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Abstract
Combinatorial protein engineering, taking advantage of large libraries of protein variants and powerful
selection technology, is a useful strategy for developing affinity proteins for applications in biotechnology
and medicine. In this thesis, two small affinity proteins have been subjected to combinatorial protein
engineering to improve or redirect the binding. In two of the projects, a three-helix protein domain based
on staphylococcal protein A has been used as scaffold to generate so called Affibody molecules capable
of binding to key proteins related to two diseases common among elderly people.

In the first project, Affibody molecules were selected using phage display technology for binding to

A-peptides, believed to play a crucial role in Alzheimer’s disease, in that they can oligomerize and
contribute to the formation of neural plaques in the brain. The selected Affibody molecules were found

to efficiently capture A from spiked human plasma when coupled to an affinity resin. The structure of
the complex was determined by nuclear magnetic resonance (NMR) and demonstrated that the original

helix 1 in the two Affibody molecules was unfolded upon binding, forming intermolecular -sheets that

stabilized the A peptide as buried in a tunnel-like cavity. Interestingly, the complex structure also
revealed that the Affibody molecules were found to homo-dimerize via a disulfide bridge and bind

monomeric A-peptide with a 2:1 stoichiometry. Furthermore, Affibody molecule-mediated inhibition of

A fibrillation in vitro, suggested a potential of selected binders for future therapeutic applications.
In the second project, two different selection systems were used to isolate Affibody molecules

binding to tumor necrosis factor alpha (TNF), which is involved in inflammatory diseases such as
rheumatoid arthritis. Both selection systems, phage display and Gram-positive bacterial display, could
successfully generate TNF-binding molecules, with equilibrium dissociation constants (KD) in the
picomolar to nanomolar range. Initial characterization of the binding to TNF was evaluated by
competitive binding studies between the Affibody molecules and clinically approved TNF antagonists
(adaliumumab, infliximab and etanercept) and demonstrated overlapping binding sites with both
adaliumumab and etanercept. Furthermore, linkers of different lengths were introduced between
Affibody moieties, in dimeric and trimeric constructs that were evaluated for their ability to block the
binding between TNF and a recombinant form of its receptor. In the dimeric constructs, a linker length
of 20-40 amino acids seemed to have an advantage compared to shorter and longer linkers, and the tested
trimeric construct could block the TNF binding at even lower concentration. The results provided
valuable information for the design of future Affibody-based molecules that could be investigated in
therapeutic or medical imaging applications.

In the third project aiming to generate a protein domain with capacity to influence the
pharmacokinetics of protein therapeutics, a natural serum albumin-binding domain (ABD) was subjected
to an engineering effort aiming at improving the affinity to human serum albumin (HSA), a protein with
an exceptional long half-life in serum (19 days). First-generation affinity improved ABD variants were
selected using phage display technology from a constructed ABD library. After additional rational
engineering of such first generation variants, one variant with a 10,000-fold improved affinity to HSA
(KD ≈ 120 fM) was obtained. Furthermore, characterization of this molecule also demonstrated improved
affinity to several other serum albumins. When used as a gene fusion partner, this affinity-maturated
variant denoted ABD035, should have the potential to extend the half-life of biopharmaceuticals in
humans, and several other animal species.

Keywords: Affibody molecule, albumin binding domain, protein engineering, phage display,
amyloid beta peptide, TNF, HSA
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INTRODUCTION

Evolution is a fundamental process that is generally believed by scientists to have been

responsible for the development of all living organisms on this planet. The first article on

evolution was published by Charles Darwin and Alfred Russel Wallace (1858). However, the

article initially received quite a poor response, partly because it challenged the Biblical account

of Creation, prompting Darwin to publish a fuller theoretical account in 1859, entitled The

Origin of Species, which (inter alia) introduced the terms “natural selection” and “survival of the

fittest”.

Evolution is the process whereby living organisms develop between and throughout the

generations, and hence is the origin of the huge diversity of organisms, past and present. Key

drivers of evolution are natural selection and mutation, which act on populations of species

essentially as follows. Organisms of any given taxon are derived from common ancestors, but

they all have slight differences that affect their probability of reproductive success due to the

accumulation of mutational differences that affect their interactions with their environment.

Hence, some individuals (the “fittest” in evolutionary terms) will produce more offspring than

others. Further, populations of species may split into different species when changes in the

environment provide opportunities for two or more sets of individuals with sufficiently distinct

hereditary qualities to establish colonies in different niches. These changes are gradual and

slow, taking place over long times. The hereditary qualities that make some individuals fitter

than others in a given environment prolong their life and/or provide them greater chances to

reproduce, promoting the transfer, fixation and spread of these qualities in coming generations.

Further, the environment is not constant, but is constantly changing, and coming generations

must either adapt to the changes or die out. Evolution thus ruthlessly eliminates “unfit” lines,

http://sv.wikipedia.org/wiki/Charles_Darwin
http://sv.wikipedia.org/wiki/Alfred_Russel_Wallace
http://sv.wikipedia.org/wiki/Alfred_Russel_Wallace
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or “branches” of organisms carrying mutations that compromise their survival and/or ability

to reproduce, but it involves simple rules.

Today, scientists have learned about these rules and started to mimic evolution at a molecular

level. Such imitation of evolutionary processes is a central theme of this thesis. Briefly, the

hereditary qualities of organisms are transmitted via the genes in their DNA, which encodes

their proteins. Further, the “branching” and selection that occurs when species divide and

adapt or become extinct also occurs at the DNA and protein levels, indeed mutations first

occur in the DNA and subsequently often (but not always) affect encoded proteins. This is of

critical importance to organisms’ chances to survive and reproduce in their environmental

niches, since their proteins are key determinants of their structure and regulators of their

metabolic processes. Therefore, the expression “survival of the fittest” could arguably be

rephrased as “survival of the fittest proteins”. Turning from a global to a small-scale

perspective, a crucial element for human survival and evolutionary success is the human

immune system, which counters challenges posed by infections caused by pathogenic agents,

such as bacteria and viruses. Further, it is a system that scientists have made strenuous

attempts to mimic, notably in terms of the diversity of the protein “scaffolds” involved,

coupling genotypes and protein phenotypes, exposing the proteins to selective pressures and

amplifying proteins with desirable properties to meet specific challenges.

In the studies underlying this thesis, two diverse libraries of proteins were created by protein

engineering (Chapter 4) and used to select variants with desired properties. For the first library,

an engineered staphylococcal protein A domain (section 5.3.2.1) was used as an “ancestor” to

generate diverse mutated forms, in an analogous fashion to the branching process outlined

above, from which variants with activity towards target molecules could be selected. However,

instead of selecting such variants via slow, gradual evolutionary processes, a more “fishing-

like” procedure can be applied in protein engineering, in which a suitable molecular “bait” is

used to detect variants that bind to it. For the fishing in the first library, an Alzheimer-related

peptide (Chapter 6) and TNF molecule (Chapter 8) was used as baits. In contrast, an albumin-

binding protein domain (ABD) derived from streptococcal protein G (section 5.3.2.2) was

used as the “ancestor” for the second library, but here, instead of using a general branching

strategy a single branch was followed as far as possible to find molecules that could bind very

tightly to human serum albumin (Chapter 7).

The evolution-mimicking engineering of the protein A-derived protein scaffold resulted in

Affibody molecules that bind to various targets, and the “affinity maturated” version of the

ABD shows the beauty of natural selection in an analogous manner to the special species
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Darwin found on the Galapagos Islands. These developments illustrate the power and beauty

of the molecular world of protein engineering.
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1. Proteins

Proteins are key building blocks and regulators of our bodies that also play highly precise roles

in signaling, both between cells and between our bodies and the environment. Therefore, all

proteins must have appropriate physico-chemical characteristics and shapes to fulfill their

“tertiary roles”, i.e. to interact appropriately with other proteins, other cellular components

and/or environmental stimuli. All information required for protein production is stored in the

genetic code carried by DNA, which is composed of four nucleotides – adenine (A), guanine

(G), cytosine (C) and thymine (T) – arranged in specific sequences. In protein-coding

sequences specific three-letter codons correspond to specific amino acids (Figure 1-1), each of

which is composed of a carboxyl group, an amino group, a hydrogen and a unique sidechain

connected to a central carbon (Figure 1-2), except proline in which the amino group is

covalently attached to its unique side chain (Figure 1-3). Generally, each protein is composed

of a unique permutation of up to 20 different amino acids, the sidechains of which (illustrated

in Figures 1-3) provide it with unique physico-chemical properties.

U C A G

Phe Ser Tyr Cys U

Phe Ser Tyr Cys C

Leu Ser Stop Stop A

Leu Ser Stop Trp G

Leu Pro His Arg U

Leu Pro His Arg C

Leu Pro Gln Arg A

Leu Pro Gln Arg G

Ile Thr Asn Ser U

Ile Thr Asn Ser C

Ile Thr Lys Arg A

Met Thr Lys Arg G

Val Ala Asp Gly U

Val Ala Asp Gly C

Val Ala Glu Gly A

Val Ala Glu Gly G

2

31

U

C

A

G

Figure 1-2. Amino acid structure. An

amino acid is composed of a carboxl,

an amino acid, a hydrogen and a

specific R-group connected to a central

carbon.

R-group

Hydrogen

CarboxylAmino
Figure 1-1. The genetic code. 1, 2 and 3 indicate the first,

second and third positions of triplets of nucleotides that
correspond to specific amino acids, as shown in the figure.
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Alanine

Arginine

Asparagine

Aspartic acid

Cysteine

Glutamine

Glutamic acid

Glycine

Histidine

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

Proline

Serine

Threonine

Tryptophane

Tyrosine

Valine
Figure 1-3. Unique residual chains of the 20 amino acids normally found in

proteins. Structural formulae of the 20 unique amino acid sidechains in alphabetical order.
Note, for proline the whole amino acid is presented.
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Proteins are synthesized in organisms in a two-step process. First, the encoding DNA is

transcribed (copied) into mRNA, then the mRNA is translated into amino acids linked by

covalent peptide bonds (Figure 1-4), making a polypeptide chain that folds into a functional

protein with a specific structure. The functional properties of proteins depend on their three-

dimensional structures in a manner that is determined by the amino acid sequence of its

polypeptide chain (its “primary structure”; (Anfinsen 1973), with or without the assistance of

other proteins such as “chaperones” (Bukau et al. 2006). Different regions of the primary

structure form regular local structures, such as α-helices or β-strands (Pauling and Corey 1951a;

Pauling and Corey 1951b; Pauling et al. 1951), which are then packed into one or several

compact domains, creating the tertiary structure. Finally, proteins may contain several

polypeptide chains arranged in a quaternary structure.

Figure 1-4. Connections of amino acids via peptide bonds. Amino acids are joined end-to-end

during peptide synthesis (from the N-terminal to the C-terminal) by the formation of peptide bonds

in which the carboxyl group of the first amino acid condenses with the amino group of the following

amino acid, with the elimination of water.

+

H20

Peptide
bond

Peptide
bond

Amino end
(N-terminus)

Carboxyl end
(C-terminus)
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2. Molecular recognition(s)

Biological processes depend on molecular recognition, often mediated by proteins binding to

biomolecules such as other proteins, polynucleotides, polysaccharides and small molecules etc.

The protein-protein interactions are the main focus in this thesis although the interaction of

proteins to other biomolecules (in principle) follows the same principles. Protein-protein

interactions are operative at almost every level of cell function, such as cell structure, regulation

of gene expression, transport across various biological membranes, signal transduction etc. The

evolution of proteins has led to a very wide range of biological functions, where most

interactions have gone through a process of optimization over time. A wide range of affinities

for protein-protein complexes can be found in nature, where the “optimal” affinity for each

interaction is not necessary the highest.

Protein-protein interactions occur at the surface of the molecules and are governed by

complementary chemical properties, shape, and flexibility of the associating proteins. The

interactions within a complex depend primarily on the exposed residues, which typically form

highly specific non-covalent bonds between the protein molecules. In general, the noncovalent

interactions involved in the molecular recognition are also maintaining the three-dimensional

structure of proteins, but with a reduced influence of conformational entropy in the binding

reaction. Noncovalent protein-protein interactions are typically composed of hydrophobic

interactions, electrostatic interactions (e.g. salt bridges) and hydrogen bonds between residues

in the binding interface. Hydrophobic interactions originate from contributions from van der

Waals interactions and the hydrophobic effect. Van der Waals interactions are close-ranged

and weak, but they are additive and make significant contributions to the binding over the

entire interface. The hydrophobic effect is the classical understanding of hydrophobic

interactions where non-polar groups associate with each other to minimizing the contact with

water. Electrostatic interactions are important for protein interaction, but the contribution can

be difficult to estimate, since they depend on the dielectric constant of the surrounding

medium, as well as the inverse distance between the charges. The dielectric constant at a

binding site of a protein interaction may be considerably lower than the dielectric constant of

the bulk solvent as water, and would thus favour strong charge-charge interactions upon

binding. Hydrogen bonds can be formed between a hydrogen atom covalently bound to an

electronegative atom, the donor, and an electron donating acceptor (e.g. oxygen). However, in

proteins, the strength contribution of hydrogen bonds must always be evaluated relative to

possible hydrogen bonds to water, because similar hydrogen bonds formed between the
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proteins most be broken between protein and water molecules, respectively. Other important

properties that need to be fulfilled of molecular recognition, besides the strength of the

interaction, are the selectivity and the specificity. This depends to a large extent on the

noncovalent interaction, which often implies the stronger interactions of salt-bridges and

hydrogen bonds (Fersht 1999). Standard recognition sites with good shape and charge

complementary has an average buried surface of 1600 + 400 Å2 (Lo Conte et al. 1999).

Irrespective of the size of the interface often only a small number of residues, responsible for a

large fraction of the binding energy, are present in the interface (Clackson and Wells 1995).

Consequently, the free energy of binding is not evenly distributed across an interface, but is

instead concentrated in so-called hot spots that are dispersed over the binding interface (Bogan

and Thorn 1998). In the hot spots, an enrichment of certain amino acid residues can be seen,

i.e. aromatic residues (Tyr, Trp) and the electrostatic residue of arginine (Arg), indicating the

importance of hydrophobic contributions and electrostatic interactions (Stites 1997; Lo Conte

et al. 1999). The very same residues seem to be highly conserved at interaction interfaces (Hu

et al. 2000). The hot spots are often located in the center of the binding interface and are

typically surrounded by energetically less important residues that serve as an “O-ring” to

exclude water from the binding region. This results in a lower effective dielectric constant in

the region of the hot spot, which increases the interaction strength of electrostatic interactions

(Bogan and Thorn 1998; Keskin et al. 2005).

2.1. Affinity determinations

The strength of an interaction between two protein molecules is often described as the affinity,

i.e. the dissociation equilibrium constant (KD). An interaction with 1:1 stoichiometry between

two proteins A and B results in equilibrium between the concentration of free protein

molecules, [A] and [B], and the complex of them [AB] (Eq 1). When they reach equilibrium the

association and dissociation constants for the interaction can be calculated (Eq. 2). Moreover,

the affinity between the two protein molecules can also be described kinetically by the rate

constants, kon (association rate constant) and koff (dissociation rate constant) for association

and dissociation of the complex (Eq 3). The affinity can also be described in thermodynamic

terms, where the driving force for the association of two proteins is determined by the relative

difference in Gibbs free energy (∆G) between the bound state and the free state. The free 

energy can be expressed in terms of the enthalpy (ΔH) and entropy (ΔS) and is related to the 

equilibrium constant of the association according to Eq. 4, in which R is the gas constant, T is

the temperature in Kelvin and KA is the equilibrium constant of the association.
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(1)

(2)

(3)

(4)

2.1.1. Methods for measuring affinity

Today, there are several different principles to characterize molecular interactions. Even if the

affinity itself is the most common characteristic to measure, also information about other

binding characteristics, such as stoichiometry, binding kinetics, specificity and mechanism of

the interaction is of value. There are several methods and instruments to measure affinities

between proteins. In this thesis biosensor analysis, based on surface plasmon resonance

(Biacore 2000, GE Healthcare), isothermal titration calorimetry (ITC, GE Healthcare) and

equilibrium based analysis (Kinexa 3000, Sāpidyne) have been used. Short descriptions of the

three technologies are described below together with an example of a normal 1:1 interaction

between protein A and B.

The Biacore 2000 instrument uses the surface plasmon resonance (SPR) technology, which is

based on a real-time measurement of the change in refractive index near a gold surface with an

immobilized protein. The refractive index changes upon accumulation of mass at the surface,

due to binding between the immobilized and injected protein. The changes in refractive index

results in a measurable response, where the magnitude of the response is directly proportional

to the molecular mass of bound protein. From the instrument software kon and koff as well as

the maximum response (Rmax) can be determined. The kinetic parameters can be used to

calculate the affinity constant KD according to equation 3. The Biacore instrument can measure

affinities down to low picomolar (10-12) level, on-rates as fast as 107 M-1s-1, and off-rates as

slow as 10-5 s-1. A short description of a typical kinetic experiment with a Biacore instrument

for measuring the affinity between protein molecule A and B can be performed as follows. The

protein B is immobilized on the surface of a chip and protein A is injected over the surface at

different concentrations. During the injection (association phase) the association rate can be

measured, i.e the response increases towards equilibrium for each concentration, respectively.

After the injection of protein A the sample is replaced with buffer, which causes the bound

KD =
1
KA

=
[A] [B]

[AB]

[A] + [B] [AB]
kon

koff

KD =
kon

koff

∆G = ΔH – TΔS = - R T ln (KA)
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molecules to dissociate and the response to decrease accordingly (dissociation phase). A set of

binding curves, called sensorgrams, is generated using multiple concentrations of protein A.

The Biacore evaluation software generates the values of kon and koff and the affinity can thus be

calculated. For interactions having association or dissociation rates that are difficult to

determine, a steady state measurement can be performed. In this set-up, the affinity of an

interaction is determined from the level of binding at equilibrium as a function of sample

concentration. The dissociation constant is equal to the concentration that gives a response

equal to 50 % of Rmax.

Isothermal Titration Calorimetry (ITC) is a thermodynamic technique that measures the heat

released or absorbed during a binding interaction between biomolecules. The measurement of

this heat allows accurate determination of binding association constants (KA), reaction

stoichiometry (n), enthalpy (∆H), and from equation 4 then the free energy (ΔG) and entropy 

(ΔS) can be calculated. The thermodynamic data reveal the forces that drive complex 

formation and the mechanisms of action, i.e. it gives a thermodynamic profile of the molecular

interaction. With this technique affinities from sub-millimolar to nanomolar binding constants

(10-3 to 10-10 M) can by measured directly. Stronger affinities, down to picomolar, can be

measured using the competitive binding technique. A short description of a typical ITC

experiment for measuring the affinity between protein molecule A and B can be performed as

follows. A solution of protein A is titrated into a solution of protein B. The heat change upon

their interaction (ΔH) is monitored over time. Stepwise injections of protein A are titrated into 

the cell until the system reaches saturation, where the quantity of heat change is in direct

proportion to the amount of binding. A binding curve is then obtained, where the heat change

from each injection is plotted against the concentration ratio between protein B and A. The

data-set is processed with a software and from the binding curve KA, n and ΔH are determined 

and thereby KD, ΔG and ΔS can be calculated. 

