, the reference should be able to compensate for any nonspecific binding. At 1% 
serum present in the samples, a net signal of ~1 RU was added to the specific response. 
Unsubtracted data was many orders of magnitude larger than the specific signal. 
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What would happen if the affinity for the interaction was higher? If the 

dissociation rate is too slow, molecules from the previously applied concentration will 
still reside at the surface. The total amount of complexes, and thus the detector response, 
would not reflect the actual amount of free analyte present at that time. At increasing 
concentrations, the sensorgram profile would probably look the same as in Figure 7, but 
when the analyte concentration is lowered, a longer period would be needed to achieve a 
plateau (as governed by the t½ for the complex). This is demonstrated by the results from 
high affinity equilibrium titration experiments with rising sensorgram profiles for 
increasing concentration (Myszka et al., 1998; Schuck et al., 1998).  

 
In paper V, we applied the findings from the initial continuous immunosensing ex-

periments and combined HPLAC with a detector based on SPR biosensor (LC-SPR). 
The readily reversible biosensor surface, specific for Glcα1-4Glc–containing carbo-
hydrates, was used to analyze the effluent from two different chromatographic columns. 
The experimental set-up was a HPLC system where the column effluent was passed 
through a UV-VIS detector and was then directed to the microfluidic system of the 
BIAcore. In this way, the BIAcore functioned as a specific on-line detector, presenting 
real-time chromatograms (RU/s) based on the amount of antibody-antigen complexes 
formed in every moment. The chromatographic columns created a baseline separation of 
the injected saccharide/tagged saccharide mixture (as displayed by the UV-Vis detector) 
and presented a delicate task for the immunosensor; could the narrow peaks of the 
separation be correctly displayed as a sensor-chromatogram? A mixture of maltose, pnp-
α-maltopentaoside, pnp-α-maltoside (all interacting with the 39.4 immobilized on the 
sensor surface) and pnp-α-glucopyranoside (control substance, not reacting with 39.4) 
was separated on a dextran-agarose column and presented as a correct sensorgram (fig. 
8). All pnp-tagged saccharides were identified by the UV-Vis detector (response 
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depended on the analyte concentration and the absorption coefficient). Saccharides 
reactive with 39.4 were detected by the weak immunosensor and the response was 
proportional to the analyte concentration and the antibody–analyte interaction affinity. 
Together these two detectors presented a more complete picture of the separation; the 
UV-Vis detector saw compounds with absorbance at the selected wavelength (here 280 
nm) and the SPR immunosensor detected molecules with affinity for the immobilized 
ligand. Some lagging was evident in the SPR-chromatogram, mainly due to dispersion 
effects in the fluid delivery system. In a similar approach, a longer t½ produced a more 
pronounced lagging and subsequently an inferior peak resolution in the SPR-
chromatogram (Blikstad et al., 1996). We used PEEK tubing and connections, trying to 
minimize the tube lengths between column, detector and BIAcore, and we believe that a 
fully integrated apparatus would benefit from minimized dispersion and other systemic 
artifacts.  

 
The system was quite robust for crude samples since the chromatographic step 

functions as a pretreatment step and eluting “impurities” in the void, and thereby 
avoiding disturbances in the specific immunosensing interaction. A drawback with the 
reported system was the poor sensitivity; saccharide concentrations down to only 0.1 
mM could be detected. This limitation was attributed to dilution due to the dispersion in 
the system and the low molecular weight of the analytes. The amplitude of the relative 
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Figure 8. An example of LC-SPR. The eluate from a chromatographic 
separation of maltose, pnp-α-maltopentaoside, pnp-α-maltoside and pnp-
α-glucopyranoside was monitored with UV-Vis detector (- - -) and SPR 
biosensor (——). Figure adapted from paper V. 
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response in the SPR-chromatograms was less than 10 RU, which reduced the dynamic 
range of the SPR detector considerably.  

 
The experiences and results presented in paper IV are applicable to virtually any 

area where there is need for a dynamic immunoassay, since the number of possible weak 
biomolecular interactions is virtually unlimited. Instead of taking a number of samples at 
different points of time and analyzing them individually, it is, using the continuous 
immunosensor, possible to have the answers when the bioprocesses occur. In our work, 
we used a manual biosensor, which only has two flow cells, one specific and one 
reference cell. In future applications with a different biosensor design, a number of sur-
faces, each with a specific immobilized ligand, could be utilized to get a more versatile 
and informative analytical device. The continuous immunosensor was applied to LC-
SPR in paper V. Other SPR combinations have been reported (SPR-MS) (Krone et al., 
1997; Natsume et al., 2000) and we strongly believe that LC-SPR will be a fruitful 
addition to the analytical toolbox (Anal. Chem. (2000), 72:513).  
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6. CONCLUDING REMARKS 

 

This thesis discusses the underlying mechanisms and importance of weak affinity 
interactions in biological systems. It presents also an overview of the methods that are 
available for measuring these interactions and how they can be utilized in analytical 
situations.  

 
Model systems comprising of low-affinity, antibody-antigen interactions have been 

used to demonstrate the benefits of dynamic equilibriums. In paper I, a monoclonal IgM 
antibody was used for the chromatographic separation of structurally related steroids. 
The results demonstrate the advantages with weak affinity chromatography; (i) small 
differences in specificity are amplified by a multitude of serial interactions, resulting in 
high performance separations based on affinity; and consequently, (ii) procedures for 
harsh elution of bound material and regeneration of column matrix are avoided. 
Furthermore, the weak affinity chromatographic systems were used in analytical affinity 
chromatography for the estimation of affinity constants. Papers II and III gave insights 
into the use of SPR biosensor for analysis of weak affinity interactions. A rationale for 
the design of such experiments to avoid inaccurate results has been suggested. The future 
possibilities for applications of dynamic biomolecular interactions were indicated in 
papers IV and V. Continuous immunosensing might have the capacity to be used in any 
area where there is a need for online monitoring of a biomolecule. 

