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John Löfblom (2007): Staphylococcal surface display for protein engineering and 

characterization, School of Biotechnology, Royal Institute of Technology (KTH), 

Stockholm, Sweden. 

Abstract 
Even though our understanding of mechanisms such as protein folding and molecular 

recognition is relatively poor, antibodies and alternative affinity proteins with entirely novel 

functions are today generated in a routine manner. The reason for this success is an 

engineering approach generally known as directed evolution. 

Directed evolution has provided researchers with a tool for circumventing our limited 

knowledge and hence the possibility to create novel molecules that by no means could have 

been designed today. The approach is based on construction of high-complexity combinatorial 

libraries from which protein variants with desired properties can be selected. Engineered 

proteins are already indispensable tools in nearly all areas of life science and the recent advent 

of mainly monoclonal antibodies as therapeutic agents has directed even more attention to the 

field of combinatorial protein engineering. 

In this thesis, I present the underlying research efforts of six original papers. The overall 

objective of the studies has been to develop and investigate a new staphylococcal surface 

display method for protein engineering and protein characterization. The technology is based 

on display of recombinant proteins on surface of the Gram-positive bacteria Staphylococcus 

carnosus. In two initial studies, two key issues were addressed in order to improve the protein 

engineering method in regard to affinity discrimination ability and transformation efficiency. 

The successful results enabled investigation of the staphylococcal display system for de novo 

generation of affibody molecules from large combinatorial libraries. In this study, a high-

complexity protein library was for the first time displayed on surface of Gram-positive bacteria 

and by means of fluorescence-activated cell sorting, specific affinity proteins for tumor 

necrosis factor-alpha were isolated. Moreover, in following papers, the staphylococcal display 

method was further improved and investigated for affinity determination, soluble protein 

production and epitope mapping purposes in order to facilitate downstream characterizations 

of generated affinity proteins. 

Taken together, in these studies we have demonstrated that the staphylococcal display 

system is a powerful alternative to existing technologies for protein engineering and protein 

characterization. 

 

Keywords: affibody, combinatorial library, epitope mapping, Gram-positive bacteria, 

protein engineering, staphylococcal surface display 
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1 Proteins 

The word protein originates from the Greek word ‘prota’, which means ‘of primary 

importance’. The term was first used in 1838 by the Swedish chemist Jöns Jakob 

Berzelius in correspondence with his Dutch colleague Jan Mulder1.  

Today we know just how appropriately Berzelius and Mulder termed these 

molecules. Proteins are essential for all life and while other biological polymers such 

as polysaccharides and polynucleotides have relatively few, however important, 

functions, proteins are involved in every single known process in a living cell. 

Despite the tremendous variation in function, nearly all proteins consist of 

combinations of the same 20 different amino acids. Nineteen of the amino acids 

(proline is an exception) have a similar general structure with an amino group and a 

carboxyl group binding to a central carbon (denoted alpha carbon). Bound to this 

alpha carbon is also a side chain, unique for every amino acid and providing for the 

characteristic chemical and physical properties. The amino acids are covalently linked 

to each other by a condensation reaction between the amino and carboxyl groups, 

forming peptide bonds and a growing polypeptide chain (Fig. 1.1). Once incorporated 

in the polypeptide, the amino acid is usually denoted amino acid residue (or only residue).  

 

The order of residues is called the primary sequence and is encoded in nature by 

genes (Fig. 1.2). Protein biosynthesis is basically a two-step procedure, in which 

Fig 1.1  Schematic representation of a condensation reaction between two amino acids. 
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DNA-encoded genetic information is first copied into an mRNA molecule from 

which the polypeptide is translated. However, shorter proteins and peptides can also 

be synthesized chemically in vitro (a reaction generally known as peptide synthesis2). 

The definitions of peptides and proteins are somewhat overlapping and confusing. 

However, peptides are shorter, usually < 30 amino acid residues and typically lack a 

stable structural conformation. 

The primary sequence of a polypeptide is of greatest importance since it dictates 

the structure as well as properties and functions of the folded protein3. Protein 

structure is generally classified in different levels.  In 1951, Pauling and coworkers 

demonstrated that local parts of 

polypeptides folded into a few distinct 

so-called secondary structures4-6. There 

are three different helical secondary 

structures described, of which the alpha 

helix is by far most frequent. In 

addition to the helical structural 

elements, polypeptides can also be 

arranged in extended layers called beta 

sheets. In common for both these types 

of secondary structure is the 

stabilization by backbone hydrogen 

bonding between residues. 

Consequently, compared to protein 

function (generally mediated by the 

amino acid side chains), secondary 

structure elements are much more 

conserved among proteins. The 

different secondary structures are 

generally connected by more or less 

ordered loops and the packaging of 

secondary structure elements into a 

globular fold is called the tertiary 

structure. In addition, many proteins 

are composed of several polypeptide 

Fig 1.2  Standard codon usage table.  
Each codon is composed of three nucleotides 
coding for a single amino acid. The three-letter 
code results in 43 = 64 combinations and 
hence a redundancy.  
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chains in a multimeric manner, usually denoted quaternary structure. 

Biological function of proteins is nearly always dependent on specific molecular 

recognition. Although proteins frequently interact with other molecular species such 

as polynucleotides, polysaccharides and small molecules, interactions between proteins 

is the main focus of this thesis. Solvent-exposed residues on a protein that participate 

in an interaction are generally called a binding site. A noncovalent protein-protein 

interaction is typically composed of both electrostatic interactions (e.g. salt bridges 

and hydrogen bonds) and van der Waals interactions between residues in the binding 

site of respective protein. Even though each interaction is relatively weak, the sum of 

the individual bonds generally results in both a high affinity and specificity, typical 

properties of protein-protein interactions.  

The driving force for association of two proteins is, as for other chemical 

reactions, determined by the relative difference in Gibbs free energy ( G°) between 

the bound state and the free state and is related to the equilibrium constant of the 

association as: 

 

G° = -RT ln (Ka)       (1) 

 

In which R is the gas constant, T is the temperature in Kelvin and Ka is the 

equilibrium constant of the association. In an interaction with a 1:1 stoichiometry, the 

equilibrium constant is related to the concentrations at equilibrium as: 

 

Ka = [AB]/[A][B]       (2) 

 

In which [A] and [B] are concentrations of free proteins and [AB] is the 

concentration of the protein complex at equilibrium. However, in protein research, 

affinity is generally described by the dissociation constant (Kd): 

 

Kd = 1/Ka        (3) 

  

Affinities of protein-protein complexes vary over a broad range. Weak interactions 

have typically dissociation constants in the micromolar region, whereas extremely 

strong interactions can have dissociation constants in the femtomolar region (billion-

fold stronger). 
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Due to their great importance in living organisms, natural proteins have been 

extensively investigated in order to both learn more about certain proteins in 

particular but also to obtain a deeper general knowledge regarding protein function 

and the processes in which they are involved. In addition, several properties of 

proteins (e.g. specific recognition and catalytic activity) make them attractive tools 

both in academic research and in industry. Early, proteins were extracted from natural 

sources, which severely limited investigation and utilization attempts to the most high-

abundant proteins. However, in the 70s and 80s, novel methods (e.g. recombinant 

DNA technologies7 and PCR8) provided new means for overproduction of practically 

any known protein and later also for directed modifications of protein structure and 

function (discussed more in chapter 4).  

Thousands of natural and synthetic affinity proteins (e.g. antibodies) have since 

then been isolated and generated and due to their typically high and specific affinity, 

also successfully exploited in applications such as detection (e.g. antibody arrays9) and 

separation (e.g. affinity chromatography10). However, it is the recent advances of 

primarily monoclonal antibodies in disease diagnostics11 and therapy12,13 that have 

provided great optimism and attention to all fields involving generation and 

development of affinity proteins.  
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2 Protein engineering 

 

Modifying structure and function of proteins is usually called protein engineering. In 

1993, Michael Smith and Kary Mullis shared the Nobel Prize in chemistry for their 

development of site-directed mutagenesis14,15 and polymerase chain reaction (PCR)8, 

respectively; today two indispensable methods in almost all fields of protein research. 

In site-directed mutagenesis, alterations are performed at specific positions in the 

DNA sequence in order to modify function and structure of the encoded protein. The 

approach of exchanging residues in a protein followed by characterization of the 

resulting effects has been used extensively in academic research in order to obtain a 

more detailed understanding of different mechanisms and properties such as folding, 

molecular recognition, solubility and stability. In addition, the ability to engineer new 

or improved functions into proteins is invaluable for enhancement of for example 

enzymatically catalyzed processes and for development of new commercial products 

(e.g. biopharmaceuticals) in industry. Enzymatic catalysis is an area in which protein 

engineering has been employed most successfully and many of the methods and 

strategies described in following chapters have also been used for enzymatic 

engineering16. However, the focus of this thesis will be on affinity proteins (e.g. 

antibodies) and technologies used to improve or change mainly affinity but also other 

traits such as specificity, solubility and stability of such molecules.  

Traditionally in the field of protein engineering, different technologies for 

modifying function and structure have been classified into rational approaches and 

evolutionary approaches. In rational methods, experimentally determined structural, 

biochemical and biophysical data is used together with thermodynamic calculations in 

order to predict the outcome from given mutations of a protein. Although a relatively 

feasible strategy for designing small molecules in for example drug discovery17, 

rational design of proteins is considerably more complicated. Since proteins are large 

and built up from combinations of 20 different amino acids, all with distinct chemical 
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and physical properties, calculations of energy functions, even though computer-

aided, tend to get extremely challenging already after a few mutations18-20. Moreover, 

verifying predicted changes experimentally is laborious since every individual mutant 

requires subcloning, production and purification prior to characterization. 

Nevertheless, since the number of determined protein structures is growing21 and 

computational algorithms for prediction are improving20,22, rational methods are 

becoming increasingly important in protein engineering. Even though designing a 

completely new specific affinity for an antigen is still not feasible, rational approaches 

for predicting beneficial mutations in order to improve or slightly modify traits as 

affinity23-25, stability26-29 and solubility30 have been used with increasing success. In 

addition, extremely demanding predictions such as designing small structural protein 

elements de novo have recently been described31-35. 

In contrast to rational design, directed evolution methods are based on 

construction of large pools (generally termed combinatorial libraries) containing up to 

several billions of different protein variants from which proteins with desired traits are 

isolated using high-throughput screenings or selections. It should be noted that 

combinatorial approaches are not unique for protein engineering. Chemical libraries 

of small molecules in combination with different screening techniques are routinely 

used in early phases of drug discovery. As in rational methods, mutagenesis is readily 

performed using recombinant DNA technologies and diversification is almost 

exclusively carried out on the genetic level. In addition, since both identification and 

amplification techniques are available for polynucleotides such as DNA (e.g. sanger 

sequencing36 and PCR8 respectively), but are lacking or inefficient for proteins, a 

common feature of all combinatorial engineering systems is coupling of phenotype 

(i.e. protein) to genotype (i.e. DNA or RNA; discussed further in chapter 4). In early 

studies, coupling was achieved by spatial separation of B-cells or bacteria producing 

individual antibody clones37,38. However, the method required screening for desired 

property and hence limited the library size considerably. Today, most systems employ 

a physical coupling of phenotype to genotype, providing means for selection from 

libraries in bulk. Directed evolution of proteins can be simplified into three essential 

steps: diversification, selection and amplification, which are typically repeated until 

desired enrichment is reached. 

Generation of library diversity is, as mentioned above, generally performed on 

the genetic level and the diversity can either be of synthetic origin or derived from a 
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natural source (e.g. antibody genes from B-cells; described in chapter 3.1). 

Diversification by synthetic means provides more flexibility and tailoring of the library 

design and is generally the only choice for non-immunoglobulin scaffolds (alternative 

scaffolds are described in chapter 3.3). Even though combinatorial strategies are 

superior to rational approaches in several aspects, employing rational methods in 

library design may increase the chance of successful future selections compared to 

completely ‘blind’ randomizations. Since theoretical libraries tend to be extremely 

large (fifteen fully randomized positions results in a library of  >1019 variants), the 

practical library covers typically only a minute part of the sequence and function 

space. Designing diversity in order to maximize functionality of the library is therefore 

paramount and the choice of randomized positions and type of amino acids in each 

position should be carefully considered. Moreover, each extra fully randomized 

position results in a 20-fold decrease in coverage and more randomizations are hence 

not always beneficial. New clones from combinatorial library selections are also 

generated constantly and thorough analysis of sequence, structural and biophysical 

data might provide important insights for improving libraries even further. 
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3 Scaffolds 

 

In combinatorial protein engineering, the term scaffold commonly defines a stable 

protein framework, harboring flexible loops or solvent accessible residues, which may 

be randomized in order to construct a molecular library. Up to today, numerous 

scaffolds have been reported and some of the most frequently used will be described 

in this chapter. Several of the studies on which this thesis is based employ a 

staphylococcal protein A-derived scaffold, which will be described to greater detail as 

well. 

 

3.1 Antibodies 

 

The diversification, selection and amplification cycle of combinatorial protein 

engineering is in a way a mimic of natural evolution and immunoglobulins (more 

commonly termed antibodies) were understandably the first, and are still today the most 

widely used biomolecular scaffolds for generation of affinity reagents. Antibodies 

were first discovered at the end of the nineteenth century by the German scientist von 

Behring, an achievement for which he later received the Nobel Prize in 1901. In 

higher vertebrates, antibodies are produced by cells in the immune system as a defense 

against foreign substances, such as bacteria and viruses. The in vivo repertoire of 

antibodies is enormous and the diversification is generated by combining a limited set 

of antibody genes together with subsequent somatic hypermutations.  

Even though both vaccination and generation of polyclonal sera had been used 

for a relatively long time, the real breakthrough of antibody research came in 1975 

when Köhler and Milstein described a new method for production of specific 
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monoclonal antibodies, called hybridoma technology39. In hybridoma technology, an 

antibody-expressing lymphocytic B-cell is fused with a tumor cell to form a hybrid, 

providing indefinite production of the specific antibody. However, although 

hybridoma technology is still broadly used for generation of natural antibodies, the 

method is relatively laborious and has several additional limitations. First of all, 

produced molecules are generally of animal origin and require humanization in order 

to be used in medical applications such as molecular imaging and biotherapeutics. 

Secondly, in order to induce an immune response, antigens must be immunogenic and 

generation of antibodies towards highly conserved molecules is therefore complicated. 