KinExA technology measures binding events in solution between two proteins, where the

affinity (KD) measurement include probing the free concentration of one of the interacting

proteins that remains after equilibrium has been reached after varying the concentrations of the

probed protein. The amount of free protein binds to a solid phase and is measured by

fluorescence labelled secondary protein. The fluorescence signal is direct proportional to the

concentration of free protein concentration in the sample. Kinetic rate constants for the

interaction can be measured under pre-equilibrium conditions, with the same principle for

probing the free concentration. The KinExA 3000 instrument can measure binding affinities as

low as 10-13 M, on-rates as fast as 109 M-1s-1, and off-rates as slow as 10-7 s-1. A short

description of a typical KinExA experiment for measuring the affinity (KD) between protein
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molecule A and B can be performed as follows. Samples containing a constant concentration

of protein A and different concentrations of protein B are prepared and allowed to equilibrate.

The samples are then pulled rapidly through the column pre-packed with micro-beads coated

with protein A, i.e. protein A bound to the solid phase is in vast excess. The free concentration

of protein B binds to the solid phase and is measured by a fluorescently labelled secondary

protein with a non-overlapping epitope to protein B. The fluorescence signal is directly

proportional to the amount of free concentration of protein B in the sample. Kinetic

experiments are performed under pre-equilibrium conditions as a function of time (constant

protein B concentration) or as a function of concentration of B (constant time) to determine

the association rate (kon). In the first case, a predetermined concentration of protein A and B is

mixed together, and the free concentration of B is repeatedly measured as it approaches the

equilibrium. Thus, this fitting routine requires a predetermined KD from equilibrium

measurement. In the second case, the time is held constant and the protein concentration B is

variegated. The software calculates the affinity, on-rate and off-rate for the interaction.
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3. Protein engineering

Protein engineering refers to attempts to change the properties of proteins by modifying their

structure for various purposes, (inter alia) to explore structure-activity relationships and/or to

adjust their functions in desired ways. The ability to engineer proteins was enabled by the

following three advances in recombinant DNA technology in the 1980s. First, scientists

learned how to cut DNA with restriction enzymes and insert (“ligate”) DNA sequences into

the cut sections. Second, site-directed mutagenesis was developed by Michael Smith

(Hutchison et al. 1978; Winter et al. 1982; Smith 1985b), a technique that can be used to alter

DNA in a specific manner in order to modify the structure and activities of encoded proteins.

Third, the polymerase chain reaction (PCR), a technique for amplifying specific DNA

segments, was invented by Kary Mullins (Saiki et al. 1985). Michael Smith and Kary Mullins

shared the Nobel Prizes in 1993 for their discoveries, which allowed DNA to be altered in

numerous ways. This greatly accelerated protein science since proteins with altered sequences

could be readily generated, enabling mechanisms involved in their folding, activity, molecular

recognition and stability to be examined much more intensely than previously. The

introduction of such changes in proteins is often classified as either rational or combinatorial

engineering. In rational engineering, knowledge about the structure and function of proteins of

interest is applied to design specific variants with altered and (hopefully) desired properties. In

contrast, knowledge about the proteins’ structure and function is not essential (although it is

advantageous) in combinatorial engineering. Instead, random mutations are introduced, often

at specific positions, to generate a large “library” of variants, from which proteins with desired

properties are selected using an appropriate method (Chapter 4).

3.1. Rational engineering

The changes made to proteins in rational design range from very small changes, e.g. single

mutations, through post-translational modifications (e.g. glycosylation) and conjugations (e.g.

PEGylation or biotinylation) to fusions (e.g. to Fc fragments) and truncations (e.g. of Fab

fragments). Knowledge about the structure and function of proteins is rapidly growing, since

many of their three-dimensional structures, either alone or in complex with other molecules,

are now being solved by x-ray crystallography and/or nuclear magnetic resonance (NMR)

spectroscopy. A good example of this is described in Chapter 6, in which structural analyses of

a selected Affibody molecule with high affinity for s Aβ-peptides provided information that

could not otherwise have been obtained (with current technology). Armed with three-
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dimensional structural information, new specific changes can be made by rational design. The

primary sequences of homologous proteins can also provide valuable information, especially

for proteins for which three-dimensional structures are not yet available. In addition, useful

information can be acquired from scans in which amino acids are individually substituted –

often by alanine, since it is small, uncharged and hence usually minimally disturbs proteins’

conformations (Cunningham and Wells 1989; Weiss et al. 2000) – and the resulting variants are

compared to determine the importance of each substituted amino acid for the protein’s

functionality. However, a disadvantage of rational design is that it is laborious and time-

consuming compared to combinatorial design.

3.2. Combinatorial engineering for
protein library construction

As mentioned above, in combinatorial engineering knowledge about the protein’s structure is

not essential since a “library” of variants, each with different mutations, is generated and

variants with desired properties are selected using an appropriate system, e.g. one of those

described in Chapter 4.

The way in which such libraries are created depends on the protein that is to be engineered and

the targeted properties. For example, proteins with high affinity for certain molecules may be

selected purely according to their binding parameters. Such affinity proteins are often varied

solely at residues in their surfaces that bind their natural ligands. These positions are often

limited to one or several short sequences that are randomized by the general methods

described below. Some proteins naturally have local regions that are highly variable, for

example the antibodies described in section 5.1, and thus can readily be used as templates.

Antibody libraries can be classified according to the nature of the source of diversity used for

their construction, e.g. they may be: naïve, i.e. derived from natural repertoires of non-

immunized individuals; immune, i.e. derived from immunized individuals; or synthetic, i.e.

derived from diverse materials, such as degenerate oligonucleotides, synthesized in vitro.

Moreover, antibody libraries could also be classed as focused, in cases where knowledge about

their binding to a ligand of interest is available. This approach has been applied, for example,

in the engineering of a library of Fab-fragments containing an integrin-binding motif (arg-gly-

asp) (Barbas et al. 1993). Focused libraries comprise a type of “maturation” or “second-

generation library” aspect (see below). The natural ligand-binding surfaces of other affinity

scaffolds, described in Chapter 5, have often been used for engineering libraries, in which

positions for variegation are rationally selected. The libraries generated by combinatorial
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engineering can be seen as spanning a small volume of the total diversity space that would be

encompassed by a full library and thus their members only cover a small fraction of the total

range of properties of scaffold molecules, including their ability to bind to their respective

ligands. Thus, often after a successful selection, a second generation library is made in order to

improve the property further. In such case, fewer positions are variegated, where common

residues obtained from the first selection are locked so other positions can be optimized. By

this strategy affinity proteins with really high affinity can be obtained and a good example of

this is the selection against the breast cancer marker Her2 using the Affibody scaffold

(Wikman et al. 2004; Orlova et al. 2006).

3.2.1. Methods for diversifying libraries

Several methods have been developed that can be used (singly or in combination) to generate

diversity in DNA sequences, often involving use of synthetic oligonucleotides. For instance, in

the development of most libraries based on affinity proteins one or several parts of the

proteins, generally located in their binding surfaces, are targeted for randomization using

mutagenic “cassettes”, and the library fragments are then introduced into the gene encoding

the protein. Today, genetic diversity can be easily generated by synthesizing randomized

oligonucleotides using mononucleotides or trinucleotides (Yanez et al. 2004), and after a PCR

step the amplified gene fragment can be inserted into the gene encoding the scaffold used for

the library construction (Rothe et al. 2008). Trinucleotide-based building blocks have several

advantages over mononucleotides for this purpose, since codons for unwanted amino acids

can be excluded and the frequency of each amino acid can be more easily controlled.

Alternatively, nucleotide changes can be introduced into DNA fragments during their

amplification by “error-prone PCR” (Leung 1989), Figure 3-1 A, in which the inherent error

rate of polymerization catalyzed by DNA polymerase is enhanced by appropriate modifications

to the reaction buffer (e.g. increasing the Mg2+ concentration, addition of Mn2+ and/or use of

a biased pool of dNTPs or a low fidelity polymerase). This technique is most suitable for long

sequences because of the generally low error rate, and is often used in combination with other

diversification methods. Several authors have provided reviews of reaction conditions to

increase the mutation rate (Ling and Robinson 1997; Saviranta et al. 1998; Zaccolo and

Gherardi 1999; Sen et al. 2007). Another frequently applied strategy to introduce diversity in a

pool of DNA encoding homologous variants of proteins, introduced in 1994, is based on the

in vitro recombination of related sequences using PCR (Stemmer 1994a; Stemmer 1994b). This

method, called DNA shuffling, begins by randomly cutting the DNA sequences into

fragments, which can be re-assembled, based on homology to each other, into full-length



Andreas Jonsson 15

mosaic DNA sequences by repeated cycles of annealing in the presence of DNA polymerase

(Figure 3-1 B). An advantage of DNA shuffling is that additional mutations can be added by

error-prone PCR during the amplification of the assembled genes following recombination. A

wide range of other DNA recombination methods are also now available (Kurtzman et al.

2001; Sen et al. 2007), but they will not be further described here.

Figure 3-1. Diversification strategies. (A) Error-prone PCR: fragment(s) are amplified to

full-length fragments with a low fidelity polymerase, thereby generating mutations (gray) in

steps 2. (B) DNA shuffling: homologous fragments generated in step 1 are fragmented in

step 2, then reassembled and extended to full-length mosaic fragments by PCR in step 3.
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4. Selection systems

Scientists have recently learned to mimic natural evolution at a molecular level by using

combinatorial engineering (section 3.2) to generate vast libraries of proteins, analogous to the

antibodies produced by immune systems (section 5.1). As for antibodies, high affinity and

specificity are generally the targeted properties for the engineered proteins. However, other

properties may also be important such as stability, solubility, catalytic activity, pH dependence

and intracellular functions. These properties could be screened for (Umeno et al. 2005) but

screening is laboratorious when dealing with numerous variants and this strategy will not be

discussed further. Some techniques for isolating proteins with desired properties are termed

selection systems, of which several (both in vivo and in vitro) are now available. The choice of

selection system may depend on several factors, such as the inherent properties of the protein

scaffold, the nature of the target molecule and the size of the required library. All selection

systems provide a link (in vivo or in vitro) between the phenotypes and genotypes of the proteins

in the library, i.e. an expression system capable of connecting each of the individual protein

library members with the nucleic acid molecule encoding them, thereby enabling amplification

of selected variants.

The selection procedure for all systems essentially involves four steps: diversification, selection,

amplification and screening (Figure 4-1). The diversification step includes the design and

construction of the library, in which key considerations are the diversity of the molecules

before, during and after selection. The selection step involves creating a suitable environment

for capturing desired molecules and discriminating them from unwanted variants (discharge).

The amplification step refers to the multiplication of selected molecules between selection

cycles. The final step, i.e. screening, involves the isolation of molecules with desired properties,

followed by their evaluation and characterization. The success of a selection strategy depends

on several features, notably: 1) the library size, since the probability of finding a variant with a

desired property is correlated with the structural and functional diversity of the displayed

proteins (Bradbury and Marks 2004), 2) the use of the proper selection pressure to obtain

correct properties without any substantial bias from unwanted properties, 3) the clones should

be possible to isolate and amplify between selection rounds and to identify in a screening

process after the selection, 4) the scope for applying “evolutionary” changes during selection,

5) throughput and automation options and 6) the level of background binding, which should

be as low as possible (Levin and Weiss 2006).
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Selection systems can be divided into four main categories, depending on the nature of the link

between the nucleic acid and varied proteins: phage display, cell-based display, cell-free display

and non-display systems. In this chapter, phage, cell-based and cell-free display systems are

presented (focusing mainly on phage display systems) since they are the most commonly used

selection systems. Non-display is not a commonly used system for detecting high affinity

binders in de novo or second-generation libraries, but is often used in studies of protein-protein

interactions (Piehler 2005; Koch et al. 2006). The protein fragment complementation assay

(PCA) (Koch et al. 2006) and yeast-two-hybrid systems (Parrish et al. 2006) are types of non-

display systems that have been used to select affinity proteins, but these systems will not be

further described in this thesis.

Unbound variants

Selected variants
• Sequencing

• Characterization

Diversification Selection

Amplification

Screening

Figure 4-1. Selection procedure using large protein libraries. A schematic overview of

the selection procedure used in any system can roughly be summarized in four steps:

diversification, selection, amplification and screening. In the diversification step a library with

a multitude of variants is generated. The diversity is decreased by the selection procedure, in

which only variants with desired properties should be selected. The selection stringency is

typically increased in each cycle, and selected variants are then either screened for desired

properties or amplified for a new cycle. Often selection procedures include three to five

cycles.
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4.1. Phage display

Phage display technology was introduced in the mid-1980s when George Smith expressed a

gene segment of the restriction endonuclease EcoRI and displayed it on the surface of the

bacteriophage M13, then enriched phage carrying the segment from a mixture containing wild-

type phage using an immobilized polyclonal antibody to EcoRI (Smith 1985a). Initially, only

small libraries of peptides were generated using this approach (Cwirla et al. 1990; Devlin et al.

1990; Scott and Smith 1990), but following advances in DNA technology in the late 1980s

including development of novel phage(mid) vectors larger and more complex proteins, such as

antibody fragments, were displayed and the libraries increased in size (Ward et al. 1989;

McCafferty et al. 1990; Barbas et al. 1991; Garrard et al. 1991; Hoogenboom et al. 1991; Kang

et al. 1991). Phage display is now the most commonly used system for generating engineered

affinity proteins (Chapter 5) based on antibody fragments (Rader and Barbas 1997; Bradbury

and Marks 2004; Hoogenboom 2005) or other, non-immunoglobulin scaffolds (Nygren and

Skerra 2004; Binz et al. 2005). Furthermore, affinity improvement of de novo selected affinity

proteins by second generation libraries have also been successfully performed for antibody

derivatives and several other scaffold proteins (Orlova et al. 2006; Zahnd et al. 2007; Kwong et

al. 2008).

The bacteriophage M13 is the most frequently used phage in phage display systems and is the

only phage described here, although others (e.g. T4, T7 and lambda) have also been used

(Mikawa et al. 1996; Ren and Black 1998; Santini et al. 1998; Houshmand et al. 1999). The

filamentous M13 phage consists of a single-stranded circular DNA molecule enclosed in a

protein capsid tube, primarily composed of the major coat protein pVIII (~2700 copies),

forming a 1 μm × 6.5 nm long rod-like virus particle. At both ends there are also a few copies

(~ 5 of each) of four other coat proteins: pIII, pVI, pVII, pIX (Webster 2001), see Figure 4-2.

The M13 phage (which replicates and assembles without killing its host) specifically infects

gram-negative Escherichia coli (E. coli) cells expressing F-pili on their surface.

Phage display is a selection technique in which the physical link between phenotype and

genotype is created by expressing the varied peptide/protein fused to a coat protein of the

bacteriophage, thus allowing it to interact with target molecules in the environment, while the

encoding DNA is situated inside the phage particle. The fusion protein is created using an

appropriate recombinant DNA strategy, in which the DNA sequences encoding the variants of

the peptide/protein of interest are commonly inserted into the M13 filamentous phage genes

encoding the coat proteins pIII or pVIII, although the feasibility of using other coat proteins

for this purpose has also been tested (Sergeeva et al. 2006). The proteins can be displayed on
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M13 in various ways, with different consequences. First, many more copies per phage will be

displayed if pVIII is used than if pIII is used, which may be either advantageous or

disadvantageous, depending on the properties of the displayed protein and the selection

conditions. “Multivalent” (high copy number) display can result in difficulties in discriminating

between high and low affinity binders, due to possible avidity effects, but may on the other

hand increase the ability to detect proteins that bind target proteins weakly, relative to

monovalent display. Moreover, several variants of display systems can be used for either coat

protein, as illustrated here for pIII (although corresponding systems have been developed for

pVIII; (Smith and Petrenko 1997). The first developed phage display vectors were “type 3”

systems that contained the whole phage genome, in which the gene of interest was fused to the

wt gene encoding pIII. In these systems, every copy of the coat pIII is expressed in fusion to

the foreign protein. Since this yields several copies of the affinity protein per phage it may lead

to avidity effects, which may influence the selection procedure. Furthermore, fusion of large

polypeptides with pIII may compromise the infection capability of the phage since pIII is

essential for the infection process (Hoess 2001; Webster 2001). To circumvent these problems,

the so-called 33 and 3+3 phage display systems were developed. In the former, an extra gene

encoding pIII is incorporated in the phage genome, resulting in the expression of a mixture of

wt pIII and pIII fused to the foreign protein (Smith and Petrenko 1997). In the 3+3 system, a

phagemid vector (Bass et al. 1990) is used to express the protein III fusion protein. Apart from

the protein III gene, the phagemid contains the origins of replication for both M13 and E. coli,

as well as the M13 phage packaging signal. However, the phagemid is unable to produce

functional phage particles unless the E. coli is also infected with a helper phage, which supplies

all other proteins required to produce functional phage particles. The helper phage DNA

encodes all essential proteins, including the wt protein III, but has a slightly deficient origin of

replication, resulting in preferential packaging of the phagemid. Presence of the phagemid in

combination with helper phage results in monovalent display of pIII fusion proteins on the

phage particles that carry the phagemid DNA. However, only 1-10 % of the produced phage

will display the fusion protein of interest on their surface, since the helper phage provides wild-

type pIII in large excess (Clackson and Wells 1994). For more detailed information about pIII

display and display with coat protein VIII, for which equivalent systems have been developed

(termed 88 and 8+8 systems, see for example a review by Smith and Petrenko (Smith and

Petrenko 1997).
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Proteins that bind to a given target molecule are typically selected from a phage display library

as follows. The phage display library is created in a phagemid vector and transformed into E.

coli cells. Phage particles displaying the library members are then produced with the help of

helper phage, and subsequently the phage particales are incubated with the target molecules,

which are immobilized on a solid support, before or after contact with the phage. Unbound

phage are washed away and then the retained phage, bound to the target protein, are eluted,

usually using a short incubation at low pH, proteolytic cleavage or competitive elution. The

eluted phage are used to infect fresh E. coli cells and a new, smaller subset of the library

enriched with variants that bind the target molecule is created. Thereafter, a new selection

round starts with infection of helper phage, as described above. Usually, three to five rounds of

selection are required to enrich clones that express variants capable of binding the target

protein sufficiently for further analyses. Moreover, to discriminate between binders with

different affinities, if this property is selected for, the stringency is normally increased in each

Figure 4-2. M13 phage and different phage display systems. (A) Schematic representation

of phage particles with the locations of the capsid proteins pIII, pVI, pVII, pVIII and pIX

outlined. (B) Schematic illustration of three commonly used phage display systems: type 3, in

which the foreign gene is fused to phage coat protein III; type 33, in which two copies of the

gene encoding pIII are present in the vector, one wt and the other as a fusion, resulting in mixed

expression of wt and fusion proteins; and type 3+3, in which the foreign gene is inserted into a

phagemid containing the origins of replication for both M13 and E. coli, and the M13 phage

packaging signal. A helper phage provides all other proteins, including wt pIII, required to

produce complete phage particles.
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round by decreasing the concentration of target protein and/or increasing the number and

duration of washes. After the last round of selection, clones are usually screened by ELISAs,

and the DNA in clones expressing variants that yield positive signals is sequenced and

characterized.