  
There should be plentiful opportunities to develop analytical procedures based on 

weak biological interactions not only for ’difficult’ separations of e.g. structurally-
similar substances in crude extracts but also for diagnostic challenges to analyze markers 
with subtle structural differences. Of special interest is the introduction of high through-
put screening methods using weak affinity separations. By using miniaturization and 
parallel operations, cost and time for every analysis will be reduced dramatically. A 
bottleneck has been the access to libraries of suitable weak affinity ligands. However, the 
recent introduction of various combinatorial techniques should widen the availability of 
suitable weak affinity ligands. Drug design will also benefit from weak affinity 
techniques as multivalent pharmaceuticals can offer desired selectivity. Finally, yet 
importantly, the techniques described in this thesis might make it possible to characterize 
almost any weak biological interaction. 
 

 



47 

REFERENCES 

 

Abraham, R., Buxbaum, S., Link, J., Smith, R., Vent, C., and Darsley, M. (1996). Determination 

of binding constants of diabodies directed against prostate-specific antigen using 

electrochemiluminescence-based immunoassays. J. Mol. Recogn. 9, 456-461. 

Arnold, F. H., and Blanch, H. W. (1986). Analytical affinity chromatography II. Rate theory and 

the measurement of biological binding kinetics. J. Chromatogr. 355, 13-27. 

Barrientos, A. G., de la Fuente, J. M., Rojo, J., Penadés, S., Fernández, A., and Rojas, C. (2000). 

Gold glyconanoparticles as biomimetic glycocalyx for studying carbohydrate interactions. 

In 20th International Carbohydrate Symposium, Hamburg, pp. 208, poster B-300.  

Bates, P. J., Dosanjh, H. S., Kumar, S., Jenkins, T. C., Laughton, C. A., and Neidle, S. (1995). 

Detection and kinetic studies of triplex formation by oligodeoxynucleotides using real-time 

biomolecular interaction analysis (BIA). Nucleic Acids Res. 23, 3627-3632. 

Bazin, R., Darveau, A., Martel, F., Pelletier, A., Piché, L., St-Laurent, M., Thibault, L., Demers, 

A., Boyer, L., Lemieux, G., and Lemieux, R. (1992). Increased avidity of mutant IgM 

antibodies caused by the absence of COOH-terminal glycosylation of the µ H chain. J. 

Immunol. 149, 3889-3893. 

Berry, M. J., and Davies, J. (1992). Use of antibody fragments in immunoaffinity 

chromatography. Comparison of Fv fragments, V fragments and paralog peptides. J. 

Chromatogr. 597, 239-245. 

Berry, M. J., Davies, J., Smith, C. G., and Smith, I. (1991). Immobilization of Fv antibody 

fragments on porous silica and their utility in affinity chromatography. J. Chromatogr. 587, 

161-169. 

Berry, M. J., and Pierce, J. J. (1993). Stability of immunoadsorbents comprising antibody 

fragments. Comparison of Fv fragments and single-chain Fv fragments. J. Chromatogr. 

629, 161-168. 

Berzofsky, J. A., and Schechter, A. N. (1981). The concepts of crossreactivity and specificity in 

immunology. Mol. Immunol. 18, 751-763. 

Bhat, T. N., Bentley, G. A., Boulot, G., Greene, M. I., Tello, D., Dall'Acqua, W., Soucon, H., 

Schwarz, F. P., Mariuzza, R. A., and Poljak, R. J. (1994). Bound water molecules and 

conformational stabilization help mediate an antibody-antigen interaction. Proc. Natl. Acad. 

Sci. USA 91, 1089-1093. 

Blikstad, I., Fägerstam, L. G., Bhikhabhai, R., and Lindblom, H. (1996). Detection and 

characterization of oligosaccharides in column effluents using surface plasmon resonance. 

Anal. Biochem. 233, 42-49. 

Boder, E. T., Midelfort, K. S., and Wittrup, K. D. (2000). Directed evolution of antibody 

fragments with monovalent femtomolar antigen-binding affinity. Proc. Natl. Acad. Sci. USA 

97, 10701-10705. 



48 

Bondeson, K., Frostell-Karlsson, Å., Fägerstam, L., and Magnusson, G. (1993). Lactose 

repressor-operator DNA interactions: kinetic analysis by a surface plasmon resonance 

biosensor. Anal. Biochem. 214, 245-251. 

Boulla, G., Randriamampita, C., Raposo, G., and Trautmann, A. (2000). Binding kinetics of 

soluble ligands to transmembrane proteins: comparing an optical biosensor and dynamic 

flow cytometry. Cytometry 40, 76-80. 

Bourdillon, C., Demaille, C., Moiroux, J., and Savéant, J.-M. (1999). Activation and diffusion in 

the kinetics of adsorption and molecular recognition on surfaces. Enzyme-amplified 

electrochemical approach to biorecognition dynamics illustrated by the binding of 

antibodies to immobilized antigens. Journal of American Chemical Society 121, 2401-2408. 

Bovin, N. V. (1997). Carbohydrate-carbohydrate interaction. In Glycosciences: Status and 

Perspectives, (H.-J. Gabius and S. Gabius, eds.), pp. 277-289, Weinheim: Chapman & Hall. 

Bowles, M. R., Hall, D. R., Pond, S. M., and Winzor, D. J. (1997). Studies of protein 

interactions by biosensor technology: an alternative approach to the analysis of sensorgrams 

deviating from pseudo-first-order kinetic behavior. Anal. Biochem. 244, 133-143. 

Branden, C., and Tooze, J. (1998). Introduction to protein structure, 2nd edition, pp. 348-354, 

New York: Garland Publishing, Inc. 

Brock, R., Wiesmüller, Jung, G., and Walden, P. (1996). Molecular basis for the recognition of 

two structurally different major histocompatibility complex/peptide complexes by a single 

T-cell receptor. Proc. Natl. Acad. Sci. USA 93, 13108-13113. 

Brown, M. H., Preston, S., and Barclay, A. N. (1995). A sensitive assay for detecting low-

affinity interactions at the cell surface reveals no additional ligands for the adhesion pair rat 

CD2 and CD48. Eur. J. Immunol. 25, 3222-3228. 

Busch, M. H. A., Kraak, J. C., and Poppe, H. (1997). Principles and limitations of methods 

available for the determination of binding constants with affinity capillary electrophoresis. 