Moreover, isolation of very high affinity antibodies is problematic since there is no 

active selection pressure for affinities over a certain threshold (approximately 100 

pM), due to the antibody internalization rate in the in vivo maturation process40. In 

addition, hybridoma technology is typically lacking: control over the selection process, 

ability to fine-tune affinity and specificity and ability to isolate antibodies improved in 

other traits (e.g. stability).  

As an alternative to immortalization of B-cells, antibodies can today be 

generated in vitro, using methods such as recombinant repertoire cloning41 and phage 

display42,43 (described in detail in chapter 4.1). Libraries for selection of recombinant 

antibodies can either be naïve, i.e. derived from natural repertoires of non-immunized 

animals or humans; immune, i.e. derived from immunized animals or infected 

humans; or synthetic, i.e. derived from in vitro generated diversity such as degenerated 

oligonucleotides. Immune libraries contain a higher proportion of antibodies directed 

at the antigen in question compared to non-immune libraries and typically generate 

antibodies with stronger affinities due to the affinity maturation process in vivo44,45. In 

addition, libraries derived from infected but asymptomatic humans are a valuable 

source for discovery of new potent antibodies against infectious diseases while they 

also generate important information of disease mechanisms in many cases46,47. 

However, more recently, synthetic libraries have been the preference for most 

applications, mainly due to the flexibility in library design and the ability to generate 

human antibodies directed against ‘self antigens’45,48.  

The antibody is typically composed of four polypeptide chains, two longer 

heavy chains and two shorter light chains, coupled together via disulfide bonds (Fig. 

3.1). In early studies, it was demonstrated that treatment of antibodies with the 

protease papain produced two identical fragments with antigen binding activity (Fab, 
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Fragment antigen binding) and a third fragment with no such activity (Fc, Fragment 

crystallizable)49 (Fig. 3.1). In antibodies, molecular recognition is mediated by six 

hypervariable loops (three from the heavy chain and three from the light chain) called 

the complementarity determining region (CDR), localized at the N-terminal of each 

Fab region. The bivalent structure of antibodies results in avidity effects and typically 

in a high apparent affinity50. The constant region of the antibody is in contrast 

relatively conserved and contains different binding sites for natural receptors and 

proteins such as gamma immunoglobulin receptors and complements, hence 

mediating various in vivo effector functions51,52. 

Antibodies are powerful tools in many different applications, such as detection 

in biotechnology as well as diagnostics and therapy in medicine, and the intended use 

determines many of the required characteristics. Antibodies are still the most 

commonly used affinity protein for nearly all of these applications, partly because the 

immune system was, until recently, the only available source for molecular diversity. 

However, there are several limitations connected to production and utilization of 

Fig 3.1  Schematic representation of an IgG molecule.  
Each domain is typically 110 amino acids. C, constant domain; V, variable domain; Fab, 
Fragment antigen binding; Fc Fragment crystallizable; scFv, single chain variable fragment. 
Antigen binding is mediated by hypervariable loops (grey bars) in the variable domains (VL and 
VH). The structure is stabilized by several disulfide bonds. 



  John Löfblom 11 

antibodies. First of all, the antibody is large even for a protein, which makes 

manufacturing complicated53 and decreases tissue penetration in medical 

applications49,54. In addition, only a fraction of the molecule is essential for interaction 

with the target, whereas the majority of the constant region of the antibody has 

functions only required in a few therapeutic applications55. Moreover, even in 

therapeutic applications, the Fc-mediated effector functions are relatively 

unpredictable and might instead lead to unwanted side effects56,57. Full-length 

antibodies demonstrate a very long in vivo half-life (typically days to weeks), partly due 

to Fc binding to the neonatal Fc receptor (FcRn), which has a natural function of 

maintaining antibody serum homeostasis58. Although the extreme pharmacokinetics is 

beneficial in some therapeutic applications, the slow blood clearance typically results 

in a decreased contrast in molecular imaging and undesired side effects in 

radioimmunotherapy11,56.  

The multimeric structure of the antibody is dependent on several essential 

disulfide bonds, resulting in complicated and hence expensive production processes 

and limits their use to oxidizing milieus. In order to be fully functional, antibodies 

require glycosylation, generally only correctly obtained in mammalian expression 

systems59. Furthermore, the intellectual property situation for commercialization of 

antibody-based products is complex53. 

 

3.2 Antibody fragments 

 

One important advantage with antibodies is the vast amount of available data and 

well-established protocols, facilitating laboratory work as well as optimizations and 

predictions. A solution for circumventing some of the limitations described above and 

still maintain this advantage is to reduce the size of the actual antibody and numerous 

such antibody derivatives have been reported49. A shared feature of these fragments is 

removal of part of the constant region of the antibody, which has no essential 

function in most applications. However, since the Fc region is required for 

recruitment of in vivo effector functions, derivatives typically lack intrinsic cytotoxicity. 

Nevertheless, similar effects can be obtained by coupling of the antibody fragment to 

cell-killing agents such as toxins and radionuclides56,60.  
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One of the first reported antibody derivatives was the Fab fragment, originally 

produced by proteolytic cleavage of full-length antibodies, but today typically 

produced by recombinant means49 (Fig. 3.1). Another established format is the single 

chain variable fragment (scFv), which was first constructed in order to facilitate 

display of antibodies on phages61 (Fig. 3.1). In contrast to Fabs, the variable domain 

from the heavy chain is fused to the variable domain of the light chain by a flexible 

linker and the entire scFv is hence composed of a single polypeptide.  

In Fab and scFv fragments, the original pairing of variable light and heavy 

domains is intact, but in search for smaller derivatives even single variable domains 

(VH or VL) have been investigated. Although the first reported affinities of single 

variable domains were comparable to monovalent antibodies, exposure of 

hydrophobic interfaces, normally buried in contact with the other chain, resulted in 

relatively poor solubility and aggregation problems37,62. Nevertheless, human single 

domains have been successfully engineered for improved solubility and stability and 

selections from libraries based on the enhanced variants have generated numerous 

specific binders63-67. In addition to the work conducted with human single domains, 

natural single variable domains, originating from two completely different organisms 

(cartilaginous fish and camelids) have been discovered and exploited for protein 

engineering purposes68-71. Recently, the size limit of antibody derivatives was pushed 

even further down when researchers reported the construction and application of a 3 

kDa fragment, consisting of only four CDRs and a minimized framework72. In order 

to mimic the bivalent full-length antibody, several different bivalent and multivalent 

antibody domains have also been produced, either as homomers or as heteromers, 

resulting in bispecific molecules in the latter construct49.  

 

3.3 Non-antibody scaffolds 

 

Specific molecular recognition is not in any aspect a unique property of 

immunoglobulins and the several limitations associated with antibodies have inspired 

researchers to investigate the possibilities of engineering specific affinity into other 

protein architectures 73-76. In addition, in vitro display technologies (e.g. phage display, 

see chapter 4.1), originally developed for antibody generation, are readily modified for 
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isolation of affinity proteins from non-antibody libraries. In early studies, non-

antibody libraries were generally composed of randomized peptides77,78. However, the 

unfolded state of shorter peptides typically results in lower affinities due to entropy 

losses upon binding and, in addition, peptides are susceptible to degradation and thus 

engineering of well-folded proteins is generally preferred. 

Ideally, alternative scaffolds should offer improvements to at least several of the 

limitations of antibodies. The scaffold should preferably be relatively small and 

composed of a single polypeptide chain in a fold with an intrinsic biochemical and 

biophysical stability. The stability of the fold should if possible not be dependent on 

disulfide bonds in order to not be limited to extracellular applications. In addition, 

absence of natural cysteines allow for engineering of a unique cysteine into a suitable 

position for directed chemical modifications. Of special importance is that the protein 

scaffold demonstrates a high tolerance to randomizations in order to maintain a high 

functionality of the combinatorial library. Since de novo rational design of structured 

proteins is challenging, scaffolds have so far been based on naturally occurring 

proteins, which however are frequently engineered in order to improve properties 

such as stability. Even though several strategies for decreasing immunogenicity have 

been proposed79,80, a human origin might be an advantage if the affinity protein is 

intended for in vivo applications. In addition to the properties mentioned above, 

isolated affinity proteins should bind in the same affinity range and with the same 

specificity as typically reported for antibodies. 

Non-antibody scaffolds can be classified in several different ways (e.g. based on 

origin, based on secondary structure composition, based on size etc.). In this chapter, 

the different types are roughly divided into scaffolds with a more immunoglobulin-like 

structure (i.e. stable framework with one or several randomized loops) and scaffolds 

in which randomizations are directed against surface-exposed residues on secondary 

structure elements. A few examples of scaffolds from each group are described in the 

next sections. However, alternative scaffolds have been extensively reviewed 

elsewhere, in which a more comprehensive listing can be found73-76. It should be 

noted that affinity reagents have also been isolated from libraries based on other 

biopolymers such as DNA81. 
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3.3.1 Immunoglobulin-like scaffolds 

 

The antibody fold, with diversified loops displayed on a rigid framework, has been 

extremely successful for evolution of molecular recognition both in nature and in vitro. 

Several different alternative scaffolds are hence more or less based on a similar 

architecture and a few of the most frequently used are described in this section. 

An example of an immunoglobulin-like scaffold is the tenth human fibronectin 

type III domain (10Fn3, also called monobody or adnectin)82. 10Fn3 is a monomeric, 94 

residue protein, based on a stable -sandwich fold with seven strands connected by 

six loops. In contrast to antibodies and most antibody derivatives, 10Fn3 is not 

dependent on disulfide bonds for a stable structure. Using phage display82, mRNA 

display83 and yeast display84, specific 10Fn3 molecules have been selected against a 

number of different targets. Other scaffolds based on a -sandwich fold with 

hypervariable loops used for protein engineering have also been described; examples 

are the T-cell receptor85-88, cytotoxic T lymphocyte-associated antigen 489 and 

Neocarzinostatin90. 

A similar scaffold is based on the protein architecture of natural lipocalins, 

demonstrating a rigid -barrel fold displaying four loops targeted for diversification91. 

Specific binders are denoted anticalins and have been isolated against both small 

molecules and proteins91. Even smaller scaffolds based on randomization of only one 

loop have been reported; an example is the Kunitz domain92. 

 

3.3.2 Surface-randomized scaffolds 

 
In contrast to the scaffolds discussed so far, approaches in which randomizations are 

performed directly on secondary structure elements have also been described. 

Compared to flexible loops in antibodies and similar scaffolds, secondary structure 

surfaces are typically much more constrained, which might lead to smaller entropy 

losses upon binding and perhaps also a higher specificity.  One such scaffold of 

particular interest for this thesis is based on a bacterial domain, derived from 

staphylococcal protein A. 
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Affibody molecules 
 

Staphylococcal protein A consists of five highly homologous domains (A-E), each 

with affinity for both the Fc and Fab part of antibodies from a diverse set of different 

subclasses and species93,94 (Fig. 3.2). Due to this affinity, protein A has been used 

extensively in several different applications such as detection and chromatographical 

separation of antibodies95,96. In 1987, the B domain of protein A was engineered by 

two amino acid substitutions in order to primarily increase chemical stability97. The 

resulting domain was denoted Z and is a cysteine-free, 58 residue protein with a 

relatively stable and extremely fast folding three-helical structure97 (Fig. 3.2).  

 

 

Fig 3.2  Schematic representation of the five IgG-binding domains (A-E) of staphylococcal 
protein A (SpA). The Z domain is a 58 residue, engineered protein derived from the B domain. 
Thirteen solvent-exposed residues are diversified in order to create a so-called affibody library. 
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The Z domain demonstrated retained affinity for the Fc part of antibodies but 

not for the Fab part and has been thoroughly investigated and used in similar 

applications as full-length protein A98. The small size of the protein allows for 

inexpensive production in prokaryotic hosts. However, due to the small size and also 

the rapid folding kinetics, the Z domain is also efficiently produced by peptide 

synthesis, providing means for addition of non-biological groups in order to modify 

and enhance functionality99,100.  

For protein engineering purposes, thirteen solvent accessible residues (nine of 

which also participate in the native interaction with Fc101) in helix one and two of the 

Z domain have been randomized in order to build a combinatorial affibody library102. 

In a pioneering article from 1997, Nygren and coworkers describe the isolation of 

several specific affibody molecules from such a library displayed on phage103.  

Additional affibody molecules have later been selected against various targets, such as: 

EGFR104, HER2105, amyloid beta106, HIV gp-120107 and CD28108. Affinities of binders 

selected from the current affibody library106 (3  109 variants) have generally been in 

the low to mid nanomolar range and detailed biophysical characterization of several 

isolated clones have demonstrated intact three-helical structure and typically 

maintained stability and folding properties compared to the parental Z domain109-114. 

Several of these new affinity reagents have also been investigated in different 

applications such as separation115,116 and detection117,118. In order to generate even 

stronger binders, constructions of second-generation libraries together with affinity 

maturation selections have been conducted and affinities as low as 20 pM have been 

reported100,119,120.  

One of these high-affinity affibody molecules119, directed against HER2, has 

been investigated thoroughly in several preclinical and pilot clinical studies and is an 

interesting candidate for development of diagnostic and perhaps even therapeutic 

agents121-126. The small size of the affibody molecules results in good tissue 

penetration and rapid blood clearance, which in combination with strong and specific 

interaction enables high-contrast imaging of tumors for cancer diagnostics11,127. In 

therapeutic applications, the short in vivo half-life, common for all small protein 

scaffolds, limits the therapeutic effect and the high kidney uptake may result in 

undesired side effects. However, in a recent study by Nilsson and coworkers128, an 

affibody molecule was fused to an albumin-binding domain, derived from 

streptococcal protein G, in order to achieve a reversible interaction with serum 
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albumin, providing means for modulating the rapid pharmacokinetics. The results 

demonstrated a prolonged half-life, a 25-fold decrease in kidney uptake and a three-

fold increase in tumor uptake indicating that affibody molecules might be promising 

agents even for therapy128.  

 

Ankyrin repeat proteins 
 

A scaffold similar to the affibody is the ankyrin repeat protein129. Ankyrin repeat 

proteins are natural human proteins with a modular architecture, composed of repeats 

of a 33 residue domain. In protein engineering applications, the repeat approach has 

been kept and libraries are based on a protein composed of several randomized 

domains. Randomizations are, as for affibody molecules, to a large extent performed 

on secondary structure elements. Due to poor display level of ankyrin repeats on 

phages, specific binders were originally selected using ribosome display129. However, 

in a recent study130, a modified phage display system was developed, in which 

recombinant proteins were exported via the signal recognition particle (SRP) 

translocation pathway instead of the typical Sec pathway, increasing the display level 

of fast-folding proteins, such as ankyrin repeats, considerably (a more detailed 

description of phage and ribosome display is found in chapter 4).  
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4 Selection systems 

 

Technologies for isolating specific affinity proteins from combinatorial libraries are 

commonly termed selection systems. Since this thesis is based on the development and 

application of a staphylococcal display system investigated for these purposes, 

alternative technologies and important properties for such technologies are a central 

part and will be discussed in this chapter. 