4.2. Cell surface display

The first cell-surface display systems were bacterial (gram-negative, E. coli) systems initially

described in the early 1990s (Francisco et al. 1993; Little et al. 1993), in which the protein of

interest is typically fused to a natural surface protein and thus made available for interaction

with target molecules. The display in this system is dependent on the capability of the system

to transport proteins in the library across the outer membrane to a position, in an appropriate

form, on the bacterial cell surface where they can be accessed. Therefore, this format has only

been used to display variants of a few scaffolds (Bessette et al. 2004; Daugherty 2007). To

improve the display technique a new system has been created, in which the fusion proteins are

expressed at the periplasmic side of the inner membrane, followed by a disruption of the outer

membrane to enable them to interact with fluorescently labeled antigens (Harvey et al. 2004;

Harvey et al. 2006). However, since the spheroplasts generated in the selection step generally

have low viability, the DNA encoding selected variants has to be “rescued” by PCR, subcloned

into the display vector and transformed into fresh cells before the following cycle. Another

way to avoid the problems associated with the presence of two membranes in gram-negative

bacteria is to use gram-positive bacteria, which only have a single membrane, as in a display

system developed by Ståhl and co-workers using the gram-positive bacterium Staphylococcus

carnosus (Wernerus et al. 2003; Lofblom et al. 2005). A further and common limitation of

bacterial display is that many proteins of interest require a eukaryotic environment for correct

expression and folding. For combinatorial engineering of such proteins, yeast (Saccharomyces

cerevisiae) surface display systems, first described in the late 1990s, have been developed (Boder

and Wittrup 1997). Yeast display is now the most widely used type of cell-surface display

system, and it has been successfully used to select variants of interest from several de novo and

second-generation libraries (Boder et al. 2000; Feldhaus et al. 2003; van den Beucken et al.

2003; Gai and Wittrup 2007). Finally, several attempts have been made to develop selection

systems based on higher eukaryotic cells, like human cells (Ho et al. 2006; Beerli et al. 2008),

but they are not commonly used and will not be further discussed in this thesis.

Cell surface display is, in principle, similar to phage display, in terms of the link between the

protein variants and the DNA encoding them, since the proteins are displayed on the surface
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of the cells while the encoding DNA remains inside them. However, cell surface display

systems have other features which give them both advantages and disadvantages compared to

phage display (Wittrup 2001; Lee et al. 2003). Firstly, their large size (relative to bacteria, which

are generally only approximately 0.5-5 µm long) enables the convenient use of flow cytometry

for analysis and sorting for selection and screening. Recombinant proteins on cell surfaces can

also be labeled with both N- and C-terminal epitope tags, enabling both ends of expressed

fusion proteins to be immunofluorescently labeled to obtain information about their overall

expression levels and whether or not they are expressed as full-length proteins on the cell

surfaces. This facilitates normalization of the cells’ expression to account for variations in

expression levels during the selection step, by labeling the target molecule with a different

fluorophore from the epitope tags. Binding molecules can then be readily screened, using

selective gating strategies enabled by the normalization of the affinity signals. However, cell-

surface display systems have several limitations for making large libraries, due to the relatively

low DNA transformation efficiency of Gram-positive bacteria and eukaryotic cells.

In general, a selection using cell-surface display technology is typically performed as follows.

The library is created by recombinant DNA technology and transformed into the host cells.

The target protein and epitope-tag proteins are labeled with appropriate fluorophores and

added to the cell-display library in solution. After incubation for an appropriate time, cells with

bound fluorescent molecules are screened using a high-speed flow cytometer to measure their

relative affinities and isolate the desired cells. Screened variants can then be readily amplified

by simply growing the cells. The stringency in cell display sorting is typically controlled by

either adjusting the antigen concentration (equilibrium screening) or dissociation time (kinetic

screening) in combination with different sorting parameters of the flow cytometer. Finally,

after the last selection round each cell yielding signals meeting the gating criteria can be

individually sorted out and analyzed.

4.3. Cell-free display

To circumvent the step of cell transformation, an often limiting factor to obtain large libraries,

systems have been developed utilizing cell extracts, rather than intact cells, for biosynthesis of

library members. The first cell-free display system described was the ribosome display system

initially reported in the mid-1990s (Mattheakis et al. 1994), and later assessed for its utility for

selecting proteins in prokaryotic cell extracts (Hanes and Pluckthun 1997) and eukaryotic cell

extracts (He and Taussig 1997). Several other cell-free display formats have subsequently been

presented, for example mRNA display (Nemoto et al. 1997; Roberts and Szostak 1997), CIS
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display (Odegrip et al. 2004), DNA display (Tabuchi et al. 2001), covalent DNA display

(Bertschinger et al. 2007), microbead display (Sepp et al. 2002) and in vitro

compartmentalization (Tawfik and Griffiths 1998). However, ribosome and mRNA display are

the most commonly used cell-free display systems today, and both have proven to be valuable

for selecting high affinity molecules from diverse de novo libraries of affinity proteins (Hanes et

al. 2000; Binz et al. 2004; Lipovsek and Pluckthun 2004; Yan and Xu 2006; Zahnd et al. 2006)

and maturation libraries, yielding proteins with low picomolar affinity (Zahnd et al. 2004;

Zahnd et al. 2007).

As mentioned above, cell-free display systems differ from other selection systems since they do

not involve use of living cells and have two main advantages due to the use of in vitro

transcription and translation for constructing protein libraries. First, large libraries, with up to

1013 variants can be rapidly generated since there is no need to transform the library into a host

(Hoogenboom 2005). Second, mutations can be introduced in the amplification step after

every selection cycle since the DNA fragments are amplified by PCR, and thus the size of the

library can be increased in a directed evolutionary manner (Roberts 1999). Here, the physical

link between the DNA fragments and the encoded proteins is created during the in vitro

translation of the library members. For example, ribosome display results in mRNA-ribosome-

protein complexes that can be isolated in the selection step.

In general, a selection using cell-free display technology is typically performed as follows. The

RNA/DNA is transcribed and translated in vitro, yielding peptide/protein complexes coupled

to the RNA/DNA. Libraries are selected using biopanning steps similar to those applied in

phage display, i.e. incubation of library members with the target molecule, immobilization of

the target, washing steps and finally elution to recover the RNA/DNA. Nucleic acids encoding

the binding proteins are then amplified in a PCR step, which may involve error-prone PCR,

and the next selection round can start. After the selection, the isolated variants are subcloned

for screening and sequencing.
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5. Affinity scaffolds

Many proteins participate in biological processes by recognizing and interacting with other

biomolecules, as described in Chapter 2. Typical recognition events include the binding of

ligands to their receptors, e.g. insulin to insulin receptors, and antibodies to antigens in

immune responses. Affinity proteins typically refer to engineered proteins that have the ability

to recognize, i.e. bind specifically, to other molecules. Such molecules are typically based on a

particular starting protein or scaffold/framework, with a structure that can tolerate

randomization at several positions in order to construct a combinatorial library. Such scaffold-

based binders have broad spectra of applications, ranging from research tools (e.g. diagnostic

reagents) to highly refined biopharmaceutical drugs. Depending on the final use various

aspects should be considered. In most applications, the primary requirements of the molecules

are that they must bind to the target(s) with sufficient affinity and specificity. In affinity

chromatography, it is also essential for the engineered molecules to have sufficient thermal and

chemical stability to capture the analyte under the applied conditions (Skerra 2007a). High

affinity and sufficient residence time in the target tissues (e.g. tumors) are important

parameters for long-lasting effects in therapeutic and in vivo imaging applications (Tolmachev et

al. 2007a). Furthermore, the size of drugs is an important parameter related to their

pharmacokinetics and biodistribution. The half-life of a small protein can be increased by

various methods, e.g. PEGylation (Fishburn 2008). On the other hand, a small molecule with

rapid clearance might be suitable for molecular imaging, and a small protein is likely to

penetrate tissues more readily than large proteins (Tolmachev et al. 2007a). Currently, in

attempts to design affinity proteins the trend seems to be to select small, stable scaffolds, with

options to add functions to modify selected molecules in various ways, depending on the

intended application, e.g. dimerization to prolong their residence times and acquire avidity

effects or PEGylation to diminish the immune response to them, and/or prolong their half-

lives (Fishburn 2008).

Antibodies and antibody fragments are the most widely used scaffolds, and they have naturally

evolved to interact with many other molecules, hence they are excellent starting points for

affinity scaffolds. However, use of antibodies for molecular recognition has several limitations.

Notably, full IgG molecules have a complex architecture, requiring cysteines and glycosylations

in order to be fully functional, and thus mammalian expression systems are generally needed,

which are difficult and expensive to handle. However, the smaller antibody fragments
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discussed in section 5.2 do not necessarily require eukaryotic expression. In addition,

antibodies are not the only proteins that are involved in natural molecular recognition

processes, and several other naturally occuring binding proteins can be used as starting points

for developing new affinity proteins. Thanks to combinatorial engineering principles, a number

of alternative affinity proteins that recognize molecules for intended use in biotechnological

and therapeutic applications have been developed. Some of these novel affinity proteins, all of

which have specific strengths and weaknesses (Binz et al. 2005; Hosse et al. 2006; Skerra

2007a; Nuttall and Walsh 2008), are described in this chapter. Peptides have also been used as

“scaffolds” with randomized positions to obtain combinatorial libraries from which variants

that bind to various target proteins have been selected (Cwirla et al. 1990; Devlin et al. 1990;

Smith and Petrenko 1997; Stefanidakis and Koivunen 2004; Aina et al. 2007). However linear

peptides have two major limitations: high susceptibility to proteolytic degradation and generally

relatively low affinity due to their typically unfolded state (Nilsson and Tolmachev 2007). Thus,

use of peptides as affinity scaffolds will not be discussed further here. In addition, protein

library technology has been used to engineer particular classes of binding molecules to

biomolecules other than proteins, e.g. zinc finger structures that bind to DNA (Segal et al.

2003; Blancafort et al. 2004; Magnenat et al. 2004). However, since the focus in this thesis is on

interactions between proteins these will not be discussed here either.

5.1. Antibodies

Antibodies, or immunoglobulins (Ig), are highly abundant affinity molecules that play key roles

in the specific immune system of humans and other higher vertebrates. They were first

discovered at the end of the 19th century by von Behring, an achievement for which he

received the Nobel Prize in 1901. They have evolved to recognize pathogenic and foreign

substances, and thus participate in protective responses to invading pathogens, such as bacteria

and viruses. The immunoglobulins in humans can be divided into five subclasses (IgA, IgD,

IgE, IgG and IgM) based on the structure of their constant regions. The IgG subclass is the

most abundant in the circulation, constituting 80 % of total serum immunoglobulins. The IgG

molecule is a bifunctional, Y-shaped, 150 kDa protein composed of four polypeptide chains:

two identical heavy chains and two identical shorter light chains. Each light chain is coupled to

a heavy chain via a disulfide bound and the two heavy-light dimers are linked by disulfide

bridges to each other (Figure 5-1). The antigen-binding site is mainly formed by six

hypervariable loops in variable regions (VH, VL), called the complementarity determining

regions (CDRs; (Wu and Kabat 1970)), which connect the β-stands in the immunoglobulin

fold. The great diversity in the extensive repertoire of antibodies recognizing different antigens
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arises from somatic hypermutations of a limited set of antibody genes (Goldsby 2003). In

contrast, the constant regions of the antibody are relatively invariable, allowing them to interact

with various effectors, such as those of the complement system, phagocytic cells and cytotoxic

cells (Carroll 2004) as well as the neonatal receptor, thereby prolonging antibodies’ half-lives

(Roopenian and Akilesh 2007), as further discussed in Chapter 8.

Natural antibodies can be produced by immunizing animals with an antigen, thereby activating

their immune response system to generate a pool of antibodies against various epitopes of the

antigen. Thus, antibodies produced from an immunization are “polyclonal”, i.e. they have

different amino acid sequences recognizing different epitopes on the same antigen. This

strategy is currently being exploited in large scale in the Human Protein Atlas (HPA) project by

Mathias Uhlen and coworkers, in which they are aiming to generate antibodies to all humans

proteins in order to determine their expression patterns in human tissues (Uhlen et al. 2005).

However, for therapeutic uses, monoclonal antibodies (all of which recognize a single epitope)

are generally more desirable. In the mid-1970s, (Kohler and Milstein 1975) introduced a new

approach using hybridomas, which made it possible to produce monoclonal antibodies from

immortalized mouse lymphocytes (and earned them a Nobel Prize in 1984). However, the

method is relatively laborious and has several other limitations. Notably, the mouse antibodies

produced are not of human origin, and thus could induce an immune response if the

monoclonal antibodies were used for in vivo applications. However, this problem can be

minimized today by humanizing the therapeutic monoclonal antibodies (Almagro and

Fransson 2008; Liu et al. 2008). In addition, in the late 1980s an alternative method to generate

monoclonal antibodies was presented, based on genetic engineering principles involving

protein libraries and selection systems (Chapter 4). This technique is not optimal for large,

complex proteins such as full-sized antibodies, and thus several fragments of antibodies have

been developed for this purpose, as described below.
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5.1.1. Antibody fragments

Full-sized natural antibodies are excellent affinity proteins, but they are large, relatively heavily

glycosylated and have complex architecture with a number of cysteine bridges. In order to

circumvent some of the associated limitations, the feasibility of using smaller fragments of

antibodies has been investigated (Figure 5-1). The Fab antibody fragment was one of the first

such derivatives. It was initially generated by proteolytic digestion of full-length antibodies, but

Fab fragments are more often recombinantly produced today and have sizes of ~55 kDa. The

other frequently used format today is the single-chain antibody fragment (scFv), in which the

variable domains of heavy (VH) and light (VL) chains are combined with a flexible polypeptide

linker, resulting in a ca. 28 kDa molecule with increased stability that can be conveniently

produced in E. coli (Bird et al. 1988; Huston et al. 1988). In these scFv and Fab antibody

fragments the variable region from the heavy chain and the light chain are preserved and can

Figure 5-1. Schematic representation of an IgG antibody scaffold. (A) The IgG molecule

(~150 kDa) consists of two identical heavy chains [H] and two light chains [L], forming a

typical Y-shaped molecule linked by several disulfide bridges. Each heavy chain consists of

three constant domains [CH1-3] and one variable domain [VH], while each light chain consists

of one constant [CL] and one variable [VL] domain. The binding sites are located at the tip of

each arm and formed from three CDR loops in each variable domain. (B) Several smaller

antibody fragments have been created for various applications, e.g. Fab, scFv, diabody and

VH fragments (approximately 55, 28, 50 and 15 kDa, respectively).
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therefore be reinserted into full-sized IgG. Single-domain antibodies have also been

constructed, consisting solely of VH or VL, although the first attempts gave poor results due to

solubility and aggregation problems (Holliger and Hudson 2005). However, single-domain

human antibody scaffolds have been engineered to improve their solubility and stability, and

specific binders have been selected using them (Holt et al. 2003; Colby et al. 2004; Jespers et al.

2004). Furthermore, natural single-domain antibodies (dAbs) have been discovered in two

completely separate groups of organisms, camelids and cartilaginous fish (Hamers-Casterman

et al. 1993; Holliger and Hudson 2005; Streltsov et al. 2005), of which VH from camelids is

used as an affinity scaffold, called a nanobody (Tijink et al. 2008). The scFv and Fab fragments

are monovalent binders but they can be engineered as bivalent or bispecific fragments to gain

avidity effects like F(ab)’2, diabodies or minibodies (Holliger and Hudson 2005).

5.2. Alternative protein scaffolds

Researchers have been starting to exploit alternative non-immunoglobulin scaffolds, inspired

by the success of antibody engineering and the increasing experience of protein engineering

using combinatorial libraries. Consequently, antibodies are today facing increasing competition

from a large number of so-called engineered protein scaffolds (Hosse et al. 2006; Skerra 2007a;

Nuttall and Walsh 2008). Most proteins used as scaffolds are derived from natural proteins

involved in protein interactions and they show wide diversity in structure and function. The

choice of scaffold protein is mostly dependent on the intended use of the generated affinity

ligands. However, some generally desirable features are that: (i) the scaffold should ideally be

relatively small, (ii) composed of a single polypeptide chain, and (iii) have a highly stable

architecture (Nygren and Skerra 2004). Furthermore, a high stability that does not depend on

the formation of disulfide bonds is a clear advantage, facilitating high yields from bacterial

expression systems and enabling intracellular applications. Moreover, the absence of cysteines

in the scaffolds provides opportunities to introduce a unique cysteine for labeling or other

chemical modifications. However, if the resulting proteins are to be used for in vivo

applications, such as medical imaging or as therapeutic agents, other aspects also have to be

considered, such as their immunogenicity, half-life, multimerization ability and biodistribution.

There are several ways to classify non-antibody scaffolds, but in this chapter they are divided

into frameworks with immunoglobulin-like structures, i.e. β-sheet structures with one or more

loops, and frameworks with randomized residues in the secondary structure. A few examples

from each group are described below and the two scaffolds used in the studies this thesis is

based upon, Affibody molecules and the albumin-binding domain (ABD), are described in

more detail. Alternative scaffolds have been extensively reviewed by several other authors
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(Nygren and Skerra 2004; Binz et al. 2005; Hey et al. 2005; Hosse et al. 2006; Nuttall and

Walsh 2008).

5.2.1. Immunoglobulin-like scaffolds

Antibodies and antibody fragments have been successfully used as affinity proteins for a long

time. Thus, not surprising, various scaffolds with similar architecture, i.e. rigid structures of β-

sheets with one or several loops that create a binding surface (like CDRs in antibodies), have

been successfully used in protein engineering efforts, and two groups of proteins based on

such scaffolds will be described below: the Anticalins and the Adnectins.

The Anticalin scaffold is derived from the lipocalin family of proteins, which occur in many

organisms where they are involved in the transport or storage of other molecules (Skerra

2007b; Skerra 2008). The lipocalins share a structurally conserved β-barrel, formed from a

single polypeptide, which is composed of eight antiparallel β-strands linked by four loops

creating the binding pocket. There is also an α-helix in the C-terminus, which is not involved in

binding to the proteins’ ligands, and their total molecular weight is approximately 20 kDa.