J. Chromatogr. A 777, 329-353. 

Casasnovas, J. M., Reed, R. R., and Springer, T. A. (1994). Kinetics of receptor and virus 

interaction and receptor-induced virus disruption: methods for study with surface plasmon 

resonance. Methods Enzymol. 6, 157-167. 

Chaiken, I. M. (1990). High performance affinity chromatography: Isolation and analysis of 

biological macromolecules. In High performance liquid chromatography in biotechnology, 

(W. S. Hancock, ed.), pp. 289-300, New York: Wiley. 

Chappey, O., Debray, M., Niel, E., and Scherrmann, J. M. (1994). Association constants of 

monoclonal antibodies for hapten: heterogeneity of frequency distribution and possible 

relationship with hapten molecular weight. J. Immunol. Methods 172, 219-225. 

Chatelier, R. C., Gengenbach, T. R., Griesser, H. J., Brigham-Burke, M., and O'Shannessy, D. J. 

(1995). A general method to recondition and reuse BIAcore sensor chips fouled with 

covalently immobilized protein/peptide. Anal. Biochem. 229, 112-118. 

Chen, Y., Wiesmann, C., Fuh, G., Li, B., Christinger, H. W., McKay, P., de Vos, A. M., and 

Lowman, H. B. (1999). Selection and analysis of an optimized anti-VEGF antibody: crystal 

structure of an affinity-matured Fab in complex with antigen. J. Mol. Biol. 293, 865-881. 



49 

Clarke, W., Beckwith, J. D., Jackson, A., Reynolds, B., Karle, E. M., and Hage, D. S. (2000). 

Antibody immobilization to high-performance liquid chromatography supports. 

Characterization of maximum loading capacity for intact immunoglobulin G and Fab 

fragments. J. Chromatogr. A 888, 13-22. 

Cormier, E. G., Persuh, M., Thompson, D. A., Lin, S. W., Sakmar, T. P., Olson, W. C., and 

Dragic, T. (2000). Specific interaction of CCR5 amino-terminal domain peptides containing 

sulfotyrosines with HIV-1 envelope glycoprotein gp120. Proc. Natl. Acad. Sci. USA 97, 

5762-5767. 

Corr, M., Slanetz, A. E., Boyd, L. F., Jelonek, M. T., Khilko, S., Al-Ramadi, B. K., Kim, Y. S., 

Maher, S. E., Bothwell, A. L. M., and Margulies, D. H. (1994). T cell receptor-MHC class I 

peptide interactions: affinity, kinetics, and specificity. Science 265, 946-949. 

Crocker, P. R., and Feizi, T. (1996). Carbohydrate recognition systems: functional triads in cell-

cell interactions. Curr. Opin. Struct. Biol. 6, 679-691. 

Dammer, U., Hegner, M., Anselmetti, D., Wagner, P., Dreier, M., Huber, W., and Guntherodt, 

H. J. (1996). Specific antigen/antibody interactions measured by force microscopy. Biophys. 

J. 70, 2437-2441. 

Danielsson, L., Furebring, C., Ohlin, M., Hultman, L., Abrahamsson, M., Carlsson, R., and 

Borrebaeck, C. A. K. (1991). Human monoclonal antibodies with different fine specificity 

for digoxin derivatives: cloning of heavy and light chain variable region sequences. 

Immunology 74, 50-54. 

Daugherty, P. S., Chen, G., Iverson, B. L., and Georgiou, G. (2000). Quantitative analysis of the 

effect of the mutation frequency on the affinity maturation of single chain Fv antibodies. 

Proc. Natl. Acad. Sci. USA 97, 2029-2034. 

Davies, D. R., and Cohen, G. H. (1996). Interactions of protein antigens with antibodies. Proc. 

Natl. Acad. Sci. USA 93, 7-12. 

Davies, R. J., and Pollard-Knight, D. (1993). An optical biosensor system for molecular 

interaction studies. Amer. Biotechnol. Lab. July, 1-3. 

de Haas, C. J., Haas, P. J., van Kessel, K. P., and van Strijp, J. A. (1998). Affinities of different 

proteins and peptides for lipopolysaccharide as determined by biosensor technology. 

Biochem. Biophys. Res. Comm. 252, 492-496. 

Dunn, B. M., and Chaiken, I. M. (1975). Evaluation of quantitative affinity chromatography by 

comparison with kinetic and equilibrium dialysis methods for the analysis of nucleotide 

binding to Staphylococcal nuclease. Biochemistry 14, 2343-2349. 

Edwards, P. R., and Leatherbarrow, R. J. (1997). Determination of association rate constants by 

an optical biosensor using initial rate analysis. Anal. Biochem. 246, 1-6. 

Eggens, I., Fenderson, B., Toyokuni, T., Dean, B., Stroud, M., and Hakomori, S.-i. (1989). 

Specific interaction between Lex and Lex determinants. A possible basis for cell 

recognition in preimplantation embryos and in embryonal carcinoma cells. J. Biol. Chem. 

264, 9476-9484. 

Fairchild, P. J., and Wraith, D. C. (1996). Lowering the tone: mechanisms of immunodominance 

among epitopes with low affinity for MHC. Immunol. Today 17, 80-85. 



50 

Fivash, M., Towler, E. M., and Fisher, R. J. (1998). BIAcore for macromolecular interaction. 

Curr. Opin. Biotech. 9, 97-101. 

Foote, J., and Eisen, H. N. (2000). Breaking the affinity ceiling for antibodies and T cell 

receptors. Proc. Natl. Acad. Sci. USA 97, 10679-10681. 

Foote, J., and Milstein, C. (1994). Conformational isomerism and the diversity of antibodies. 

Proc. Natl. Acad. Sci. USA 91, 10370-10374. 

Frazer, J. K., and Capra, J. D. (1999). Immunoglobulins: structure and function. In Fundamental 

Immunology, (W. E. Paul, ed.), pp. 37-64, Philadelphia: Lippincott-Raven. 

Friguet, B., Chaffotte, A. F., Djavadi-Ohaniance, L., and Goldberg, M. E. (1985). Measurements 

of the true affinity constant in solution of antigen-antibody complexes by enzyme-linked 

immunosorbent assay. J. Immunol. Methods 77, 305-319. 

Gahmberg, C. G., and Tolvanen, M. (1996). Why mammalian cell surface proteins are 

glycoproteins. Trends Biochem. Sci. 21, 308-311. 