In order to be successful, methods for selecting affinity proteins with desired 

traits from combinatorial libraries need to fulfill a number of different criteria. First of 

all, selection pressure should be focused on correct properties (e.g. high affinity for 

the antigen) without any substantial bias from other unwanted properties, such as 

expression level or amplification rate. Secondly, isolated clones should be easy to 

amplify in between rounds and easy to identify after selection. Other preferred 

properties of a selection system are functional display of the combinatorial protein 

library, evolution possibilities during selection, and monitoring possibilities in order to 

facilitate optimization of the process. As in most biotechnological methods, a high 

throughput is desired and automation options are hence an advantage. One 

fundamental issue in combinatorial protein engineering is the library size. A larger 

library covers a larger part of the theoretical sequence space and has a higher 

probability of containing high-affinity clones; this correlation has also been 

demonstrated experimentally in several different studies44. Since proteins are difficult 

to sequence and amplification techniques not involving DNA or RNA are lacking, all 

successful selection systems are based on a physical coupling of phenotype to 

genotype. Although isolating high-affinity proteins is the most important feature of a 

selection system, new means for fast and easy characterization of isolated candidates 

are increasingly demanded since selections today can generate as much as thousands 

of leads for one antigen131.  
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4.1 Phage display 

 

In 1985, George Smith published a groundbreaking paper42, in which he described the 

use of recombinant DNA technology for display of foreign peptides on the surface of 

filamentous phages, laying the ground for what today is known as phage display 

technology. A peptide, derived from EcoRI endonuclease, was genetically fused to one 

of the phage coat proteins and in a model library experiment, phages displaying the 

peptide were enriched from a large background of non-displaying phages using 

immobilized antibodies directed against the endonuclease. Due to primarily technical 

limitations, peptide libraries were the standard in these earliest applications77,132. 

However, during the same period, techniques for amplifying and cloning antibody 

genes were developed37,38,41 and in the beginning of the 90s, the first papers emerged 

describing display of different antibody fragments on the surface of phages61,133, 

providing means for in vitro selection of clones with specific affinity from 

combinatorial libraries. The technology evolved rapidly and libraries were created 

based on naïve, immune and synthetic antibody libraries using the scFv or the Fab 

format and more recently also other protein scaffolds44,134,135 (an extensive description 

of antibody derivatives and scaffolds is found in chapter 3).  

The most commonly used strain for phage display is the filamentous phage43 

(e.g. M13; Fig. 4.1), even though selections of affinity proteins displayed on other 

strains, such as bacteriophage T7 and lambda, have been described136,137.  

 

Fig 4.1  Schematic representation of a filamentous phage employed for phage display (3+3).  
The gene of interest (GOI) is fused to gene III on a plasmid (denoted phagemid) resulting in 
display of the protein of interest (POI) in fusion to protein III (pIII) on the phage surface. In 
protein engineering, POI is typically a combinatorial protein library. 
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A phage consists of the phage genome encapsulated by different coat proteins. 

In order to display foreign peptides or proteins on the surface, the gene encoding the 

protein of interest is incorporated in fusion to a gene encoding one of the coat 

proteins of the phage. In phage display, protein III (pIII) and protein VIII (pVIII) are 

the two proteins most frequently employed for this purpose. However, although 

pVIII is the major coat protein of the phage (around 2700 copies) and employing it 

for fusions yields a multivalent display, only short peptides are generally tolerated138 

and most work in combinatorial protein engineering (e.g. display of antibody libraries) 

have hence been conducted using fusions to pIII44. Protein III plays a central part in 

infection of bacteria and is found in three to five copies localized on the tip of the 

phage. Since pIII, and thus also the recombinant protein, is displayed in several copies 

per phage, this will lead to avidity effects during selection in library applications. Even 

though the avidity effect can be exploited for isolating binders against ‘difficult’ 

antigens due to the increase in apparent affinity, it will also lead to biased selections in 

which variants displayed in more copies on the surface will have a selective advantage, 

thereby complicating fine affinity discrimination and affinity maturation. One 

approach to circumvent this problem has been to use phagemid systems in 

combination with helper phages43. In one of several current versions of the phagemid 

system (termed 3+3), the recombinant protein in fusion to pIII is encoded on a 

plasmid (commonly termed phagemid) together with a phage origin of replication, a 

bacterial origin of replication and phage packaging signals (Fig 4.1). The phagemid is 

typically delivered to the bacterial cells by electroporation and since it lacks the genes 

needed for assembly of new phages, helper phages are superinfected to the cells, 

providing required phage proteins, including a wild type version of pIII. In order to 

achieve monovalent display of the recombinant protein on the phage particle, an 

amber stop codon is introduced between the gene encoding the protein of interest 

and gene III on the phagemid, resulting in a majority of particles (90 – 99%) 

displaying only the wild type pIII whereas the rest will be mosaic and should 

statistically be displaying one copy of the recombinant fusion protein139.  

In combinatorial protein engineering applications, DNA encoding a protein 

library is incorporated into the phagemid or phage genome using recombinant DNA 

techniques to create a phage-displayed library. Selections in phage display are generally 

carried out using a capture and elution approach (commonly called biopanning), in 

principle as first described by George Smith in 198542. The phage library is incubated 
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with antigen and phages displaying a protein variant binding to the antigen are 

typically captured onto a solid phase (to date, several alternative selection strategies 

have been described and extensively reviewed44,45,134,140). After capture, bound phages 

are washed in order to decrease the background and thereafter eluted to recover the 

phages. Several cycles are normally conducted due to non-specific binding of phages 

to the solid support and since phages are not self-replicating, E. coli cells are infected 

for amplification by growth. As in all combinatorial engineering systems, there is a 

trade-off between enrichment and yield, dictated by the stringency in the selection 

step. In phage display, stringency is generally controlled by antigen concentration, 

number of washing steps and incubation time prior to elution. In addition, different 

additives or environmental selection pressures (e.g. elevated temperature) can be used 

to increase the stringency even further. After the selection process (normally three to 

five cycles), isolated protein variants are identified by sequencing of the co-selected 

DNA and in order to verify affinity for the antigen, individual clones are typically 

screened in an ELISA44. Even though ELISA techniques for screening intact phages 

have been described, the use of soluble proteins is generally preferred. Since 

subcloning of candidate clones is cumbersome and after successful selections perhaps 

not even realistic131,141, soluble production from the phagemid vector is often 

conducted. The amber codon employed in phagemid systems for monovalent display 

enables small-scale soluble production of selected proteins for initial screening 

experiments. However, the amount of produced protein is highly clone specific and 

variation in protein concentration between individual candidates is often high, which 

complicates quantification44. After verification of antigen binding, selected binders are 

typically subcloned to an expression vector for production of a larger amount of 

soluble protein and subsequent characterization of the interaction and biophysical 

properties of the clones.  

It is over two decades since phage display was first described and the method 

has been extensively optimized and developed since then. An advantage with phage 

display over many other microbial display systems is the highly efficient 

transformation of E. coli, providing means for construction of large libraries. Due to 

the enormous improvements in this area, phage display libraries with complexities 

over 1010 individual variants have recently been reported141,142. As mentioned earlier in 

this thesis, affinities of isolated binders are normally proportional to the library size 

and selections from such high-complexity libraries would generally have the potential 
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to yield antibodies in the low nanomolar range. However, it should be noted that the 

outcome of affinities from selections is usually highly antigen-dependent. Even 

though strong binders are generated from such large libraries, certain applications (e.g. 

medical diagnostics11 and therapy55,143) demand even higher affinities and the 

discovery process regularly requires construction of second-generation libraries in 

combination with affinity maturation selections144,145.  

Although selections for specific molecular recognition has been the main usage 

of phage display and is the focus of this thesis, the technology has been employed 

successfully for isolating proteins improved in other traits such as solubility63 and 

stability146-150. In addition, phage display has been used extensively for identification of 

regions or even the exact contact residues involved in protein-protein interactions, so 

called epitope mapping (described in more detail in chapter 5).  

Due to strengths such as robustness, versatility, automation possibilities, low 

resource demands in combination with large combinatorial libraries; phage display is 

still the most widely used display method for protein engineering purposes. However, 

several alternative techniques exist today and new are constantly under 

development45,134. The alternative technologies can roughly be divided into cell 

display-based systems, cell-free systems and non-display systems, each one with 

distinct advantages and disadvantages. Cell display-based technologies are a central 

part of this thesis and will be reviewed more extensively in the next section and 

compared mainly to phage display. 

 

4.2 Cell surface display 

 

In principle, cell surface display is analogous to phage display151,152. However, the 

typical means for isolating desired protein variants is different compared to phage 

display and most other display formats and is mainly the reason for its increasing 

popularity.  

In cell display, the cell itself provides the physical linkage between the 

membrane-encapsulated DNA and the encoded recombinant peptide or protein 

displayed on the surface. Cell display systems have two main features that largely 

constitute the basis for their advantages in combinatorial protein engineering: the size 
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of the cell and the multivalent display of recombinant peptides or proteins on the cell 

surface. Cells, in contrast to phages, are large enough to be detected in a flow 

cytometer (Box. 4.1) and the isolation of antigen-binding cells is therefore usually 

achieved using fluorescence-activated cell sorting (Box. 4.1, Fig. 4.2).  

Instead of being immobilized onto a solid support, the antigen is typically 

labeled with a fluorophore and added to the cell-displayed library in solution. After 

incubation, cells in the library will bind fluorescently labeled antigen and the number 

of bound antigens is determined by the affinity of the cell-displayed protein variant 

for the antigen. Due to the multivalent display (typically between 104 - 105 displayed 

recombinant proteins per cell153-155) in combination with high-speed flow cytometry, 

the relative affinity of each library member for the antigen can hence be quantified 

during screening. This rather precise quantification is unique for cell-display systems 

and is a great advantage compared to alternative methods.  

 

Fig 4.2  Directed evolution of protein function using cell surface display.  
Cell-displayed combinatorial protein libraries are sorted for isolation of target-binding  variants 
using FACS. The sorting is typically repeated for several rounds with amplification by growth in 
between cycles until required enrichment is reached. 
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Upon flow-cytometric sorting, the library is analyzed and cells with a 

fluorescence intensity meeting certain pre-defined criteria are isolated. As living 

organisms, cells are self-replicating and amplification of selected protein variants 

between the cycles is easily achieved by cell growth. The stringency in cell display 

sortings is typically controlled by either the antigen concentration (equilibrium 

screenings) or the dissociation time (kinetic screenings) in combination with the 

different sorting parameters of the flow cytometer. The flow-cytometric sorting 

offers, in addition to exact control of the sorting gate, various sorting modes resulting 

in distinct stringencies in the sort decision process. 

 

 

 

Box 4.1  Flow cytometry and Fluorescence-activated cell sorting (FACS) 
  

In flow cytometry, light scattering and fluorescence properties of single cells (or 

other particles of similar size range) are measured in a high throughput manner.  A 

flow cytometer is composed of fluidic system, light source, light detectors and 

computer system for data analysis. In order to achieve a high throughput single cell 

analysis, cells are focused into a single file in a liquid flow stream. A light source, 

generally a laser, is focused on the stream and as cells pass by, light is scattered and 

absorbed. Light detectors measure the intensity of both scattered and emitted light 

(fluorescence) and signals can typically be monitored in real-time. Scattered light is 

proportional to size and internal complexity of the cell and is frequently used to 

discriminate between different cell types. Fluorescence is measured in one or several 

detectors, either to determine autofluorescence properties of the cells or to 

determine amount of associated dyes (typically fluorophore antibody conjugates).  

Some flow cytometers have an additional cell sorting capability and can 

hence be employed for fluorescence-activated cell sorting. Cells can be sorted based 

on any of the parameters measured in the flow cytometer. Generally, cell sorting is 

achieved by breaking up the stream into droplets and applying an electric field over 

the stream. Cells meeting certain pre-defined criteria (e.g. fluorescence intensity 

over a threshold) are physically sorted by charging the specific cell-containing 

droplet, resulting in deflection when passing through the electric field. Modern flow 

sorters can sort up to 100,000 cells per second and are powerful instruments for 

many applications. 
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After each sorting round, the enrichment can be visualized and quantified by 

flow-cytometric analysis of the library, yielding direct feedback regarding the outcome 

of the sorting, which makes optimizations of the sorting process straightforward. 

Moreover, the affinity of isolated candidate affinity proteins can readily be determined 

directly on the cell surface, abolishing the initial need for subcloning, protein 

production and purification, required in most other selection systems. 

Although cell surface display of recombinant peptides and proteins has been 

described for a number of different cell types151,156, developing systems for 

combinatorial protein engineering purposes has proven difficult and only a handful of 

techniques have been successfully implemented. Apart from the staphylococcal 

surface display system which this thesis is based on (described extensively in chapter 6 

and 7), other established cell display systems for protein engineering applications have 

been developed using the yeast strain Saccharomyces cerevisiae157  and the Gram negative 

bacteria Escherichia coli158 and will be discussed in the following section. In addition, 

initial applications employing mammalian display on kidney cells have been 

proposed159, however not further described in this thesis. 

 

 

4.2.1 Yeast surface display 

 

Yeast surface display157 for combinatorial protein engineering applications was first 

described over ten years ago153 and was one of the first alternatives to phage display. 

In the system developed by Wittrup and colleagues, recombinant peptides or proteins 

are displayed on the surface of the yeast strain Saccharomyces cerevisiae as C-terminal 

fusions to one subunit (aga2p) of an agglutinin receptor. The recombinant protein is 

also fused to an N-terminal hemagglutinin tag and a C-terminal c-myc tag, both with 

important functions in library screenings. Staining of the C-terminal c-myc tag 

provides a convenient way of assessing the fraction of a cell population displaying full-

length recombinant proteins on the surface. In addition, the c-myc tag or the 

hemagglutinin-tag might be used to monitor the surface expression level of individual 

protein variants160. Cell-to-cell variations in surface expression can bias a selection 

substantially, since a protein with weaker affinity expressed at a high level on the 
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surface might be enriched in favor of a high-affinity protein expressed at a lower level. 

However, by also incubating the cell library with a fluorescently labeled binder 

directed at the fusion tag, the relative expression level of each library member can be 

determined and a real-time normalization of the antigen signal can be performed 

during the flow-cytometric sorting, decreasing the cell-to-cell variations dramatically. 