Lipocalins often have one or two disulfide bridges, but they are not crucial for the protein’s

folding. The scaffold can be produced in the form of genetically linked dimers, yielding either

bivalent or bispecific binding proteins, called “duocalins”. Libraries have been made by

introducing randomization in the four loops and selection has been performed against haptens,

peptides and proteins such as CTLA-4 (Schlehuber and Skerra 2005) and VEGF (Skerra 2008).

The Adnectin scaffold is based on the 10th domain of a 15-domain repeat unit in human type

III fibronectin (Koide et al. 1998), in which its natural function involves binding to other

macromolecules, such as integrins. This structure is a monomeric, thermo-stable, 10 kDa, β-

sandwich protein (consisting of a single peptide with seven strands and three connecting loops)

that lacks disulfide bridges. Libraries have been made by introducing randomization in the

loops and selections have been generated with affinity for several proteins of therapeutic

relevance, such as TNF (Xu et al. 2002) and VEGFR2 (Getmanova et al. 2006).
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5.2.2. Surface-randomized scaffolds

Efforts to use the scaffolds described above have exploited their flexible loops to develop

variants for binding to target molecules. A contrasting strategy has been applied to the next

group of affinity scaffolds, in which secondary structure elements involved in their interactions

with other proteins have been randomized. These elements are relatively flat surfaces with rigid

structures, hence losses of entropy upon binding are low, thus there should be considerable

potential to increase their affinity to target proteins by randomization (Binz et al. 2005). On the

other hand, they might be less suited for generating binders to small molecules like haptens

and unstructured peptides. Here, two scaffolds of this type are described, for which various

potentially important applications are close to realization: Ankyrin repeats and Affibody

molecules.

The Ankyrin repeat (AR) is a 33-residue motif that provides a structural binding surface in

proteins found in most organisms, and is normally involved in protein-protein interactions. AR

proteins have been built from stacked repeats of 33 amino acids, each forming a β-turn

followed by two antiparallel α-helices giving a stable structure containing no cysteines. These

affinity proteins, called DARpins (Designed Ankyrin Repeat proteins), have been designed by

Plϋckthun and co-workers (Binz et al. 2004) and have a constant repeat at both ends, N-Cap 

and C-Cap, between which are two or three partially randomized repeated domains: N2C or

N3C. Six randomized residues are located in the β-turn and the first α-helix of each repeat.

Successful selections of variants for affinity against several targets, such as HER2 (Zahnd et al.

2006) and the Maltose-binding protein (MBP) (Binz et al. 2004), have been reported. A crystal

structure of the DARpin molecule off7 in a complex with MBP has also been published (Binz

et al. 2004), showing it to have a 611 Å2 binding surface; a little smaller than the normal 800-

900 Å2 areas typical of sites involved in protein-protein interactions (Lo conte 1999). There

have also been successful attempts to select variants with improved affinity for HER2 from a

second-generation DARpin library (Zahnd et al. 2007).

5.2.2.1. Affibody molecules

Affibody molecules are derived from staphylococcal protein A (SPA), which is believed to be

involved in host infection by naturally binding the Fc of IgG molecules to the surface of the

bacteria, in the wrong orientation for normal antibody function, thereby hindering

phagocytosis and inhibiting recognition by neutrophils’ Fc receptors (Gomez et al. 2006). SPA

contains five homologous Ig-binding domains (E, D, A, B, and C), all capable of binding the
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Fc part of antibodies from different species and subclasses, as well as the Fab part of

antibodies of the human VH3 subclass (Moks et al. 1986; Jansson et al. 1998; Nygren 2008).

The B domain was engineered in the 1980s by site-directed mutagenesis at two positions in

attempts to increase its chemical stability. Changing the glycine at position 29 to alanine was

found to substantially enhance its resistance to hydroxylamine (Nilsson et al. 1987). It was also

subsequently found to reduce the strength of its VH3 Fab binding (Jansson et al. 1998),

without significantly affecting Fc binding. The second mutation was at position 1, where

alanine was replaced with a codon for valine for subcloning purposes (Nilsson et al. 1987). The

new engineered domain, denoted Z, consists of a single polypeptide that forms an antiparallel

three α-helix bundle structure (Figure 5-2). The Z domain has also been used for engineering

of novel affinity proteins (Affibody molecules) by combinatorial engineering, as described

below. This small (58 amino acid, 6.5 kDa) protein is highly stable, highly soluble, contains no

internal cysteines and can be inexpensively produced in a prokaryotic host. Furthermore, the

relatively small size and rapid folding kinetics of the scaffold allows Affibody molecules to be

efficiently produced by solid-phase peptide synthesis, providing possibilities to introduce

functional groups at specific positions (Engfeldt et al. 2005). The size of the area of Affibody

molecules involved in the target binding interface was for the two complexes ZSPA-1::ZWT and

anti-ZTaq::ZTaq calculated to be in the range 800-900 Å2 (Hogbom et al. 2003; Wahlberg et al.

2003; Lendel et al. 2006) typical (as mentioned above) of areas involved in protein-protein

interactions (Lo Conte et al. 1999).

Most of the native residues involved in the interaction with Fc (Deisenhofer 1981) have been

combinatorially randomized to create naive libraries used for selecting Affibody molecules to

various protein targets. Typically, thirteen surface-exposed residues in helices one and two

have been subjected to randomization using the NNK codon strategy (Figure 1-1) (Nord et al.

1995; Gronwall et al. 2007). Following the first isolation of an Affibody molecule by Nygren

and co-workers (Nord et al. 1997), variants have been successfully selected with binding

affinities in the low to mid nanomolar range for a number of targets, for example HER2

(Wikman et al. 2004), EGFR (Friedman et al. 2007) and Aβ42 (Gronwall et al. 2007). Affibody

molecules have also been selected that bind to other targets for a variety of applications, such

as bioseparation, diagnostics, viral targeting and in vivo tumor imaging/therapy (Nygren 2008).

In addition, affinity maturation strategies have been successfully applied using second-

generation libraries to produce higher affinity binders (Gunneriusson et al. 1999; Nord et al.

2001; Orlova et al. 2006; Friedman et al. 2008), including variants with affinity as low as 20 pM

for HER2 (Orlova et al. 2006). The most thoroughly in vivo characterized Affibody molecule

binds to HER2, an important breast cancer marker. This Affibody molecule have exhibited

great potential as imaging agent for visualizing tumors (Nilsson and Tolmachev 2007;
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Tolmachev et al. 2007a) in preclinical and pilot clinical trials (Baum 2006; Orlova et al. 2007).

In addition, investigations of possible therapeutic applications of an HER2 Affibody molecule

show that it has promising ability to inhibit tumor growth in a mouse model (Tolmachev et al.

2007b).

5.2.2.2. Albumin-binding domains

The wt albumin-binding domain (ABDwt) used in the studies of this thesis is based upon is

G148-GA3, a domain of the protein G (SPG) of Streptococcus strain G148, which is expressed

on the surface of these bacteria and was isolated in the mid-1980s (Bjorck and Kronvall 1984).

In addition to having three domains with immunoglobulin binding ability, SPG also comprises

region with serum albumin binding ability (Olsson et al. 1987) (Figure 5-3). The serum albumin

binding region of SPG consists of three homologous albumin-binding domains (ABDs) which

have been cloned and characterized. Three different cloned subfragments, called BB´, ABP

Figure 5-2. Origin of Affibody molecules. A schematic picture showing the five homologous

immunoglobulin binding domains of SPA. The Affibody scaffold (Z domain) is derived from an

engineered domain B, a 58 amino acid three-helix bundle protein, whose Ig binding surface is

formed from helices 1 and 2 (yellow). The scaffold has been used in combinatorial engineering

efforts in which 13 surface-located positions have been randomized in order to identify variants

with entirely novel binding specificities to various proteins.
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and ABD, respectively, have three, two and one albumin-binding domains, respectively (S

and Nygren 1997). Their albumin-binding ability is shared by proteins produced by se

other bacteria, all of which show high homology to G148-GA3 (Johansson et al. 2002).

ABD domain consists of 46 amino acids and has a three-helix bundle structure which has

resolved by NMR (Johansson et al. 2002). The structure of the homologous domain den

PAB-GA, derived from Finegoldia magna, in complex with human serum albumin (HSA)

been resolved by x-ray spectroscopy (Lejon et al. 2004), and shown to have an area of a

700 Å2 on its surface, formed by helices two and three, that interacts with HSA. In Chap

several interesting functional properties of the ABD molecule are discussed, includin

ability to prolong the half-lives and without increasing the immunogenicity of protein

which it is fused.

Many of the desirable features associated with Affibody molecules are shared by the A

molecule, including high stability and solubility, possibilities for production at high leve

prokaryotic expression systems and lack of structural dependence on internal disulfide bri

(Nygren et al. 1988; Stahl and Nygren 1997). Hence, this ABD molecule could probably

be suitable for de novo selection as well, using a library with the HSA interacting posi

randomized.

Serum albumin binding Immunoglobulin bindingSerum albumin binding Immunoglobulin binding

Figure 5-3. Origin of ABD001. A highly schematic picture of SPG, isolated from Streptococcus
strain G148 (Olsson et al. 1987), showing the three serum albumin- and immunoglobulin

binding domains, respectively. The ABD001 molecule is derived from the third serum albumin

domain of the SPG of Streptococcus strain G148, a 46 amino acid three-helix bundle domain, of

which helices 2 and 3 (shown in yellow) form the surface that binds serum albumin.
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PRESENT INVESTIGATION

The work presented in this section was performed in three academic projects that I

contributed to, and described in the five appended papers. All three projects involved

combinatorial engineering of the molecular recognition characteristics of the surface of

proteins (Affibody or ABD molecules), for various potential therapeutic applications, using

phage display techniques. The objective of the first project was to develop and evaluate

Affibody molecules that bind Aβ-peptides, which are believed to play a crucial role in

Alzheimer’s disease. Paper I describes the selection of variants capable of binding the Aβ40-

peptide from an Affibody library. In addition, the interactions between these Affibody

molecules and Aß-peptides was characterized, and further explored in the studies described in

Paper II. The NMR structure of the complex formed by an Affibody molecule and the peptide

was resolved and presented in Paper II. Future prospects for these Affibody molecules could

potentially include therapeutic applications for the treatment of Alzheimer’s disease by removal

of Aβ-peptides. The second project addressed the short half-life that small recombinant

protein therapeutics typically display in in vivo applications. In this project the aim was to

improve the affinity of a natural serum albumin-binding domain (ABDwt) to HSA, thereby

hopefully extending the half-life in humans, while not increase the immunogenicity of other

molecules fused to the improved ABD. Paper III describes the development of a maturation

library of ABD and the selection of variants with improved affinity to HSA. After rational

engineering of unique clones from the selected variants, an ABD variant with significantly

improved affinity was obtained and the characterization of this molecule was also described in

the paper. Proteins capable of interacting with HSA could have several promising therapeutic

and biotechnological applications. The focus of the last project was on the TNF molecule,

which is involved (inter alia) in Crohn’s diseases, arthritis and infections. Paper IV describes the
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phage display-based selection of TNF-binders and the initial characterization of the Affibody

molecules obtained. Furthermore, the consequences of varying the length of linkers between

pairs of Affibody molecules on parameters that could affect their utility in possible therapeutic

applications were also evaluated and discussed in this paper. Paper V describes a cell surface

display system using a gram positive bacterium, Staphylococcus carnosus, to obtain Affibody

molecules with affinity to TNF. In all three projects molecules that bind to the target proteins

have been obtained and they have promising potential as tools for in vivo applications. In

particular, the improved ABD molecule could be very useful for deimmunizing and prolonging

the half-lives of protein pharmaceuticals.



36 Development of molecular recognition by rational and combinatorial engineering

6. Affibody molecules
binding the Alzheimer-
relatedamyloid beta
peptide

Alzheimer's disease (AD), which was first described by the German psychiatrist Alois

Alzheimer in 1901, is the most common form of dementia, currently accounting for about 60

% of cases. Dementia is a serious problem, especially among the elderly, since prevalence rises

from ca. 1 % at the age of 60 years to at least 35 % at the age of 90 (Ferri et al. 2005). AD is a

chronic and fatal neurodegenerative disorder with devastating impact on the health of the

patients, typically involving loss of memory and other cognitive functions (Cummings 2004).

The neuropathological hallmarks of AD include extracellular deposits of the small amyloid

beta (Aβ) peptides in “senile plaques”, and intracellular aggregation of the tau protein, causing

neurofibrillary tangles. Aβ-peptides are cleaved from the transmembrane bound protein

amyloid precursor protein (APP), in a natural process involving two proteases referred to as β-

and γ-secretases. Depending on the point of cleavage by the γ-secretase, three different forms 

of Aβ peptide can be produced with 38, 40 or 42 residues, respectively (Selkoe 2001). The

Aβ42 is the most pathogenic variant, since it is far more prone to oligomerize and form fibrils

than the more abundantly produced, shorter Aβ40 and more rarely formed Aβ38. There is also

another protease, α-secretase, that cleaves APP (but does not generate any harmful peptides

related to AD) by catalyzing cleavage between the β- and γ-secretase cleavage sites. Aβ-

peptides have a tendency to cluster into oligomers that can form Aβ-fibrils that eventually

form deposits called amyloid plaques, which are believed to be non-toxic. However, the

formation of amyloid oligomers leads to local inflammation and neurotoxicity (Haass and

Selkoe 2007; Walsh and Selkoe 2007). As a result of this process, the tau-proteins fold into

intraneuronic tangles, which results in cell death. Progressive neuronal destruction leads to

shortages of and imbalances between various neurotransmitters (e.g. acetylcholine, dopamine

and serotonine) and to the cognitive deficiencies seen in AD. AD therapies are mainly based

on one of two hypotheses: the cholinergic deficit hypothesis or the amyloid hypothesis (van

Marum 2008). The cholinergic deficit theory, the dominant explanation of AD in the early

1980s, postulates that a lack of acetylcholine and restoration of the cholinergic balance by

inhibiting acetylcholine breakdown would retard the progression of AD and improve cognitive

http://en.wikipedia.org/wiki/Acetylcholine
http://en.wikipedia.org/wiki/Acetylcholine
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and general functioning. The second theory, i.e. the amyloid hypothesis, introduced in the

beginning of the 1990s (Hardy and Higgins 1992), is now the most widely accepted explanation

for the pathophysiology of AD. According to this hypothesis, hindrance of the pathological

accumulation of Aβ-peptide in the brain is the key to preventing the clinical syndrome of AD.

Various approaches that could be used to do this are shown in Box 6.1. Today, there are

several therapeutics for AD treatment, but they are not very effective, and promising new

therapies are being developed by pharmaceutical companies. The therapeutics that have been

most fully developed are intended to inhibit the breakdown of neurotransmitters. In 1993, the

US Federal Drug Administration (US FDA) approved the first drug for the treatment of AD,

the cholinesterase inhibitor (ChEI) tacrine, which was soon to be followed by three other

ChEIs – donepezil (1996), rivastigmine (2000) and galantamine (2001) – but none of them is

fully effective (van Marum 2008). Further, a number of therapeutics based on the amyloid

hypothesis are under development and several are in clinical trials, e.g. the secretase inhibitors

(BACE1), a monoclonal antibody (Bapineuzumab), and enzymes capable of degrading Aβ-

peptides (NEP) etc., but most of these drugs have yielded only modest clinical outcomes in

phase II trials, as have the neurotransmitter inhibitors (van Marum 2008).

The purpose of the AD-related project that this thesis is partially based upon was to develop

an Affibody molecule capable of binding to the monomeric form of the Aβ-peptide, which

seems to be the key protein involved in the AD disease (according to the amyloid beta

hypothesis), since it can oligomerize and form amyloid fibrils and plaques in the brain.

Affibody molecules targeting Aβ-peptides could potentially be used in various therapeutic

approaches for treating Alzheimer’s disease, especially approaches based on the concept that

Affibody molecules could be used as “sinks” to reduce levels of soluble Aβ from the

circulating blood, thereby altering the equilibrium between free Aβ in the circulatory system

and oligomeric, toxic forms of Aβ in the central nervous system, and ultimately reduce the Aβ

burden in the brain (DeMattos et al. 2001). Two main receptors are involved in regulating Aβ

traffic across the blood brain barrier (BBB): the lipoprotein receptor-related protein (LRP) and

the receptor for advanced glycation end products (RAGE), the former transports Aβ-peptides

from the CNS to circulating blood and RAGE in the opposite direction (Deane et al. 2004;

Deane and Zlokovic 2007).

In the work presented below, Affibody molecules capable of binding to monomeric Aβ-

peptides were developed, their interactions with Aß peptides were characterized, and the NMR

structure of an Affibody-monomeric Aβ40 complex was acquired. Potential future therapeutic

applications of an Affibody for treating AD are also discussed.
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Box 6.1 Prevention of the accumulation of Aβ-peptides

According to the amyloid hypothesis, pathological accumulation of Aβ-peptides in the brain can

be prevented by: (i) reducing the production of Aβ-peptides, (ii) stimulating the clearance of Aβ-

peptides, and/or (iii) preventing the aggregation of Aβ-peptides into amyloid plaques as outlined

in the figure. The first point of attack is the production of Aβ-peptides, which can be suppressed

by inhibiting β- and γ- secretases and/or stimulating α- secretase. If prevention of Aβ-peptide 

production is not feasible, the focus can be shifted towards Aβ-peptide clearance by applying

treatments based on the sink theory, i.e. increasing the efflux of Aβ-peptides from the brain into

the blood system across the BBB, thereby reducing the amounts of toxic peptides that cause

neuron death. Such clearance could potentially be achieved by: (i) immunotherapy, via

opsonization of Aβ-peptides by antibody-induced phagocytosis, either through active

(vaccination) or passive (monoclonal) immunization (Schenk et al. 1999); (ii) dissolution of Aβ-

peptides in aggregates and plaques using antibodies directed against their N-terminal regions

(Solomon et al. 1997); (iii) enzymatic degradation of Aβ-peptides by metallo-endoproteases, such

as neprilysin (NEP), the insulin-degrading enzyme (IDE) or the endothelin-converting enzyme

(ECE) (Hellstrom-Lindahl et al. 2008); (iv) interference with the BBB receptors, for example by

stimulating LRP or inhibiting RAGE (Deane et al. 2004; Deane and Zlokovic 2007). Moreover,

binding Aβ-peptides by antibodies in plasma will also decrease the concentration of free Aβ-

peptide in the blood and affect the equilibrium. The last main way is via inhibition of the

aggregate-inducing oligomerization of the Aβ-peptide, which requires zinc or copper, so Zn/Cu

chelators could hinder this process (Rogers and Lahiri 2004). Further, binding monomeric Aβ-

peptides, as intended in several clearance approaches described above, should also inhibit

aggregation.
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6.1. Phage display selection and
screening for Aβ peptide-binding
Affibody molecules

Aβ-peptide-specific Affibody molecules were selected from the Zlib2002 combinatorial library

by phage display using N-terminally biotinylated Aβ40 peptide as the target protein and

streptavidin-coated paramagnetic beads to capture phage-target complexes in solution. Since

the Aβ40 peptide aggregates considerably more slowly than the Aβ42 peptide, this selection

strategy should favor binders of soluble Aβ. Selections were performed with 50 nM of

biotinylated Aβ40-peptide (Bio-Aβ40) in cycle 1 and 10 nM Bio-Aβ40 in the following three

cycles. The stringency was increased during the selection procedure by increasing the number

of washes in cycles 1-4, from two to four, eight and eleven, respectively. After cycle 4,

individual clones were screened for Aβ-peptide binding using a phage ELISA, in which

binding phage were detected by their binding to Bio-Aβ40, immobilized on streptavidin-coated

ELISA plates, and visualized with primary antibodies against M13 and secondary phosphatase-

conjugated antibodies. The screening indicated that approximately 90 % of 384 randomly

picked clones bound Aβ40. DNA sequencing of 192 positive clones showed that 44 new

Affibody molecules had been isolated, between 1 to 38 times, and forty of them contained a

cysteine at position 28 (Figure 6-1). Sixteen of the Affibody clones, ZAβ1-16, were chosen for

further characterization.