Ganpule, G., Knorr, R., Miller, J. M., Carron, C. P., and Dustin, M. L. (1997). Low affinity of 

cell surface lymphocyte function-associated antigen-1 (LFA-1) generates selectivity for 

cell-cell interactions. J. Immunol. 159, 2685-2692. 

Grakoui, A., Bromley, S. K., Sumen, C., Davis, M. M., Shaw, A. S., Allen, P. M., and Dustin, 

M. L. (1999). The immunological synapse: a molecular machine controlling T cell 

activation. Science 285, 221-227. 

Hage, D. S. (1998). Survey of recent advances in analytical applications of immunoaffinity 

chromatography. J. Chromatogr. B 715, 3-28. 

Hage, D. S. (1999). Immunoassays. Anal. Chem. 71, 294R-304R. 

Hage, D. S., Thomas, D. H., and Beck, M. S. (1993). Theory of a sequential addition 

competetive binding immunoassay based on high-performance immunoaffinity 

chromatography. Anal. Chem. 65, 1622-1630. 

Hall, D. R., Cann, J. R., and Winzor, D. J. (1996). Demonstration of an upper limit to the range 

of association rate constants amenable to study by biosensor technology based on surface 

plasmon resonance. Anal. Biochem. 235, 175-184. 

Harada, Y., Kuroda, M., and Ishida, A. (2000). Specific and quantized antigen-antibody 

interaction measured by atomic force microscopy. Langmuir 16, 708-715. 

Hardy, F., Djavadi-Ohaniance, L., and Goldberg, M. E. (1997). Measurement of 

antibody/antigen association rate constants in solution by a method based on the enzyme-

linked immunosorbent assay. J. Immunol. Methods 200, 155-159. 

Haseley, S. R., Talaga, P., Kamerling, J. P., and Vliegenthart, J. F. (1999). Characterization of 

the carbohydrate binding specificity and kinetic parameters of lectins by using surface 

plasmon resonance. Anal. Biochem. 274, 203-210. 

Heegaard, N. H. H., Nilsson, S., and Guzman, N. A. (1998). Affinity capillary electrophoresis: 

important application areas and some recent developments. J. Chromatogr. B 715, 29-54. 

Hirabayashi, J., Arata, Y., and Kasai, K.-i. (2000). Reinforcement of frontal affinity 

chromatography for effective analysis of lectin-oligosaccharide interactions. J. Chromatogr. 

A 890, 261-271. 



51 

Hock, B. (1997). Antibodies for immunosensors. A review. Anal. Chim. Acta 347, 177-186. 

Hutchinson, A. M. (1994). Characterization of glycoprotein oligosaccharides using surface 

plasmon resonance. Anal. Biochem. 220, 303-307. 

Inman, J. K. (1983). A study of multispecific interactions by quantitative affinity 

chromatography. In Affinity Chromatography and Biological Recognition, (I. M. Chaiken, 

M. Wilchek and I. Parikh, eds.), pp. 153-163, Orlando: Academic Press Inc. 

Ito, W., Iba, Y., and Kurosawa, Y. (1993). Effects of substitutions of closely related amino acids 

in the contact surface in an antigen-antibody complex on thermodynamic parameters. J. 

Biol. Chem. 268, 16639-16647. 

Jelesarov, I., Leder, L., and Bosshard, H. R. (1996). Probing the energetics of antigen-antibody 

recognition by titration microcalorimetry. Methods Enzymol. 9, 533-541. 

Johnsson, B., Löfås, S., and Lindquist, G. (1991). Immobilization of proteins to a 

carboxymethyldextran-modified gold surface for biospecific interaction analysis in surface 

plasmon resonance sensors. Anal. Biochem. 198, 268-277. 

Johnsson, B., Löfås, S., Lindquist, G., Edström, Å., Müller Hillgren, R.-M., and Hansson, A. 

(1995). Comparison of methods for immobilization to carboxymethyl dextran sensor 

surfaces by analysis of the specific activity of monoclonal antibodies. J. Mol. Recogn. 8, 

125-131. 

Jones, C., Patel, A., Griffin, S., Martin, J., Young, P., O'Donnell, K., Silverman, C., Porter, T., 

and Chaiken, I. (1995). Current trends in molecular recognition and bioseparation. J. 

Chromatogr. A 707, 3-22. 

Jost, J.-P., Munch, O., and Andersson, T. (1991). Study of protein-DNA interactions by surface 

plasmon resonance (real time kinetics). Nucleic Acids Res. 19, 2788. 

Jungbauer, A. (1996). Insights into the chromatography of proteins provided by mathematical 

modeling. Curr. Opin. Biotech. 7, 210-218. 

Kajiwara, H. (1999). Affinity capillary electrophoresis of proteins and peptides. Anal. Chim. 

Acta 383, 61-66. 

Kalinke, U., Oxenius, A., López-Macias, C., Zinkernagel, R. M., and Hengartner, H. (2000). 

Virus neutralization by germ-line vs. hypermutated antibodies. Proc. Natl. Acad. Sci. USA 

97, 10126-10131. 

Karjalainen, K. (1994). High sensitivity, low affinity-paradox of T-cell receptor recognition. 

Curr. Opin. Immunol. 6, 9-12. 

Karlsson, R. (1994). Real-time competitive kinetic analysis of interactions between low-

molecular-weight ligands in solution and surface-immobilized receptors. Anal. Biochem. 

221, 142-151. 

Karlsson, R., and Fält, A. (1997). Experimental design for kinetic analysis of protein-protein 

interactions with surface plasmon resonance biosensors. J. Immunol. Methods 200, 121-133. 

Karlsson, R., and Ståhlberg, R. (1995). Surface plasmon resonance detection and multispot 

sensing for direct monitoring of interactions involving low-molecular-weight analytes and 

for determination of low affinities. Anal. Biochem. 228, 274-280. 



52 

Kasai, K.-I., Oda, Y., Nishikata, M., and Ishii, S.-I. (1986). Frontal affinity chromatography: 

theory for its application to studies on specific interactions of biomolecules. J. Chromatogr. 

376, 33-47. 

