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Abstract 
The structural determination of interacting proteins, both as individual proteins and in their complex, 
complemented by thermodynamical studies are vital in order to gain in-depth insights of the phenomena 
leading to the highly selective protein-protein interactions characteristic of numerous life processes. This 
thesis describes an investigation of the structural and thermodynamical basis for molecular recognition in 
two different protein-protein complexes, formed between so-called affibody proteins and their respective 
targets. Affibody proteins are a class of engineered binding proteins, which can be functionally selected 
for binding to a given target protein from large collections (libraries) constructed via combinatorial 
engineering of 13 surface-located positions of the 58-residue three-helix bundle Z domain derived from 
Staphylococcal protein (SPA).  
In a first study, an affibody:target protein pair consisting of the ZSPA-1 affibody and the parental Z domain, 
with a dissociation constant (Kd) of approximately 1 µM, was investigated. ZSPA-1 was in its free state 
shown to display molten globule-like characteristics. The enthalpy change on binding between Z and ZSPA-

1 as measured by isothermal titration calorimetry, was found to be a non-linear function of temperature. 
This nonlinearity was found to be due to the temperature dependent folded-unfolded equilibrium of ZSPA-1 
upon binding to the Z domain and, the energetics of the unfolding equilibrium of the molten globule state 
of ZSPA-1 could be separated from the binding thermodynamics. Further dissection of the binding entropy 
revealed that a significant reduction in conformational entropy resulting from the stabilization of the 
molten globule state of ZSPA-1 upon complex formation could be a major reason for the moderate binding 
affinity.  

A second studied affibody:target complex (Kd ~ 0.1 µM) consisted of the ZTaq affibody protein originally 
selected for binding to Taq DNA polymerase and the anti-ZTaq affibody protein, selected for selective 
binding to the ZTaq affibody protein, thus constituting an "anti-idiotypic" affinity protein pair. The 
structure of the ZTaq:anti-ZTaq affibody complex as well as the free state structures of ZTaq and anti-ZTaq 
were determined using NMR spectroscopy. Both ZTaq and anti-ZTaq are well defined three helix bundles in 
their free state and do not display the same molten globule-like behaviour of ZSPA-1. The interaction 
surface was found to involve all of the varied positions in helices 1 and 2 of the anti-ZTaq, the majority of 
the corresponding side chains in ZTaq, and also several non-mutated residues. The total buried surface area 
was determined to about 1670 Å2 which is well inside the range of what is typical for many protein-
protein complexes, including antibody:antigen complexes. Structural rearrangements, primarily at the side 
chain level, were observed to take place upon binding. There are similarities between the ZTaq:anti-ZTaq 
and the Z:ZSPA-1 structure, for instance, the binding interface area in both complexes has a large fraction of 
non-polar content, the buried surface area is of similar size, and certain residues have the same 
positioning. However, the relative orientation between the subunits in ZTaq:anti-ZTaq is markedly different 
from that observed in Z:ZSPA-1. The thermodynamics of ZTaq:anti-ZTaq association were investigated by 
isothermal titration calorimetry. A dissection of the entropic contributions showed that a large and 
favourable desolvation entropy of non-polar surface is associated with the binding reaction which is in 
good agreement with hydrophobic nature of the binding interface, but as in the case for the Z:ZSPA-1 
complex a significant loss in conformational entropy opposes complex formation.  
A comparison with complexes involving affibody proteins or SPA domains suggests that affibody 
proteins inherit intrinsic binding properties from the original SPA surface. The structural and biophysical 
data suggest that although extensive mutations are carried out in the Z domain to obtain affibody proteins, 
this does not necessarily affect the structural integrity or lead to a significant destabilization.  
 
Keywords: protein structure, induced fit, binding thermodynamics, NMR spectroscopy, protein 
engineering, protein-protein interactions, protein stability, calorimetry 
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Introduction 
 

1 Protein structure  
 

The protein synthesis machinery in the cell has twenty different amino acids, each with unique 

chemical properties, to its disposal which therefore gives the possibility to form a significant 

number of different proteins with various properties, resulting in a very high functional 

diversity. The specific order by which these amino acids are linked together for the different 

proteins of different lengths are encoded by their respective genes in the DNA. Proteins play a 

crucial role in most events in the cell. Many proteins catalyze biochemical reactions. Other 

proteins can import and export substances across the cell membrane, or they can provide 

mechanical support, they can serve as structural components of a cell, they are also involved 

in the immune response, and in extracellular and intracellular signaling etc (Lodish et al. 

2004). Also, many diseases are associated with improper behaviour of proteins. Therefore, 

due to the fundamental importance of proteins, there is a need to understand how these 

biomolecules work on a molecular level. Knowledge about protein structure plays a key role 

in the understanding of protein function.  

 

Segments of amino acids that can adopt certain types of regular structures were first 

discovered by Pauling and his co-workers (Pauling and Corey 1951a-c; Pauling et al. 1951), 

who used accurately determined distances and angles for the peptide unit obtained from 

crystallographic studies on small molecules including amino acids, to predict the alpha-helix 

and beta-sheet conformations (figure 1). The peptide bond, which links amino acids, shows a 

partial double bond character and it is planar which imposes rigidity to the peptide bond 

(Pauling et al 1951). This leaves only two freely rotating bonds in the main chain; the Cα-C 

bond, of which the angle of rotation is called the psi (ψ) angle, and the N-Cα bond, with the 

angle of rotation denoted as phi (φ). Due to steric clashes there are only certain phi/psi angle 

pairs that are possible which was first discovered by Ramachandran and Sasisekharan 

(Ramachandran and Sasisekharan 1968). In a so-called Ramachandran plot the phi, psi angles 

of amino acids are plotted against each other, and there are certain regions in these plots that 

are typical for alpha helices and beta sheets.  
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The alpha helix has 3.6 residues per turn. The oxygen atom in the backbone carbonyl group 

(C=O) of a residue i forms a hydrogen bond with the hydrogen of the backbone amide group 

(NH) in residue i+4. The side chains are pointing out from the helical axis. The 310-helix is a 

less common observed helix variant, in which there are three residues per turn and hydrogen 

bonds are formed between residue i and residue i+3. The 310-helix is less stable than the 

alpha-helix due to sub-optimised packing, and occurs at the termini of alpha-helices or as 

single-turn helices (Branden and Tooze 1999). Because of the polarities and the direction of 

the backbone carbonyl and amide groups, alpha helices has a net dipole with a positive charge 

at the N-terminal end and a negative charge at the C-terminal end (Branden and Tooze 1999).  

 

The beta-sheet conformation is the other major secondary structure found in proteins. The 

pleated beta-sheet structure is formed when a beta strand, which is a segment of amino acids 

in an extended conformation, forms hydrogen bonds with an adjacent beta strand. Hydrogen 

bonds are formed between the backbone carbonyl and amide groups of such strands. Beta 

sheets can be parallel, anti-parallel or mixed depending on the relative direction of the beta 

strands (Branden and Tooze 1999).  

    
Figure 1. Schematic drawings of a) an alpha-helix. b) a beta-sheet. Hydrogen bonds formed 

between backbone carbonyl and amide groups are shown by dashed lines. 

a) b) 
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Amino acids appear to have different propensities for the formation of secondary structures. 

For instance amino acids such as Ala, Leu, and Glu seems to have a higher propensity for 

helix formation than Gly, Pro, or Ser. Based on the frequency of occurrence of each amino 

acid in different secondary structures of available protein structures, empirical methods were 

developed for the prediction of secondary structures (Chou and Fasman 1974). Several 

experimental and computational studies have been performed in order to investigate the 

residue propensity especially for alpha helix formation (Shoemaker et al. 1985; Marqusee et 

al. 1989; O'Neil and DeGrado 1990; Padmanabhan et al. 1990; Creamer and Rose 1991; 

Horovitz et al. 1992). Many studies emphasizes that the different propensities for residues 

having backbones that are chemically equivalent, can at least to some extent, be related to the 

conformational restrictions of the side chain in the helix compared to the unfolded state, but 

also to differences in solvation effects (Fersht 1999). The fact that proline and glycine have a 

low preference for helix formation can be rationalized. Proline with its cyclic side chain may 

produce steric hindrance in the helix, and furthermore, it is not able to provide an amide group 

for the formation of a hydrogen bond since its main chain nitrogen atom is part of the ring 

structure of the side chain and is not bonded to a hydrogen atom. If prolines are present in 

helices, this will usually result in a bending of the helix (Branden and Tooze 1999). Glycine, 

which only has a hydrogen atom as its side chain, may have a high flexibility which could 

result in a significant entropic cost upon the formation of an ordered conformation.   

 

Secondary structure segments are connected by loops, which often contain charged and polar 

residues. Loops tend to be flexible and can in addition to merely provide a link between 

secondary structure elements also be directly involved in the function of the protein, such as 

the loops that constitute the complementarity determining regions of antibodies (Wilson and 

Stanfield 1994).  

 

The three dimensional structure of the protein is often referred to as the tertiary structure. 

Different secondary structure elements in the polypeptide chain are interacting with each other 

through a number of different types of interactions, resulting in a unique geometrical shape of 

the protein. Many proteins interact with other polypeptide chains, forming assemblies of 

quaternary structures. Protein-protein interactions will be further discussed in chapter 3.  In a 

protein, typically most of the non-polar side chains are buried within the protein resulting in a 

compact hydrophobic core, since hydrophobic groups are thermodynamically favoured to be 

clustered together rather than being exposed in a water solution, and polar side chains usually 
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lie on the outside on the protein. The interactions that stabilize and define the structure are 

relatively weak, allowing the protein to have a certain level of flexibility which could be 

linked to the function of the protein (Fersht 1999; Eisenmesser et al. 2002; Benkovic and 

Hammes-Schiffer 2003; Eisenmesser et al. 2005; Boehr et al. 2006; Vendruscolo and Dobson 

2006). 

 

2 Protein stability 
 

The stability of a protein for which the native state denoted as N, and the unfolded state U, are 

in equilibrium with each other, can be defined as  

 

     ∆G° = G°unfold − G°fold = −RTlnK = −RTln [U] / [N] (1) 

 

 

Where G°unfold and G°fold are the free energies of the unfolded state and folded state, 

respectively, K is the equilibrium constant, [U] and [N] represents the concentrations of U and 

N, R is the gas constant, and ∆G° is the standard Gibbs free energy change. The Gibbs free 

energy is composed of an enthalpy (∆H°) and an entropy term (T∆S°) 

 

                    ∆G˚ = ∆H˚ − T∆S˚                             (2) 

 

The enthalpy term is related to bonds and interactions, whereas the entropic part is a measure 

of to what extent the degrees of freedom has been changed. The heat capacity change, ∆C°p, is 

related to the enthalpy change as ∆C°p = d(∆H°)/dT. With the assumption that the heat 

capacity at constant pressure is constant with respect to temperature, the temperature 

dependence of ∆H°, ∆S°, and ∆G° can be described as following  

 

∆H°(T) = ∆H°ref(Tref) + ∆C°p(T−Tref)                      (3)     

 

∆S°(T) = ∆S°ref(Tref) + ∆C°pln(T/Tref)                     (4) 

 

∆G°(T) = ∆H° – T∆S° = ∆H°ref – T∆S°ref + ∆C°p(T – Tref – T ln(T / Tref))       (5)     
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where ∆H°ref and ∆S°ref are the enthalpy change and entropy changes, respectively, at a 

reference temperature, Tref. 