In order to further characterize the selected Affibody molecules they were expressed directly

from the phagemid vector as fusion proteins with the albumin-binding domain (ABD), which

provided a tag for purification by HSA-mediated affinity chromatography. The purified

Affibody molecules were analyzed using a Biacore 2000 biosensor by injecting them over chip

surfaces coated with immobilized Aβ40, Aβ42 and irrelevant proteins. All 16 Affibody

molecules were found to bind to both Aβ peptides, but not to the other proteins. The two

most promising Affibody molecules, ZAβ1 and ZAβ3, with the best binding properties according

to the Biacore screening and solubility observations, were selected for further affinity

measurements using the Biacore. The Affibody molecules were subcloned and expressed as

monomers with an N-terminal hexahistidine tag. However, due to the presence of the cysteine

residue, both mono and dimeric molecules were likely to be generated upon expression. In the

affinity measurements, bio-Aβ40 was coupled to a streptavidin chip and the two purified

Affibody molecules were injected, at several concentrations, over the surface. The results

indicated that the affinities of the ZAβ1 and ZAβ3 Affibody molecules for the Aβ40-peptide were

260 nM and 320 nM, respectively. However, the risks of misinterpreting the measurements
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should be noted here, since both of the Affibody molecules could occur as mixtures of

monomeric and dimeric molecules. Furthermore, a small protein like the Aβ peptides might be

affected when immobilized on a surface, compared with being in solution, and several different

oligomeric species of Aβ could even be present on the chip. Therefore, this biosensor analysis

was not optimal for the kinetic measurements, but it at least provided estimates of the

Affibody molecules affinity to the Aβ-peptide for further experiments.

VDNKFNK EQQNAFYEILH LPNLNE EQRNAFIQSLKD

------- -GGL-PG--VY -----A S-LC---H--E- -3

------- -GKG-PG--HY -----A D-LC---R--E- 38
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Figure 6-1. Uniqe sequences from selection against Aβ peptide. Amino acid sequences corresponding

to helices 1 and 2 of the wild-type Z-domain aligned to amino acid sequences of 40 Affibody variants

selected against the Aβ peptide. The 13 randomized amino acid positions are presented: (.) indicates an

amber stop codon, and horizontal bars indicate identical amino acids. Helices 1 and 2 in the Z scaffold are
boxed. The figures on the right indicate the number of times each variant was detected in 192 clones.
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6.2. Capturing Aβ-peptides from
spiked samples using Affibody
molecule-coupled affinity matrices

In this experiment, the objectives were to evaluate the selectivity of the Affibody molecules

and explore the feasibility of using them in an affinity matrix to deplete harmful Aβ-peptides

from the circulatory system in a potential apheresis-like therapeutic approach to treat

Alzheimer’s disease. A convenient direct coupling strategy, which facilitates the manufacture of

matrices with near-uniform coupling between the ligand and the solid support, for protein

ligands that lack cysteines is to introduce N- or C-terminal cysteine residues. However, the

selected Aβ-peptide-binding Affibody molecules contained an un-paired cysteine. Therefore,

the conserved un-paired cysteine residue at position 28 was mutated to serine in both ZAβ1 and

ZAβ3, resulting in two new Affibody molecules, ZAβ1S and ZAβ3S, respectively. The new

molecules were produced as monomers and head-to-tail dimers with an N-terminal His6-tag

and, for this capturing experiment, a C-terminal cysteine residue was introduced in the dimeric

molecules, to allow directed coupling. The proteins were expressed intracellularly in E. coli and

purified using IMAC.

The capability of the Affibody molecules to capture amyloid beta peptides selectively from (i)

E. coli lysate, (ii) human serum and (iii) plasma, all spiked with Aß peptide, was then

investigated. Head-to-tail dimers of the two pairs of Affibody molecules – the original variants,

(ZAβ1)2 and (ZAβ3)2, and the new cysteine-to-serine mutated variants, (ZAβ1S)2 and (ZAβ3S)2, were

evaluated as affinity ligands for Aß capture. The two original variants were coupled to the

affinity matrix columns by amine coupling using NHS-chemistry and the latter two via the

introduced C-terminal cysteine. Aβ-peptides were captured from 1 ml E. coli lysate, human

plasma and human serum, all spiked with 100 μg/ml Aβ42, and the eluted fractions were

analyzed by SDS-PAGE, which demonstrated that the Affibody molecules were able to

capture Aβ efficiently and selectively from the complex samples (Figure 6-2). In control

experiments with columns with no coupled Affibody molecule or an irrelevant one, no binding

of the Aβ-peptide was detected, but some higher molecular size bands were observed in all

eluted fractions from plasma and serum samples. These bands were suggested to be due to

unspecific binding of abundant proteins in these matrices interacting with the affinity column.

No unspecific bands were observed when samples from spiked E. coli lysate were analyzed, as

expected. The new cysteine-free molecules performed as well as the original Affibody

molecules in the capture experiments. However, harsher elution conditions were needed to
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release Aß from the columns with the original molecules, possibly because they had higher

affinity, or potential avidity effects from multimeric forms that might occur on the affinity

columns, due to the two un-paired cysteines. It was concluded from these experiments that the

new cysteine-free Affibody molecules were probably more suitable for use as capture agents in

affinity matrices, allowing more convenient regeneration and uniform coupling to the matrix.

Figure 6-2. Evaluation different fractions of an affinity column. SDS-PAGE

analysis of fractions (fr) eluting from an affinity chromatography column, containing

the coupled Aβ-binding Affibody molecule His6-(ZAβ3S)2-cys, used to capture Aβ

peptides from human serum spiked with 100 μg/ml Aβ42. The arrow indicates the

molecular size of monomeric Aβ (4.5 kDa).
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6.3. Binding characteristics of
Affibody molecules to Aβ-peptides

In the phage display selection experiments described in section 6.1, the intention was to

generate Affibody molecules that would recognize monomeric or low molecular weight

oligomeric Aβ. However, the amyloid beta peptides are highly prone to aggregate, so the

effects of oligomerization on the binding of Aβ-specific Affibody molecules were investigated.

For this purpose, the Aβ42-peptide was monomerized by treatment with solvents, according to

a previously described protocol (Stine et al. 2003), allowed to oligomerize at 4 °C, and the

oligomerization process was followed by subjecting samples collected at different time points

to analysis by Western blotting, size exclusion chromatography and dot blot assays.

In initial Western blotting analyses the monoclonal antibody 6E10 (which is known to bind all

forms of Aβ) was used to visualize aggregates with varying degrees of aggregation in samples

collected after 0, 4 and 24 hours (Figure 6-3 A). However, western blotting only gives partial

indications of the oligomeric composition of such samples since SDS-PAGE analysis only

reveals SDS-stable forms of oligomerized Aβ. Therefore, samples obtained in a similar fashion

were analyzed by dot blotting, which showed that Affibody molecules were not able to bind to

the peptide after a certain time of aggregation, indicating that a structural change in the Aβ-

peptide occurred after a certain time (Figure 6-3 B). To obtain more information about the

oligomeric forms present at certain times size exclusion chromatography (SEC) was used, with

two columns with different size ranges, to separate different forms of the peptide. The results

from both columns showed that after six hours of aggregation the samples contained one

fraction of very large aggregated Aβ-forms and one fraction of presumably soluble non-

aggregated Aβ, (Figure 6-3 C and D). These two fractions were collected, immediately applied

to a nitrocellulose membrane and their binding to Affibody molecules was studied. This dot-

blot experiment, using monoclonal antibody 6E10 and (ZAβ3S)2 Affibody molecules, clearly

demonstrated that the Affibody molecule only recognized Aβ in monomeric or small

oligomeric forms, and not larger aggregated forms of Aβ-peptides, while the monoclonal

antibodies bound to both Aβ fractions.
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Figure 6-3. Analysis of aggregated Aβ42 by Western blotting, dot blotting and size

exclusion chromatography. Aβ42 was treated with HFIP (1,1,1,3,3,3-hexa-fluoro-2-propanol)

and lyophilized to make the peptide as monomeric as possible. After dissolving the peptide it was

allowed to aggregate at 4°C and samples were collected at different time points. (A) Western blot

analysis of unheated samples using the mAb 6E10, which binds equally strongly to all forms of Aβ,

to visualize the aggregation. (B) Comparative dot blot analysis of aggregated Aβ42 using the Aβ-

binding Affibody molecule His6-(ZAβ3S)2-cys and the mAb 6E10. (C) Size exclusion

chromatographic analysis of Aβ42 aggregation after 6 h at 4°C using a Superdex 75 column and

(D) a Superdex peptide column. The results were compared to those obtained with a protein

standard (top panels). (E) The two Aβ peaks from the Superdex peptide column were collected,

applied to a nitrocellulose membrane and analyzed using the Affibody molecule His6-(ZAβ3S)2-cys

and the mAb 6E10.
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The results of the aggregation analyses indicated that the selection strategy successfully

identified Affibody molecules that bind to monomeric or small aggregates of Aß, as desired.

To further characterize their binding characteristics “epitope mapping” was applied, initially

using two antibodies, one binding to the N-terminal and one to the middle of the Aβ-peptide.

The results showed that the Affibody molecules could bind simultaneously with the N-terminal

antibody to the peptide. Higher-resolution mapping was then performed using membrane-

immobilized 10-mer peptides covering residues 14-42 of the Aβ-peptide, each of which had

nine amino acids overlapping with the next peptide. The results indicated that the Affibody

molecules bind to amino acid residues 31-36 of the Aβ-peptide, which is a very interesting part

of the peptide, for several reasons. First, the C-terminal of the Aβ-peptide has been suggested

to play important roles in the dimerization and oligomerization of Aβ. Second, this part of the

APP is buried in the cell membrane and is exposed first when cleaved by β- and γ-secretases, 

thus the Affibody molecules should not bind to APP in vivo, which could compromise the

effectiveness of any therapeutic agents binding to the N-terminal part of the Aβ-peptide.

Affibody molecules with the ability to inhibit Aβ-peptide aggregation are potentially very

interesting, and thus an aggregation study of the Aβ40-peptide using thioflavin T fluorescence

was also performed, in which amyloid fibrillation was visualized in the presence and absence of

Affibody molecules. The experiment showed that the Affibody molecules were indeed able to

inhibit aggregation of the Aβ-peptide, at a stoichometric 1:1 ratio, using a homo-dimeric

version of the Affibody molecule denoted ZAβ3.

6.4. Binding dependence on the
cysteine residual

The elution profiles obtained from the capturing experiments described in section 6.2 were

interesting, since harsher conditions were required to elute Aβ-peptides when using the original

molecules with cysteines. Therefore, in further experiments the dependence of the binding to

the Aβ-peptide on these cysteines was investigated using the Biacore instrument. All of the

Affibody molecules obtained from the phage display selection had an un-paired cysteine at

position 28, which thus seemed to be an essential feature for Aß-binding Affibody molecules.

However, as described in section 6.2, when the cysteine was substituted by a serine in order to

create molecules that were more suitable for affinity chromatography, the resulting molecules

“captured” Aβ-peptides from complex matrices as well as the originals. Nevertheless, the

Biacore experiment indicated that the new, mutated monomeric versions, ZAβ1S and ZAβ3S,

bound considerably less strongly to the Aβ-peptide than the original molecules, ZAβ1 and ZAβ3.

Interestingly, the overall binding strength seemed to be partly restored when head-to-tail
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dimers of the mutated molecules, (ZAβ1S)2 and (ZAβ3S)2, respectively, were created (Figure 6-4),

as observed in the capture experiments. This difference between monomers and dimers of

ZAβS could not be solely explained by avidity effects. The new dimeric head-to-tail molecules,

(ZAβS)2, bind nearly as strongly as the original molecules (affinity constants ca. 0.5-1 µM,

according to Biacore determinations), but with substantially differing kinetics. Furthermore,

isothermal titration calorimetry (ITC) was used to obtain another estimate, based on a different

technique, of the affinity of the original molecule ZAβ3, which indicated that the disulfide-

bridged dimer ZAβ3 binds to monomeric Aβ40 with an affinity constant of 17 nM. This ITC

experiment also showed that the dimer binds at a 1:1 stoichiometric ratio, in accordance with

results from the aggregation inhibition study described in section 6.3, indicating that disulfide-

linked Affibody dimers may have been selected by the phage display procedure, and that pairs

of Affibody molecules may contribute to the high affinity Aβ-peptide binding. The nature of

this interaction, which presumably involved a single binding surface of the Affibody molecule

interacting in two distinct ways with the small Aβ-peptide, was clarified when the NMR

structure of the complex was obtained, as described in section 6.5.

6.5. NMR structure of Aβ40
complexes with the dimeric
Affibody molecule ZAβ3

To further examine the interaction between the disulfide-linked homo-dimers of ZAβ3 and

Aβ40-peptides the structure of the complex was determined by 15N HSQC Nuclear Magnetic

Resonance (NMR) spectroscopy, which demonstrated that two Affibody molecules interact

with two distinct sites on a single Aβ40 peptide. Moreover, the binding was found to be

coupled to folding of both the Aβ40 and the Affibody molecule, as indicated by the greatly

improved resonance dispersion in HSQC spectra upon complex formation. The high-

resolution structure of the complex reveals that it consists of four-stranded anti-parallel β-sheet

and four α-helices (Figure 6-5). The conformation of Aβ40 is a β-hairpin in which Aβ residues

17-23 and 30-36 form the central strands of the β-sheet. Interestingly, helix 1 of the original

Affibody molecule is not retained. Instead, the N-terminal part of the helix, residues 9-14, is

disordered and the other part, residues 15-19, forms a β-strand. These β-strands of the ZAβ3

subunits interact with residues 20-23 and 33-36 in the central strands of the β-sheet. Further,

unfolding of the original helix 1 opens up a hydrophobic cleft, exposing the core of the ZAβ3

dimer where the two most hydrophobic faces of the Aβ-hairpin are effectively buried within a

large hydrophobic tunnel-like cavity.
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The results provided the first high-resolution structure of the Aβ-peptide in β conformation,

very similar to the structures observed in fibrillar forms of Aβ, and it can be speculated that the

observed β-hairpin conformation of Aβ may be an important intermediate in oligomerization

and fibrillation. However, the Affibody molecule stabilizes the β-sheet formed, and may

thereby inhibit Aβ fibrillation, as also observed in the previously described thioflavin T

fluorescence experiment in section 6.3.

Figure 6-5. High-resolution NMR structure of the ZAβ3:Aβ40 complex. Ribbon drawings

illustrating topologies of the original Z domain scaffold (A) and the ZAβ3:Aβ40 complex (B). (C)

Polar contacts in the ZAβ3:Aβ40 complex. Experimentally validated hydrogen bonds (green),

hydrogen bonds observed in >50% of the stimulated annealing structures (yellow), and salt bridges

(red) are displayed. Residues of the two ZAβ3 subunits are labeled Z and Z´, respectively. (D) The

hydrophobic core of the complex. Nonpolar sidechains with <33% water exposure are displayed

as orange sticks (for Aβ40) or white sticks and spheres (for ZAβ3). The disulfide bond is shown in

yellow.
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6.6. Continued studies by other
researchers and future prospects

The interesting results of the Affibody molecule, with its unique binding interaction to the Aβ-

peptide and the ability to inhibit A aggregation, has lead to continued studies by others. First,

the biophysical characteristics of the ZAβ3:Aβ40 interaction has been further analyzed by Hoyer

and Härd (Hoyer and Hard 2008) and second, a recombinant production of Aβ-peptides using

coexpression with the Affibody molecule ZA3 in E. coli (Macao et al. 2008). The later describe

a novel approach of recombinant production of the small sized and aggregate prone Aβ-

peptides, using no purification tags on the target peptide, to obtain high yield (3-4 mg/l). The

Affibody molecules as therapeutic agents in treatment of Alzheimer’s disease could have

potential as a “sink” in the amyloid hypothesis. First, the binding itself between the Affibody

molecule and the Aβ-peptide might inhibit or limit the dangerous oliomerization and second,

targeting of free Aβ could have a potential effect on the dynamic equilibrium of monomeric

Aβ over the blood brain barrier, leading to reduction (efflux) of the peptide in the brain. A new

interesting way to influence the equilibrium of the peptide over BBB is based on the use of a

third receptor, neonathal receptor (FcRn), where IgG molecules binds to Aβ-peptide and the

complex then is transported to the blood circulation via the FcRn (Deane et al. 2005; Boado et

al. 2007; Taguchi et al. 2008). This is an interesting approach, which would be interesting to

evaluate, and can be achieved for the Affibody molecule via fusion to an ABD molecule. This

ABD molecule binds to serum albumin which binds to FcRn, discussed in Chapter 7, and

thereby the Aβ-binding Affibody molecules could in principle be used to obtain the same

effect as Aβ-peptide specific IgG antibodies. Further using ABD technology, ABD fusion

could ideally improve clearance further by being capable of recycling endocytosed Affibody

constructs from endosomes back to circulation, while co-endocytosed Aβ-peptides are

delivered for destruction. Finally, an interesting clearance approach with Affibody molecules,

would be to try to introduce a specific proteolytic functionality in the molecule and thereby

cleave the Aβ-peptides in two harmless parts, like the catalytic antibodies Sudhir Paul with co-

workers have created (Taguchi et al. 2008), which could enhance clearance further.
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7. Affinity maturation of the
ABD molecule for potential
therapeutic use

In recent decades the biotechnology industry has developed several therapeutic drugs based on

proteins. In such projects several difficulties, including limited serum half-lives and unwanted

immune responses, may be encountered to varying degrees. Several approaches for reducing

both such problems have been applied, as reviewed below. However, a further objective of the

work underlying this thesis was to evaluate the utility of a novel strategy for reducing such

problems, involving genetically fusing therapeutic proteins to an albumin-binding domain

(ABD) so that they would bind to circulating serum albumin following injection and thus,

hopefully, provide a solution to these dilemmas. This chapter provides a brief overview of

applications in which ABD fusion technology could be applied.