Katoh, S., Terashima, M., Sada, E., Utsumi, H., Kamiya, Y., Yamada, K., and Majima, T. 

(1994). Characteristics of a perfusion-type support in affinity chromatography. J. Ferment. 

Bioeng. 78, 246-249. 

Keitel, T., Kramer, A., Wessner, H., Scholz, C., Schneider-Mergener, J., and Hohne, W. (1997). 

Crystallographic analysis of anti-p24 (HIV-1) monoclonal antibody cross-reactivity and 

polyspecificity. Cell 91, 811-820. 

Koeller, K. M., and Wong, C.-H. (2000). Emerging themes in medicinal glycoscience. Nat. 

Biotechnol. 18, 835-841. 

Krone, J. R., Nelson, R. W., Dogruel, D., Williams, P., and Granzow, R. (1997). BIA/MS: 

interfacing biomolecular interaction analysis with mass spectrometry. Anal. Biochem. 244, 

124-132. 

Larsson, P.-O., Glad, M., Hansson, L., Månsson, M.-O., Ohlson, S., and Mosbach, K. (1983). 

High-performance liquid affinity chromatography. In Advances in chromatography, (J. C. 

Giddings, E. Grushka, J. Cazes and P. R. Brown, eds.), pp. 41-85, New York, Basel: Marcel 

Dekker. 

Leatherbarrow, R. J., and Edwards, P. R. (1999). Analysis of molecular recognition using 

optical biosensors. Curr Opin Chem Biol 3, 544-547. 

LeBlanc, J. F., McLane, K. E., Parren, P. W. H. I., Burton, D. R., and Ghazal, P. (1998). 

Recognition properties of a sequence-specific DNA binding antibody. Biochemistry 37, 

6015-6022. 

Leickt, L., Bergström, M., Zopf, D., and Ohlson, S. (1997). Bioaffinity chromatography in the 

10 mM range of Kd. Anal. Biochem. 253, 135-136. 

Leickt, L., Grubb, A., and Ohlson, S. (1998). Affinity screening for weak monoclonal 

antibodies. J. Immunol. Methods 220, 19-24. 

Leickt, L., Månsson, A., and Ohlson, S. (2000). Prediction of affinity and kinetics in 

biomolecular interactions by affinity chromatography. Submitted for publication. 

Li, C. K. N. (1985). ELISA-based determination of immunological binding constants. Mol. 

Immunol. 22, 321-327. 

Liedberg, B., Lundström, I., and Stenberg, E. (1993). Principles of biosensing with an extended 

coupling matrix and surface plasmon resonance. Sensor. Actuator. B-Chem. 11, 63-72. 

Ljungberg, H., Ohlson, S., and Nilsson, S. (1998). Exploitation of a monoclonal antibody for 

weak affinity-based separation in capillary gel electrophoresis. Electrophoresis 19, 461-

464. 

Lundblad, A., Schroer, K., and Zopf, D. (1984a). Affinity purification of a glucose-containing 

oligosaccharide using a monoclonal antibody. J. Immunol. Methods 68, 227-234. 

Lundblad, A., Schroer, K., and Zopf, D. (1984b). Radioimmunoassay of a glucose-containing 

tetrasaccharide using a monoclonal antibody. J. Immunol. Methods 68, 217-226. 



53 

Löfås, S., and Johnsson, B. (1990). A novel hydrogel matrix on gold surfaces in surface 

plasmon resonance sensors for fast and efficient covalent immobilization of ligands. J. 

Chem. Soc., Chem. Commun. 21, 1526-1528. 

MacKenzie, C. R., Hirama, T., Deng, S.-j., Bundle, D. R., Narang, S. A., and Young, N. M. 

(1996). Analysis by surface plasmon resonance of the influenze of valence on the ligand 

binding affinity and kinetics of an anti-carbohydrate antibody. J. Biol. Chem. 271, 1527-

1533. 

Malmborg, A.-C., and Borrebaeck, C. A. K. (1995). BIAcore as a tool in antibody engineering. 

J. Immunol. Methods 183, 7-13. 

Malmqvist, M. (1993). Biospecific interaction analysis using biosensor technology. Nature 361, 

186-187. 

Malmqvist, M. (1996). Epitope mapping by label-free biomolecular interaction analysis. 

Methods Enzymol. 9, 525-532. 

Malmqvist, M. (1999). BIACORE: an affinity biosensor for characterization of biomolecular 

interactions. Biochem. Soc. Trans. 27, 335-340. 

Mammen, M., Choi, S.-K., and Whitesides, G. M. (1998). Polyvalent interactions in biological 

systems: Implications for design and use of multivalent ligands and inhibitors. Angew. 

Chem. Int. Ed. 37, 2754-2794. 

Mann, D. A., Kanai, M., Maly, D. J., and Kiessling, L. L. (1998). Probing low affinity and 

multivalent interactions with surface plasmon resonance: Ligands for concanavalin A. J. 

Am. Chem. Soc. 120, 10575-10582. 

Margulies, D. H., Plaksin, D., Khilko, S. N., and Jelonek, M. T. (1996). Studying interactions 

involving the T-cell antigen receptor by surface plasmon resonance. Curr. Opin. Immunol. 

8, 262-270. 

Markgren, P. O., Hamalainen, M., and Danielson, U. H. (2000). Kinetic analysis of the 

interaction between HIV-1 protease and inhibitors using optical biosensor technology. Anal. 

Biochem. 279, 71-78. 

Matsui, K., Boniface, J. J., Reay, P. A., Schild, H., Fazekas de St. Groth, B., and Davis, M. M. 

(1991). Low affinity interaction of peptide-MHC complexes with T cell receptors. Science 

254, 1788-1791. 

Mayes, A. G., Eisenthal, R., and Hubble, J. (1992). Binding isotherms for soluble immobilized 

affinity ligands from spectral titration. Biotechnol. Bioeng. 40, 1263-1270. 

McMahon, M. J., and O´Kennedy, R. (2000). Polyreactivity as an acquired artefact, rather than a 

physiologic property, of antibodies: evidence that monoreactive antibodies may gain the 

ability to bind multiple antigens after exposure to low pH. J. Immunol. Methods 241, 1-10. 

Moy, V. T., Florin, E.-L., and Gaub, H. E. (1994). Intermolecular forces and energies between 

ligands and receptors. Science 266, 257-259. 