 

Typically a protein adopts a folded structure that is held together by numerous interactions of 

different kinds (in some proteins, covalent disulfide bridges are present). This results in a 

conformational rigidness that is not found in the unfolded state of proteins which is thought to 

be a heterogeneous ensemble of conformations.  The conformational entropy is large in the 

unfolded state; the amino acids are free to assume a higher number of different configurations 

resulting in significant conformational entropy that is reduced upon folding due to the more or 

less well-defined structure. The loss in conformational entropy opposes protein folding but it 

is compensated by the hydrophobic effect which is described in the next section. A significant 

favourable enthalpic contribution to protein stability comes from the tight packing in the 

protein interior, which results in the minimization of cavities and enhancement of van der 

Waals interactions compared to the interactions made in the unfolded state. It has been shown 

that the average packing density of the protein interior more resembles that of crystalline 

solids rather than to the liquid state (Richards 1977; Harpaz et al. 1994). Buried polar groups 

often participate in hydrogen bonding. In fact, about 90 % of buried polar groups are involved 

in hydrogen bonds (Baker and Hubbard 1984; McDonald and Thornton 1994; Fleming and 

Rose 2005). However, the question whether hydrogen bonds make a favourable net 

contribution to protein stability or not is debated (section 2.2) 

 

2.1 Hydrophobic effect  
The hydrophobic effect is the tendency of non-polar molecules to transfer from an aqueous 

solution to a non-polar phase (Kauzmann 1959). In the 1930s, Edsall and Butler (Edsall 1935; 

Butler 1937) made the discovery that transferring non-polar substances into a water solution 

resulted in an increase in heat capacity, and a loss in entropy. What is the origin of the 

increased heat capacity and the large entropy losses?  

 

In 1945, Frank and Evans (Frank and Evans 1945) suggested that the reason for the observed 

changes in the heat capacity and entropy loss might be that water molecules surrounding the 

non-polar substances only adopt a few configurations compared to those of the bulk solvent at 

room temperature, in order to maximize the number of hydrogen bonds. Consequently, the 

entropy of the system is reduced due to the “iceberg-like” structuring of water molecules 
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around the hydrophobic areas. However, with increasing temperature, the water molecules 

that surround the non-polar surfaces become more disordered because of the increased energy 

state they now populate and the hydrogen bonds which they form become weaker as a result 

of this. The iceberg structures melt, resulting in a large heat capacity since the different 

energetic states of water provide an energy storage mechanism (Dill 1990), by analogy with 

the phase transition of ice melting to water. Walter Kauzmann proposed that the iceberg 

model could be used to describe the collapse of proteins into folded structures (Kauzmann 

1959). Based on the thermodynamics for transfer of non-polar compounds into a water 

solution and the fact that the side chain of many amino acids are hydrophobic, he drew the 

conclusion that the burial of non-polar surface should be a significant driving force in protein 

folding. The hydrophobic effect as a dominant force in protein folding received backing when 

the three dimensional structure of myoglobin (Kendrew et al. 1958) was published, which 

showed that the protein interior had almost exclusively non-polar side chains which were not 

accessible to water. Experimental evidence (Brandts 1964; Privalov 1979) showed that the 

enthalpy of unfolding varies with temperature, in particular, Privalov and co-workers used 

direct calorimetric methods that could show that protein unfolding is associated with a 

positive heat capacity change (Privalov 1979) which is an important similarity with the 

hydrocarbon model (Dill 1990). The hydrophobic interaction is believed to be the main 

contributor to the heat capacity change, although other factors have also been suggested 

(Sturtevant 1977) to contribute to the change in heat capacity between the folded state and the 

unfolded state of a protein. It has also been shown that polar groups may contribute to the heat 

capacity change of proteins (Murphy and Freire 1992; Spolar et al. 1992). 

 

Solvent transfer models have been used to estimate the strength of the hydrophobic effect 

from which it has been shown that the hydrophobic effect is proportional to the burial of 

surface area of hydrocarbon substances. The cost of transferring hydrophobic surface from a 

non-polar solvent to water have been estimated to around 20-30 cal/mol/Å2 (Hermann 1972; 

Chothia 1974; Reynolds et al. 1974).  

 

Robert Baldwin discovered (Baldwin 1986), by using previously published experimental data 

of ∆S° and ∆C°p for the transfer of several non-polar substances into water solution at 

different temperatures, that there is an extrapolated common value of a temperature Ts ~ 

113˚C at which the entropic contribution to the free energy of transfer is zero. Interestingly, 

this is about the same value that Privalov obtained (Privalov 1979) for the convergence 
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temperature of the specific entropies of protein unfolding for a set of proteins. Baldwin argued 

that this resemblance is seen because the contribution of the hydrophobic effect to the entropy 

of unfolding, ∆Shyd, approaches zero at Ts. He further argued that these observations could 

explain Sturtevants empirical relationship (Sturtevant 1977): that the ratio ∆S°/∆C°p is 

constant at 25°C for the transfer of non-polar substances from a hydrophobic solvent to water. 

If ∆S°(Ts) = 0 and Tref = 298 K then it follows from eq. 4 that ∆S°/∆C°p  must be constant.  

 

The contribution of the hydrophobic effect to protein stability has also been studied through 

mutational studies on proteins (Yutani et al. 1987; Kellis et al. 1988; Matsumura et al. 1988; 

Kellis et al. 1989; Shortle et al. 1990; Sandberg and Terwillinger 1991; Eriksson et al. 1992; 

Serrano et al. 1992). In these experiments, single-residue mutations are made in which a 

hydrophobic residue is substituted with another hydrophobic residue. The free energy of 

unfolding for the wild-type and the mutant is then measured in order to calculate the effect the 

substitution has on protein stability. The results from such experiments are relatively varied, 

and they are generally higher than values obtained from solvent transfer experiments. Factors 

that might contribute to the discrepancy between values obtained from solvent transfer and 

mutation studies on proteins could for instance be suboptimal repacking upon mutation 

(cavity formation), which would result in another contribution to free energy difference 

between the wild-type and the mutant (Eriksson et al. 1992), that the point-mutation affects 

other parts of the protein, or the fact that the protein core more resembles a solid than a liquid 

(Richards 1977) which therefore makes the comparison between values obtained from solvent 

transfer experiments and those from mutational studies somewhat complicated. Thus, using 

protein engineering for the quantification of the hydrophobic effect is associated with some 

difficulties. Nevertheless, it is generally agreed that the hydrophobic effect is a main driving 

force in protein folding.  

 

2.2 Hydrogen bonds   
The question whether hydrogen bonds make a favourable net contribution to protein stability 

or not has been an ongoing controversy ever since Paulings predictions of the alpha-helices 

and beta-sheets (Pauling and Corey 1951a-c; Pauling et al. 1951) were published. Kauzmann 

argued that there was no conclusive evidence showing that hydrogen bonds in the native state 

of the protein would be more favorable than hydrogen bonds in the unfolded state to water 

(Kauzmann 1959). Shortly after the seminal papers by Pauling and his colleagues, 
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dimerization studies of molecular compounds in which self-association was assumed to take 

place as a result of hydrogen bonding (Schellman 1955; Klotz and Franzen 1962; Susi et al. 

1964; Gill and Noll 1972) were performed to estimate the free energy of peptide hydrogen 

bonds. Some of these studies concluded that a peptide-peptide hydrogen bond is more 

enthalpically stable than a peptide-water hydrogen bond (Schellman 1955), whereas other 

studies have estimated the enthalpy of formation of the hydrogen bond to be near zero (Klotz 

and Franzen 1962), which also reflects the lack of suitable model systems. For example, the 

assumption that it is only the hydrogen bond that drives the dimerization in models such as N-

methylacetamide (NMA) is highly questionable (Jorgensen 1989; Dill 1990). These 

experiments have not yet provided with conclusive answers about the net contribution of 

hydrogen bonds to protein stability (Dill 1990). Theoretical studies suggest that the 

desolvation cost upon burying polar groups is so large that (Honig and Yang 1995; BenTal et 

al. 1997) formation of hydrogen bonds inside proteins is not enough to give a significant 

favorable net contribution to protein stability.  

 

Data from mutational studies on proteins (Shirley et al. 1992; Byrne et al. 1995; Yu et al. 

1995; Myers and Pace 1996; Yamagata et al. 1998) have also been used to estimate the 

hydrogen bonding contribution to protein stability. In these studies typically one of the 

partners in the hydrogen bonding pair is replaced with an amino acid incapable of hydrogen 

bonding, after which one measures the difference in stability between the wild-type and the 

mutant. In the work by Myers and Pace (Myers and Pace 1996), numerous experimental 

determined values of such free energy differences were used to obtain an average net 

contribution to protein stability of −1 to −2 kcal/mol per hydrogen bond. However, Honig and 

Yang (Honig and Yang 1995) have argued that experiments in which one member of the 

hydrogen bonding pair is removed do not reflect the true contribution of the hydrogen bond to 

protein stability since it simply leaves an unsatisfied buried polar group which is associated 

with a desolvation penalty. Other factors that may complicate the quantification of the true 

contribution of hydrogen bonding to protein stability are changes in properties such as 

hydrophobicity, packing and conformational entropy (Byrne et al. 1995). However, hydrogen 

bonds provide specificity and play a key role in determining the structure of proteins. 

 

2.3 Protein denaturation  
Denaturation studies are very useful in the investigation of the thermodynamical properties of 

proteins. There are different ways to perturb the N↔U equilibrium, for instance by increasing 
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temperature, addition of chemical denaturants, or changing pH or pressure (Fersht 1999). 

Typically, thermal denaturation is performed by differential scanning calorimetry (DSC) or by 

monitoring a spectroscopic signal such as fluorescence or circular dichroism (CD) with 

increasing temperature. At high temperatures the entropy of the unfolded state dominates, 

resulting in thermal unfolding (Fersht 1999). The temperature at which ∆G°(T) = 0 is called 

the melting temperature, where the concentrations of the folded and unfolded state are equal. 

 

Chemical denaturants such as guanidine hydrochloride (GuHCl) or urea denature proteins by 

direct interactions with the protein and/or by changing the solvent properties of water (Fersht 

1999), although the exact mechanism is not known. Pace and Greene found in 1974 (Greene 

and Pace 1974) that the unfolding free energy shows a linear dependence to the denaturant 

concentration as: ∆GD-N = ∆GH2O
D-N – mD-N[Denaturant], where ∆GH2O

D-N is the free energy of 

unfolding in the absence of denaturant and mD-N is reflects the change in the interaction 

between the unfolded state and the solvent (Schellman 2005). A good linearity is observed at 

high denaturant concentrations and ∆GH2O
D-N is obtained by extrapolation to 0 M 

denaturant. ∆GH2O
D-N calculated from guanidinium chloride and urea denaturation are in very 

good agreement (Pace 1990), which gives this relation some further credibility. However this 

procedure of estimating the free energy of unfolding may also be associated with some 

uncertainties due to the small range of denaturant concentrations at which measurements can 

be done with a long extrapolation, in addition to potential curvatures that might be present 

(Schellman 1987; Fersht 1999).  

 

3 Protein-Protein interactions 
Many proteins exert their function through interaction with other proteins. Protein-protein 

interactions are involved in important biological processes such as transcription, signal 

transduction, cell-cycle regulation, and immune response etc. Due to the crucial role protein-

protein interactions have in most cellular processes, an abnormal behavior of these type of 

interactions can result in diseases (Ryan and Matthews 2005). Therefore, the biological 

significance of protein-protein interactions makes it highly desirable to gain insights about the 

mechanisms that govern the recognition between proteins. Detailed structural and biophysical 

studies will provide important clues about how and why proteins interact with each other. 