In the human body blood vessels of various sizes, ranging from capillaries to the aorta, are all

involved in the blood-mediated transport of substances from one place to another. One

important protein in the blood is human serum albumin (HSA), which actively participates in

the transport of several substances (Box 7.1). Serum albumin in humans has a very long half-

life, 19 days (Peters 1985), to a large degree due to its pH-dependent binding to the neonatal

receptor (FcRn) (Box 7.2).

Box 7.1. Human serum albumin
Human serum albumin (HSA) is a soluble, 66kDa, monomeric protein and is the

dominant protein in human blood, where it constitutes about 50 % of the protein content

i.e. about 45 mg/ml. In the blood vessels albumin has several functions including:

maintenance of appropriate osmotic pressure, buffering the blood pH and carriage of

many metabolites and fatty acids. In addition, serum albumin also serves as a major drug

transport vehicle.
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The effectiveness of recombinant protein pharmaceuticals depends heavily on their

pharmacokinetics in the body. One route of protein elimination is via the kidney, which rapidly

filters out molecules with molecular weights lower than 60 kDa (Tolmachev et al. 2007a).

Several strategies to reduce clearance and prolong the half-life of therapeutics have been tested

in attempts to find ways to lower their required doses and extend the dosing intervals,

including: the use of slow-release formulations (Mainardes and Silva 2004); reduction of their

susceptibility to serum proteases (Werle and Bernkop-Schnurch 2006); and amino acid

substitutions of the ligand that reduce receptor binding affinity in intracellular endosomal

compartments, thereby increasing recycling in the ligand-sorting process (Sarkar et al. 2002;

Jones et al. 2008). However, the most commonly used approach today to prolong half-lives of

therapeutic proteins is to chemically attach polyethlylene glycol (PEG) to them (Chapman

2002; Veronese and Pasut 2005; Fishburn 2008), which can prolong the half-lives of proteins

in humans up to 300-fold (Werle and Bernkop-Schnurch 2006). There may be several reasons

for this, for example it may increase protection against enzymatic digestion, reduce filtration by

the kidneys and/or reduce the generation of neutralizing antibodies, i.e. reduce

immunogenicity, as discussed below. A disadvantage associated with PEGylation is that it

often leads to a loss of binding affinity due to steric interference with the binding surface

(Fishburn 2008). Another approach to prolong half-lives of proteins is to directly conjugate

them to a protein molecule that naturally has a long half-life. This can be done by expressing

them as genetic fusions with serum albumin (Syed et al. 1997; Osborn et al. 2002) or the Fc

part of an IgG antibody (Mohler et al. 1993; Ashkenazi and Chamow 1997). Genetic fusion to

appropriate proteins that bind to serum albumin could be used as an alternative to any of the

strategies outlined above (Nygren 1991; Makrides et al. 1996; Dennis et al. 2002; Tolmachev et

al. 2007b; Holt et al. 2008). An advantage of this approach is that mammalian cell expression

may not be needed to produce the fusion constructs, in contrast to the production of fusions

to Fc-IgG or serum albumin (Holt et al. 2008). Another problem often encountered with

therapeutics is the elicitation of immunogenic responses, i.e. the generation of undesirable anti-

drug antibodies (ADAs) that interfere with or neutralize their effects (De Groot and Scott

2007). Repeated administration of drugs often leads to the induction of ADAs, and clearly this

problem is generally most pronounced for drugs with short half-lives. To reduce immune

responses protein therapeutics can be scanned for known T-cell epitopes, which can then be

removed by mutagenesis (Jones et al. 2005), non-human proteins, e.g. mouse antibodies, can

be “humanized” (Almagro and Fransson 2008; Liu et al. 2008) or PEGylation can be applied,

e.g. to conceal B- and T-cell epitopes (Fishburn 2008).
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Box 7.2. The neonatal receptor
The neonatal receptor (FcRn) is a distant member of MHC-class I proteins that is present in

several places in the body, but the main site is probably the vascular endothelium, which has a

large contact area with the circulating blood. The FcRn has a well-characterized role in the

transfer of IgG from mothers to their fetuses, across the placenta (Roopenian and Akilesh 2007).

In addition, throughout life, the FcRn protects IgG from degradation, thereby explaining the long

half-life of these antibodies in serum. Recent studies have shown that serum albumin is protected

in a similar manner (Chaudhury et al. 2003; Anderson et al. 2006; Donahue et al. 2006; Goedert

and Spillantini 2006). The recycling process begins with non-specific pinocytosis of proteins by

endothelial cells into an endosome. After that the endosome pH has been lowered to

approximately 6-6.5, via the action of proton pumps, FcRn can bind albumin and IgG. FcRn-

bound albumin and IgG molecules are subsequently sorted out and recycled back to circulation,

whereas other pinocytosed proteins are transported to lysosomes for destruction, see figure. As

described above, the binding of both IgG Fc and serum albumin to FcRn is dependent on a low

pH (<6.5) and at physiological pH (7.4) there is very little or no binding. The two ligands HSA

and IgG bind independently to different surfaces of the FcRn, with ligand to receptor

stoichiometries of 1:1 and 1:2, respectively (Anderson et al. 2006; Roopenian and Akilesh 2007).

Thus, levels of these two molecules are homeostatically controlled by recycling via the FcRn.

Recycling of IgG and HSA in endothelial cells via FcRn. The long half-lives of IgG and

HSA are due to their recycling via the FcRn, as follows: (1) blind pinocytosis of serum proteins.

(2) FcRn binds IgG and HSA in 2:1 and 1:1 stoichiometries, respectively, in acidified endosomes

(pH<6.5). (3) The FcRn complexes are sorted out. (4-5) Non-receptor bound proteins are

transported to lysosomes and degraded. (6-7). Recycling of endosomes back to the blood, where

IgG and HSA dissociate at physiological pH (7.4).
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The problem of rapid clearance does not only affect engineered biotherapeutics such as anti-

cancer drugs. Several natural proteins, such as the growth hormone and insulin are also

naturally often subject to rapid turnover, i.e. they are both synthesized and degraded/excreted

relatively quickly. Thus, in supplementation therapies, where such natural proteins are

administered by injection, regimes to enhance their serum half-life may be advantageous. In

other situations, increasing the clearance rate may be desirable, for instance to enhance the

elimination of endogenous proteins that are harming the body, e.g. TNF (involved in

rheumatoid arthritis) and the Aβ-peptide (involved in Alzheimer’s disease). In such cases,

molecules could be administered that bind to, and thus inactivate, the target protein until they

reach the endosome (by pinocytosis of the soluble complex), and once inside the endosome

direct the cargo for destruction while the administered biotherapeutic molecules are recycled to

the circulation for a new action cycle. Diverse applications based on such scenarios can be

envisioned for proteins capable of binding to serum albumin as fusion partners for other

proteins that bind to various targets, and the feasibility of the strategy has already been

demonstrated in a few cases. For example, the half-life of an Affibody molecule directed

against HER2 has been successfully prolonged by fusion to an ABD molecule (Tolmachev et

al. 2007b).

In the following chapter, the development of engineered variants of the wild-type serum

albumin-binding domain derived from streptococcal protein G is presented. In this part of the

studies, a combinatorial protein engineering approach followed by rational engineering was

applied to increase the affinity of the domain for HSA, which could potentially be

advantageous for both in vitro and in vivo applications of the domain as a fusion partner for

various proteins.



Andreas Jonsson 53

7.1. Design and construction of an
ABD library for improvement of
affinity to HSA

A library of ABD variants was designed and constructed for display on phagemid particles for

affinity selection using HSA as the selector. The design of the ABD library was based on

several kinds of information, including (inter alia) data from 3-D structures of free and HSA-

complexed albumin-binding domains from various sources, sequence alignment data and

binding parameters of ABDs to serum albumins of various species. The structural data

included NMR information on the G148-GA3 domain (Johansson et al. 2002), indicating that

it forms a three-helix bundle in solution. In addition, a crystal structure of a homologous

albumin-binding domain from Finegolda magna, denoted ALB8-GA, in complex with HSA

provided information on the orientation of the three-helix bundle, and showed that residues

from helices 2 and 3 are directly involved in the binding (Lejon et al. 2004). An alignment with

sequences of other homologous albumin-binding domains (Johansson et al. 2002), with high

sequence similarities to the G148-GA3 module, contributed to decisions regarding the

positions to vary in the library construction, as did data from a previous alanine-scan of the

G148-GA3 binding surface (Linhult et al. 2002). The randomization strategy focused on

variegating the surface-exposed sidechains located on helices 2 and 3 that may interact with the

binding surface of HSA. In total, 15 positions in G148-GA3 were selected for various degrees

and characters of randomization based on considerations related to available information and

the nature of the original residues. For example, four selected hydrophobic residues in the

center of the contact surface were subjected to only small degrees of variegation (to alternative

hydrophobic residuals) whereas other positions were more extensively or even fully

randomized (Figure 7-1 and 7-2 A). In addition, several ABDs contain an additional amino

acid at the position preceding the serine at position 18 in G148-GA3, so this position was

varied by either including no residue or an extra amino acid (either serine or threonine).



54 Development of molecular recognition by rational and combinatorial engineering

All of these variations were included in two library oligonucleotides used for the PCR-based

generation of library gene cassettes which were inserted in a new phagemid vector (pAY1075),

based on the phagemid pAffi1 used for constructing the phage display library Zlib2002

(Gronwall et al. 2007). Using the vector pAY1075, ABD library members were monovalently

displayed on phage particles as ABD-Zwt-phage coat protein III fusion proteins. These

procedures yielded a mixed library (including variants both with and without an extra residue at

position 18) with approximately 1 x 109 members, of which about 87 % contained fully correct

library cassette inserts (no deletions or insertions etc.).

Figure 7-1. Molecular structure of the G148-GA3 serum albumin-binding domain used as the

template for the mutational studies in this work. Residues are numbered as they were in the studies,

following (Johansson et al. 2002). The 15 positions chosen for combinatorial substitution in G148-GA3,

and position 38, at which spontaneous mutations occurred, are highlighted by blue and green ball

representations, respectively. The picture was produced from the PBD entry 1gjt.pdb using Swiss PDB

Viewer software.
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7.2. Phage display selection for
variants with improved affinity to
HSA and MSA

ABD molecule variants with improved affinity to HSA or MSA were selected from the

constructed library described in section 7.1 using phage display technology. Five selection

rounds were performed in solution using biotinylated HSA or MSA as target molecules and the

resulting target-phage complexes were subsequently captured using streptavidin beads. In this

procedure, the selection stringency was gradually increased via step-wise reduction of the target

concentration from 50 nM in the first two cycles to either 500 pM or 50 pM in cycle five, in

parallel with increases in the number and duration of washing steps (Table 7-1). Phages were

eluted by low pH buffer in each cycle, and 93 individual clones from each selection

concentration were screened after cycle 5 in an optimized protein ELISA, designed to only

detect ABD molecules with better affinity than 10 nM for serum albumin. From the ELISA

screening, 59 and 51 variants from the HSA and MSA selections, respectively, that showed

equal or stronger binding than the low picomolar binding between the ABDwt control and rat

serum albumin (RatSA) were selected for sequencing.

Table 7-1. Experimental conditions used in the selections of ABD
variants with high-affinity for human and mouse serum albumin.

After cycle III the phage pool was split into two parts and in the two following rounds

(IV and V) different experimental conditions, denoted (a) and (b), respectively, were

applied to both pools.

(1) Numbers within parentheses correspond to the number of PBS washes.

(2) The penultimate washing step lasted for two hours.

Selection
round

Target concentration
(nM)

Amount of
beads (µg)

Incubation
volume (µl)

Number of
washes

I 50 2000 3000 3 (1)1

II 50 500 1000 11 (1)1

III 10 500 1000 15 (5)1

IV (a) 1 100 1000 20 (10)1

IV (b) 0.2 100 1000 20 (10)
1

V (a) 0.5 50 1000 20 (10)1,2

V (b) 0.05 50 1000 20 (10)1,2
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The results from the sequencing showed 55 unique variants from the HSA selection (among

the 59 analyzed), and the amino acid occupancies of these were compared with the individually

designed input randomization strategies for the same positions (summarized in Figure 7-2 A).

Moreover, results also for the 46 unique variants from the MSA selection (not published) are

shown (Figure 7-2 B). Notably, none of the 55 HSA or 46 MSA sets of variants contained the

extra amino acid, denoted “18”, and no changes from wild-type amino acids were found at

eight of 15 randomized positions (S18, L24, K29, T30, E32, G33, L37 and I41) in a majority of

the clones. These positions are also relatively highly conserved in homologous ABDs so the

results are not surprising. Other interesting results from both selections were observed at: (i)

position N27, where a complete switch towards basic amino acids was seen; (ii) position K35,

where the original basic residue was completely absent in selected variants and there was a

strong bias towards polar or acidic residues; (iii) position I38, where a significant number of

clones contained Thr or Lys, although this position had not been subjected to any intended

variegation; and (iv) position D39, which showed diverse amino acid contents, with some

preference for polar residues. Interestingly, position 38 is occupied by lysine in several other

naturally occurring ABDs and strong preference for lysine at this position was found in a

selection for variants capable of binding to both human and guinea pig serum albumin (Rozak

et al. 2006). However, the library used in this selection was designed with a focus on surface-

located residues, and position 38 is partly buried in the three-dimensional structure and was

therefore not deliberately randomized. As became evident after the functional characterization

of selected variants (described in section 7.3), the amino acid occupancies at positions 38 and

39, appeared for the best binders to be cooperatively linked. Non-intended spontaneous

mutations appearing in position I38 to either lysine or threonine were in the best binders

linked to leucine occupancies in position D39. This is in contrast to clones of lower affinities

(but still improved compared to that of wild-type ABD) having the wild-type isoleucine in

position 38, which were found to preferentially have more polar amino acids in position 39.

Thus, the stringent selection process seems to have been selecting for rare clones with

spontaneous mutations in position 38 which were synergistically linked to a non-polar leucine

at position 39 to result in an excellent affinity to HSA.
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Figure 7-2. Scheme of the mutational strategy and analysis of data from the DNA sequencing.

The mutational strategy involved varying 16 positions by codon variegation using degenerated

oligonucleotides. For each position, the wild-type amino acid (top), the amino acid distribution (%)

according to the library design (grey columns) and the observed distribution (%) in the 55 and 46

investigated clones from the HSA (white columns) and MSA (yellow columns) selections, respectively,

are shown. Red indicates the dominant amino acid and spontaneous mutations are presented in blue.

(A) Results from the HSA selection. (B) Differences between HSA and MSA variants.

A

B
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Furthermore, differences between variants in the HSA and MSA selections were observed at:

(a) position Y20, where the alternative aromatic amino acid phenylalanine was seen in the

human set but not the mouse set; (b) position N23, where the original was preferred in the

human set, but changed to arginine in the mouse set, (c) position E40, where changes towards

histidine and aspartic acid were observed in the human and mouse sets, respectively. Position

23 plays an important role in the second-generation binders, which are discussed in more detail

in section 7.4, since a change to arginine improves the molecule’s interactions with HSA. Only

one of the variegated positions (position 40) showed a clear difference in preference between

human and mouse albumin.

7.3. Screening and characterization
of the best HSA- and MSA-binding
variants

In order to obtain more information about the unique variants obtained after ELISA and

sequencing, the off-rates of their binding kinetics were analyzed using crude periplasmic

extracts prepared for the ELISA experiment. In this experiment, unique variants obtained

using both selection targets were injected over surfaces coated with HSA and MSA. Twelve of

the best variants in terms of off-rate kinetics identified in this experiment for each target,

denoted ABD007-ABD018 for HSA and ABD019-ABD030 for MSA were chosen for further

characterization (Figure 7-3).

To further characterize the selected variants they were subcloned with N-terminal His6-tags,

expressed intracellularly in E. coli and purified using IMAC. The purified proteins were then

subjected to a new Biacore analysis, and the variants were ranked in terms of their binding

affinity to human and mouse serum albumin. Variants ABD011 and ABD013 showed the

strongest (low picomolar) affinity to HSA, while variant ABD022 had the strongest affinity,

approximately 90 pM for MSA. Interestingly, analysis of the sequences of the ABD011 and

ABD013 variants showed them to be the only variants containing leucine residues at position

39 (among other substitutions). In addition, they both contained one of the two spontaneously

occurring substitutions (lysine or threonine) observed at position 38 (Figure 7-2). Further

characterization of these variants by Biacore and CD analyses detected several differences

between them, notably ADB011 had a faster on-rate (kon) and excellent refolding properties

while ABD013 had a slower off-rate (koff) and higher melting point (Tm).
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Figure 7-3. Selected ABD variants after initial screening for binding to human

and mouse serum albumin. Alignment of the amino acid sequences corresponding to

helices 2 and 3 of wild-type ABD001 to those of the 12 best binders of HSA (ABD007-

ABD18) and MSA (ABD019-ABD030) according to the ELISA and off-rate kinetic

analyses. Variegated positions of the selected variants are compared to wild type,

horizontal bars indicate identical amino acid and helices 2 and 3 are boxed.

ABD001 S DYYKNLIN NAKT VEGVKALIDEI LAALP

ABD007 - -F--SY-- R-K- –E--HT-IGH- -----

ABD008 - -F--NV-- R-K- –E--HA-IDH- -----

ABD009 - -F--RL-- K-K- –E--NA-THH- -----

ABD010 - -Y--NL-- R-R- –E--HA-IDH- -----

ABD011 - -Y--NI-- R-K- –E--RA-KLH- -----

ABD012 - -F--NL-- R-K- –E--SS-KGH- -----

ABD013 - -Y--NL-- K-K- –E--EA-TLH- -----

ABD014 - -F--NL-- R-K- –E--DA-IAH- -----

ABD015 - -F--SL-- R-K- –E--DA-TSH- -----

ABD016 - -F--NL-- R-K- –E--NS-TSH- -----

ABD017 - -F--NV-- K-K- –E--EA-IAD- -----

ABD018 - -Y--NL-- K-K- –E--QA-IAH- -----

ABD019 - -F--NL-- R-K- –E--NA-ISD- -----

ABD020 - -Y--RL-- S-R- –E--DA-ISD- -----

ABD021 - -Y--SL-- R-R- –G--TA-KGE- -----

ABD022 - -Y--RL-- R-K- –E--HA-TAD- -----

ABD023 - -Y--RL-- R-R- –E--HA-IHD- -----

ABD024 - -Y--RL-- R-K- –E--DA-IAD- -----

ABD025 - -Y--KL-- R-K- –E--EA-TSD- -----

ABD026 - -Y--RL-- K-R- –E--EA-ITD- -----

ABD027 - -Y--RL-- K-R- –E--HA-IFD- -----

ABD028 - -Y--RL-- R-K- –E--DA-ITD- -----

ABD029 - -Y--RL-- K-R- –E--HA-IAD- -----

ABD030 - -Y--RL-- R-R- –E--DA-IHD- -----

Helix 2 Helix 3
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7.4. Development of second-
generation ABD molecules for HSA
binding

Remarkably, both ABD011 and ABD013 showed excellent binding, but different potentially

favorable characteristics. Therefore, an attempt was made to combine their desirable qualities,

i.e. to create an ABD molecule with improved affinity to HSA, high thermal stability and

excellent refolding properties, by constructing a set of seven “second-generation” variants,

denoted ABD034-ABD040, all of which had a common C-terminal segment (residues 30-46)

based on a combination of the sequences seen in variants ABD011 and ABD013. In this

designed segment, the substitutions K35E from ABD013 and I38K from ABD011 were

combined with the leucine at position 39 seen only in these two variants and histidine at

position 40 (most frequently amino acid after the off-rate ranking for HSA). This common

amino acid 30-46 sequence was genetically grafted into template sequences from HSA

selections with different sequences at positions 20-29 (Figure 7-4). The second-generation

variants were subcloned, expressed intracellularly in E. coli, purified using IMAC and

characterized by biosensor and CD analyses.