In addition to the advantages over phage display in the selection process, yeast is a 

eukaryotic organism and might be better suited for functional expression of 

mammalian proteins, such as antibody fragments. 

The yeast surface display system is perhaps the most successful display system 

for combinatorial engineering together with phage and ribosome display and the 

number of reported applications is increasing rapidly. In 2000, the capacity of cell 

display for affinity maturation purposes was demonstrated in a paper by Wittrup and 

colleagues161. In this study, the already high affinity of a scFv antibody for a 

fluorescein–biotin (FL-bio) hapten was improved over 1000-fold down to low 

femtomolar affinity using yeast surface display and flow-cytometric sorting. More 

recently, affinity maturations describing improvements of 200,000162 and even 

3,000,000-fold163 using yeast display have been reported. Due to the lower 

transformation efficiency of yeast compared to E. coli and the fine affinity 

discrimination possibilities resulting from quantitative screening and surface 

expression normalization, the system has mostly been used for affinity maturation164-

167 and screenings for improved stability85,168 and expression161,168-171. Even though 

affinity maturations have been the most successful application, yeast display has also 

been employed for true de novo selections. In 2003, a large (109 variants) naïve library 

of human antibody scFv fragments was displayed on the surface of yeast and specific 

antibodies with low nanomolar affinity were generated against several different 

antigens172. The same library was used a few years later by Shusta and coworkers in a 

newly developed screening method to isolate antibodies able to penetrate the brain 

endothelium173. In contrast to the large naïve library, Kim and coworkers have 

constructed a smaller immune antibody library on the surface of yeast174. In addition 

to the work performed using the scFv format, libraries of antibody Fab fragments 

have been displayed on yeast, both for de novo selection and affinity maturation175,176. 

Recently, a method was devised in order to increase the complexity of such libraries 

even further175,177. Using this approach, heavy and light chains of the Fab fragments 

are encoded on two vectors and each vector is transformed into two different strains 
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of yeast, building two separate libraries. The strains are thereafter mated to produce 

diploid yeast expressing both fragments, i.e. the entire Fab on the surface, thus 

combining the two complexities in a combinatorial manner. 

Due to the multivalent display of recombinant proteins, cell display systems 

have an inherent capacity for simultaneous screening against multiple antigens, which 

can be exploited in order to broaden or fine-tune specificity178. In a paper by Marks 

and coworkers, a previously selected scFv was evolved for cross-reactivity against two 

different subtypes of botulinum toxin without compromising the affinity by using 

yeast display and a dual-selection strategy179. 

Although several advantages of yeast surface display over phage display have 

been proposed, direct comparisons between the methods in a side-by-side manner are 

rare. However, in a recent paper by Burton and colleagues, antibodies specific for a 

HIV antigen were selected from an immune scFv antibody library displayed both on 

phages and on yeast180. Interestingly, all clones selected by phage display were also 

isolated using yeast display and in addition several new clones were identified in the 

yeast approach. Even though the antibodies generated using yeast display were in the 

same affinity range or only slightly stronger compared to clones from the phage 

biopanning, the broader isolated repertoire is a great advantage. However, if the 

broader repertoire is mainly a result of the quantitative sorting used for isolating 

clones in yeast display or if yeast, as a eukaryote, is more suited for functional display 

of mammalian-derived proteins is not fully clear. In addition to the results from 

antibody generation, the authors also emphasize other benefits of cell display 

(described in greater detail in chapter 4.2), such as control during sorting, visualization 

of sorting results and straightforward on-cell characterization of selected clones.  

 

4.2.2 E. coli surface display 

 

During the same period as yeast surface display was first reported, cell surface display 

systems using the Gram-negative bacteria E. coli were also investigated for 

combinatorial protein engineering. In early studies, peptide libraries were displayed on 

the bacterial surface and specific binders were selected using immobilized antigen; an 

approach almost identical to biopanning in phage display. However, in 1993, 

Francisco et al. demonstrated that scFvs could be functionally expressed on the cell 
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surface of E. coli and that instead of using biopanning, cells displaying a specific 

antibody could be enriched from background cells by flow-cytometric sorting181. Five 

years later, second-generation libraries of up to 4  106 scFv fragments were displayed 

on E. coli and antibodies with a three-fold improved affinity were isolated155. Although 

the display of combinatorial peptide libraries on E. coli has been successful, display of 

libraries based on larger and more complex proteins (e.g. antibody fragments) has 

proven more challenging. However, in 2004 Georgiou and coworkers reported the 

development and application of a new method for efficient isolation of antibody 

fragments from libraries displayed on E. coli182. Instead of utilizing the outer 

membrane, libraries of antibody scFv fragments are displayed on the periplasmic side 

of the inner membrane. In order to enable access to fluorescently labeled antigen, the 

outer membrane is disrupted (or permeabilized for small antigens) and fluorescent 

cells are sorted using flow cytometry similarly as in yeast display. However, due to the 

low viability of spheroplasts during flow-cytometric sorting, DNA encoding enriched 

clones is rescued by PCR and subcloned to the display vector for subsequent 

transformation and successive rounds of sorting. Although relatively laborious, the 

method was successfully applied to improve the affinity of an antibody scFv fragment 

200-fold. Recently, the same group developed a related approach for display of full-

length antibodies on the surface of E. coli. In the new method, antibodies are secreted 

into the periplasmic space where they are captured by a dimeric fusion of the Z 

domain97 (derived from staphylococcal protein A), displayed on the inner 

membrane183. In contrast to yeast display, in which only a relatively few fusion 

strategies have been employed for protein engineering applications, libraries have been 

displayed on E. coli in fusion to a vast array of natural surface proteins158. 

Despite these recent successes, E. coli display is perhaps better suited for display 

of peptide libraries and smaller protein scaffolds184,185, and recently, using a 

combinatorial peptide library, the display system was also successfully employed for 

epitope mapping purposes186.  
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4.3 Cell-free display systems 

 

In addition to phage display and cell-surface display, a growing number of other 

display technologies have been developed with one main feature in common; use of in 

vitro transcription and translation for construction of combinatorial protein libraries187. 

In phage and cell surface display, transformation of DNA encoding the combinatorial 

library is required and as a result, the library size is limited by the transformation 

efficiency of the host. However, the transformation limit is circumvented in the 

methods described in this chapter and larger libraries can thus be constructed. Cell-

free systems may also be more suitable for automation and since PCR is generally 

used for amplification of isolated clones in between rounds, the systems are amenable 

to mutagenesis strategies (e.g. error prone PCR) in order to create a more evolutionary 

selection process.  

 

4.3.1 Ribosome display and mRNA display 

 

Ribosome display is the most successfully and widely used of the cell-free display 

methods and was first described in 1994 in a paper by Mattheakis et al188. In ribosome 

display, DNA encoding the protein library and a ribosome-binding site is transcribed 

in vitro into mRNA and subsequently translated into protein in order to construct the 

library. However, by removing the stop codon following the gene encoding the 

protein of interest, stalling of the ribosome is achieved after translation, resulting in 

coupling of the nascent polypeptide and the coding mRNA. For selection of specific 

binders, the newly translated library is incubated with antigen and enriched in a 

manner similar to biopanning in phage display. In order to ensure proper folding and 

accessibility of the translated polypeptide, a spacer sequence is commonly introduced 

after the gene encoding the protein library. Moreover, the non-covalent ternary 

complex is rather unstable and selections are preferably performed at low 

temperatures and in buffers containing a high Mg2+ concentration, preventing 

dissociation of the ribosomal subunits189.  
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In mRNA display, the stability of the complex is increased by creating a 

covalent linkage between translated polypeptide and mRNA190,191. Typically, a short 

linker containing a puromycin group is ligated to the 3’-end of the transcribed mRNA. 

The mRNA is translated in vitro and after translation and stalling of the ribosome, 

puromycin can bind to the ribosomal A-site followed by covalent coupling to the C-

terminal amino acid of the polypeptide. As in ribosome display, the complex is used in 

biopanning for selection of variants with desired properties.  

Ribosome and mRNA display have been used for selection of de novo affinity 

proteins as well as for affinity improvement by selections from second-generation 

libraries, comprising peptides188, antibody fragments192-194 and other protein 

scaffolds129. 

  

4.3.2 Other cell-free display systems 

 

In addition to the established ribosome display system, other cell-free methods are 

emerging. As for ribosome and mRNA display, larger libraries and evolution 

possibilities during selection are the two chief advantages with these display systems. 

However, in some of the methods described below, in vitro compartmentalization 

techniques are employed for linking phenotype to genotype, which somewhat could 

limit the practical library size. 

Several comparable strategies for linking of in vitro translated proteins directly to 

the encoding DNA have been described (e.g. CIS display195, DNA display196 and 

covalent antibody display197) and the approaches are in principle analogous to 

ribosome display. However, since DNA is more stable than mRNA, using DNA as 

genotype carrier might be advantageous. 

A couple of different microbead-based display systems for protein engineering 

applications have also recently been proposed. In a paper by Griffiths and 

coworkers198, the authors report of an approach using in vitro transcription and 

translation of bead-immobilized DNA inside emulsion droplets for coupling of 

genotype and phenotype. The usage of beads as carriers might be an advantage 

compared to other cell-free technologies, since it enables flow-cytometric sorting of 

the in vitro translated library for isolation of specific binders. However, in order to 

achieve a quantitative screening, the binding signal probably needs to be normalized 
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with display level, in analogy to the approaches used in cell surface display. Nygren 

and coworkers have developed a similar microbead-based technology199. However, 

even though the concept is almost identical, they perform the translation and coupling 

without in vitro compartmentalization, circumventing potential practical limits of the 

library size. 

 

4.4 Non-display systems 

 

All combinatorial engineering systems described so far are based on display of 

libraries in combination with subsequent incubation with antigen in order to capture 

or sort out specific binders. In contrast to these technologies, methods for isolating 

affinity proteins based on growth selection have been developed. In the protein 

complementation assay (PCA), a reporter protein (usually an enzyme essential for 

survival of the host) is split into two parts, rendering the enzyme inactive. Prior to 

selection, the antigen gene is subcloned in fusion to the gene encoding one part of the 

enzyme and the combinatorial library to the other part and the two vectors are 

transformed into an appropriate host (e.g. E. coli). In so doing, only cells expressing a 

protein variant with affinity for the antigen will restore the enzyme function and 

survive. However, although PCA and related technologies (e.g. yeast two-hybrid 

systems200) have been used quite extensively for discovery of new protein-protein 

interactions, selections for generation of new affinity proteins from combinatorial 

libraries have not been as successful. In a study by Plückthun and colleagues, PCA, 

employing dihydrofolate reductase as reporter enzyme, was used for selection of 

binders from a large antibody scFv fragment library201. Even though several binders 

were isolated, affinities were weak and in order to improve the method, the authors 

speculate that issues such as non-specific intracellular binding and lack of reward for 

high-affinity interactions need to be addressed. In addition, use of a scaffold more 

suitable for intracellular folding may increase the success rate of the technology. Still, 

the approach is appealing and, if improved, new binders could readily be generated 

simply by growing cells over night. Moreover, since antigen is co-expressed during 

selection, laborious antigen production and purification is obviated. 



32 Staphylococcal surface display for protein engineering and characterization 

5 Epitope mapping using 
microbial surface display 

 

In addition to isolation of new affinity proteins, display systems (e.g. phage display 

and cell display) have also been employed for epitope mapping purposes. Residues on 

an antigen involved in a protein-protein interaction are generally defined as an epitope 

and the process of identifying this region or even the exact contact residues is 

generally called epitope mapping. Epitope information is extremely valuable in vaccine 

research and also in areas such as drug development for evaluation of candidate 

biotherapeutic agents.  

Up to today, a vast array of technologies have been employed for epitope 

mapping, among others X-ray crystallography for structure determination of protein-

protein complexes, as well as various mass spectrometry-based approaches202. Two 

other established methods for epitope mapping are alanine scanning203 and peptide 

screening204-206.  In alanine scanning, residues in an antigen are mutated (typically to 

alanine) and changes in affinity are measured for identification of positions that are 

important in the interaction with the affinity protein. If the structure of the antigen is 

known, mutations can be restricted to surface exposed residues in order to minimize 

the number of required mutations. Nevertheless, the method is time-consuming, 

primarily since each individual variant needs to be produced and assayed separately. In 

peptide-based methods, short peptides covering the entire sequence space of the 

antigen are screened for interaction with the affinity protein in order to identify the 

epitope. Even though short peptides may be synthesized relatively efficiently, 

numerous overlapping peptides need to be produced in order to map epitopes with 

sufficiently high resolution on larger antigens, which is laborious and relatively 

expensive. However, more recently, approaches for epitope mapping using 
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combinatorial libraries in combination with selections or high-throughput screenings 

have been reported.  

Mutagenesis-based technologies for epitope mapping generally provide valuable 

information regarding the relative role of each individual residue in the interaction and 

combinatorial strategies have made the methods more useful by increasing the 

throughput207. Mutations are randomly introduced into the antigen (e.g. by error 

prone PCR) in order to create a library, which is subsequently displayed using an 

appropriate system (e.g. phage display). Basically, two different selection strategies 

have been employed in order to extract epitope information from such randomly 

mutated antigen libraries. In ‘positive’ selections, mutants with retained affinity are 

isolated from the library and by statistical analysis of the obtained sequences, residues 

underrepresented of the mutated variant compared to the wild type can be identified 

and hence also the epitope207. However, in order to achieve a statistically significant 

estimate of the relative contribution from each residue, a vast amount of sequences 

needs to be analyzed. Still, a number of epitopes have been mapped on different 

antigens using such selections from libraries displayed primarily on phages208 but also 

using alternative systems such as ribosome display209. Libraries of randomly mutated 

antigens have also been displayed on surface of yeast for epitope mapping210-212. 

However, mainly due to better control and monitoring possibilities in the yeast 

selection process; instead of isolating mutants with retained affinity, mutants 

demonstrating loss of affinity are typically isolated using ‘negative’ sorting. In yeast 

display, flow-cytometric analysis provides efficient means for visual discrimination and 

subsequent sorting of full-length non-binding mutants from truncated and non-

displaying mutants. Even though the flow-cytometric sorting usually isolate cells with 

high purity, loss of affinity is typically verified for each mutant after selection.  

Although a quite laborious assay, the relative contribution of each individual residue 

can be estimated on-cell, in principle by determining the affinity of every isolated 

mutant for the affinity protein.  