Such knowledge can contribute to the design of drugs to combat diseases originating from 

protein-protein interactions as well as for further exploitation in biotechnological applications. 
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3.1 Structural characteristics of protein-protein interfaces 
Analyses of the structural aspects of protein-protein interactions are important for the 

understanding of the mechanisms underlying molecular recognition. Already in the 1970s, 

Chothia and Janin (Chothia and Janin 1975) made an analysis of a few number of protein-

protein complexes of which the crystal structures had been determined. They found, for 

instance, that the buried surface area is on the region of 1100-1700 Å2, that the hydrophobic 

effect seems to be a very important force also when it comes to protein-protein complexes, 

and they emphasized the importance of complementarity. Although the number of determined 

structures of protein-protein complexes is not as high as that of monomeric proteins, a 

significant amount of structural information on protein-protein interactions has now been 

accumulated. A statistical analysis of 75 heterodimeric complexes by Lo Conte et al. (Lo 

Conte et al. 1999) showed that the burial of surface area upon binding is 1200-4700 Å2, with 

most of the complexes having  “standard-size“ interfaces with 1600 ± 400 Å2, and with an 

average of nine intermolecular hydrogen bonds. Furthermore, the hydrophobicity of the 

average interface of protein-protein complexes seems to be lower compared to the protein 

interior but higher than the average protein surface (Jones and Thornton 1996; Tsai et al. 

1997), although extremes at both ends do exist with more non-polar or polar interfaces than 

average. Consequently, there is a greater fraction of charged and polar amino acids in the 

interfaces compared to the protein interior (Tsai et al. 1997). The packing at the interface 

seems to be as tight as in the protein interior (Walls and Sternberg 1992; Lo Conte et al. 

1999). The average interface of homodimers has a more non-polar character than the average 

heterodimeric interface (Janin et al. 1988; Jones and Thornton 1996; Lo Conte et al. 1999), 

and a reason for this could be that the protein components of hetero-complexes must be stable 

as monomers, for instance if they are not co-localized (Jones and Thornton 1996; Tsai et al. 

1997; Nooren and Thornton 2003). Therefore to maintain such stability, a large exposed 

hydrophobic surface is not preferable. Also, according to Jones and Thornton, the interface of 

heterodimers is more planar than homodimers, and they further noted that residues that form 

the interface are discontinuous, i.e. the interface is usually segmented (Jones and Thornton 

1996). There does not seem to exist any tendencies for certain secondary structures to be 

preferred in protein-protein interactions (Argos 1988; Jones and Thornton 1996; Stites 1997), 

and many interfaces contain different types of secondary structures. Water molecules have 

been observed in the periphery of the contact area and also in cavities within the binding 

interface of protein complexes (Hubbard and Argos 1994; Janin 1999; Lo Conte et al. 1999). 

Water molecules mediate polar interactions and affect the packing between the proteins (Lo 
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Conte et al. 1999). The importance of water molecules for the recognition process has been 

reported (Bhat et al. 1994; Huang et al. 1995). 

 

3.2 Forces in complex formation 
Two proteins interact to form a protein complex, in which the free and bound states are in 

equilibrium with each other: 

 

    [A] + [B] ↔ [AB] 

 

    [A][B] / [AB] = Kd

 

where [A] and [B] are the free state concentrations and [AB] is the concentration of the 

complex, and the strength of interaction between the proteins is given by the dissociation 

constant Kd. The dissociation constant is related to the free energy of binding  

 

    ∆G°bind = −RTln(1/Kd) (6)   

 

in which R is the gas constant and T is the temperature in Kelvin. 

 

Dissociation constants in protein-protein interactions span a wide range of values, from sub-

picomolar (Kd ~ 10-14 M) which corresponds to extremely high affinity, to weaker interactions 

in the micro- to millimolar region (Kd ~ 10-6-10-3 M). An example of extremely strong binding 

affinity is the interaction between the extracellular ribonuclease Barnase produced by Bacillus 

amyloliquefaciens and its intracellular inhibitor Barstar, with a dissociation constant in the 

sub-picomolar region (Schreiber et al. 1994). The high affinity is needed in order to prevent 

any lethal Rnase activity inside the cell by Barnase (Hartley 1989; Schreiber et al. 1994). On 

the other hand, weak interactions such as those between cell adhesion proteins (van der 

Merwe and Barclay 1994) have been proposed to be necessary to facilitate dynamic and easily 

reversible cell-cell contacts.             

          

Upon complex formation there will be both enthalpic and entropic contributions to the binding 

free energy: 
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    ∆G°bind = ∆H°bind - T∆S°bind

  

The change in enthalpy, ∆H°bind, is a measure of the strength of interactions such as hydrogen 

bonds, electrostatics, and van der Waals interactions that are formed between the binding 

partners relative to those with the solvent. The entropy term, ∆S°bind, reflects the difference in 

the degrees of freedom of the bound and free states. 

 

The hydrophobic effect contributes favourably to protein stability whereas the substantial loss 

in conformational entropy opposes folding. Both these effects have key roles also in protein-

protein interactions. The loss in conformational entropy opposes complex formation, although 

the reduction in backbone entropy is usually not as dominant as in protein folding unless there 

are coupled folding events associated with complex formation (Tsai et al. 1997; Tsai and 

Nussinov 1997; Tompa 2002). Statistical analyses (Chothia and Janin 1975; Janin and Chothia 

1990; Lo Conte et al. 1999) have shown that there is a substantial burial of hydrophobic 

surfaces in protein-protein complexes, indicating that the hydrophobic effect is an important 

force also in protein-protein association. Theoretical calculations have shown that a 

correlation exist between the strongest hydrophobic clusters and the actual binding site 

(Vakser and Aflalo 1994; Young et al. 1994). The tight packing in the binding interface 

results in very favourable van der Waals interactions. The large and negative heat capacity 

change measured for many protein-protein reactions is indicative of large burial of 

hydrophobic surfaces. However, water molecules at the binding interface have been also 

shown to influence the value of ∆C°p (Morton and Ladbury 1996). This additional 

contribution to ∆C°p have been suggested to be the result of the reduction of mobility for 

water molecules at the interface compared to the highly dynamic bulk solvent water molecules 

(Guinto and Di Cera 1996; Morton and Ladbury 1996). The study by Guinto and Di Cera  

showed that a sodium ion bound to thrombin resulted in a large and negative heat capacity 

change, which was explained by the burial of water molecules linked to sodium binding to 

thrombin (Guinto and Di Cera 1996). This reflects the importance of being cautious of 

interpreting large and negative heat capacity changes solely as a result of the burial of 

accessible surface areas.  

 

The stabilizing effect of hydrogen bonds and salt bridges varies in protein-protein complexes 

(Xu et al. 1997). In protein-protein complexes, due to the more hydrophilic nature of the 
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binding interface compared to the protein interior, the desolvation cost upon burying charged 

or polar side chains might be reduced, and the interaction between the hydrophilic pair and 

surrounding environment could be strong enough to contribute favourably to binding affinity 

(Xu et al. 1997; Tsai et al. 1998; Sheinerman et al. 2000). Even though the stabilizing effect of 

hydrogen bonds seems to vary, it is generally agreed that they provide specificity to 

complexes by discriminating against orientations that don’t have proper complementarity. 

 

In a bimolecular association, three translational and three rotational degrees of freedom are 

converted into 6 low frequency (vibrational) motions (Brady and Sharp 1997; Yu et al. 2001). 

Therefore, upon complex formation there will be losses in translational and rotational entropy 

resulting in an unfavorable contribution to the free energy of binding. However, the 

magnitude of the change in translational and rotational entropy, ∆S°rt, is a matter of debate 

(Murphy et al. 1994; Janin 1995; Gilson et al. 1997; Tamura and Privalov 1997). Gas-phase 

statistical mechanics have been used to obtain values of ∆S°rt (Finkelstein and Janin 1989), 

which has estimated the loss upon complex formation to about 50 cal mol-1 K-1. Such values 

have been used in the thermodynamical analysis of protein-protein interactions and protein-

DNA interactions (Spolar and Record 1994; Ayala et al. 1995; Myszka et al. 2000). However, 

the approach of using gas-phase statistical mechanics has been criticized for not being realistic 

for binding reactions in aqueous solution and for overestimating the loss in ∆S°rt (Murphy et 

al. 1994; Amzel 1997; Mammen et al. 1998; Yu et al. 2001; Vinals et al. 2002). Another 

popular approach has been to use the cratic entropy  (for 1 M standard state, ∆Scrat = −Rln1/55 

~ 8 cal/mol/K at 25°C) as an approximation of ∆S°rt (Murphy et al. 1994; Gomez and Freire 

1995; Baker and Murphy 1997; Lavigne et al. 2000; Horn et al. 2003). However, the use of 

the cratic entropy has also been criticized for not having a sound thermodynamics and 

statistical mechanics foundation (Holtzer 1995; Gilson et al. 1997). Experimental and 

computational estimates of ∆S°rt for protein interactions range from values near the cratic 

entropy to estimates that are about three times larger (Amzel 1997; Yu et al. 1999; Yu et al. 

2001; Luo and Sharp 2002; Murray and Verdonk 2002; Vinals et al. 2002; Swanson et al. 

2004). It has been stressed that the change in translational and rotational entropy upon 

complex formation is dependent on the nature and strength of binding and that calculation of 

∆S°rt should include estimations of residual motion in the complex (Gilson et al. 1997; Luo 

and Sharp 2002; Swanson et al. 2004). 
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The kinetics of a bimolecular reaction can be described by an association rate constant kon, 

and a dissociation rate constant koff, in which the ratio between these two values is the 

dissociation constant (Kd = koff / kon). The association rate can be altered by changes in solvent 

viscosity, ionic strength of the solution, and pH, and the off-rate is said to be dictated by direct 

interactions between the proteins (Schreiber 2002). The maximal rate constant for collision of 

molecules is according to the Einstein-Smoluchowksi equation (Atkins 1994; Schreiber and 

Fersht 1996; Janin 1997) on the order of 109-1010 M-1 S-1. However, due to the orientational 

constraints associated with protein binding, this association rate is reduced by about four to 

five orders of magnitude (Schreiber and Fersht 1996). Faster association rates of up to 109-

1010 M-1 S-1 have been reported for protein complexes such as Barnase-Barstar (Schreiber and 

Fersht 1996), Hirudin-Thrombin (Stones et al. 1989), and ColicinE9-ProteinIM9 (Wallis et al. 

1995), apparently due to favourable long-range electrostatic interactions. Fast association 

rates have some advantages. For instance, the association between Barnase and Barstar is 

extremely rapid, which is necessary in order to prevent the lethal Barnase to be accumulated 

inside the cell (Schreiber et al. 1994), and fast association rates give also the possibility to 

have high binding affinities while maintaining fast dissociation rates, such as the RAS-

effector interaction (Sydor et al. 1998). On the other hand, there are biological processes in 

which fast dissociation rates  are preferable, such as in cell-cell contacts mentioned earlier.  

 

Proteins are usually present in a crowded environment with several potential binding partners, 

and protein components of complexes such as hormone-receptor and antibody-antigen are 

usually not co-localized, which therefore requires a high degree of binding specificity (Nooren 

and Thornton 2003).  Most proteins form specific complexes and an important requirement 

for a high specificity is that the binding surfaces must have a high shape and chemical 

complementarity.  