Six of the seven variants (ABD034, 036, 037, 038, 039 and 040) showed tendencies to

aggregate in solution at room temperature and limited capabilities for refolding after thermal

denaturation. In contrast, variant ABD035 showed no aggregation tendencies, excellent

thermal refolding properties, a wild type-like secondary structure and higher affinity than

ABD011 and ABD013. Interestingly, ABD035 derived from ABD009 and was the only

selected variant with arginine at position 23 among the HSA selection, in contrast to the MSA

set, in which arginine was the most frequent amino acid at this position.
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7.5. Characterization of ABD035

The characteristics of the second-generation molecule ABD035 were thoroughly investigated

using CD, Biacore, KinExA and Äkta instruments, which showed it to have improvements in

several desirable properties compared to the first-generation molecules. First, CD analysis

showed upon excellent thermal refolding properties, wild type-like contents of secondary

structural elements at room temperature and a relatively high melting point (Tm≈58°C)

compared to ABD001 and the first-generation molecule ABD011 (Figure 7-5). In addition,

affinity measurements of the ABD035 molecule with the Biacore instrument showed that it

had exceptionally high affinity for HSA (Figure 7-6), probably stronger than the instrument

could measure (for instance, strong evidence of mass transfer limitations was observed during

injections of the analyte at low concentrations, indicative of very fast association rate kinetics;

Figures 7-6 A and B). Fitting of the data to a one-to-one Langmuir interaction model,

including mass-transfer effects, indicated an association rate constant (kon) of approximately 3

x 107 s-1M-1 and a dissociation rate constant (koff) of approximately 1.5 x 10-5 s-1 (based on a

three-hour measurement), resulting in an overall affinity (KD) of approximately 500 fM.

However, due to the slow dissociation rate a much longer dissociation phase was then

monitored in an attempt to obtain a more reliable value. Interestingly, an analysis involving a

Figure 7-4. Amino acid sequences of the second-generation variants. Amino acid

sequences corresponding to helices 2 and 3 of wild-type ABD001 aligned to amino acid

sequences of the second-generation variants. The common C-terminal region grafted into

the second variants, corresponding to residues 30-36, is marked in gray and positions

mutated compared to the wild-type in bold. Positions variegated between the selected

variants are presented, horizontal bars indicate identical amino acids and helices 2 and 3 are

boxed. The sources of the second-generation variants are shown in parentheses.

ABD001 S DYYKNLIN NAKT VEGVEALKLHI LAALP

ABD034 (013) - -Y--NL-- K-K- ----------- -----

ABD035 (009) - -F--RL-- K-K- ----------- -----

ABD036 (010) - -Y--NL-- R-R- ----------- -----

ABD037 (011) - -Y--NI-- R-K- ----------- -----

ABD038 (014) - -F--NL-- R-K- ----------- -----

ABD039 (017) - -F--NV-- K-K- ----------- -----

ABD040 (010*) - -Y--NL-- R-K- ----------- -----

Helix 2 Helix 3
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20-hour dissociation phase (Figure 7-6 C)

suggested that the dissociation rate constant

was approximately 10-fold lower (1.5 x 10-6 s-1),

resulting in an overall affinity of ABD035 for

HSA of approximately 50 fM. To obtain a

confirmation of the affinity of the ABD035

molecule for HSA, the interaction was also

evaluated using a KinExA instrument. The

ABD035 was produced with and without an

N-terminal cysteine (see below). The cysteine-

containing ABD035 was labelled with Alexa-

647 and re-purified using reverse phase

chromatography (RPC). The on-rate (kon)

between ABD035 and HSA was measured by

Sapidyne Instruments using a KinExA

instrument in the "injection" mode. Briefly, a

fixed concentration of HSA was mixed with

varying concentrations of ABD035 and the

free concentration of HSA was measured seven seconds after mixing. The concentration of

free HSA was quantified on the KinExA using a solid phase coated with ABD035 and a Cy-5

labeled anti HSA antibody. The on rate was computed using the KinExA software to be 5.8 x

106 M-1s-1. For the KinExA off rate measurement an anti-HSA mAb was immobilized on the

solid phase. Two HSA:ABD035 solutions were prepared. In the first, 1 nM HSA was

incubated with 4 nM of unlabeled ABD035 while in the second, 1 nM HSA was incubated

with 12 nM Alexa-647 labeled ABD035. Both solutions were incubated until equilibrium was

achieved. Next, 12 nM of Alexa-647 labeled ABD035 was added to the first solution and 4 nM

unlabeled ABD035 was added to the second. Samples of each solution were measured on the

KinExA instrument at various times over the next several days. From the convergence of the

signals from the two solutions the off rates for both the labeled and unlabeled ABD035 could

be computed. The off rate obtained for the unlabeled ABD035 was 7 x 10-7 s-1 and the

equilibrium dissociation constant (KD), computed from eq. 3 (section 2.1), was found to be

120 fM (unpublished data). Consequently, the result showed good agreement between the

measurements from the two instruments.

Figure 7-5. Analysis of the thermal stability

of ABD035. CD analysis of the alpha-helical

secondary structure content during heating, of

the wild type ABD001 (red), the selected "first-

generation" variant ABD011 (green) and the

"second-generation" variant ABD035 (blue)

providing indications of their thermal stability.
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Affinity measurements showed that the ABD035 variant had dramatically greater affinity than

the wild-type ABD001 variant for HSA, Figure 7-7 A. Effects of ABD035’s increased affinity

for HSA on its ability to bind serum albumins of other species was then investigated using the

Biacore instrument. Serum albumins from rat (RatSA), mouse (MSA), Cynomolgus monkey

(CSA), cow (BSA) and rabbit (RabSA) were immobilized and both ABD001 and ABD035

variants were injected over the surfaces. The ABD035 variant showed only minor

improvements in ability to bind rabbit and cow serum albumins, to which ABD001 binds very

weakly. However, it showed significantly improved affinities for three serum albumins (RSA,

MSA and CSA) that were recognized by the ABD001 (Figure 7-7). Further, the binding profile

observed for Cynomolgus monkey serum albumin was very similar to the profile obtained for

HSA, which is potentially important since it indicates that results obtained using the molecule

in primate studies could be validly extended to humans.

The specificity of the ABD035 molecule in a complex sample was also investigated. For this

purpose the ABD001 and ABD035 variants were subcloned with an N-terminal cysteine,

expressed intracellularly in E. coli and purified by affinity (HSA binding) purification followed

by RPC. The ABD molecules’ ability to selectively capture human serum albumin from human

serum samples was then evaluated using an Äkta explorer system and affinity columns in

which ABD001 and ABD035 were coupled to the matrix via the N-terminal cysteine.

Subsequent SDS-PAGE analysis showed that the selectivity had not been altered by the

development of high affinity to HSA.

Figure 7-6. Kinetic analysis of the interaction between human serum albumin and variant

ABD035 using a biosensor. Sensorgrams from biosensor analyses of the interaction between the

ABD035 variant and HSA. (A) Overlay of sensorgrams obtained following injections of ABD035 at 0.2

nM, 0.5 nM, 1 nM, 2 nM and 5 nM concentrations. (B) Magnification of the injection phase of the

sensorgrams from panel A. (C) Sensorgram of the dissociation phase monitored during a 24 hr period

after an injection of ABD035 protein (10 nM) at a constant flow-rate of 75 µl/minute.
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7.6. Conclusions and ongoing
studies

The strategy of the maturation of ABDwt to higher affinity for HSA was indeed successful and

resulted in an albumin binding domain with femtomolar affinity (~120 fM) to HSA. In

addition, the new molecule ABD035 also showed improved affinity to serum albumin of

several other species which could be important for animal studies. The future work for this

project will be to evaluate the improved binding regarding the aims of the project, i.e. extended

half-life and without increasing the immunogenicity for fusion partners. The new ABD035

molecule is very likely to have a long half-life, since ABDwt already itself have a long half-life.

It will be interesting to investigate how much this 10,000-fold improvement in affinity will

Figure 7-7. Comparative biosensor analyses of interactions between various serum
albumins and both ABD001 and ABD035. Purified samples of His6-tagged ABD001 (white
circles) and the ABD035 variant (black circles) were injected at 5 nM concentrations over
sensorchip surfaces containing comparable amounts of serum albumins from various species as
indicated. (A) HSA (B) Rat SA (C) Cynomolgus monkey SA (D) Mouse SA.
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influence the half-life in different species. The half-life regarding dissociation of a complex has

improved from 20 minutes to 11.5 days. The idea with the high affinity was also to reduce the

immune response. A small pilot study in Cynomolgus monkeys has been performed to evaluate

the effect on the immunogenicity of the improved affinity of ABD to serum albumin

(unpublished results), where ABD035 have about the same affinity to serum albumin in

Cynomolgus as in human. In the study, an immunogenic protein X was injected in Cynomolgus

monkeys, ”naked”, as well as in fusion with ABDwt, ABD011 and ABD035. The result shows

the importance of the affinity improvement for the antibody response to a fused target protein,

where unfused protein X gave a medium to high response, while less or no antibody response

to X was seen when X was presented in fusion to the higher-affinity albumin-binding domains

(Figure 8-9). However, there were only a few monkeys for each construct and variations

between individuals were seen, but the trend was still clear and shows a good potential for

ABD035. Another explanation for the decreased immune response for ABD035 could be due

to change in a known T-cell epitope sequence (Goetsch et al. 2003). In this T-cell epitope,

comprising a sequence from position 17 (V) to position 32 (E) in ABDwt, three amino acid

subsitutions are present in ABD035, which could affect the recognition for the epitope. Even

if the results from this primary study seem promising, more comprehensive investigations

regarding the reduction in immune responses and the presence of potential B- and T-cell

epitopes, will be needed.

Figure 7-8. A primary study of the effect from serum albumin binding on the

immunogenicity of an injected protein (Protein X). The experiment shows that the

fusion of Protein X to the ABD035 resulted in a reduced antibody response to Protein

X. Cynomolgus monkeys (female) were i.v. injected with 0.5 mg/kg of Protein X ( ) or

Protein X-ABD035 ( ) on day 0, 14 and 28. The figure shows specific IgG levels

against Protein X on days 0, 7, 21, 28, 35 and 45 for one individual in each group.
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8. Selection of Affibody
molecules for TNF binding

Tumor necrosis factor (TNF) is a proinflammatory cytokine produced by different immune

and nonimmune cell types, such as macrophages, T cells, mast cells, granulocytes, natural killer

cells, fibroblasts and smooth muscle cells. The primary role of TNF is in the regulation of

immune cells by recruiting white blood cells to sites of inflammation, and it is also involved in

acute responses to injury and infection. A focus for pharmaceutical companies has been on

autoimmune and chronic inflammatory diseases such as rheumatoid arthritis, Crohn's disease,

psoriasis, psoriatic arthritis and ankylosing spondylitis, where TNF has a central part (Wallis

2008). The strategy for treatment of these diseases has been to develop TNF-antagonists that

inhibit TNF signals. Moreover, the understanding of these diseases at cellular and molecular

levels has revealed that these diseases share common mechanisms and are more closely related

than was previously recognized. The understanding of the complex biology of TNF with its

many binding mechanisms (Box 8.1) and pathways by which TNF may be involved in these

diseases is growing, as new clinical trials of new or already approved TNF antagonists are

performed (Tracey et al. 2008).

Today, four TNF-antagonists have been approved for clinical use, etanercept, infliximab,

adalimumab and certolizumab pegol (Wallis 2008). Etanercept is a recombinant receptor-

derivative that consists of the ligand-binding portion of the human TNFR2 which is fused to

the Fc fragment of human IgG1. Etanercept binds both TNF and lymphotoxin (LT) and binds

only the biological active trimeric form of TNF, i.e. one trimer per one etanercept molecule,

compared to the other approved antagonists as described below. Etanercept is approved for

the treatment of rheumatoid arthritis, psoriatic arthritis, psoriasis, juvenile rheumatoid arthritis,

and ankylosing spondylitis (Jackson 2007). The next two, adalimumab and infliximab are full

sized antibodies. Adalimumab is a humanised monoclonal antibody with both human IgG1

constant and variable regions while infliximab is a chimeric mouse–human monoclonal

antibody composed of a human IgG1 constant region and a murine variable region. In contrast

to etanercept, infliximab and adalimumab binds to both monomeric and trimeric (s)TNF and

since each monoclonal antibody molecule contains two TNF binding sites, a potential exists

for bridging interactions between multiple TNF trimers, resulting in the formation of large

immune complexes (Plessner et al. 2007). Infliximab and adalimumab are approved for the

treatment of rheumatoid arthritis, psoriatic arthritis, ankylosing spondylitis, and Crohn’s

disease (Jackson 2007). Certolizumab pegol is a humanised Fab-fragment that is conjugated to
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a ~40 kDa PEGylation component to enhance plasma half-life in vivo. Certolizumab has no Fc-

fragment and therefore lacks Fc effector functions. Certolizumab was recently licensed for the

treatment of Crohn’s disease, and seems to be effective for rheumatoid arthritis (Keystone et

al. 2008; Smolen et al. 2008; Shao et al. 2009). The therapy treatments with TNF-antagonists

have two possible mechanisms of action to affect TNF signalling. First, blocking of receptor

binding by binding to sTNF and tmTNF. Second, they can initiate reverse signalling by

binding to tmTNF, but here the antagonists have weaker affinity compared with sTNF

(Kaymakcalan et al. 2009). The understanding of the mechanisms of TNF blockage is not fully

understood and it is likely that some of them act together. The antagonists have some

differences between them from results of in vivo and in vitro studies. Infliximab and adalimumab

can induce apoptosis in tumour cells that overexpress tmTNF, compared with etanercept

(Wallis 2008). Moreover, some data from trials have indicated that there is an increased risk of

certain granulomatous infections such as tuberculosis after treatment with infliximab and

adalimumab (Tracey et al. 2008; Wallis 2008) and that etanercept differs from infliximab and

adalimumab primarily in the lack of efficacy of etanercept in granulomatous diseases, such as

Crohn’s disease, Wegener’s granulomatosis and sarcoidosis (Tracey et al. 2008). If this

difference between TNF antibodies (infliximab and adalimumab) and etanercept depend on

different binding stoichiometry, pharmacokinetic, in tissue penetration or etanercept binding to

lymphotoxin (LT) among many factors, is not yet fully known. Finally, another interesting

observation is that some patients that do not respond, or have lost their response, in treatment

of rheumatic diseases of one antagonist, can respond when switched to a different TNF

antagonist (Bombardieri et al. 2007).

Box 8.1 Binding mechanisms between TNF and TNF receptors

TNF is first expressed as a transmembrane protein (tmTNF, 26-kDa monomer), which is

then enzymatically cleaved from its cell surface by a metalloproteinase to a soluble form

(sTNF, 17-kDa monomers) and both sTNF and tmTNF become biologically active ligands

when they associate to homotrimers (Wallis 2008). Both sTNF and tmTNF ligands can

interact with the TNF receptor 1 (TNFR1, p55, CD120a) and TNF receptor 2 (TNFR2,

p75, CD120b), but with a certain preference for sTNF binding to TNFR1 and tmTNF

binding to TNFR2, due to different affinities (Tracey). Receptor-mediated effects of sTNF

and tmTNF can lead alternatively to activation of nuclear factor kappa-B (NF-κB) or to 

apoptosis, depending on the metabolic state of the cell. Additional complexity to the two

distinct signal pathways mediated through TNFR1 and TNFR2 is that the receptors also

bind LTα3 and that tmTNF also can function as a receptor (Tracey et al. 2008). Their

binding to tmTNF by TNFRs, or even TNF antagonists, can induce reverse signaling

through this membrane-anchored ligand and can trigger cell activation, cytokine

suppression or apoptosis of the tmTNF-bearing cell (Eissner et al. 2004).
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The purpose of the TNF-related project of this thesis was to develop an Affibody molecule

capable of binding to the soluble trimeric form of TNF, which is involved in several

autoimmune and chronic inflammatory diseases. Affibody molecules targeting TNF could

potentially be used in various therapeutic aspects, as the antagonists described above. A

scaffold protein, such as an Affibody ligand, could potentially have some advantages as

therapeutic agent such as absence of unwanted Fc-mediated side effects and less costly

manufacturing. Alternatively, it could be envisioned as an agent for medical imaging of

inflammatory sites, for which monitoring of treatments could be important. As described

below, two different selection systems were used to generate Affibody molecules binding TNF.

8.1. Phage display selection and
screening for TNF-binding Affibody
molecules

TNF-specific Affibody molecules were isolated from the Zlib2002 combinatorial library by

phage display using biotinylated TNF (Bio-TNF) as the target protein and streptavidin-coated

paramagnetic beads to capture phage-target complexes in solution. Selections were performed

with two starting concentrations (10 and 100 nM) of Bio-TNF in cycle 1 and with six final

concentrations (0.4, 2, 4, 10, 20 and 100 nM) of Bio-TNF in cycles 3 and 4. The stringency was

increased during the selection procedure by decreasing the target concentration and/or

increasing the number of washes in cycles one to four. After cycle 4, 45-48 individual clones

from each final concentration were screened for TNF-binding activity using an ELISA, in

which positive Affibody clones were detected by their binding to Bio-TNF. In the ELISA,

Affibody-ABDwt molecules were bound to immobilized HSA in ELISA plates and with Bio-

TNF in solution. Bound Bio-TNF was visualized with streptavidin-HRP. The screening

indicated possible best selection concentrations at 10 and 20 nM for phage display (Figure 8-1

A). The sequencing resulted in 18 unique Affibody molecules which appeared between 1 to 10

times when cysteine containing sequences were excluded (Figure 8-1B). Twelve of the

Affibody variants were chosen for further characterization. For the variants containing an

amber-stop codon, site-directed in vitro mutagenesis was performed to replace the stop codon

with a glutamine codon. The selected variants were subcloned to a vector giving an N-terminal

His6-tag and a C-terminal cysteine, expressed intracellularly in E. coli and purified using IMAC.