In peptide-based methods for epitope mapping, display systems enable random 

fragmentation of antigen and subsequent selection from generated peptide libraries in 

bulk, which considerably increases the number of peptides that can be assayed and 

thus efficiently enhances the resolution of the mapping213,214. Creating large libraries 

on the genetic level by recombinant DNA methods for display of peptides on for 

example phage is today a relatively easy and inexpensive routine. In addition, such 
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libraries can generally be amplified readily by growth, providing virtually indefinite use 

of the peptide library. Moreover, due to efficient transformation of mainly E. coli and 

the development of cell-free selection systems, extremely large libraries can be built 

today.  

Instead of antigen-derived libraries, totally randomized peptide libraries have 

also been constructed and displayed for epitope mapping purposes186,215-218. After 

selection from such libraries, mapping of epitopes is conducted by alignment between 

isolated so-called ‘mimotopes’ and antigen. The main advantage with totally 

randomized libraries is the general applicability, since epitopes on theoretically any 

antigen may be mapped using one library. 
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6 Staphylococcal surface 
display 

 

Staphylococcus carnosus was first classified as a new species in 1982 by Schleifer and 

Fischer219. However, although not classified, the bacteria had been known and used 

for over forty years in the meat industry, but incorrectly categorized as a micrococcus. 

In sausage ripening, the Gram-positive S. carnosus is inoculated as part of a starter 

culture in order to lower the pH and to enhance the characteristic taste and aroma of 

cured sausages by the production of certain ketones220. S. carnosus also reduces nitrate 

to nitrite, which in turn prevents bacterial growth of opportunistic species and in a 

reaction with myoglobin produces a dark red color, generally considered more 

appetizing than grey219.  

S. carnosus was initially distinguished from other staphylococcal strains primarily 

by its ability to grow in high NaCl concentrations (up to 15%) and by its nitrate 

reducing capacity219. The cell is around 0.5 – 1.5 μm in diameter, appears 

predominantly as singles or in pairs and when grown on semi-solid medium as 

smooth, glistening grey-white colonies. S. carnosus produces none of the virulence 

factors associated with pathogenic staphylococci such as protein A, coagulase, 

haemolysins and toxins and exhibit a low homology to Staphylococcus aureus219. Based on 

these properties and its long history in food industry it is therefore classified as a 

GRAS (generally recognized as safe, FDA designation) organism.  

In contrast to many other Gram-positive bacterial species, S. carnosus is 

practically devoid of extracellular proteolytic activity and has thus been employed 

rather extensively for secreted production of recombinant proteins219,221-224. In 

addition, S. carnosus has also been investigated for display of heterologous proteins on 

the cell surface in several different applications225. 
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Gram-positive bacteria are relatively simple organisms with a basic 

morphological structure comprised of cytosol, single cell membrane and a 

surrounding cell wall. For cell-surface display studies, this simple structural 

composition is attractive. In order to be anchored on the staphylococcal cell surface, 

recombinant proteins only require translocation through one cell membrane, which is 

an advantage compared to display on Gram-negative bacteria. Recombinant proteins 

are typically C-terminally anchored with a free N-terminal protruding from the cell 

wall, resulting in high tolerance to large fusions. Furthermore, several of the signaling 

and anchoring mechanisms are highly conserved among Gram-positive species and 

are extensively investigated, thus facilitating optimization of display systems226.  

In 1995, Ståhl and coworkers described a novel vector for display of 

recombinant proteins on the surface of S. carnosus227 (Fig. 6.1). The vector uses a 

promoter and secretion signal from a lipase gene, naturally expressed on surface of the 

related Staphylococcus hyicus. Following the signal sequence is a gene fragment encoding 

a propeptide from the same lipase gene, which has been demonstrated indispensable 

for efficient translocation of many recombinant proteins228-230. The propeptide is 

proteolytically removed after display in S. hyicus, however not when expressed in S. 

carnosus228. The vector also contains staphylococcal origin of replication and 

chloramphenicol acetyl transferase gene for stable replication and expression in 

staphylococci. In order to facilitate genetic manipulation and introduction of 

heterologous genes, the vector includes an origin of replication for E. coli as well as a 

-lactamase gene, providing means for conducting subcloning work in E. coli.  

 

 

Fig 6.1  Staphylococcal display vector. 
Plasmid vector for display of 
heterologous proteins on the surface of S. 

carnosus. Abbreviations: ABP, albumin-
binding protein; Bla, beta-lactamase 
encoding gene; Cmlr, chloramphenicol 
acetyl transferase-encoding gene; OriE 
and OriS, origin of replication for E. coli 
and staphylococci, respectively; PP, 
propeptide from S. hyicus lipase; PLip, 
promoter from S. hyicus lipase. S, signal 
sequence from S. hyicus lipase; XM, cell 
wall anchoring region from 
staphylococcal protein A.  
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Numerous naturally occurring surface-displayed proteins in Gram-positive 

species utilize a highly conserved cell wall sorting signal for covalent surface 

anchoring226. The anchoring mechanism has been elucidated in S. aureus and is 

proposed to be similar among different Gram-positive species231-234. After 

translocation through the cell membrane, the charged C-terminal end of the 

polypeptide is trapped on the cytosolic side, preventing the protein to be secreted into 

the medium. An enzyme, denoted sortase and active in the cell wall compartment of 

Gram-positive bacteria, recognizes a conserved LPXTG motif in the displayed protein 

protruding from the cell membrane and cleaves between the threonine and the glycine 

residue.  The enzyme thereafter attaches the C-terminal part to a cross-linking peptide 

in the peptidoglycan cell wall, resulting in covalent anchoring on the cell surface. The 

display vector described above for surface expression on S. carnosus utilizes such a cell 

wall anchoring region, in this case originating from staphylococcal protein A (Fig. 

6.2).  

 

 

Fig 6.2  Schematic representation of staphylococcal protein A (SpA).  
SpA consists of a signal peptide (S) for translocation through the cell membrane, five IgG-
binding domains (A-E), a charged region (X) interacting with the cell wall and finally the M 
region at the C-terminal. The M region contains a recognition site (LPXTG) for specific 
cleavage and coupling to the cell wall, a hydrophobic anchor and a charged C-terminal to 
prevent secretion into the medium. 
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In between the propeptide and the anchoring part, an albumin-binding protein 

(ABP), derived from streptococcal protein G235 and comprising three albumin-binding 

domains, is present, mainly to function as a spacer for improved accessibility to the 

recombinant protein (Fig. 6.3). In a flow-cytometric quantification study, the number 

of displayed recombinant proteins per staphylococcal cell was estimated to around 

10,000154. 

 

 

 

Due to the efficient surface display of heterologous proteins and the food grade 

status, S. carnosus has been extensively investigated as vehicle for delivery of subunit 

vaccines236-238. The staphylococcal display system has also been employed for: i) 

display of metal-binding peptides for utilization in primarily environmental 

Fig 6.3  Schematic representation of fusion protein displayed on the staphylococcal surface.  
PP, propeptide from S. hyicus lipase. Note that the propeptide is not cleaved off when 
expressed in S. carnosus and hence displayed on the surface. X, part of the anchoring region 
from SpA, interacting with the cell wall. M’, represents the processed and covalently anchored 
form of the M region from SpA. The albumin-binding protein is composed of three albumin-
binding domains and is derived from streptococcal protein G and functions as a spacer 
molecule and a surface expression reporter. 
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applications, such as water purification239,240; ii) display of different affinity reagents, 

such as scFvs and affibody molecules in order to use the bacteria as whole-cell 

diagnostic devises241,242; iii) display of a cellulose-binding domain for directed surface 

immobilization243. 

In 2002, the S. carnosus vector was optimized by transferring the expression and 

anchoring cassette to a more genetically stable staphylococcal vector, previously used 

for display of recombinant proteins on the related Staphylococcus xylosus244. A year later, 

the successful application of primarily yeast and E. coli display for protein engineering 

purposes, encouraged investigation of the suitability of the staphylococcal system also 

for such purposes245. Using the recently optimized display vector, Wernérus et al. 

evaluated the potential of the staphylococcal surface display system for enrichment of 

specific cells from model libraries by flow-cytometric sorting. In one of the 

experiments, staphylococcal cells, expressing a staphylococcal protein A-derived Z 

domain, were spiked at a 1:100,000 ratio in a background of cells displaying an 

unrelated affibody on the surface. After two rounds of fluorescence-activated cell 

sorting, cells displaying the Z domain were enriched 25,000-fold. The successful 

results indicated that S. carnosus could be an alternative display platform for protein 

engineering in the future and inspired the continued work on which this thesis is 

based. 
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7 Present investigation 

In this section of the thesis, which is based on six original papers, I will present a 

summary of the underlying studies and discuss some potential future improvements 

and directions. 

The six studies all involve the staphylococcal display system described in chapter 

6 and are also more or less associated to protein engineering. The studies focus on 

different stages in the protein engineering process, such as library construction, 

affinity protein generation and affinity protein characterization. Paper I describes the 

continuation of the work performed by Wernérus et al.245, in which the staphylococcal 

display system was evaluated for protein engineering purposes. In this study, the 

method is further improved by implementing a normalization strategy and its 

importance for fine affinity discrimination is investigated. In paper II, the on-cell 

affinity determination capability of the system is investigated and differences 

compared to biosensor analysis are addressed and discussed (in general and for affinity 

determination of multivalent targets in particular). Paper III describes the 

optimization of the transformation frequency of S. carnosus. The study was conducted 

in order to improve the transformation efficiency to levels required for combinatorial 

library applications. The successful results from paper III allowed us to study the 

technology in real library selections. Consequently, in paper IV the method is used to 

isolate and characterize three novel affibody molecules with specific affinity for 

human tumor necrosis factor-alpha (TNF-alpha). Paper V relates to paper II, 

describing the use of the system in post-selectional characterization of generated 

affinity proteins. In this study, a new strategy for soluble production of affinity 

proteins directly from the display vector is described. Finally, in paper VI, the 

staphylococcal display system is once more used as a characterization platform, 

however this time for epitope mapping purposes of primarily polyclonal antibodies.  
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7.1 Fine affinity discrimination by normalized 
fluorescence-activated cell sorting in staphylococcal 
surface display (I) 

Quantitative screening of relative target affinity is perhaps the greatest advantage of 

cell display methods for protein engineering. However, although quantitative, the 

ability of the system to discriminate between related binders with similar affinity is 

largely dictated by the distribution in binding signal. A broad distribution severely 

hampers attempts to isolate improved variants from a background of clones with a 

moderate affinity. The discrimination ability is not only instrumental for affinity 

maturation selections, but also for de novo selections in order to enrich binders with the 

highest affinity. Distributions in signal intensity upon flow-cytometric analysis 

originate from several sources, which can be roughly divided into two groups: 

experimental errors and biological variation. Random experimental errors result from 

variations in sample preparation and sample measurement. In a library experiment, 

preparation of different library clones is carried out in bulk, which efficiently reduces 

errors between clones. Random experimental errors during flow-cytometric analysis 

are minimized mainly by careful alignment of optics and reduction of flow rate. 

However, the primary contribution to broad distributions in target-binding signal is 

generally the biological variation of expression level among cells.  

In order to minimize cell-to-cell variations and hence improve the 

discrimination ability of the staphylococcal system, a normalization strategy was 

devised in this study. An albumin-binding protein (ABP)235, previously employed as 

spacer in order to reduce sterical hindrance from the bulky cell surface, was used for 

monitoring of surface expression level (Fig. 7.1). The capability of multiparameter 

analysis in flow cytometry provides means for simultaneous analysis of both target 

binding and surface expression level. For evaluation of the novel normalization 

approach, three single amino-acid mutants of the Z domain246 were subcloned to the 

staphylococcal expression vector245 and displayed on the surface (Fig. 7.2a). The 

variants had previously been characterized for binding to human IgG1246 and although 

human polyclonal IgG was used in this study, the on-cell affinity ranking was in 

agreement to these previous results (Fig. 7.2b).  
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In order to create a model library for evaluation of the normalization strategy, 

staphylococcal cells expressing Zwt on the surface were mixed 1:1000 in a background 

of cells displaying one of the variants, ZK35A. According to a previous determination 

of the affinity of Zwt and the mutants for human IgG1, the affinity ratio of Zwt to 

ZK35A was around eight-fold246 (However, more recent affinity determinations both 

on-cell and by biosensor analysis using human polyclonal IgG demonstrated an 

affinity ratio around two-fold. For details see paper II). In order to investigate the 

Fig 7.1  Normalization of binding signal with surface expression level. 
(A) Schematic representation of normalization strategy. Staphylococcal cells expressing the 
fusion protein are first incubated with biotinylated target. In a second incubation, both 
streptavidin in conjugate to fluorophore and human serum albumin labeled with a second 
fluorophore are added for surface expression level monitoring and normalization. (B) Two-
dimensional dot plot showing different staphylococcal populations labeled according to the 
normalization approach. Population (1) represents wild type staphylococci, not displaying 
recombinant fusion protein. Population (2) represents staphylococci expressing only ABP on 
the surface and hence no insert. Population (3) represents staphylococci expressing fusion 
protein containing target-binding protein. Non-normalized distribution and normalized 
distribution are indicated in the dot plot. 
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discrimination capacity of the staphylococcal display system, the model library was 

subjected to single sorting rounds using flow cytometry.  

Sorting conditions were chosen in order to mimic a real library sorting. The 

0.1% top fraction of the library, demonstrating highest target binding signal (IgG 

binding) to surface expression level (HSA binding) ratio was sorted in Normal-R 

(semi-stringent) sorting mode. Isolated cells were spread on agar plates and grown for 

formation of colonies. In order to identify the clones, individual colonies were 

screened by PCR using primer pairs specific for Zwt and ZK35A, respectively.  

 

 

Fig 7.2  (A) Optimized staphylococcal display vector pSCXm245. For details, see figure 6.1. 
(B) Histogram showing results from whole-cell ELISA. Absorbance corresponding to bound 
IgG on the y-axis. Sc:wt, wild type S. carnosus.  Sc:ABP, recombinant staphylococci displaying 
fusion protein without insert. (C) Representative results from PCR-screening of isolated cells 
obtained through model library FACS. Each colony was screened both with ZK35A (upper row) 
and Zwt (lower row) specific primers. 
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From each sorting, 186 colonies were screened by PCR, demonstrating a 130-

fold and a 150-fold single-round enrichment, respectively, without any ambiguities in 

the PCR screening results (Fig. 7.2c). These initial experiments revealed that a binder, 

constituting 0.1 % of the library and demonstrating around two-fold higher affinity 

for the target compared to background cells, might be successfully isolated in one 

sorting round using normal settings.  