 

3.3 Hot spots 
By using alanine scanning mutagenesis to investigate how much individual binding residues 

contribute to the binding free energy in the human growth hormone:receptor complex, Wells 

and co-workers (Clackson and Wells 1995; Wells 1996) found that binding free is not 

uniformly distributed across the binding surface. Instead only a few interface residues, also 

called hot spots, provide much of the interaction free energy. This feature has later been 

observed in other protein-protein complexes. A residue is defined as a hot spot if, upon 
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mutation to alanine, significantly reduces the binding free energy (∆∆Gbind ≥ 2 kcal/mol) 

(Bogan and Thorn 1998). In the study by Bogan and Thorn, in which alanine-scanning based 

datasets of 22 protein interfaces were compiled and analyzed it could be shown that hot spots 

are associated with certain characteristics: they become completely buried upon complex 

formation; they are surrounded by residues (so-called O-ring) that are not energetically as 

important and might serve to exclude solvent from the hot spot (Bogan and Thorn 1998). 

Furthermore, hot spot residues tend to be clustered at the center of the binding interface 

making contacts with hot spots in the other subunit. There are some residues that occur 

frequently at these energetic hot spot positions such as arginine, tryptophan, and tyrosine 

(Bogan and Thorn 1998). The potential of using hot spots to improve protein-protein docking 

predictions have been demonstrated by Nussinov’s group (Halperin et al. 2004; Li et al. 

2004). A correlation between conserved interface residues and hot spots has been observed 

(Hu et al. 2000). 

 

3.4 Conformational changes upon complex formation 
Different models have been used to explain the protein binding mechanisms.  According to 

the “lock- and key” model, protein binding is not associated with any particular 

conformational rearrangements, and the two binding partner come together as a lock and key 

with pre-formed binding sites. However, this model is not compatible with the observation 

that conformational changes upon binding do in fact take place. The “induced fit” model, 

which was proposed by Koshland (Koshland 1958) accounts for these circumstances, in which 

the binding partner induces a change on the structure of the protein resulting in a better 

complementarity between the two binding partners. The conformational change may occur in 

one or both of the binding partners in a protein complex. Structural adaptation has been 

observed in several antibody-antigen systems, from side chain rearrangements to main chain 

movement of certain segments such as the complementarity determining region (CDR) loops 

and even reorientation of domains (Stanfield and Wilson 1994; Davies and Cohen 1996). 

Much of the information about significant conformational changes in such systems has come 

with small molecular mass antigens, such as haptens and peptides (Wilson and Stanfield 1994; 

Davies and Cohen 1996), however structural rearrangements with proteins as antigens have 

also been observed (Bhat et al. 1990; Huang et al. 1995; Braden et al. 1996; Davies and 

Cohen 1996; Mylvaganam et al. 1998; Li et al. 2000; Monaco-Malbet et al. 2000) as well as 

in other protein-protein complexes (Sundberg and Mariuzza 2000). A correlation between 
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interface size and to what extent structural rearrangements take place in protein-protein 

interactions seem to exist, in that large binding interfaces in general experiences large 

conformational changes (Lo Conte et al. 1999). An extreme form of structural adaptation is 

seen for certain proteins that are wholly or partly intrinsically unstructured in their free state 

but fold up upon binding (Dyson and Wright 2002; Tompa 2002; Uversky 2002). Many 

suggestions have been made for the functional importance of disorder-order transitions. For 

example, due to a significant conformational entropy loss, the disorder-order transition may 

allow for the possibility of low overall binding affinities even though many highly specific 

protein-target interactions are involved (Dunker et al. 2001). Such interactions are of a 

fundamental importance in transient protein-protein interactions and in protein-nuclec acid 

interactions (Liu et al. 2006). Other advantages are that the structural plasticity allows this 

kind of proteins to bind to different targets in a “specific” manner, and it could also allow the 

formation of larger binding interfaces compared to rigid proteins (Dunker et al. 2001; 

Gunasekaran et al. 2003). 

 

A more recent theory that has been put forward as an alternative to the induced fit model is 

the so-called conformational selection mechanism (Tsai et al. 1999; Goh et al. 2004). 

According to the conformational selection model, the binding partners in their free states exist 

as an ensemble of closely related conformations, in which the most suitable conformation is 

selected for binding shifting the equilibrium towards the bound conformational state, and 

there are some studies that support the conformational selection mechanism (Foote and 

Milstein 1994; Berger et al. 1999; James et al. 2003). 

 

3.5 Structural energetics calculations 
Empirical relationships in which the energetics of protein folding is correlated to changes in 

accessible surface areas (ASA) have been developed by Freire, Murphy, Record and their co-

workers (Murphy and Freire 1992; Spolar et al. 1992; Baker and Murphy 1998; Luque and 

Freire 1998). Although the parameterization of thermodynamical parameters in terms of 

changes in ASA was derived for protein folding, it has been argued that this approach can be 

applied also in protein binding (Gomez and Freire 1995; Murphy et al. 1995). 

 

In this approach, the calculation of ∆C°p and ∆H° are solely based on changes in ASA for 

polar and non-polar groups (Murphy and Freire 1992; Spolar et al. 1992; Xie and Freire 1994; 
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Hilser et al. 1996). The change in entropy can, in the absence of proton linkage effects, be 

decomposed into three terms (Murphy et al. 1994) 

 

∆S° = ∆S°solv + ∆S°conf + ∆S°rt        

 

where ∆S°solv represents the effects of restructuring of solvent molecules, and it has been 

parameterized in terms of changes in ASA of polar and non-polar groups as described by 

D’Aquino et al. (D’Aquino et al. 1996). The change in conformational entropy, ∆S°conf, can be 

considered as the sum of three terms (for protein dissociation) (Murphy et al. 1994): i) the 

change in entropy that is associated with a side chain moving from a buried to a solvent-

accessible state ii) the gain in side chain entropy due to secondary structure unfolding iii) the 

entropy change associated with the backbone. The third term, ∆S°rt, is the change in 

translational and rotational entropies. The value of ∆S°rt is a matter of debate and is briefly 

discussed in section 3.2 and paper V.  

 

Some studies have shown a good agreement between calculated and experimentally 

determined binding energetics (Gomez and Freire 1995; Baker and Murphy 1997; Lavigne et 

al. 2000; Horn et al. 2003). However, there are cases in which structural energetics 

calculations have not been capable of reproducing experimental values even though structural 

data in both free and bound states are available and events such as proton linkage have been 

taken into consideration (Frisch et al. 1997; Henriques et al. 2000; Keeble et al. 2006). It has 

for instance been shown that water molecules contribute to the heat capacity change (Morton 

and Ladbury 1996; Bergqvist et al. 2004). Thus, other effects are present which are not 

accounted for in structural energetics calculations.  

 

4 Methods for structural and biophysical characterization of 
proteins 
 

4.1 NMR  
The majority of protein structures deposited in the protein data bank (PDB) has been 

determined by X-ray crystallography. Solution Nuclear Magnetic Resonance (NMR) 

spectroscopy emerged in the mid 1980s as an alternative method for structure determination 

of biomolecules, mainly due to the development of multidimensional NMR developed by 
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Ernst, Jeener and other researches, and the sequential assignment method developed by 

Wüthrich and his colleagues (Wüthrich 1986). Structure determination of proteins by NMR is 

now a well established practice, with 14 % of the protein structures deposited in the PDB 

having being determined using this method (http://www.pdb.org) 

 

NMR spectroscopy relies on the intrinsic magnetic properties of certain atomic nuclei. 

Nuclear spins of I=½ (such as 1H) which are by far the most utilized in NMR experiments can 

in the presence of an external magnetic adopt one of two possible orientations. At equilibrium, 

the state with the lower energy (corresponding to the orientation which is aligned with the 

applied field) has only a slightly higher population than the other state according to a 

Boltzmann distribution, which makes NMR a relatively insensitive method. An applied static 

magnetic field is usually between 9-21 Tesla and transitions between these energy states are in 

the radiofrequency region (MHz). The magnetic field experienced by the atomic nuclei differs 

slightly from the applied external field since the local electronic environment produces a 

secondary magnetic field, resulting in the so-called chemical shift. The interaction between 

spins through chemical bonds is known as scalar coupling. Spins can also interact with each 

other through space by dipolar couplings. In an isotropic media, dipolar couplings are 

averaged to zero due to rapid molecular tumbling. However, cross-relaxation as a result of 

dipole-dipole interactions gives rise to the Nuclear Overhauser Effect (NOE) which is related 

to the inter-nuclear distance as r-6 and it can be observed in isotropic media. Consequently, the 

NOE effect provides distance information between interacting spins, which is the basis for 

structure determination of biomolecules by NMR. 

 

Since NMR is a relatively insensitive method protein concentrations usually at the millimolar 

region are used for structure determination. Provided that a protein sample has been properly 

prepared and NMR spectra recorded, the process of determining a protein structure begins 

with the assignment of the chemical shifts of the atomic nuclei. Chemical shift assignment is 

facilitated by the use of 15N and 13C labeling. Since the isotopes 13C and 15N have spin ½, they 

are NMR active, and magnetization transfer between 1H, 13C, and 15N, in any order, is 

possible to achieve. Several different proton-detected heteronuclear NMR experiments with 

magnetization transfer through the scalar interaction have been constructed and are routinely 

used to assign backbone and side chain resonance frequencies (Cavanagh et al. 1996; Sattler 

et al. 1999). Once chemical shifts have been assigned, it is then possible to identify the 

hydrogen atoms that give rise to NOE cross-peaks in NOESY spectra from which distance 
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information is extracted. NOE cross-peak intensities are proportional to the inverse sixth 

power of the distance between the interacting atomic nuclei, but there are other mechanisms 

such as internal motions and chemical exchange that may also affect the intensities. Therefore, 

the standard procedure is to divide distance restraints obtained from NOE intensities, into a 

few classes, for example weak, medium and strong. Examples of other restraints that can be 

obtained from NMR and used in structure calculations include dihedral angles derived from 

coupling constants or empirically from chemical shifts (Cavanagh et al. 1996; Cornilescu et 

al. 1999) and macroscopic orientation parameters derived from residual dipolar couplings 

(Bax 2003). Structure calculation is usually done with simulated annealing or distance 

geometry methods and is repeated many times. The final NMR model is an ensemble of 

structures, all of which are consistent with experimental data. 

 

Structure determination of large proteins by NMR is hampered mainly by two problems: the 

overlap problem and that the NMR signals relax faster with larger proteins. NMR spectra of 

large proteins usually contain a substantial number of cross-peaks which inevitably leads to 

overlap problems which seriously complicate the analysis of such spectra. The transverse 

relaxation rate affects how fast the Free Induction Decay (FID) signal will decay and it is 

dependent on the correlation time (Cavanagh et al. 1996), i.e. a larger correlation time leads to 

a faster decay of the NMR signal. Since very large proteins tumble more slowly, the NMR 

signal will decay very fast, resulting in line broadening and poor spectral sensitivity. 

Transverse relaxation-optimized spectroscopy (TROSY) developed by Kurt Wüthrich and his 

colleagues (Pervushin et al. 1997) in combination with isotopic labeling including fractional 

deuteration strategies (Gardner and Kay 1998), have made it possible to investigate larger 

proteins. 

 

4.2 CD  
In Circular Dichroism (CD) spectroscopy the difference in absorption between right and left 

circularly polarized light is measured (Fasman 1996). CD is observed for proteins at 

wavelengths 170-250 nm and the principal chromophore in this region is the peptide bond 

which is in an asymmetric environment. Alpha-helix, beta-sheet and random coil 

conformations have different CD properties due to different backbone conformations which 

therefore makes CD spectroscopy a good method to investigate secondary structure of 

proteins. In the near-UV region (250-300 nm) the main chromophores are the aromatic side 

chains, which can produce a CD signal if they are in an asymmetric environment, for instance 
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inside a folded protein. Thus, near-UV CD may provide information about the tertiary 

structure. CD can also be used for denaturation studies, in which the CD signal at a fixed 

wavelength is measured while for instance increasing the temperature or adding a denaturant. 