Müller, K. M., Arndt, K. M., and Plückthun, A. (1998). Model and simulation of multivalent 

binding to fixed ligands. Anal. Biochem. 261, 149-58. 

Myszka, D. G., Jonsen, M. D., and Graves, B. J. (1998). Equilibrium analysis of high affinity 

interactions using BIACORE. Anal. Biochem. 265, 326-330. 



54 

Natsume, T., Nakayama, H., Jansson, Ö., Isobe, T., Takio, K., and Mikoshiba, K. (2000). 

Combination of biomolecular interaction analysis and mass spectrometric amino acid 

sequencing. Anal. Chem. 72, 4193-4198. 

Neri, D., Montigiani, S., and Kirkham, P. M. (1996). Biophysical methods for the determination 

of antibody-antigen affinities. Trends Biotech. 14, 465-470. 

Nicholson, M. W., Barclay, A. N., Singer, M. S., Rosen, S. D., and van der Merwe, P. A. 

(1998). Affinity and kinetic analysis of L-selectin (CD62L) binding to glycosylation-

dependent cell-adhesion molecule-1. J. Biol. Chem. 273, 763-770. 

Nieba, L., Krebber, A., and Plückthun, A. (1996). Competition BIAcore for measuring true 

affinities: large differences from values determined from binding kinetics. Anal. Biochem. 

234, 155-165. 

Nolan, J. P., and Sklar, L. A. (1998). The emergence of flow cytometry for sensitive, real-time 

measurements of molecular interactions. Nat. Biotechnol. 16, 633-638. 

Ohlin, M., and Borrebaeck, C. A. K. (1996). Low affinity, antibody binding of an Escherichia 

coli- derived component. FEMS Immunol. Med. Microbiol. 13, 161-168. 

Ohlson, S. (1990). Läkemedel med svag affinitet. Swedish patent, no: 9000725-3 

Ohlson, S., Bergström, M., Påhlsson, P., and Lundblad, A. (1997). Use of monoclonal 

antibodies for weak affinity chromatography. J. Chromatogr. A 758, 199-208. 

Ohlson, S., Hansson, L., Larsson, P.-O., and Mosbach, K. (1978). High performance liquid 

affinity chromatography (HPLAC) and its application to the separation of enzymes and 

antigens. FEBS Lett. 93, 5-9. 

Ohlson, S., Lundblad, A., and Zopf, D. (1988). Novel approach to affinity chromatography 

using "weak" monoclonal antibodies. Anal. Biochem. 169, 204-208. 

Ohlson, S., and Zopf, D. (1993). Weak affinity chromatography. In Handbook of Affinity 

Chromatography, (T. Kline, ed.), pp. 299-314, New York: Narcel Dekker, Inc. 

Okazaki, I., Hasegawa, Y., Shinohara, Y., Kamasaki, T., and Bhikhabhai, R. (1995). 

Determination of the interactions between lectins and glycoproteins by surface plasmon 

resonance. J. Mol. Recogn. 8, 95-99. 

O'Shannessy, D. J. (1995). Determination of kinetic rate and equilibrium binding constants for 

macromolecular interactions: a critique of the surface plasmon resonance literature. Curr. 

Opin. Biotech. 5, 65-71. 

Panka, D. J., Mudgett-Hunter, M., Parks, D. R., Peterson, L. L., Herzenberg, L. A., Haber, E., 

and Margolies, M. N. (1988). Variable region framework differences result in decreased or 

increased affinity of variant anti-digoxin antibodies. Proc. Natl. Acad. Sci. USA 85, 3080-

3084. 

Persson, B., Stenhag, K., Nilsson, P., Larsson, A., Uhlén, M., and Nygren, P.-Å. (1997). 

Analysis of oligonucleotide probe affinities using surface plasmon resonance. A means for 

mutational scanning. Anal. Biochem. 246, 34-44. 

Phizicky, E. M., and Fileds, S. (1995). Protein-protein interactions: methods for detection and 

analysis. Microbiol. Rev. 59, 94-123. 



55 

Quinn, J. G., O'Kennedy, R., Smyth, M., Moulds, J., and Frame, T. (1997). Detection of blood 

group antigens utilising immobilised antibodies and surface plasmon resonance. J. 

Immunol. Methods 206, 87-96. 

Rabinowitz, J. D., Beeson, C., Lyons, D. S., Davis, M. M., and McConnell, H. M. (1996). 

Kinetic discrimination on T-cell activation. Proc. Natl. Acad. Sci. USA 93, 1401-1405. 

Rabinowitz, J. D., Liang, M. N., Tate, K., Lee, C., Beeson, C., and McConnell, H. M. (1997). 

Specific T cell recognition of kinetic isomers in the binding of peptide to class II major 

histocompatibility complex. Proc. Natl. Acad. Sci. USA 94, 8702-8707. 

Rauffer-Bruyère, N., Chatellier, J., Weiss, E., van Regenmortel, M. H. V., and Altschuh, D. 

(1997). Cooperative effects of mutations in a recombinant Fab on the kinetics of antigen 

binding. Mol. Immunol. 34, 165-173. 

Renard, J., Vidal-Madjar, C., Sebille, B., and Lapresle, C. (1995). Chromatographic kinetic 

measurements of human serum albumin adsorption on monoclonal antibodies. J. Mol. 

Recogn. 8, 85-89. 

Rich, R. L., and Myszka, D. G. (2000). Advances in surface plasmon resonance biosensor 

analysis. Curr. Opin. Biotech. 11, 54-61. 

Richards, F. F., Konigsberg, W. H., Rosenstein, R. W., and Varga, J. M. (1975). On the 

specificity of antibodies. Science 187, 130-137. 

Rini, J. M., Schulze-Gahmen, U., and Wilson, I. A. (1992). Structural evidence for induced fit as 

a mechanism for antibody-antigen recognition. Science 255, 959-965. 

Roden, L. D., and Myszka, D. G. (1996). Global analysis of a macromolecular interaction 

measured on BIAcore. Biochem. Biophys. Res. Commun. 225, 1073-1077. 

Roggenbuck, D., König, H., Niemann, B., Schoenherr, G., Jahn, S., and Porstmann, T. (1994). 