Moreover, attempts to enrich Zwt-expressing cells from the same model library 

using a non-normalized gate proved difficult, indicating the importance of 

normalization for affinity discrimination (unpublished results). An illustrative example 

is shown in figure 7.3, in which the difference in discrimination capacity between 

normalized and non-normalized gating is clearly demonstrated (unpublished results). 

 

 

Fig 7.3  Two-dimensional dot plots comparing normalized gating versus non-normalized 
gating. (A) One normalized gate (R1) and one non-normalized gate (R2) are placed in the dot 
plot in order to enclose around 20% of staphylococci displaying Zwt. (B) The two gates (R1 
and R2) are placed at the same locations in a dot plot showing staphylococci displaying ZI31A. 
The normalized gate encloses 0.03% of the cells compared to 7.4% for the non-normalized 
gate, demonstrating the advantage of normalization for affinity discrimination. 
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7.2 Evaluating staphylococcal cell surface display and 
flow cytometry for post-selectional characterization 
of affinity proteins in combinatorial protein 
engineering applications (II) 

 
Despite the many recent improvements in library display systems and selection 

strategies, characterization of isolated affinity proteins is still relatively laborious. For a 

quantitative verification of target binding and estimation of affinity parameters, clones 

generated with the majority of available techniques typically require individual 

subcloning, protein production and purification prior to the characterization assay44,45. 

A standard characterization process after phage display include: i) production of 

soluble affinity protein from the phagemid vector, ii) ELISA using crude cell lysate 

from the soluble production, iii) subcloning of candidates demonstrating highest 

ELISA signals and iv) protein production and purification to allow detailed 

characterization. The greatest disadvantage with the devised process is when a large 

number of clones are positive in ELISA and a selection is conducted in order to 

reduce the amount of variants for subcloning. Since the selection is based on relatively 

non-quantitative ELISA results, there is a great risk for loss of valuable candidates44.  

However, in cell display, the quantitative flow-cytometric analysis together with the 

multivalent display on the surface, offer possibilities to perform relatively detailed 

characterizations directly on the cell surface. The faster and less laborious 

characterization method allows for analysis of a greater number of candidates, which 

in turn increases the probability of discovering a candidate with the desired 

properties172. 

In this study, we evaluated the use of staphylococcal cell surface display together 

with flow cytometry for affinity characterization of candidate affibody molecules on 

the cell surface. The Z domain and two single amino acid mutants246 with slightly 

different affinity for human IgG, and an albumin-binding domain (ABD) from 

streptococcal protein G235 with affinity for human serum albumin, were employed to 

investigate potential differences compared to biosensor technology. The use of 

bivalent IgG in affinity determinations also provided means for assessing differences 
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between the methods for analysis of multivalent targets, which give rise to avidity 

effects50.  

In order to determine the equilibrium dissociation constants on-cell using flow 

cytometry, cells expressing the respective Z mutants were incubated with different 

concentrations of labeled human polyclonal IgG, spanning the expected dissociation 

constants. After labeling, cells were analyzed using flow cytometry and the mean 

fluorescence intensity of each population was determined. The fluorescence data was 

fitted to a monovalent binding model in order to estimate apparent Kd. For 

comparison, affinities of the three Z variants for polyclonal IgG were also determined 

using biosensor analysis. The relative order of affinities among the three variants 

determined by the two different methods were in agreement. However, the absolute 

affinities differed around 40-fold (Table 7.1).  

This relatively large difference may result from several sources. First of all, 

production, purification and immobilization of the Z variants is likely to reduce 

functionality of at least a part of the protein population, resulting in lower apparent 

affinities when determined using biosensor analysis. Moreover, since IgG is a bivalent 

molecule, this will also result in avidity effects. Avidity effects are more or less 

pronounced depending on the confirmation and density of proteins on the surface 

and might differ substantially between the cell surface and the dextran-covered chip 

surface50. Consequently, in order to estimate the contribution of avidity to the overall 

difference between the methods, ABD and HSA, a pair with a true monovalent 

binding, was analyzed using both methods. As expected, the observed difference was 

much smaller (approximately six-fold), indicating the relatively large contribution from 

the avidity effect when analyzing affinity for multivalent targets (Fig. 7.4).  

 

 

Table 7.1  Dissociation constants determined both on-cell and by Biacore 

Kd (nM) (mean ± SD) 

Binding pair 
Biacorea  On-cellb 

Ratio 

Kd (Biacore)/Kd (On-cell) 

Zwt / IgG     92 ± 6 2.1 ± 0.3 43 

ZN28A / IgG    104 ± 2 2.8 ± 0.8 37 

ZK35A / IgG    169 ± 4 3.7 ± 0.8 46 

a Performed in duplicate on different days with duplicates in each run 
b Performed in triplicate on different days 
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 Lastly, the dissociation rate constant between ABD and HSA was determined 

on-cell using flow cytometry and compared to results from biosensor analysis. The 

results demonstrated a threefold slower off rate on the cell surface in comparison to 

the off-rate determined from the biosensor chip (Fig. 7.4), presumably due to same 

reasons as discussed above. 

 

 

Fig 7.4  Determination of dissociation constant (KD) and dissociation rate constant (koff) of 
ABD for HSA. (A) Determination of KD using Biacore analysis. Binding isotherms with the 
response at equilibrium from the Biacore analysis on the Y-axis and the HSA concentration on 
the x-axis. Solid line represents the equation from fitting data to a monovalent binding model. 
(B) Determination of koff values using Biacore analysis. Dissociation data from four different 
concentrations of HSA was fitted to a first-order kinetic model. (C) On-cell determination of 
KD using flow cytometry. Binding isotherms with the MFI from the flow-cytometric analysis 
on the y-axis and the HSA concentration on the x-axis. Solid line represents the equation from 
fitting data to a monovalent binding model. (D) On-cell determination of koff values using flow 
cytometry. The MFI from the flow cytometric analysis on the y-axis is plotted against the time 
on the x-axis. Solid line represents the equation from fitting data to a first-order kinetic model. 
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To conclude, the results observed in this study demonstrate the capability of 

staphylococcal surface display for characterization of selected affinity proteins directly 

on the cell surface. The strategy abolishes the initial need for subcloning, protein 

production and purification and shows that staphylococcal surface display provides 

several advantages over phage display in the time-consuming downstream 

characterization part of protein engineering.  
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7.3 Optimization of electroporation-mediated 
transformation: Staphylococcus carnosus as model 
organism (III) 

 
In cell display, physical linkage between phenotype and genotype is typically formed 

through surface display of protein variants encoded from an intracellular plasmid. In 

order to generate this linkage, diversified DNA, encoding the protein library, requires 

delivery into the cells. This transformation with DNA should also be efficient, since 

the number of transformants determines the complexity of the library and in turn the 

potential to isolate high affinity binders.  

Staphylococcus carnosus demonstrates several traits attractive for display of 

heterologous proteins on the surface and subsequent fluorescence-activated cell 

sorting. The cell is viable in harsh conditions and thus suitable for high-speed flow-

cytometric sortings247. It has a single cell membrane architecture, resulting in efficient 

translocation of proteins for display on the surface. Recombinant proteins are 

displayed by a C-terminal anchoring mechanism, allowing for introduction of 

relatively large fusions226. Moreover, the staphylococcal origin of both cell and surface 

anchoring cassette provides excellent conditions for functional display of 

staphylococcal protein A-derived affibody libraries. However, S. carnosus is a Gram-

positive bacterium and the rather thick peptidoglycan cell wall typically results in poor 

transformation frequencies compared to Gram-negative bacteria such as E. coli. 

Electroporation is usually the preferred technique when high frequency 

transformations are desired. When DNA is delivered using electroporation, an electric 

field is applied over the cell suspension, resulting in pore formation in order to reduce 

the electric potential over the cell membrane, which in turn results in an increased 

permeability248.  

In this study, the electroporation protocol for transformation of S. carnosus was 

optimized in order to obtain frequencies required for construction of large cell-

displayed combinatorial libraries, and parameters in all steps of the procedure were 

thoroughly investigated. The vector used for expression and subsequent display of 

recombinant proteins on S. carnosus is a so-called shuttle vector.  
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The shuttle vector contains one origin of replication for E. coli and one for 

replication in staphylococci, enabling more efficient library construction and cloning 

in E. coli followed by transformation of the E. coli-prepared DNA library to S. carnosus. 

However, transformations using DNA prepared from another species or even another 

strain is generally challenging. The proposed main reason is differences in methylation 

patterns, resulting in recognition of the 

delivered DNA as foreign and its 

subsequent fragmentation by restriction 

enzymes. Various approaches have been 

described to circumvent this restriction 

barrier, such as passing the vector 

through a mutated strain defective in the 

restriction system249, treating the vector 

with cell extracts for in vitro 

methylation250 or temporarily inactivating 

the restriction machinery of the host 

strain251. Therefore, in addition to the 

optimization of various parameters in 

the electroporation process, we also 

investigated the possibility to increase 

the transformation efficiency by 

knocking out the staphylococcal 

restriction enzymes as a result of heating 

the bacteria prior to transformation.  

In summary, the main 

improvements from the optimization 

were a result of: i) adding sucrose to the 

electroporation buffer, acting as an osmotic stabilizer; ii) increasing the amount of 

DNA in the electroporation; iii) performing electroporation at room temperature; iv) 

using B2 medium252 for recovery instead of SMMP medium253. However, the largest 

positive effect on the transformation frequency was a result of the heat treatment. In 

addition, the effect of heat treatment when electroporation was conducted with vector 

prepared from staphylococci was considerably smaller, supporting the previously 

proposed theory that heating cells results in a temporary inactivation of the restriction 

Fig 7.5  Heat-induced inactivation of the 
S. carnosus restriction system.  
Black bars represent transformation 
frequency obtained for non heat-treated 
cells transformed with plasmid DNA 
prepared from E. coli and S. carnosus, 
respectively. White bars represent 
transformation frequency obtained for 
heat-treated cells transformed with plasmid 
DNA prepared from E. coli and S. carnosus, 
respectively. 
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system allowing foreign DNA to be replicated and thereby rescued from degradation 

(Fig. 7.5). In table 7.2, the novel improved protocol is compared to the original 

protocol used for electroporation of S. carnosus. 

 

 

Table 7.2  Initial and optimized procedures for transformation of S. carnosus 

 Step Initial procedure Optimized procedure 

Preparation of cells Growth from OD578 0.1 – 0.6  Growth from OD578 0.5 – 0.6  

Thawing of cells 10 min on ice 5 min on ice, 30 min at room 
temperature 
 

Heat treatment - 56 oC for 2 min followed by a 
washing step 
 

Electroporation buffer 10% glycerol 0.5 M sucrose and 10% glycerol 
 

Amount of plasmid DNA 1 g 4 g 

Electroporation 
conditions 

Cells, cuvettes, medium on ice Cells, cuvettes and medium at  
room temperature 
 

Electric pulse 20 kV for 2.5 ms (untruncated) 
 

21 kV for 1.1 ms (truncated) 

Recovery SMMP medium, 37 oC, 48 h 
 

B2 medium, 37 oC, 48 h 

Freezing of cells Liquid nitrogen, -80 oC   freezer 
 

-80 oC freezer 

Transformation frequency 
(cfu transformation -1) 

101-102 105-106 

 

 

In order to verify that colonies growing after transformation contained the 

plasmid and expressed the recombinant Z domain on the surface, surface expression 

was analyzed using flow cytometry. The results demonstrated that transformed cells 

expressed both the Z domain and the normalization tag (ABP) in a functional form 

on the surface (Fig. 7.6). 
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In conclusion, the transformation frequency of S. carnosus was optimized around 

10,000-fold to a level (105 – 106 cfu per transformation) sufficient for construction of 

high-complexity combinatorial libraries for affinity maturation purposes and perhaps 

even for construction of naïve libraries through repeated transformations. 

Fig 7.6  Results from the flow-cytometric analysis comparing the expression levels of 
recombinant protein for a transformed cell population and a positive control. The dot plots 
show the fluorescence intensity corresponding to the IgG-binding level (y-axis; histograms 1) 
and the HSA-binding level (x-axis; histograms 2) of individual cells displaying recombinant 
proteins on the surface. The histograms corresponding to both parameters are shown as in-sets 
next to the axes. (A) The IgG-binding level and HSA-binding level for the entire population of 
transformed cells from an electroporation. (B) The IgG-binding level and HSA-binding level 
for a population of cells grown from a previously verified colony of cells containing the 
plasmid DNA and expressing the recombinant protein and used here as a positive control. 
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7.4 A novel affinity protein selection system based on 
staphylococcal cell surface display and flow 
cytometry (IV) 

The successful optimization of the transformation frequency of S. carnosus in paper III 

provided means for evaluation of the staphylococcal system in real library sortings for 

generation of new affibody molecules. However, even though the transformation 

frequency was increased around 10,000-fold, construction of large naïve libraries 

(preferably with a complexity > 109) for de novo selections would require at least one 

thousand individual transformations. In addition, despite the relatively high sorting 

rates that can be achieved using high-end flow cytometers, thorough sampling of such 

large libraries would take tens of hours and are not realistic. Sortings from large cell-

displayed libraries are hence generally preceded by a selection step (e.g. magnetic 

bead-based panning) in order to enrich for binders and reduce complexity172,184,254.  

In this study, we performed such a pre-enrichment using one cycle of phage 

display-mediated selection followed by transfer of the affibody library to staphylococci 

and quantitative flow-cytometric sorting for isolation of binders. In so doing, the large 

library complexity that is more readily created by transformations of E. coli could 

thereby be screened using quantitative FACS.   

A previously described phage-displayed affibody library106 was enriched using 

one selection cycle against human tumor necrosis factor alpha (TNF-alpha). The 

phagemid-encoded library was thereafter infected into E. coli, amplified by growth and 

prepared for transfer to staphylococci. In order to facilitate transfer of the randomized 

affibody library between phagemid and staphylococcal display vector, the 

staphylococcal vector, pSCXm244, was redesigned. A dummy fragment was introduced 

to increase subcloning efficiency, as well as two new restriction sites. The restriction 

sites mirror the sites in the phagemid and ensure in-frame subcloning, obviating the 

need for PCR amplification (Fig. 7.7a). After subcloning to the new staphylococcal 

vector (pSCZ1), the pre-enriched affibody library was transformed to staphylococci 

using the optimized protocol described in paper III, yielding 1.1  106 individual 

transformants. 

Since this was the first reported combinatorial protein library displayed on 

staphylococci and even on Gram-positive bacteria in general, important issues such as 
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proportion of functionally displayed 

library members and growth bias 

were addressed before any sortings 

were conducted. A part of the 

subcloned library was first sequenced 

in order to estimate the quality of 

clones enriched using phage display. 