 

4.3 ITC  
Isothermal Titration Calorimetry is a powerful method to investigate the energetics in binding 

reactions (Ladbury and Chowdhry 1996; Leavitt and Freire 2001). Small aliquots of one of the 

molecular species are titrated into a sample cell containing a solution of the other binding 

partner. Each time a titration occurs the heat that is released (exothermic) or absorbed 

(endothermic) is measured by monitoring the energy required to maintain a zero temperature 

difference between the sample cell and a reference cell. The enthalpy change of binding, 

association constant and the stoichiometry of the reaction can be obtained by fitting 

experimental data to an appropriate binding model. Binding reactions can be coupled to 

protonation/deprotonation effects which then contribute to the observed enthalpy change. In 

order to obtain the intrinsic binding enthalpy, such effects must therefore also be evaluated by 

performing ITC measurements at different buffer conditions (Leavitt and Freire 2001). The 

heat capacity of binding is possible to obtain by conducting ITC measurements at different 

temperatures. Binding thermodynamics of several different biomolecular processes have been 

investigated using ITC (Ladbury and Chowdhry 1996; Weber and Salemme 2003; Ababou 

and Ladbury 2006). 

 

5 Affibody proteins  
The highly specific and tight binding properties of antibodies have made them useful as 

affinity reagents in several different areas, for example therapy applications, diagnostics, 

bioseparation, detection assays etc. However, antibodies are very large multi-domain proteins 

which contain disulphide bridges that connect the subunits. Such properties make the 

production of antibodies relatively complicated and expensive and it also reduces the 

variability of the environment in which antibodies can work properly. Therefore, alternative 

binding proteins which can offer a specific binding as antibodies but have a smaller size 

without any disulphide bridges and are soluble as well as can be cost-effectively produced and 

purified are highly sought after. Such properties may be provided by affibody proteins. 

 

Affibody proteins are engineered binding proteins that are based on the 58-residue three-helix 
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bundle scaffold of the Z domain (Nord et al. 1997). The Z domain is derived from the B-

domain of the immunoglobulin binding Staphylococcus aureus protein A (SPA) (Nilsson et al. 

1987). The amino acid sequence of the Z domain differs from the B domain at two positions:  

The sequence Asn28-Gly29 in the B domain was changed to Asn28-Ala29 in order to make the 

protein resistant to hydroxylamine cleavage. Also, alanine in position one was replaced with a 

valine. The three dimensional structure of the B domain (Gouda et al. 1992), Z domain 

(Tashiro et al. 1997; Zheng et al. 2004) and the B:Fc complex (Deisenhofer 1981) have been 

determined. Thirteen positions located at the Fc binding surface of the Z (B) domain (figure 2) 

are randomized to create libraries of Z domain variants, from which specific binding proteins 

(affibody proteins) can be functionally selected using phage display technology. The first 

selections of affibody proteins were performed from relatively small libraries of about 107 

members (Nord et al. 1997) and resulted in novel binders with dissociation constants in the 

micromolar region. The employment of additional randomization and selection of first-

generation binders (Gunneriusson et al. 1999; Nord et al. 2001; Orlova et al. 2006) or the use 

of larger library sizes (Wikman et al. 2004) has yielded affinities in the nanomolar and down 

to low picomolar region. Affibody proteins have been selected against a broad range of 

different targets of various sizes, for example Insulin (Nord et al. 1997), Taq DNA 

polymerase (Nord et al. 1997; Gunneriusson et al. 1999), IgA (Rönnmark et al. 2002), Her2 

(Wikman et al. 2004), and human CD28 (Sandström et al. 2003). 

 

The use of affibody proteins in various applications have been described, such as 

bioseparation (Nord et al. 2000; Nord et al. 2001; Gräslund et al. 2002; Ronnmark et al. 

2002), as tumor targeting agents (Wikman et al. 2004; Orlova et al. 2006), and possibly 

biotherapy (Henning et al. 2002; Sandström et al. 2003). The small size of affibody proteins 

makes it possible to also produce them through chemical synthesis, allowing site-specific 

incorporation of fluorophores which is extremely useful for detection purposes (Karlström and 

Nygren 2001; Renberg et al. 2004; Engfeldt et al. 2005). 
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Figure 2. Z domain with the 13 positions that are genetically randomized to make phage 

display libraries from which affibody binding proteins can be functionally selected. Figure 

kindly provided by P.-Å. Nygren. 
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Present investigation  
The work presented in this thesis has been focused on the investigation of the structural and 

thermodynamical basis for molecular recognition in affibody-target complexes. Artificial 

binding proteins based on a variety of different frameworks have been reported (Nygren and 

Skerra 2004; Binz and Plückthun 2005). However, the available structures of such protein 

complexes are very few (Binz and Plückthun 2005). In order to understand how and why 

these proteins interact with their targets, structural as well as biophysical data are essential. 

Accumulation of such knowledge could aid in the improvement of binder libraries and 

selection procedures.  

 

Affibody proteins are also good model systems to study protein-protein interactions in 

general. In the post-genomic era, with the growing identification of proteins involved in 

protein-protein interactions, the importance of understanding such interactions on a molecular 

level have become more evident than ever. The structure determination of proteins and protein 

complexes complemented by thermodynamical studies are vital in order to gain insights about 

the nature of forces underlying protein-protein interactions.   

 

The first two papers (I,II) concerns the Z:ZSPA-1 affibody complex. The structure of Z:ZSPA-1 

had previously been determined (Wahlberg et al. 2003), and it was also shown that the 

unbound ZSPA-1 showed many characteristics of a molten globule. We undertook the task of 

investigating the reasons for this molten globular behavior and for the moderate affinity in 

Z:ZSPA-1 (I,II). In addition, NMR has been used to determine the solution structure of the 

ZTaq:anti-ZTaq affibody:affibody complex as well as the structures of both unbound subunits 

(III,IV) at the same experimental conditions. In addition, thermodynamic studies have been 

carried out to get a more comprehensive understanding about the mechanisms of protein-

protein interactions (V).  
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6 Biophysical characterization of Z:ZSPA-1 (I,II) 
The possibility to obtain affibody proteins capable of binding either the parental scaffold or a 

previously selected affibody binding protein (see (III,IV)) has been demonstrated by Eklund et 

al. (2002). The ZSPA-1 affibody was selected for affinity to staphylococcal protein A (SPA), 

and it binds all five SPA domains with dissociation constants in the micromolar region 

(Eklund et al. 2002). 

 

The structure of the Z:ZSPA-1 complex was determined by NMR spectroscopy (Wahlberg et al. 

2003), but a structural determination of the free state ZSPA-1 affibody was not possible due its 

molten globular behaviour. For instance, there are extensive line-broadening present in the 
15N-HSQC of ZSPA-1 compared to the Z domain which display narrow resonances with 

favourable dispersion. CD measurements showed that ZSPA-1 has a significant content of 

secondary structure, albeit lower compared to Z domain, and the melting temperature is low 

(41°C) with a non-cooperative melting transition. Furthermore, ZSPA-1 binds the hydrophobic 

dye 8-anilino-1-naphtalenesulfonic acid (ANS) resulting in a significant increase in 

fluorescence intensity. There are also signs of self-association at high millimolar 

concentrations as judged by gel filtration profiles (I). 

 

In paper (I), an extensive investigation was done in order to figure out why ZSPA-1 behaves like 

it does in the unbound state. The line broadening observed in the NMR spectra for ZSPA-1, 

made it difficult to analyze and assign resonances. Therefore, the molecular compound 

trimethylamine N-oxide (TMAO) was used to minimize these shortcomings. TMAO is a so-

called osmolyte, capable of shifting the unfolding-folded equilibrium towards the more folded 

state (Baskakov and Bolen 1998; Bolen and Baskakov 2001), which in the case of ZSPA-1 is the 

MG state (I,II). The increase in fluorescence intensity upon ANS binding is about the same 

with and without TMAO. Furthermore, the addition of TMAO results in a stabilization of 

ZSPA-1, as investigated by both chemical and thermal denaturation (I,II). The peaks in 15N-

HSQC of ZSPA-1 become sharper in the presence of TMAO (figure 3), which resulted in the 

possibility to acquire backbone assignments of most residues. These results are consistent 

with a shifting from the unfolded state towards the MG state when TMAO is added. The 

chemical shift assignments gave us the possibility to investigate the backbone dynamics (I), 

which showed that helices 1 and 2 have a increased flexibility at the intermediate to slow 

time-scale compared to helix 3. In addition, the chemical shifts of the alpha carbon which can 

be used to detect secondary structures (Wishart and Sykes 1994) revealed that all three helices 
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are present in ZSPA-1, which was also verified by the presence of NOEs that are characteristic 

for alpha-helices. Thus, the reduced helical content of ZSPA-1 as measured by CD spectroscopy 

is due to transient unfolding and not due to missing helices. 
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equilibrium of ZSPA-1 was examined. Therefore, folding data were essential in order to make 

such an investigation. Folding energetics of ZSPA-1 and Z domain were obtained from van’t 

Hoff analysis of CD thermal unfolding data (II). Both the free energy of folding, ∆G°fold, and 

the heat capacity change of folding, ∆C°p,fold, of ZSPA-1 was smaller compared to the values 

obtained for the Z domain, which is not surprising considering the molten globular behaviour 

of ZSPA-1. The heat capacity change of folding is related to the burial of non-polar and polar 

groups (Murphy and Freire 1992; Spolar et al. 1992), and biophysical as well as 

thermodynamical data are consistent with the notion that the MG state of ZSPA-1 does not form 

a tight hydrophobic core that is completely buried, resulting in a reduced ∆C°p,fold. The folding 

stability of Z domain is typical for a protein of its size (Felitsky and Record 2003) and is 

comparable to values obtained for the Z or B domain reported in literature (Cedergren et al. 

1993; Bai et al. 1997; Myers and Oas 2001).        

 

The apparent enthalpy change of binding obtained from ITC, ∆HITC, is exothermic and 

contains contributions from the intrinsic binding enthalpy and from the enthalpy of folding of 

a certain fraction funfold of ZSPA-1: 

 

∆H°bind = ∆HITC − funfold∆H°fold  =∆HITC + funfold∆H°unfold       (7) 
 

Since both funfold and ∆H°fold are known from the van’t Hoff analysis of thermal unfolding of 

ZSPA-1, the apparent enthalpy change of binding could be corrected for the folding of ZSPA-1. 

Also, the ITC measured dissociation constant, Kd,app, contains contributions from the 

dissociation constant in Z:ZSPA-1, Kd, and from the unfolding-folding equilibrium of ZSPA-1. 

The free energy of binding, ∆G°bind, is then given by 

 

∆G°bind = −RTln(1/Kd) = −RTln((1+Kunfold)/Kd,app)       (8) 

 

The corrected binding enthalpy is a linear function of temperature (figure 4). The heat 

capacity change of binding, ∆C°p,bind is related to ∆H°bind(T) by  ∆C°p,bind = d(∆H°bind)/dT and 

was estimated to about −400 cal mol-1 K-1 which agrees well with the hydrophobic character 

of the binding interface (Wahlberg et al. 2003). However, the relative contributions of the 

desolvation effects originating from the conformational stabilization of the MG state of ZSPA-1 

to the well-defined structure in the Z:ZSPA-1 complex and the desolvation entropy which is 
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associated with the actual binding process to the overall ΔS°solv is not possible to ascertain due 

to experimental uncertainties.  