The purified proteins were then subjected to a Biacore analysis to rank the top three candidates

in terms of their binding affinity to TNF, which resulted with variants ZTNF:185, ZTNF:192 and

ZTNF:210.
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Figure 8-1. ELISA screening and sequence alignment

of obtain clones after phage display selection on TNF.

(A) Clones after cycle 4 from selection were picked and

analyzed in an ELISA for their TNF binding activity. The

ELISA results are shown with the final concentration used

in cycle 4 and the variant ZTNF:185 is highlighted in black. (B)

Amino acid sequences corresponding to wild-type Z-

domain (with the three α-helices boxed) are aligned to

amino acid sequences of the 18 unique Affibody variants

showing binding activity in ELISA (cysteine containing

variants were excluded). The 13 randomized amino acid

positions are presented: (q) indicates an amber stop codon,

and horizontal bars indicate identical amino acids to Zwt.

The figures on the right indicate the number of times each

variant was found.

A B
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8.1.1. Characterization of TNF binding
molecules from phage display

The top three candidates from the initial Biacore screening, ZTNF185, ZTNF192 and ZTNF210, were

examined for their apparent affinity using a Biacore instrument. The monomeric forms, His6-

ZTNF:xxx-cys, of the variants were thiol-immobilized on a CM-5 chip and TNF was injected

over the surface at concentrations ranging from 125 to 4 nM. The apparent dissociation

equilibrium constant (KD), assuming a one-to-one Langmuir binding model, could be

estimated to 0.1-0.5 nM for ZTNF185, 2-5 nM for ZTNF210 and 10-20 nM for ZTNF192. However,

the affinity should be seen as apparent as TNF is most likely predominantly in a trimeric form

when injected over the surfaces which then could give an aviditiy effect. The three Affibody

molecules were further evaluated on the Biacore to investigate future possible animal models

by injecting TNF at various concentrations of different species as human, pig, rat and mouse

over the surfaces. The three variants demonstrated binding to TNF from all four species

(Figure 8-2 A), and ZTNF:185 seemed to be the best binder in all cases, reflected by a significantly

slower dissociation rate. An overlay plot for ZTNF185 of TNF from the four species can be seen

in Figure 8-2 B. Consequently, ZTNF:185 was thereafter used in the following characterization

experiments.

Figure 8-2. Biosensor analyses from a comparative study of the interactions between TNF

from different species and Affibody molecules ZTNF:185, ZTNF:192 and ZTNF:210. (A) Sensorgrams

obtained after sequential injection of TNF molecules (400 nM) from human, pig, rat and mouse over

CM5 sensor-chip surfaces containing immobilised Affibody molecules His-ZTNF:185-cys (square), His-

ZTNF:192-cys (circle) and His-ZTNF:210-cys (triangle) via thiol coupling (~90 RU, respectively). (B) An

overlay plot from the experiment in A of the binding for Affibody molecule ZTNF:185 to TNF from

different species human (circle), pig (square ), rat (diamond) and mouse (triangle).
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Further characterization of ZTNF:185 was performed using the TNF receptor 2, i.e. in the form

of the TNF antagonist etanercept. First, the binding site of ZTNF:185 was evaluated in a

comparative study with etanercept using a Biacore set-up. Here, etanercept was NHS

immobilized to the surface and TNF alone, or mixed with an excess of ZTNF185 or etanercept

was injected over the surface. This clearly demonstrated that the Affibody molecule and

etanercept recognize the same or overlapping epitopes on TNF, since the TNF-binding was as

efficiently blocked with ZTNF185 as with the etanercept molecule itself (Figure 8-3).

Moreover, it was investigated whether di- or trimeric variants of the ZTNF185 Affibody molecule

could improve the blocking effect between TNF and TNFR2 (etanercept), to thereby obtain

properties more like the antibody antagonists, infliximab and adalimumab. Six different dimeric

constructs were thus constructed, in which the two ZTNF185 monomers were separated by

linkers consisting of 5, 10, 15, 20, 40 or 60 amino acid residues, respectively. In addition, a

trimeric Affibody construct was generated having the ZTNF185 monomers separated by 10

amino acid-linkers. The seven constructs were subcloned with N-terminal His6-tags and a C-

terminal cysteine, expressed intracellularly in E. coli and purified using IMAC. The purified

multimeric forms of ZTNF185 were evaluated for their potential ability of blocking the TNF

interaction with its receptor etanercept in an ELISA experiment. The seven multimeric anti-

TNF Affibody variants were diluted to concentrations ranging from 2 µM to 1 nM and mixed

with 2.5 nM Bio-TNF. After 2 h incubation, the samples were transferred to etanercept-coated

Figure 8-3. Biosensor analyses for comparative inhibition study between ZTNF:185 and

etanercept. Sensorgrams obtained after sequential injection of TNFα molecules (0.1 µg/ml)

with and without preincubation with ZTNF:185 or etanercept over CM5 sensor-chip surfaces

containing immobilised etanercept via NHS-coupling (~2000 RU).
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microtiter plates and the ability of etanercept to bind TNF was detected with HRP-conjugated

streptavidin. The experiment demonstrated that the constructs had a blocking effect on the

TNF interaction to etanercept in a linker-length-dependent manner. The best linker length in

this experimental set up seemed to be between 20 or 40 amino acid for dimeric constructs,

since shorter and longer linker length seemed less effective. Interestingly, the trimeric variant

was found to be able to block TNF binding at lower concentrations than the dimeric variants

(Figure 8-4). To conclude, the TNF-specific Affibody molecule can easily be head-to-tail

multimerized on genetic level to improve the inhibitory effect of the TNF interaction to the

receptor, which could have implications on the design of future constructs with potentially

therapeutic applications.
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Figure 8-4. Analysis of the multimeric anti-TNF ZTNF185 Affibody variants. ELISA

analysis of the TNF inhibiting properties of the multimeric forms of ZTNF185. The Affibody

molecules were investigated for their ability to interfere with the TNF interaction with its

receptor etanercept, His6-ZTNF185-L5-ZTNF185-Cys (black), His6-ZTNF185-(L5)2-ZTNF185-Cys (pink),

His6-ZTNF185-(L5)3-ZTNF185-Cys (purple), His6-ZTNF185-L20-ZTNF185-Cys (grey), His6-ZTNF185-

(L20)2-ZTNF185-Cys (blue), His6-ZTNF185-(L20)3-ZTNF185-Cys (green) and His6-ZTNF185-(L5)2-
ZTNF185 -(L5)2-ZTNF185-Cys (red).



Andreas Jonsson 73

8.2. Selection and screening for
TNF-binding Affibody molecules
using a Gram-positive bacterial
display system

In a second attempt to obtain TNF-binding Affibody molecules, a selection with a Gram-

positive bacterial display system was performed. This effort would also give additional

information about this new selection technique for Affibody molecules. Because of present

limitation with sorting from large libraries, although modern high-speed flow cytometers can

screen up to 100,000 cells per second, the size of the Affibody library Zlib2002 (3 x 109

variants) was reduced by one round of phage display selection prior to transfer of the system

for staphylococcal display. The first pre-selection step with phage display was performed as

described in selection 8.1 (denoted 100 nM monomeric concentration, 33 nM for trimeric

concentration). The Affibody-encoding fragments were transferred from the reduced Affibody

library in the phage display vector by enzymatic digestion and subsequent ligation to the

staphylococcal surface display vector (pSCZ1) digested with the same enzymes. The

subsequent transformation resulted in a library size of 1 x 106 variants. The new library showed

70 % sequence functionality and about 20 % functionality regarding expressed full-length

proteins, which was essentially as expected.

The staphylococcal-displayed Affibody library was screened and sorted for TNF-specific

Affibody molecules with flow cytometry to enrich for TNF binders using Bio-TNF as the

target protein. Selections were performed by incubation of 33 nM Bio-TNF in round one for 1

h at RT with staphylococcal cells. Detection of individual clones were performed after washing

by adding streptavidin (SA)-fluorophore conjugate for visualization of binding to TNF.

Fluorescently labelled HSA was used for normalization of expression level (Lofblom et al.

2005). The positive cells showing TNF-binding activity were sorted using flow cytometry and

spread on agar plates for amplification by growth before the next sorting cycle. The selection

pressure was increased from round 1 to the following rounds by decreasing the TNF

concentration to 8 nM, increased washing time to 4 h and with increased stringent sorting

mode. In the last screening round, positive cells were sorted into individual wells for screening

for TNF-binding. A subset of the colonies was sequenced and resulted in 15 unique Affibody

variants. The 15 unique clones from sequencing were individually screened for their TNF-

binding activity in a whole-cell ELISA. In the ELISA, Affibody expressing staphylococcal cells

were incubated with Bio-TNF, followed by SA-alkaline phosphatase conjugate for

visualization. The results showed positive ELISA signals for the three most frequently
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occurring clones (representing 99 % of the sorted cells) (Figure 8-5). The three variants were

chosen for further characterization.
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Figure 8-5. The three unique anti-TNF Affibody molecules resulting from the

staphylococcal display selection. Amino acid sequences corresponding to the wild-type Z-

domain, with the three α-helices boxed, are aligned to amino acid sequences of 3 unique anti-TNF

Affibody variants from staphylococcal display selection. The 13 randomized positions are indicated

with filled dots and horizontal bars indicate identical amino acids to Zwt. The figures on the right
.2.1. Characterization of TNF binding
molecules from staphylococcal
display

irst, the apparent affinity (KD) for the three Affibody molecules was determined using flow

ytometry with Affibody molecules displayed on staphylococcal cells. Each variant was

cubated with 11 different concentrations of labelled TNF and analyzed with flow cytometry.

he signal was plotted against the TNF concentration and the data were fitted to a monovalent

inding equation to determine the apparent KD. The affinities were estimated to 95 pM for

TNF-alpha1, 0.3 nM for ZTNF-alpha2 and 2.2 nM for ZTNF-alpha3 (Figure 8-6 A). To further

haracterize the variants they were subcloned with N-terminal His6-tag and a C-terminal

ysteine, expressed intracellularly in E. coli and purified using IMAC. The purified proteins

ere then subjected to a Biacore analysis to verify the obtained affinities from above. In this

xperiment 11 different TNF concentrations were injected over surfaces with the three

ffibody molecules thiol-immobilized, respectively. The apparent affinity (KD) was calculated

ith a steady-state method, where RU-values were plotted against the TNF concentrations.

he data were fitted to the same monovalent binding equation as used earlier for the flow-

ytometric data for determination of KD values (Figure 8-6 B). The affinities could be

stimated to 0.8 nM for ZTNF-alpha1, 1.7 nM for ZTNF-alpha2 and 6.6 nM for ZTNF-alpha3, which are

indicate the approximate representation (%) among sequenced clones.
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some what weaker affinity than the values obtained from the on-cell analysis using flow

cytometry.

Moreover, to further analyze the three new Affibody molecules they were also compared with

etanercept as for ZTNF185 in section 8.1.1, but using a staphylococcal display set-up instead of

Biacore. In addition, in this competitive assay the two approved TNF antagonists infliximab

and adalimumab were also included. Staphylococcal cells expressing each Affibody molecule

were incubated with Bio-TNF alone, or mixed with a 10 times molar excess of the respective

TNF antagonists. The binding ability of the Affibody molecule to each sample was detected

with a secondary reagent used for labelling and analyzed using flow cytometry. Interestingly, all

three Affibody molecules demonstrated similar patterns in the competitive experiments,

indicating that they bind to the same region on TNF. Moreover, the results demonstrated that

Figure 8-6. Determination of the apparent affinity to TNF for the three different

affibody molecules. (A) On-cell determination of KD using flow cytometry. Binding

isotherms with the mean fluorescence intensity (MFI) from the flow-cytometric analysis

on the y-axis and the TNF concentration on the x-axis. The solid line represents the

equation from fitting the data to a monovalent binding model. Inset: Histograms

showing the TNF-binding signal in flow-cytometric analysis after incubation in different

TNF concentrations. (B) Biosensor determination of KD using Biacore. Binding

isotherms with the response at equilibrium from the biosensor analysis on the y-axis and

the TNF concentration on the x-axis. The solid line represents the equation from fitting

the data to a monovalent binding model. Inset: Sensorgrams showing the response after

injection of different concentrations of TNF.
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pre-incubation with adalimumab almost totally blocked the Affibody molecule/TNF

interaction, indicating a largely overlapping epitope (Figure 8-7 A). For etanercept the binding

signal was decreased to about 20 %, i.e. partial reduction for the receptor, which could depend

on the stoichiometric binding between TNF and etanercept (Figure 8-7 B). In contrast to the

other two antagonists, infliximab showed a smaller impact on the TNF-binding signal, perhaps

indicating a slightly overlapping epitope or allosteric effects (Figure 8-7 C).

Figure 8-7. On-cell competition analysis between Affibody molecules and TNF

antagonists using flow cytometry. FL-2 fluorescence intensity corresponding to the TNF-

binding signal on the x-axis. Filled (rightmost) peaks in histograms are showing TNF binding

without competition (control). Lined (leftmost) peaks in histograms show TNF binding with

competition. The percentage of remaining binding activity after blocking is shown in each

histogram and calculated as procentage of MFICompetition/MFIControl. Competition with a

10-fold molar excess of antagonist over TNF (A) adalimumab, (B) etanercept and (C) infliximab.
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8.3. Conclusions and future
prospects

In this project two different selection systems have been used to generate Affibody molecules

binding to TNF, which could possibly be used for both imaging and therapy applications. In

this study, a new Gram-positive bacterial display system was compared with the more

commonly used phage display system to obtain Affibody molecules form a combinatorial

library. As a starting point for the evaluation between the selection systems, the “sub-library”,

obtained after the first round with 100 nM TNF in the phage display selection, was transferred

to the staphylococcal system. After subcloning the reduced Zlib2002 library to the

staphylococcal display vector, and transformation of the staphylococci, three selection rounds

were performed for each selection system with final concentrations 8 nM (20 nM monomer)

for staphylococcal display and 4, 20 and 100 nM for phage display. Interestingly, both systems

yielded binders with apparent affinities in the same range, i.e pM to low nM. For both

selections, the most frequently appearing molecule from each selection also had the best

affinity. The sequences of the obtained Affibody molecules from the two selection systems

were not found to be very similar, but they were nevertheless binding to the same or

overlapping epitopes (unpublished data). This might indicate that Affibody molecules bind

preferably to a “hot spot” region, but that they might bind in different orientations. The

difference in sequence could also depend on expression preferences between E. coli and S.

carnosus. However, the results indicate that it could be valuable to use several different selection

systems for developing affinity proteins. Another factor for the differences in appearing

sequences might be the many stop-codons that were obtained in the sequences from the phage

display selections, e.g ZTNF185. The E. coli strain used in the phage display selections can read

though the amber-stop codon, converting it to glutamine, while S. carnosus do not have that

feature. Therefore, it would be interesting to perform a new selection with a library that would

not contain stop-codons. The conclusion regarding the newly developed Gram-positive display

system is that it seems useful for obtaining Affibody molecules from combinatorial libraries

and that it can be easily used for the initial characterization of selected clones without

subcloning procedures, which is useful when developing affinity proteins.

The comparisons of TNF-binding Affibody molecules with approved TNF antagonists have

shown interesting results. Adaliumumab and the Affibody molecules seems to have an

overlapping epitope and which is not shared with infliximab. Consequently, this would mean

that Affibody molecules based on the ones presented here could be used for diagnostic

monitoring of patients undergoing treatment with infliximab, or potentially for treatment in
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therapeutic combinations. The results with etanercept are interesting but more difficult to

interpret since etanercept only binds to the biologically active trimeric form, i.e. it binds to two

of the three TNF subunits and therefore leaves one available for interaction. This binding

stoichiometry explaine some differences that were observed between the blocking experiments

in Biacore versus the one performed using the staphylococcal system. In the Biacore

experiment, TNF was blocked at all three subunits (large excess of monomeric Affibody) and

total blocking of etanercept was observed. However, in the staphylococcal experiment,

blocking TNF with etanercept would leave one third of the sites available for binding of e.g

the Affibody molecule, which, is fairly close to the 20 % binding ability that could be seen for

the Affibody molecule.

Taken together, the described Affibody molecules demonstrated to have a potential as agents

for inhibiting the TNF binding to its receptor and could probably in the future be used as

agents for both imaging and therapeutic application. However, for the future applications an

affinity maturation of the obtaind Affibody molecules would probably be needed.
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9. Concluding remarks

The studies presented in this thesis were all aimed to develop novel protein molecules by

altering their binding characteristics using combinatorial engineering principles. Two of the

projects aimed to find binding molecules against key proteins in two common diseases among

elderly people, namely Alzheimer’s disease and Rheumatoid arthritis. A third project was

focused on improving the binding properties of a protein domain that might find future use in

biopharmaceuticals, through its capability to improve the pharmacokinetics (extended half-life)

without increasing the immunogenicity of protein therapeutic agents. In all three cases, quite

dramatic changes were accomplished, when comparing the starting protein and the finally

identified variants. In the first two cases, the binding specificity of a starting protein was

completely switched from one target (Ig), to two completely different and unrelated targets

(Aβ-peptide and TNF), and for the albumin binding domain, a dramatic increase of the

binding affinity was obtained. These examples demonstrate the enormous power of

combinatorial protein library technology, to yield novel proteins with desired properties

without prior knowledge of the outcome. One could ask the question if variants with the

properties seen in the three studies could have been designed in silico, rather than being selected

from a large repertoire of candidates. However, even if smaller proteins of simpler folds can be

predicted using computer based design, the present level of knowledge of proteins and their

interactions does not readily allow for a design of protein-protein interactions. A particularly

difficult problem is to predict large rearrangements and molecular movements that may occur

(and be crucial) during docking of two proteins destined to interact. Indeed, in the selection of

the Affibody molecules to the Alzheimer peptide, two very hard-to-predict lessons were

learned. First, the selected variant showed to contain a beta-stranded segment upon binding, in

a sequence window normally occupied by an alpha-helical secondary element. Second, the

binder was selected as a disulfide-bridged homodimer, of which the two subunits recognized

different regions of the monomeric target. Both these observation were not expected in this

system. The lessons learned could however serve as inspiration for how to design dedicated

libraries for particular target groups.

Design and selection for high affinity proteins is a challenge and many scientists will develop

novel proteins aiming for higher affinity, but the focus might rather be towards finding the

right affinity for the right application. In the future I believe that various desired properties

such as affinity, thermo stability and chemical stability etc. will be selected for using a
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combination of several different selection systems, thereby hopefully gaining all desired

features.

Taken together, the studies presented in this thesis demonstrate the powerful tool of

combinatorial engineering for developing new affinity proteins that could have great potential

for different applications in the future.
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