Real-time biospecific interaction analysis of a natural human polyreactive monoclonal IgM 

antibody and its Fab and scFv fragments with several antigens. Scand. J. Immunol. 40, 64-

70. 

Rollag, J. G., and Hage, D. S. (1998). Non-linear elution effects in split-peak chromatography II. 

Role of ligand heterogeneity in solute binding to columns with adsorption-limited kinetics. 

J. Chromatogr. A 795, 185-198. 

Ros, R., Schwesinger, F., Anselmetti, D., Kubon, M., Schafer, R., Pluckthun, A., and 

Tiefenauer, L. (1998). Antigen binding forces of individually addressed single-chain Fv 

antibody molecules. Proc. Natl. Acad. Sci. USA 95, 7402-7405. 

Rosé, S., Hensley, P., O'Shannesy, D. J., Culp, J., Debouck, C., and Chaiken, I. (1992). 

Characterization of HIV-1 p24 self-association using analytical affinity chromatography. 

Protein. - Struct. Funct. Genet. 13, 112-119. 

Schittny, J. C. (1994). Affinity retardation chromatography: Characterizaion of the method and 

its application. The description of low-affinity laminin self-interactions. Anal. Biochem. 

222, 140-148. 

Schlessinger, J., Lax, I., and Lemmon, M. (1995). Regulation of growth factor activation by 

proteoglycans: What is the role of the low affinity receptors? Cell 83, 357-360. 



56 

Schuck, P. (1997a). Reliable determination of binding affinity and kinetics using surface 

plasmon resonance biosensors. Curr. Opin. Biotech. 8, 498-502. 

Schuck, P. (1997b). Use of surface plasmon resonance to probe the equilibrium and dynamic 

aspects of interactions between biological macromolecules. Annu. Rev. Biophys. Biomol. 

Struct. 26, 541-566. 

Schuck, P., Millar, D. B., and Kortt, A. A. (1998). Determination of binding constants by 

equilibrium titration with circulating sample in a surface plasmon resonance biosensor. 

Anal. Biochem. 265, 79-91. 

Schuck, P., and Minton, A. P. (1996a). Analysis of mass transport-limited binding kinteics in 

evanescent wave biosensors. Anal. Biochem. 240, 262-272. 

Schuck, P., and Minton, A. P. (1996b). Kinetic analysis of biosensor data: elementary tests for 

self-consistency. Trends Biochem. Sci. 21, 458-460. 

Schwesinger, F., Ros, R., Strunz, T., Anselmetti, D., Güntherodt, H.-J., Honegger, A., Jermutus, 

L., Tiefenauer, L., and Plückthun, A. (2000). Unbinding forces of single antibody-antigen 

complexes correlate with their thermal dissociation rate. Proc. Natl. Acad. Sci. USA 97, 

9972-9977. 

Shimura, K., and Kasai, K.-i. (1997). Affinity capillary electrophoresis: a sensitive tool for the 

study of molecular interactions and its use in microscale analyses. Anal. Biochem. 251, 1-

16. 

Shinohara, Y., Kim, F., Shimizu, M., Goto, M., Tosu, M., and Hasegawa, Y. (1994). Kinetic 

measurement of the interaction between an oligosaccharide and lectins by a biosensor based 

on surface plasmon resonance. Eur. J. Biochem. 223, 189-194. 

Shinohara, Y., Sota, H., Kim, F., Shimizu, M., Gotoh, M., Tosu, M., and Hasegawa, Y. (1995). 

Use of biosensor based on surface plasmon resonance and biotinyl glycans for analysis of 

sugar binding specificities of lectins. J. Biochem. 117, 1076-1082. 

Spillmann, D. (1994). Glycopinion mini-review - Carbohydrates in cellular recognition: from 

leucine-zipper to sugar-zipper? Glycoconjugate J. 11, 169-171. 

Strandh, M., Andersson, H. S., and Ohlson, S. (2000). Weak affinity chromatography. In Affinity 

Chromatography: Methods and Protocols, (P. Bailon, G. K. Ehrlich, W.-J. Fung and W. 

Berthold, eds.), pp. 7-23, Totowa, NJ: Humana Press Inc. 

Söderlind, E., Strandberg, L., Jirholt, P., Kobayashi, H., Alexeiva, V., Åberg, A.-M., Nilsson, 

A., Jansson, B., Ohlin, M., Wingren, C., Danielsson, L., Carlsson, R., and Borrebaeck, C. 

A. K. (2000). Recombining germline-derived CDR sequences for creating diverse single-

framework antibody libraries. Nat. Biotechnol. 18, 852-856. 

Sönksen, C. P., Nordhoff, E., Jansson, O., Malmqvist, M., and Roepstorff, P. (1998). Combining 

MALDI mass spectrometry and biomolecular interaction analysis using a biomolecular 

interaction analysis instrument. Anal. Chem. 70, 2731-2736. 

Takano, H., Kenseth, J. R., Wong, S.-S., O'Brien, J. C., and Porter, M. D. (1999). Chemical and 

biochemical analysis using scanning force microscopy. Chem. Rev. 99, 2845-2890. 



57 

Tomme, P., Boraston, A., Kormos, J. M., Warren, A. J., and Kilburn, D. G. (2000). Affinity 

electrophoresis for the identification and characterization of soluble sugar binding by 

carbohydrate-binding modules. Enzyme Microb. Technol. 27, 453-458. 

Tomme, P., Creagh, A. L., Kilburn, D. G, and Haynes, C. A. (2000). Interaction of 

polysaccharides with the N-terminal cellulose-binding domain of Cellulomonas fimi CenC. 

1. Binding specificity and calorimetric analysis. Biochemistry 35, 13885-13894. 

Turner, A. P. F. (1994). Biosensors. Curr. Opin. Biotech. 5, 49-53. 

Wagner, G., and Wyss, D. F. (1994). Cell surface adhesion receptors. Curr. Opin. Struct. Biol. 

4, 841-851. 

Valitutti, S., and Lanzavecchia, A. (1997). Serial triggering of TCRs: a basis for the sensitivity 

and specificity of antigen recognition. Immunol. Today 18, 299-304. 