 
Figure 4. The observed enthalpy of binding (○) and the separation of folding equilibrium of 

ZSPA-1 from the binding enthalpy (●). 

 

Calorimetric binding measurements were also carried out in the presence of osmolytes 

(TMAO or betaine), which showed that the binding enthalpy has a linear dependence with 

temperature, in contrast to the non-linear behaviour without the addition of osmolytes. This is 

in agreement with the fact that the osmolytes shifts the unfolding-folding equilibrium towards 

the folded state, which in the ITC binding measurements are manifested by the absence of the 

non-linear relationship with temperature since the fraction of ZSPA-1 that is unfolded is very 

small in the presence of TMAO or betaine.  The possibility that the poor thermal stability of 

ZSPA-1 could be a major reason for the low affinity in Z:ZSPA-1, was discarded since the 

association constants did not become significantly improved when corrected for the folding of 

ZSPA-1, and also due to simple considerations regarding coupled folding-binding equilibria as 

described in (II). 

 

The interaction surface in Z:ZSPA-1 shows a tight steric polar/non-polar complementarity, with 

structural properties typical for protein-protein complexes (Lo Conte et al. 1999). 

Furthermore, the binding interface of the Z:ZSPA-1 complex shows a high degree of similarity 

to the interaction surface of B:Fc complex (Deisenhofer 1981). However, the affinity in 

Z:ZSPA-1 is two order of magnitudes lower compared to the strength of interaction between Z 



Structural and thermodynamical basis for molecular recognition between engineered binding proteins 

domain and the Fc fragment. Since the low binding affinity does not seem to be the result of 

the low thermal stability of ZSPA-1 nor the structural appearance of binding interface in Z:ZSPA-

1, the possibility that a conformational stabilization of the MG state of ZSPA-1 upon binding 

might be the reason was investigated. 

 

Empirical methods in which ∆H°, ∆C°p and ∆S° of protein folding has been related to the 

change in solvent accessible surface area, have been also suggested to be applicable in 

protein-protein interactions (section 3.5). Using these empirical relations, structural energetics 

calculations have been performed on Z:ZSPA-1, in which the structures of the Z:ZSPA-1 complex 

(Wahlberg et al. 2003) and the unbound Z domain (Zheng et al. 2004) are available. The 

structure of free state ZSPA-1 has not been possible to determine of reasons mentioned earlier. 

Instead, the ZSPA-1 structure in bound state was used as the free state structure in a hypothetical 

complex formation. The experimental determined values of ∆C°p,bind and ∆H°bind are within 

the range of values for ∆C°p,bind and ∆H°bind estimated by structure based thermodynamics. 

However, the value of 17-27 kcal/mol for T∆S°tot,bind obtained from structural energetics 

calculations is significantly more favourable than the experimental T∆S°tot,bind, which could be 

due to the conformational stabilization of the MG state of ZSPA-1, since this was not taken into 

consideration in the structure based thermodynamics. The indication of a significant reduction 

in conformational entropy was supported by two other approaches. Assuming that desolvation 

entropic contributions from non-polar and polar groups are zero at 385 K (Baldwin 1986; 

Murphy 1994), the change in conformational entropy can be estimated from the following 

equation 

 

   rtconfbindp,bindtot, ∆S∆S
385
Tln∆C∆S oooo ++⎟

⎠
⎞

⎜
⎝
⎛=  

 

The term ∆C°p,bindln(T/385) reflects the contribution from desolvation effects upon binding, 

whereas ∆S°rt accounts for the losses in translational and rotational entropy. A value of −8 cal 

mol-1 K-1 was used as an approximation for ∆S°rt as described in (II). Using experimental 

estimates of ∆C°p,bind and ∆S°tot,bind, the value of −T∆S°conf  was calculated to 23 ± 2 kcal/mol 

which is in good agreement with the significant deviation that is observed between surface 

area calculated and experimental determined values of T∆S°tot,bind. The discrepancy found in 

the structure based thermodynamics approach might therefore be due to a substantial 
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reduction in conformational entropy in the conformational stabilization of ZSPA-1 upon 

complex formation. A third approach was used in which the different CD ellipticities of free 

and complexed ZSPA-1 were interpreted as the folding of several residues into a helical 

conformation upon binding. By using published helix unfolding data for residues (D’Aquino 

et al. 1996), the conformational entropy loss of 12 amino acids going from an unfolded state 

to a helical conformation was estimated to 16 kcal/mol at 25°C, which is comparable to the 

values obtained from the other two approaches. Consequently, the results suggest that the 

conformational stabilization of the MG state of ZSPA-1 to an ordered structure in the complex 

state is associated with significant reduction in conformational entropy that opposes binding 

and might be the reason for the moderate affinity in Z:ZSPA-1. 

 

The thermodynamic investigation of Z:ZSPA-1 was followed up by a disulfide engineering 

study (Wahlberg and Härd 2006) in which five double-cystein mutants of ZSPA-1 were 

constructed.  The objective with this study was to investigate if the significant reduction in 

conformational entropy could be decreased by changing the conformational stability of ZSPA-1, 

and to investigate the thermodynamic basis for possible improvements in affinity between 

ZSPA-1 mutants and the Z domain. The results showed that an improved affinity could be 

achieved without changing the binding interface. A more detailed thermodynamic 

investigation of the best ZSPA-1 mutant revealed that complex formation was associated with a 

less negative ∆C°p,bind and a reduction in conformational entropy penalty as compared to wild-

type ZSPA-1. This is in agreement with the stabilizing effect of the disulfide bridge: the 

conformational entropy cost is reduced due to the tightening of free ZSPA-1, but since the 

exposure of hydrophobic surface areas is decreased in the mutant, the favourable desolvation 

entropy becomes smaller compared to ZSPA-1. The increase in affinity is instead correlated 

with improved binding enthalpy and enthalpy-entropy compensation suggesting that higher 

affinities can be achieved by the stabilization of conformations which are favourable from an 

enthalpic point of view.  

 

The connection between conformational stability in free state and binding affinity was also 

observed in the disulfide engineering work by Wells and co-workers (Starovasnik et al. 1997). 

In the work by Braisted and Wells (Braisted and Wells 1996) the stability and binding affinity 

of a truncated Z domain (only helix 1 and 2) were improved by using phage-display methods, 

and it was subsequently used to design a variant containing a disulfide bridge that resulted in 

an increase in stability but also in binding affinity (Starovasnik et al. 1997). The improvement 
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in affinity was largely due to an increase in the association rate which led Starovasnik et al 

(Starovasnik et al. 1997) to suggest that the stabilization resulted in a conformation that is 

similar to the B domain when bound to the Fc fragment. 

 

In an interesting paper by Cliff et al. (2005), the interaction between the TPR domain of 

protein phosphatase 5 and a peptide derived from Hsp90 was studied.  The TPR domain is at 

physiological temperatures predominantly unfolded, but upon binding to the peptide a folded 

structure is stabilized. The measured enthalpy change on binding has a non-linear relationship 

with temperature which was attributed to coupled folding-binding equilibria. They developed 

an elegant method, in which a nested Gibbs-Helmholtz model was used in a combined 

analysis of CD and ITC data to successfully separate the thermodynamic contributions of 

folding and binding to the coupled process. The entropic penalty associated with the folding is 

counterbalanced by the favourable folding enthalpy, resulting in observed affinities that don’t 

change significantly at temperatures below or close to TM. Thus, the effect of coupled folding 

has on affinity is small, however it becomes more apparent at elevated temperatures, for 

instance at 15°C over TM the binding affinity is reduced by a factor 10. The possibility of 

coupled folding-binding events as a common feature in this class of proteins is discussed by 

the authors (Cliff et al. 2005).  

 

7 Structural studies of ZTaq:anti-ZTaq (III,IV) 
The structural and biophysical characterization of Z:ZSPA-1 revealed many fascinating features 

which set us out to explore other affibody proteins to see how the structural and 

thermodynamical basis for protein-protein association as well as the behaviour in the unbound 

states is compared to Z:ZSPA-1. In addition, affibody complexes constitute good model systems 

for the study of protein-protein interactions in general.  

 

Eklund et al. (2002) where able to show that it is possible to obtain affibody complexes in 

which the target is also an affibody, thus obtaining anti-idiotypic affibody:affibody complexes 

in analogy with anti-idiotypic antibody complexes. One such affibody complex is ZTaq:anti-

ZTaq (Eklund et al 2002), in which anti-ZTaq was selected as a binder to ZTaq. The ZTaq affibody 

was originally selected for affinity to Taq DNA polymerase by Gunneriusson et al. 

(Gunneriusson et al. 1999), in which a first generation binder to Taq DNA polymerase 

previously isolated by Nord et al. (Nord et al. 1997), was subjected to an alpha-helix shuffling 
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strategy to improve the affinity. The dissociation constant in the ZTaq:Taq DNA polymerase 

complex was determined to be 25 nM by surface plasmon resonance (Gunneriusson et al. 

1999). The dissociation constant of the ZTaq:anti-ZTaq complex is 0.1 µM (V). 

 

The E. coli expression host was used to produce ZTaq and anti-ZTaq and they were purified as 

described in (III). Both affibody proteins were grown in 13C, 15N enriched minimal media to 

facilitate structure determination using NMR spectroscopy. Isotopic labelling was especially 

crucial in the structure determination of the ZTaq:anti-ZTaq complex since the similarity of the 

subunits would result in severe resonance overlap in an unlabelled protein complex, and 

importantly this strategy gave us the possibility to identify intermolecular NOEs between the 

subunits by recording filtered NOESY experiments (Lee et al. 1994; Vuister et al. 1994). A 

labelling strategy was employed, in which one of the subunits in the protein complex was 

isotopically labelled and the other subunit was unlabelled and vice versa.  

 

Although much could be deduced about the properties of the Z:ZSPA-1 system, the three 

dimensional structure of the unbound ZSPA-1 could not be determined due to severe line 

broadening in NMR spectra (Wahlberg et al. 2003). A more complete picture of the 

mechanisms that regulate affinity and specifity in protein-protein interaction would be 

obtained if the free state structures of both subunits were available. Initial studies of ZTaq and 

anti-ZTaq in free state showed that their NMR spectra displayed narrow resonances with 

favourable dispersion, which gave us the possibility to determine their structure. NMR spectra 

were acquired at 25°C with buffer conditions of 20 mM phosphate buffer, 50 mM NaCl, and 

pH = 6.4. 

 

The 1H, 13C, 15N resonances in ZTaq, anti-ZTaq, and the 1:1 ZTaq:anti-ZTaq complex were 

essentially completely assigned (III) using standard NMR experiments (Cavanagh et al. 1996; 

Sattler et al. 1999). We were also able to assign guanidinium NηH2 resonances of an arginine 

side chain in ZTaq in bound state. These resonances were visible both in the 15N-HSQC (figure 

7) and in NOESY spectra. Peaks arising from the guanidinium group of an arginine side chain 

are very seldom observed, and the reason for the occurrence of these resonances will be 

explained later on. 