Sequencing demonstrated that around 

70% of the colonies contained inserts 

of correct length. To assess the 

proportion of the unsorted library 

that was functionally displayed on the 

surface, a flow-cytometric analysis 

was conducted using ABP as surface 

expression marker. The results 

demonstrated that around 20% of the 

cells expressed functional ABP on the 

surface (Fig. 7.7b). One reason for 

the relatively low proportion is the 

NNK codon randomizations (N is 

nucleotides A/G/C/T, K is G/T) 

Fig 7.7  (A) Schematic representation of 
the staphylococcal surface display vector 
pSCZ1. (B) Histogram showing the result 
from flow-cytometric analysis of unsorted 
Sc:ZTNF-alphaLIB to determine the 
percentage of ABP-expressing cells. The 
region is set to gate cells with functional 
ABP fusion binding fluorescently labeled 
HSA (C) Histogram showing the 
percentage of ABP-expressing cells in the 
unsorted staphylococcal library after each 
passage in total 4 passages (1,000–fold 
amplification per passage). 
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used for diversification of the affibody library. The use of NNK degenerate codons 

introduces amber stop codons (TAG) at randomized positions. Amber codons result 

in a partial ‘read through’ in the E. coli strain used in phage display but not in 

staphylococci, giving rise to premature termination and no cell surface anchoring. 

Furthermore, in phage display, full-length inserts typically have larger negative effects 

on both the phage life cycle and host cell viability, resulting in a bias for truncated 

variants. In addition, certain affibody sequences might result in poor display levels on 

the staphylococcal cell surface. However, when summarizing the results from previous 

studies, in which the staphylococcal system has been used for display of individual 

affibody variants, the success rate is 100%, strongly suggesting that affibody molecules 

are typically readily displayed on S. carnosus 225,255.  

In order to verify that the library could be amplified by growth in between sorting 

cycles without generating substantial bias, a growth experiment was conducted. The 

staphylococcal library was amplified by growth in four passages resulting in 1,000-fold 

amplification per passage and trillion-fold amplification in total. After each passage, 

the percentage of the population expressing functional ABP on the surface was 

analyzed using flow cytometry. The results demonstrated a proportion around 20% in 

each round, indicating similar growth rate on average of displaying cells compared to 

non-displaying cells (Fig. 7.7c). Minimal growth bias is important, since it not only 

ensures efficient isolation of high-affinity binders but also provides means for 

practically indefinite use of a library once it is constructed. 

In order to isolate affibody molecules with affinity for TNF-alpha, the 

staphylococcal library was screened and sorted using flow cytometry. Normalized 

gating was employed (more details regarding normalization are found in paper I) and 

after three rounds of sorting with increasing stringency, individual cells were sorted 

into 96-well plates for sequencing and verification of affinity (Fig. 7.8a). Sequencing 

of isolated clones yielded 15 unique sequences among which three appeared more 

than once and one was dominating (Fig. 7.8b). The 15 unique clones were analyzed in 

a whole cell ELISA for verification of target binding activity. The three dominating 

clones were positive whereas the other twelve were negative. However, in summary, 

around 99% of isolated cells demonstrated affinity for TNF-alpha, confirming the 

high purity typically achieved in flow-cytometric sorting. Since one clone dominated 

the isolated population (ZTNF-alpha1, approximately 95%), a growth-rate experiment was 
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Fig 7.8  (A) Dot plots showing results from flow-cytometric sortings of Sc:ZTNF-alphaLIB. FL-
4 channel fluorescence intensity corresponding to surface expression level (monitored via 
HSA binding) on the x-axis and FL-2 channel fluorescence corresponding to TNF-alpha 
binding on the y-axis. Dot plots are showing the staphylococcal library before flow-
cytometric sorting round 1, 2 and 3 respectively with regions used in gating. (B) Amino acid 
sequences of the parental Zwt with randomized positions indicated with • and isolated TNF-
alpha binding affibody molecules ZTNF-alpha1, ZTNF-alpha2 and ZTNF-alpha3. Approximate 
representation (%) among sequenced clones is shown after each sequence 

carried out in order to verify that the enrichment was due to high affinity and not 

because of faster growth in between cycles. 
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Staphylococcal cells expressing ZTNF-alpha1 

were mixed with the unsorted library at 

approximately a 1:20 ratio. The cell mix was 

thereafter passaged two times and analyzed 

before and after each passage in the flow 

cytometer for TNF-alpha binding. The analysis 

demonstrated a relatively constant ratio around 

5% in each round, indicating a growth rate of 

cells displaying ZTNF-alpha1 similar to the average 

growth rate of the unsorted library. 

The dissociation constant was determined 

for all three isolated affibody molecules directly 

on-cell using flow cytometry (Fig. 7.9, Table 

7.3). The results revealed that the most 

dominating clone after sorting (ZTNF-alpha1) also 

demonstrated the highest affinity for TNF-alpha 

(95 pM), suggesting quantitative sorting. 

Table 7.3 | Affinities of the three affibody molecules for TNF-alpha 

Clone KD  (on-cell, nM, mean ± SD)a KD  (Biacore, nM, mean ± SD)b 

ZTNF-alpha1 0.095 ± 0.0085 0.77 ± 0.15 

ZTNF-alpha2 0.3 ± 0.05 1.7 ± 0.08 

ZTNF-alpha3 2.2 ± 0.8 6.6 ± 0.6 

a Performed in triplicates on different days 
b Performed in duplicates on different days with duplicates of each concentration. 

Fig 7.9  On-cell determination of the equilibrium 
dissociation constant (KD) for the three different 
affibody molecules using flow cytometry. Binding 
isotherms with the MFI from the flow-cytometric 
analysis on the y-axis and the TNF-alpha 
concentration on the x-axis. Solid line represents the 
equation from fitting data to a monovalent binding 
model. Inset: Histograms showing the TNF-alpha 
binding signal after incubation in different TNF-alpha 
concentrations and flow-cytometric analysis. 
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Fig 7.10  On-cell competition analysis. FL-2 fluorescence corresponding to the TNF-alpha 
binding signal on the x-axis. Rightmost peaks in histograms are showing TNF-alpha binding 
without competition (control). Leftmost peaks in histograms are showing TNF-alpha binding 
with competition. The percentage (%) of remaining binding activity after blocking is shown in 
each histogram and calculated as: MFIComp/MFIControl  100. (A) Competition with a ten times 
molar excess of Adalimumab over TNF-alpha. (B) Competition with a ten times molar excess of 
Etanercept over TNF-alpha. (C) Competition with a ten times molar excess of Infliximab over 
TNF-alpha. (D) Competition with a ten times molar excess of pAb over TNF-alpha. 
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In order to verify the determined affinities, the affibody molecules were produced 

in E. coli and immobilized on three biacore chip surfaces. The relative order of 

affinities determined using biacore was in agreement to the results obtained on-cell, 

albeit with a three to six-fold lower affinity (Table 7.3), supporting the differences 

between the methods demonstrated in paper II. TNF-alpha is primarily in a 

homotrimeric form at the concentrations used in these experiments, resulting in 

avidity effects upon affinity characterization. In addition, the contribution from 

avidity is dictated by orientation and density of the binder on the surface, giving rise 

to distinct effects on the cell surface in comparison to the biacore chip surface50 

(discussed in more detail in paper II). 

The interactions between isolated affibody molecules and TNF-alpha were 

subsequently investigated in a competition assay directly on the cell surface. Two 

monoclonal antibodies (infliximab and adalimumab) and one recombinant TNF-alpha 

receptor fusion protein (etanercept) were incubated with TNF-alpha (ten-fold molar 

excess over TNF-alpha) prior to incubation with staphylococci displaying affibody 

molecules and subsequent analysis. The flow-cytometric analysis demonstrated a 

nearly total reduction of signal after pre-incubation with adalimumab, indicating an 

overlapping epitope (Fig. 7.10a). In contrast, pre-incubation with infliximab and 

etanercept resulted in less pronounced effects (Fig. 7.10b, c). However, due to the 

interaction mechanism between receptor and TNF-alpha, etanercept can only block 

two of the three TNF-alpha subunits simultaneously, which might explain the partially 

reduced signal in the latter case. Polyclonal IgG was employed as negative control in 

the assays and resulted in no detectable blocking of TNF-alpha binding and hence 

supported specific competition in the above experiments (Fig.  7.10d). 

To conclude, in this study we evaluated the use of staphylococcal surface display 

for generation of novel affinity proteins from a large naïve affibody library. Prior to 

cell sorting, one cycle of phage display was used in order to enrich for binders and 

reduce the complexity of the library. The reduction in complexity filled two important 

functions: i) the enriched library could relatively easily be transformed to 

staphylococci and ii) the enriched library was small enough to be screened using flow 

cytometry in a reasonable time frame. Flow-cytometric sortings generated three 

affibody molecules, the strongest of which demonstrated an apparent affinity of 95 

pM for TNF-alpha. In addition, amplification experiments revealed that display of 

heterologous proteins had no detectable negative effect on staphylococcal growth rate 
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in general, supporting previous indications regarding the suitability of the system for 

functional display of staphylococcal-derived affibody libraries. 
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7.5 Simplified characterization through site-specific 
protease-mediated release of affinity proteins 
selected by staphylococcal display (V) 

 

In this study we investigated the use of staphylococcal surface display for small-scale 

production of soluble affinity proteins intended for initial evaluation studies such as 

biosensor analysis and various bioassays. Typically, after selection of specific affinity 

proteins and on-cell affinity characterization using cell display systems, soluble protein 

is desired for further detailed investigations. For a more rapid protocol, circumventing 

subcloning to an expression host, a strategy for production of soluble affinity proteins 

directly from the staphylococcal display vector was implemented and evaluated (Fig. 

7.11a). The approach was to introduce a unique protease cleavage site in the displayed 

fusion protein, providing means for specific proteolytic cleavage on the cell surface 

and release of the affinity protein. The ‘secretion’ into the medium should result in 

high purity and due to the low extracellular proteolytic activity of S. carnosus also in a 

relatively high yield of full-length protein219. Moreover, to allow for separation of 

affinity protein from protease after cleavage, an affinity tag should also be present in 

the released fusion protein. 

In order to investigate the new strategy, three novel display vectors were 

constructed. The previously described pSCX:Zwt244 was used as parental vector for all 

cloning work. As a protease recognition site, the sequence EALFQGP was chosen, 

enabling specific cleavage using protease 3C from coxsackievirus B3256 and PreScisson 

(trade name), a protease from a related rhinovirus257. In the first vector (pHis3C), a 

gene fragment encoding a His tag followed by the protease recognition sequence was 

introduced on the N-terminal side of the ABP normalization tag (Fig. 7.11b). In the 

second vector (pABP3C), a gene fragment encoding the protease recognition 

sequence was introduced on the C-terminal side of ABP tag next to the anchoring 

region and hence would ABP function as affinity tag after cleavage (Fig. 7.11b). In the 

third vector (pABD3C), a gene fragment, encoding a 46 residue albumin-binding 

domain (ABD) followed by the recognition sequence, was introduced on the N-

terminal side of the ABP tag (Fig. 7.11b).  
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Fig 7.11  (A) A schematic overview of the procedure for on-cell cleavage and purification 
of affinity proteins displayed on staphylococcal cells. Selected staphylococcal clones are 
individually cultivated and treated with a site-specific 3C protease, followed by an affinity 
purification of released proteins in fusion with a protein purification tag (black square). (B) 
Expression cassettes of vectors pHis3C, pABP3C and pABD3C, respectively. Constructed 
for proteolytic cleavage of surface displayed proteins using a 3C protease. Abbreviations: 
His6, hexahistidine used for protein purification in pHis3C; 3C, recognition sequence for 
protease 3C. For additional abbreviations see figure 6.1. 
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Each new vector construct was investigated with respect to: transformation 

frequency, surface expression level and on-cell cleavage efficiency. As expected, 

transformation frequency correlated with the size of the plasmid and the observed 

transformation frequency for the larger pABD3C was around three-fold lower 

compared to the parental vector (Table 7.4). Since the vector is intended for use in 

combinatorial library constructions, the reduced transformation efficiency is 

disadvantageous.  

In order to verify a maintained functional display for the newly constructed 

recombinant fusion proteins, surface expression levels were investigated using flow 

cytometry. The results demonstrated similar levels compared to the parental construct, 

indicating that the introduction of protease sites and additional affinity tags did not 

have any substantial negative impact on the display level (Fig. 7.12a). Furthermore, in 

order to investigate the accessibility of the protease sites in the three constructs, 

staphylococcal cells displaying respective fusion protein were incubated with protease. 

After cleavage, supernatants were collected and purified from protease using affinity 

chromatography (IMAC and HSA affinity chromatography, respectively). 

Polyacrylamide gel electrophoresis verified pure proteins in the correct size range with 

no detectable degradation.  For confirmation of retained functionality (affinity for 

human IgG) after proteolytic digestion and purification, the three purified fusion 

proteins were analyzed for IgG-binding in a biosensor assay and the results 

demonstrated intact functionality for all three recombinant proteins. Moreover, in 

order to obtain a measurement of the on-cell cleavage efficiency, protease-treated 

staphylococcal cells were analyzed using flow cytometry. The results were similar for 

all three constructs, demonstrating around 80% lower IgG-binding signal after 

proteolytic cleavage (Fig. 7.12b).  

 

 
Table 7.4  Transformation efficiency of the new staphylococcal vectors containing protease sites and   
purification tags 

Vector  Plasmid size (bp) 
Theoretical purified fusion 
protein weight (kDa) 

Transformation frequencya 
(cfu/transformation) 

pHis3C 7853 33.0 1.0  105 ± 0.3  105 

pABP3C 7844 55.7 1.1  105 ± 0.3  105 

pABD3C 7970 37.6 3.6  104 ± 0.4  104 

pSCX:Zwt 7823 N/A 1.4  105 ± 0.6  105 

aMean ± SD. Performed in four replicates.  