Valitutti, S., Müller, S., Cella, M., Padovan, E., and Lanzavecchia, A. (1995). Serial triggering 

of many T-cell receptors by a few peptide-MHC complexes. Nature 375, 148-151. 

van der Merwe, A. P., and Barclay, A. N. (1994). Transient intercellular adhesion: the 

importance of weak protein-protein interactions. Trends Biochem. Sci. 19, 354-358. 

van der Merwe, P. A. (1999). Leukocyte adhesion: High-speed cells with ABS. Curr. Biol. 9, 

R419-R422. 

van der Merwe, P. A., and Barclay, A. N. (1996). Analysis of cell-adhesion molecule 

interactions using surface plasmon resonance. Curr. Opin. Immunol. 8, 257-261. 

van der Merwe, P. A., Barclay, A. N., Mason, D. W., Davies, E. A., Morgan, B. P., Tone, M., 

Krishnam, A. K. C., Ianelli, C., and Davis, S. J. (1994). Human cell-adhesion molecule 

CD2 binds CD58 (LFA-3) with a very low affinity and an extremely fast dissociation rate 

but does not bind CD48 or CD59. Biochemistry 33, 10149-10160. 

van der Merwe, P. A., Brown, M. H., Davis, S. J., and Barclay, A. N. (1993a). Affinity and 

kinetic analysis of the interaction of the cell adhesion molecules rat CD2 and CD48. EMBO 

J. 12, 4945-4954. 

van der Merwe, P. A., Brown, M. H., Davis, S. J., and Barclay, A. N. (1993b). Measuring very 

low affinity interactions between immunoglobulin superfamily cell-adhesion molecules. 

Biochem. Soc. Trans. 21, 240. 

van der Merwe, P. A., Davis, S. J., Shaw, A. S., and Dustin, M. L. (2000). Cytoskeletal 

polarization and redistribution of cell-surface molecules during T cell antigen recognition. 

Semin. Immunol. 12, 5-21. 

van Oss, C. J. (1995). Hydrophobic, hydrophilic and other interactions in epitope-paratope 

binding. Mol. Immunol. 21, 199-211. 

van Regenmortel, M. H. V. (1986). Which structural features determine protein antigenicity? 

Trends Biochem. Sci. 11, 36-39. 

van Regenmortel, M. H. V. (1996). Mapping epitope structure and activity: from one-

dimensional prediction to four-dimensional description of antigenic specificity. Methods 

Enzymol. 9, 465-472. 

van Regenmortel, M. H. V. (1998). From absolute to exquisite specificity. Reflections on the 

fuzzy nature of species, specificity and antigenic sites. J. Immunol. Methods 216, 37-48. 



58 

van Regenmortel, M. H. V., Altschuh, D., Chatellier, J., Rauffer-Bruyère, N., Richalet-Sécordel, 

P., and Saunal, H. (1997). Uses of biosensors in the study of viral antigens. Immunol. 

Invest. 26, 67-82. 

Ward, L. D., and Winzor, D. J. (2000). Relative merits of optical biosensors based on flow-cell 

and cuvette designs. Anal. Biochem. 285, 179-193. 

Wedemayer, G. J., Patten, P. A., Wang, L. H., Schultz, P. G., and Stevens, R. C. (1997). 

Structural insights into the evolution of an antibody combining site. Science 276, 1665-

1669. 

Welling, G. W., Gorkum, J. V., Damhof, R. A., Drijfhout, J. W., Bloemhoff, W., and Welling-

Wester, S. (1991). A ten-residue fragment of an antibody (mini-antibody) directed against 

lysozyme as ligand in immunoaffinity chromatography. J. Chromatogr. 548, 235-242. 

Whitney, D., McCoy, M., Gordon, N., and Afeyan, N. (1998). Characterization of large-pore 

polymeric supports for use in perfusion biochromatography. J. Chomatogr. A 807, 165-184. 

Wikström, M., and Ohlson, S. (1992). Computer simulation of weak affinity chromatography. J. 

Chromatogr. 597, 83-92. 

Wilson, I. A., and Stanfield, R. L. (1994). Antibody-antigen interactions: new structures and 

new conformational changes. Curr. Opin. Struct. Biol. 4, 857-867. 

Winter, G., Griffiths, A. D., Hawkins, R. E., and Hoogenboom, H. R. (1994). Making antibodies 

by phage display technology. Annu. Rev. Immunol. 12, 433-455. 

von Itzstein, M., and Colman, P. (1996). Design and synthesis of carbohydrate-based inhibitors 

of protein-carbohydrate interactions. Curr. Opin. Struct. Biol. 6, 703-709. 

Wu, Z., Johnson, K. W., Choi, Y., and Ciardelli, T. L. (1995). Ligand binding analysis of 

soluble interleukin-2 receptor complexes by surface plasmon resonance. J. Biol. Chem. 270, 

16045-16051. 

Yang, H., Leland, J. K., Yost, D., and Massey, R. J. (1994). Electrochemiluminiscence: A new 

diagnostic and research tool. Biotechnology 12, 193-194. 

Zeder-Lutz, G., Zuber, E., Witz, J., and van Regenmortel, M. H. V. (1997). Thermodynamic 

analysis of antigen-antibody binding using biosensor measurements at different 

temperatures. Anal. Biochem. 246, 123-132. 

Zopf, D., and Ohlson, S. (1990). Weak-affinity chromatography. Nature 346, 87-88. 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Magnus Strandh 

 

INSIGHTS INTO WEAK AFFINITY 
ANTIBODY-ANTIGEN INTERACTIONS 

 

Studies using affinity chromatography 
and optical biosensor 

 
 

 
The concept of weak affinity biomolecular interactions 

is the key to the flexibility and dynamics present in many 
biological systems. These characteristics make them 
however hard to study and special methods have to be 
designed.  

This thesis presents a rationale on how to analyze 
weakly interacting molecules with weak affinity 
chromatography and optical biosensor. Furthermore, it 
introduces continuous immunosensing based on a weak 
affinity antibody-antigen pair. This technique can be 
applied to monitor fluctuating concentrations of 
biomolecules in real-time.  

© Magnus Strandh, Kalmar 2000 
ISBN 91-628-4481-4 

Printed in Sweden at the University of Kalmar 