 

The structures were determined using 20.2 restraints/residue for ZTaq, 22.7 for anti-ZTaq and 

23.5 for ZTaq:anti-ZTaq (IV). A total of 206 intermolecular NOEs were used in the structure 
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determination of the complex. Out of 100 generated structures, 40 of them were chosen based 

on small restraint violations, Ramachandran statistics and lowest energies. ZTaq and anti-ZTaq 

in the unbound state are both well-defined three helix-bundles (figure 5) that do not show the  

 

a) b) 

 

Figure 5. Ensemble structure of a) unbound ZTaq and b) unbound anti-ZTaq

 

same molten globular properties observed for ZSPA-1 (V). The backbone root mean square 

deviation (r.m.s.d.) in the ordered region (from the first residue in helix 1 to the last residue in 

helix 3) of unbound ZTaq and anti-ZTaq is 0.23 ± 0.07 and 0.19 ± 0.05, respectively, and 

0.19 ± 0.05 for the ZTaq:anti-ZTaq complex. The hydrophobic cores in the unbound and bound 

states are very similar to that of Z domain (Zheng et al. 2004). There are no significant 

structural changes of the backbone of ZTaq and anti-ZTaq upon binding. The backbone r.m.s.d. 

between unbound and complexed ZTaq and anti-ZTaq is (for residues 6-55) 1.12 ± 0.11 Å and 

1.04 ± 0.07 Å, respectively. The most notable differences are located at helix 1. Residues four 

and five in the N-terminal region of ZTaq adopt a helical conformation upon complex 

formation. In addition, small changes in the angle between helix 1 and 2 in both ZTaq and anti-

ZTaq take place (figure 9), which might have something to do with the presence of (flexible) 

glycines in helix 1 in both proteins. 

 

Both proteins use helices 1 and 2 to interact with each other (figure 6). The relative orientation  
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Figure 6. The ZTaq:anti-ZTaq complex. Residues which are involved in inter-protein 

interactions are shown in a) ZTaq with the surface of anti-ZTaq b) anti-ZTaq with the surface of 

ZTaq. 
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between the subunits is close to perpendicular with angles 85° to 110°. All mutated residues in 

anti-ZTaq are involved in direct interactions with ZTaq, whereas 11 out of 13 randomized 

residues in ZTaq are making contact with anti-ZTaq, which is fascinating since ZTaq was 

originally selected as a binder to Taq DNA polymerase. The intermolecular interactions in 

ZTaq:anti-ZTaq are not only confined to mutated residues; several non-randomized amino acids 

participate in inter-subunit interactions from both ZTaq and anti-ZTaq. The binding interface 

consists of a central hydrophobic core and the buried surface area is about 1670 Å2 of which 

70 % is hydrophobic, and 174 interface heavy atoms from 46 residues lose accessible surface. 

The non-polar fraction of the interface is large when compared to a set of protein-protein 

complexes compiled by Lo Conte et al. (Lo Conte et al. 1999) in which the average 

hydrophobic surface burial is 56 % ± 6 % (table 1).  

 

Table 1. Properties of the binding interfaces in the two affibody complexes. These data are 
compared to average values for a large set of heterodimeric complexes. 
 Z:ZSPA-1 ZTaq:anti-ZTaq Average for 75 

complexesa

 
Interface area (Å2) 

 

 
1632 

 
1672 

 
1600 ± 400b

 
non-polar surface (%) 

 

 
64 

 
70 

 
56 ± 6 

 
Hydrogen bonds 

 
10 

 
11 

 
10.1 ± 4.8 

 
 

Interface atoms 
 

186 
 
 

 
174 

 
174 

afrom Lo Conte et al. (1999) 
bprotein-protein complexes with standard size interfaces 
 
 

However, protein complexes with such a high non-polar fraction of buried surface area have 

been reported, in fact, one of them is a complex between a peptide selected as a binder to the 

EPO receptor (EPOr) by phage display technology and EPOr (Livnah et al. 1996). The buried 

surface area is within the range of what is typical for protein-protein complexes (1600 ± 400 

Å2), and so is the number of interface heavy atoms (Lo Conte et al. 1999) (table 1). Eleven 

intermolecular hydrogen bonds are formed between conventional acceptors and donors, which 

 34



Jakob Dogan 

is normal compared to a large set of protein-protein complexes (10.1 ± 4.8 intermolecular 

hydrogen bonds) (Lo Conte et al. 1999) (table 1). The side chain of Arg-35 in ZTaq is in a 

conformation where it can form up to four intermolecular hydrogen bonds with its 

guanidinium group to backbone carbonyl groups in anti-ZTaq, and it also provides interactions 

from the aliphatic part. This is verified by the fact that guanidinium NηH2 resonances are 

observed in 15N-HSQC (figure 7). Arginines are frequently observed in protein-protein 

interfaces (Hu et al. 2000), and they are enriched in hot spot positions (Bogan and Thorn 

1998). An interesting observation is the location of Thr13 at the center of the hydrophobic 

core. ZTaq was originally selected as a binder to Taq DNA polymerase (Gunneriusson et al. 

1999), which could be the reason for the selection of a threonine residue in this position, or it 

could be due to the small library size. Another plausible explanation is that the hydroxyl-

group is not particularly exposed in the free state (the hydroxyl proton forms an 

intramolecular hydrogen bond with the carbonyl group of Leu9 both in free and bound state), 

which therefore minimizes the desolvation cost upon binding.  
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Figure 7. a) Guanidinium NH2 groups of Arg35 in ZTaq form several hydrogen bonds. b) 

Guanidinium NηH2 resonances of Arg35 in bound state of ZTaq in the 15N-HSQC spectrum. 
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A fascinating feature is the close backbone-backbone contact between Gly10 in ZTaq and 

Gly14 in anti-ZTaq, which could lead to hydrogen bonding between the alpha proton of Gly10 

in ZTaq and the backbone carbonyl group of Val10 in anti-ZTaq, and between the alpha proton 

of Gly14 in anti-ZTaq and the backbone carbonyl group of Asn6 in ZTaq (figure 8). Aliphatic 

hydrogen bonds have shown to be involved in several different biological events (Fabiola et 

al. 1997; Wahl and Sundaralingam 1997; Senes et al. 2001; Weiss et al. 2001; Jiang and Lai 

2002). However, their strength is still a matter of investigation (Vargas et al. 2000; Scheiner et 

al. 2001). Features such as the glycine-glycine contact and the interactions made by Arg35 are 

most likely important for specificity. 

 

 

G10Z
N6Z

G14A

V10A

 

Figure 8. Close contact between Gly10 in ZTaq (blue) and Gly14 in anti-ZTaq (red), which lead 

to alpha proton hydrogen bonding. 

 

Conformational changes  

Since the unbound structures of both ZTaq and anti-ZTaq have been determined, structural 

changes upon binding can be evaluated. Shape complementary can be achieved by preformed 

conformations in the unbound states with no significant changes necessary upon binding, or 

that the protein components induces structural changes in order to optimise the 

complementarity. Structural adaptation has been observed in several protein complexes, 

including antibody-antigen complexes (Wilson and Stanfield 1994). The conformation of 

certain side chains in ZTaq and anti-ZTaq as seen in the complex are already preformed in free 

state, whereas other residues experience structural changes in various degrees, from small 
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changes in a χ angle to substantial rearrangements experienced by the aromatic residues 

Trp11, Trp14, and Phe17 in ZTaq (figure 9) and Met17 in anti-ZTaq upon complex formation. 

The aromatic residues in ZTaq are involved in significant conformational changes in order to fit 

into pockets in anti-ZTaq. In Met17 the methyl group is rotated by almost 180˚ and is buried 

deep into a cavity in ZTaq. The side chain of several other residues, mostly positioned in the 

outer interaction ring, assume a more defined conformation in the complex. The observation 

of conformational changes emphasizes the importance of the consideration of structural 

plasticity in theoretical modelling of protein-protein complexes (Ehrlich et al. 2005; Bonvin 

2006).  

b) a) 

α3 α3’

α1

α2 α2’
α1’

W11Z

 
 

Figure 9. Difference in backbone conformation between free (green and yellow) and bound 

state (blue and red) for both a) ZTaq and b) anti-ZTaq is small. Side chain rearrangements upon 

complex formation are shown here for c) the aromatic residues Phe17, Trp11, and Trp14 in 

ZTaq (side chains in green colour represent the free state conformation and blue is bound 

conformation).  

WW1144ZZ

F17Z 
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Since the structures of free ZTaq and bound to anti-ZTaq are now available and the structure of 

Taq DNA polymerase have been previously determined (Kim et al. 1995), the ZTaq:Taq DNA 

polymerase interaction would potentially pose a good target for docking simulations. A 

fascinating feature of the Z:ZSPA-1 affibody complex is that the binding interface is similar to 

that of the B:Fc complex. Therefore, it would have been interesting to see how the interaction 

surface of the ZTaq:Taq DNA polymerase complex looks like in comparison to the interface in 

ZTaq:anti-ZTaq, to see if there are any similarities. However, the structural adaptation described 

above in addition to the fact that Taq DNA polymerase is a very large protein (96 kDa) 

suggest that docking between these two proteins might be associated with some 

complications. 

 

Comparison with Z:ZSPA-1  

The total buried surface areas in ZTaq:anti-ZTaq and in Z:ZSPA-1 are about the same (table 1). 

The hydrophobic fraction of the interface area is high in Z:ZSPA-1 with 64% non-polar content, 

albeit lower compared to ZTaq:anti-ZTaq (table 1). The B:Fc complex (Deisenhofer 1981)  also 

buries a sizable amount of hydrophobic areas. Both ZTaq:anti-ZTaq Z:ZSPA-1 have similar 

numbers of intermolecular hydrogen bonds as well as interface heavy atoms (table 1). 

 

The relative orientation of the subunits in Z:ZSPA-1 is about 50°, which clearly is different from 

that observed in ZTaq:anti-ZTaq. According to the analysis made by Chothia et al (Chothia 

1979, 1981) concerning helix-helix packing, the relative orientation by which helices interact 

with each other is about 50°, 20°, or 105°. The 50° orientation occurred most frequently in 

their analysis (Chothia et al. 1981). In addition, they found that other orientations such as the 

105° packing are usually correlated with the presence of small residues, which is interesting 

since both ZTaq anti-ZTaq have glycines which are in close contact in the complex.  Several 

residues in the Z domain, ZSPA-1, ZTaq, and anti-ZTaq have similar positioning in the 

hydrophobic core and in the outer interaction ring in the two complexes. The scaffolds of ZTaq 

and anti-ZTaq in both unbound and complexed states are similar to the scaffolds of both 

subunits in Z:ZSPA-1 as well as to the free state of Z domain (Zheng et al. 2004). 

 

Residues at position 31 and 13 in all three affibody proteins and in the Z domain have the 

structural properties of a hot spot (section 3.3). For instance, they are completely buried upon 

binding and they are positioned at the center of the binding interface where they interact with 

residues at position 31 and 13 in the binding partner. All of these characteristics are also 
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apparent in the B:Fc complex. In addition, there are mutational data for Ile31 (Zheng et al. 

2004) as well as Phe13 (DeLano et al. 2000) which verify these residues as hot spots in the Z 

domain. Position 31 is not randomized in the affibody library, suggesting that its importance 

for protein-protein interactions might be inherited by affibody proteins and that it could also 

be a major reason for the hydrophobic nature of the binding interface. However, the residue at 

position 13 is randomized, although aromatic (Trp and Tyr) (Nord et al. 2001; Wikman et al. 