64 Staphylococcal surface display for protein engineering and characterization 

 

 

 

Finally, for an additional verification of the production strategy, a previously 

isolated affibody119 with picomolar affinity for human epidermal growth factor 2 

(HER2) was subcloned to the pHis3C vector. The ZHER2 domain was displayed on the 

staphylococcal surface, released from the cell surface into the medium by proteolytic 

cleavage and separated from protease using IMAC as described above. Without any 

Fig 7.12  (A) Histograms from flow-cytometric analysis showing fluorescence intensities 
corresponding to the IgG-binding level of staphylococcal cells expressing Zwt on the surface 
from the vectors; pHis3C, pABP3C and pABD3C, respectively. In-set histograms showing 
IgG-binding of staphylococcal cells containing the parental vector pSCX:Zwt analyzed at the 
same day as a positive control. Mean fluorescence intensities for respective population are 
indicated in the upper right corner of each histogram. (B) Histograms from flow-cytometric 
analysis showing mean fluorescence intensities corresponding to the IgG-binding level of 
staphylococcal cells expressing Zwt on the surface from the vectors pHis3C, pABP3C and 
pABD3C respectively, before (rightmost peaks) and after proteolytic cleavage with protease 3C 
(leftmost peaks).  
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Fig 7.13  Histogram obtained from flow-
cytometric analysis of on-cell cleaved and 
purified ZHER2-His6 binding to BT-474 
human breast cancer cells. ZHER2-His6 was 
detected with biotinylated anti-Penta-His 
antibody and stained with streptavidin, 
Alexa Fluor® 488 conjugate.  For a negative 
control, cells were incubated with 
biotinylated anti-Penta-His antibody only 
and stained likewise. For a positive control, 
BT-474 human breast cancer cells were 
incubated with a commercially available 
anti-HER2 affibody-fluorescein conjugate.  

additional purification or manipulation, the affibody in fusion with the His tag was 

employed in a flow-cytometric assay for analysis of HER2 surface expression on 

human breast cancer cells. In order to circumvent the need for covalent labeling of 

the affibody molecule, the His tag in combination with a labeled antibody directed 

towards the tag was utilized for fluorescent detection of bound affibody molecules on 

the cell surface. The flow-cytometric analysis demonstrated high HER2-expression on 

the cancer cells using specific affibody molecules produced from staphylococci by 

means of the newly devised protocol (Fig. 7.13).  The results were verified using a 

commercial anti-HER2 affibody and the 

negative control, in which cells were 

incubated with secondary reagents 

showed low fluorescence intensity (Fig. 

7.13). 

In conclusion, the study 

demonstrated that protease sites could 

be introduced at different locations in 

the surface-displayed fusion protein 

without any detectable negative effect on 

the display level. The protease site was 

functional at all three locations and 

provided means for proteolytic release of 

displayed affinity protein in order to 

readily produce small amounts of high-

purity soluble protein for downstream 

assays. The introduced affinity tags were 

successfully employed for single step 

removal of protease after cleavage, and 

the functionality of purified proteins was 

demonstrated using biosensor analysis 

and a cell-based bioassay. The protocol 

enables rapid soluble production after 

affinity protein generation in order to 

evaluate and rank a larger set of candidate 

clones. 
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7.6 Combinatorial epitope mapping of antibodies using 
staphylococcal surface display  (VI) 

 

The Swedish Human Protein Atlas (HPA) program is a large-scale proteomics 

initiative with the objective to, among other things, produce antibodies towards all 

non-redundant human proteins258. In the project, antibodies are generated by 

immunization of mainly rabbits and subsequent affinity purification of sera using 

immobilized antigen in order to obtain mono-specific reagents. However, although 

mono-specific, the antibodies are still polyclonal. Since antibodies and results from 

various bioassays conducted with the antibodies are made publicly available, quality 

assurance and detailed characterization of produced reagents is of great importance. 

One such assay for downstream characterization is epitope mapping, which was 

investigated in this study. Information regarding corresponding epitopes is not only 

valuable for the end-user, but might also generate important knowledge for 

optimization of antigen design. 

In this study, a strategy for efficient mapping of corresponding epitopes of not 

only monoclonal, but also polyclonal antibodies was devised. Polyclonal antibodies 

typically interact with several epitopes on the antigen, making epitope mapping less 

straightforward compared to mapping of monoclonal molecules. Random 

mutagenesis methods (described in chapter 5) are relatively successful for 

identification of both linear and conformational epitopes on antigens207,212. However, 

for characterization of polyclonal antibodies the method may prove difficult, primarily 

since a mutation introduced into the antigen may decrease the affinity of only a minor 

fraction of the polyclonal antibody population, resulting in difficulties to probe the 

effect and thus identify the epitope. In contrast, peptide-based methods for epitope 

mapping are potentially more suitable. Moreover, the relatively short antigens 

(typically 100 - 150 amino acids) produced for immunization in the HPA project give 

most likely rise to more or less linear epitopes, well-suited for mapping using peptide 

approaches258.  

The strategy employed in this study is based on expression of peptide libraries 

on the surface of S. carnosus followed by FACS for isolation of epitope-displaying cells 

and subsequent identification by sequencing of co-selected DNA (Fig. 7.14).  
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Libraries are derived from the antigen and created by random fragmentation of 

the antigen-encoding gene using sonication. In order to display the peptides on the 

staphylococcal surface, gene fragments are subcloned into a modified version of the 

previously described display vector and delivered to staphylococci using 

electroporation. For epitope identification, the cell-displayed peptide library is 

incubated with labeled antibody followed by flow-cytometric sorting and subsequent 

sequencing. In the flow-cytometric sorting, we employ the previously described 

normalization approach (described and evaluated in paper I) for real-time monitoring 

of the surface expression level, providing several important advantages for epitope 

Fig 7.14  Schematic representation of the epitope mapping approach. 
The gene encoding the antigen is amplified by PCR and fragmentized by sonication. Ends are 
repaired and the gene fragments are ligated into the staphylococcal display vector (pSCEM1) and 
transformed into S. carnosus. In-frame fragments are displayed on the staphylococcal surface and 
positive and negative cells are sorted using flow cytometry in order to isolate epitope and non-
epitope containing peptides. Isolated cells are finally sequenced for identification of epitopes. 
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mapping of polyclonal antibodies. The normalization strategy significantly decreases 

cell-to-cell variations and enables discrimination of distinct epitope populations; both 

visually during flow-cytometric analysis and physically through FACS. The 

discrimination in turn enables isolation and identification of also ‘weaker’ epitopes, 

which might be complicated to enrich using biopanning in, for example, phage 

display. The normalization also provides means for efficient negative selection, since 

cells displaying non-binding peptides are easily distinguished from cells containing 

out-of-frame gene fragments and thus not expressing peptides. Combining data from 

negative and positive selections should have the potential to improve the mapping 

resolution even further.  

 

Fig 7.15  Schematic representation of epitope mapping results. 
Dot plots showing sorting of the staphylococcal-displayed HER2-ECD and FLAG peptide library 
incubated with an anti-FLAG monoclonal antibody, an anti-HER2 polyclonal antibody (pAb) and 
an anti-HER2 monoclonal antibody (mAb), respectively. Colored bars indicate sequences 
obtained from pyrosequencing of isolated clones.  
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In order to investigate the epitope mapping strategy, a library comprising 

approximately 30,000 gene fragments covering the extra-cellular region of human 

epidermal growth factor receptor 2 (HER2-ECD) and a FLAG tag was subcloned to 

the display vector and corresponding peptides were expressed on the surface of 

staphylococci.  

 

 

Five mono-specific polyclonal antibodies generated in the HPA project and 

directed at different parts of the antigen, as well as one commercial monoclonal anti-

HER2 antibody and one commercial polyclonal anti-HER2 antibody were employed 

Fig 7.16  Schematic representation of epitope mapping results. 
Dot plots showing sorting of the staphylococcal-displayed HER2-ECD and FLAG peptide 
library incubated with five different mono-specific anti-HER2 polyclonal antibodies, raised 
against five distinct domains respectively. Colored bars indicate sequences obtained from 
pyrosequencing of isolated clones.  
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for epitope mapping studies. In addition, since a FLAG tag was part of the construct 

and hence the library, an anti-FLAG tag monoclonal antibody was also included as a 

positive control.  

 

Two successive rounds of flow-cytometric sorting were typically conducted for 

isolation of both negative and positive cells. The insert region of the display vector 

from sorted cells was amplified by PCR and each end of the insert was thereafter 

sequenced by pyrosequencing in order to identify the epitopes. The corresponding 

epitopes for all eight antibodies were successfully mapped to the correct regions of the 

Fig 7.17  Schematic representation of epitope mapping results. 
Dot plots showing the second sorting of the staphylococcal-displayed ephrin-B3 peptide 
library incubated with three different monospecific anti-ephrin-B3 polyclonal antibodies, raised 
against the same antigen. Colored bars indicate sequences obtained from pyrosequencing of 
isolated clones. Note that red bars indicate sequences from negative cells, displaying ABP on 
the surface, but not demonstrating any antibody binding. 
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receptor and FLAG tag (Fig. 7.15) and several different epitopes were both visualized 

and identified for the mono-specific polyclonal antibodies (Fig. 7.16).  

A second library was generated, based on fragments of the human ephrin-B3 

protein and three mono-specific polyclonal antibodies from the HPA project, 

generated by immunizations of one antigen (part of ephrin-B3) in three different 

rabbits, were investigated in principle as described above. Interestingly, sequencing of 

isolated clones revealed the same dominating epitope for all three antibodies. 

However, the epitope patterns were distinct for each antibody preparation (Fig. 7.17). 

One of the mono-specific antibodies demonstrated only the dominating epitope. In 

contrast, one additional population was visualized in the flow cytometer for the two 

other mono-specific antibodies and subsequent sequencing verified the existence of 

one more epitope. Without visualization in the flow cytometer and the fine affinity 

discrimination capacity due to normalization, it is likely that the additional epitope 

would have remained unidentified. 

Altogether, we have demonstrated that display of antigen-derived peptide 

libraries on the surface of staphylococci in combination with fluorescence-activated 

cell sorting is an efficient strategy for epitope mapping of both monoclonal and 

polyclonal antibodies. In addition, more complex epitope patterns corresponding to 

polyclonal antibodies can also be elucidated employing the approach. 
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7.7  Conclusions and future 

  

Directed evolution by means of selection or sorting from combinatorial libraries is a 

powerful approach for engineering of protein function. In the introduction of this 

thesis, different display methods and scaffolds for such purposes have been compared 

and discussed.  

The investigation presented in this thesis includes the development and 

application of a staphylococcal display method for protein engineering and 

characterization. In two initial studies, several key issues for the staphylococcal display 

system were addressed. Firstly, a dual-labeling approach was implemented in order to 

achieve normalization of the target-binding signal (paper I). Normalization reduced 

the distribution caused by variations in expression level, which in turn resulted in a 

dramatic increase in discrimination ability of the staphylococcal selection system. 

Secondly, the rather poor transformation efficiency of S. carnosus was optimized 

around 10,000-fold (paper III). Since combinatorial protein engineering is dependent 

on construction of high-complexity libraries, the outcome of this optimization was 

paramount for future applications. The successful results obtained in paper I and III 

enabled evaluation of the staphylococcal display system for de novo generation of 

affibody molecules from large combinatorial libraries. In paper IV, an affibody library 

was hence displayed on the surface of S. carnosus and three affibody molecules were 

isolated and characterized, demonstrating high affinity for TNF-alpha.  

Furthermore, the staphylococcal display system was also investigated for 

characterization purposes. In paper II, it was demonstrated that staphylococcal display 

might be used for affinity determinations of isolated binders directly on the cell 

surface, thus increasing throughput after selection considerably. In paper V, 

staphylococcal surface display was employed for production of soluble affinity 

proteins from the display vector, obviating the initial need for subcloning of generated 

candidates. In the last paper, libraries comprised of peptides from fragmentized 

antigens were displayed on the staphylococcal surface for epitope mapping purposes. 

The normalization approach evaluated in paper I together with flow-cytometric 

analysis provided means for discrimination and subsequent identification of distinct 

corresponding epitope patterns of polyclonal antibody populations. 



  John Löfblom 73 

Although initial applications were successful and high-affinity binders have been 

generated using the method, the staphylococcal display technology for protein 

engineering is still relatively new and should have the potential to be improved even 

further. 

The complexity of displayed libraries is always an issue when improvements of 

combinatorial systems are discussed. Despite the rather substantial increase in 

transformation frequency obtained in paper III, compared to transformation of E. coli, 

the protocol is still at least 100-fold less efficient. A second optimization attempt of 

different parameters in the electroporation process would most likely yield a slight 

improvement. However, transformation efficiency is correlated to plasmid size and 

the current staphylococcal display vector is over 8000 bp in length, which probably 

limits the obtainable frequency considerably. Thus, redesigning the vector with the 

overall objective to reduce size might be the easiest approach in order to achieve a 

significant increase in transformation efficiency. 

In contrast to increasing the practical library size, an alternative option is to 

decrease complexity of the theoretical library, thereby improving coverage. The 

reduction can be accomplished either by removing one or more randomized positions 

or by diminishing the number of amino acids used in randomization. Thirteen of 58 

positions are randomized using NNK degenerate codons in the current affibody 

library. One obvious improvement would be to remove the amber stop codon from 

the randomizations, resulting in a nearly two-fold better coverage. In addition, certain 

residues, such as cysteines, are often problematic and might be abolished. Moreover, 

careful investigation of previously selected sequences may potentially reveal 

information regarding over or under-representation of certain residues indicating their 

respective importance for interactions. Studies with antibodies and other scaffolds 

have demonstrated that libraries with more focused diversities can be used to yield 

high affinity binders259,260. In extreme cases, binders with low nanomolar affinity have 

for example been isolated from ‘binary’ libraries using only serine and tyrosine in 

randomized positions261-263. 

Combining staphylococcal surface display with one or a few initial selection cycles 

using a different display system is an alternative approach to allow for screening of 

larger libraries. In paper IV, phage display was employed for such purposes and 

enabled sampling of an affibody library comprising several billion members. However, 
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the approach is not restricted to phage display; a cell-free display system (e.g. 

ribosome or microbead display) should increase the potential library size even further. 

The results obtained primarily in paper IV indicate that the display system is 

highly suitable for display of staphylococcal-derived affibody libraries. No growth bias 

could be detected even though a constitutive promoter was used for expression of 

recombinant proteins. However, employment of an inducible promoter might be 

considered in order to minimize the risk of such potential biases, especially if the 

technology is intended for display of more complex proteins (e.g. antibody 

fragments). Several inducible staphylococcal promoters have been investigated and are 

available221,224,264-266, of which the xylose promoter has been most extensively utilized 

for recombinant protein production in S. carnosus and should be a first choice for 

evaluation. 

As for a long-term perspective: eventually, rational design for engineering of 

protein function will be sufficiently improved, resulting in a decreased need for 

directed evolution approaches. However, that scenario is not yet in any near future 

and until then, staphylococcal surface display will hopefully be one of several 

influential technologies for protein engineering. 
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