2004; Orlova et al. 2006) and hydrophobic residues (Nord et al. 1997; Hansson et al. 1999; 

Eklund et al. 2002) appears to be preferred in this position. Residues such as Thr and Ser do 

occur now and then (Gunneriusson et al. 1999; Rönnmark et al. 2002), and these residues are 

not enriched in hot spots (Bogan and Thorn 1998; Hu et al. 2000) which however does not 

necessarily mean that they are not energetically important, or they might be important for 

specificity or it is a consequence of the limited library size. Obviously, since no alanine 

substitutions have been carried out at these positions for ZTaq:anti-ZTaq or other affibody 

complexes and the fact that the structures of only two affibody complexes have been 

determined, it is not yet possible to verify the suggestion about inherited properties.  

 

8 Thermodynamics of ZTaq:anti-ZTaq (V) 
We have in addition to structural studies investigated the binding and folding thermodynamics 

in ZTaq:anti-ZTaq. Investigating the different energetic components that contribute to the 

binding free energy is an important part in the search for a more complete picture of the 

mechanisms of protein-protein interactions. This gave us also the possibility to see, on a 

thermodynamical basis, what the similarities and differences are compared to the energetics of 

Z:ZSPA-1 described in (II). The thermal stability of ZTaq and anti-ZTaq was investigated by both 

Circular Dichroism spectroscopy (CD) and Differential Scanning Calorimetry (DSC). The 

binding thermodynamics of ZTaq:anti-ZTaq have been investigated using Isothermal Titration 

Calorimetry (ITC), in which measurements were carried out at different temperatures and 

buffer conditions. 

 

The molten globule like behavior of ZSPA-1 raised the issue of the behavior of other affibody 

proteins in the free state. ZTaq and anti-ZTaq do not have the same molten globular properties as 

observed for ZSPA-1. Both these affibody proteins have melting temperatures, TM, at about 55-

57˚C, which is higher compared to the melting temperature of ZSPA-1 which is approximately 

41˚C. However, the thermal stability is not as high as in the case of Z-domain, with TM~80˚C 
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(figure 10). Both ZTaq and anti-ZTaq show only a slight increase in fluorescence intensity upon 

ANS binding, in contrast to the significant fluorescence enhancement observed for ZSPA-1. 

Furthermore, the 15N-HSQCs of free state ZTaq and anti-ZTaq contain sharper peaks compared 

to the resonances in the 15N-HSQC of ZSPA-1. Even though extensive mutations of the Z 

domain are carried out in the generation of affibody proteins, both the structures (IV) and 

unfolding energetics show that these mutations do not necessarily affect the three helix-bundle 

scaffold to a significant extent or result in a substantial destabilization.  

 

 

10 20 30 40 50 60 70 80 90

0

20

40

60

80

100

anti-ZTaq
ZTaq Z

Fr
ac

tio
n 

un
fo

ld
ed

 (%
)

Temperature (oC)

ZSPA-1

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. CD thermal denaturation curves, in which CD data were fitted to a two-state 

unfolding equilibrium with the continuous line representing the fits (V). The dashed lines 

represent the fits of CD thermal denaturation data for ZSPA-1 and Z domain taken from  

Dincbas-Renqvist et al. (2004). 

 

The binding reaction between ZTaq and anti-ZTaq is exothermic and the enthalpy change has a 

strong temperature dependence (figure 11). As described in (II,V), the folding enthalpy, 

∆H°fold, was obtained from van’t Hoff analysis of CD thermal melting data which is similar to 

∆H°fold obtained from DSC experiments. The folding enthalpy was separated from the binding 

enthalpy, ∆H°bind using eq. 7. The contribution of ∆H°fold to the observed enthalpy change is 

not as large as in the case of Z:ZSPA-1 (II), and the reason is the higher thermal stability of ZTaq 

and anti-ZTaq. The heat capacity change of binding, ∆C°p,bind was obtained from the slope of 
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the temperature dependence of the (corrected) enthalpy change (figure 11). The large and 

negative ΔC°p,bind is in good agreement with the hydrophobic nature of the binding interface.  

 

 
Figure 11. a) ITC measurement for ZTaq:anti-ZTaq at 30.1°C. b) The observed enthalpy change 

at different temperatures (○) and corrected enthalpies for folding (●). The ΔC°p,bind obtained 

from the slope of the continuous line 

 

A structure based thermodynamical approach was also used to investigate to what extent 

binding energetics can be related to changes in solvent-exposed surface areas. There is a 

reasonable agreement between ΔC°p,bind obtained from surface area calculations and the 

experimentally measured heat capacity change of binding. However, there is a significant 

discrepancy when comparing the experimental binding enthalpy with that obtained from 

structural energetics calculations. It is unclear why there is such a disagreement in ΔH°bind, 

however, the formulae used in structure based thermodynamics are solely based on 

desolvation. Other effects such as the extreme interactions mediated by Arg35 in ZTaq may not 

be embodied in these calculations.  

 

The total entropy change of binding, ΔS°tot,bind, was estimated to −0.6 kcal/mol at 25°C. There 

are both opposing and favourable entropic contributions to the binding free energy. Due to the 

large negative value of ΔC°p,bind and the hydrophobic nature of the binding interface, a 

significant favourable force is expected to come from the desolvation of the binding surface 

upon binding. Based on the experimental determined ΔC°p,bind, and by using ΔS°solv = 

ΔC°p,bindln(T/385), −TΔS°solv was estimated to −33 kcal/mol at 25°C. As described in (II,V) 

and in chapter 3, the binding entropy also contains contributions from changes in 
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conformational entropy, ∆S°conf and in translational/rotational entropy, ∆S°rt. The small value 

of ∆S°bind means that ∆S°conf and ∆S°rt almost completely cancel out the favourable 

contribution of ∆S°solv. As discussed in section 3.2 and in paper V, the magnitude of the loss 

in translational and rotational entropy upon complex formation is an ongoing controversy. 

Based on experimental and theoretical estimates, plausible lower (-8 cal mol-1 K-1) and upper 

limits (-24 cal mol-1 K-1) were used in order to account for the uncertainties associated with 

∆S°rt. The reduction in conformational entropy was then possible to obtain which depending 

on the value of ∆S°rt, was estimated to −T∆S°conf = 25-30 kcal/mol at 25°C. The value of 

∆S°conf is actually larger than that obtained for Z:ZSPA-1 (II). The higher binding affinity in 

ZTaq:anti-ZTaq compared to Z:ZSPA-1 is due to the more favourable binding enthalpy and 

desolvation entropy. NMR relaxation experiments could shed some light on the role of the 

significant dynamics that apparently exist in the unbound states and the reduction in 

conformational entropy upon complex formation. 

 

The binding thermodynamics of ZTaq:anti-ZTaq and Z:ZSPA-1 show some similarities. For 

here are no obvious reasons why the affinity in ZTaq:anti-ZTaq is not as high as those 

instance, in both complexes the enthalpy change is favourable, and the heat capacity change is 

large and negative. Furthermore, they are similar in that the binding reaction is associated 

with a large desolvation entropy and a significant change in conformational entropy that are of 

the same magnitudes but of opposite signs. 

 

T

observed for many other protein-protein complexes (Stites 1997; Brooijmans et al. 2002). The 

size of the interaction area and the number of intermolecular hydrogen bonds and interface 

atoms are typical for protein-protein complexes (Lo Conte et al. 1999), and the binding 

reaction is associated with a large and favourable desolvation entropy. However there is a 

significant loss in conformational entropy upon complex formation. Structural and 

thermodynamical studies  of other protein complexes, with additional studies of protein 

flexibility, for instance by using NMR methods, will increase our understanding about the 

relation between the energetics, dynamics and the structural appearance of the binding 

interface in protein-protein interactions.  
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9 Concluding remarks 
The work presented in this thesis has investigated the mechanisms of molecular recognition 

between engineered binding proteins on a structural as well as biophysical level. The forces 

involved in complex formation have been analyzed, from which it was revealed that the 

hydrophobic effect is a major driving force and that there is a significant conformational 

entropy change that opposes binding. The randomized surface in affibody proteins is used to 

interact with the corresponding binding partner, and the binding interface shows many similar 

structural characteristics compared to other published protein-protein complexes (Lo Conte et 

al. 1999). We have in our work emphasized the importance in considering the unbound 

behaviour of both binding partners when analyzing the relation between structures and 

binding energetics. In the ZTaq:anti-ZTaq system we were able to solve the structures of all 

participating components. An ideal system for protein-protein interactions must allow for 

structural and biophysical characterization of the unbound states as well. Although affibody 

proteins have a small size with a simple structural topology, experimental data show that the 

recognition process between affibody proteins that have been studied here display a high 

complexity, with fascinating features such as coupled folding and induced fit events. 

 

One of the desirable properties of engineered binding proteins is that they should be stable in 

the unbound state. The extensive mutations in the Z domain could potentially lead to 

significant structural and stability changes. One of the affibody proteins studied here show 

molten globular properties in the free state, although the topology is similar to the Z domain. 

However, the other two affibody proteins that have been investigated are stable with 

structures very similar to that of the Z domain. Thus, even though 13 out of 58 residues are 

subjected to combinatorial mutagenesis, this does not necessarily impair the structural 

integrity or destabilize the proteins significantly.  

 

Significant flexibility in one or both of the free states of ZTaq and anti-ZTaq exist as judged by 

the substantial loss in conformational entropy upon binding. Beside utilization of methods 

such as ITC which report on global thermodynamical parameters, further NMR relaxation 

experiments to investigate side chain and backbone dynamics in free and bound states, on a 

per residue basis, will provide with additional important information about the role of 

dynamics in the mechanisms of molecular recognition.  For instance, it would be beneficial to 

know to what extent different parts of the binding partners experience changes in dynamics 

upon complex formation and relate this to binding energetics.  
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We have in the presented work observed that there are certain positions in the two affibody 

complexes that exhibit structural properties of a hot spot, and the same positions have been 

confirmed as hot spots in the interaction between the parental Z domain and the Fc fragment. 

One of these hot spot positions are not randomized in the affibody library. Even though we 

have not carried out any mutational studies in ZTaq:anti-ZTaq to confirm the energetical 

importance of these residues for binding, these observations implies that binding properties 

are inherited by the affibody proteins from the Z domain.  

 

The two affibody complexes that have been investigated in this thesis have dissociation 

constants in the micromolar region. However, affibody proteins with affinities in the low 

picomolar region have been isolated (Orlova et al. 2006). Thus it would have been interesting 

to investigate what the (if any) thermodynamical and structural signatures are for such strong 

binders, for instance if it could be due to smaller conformational entropy penalties upon 

binding.  

 

Structural studies such as the work presented in (IV), in which the structures of all of the 

protein components in the system have been solved, will also be of great use in the field of 

protein-protein docking. Reliable protein-protein docking would be extremely useful 

considering the importance of protein-protein interactions in biological processes.  One of the 

shortcomings with protein docking methods is their difficulties to cope with large 

conformational changes that may take place upon complex formation (Bonvin 2006). In order 

to evaluate and improve docking algorithms, ideal test cases must include free state structures 

of both subunits and the structure of the protein complex.  

 

Considerable effort has been made by many scientists in order to understand how structures of 

proteins and protein complexes are related to thermodynamics. Such knowledge would be 

invaluable for instance in the pharmaceutical industry and in biotechnological applications. 

Although, much progress has been made, the relationship between structures and binding 

energetics has not yet been completely deciphered. Hopefully, in a not too distant future, such 

knowledge will be used in the process of generating engineered proteins and protein-protein 

complexes with tailored properties. A step toward achieving this goal is to determine the 

structures of the protein complex and of both unbound subunits in many systems and 

complement this with thermodynamical studies, such as the work presented in this thesis, in 

order to get a better understanding of the relationship between structures and energetics.  
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