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Abstract 
Millions of years of evolution have resulted in an immense number of different proteins, which 
participate in virtually every process within cells and thus are of utmost importance for all 
known forms of life. In addition, there are several examples of natural proteins which have 
found use in applications outside their natural environment, such as the use of enzymes in 
food industry and washing powders or the use of antibodies in diagnostic, bioseparation or 
therapeutic applications. To improve the performance of proteins in such applications, a 
number of techniques, all collectively referred to as ‘protein engineering’, are performed in the 
laboratory. 
Traditionally, methods involving ‘rational design’, where a few alterations are introduced at 
specific protein locations to hopefully result in expected improvements have been applied. 
However, the use of more recent techniques involving a simultaneous construction of a large 
number of candidate variants (protein libraries) by various diversification principles, from 
which rare clones showing enhanced properties can be isolated have contributed greatly to the 
field of protein engineering.  
In the present thesis, different protein traits of biotechnological importance have been 
addressed for improvements by the use of such methods, in which there is a crucial need to 
maintain a clonal link between the genotype and the phenotype to allow an identification of 
protein library members isolated by virtue of their functional properties. In all protein library 
investigations included in this thesis this coupling has been obtained by Escherichia coli bacterial 
cell-membrane compartmental confinement. 
In  a first study, a combination of error prone PCR and gene-shuffling was applied to the 
Tobacco Etch Virus (TEV)-protease gene in order to produce collections from which genes 
encoding variants showing an enhanced soluble expression of the enzyme frequently used in 
biotechnology to cleave fusion proteins were identified. Using Green Fluorescence Protein 
(GFP)-based cell fluorescence analysis, a clone with a five-fold increase in the yield of solubly 
produced protein was successfully isolated. In a second study, a novel and different GFP-
based selection system, in addition also involving targeted in vivo protein degradation principles, 
was employed for investigations of the substrate sequence space of the same protease. In two 
additional studies, a selection system denoted Protein Fragment Complementation Assay 
(PCA), based on the affinity driven structural complementation of a genetically split β-
lactamase enzyme was used to identify variants having desired target protein binding abilities, 
including both specificity and affinity. Using Darwinian principles concerning clonal growth 
advantages, affibody binding proteins showing sub-nanomolar dissociation constants to the 
human cytokine TNF-α were isolated. Taken together, these studies have shown that the 
bacterial format is very well suited for use in various aspects of protein library selection. 
 
Keywords: Affibody molecule, β-lactamase, combinatorial library, green fluorescent protein 
(GFP), protein engineering, protein fragment complementation assay (PCA), selection, TEV-
protease, TNF-α 
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1. Foreword 

Bio-technology, bio coming from the Greek word bios meaning life, technology 
coming from the Greek word tekhnologiā meaning systematic treatment of an art or 
craft. For a number of years I have apparently performed a systematic treatment of 
life, this indeed very well describes my work with in vivo bacterial library selections!  
My generation has witnessed an explosion of biotechnical development, words like 
protein-engineering, combinatorial library and degenerated oligonucleotides had 
hardly ever been spoken when I attended primary school. This does not however 
mean that the pre-biotechnology man did not try to obtain many of the achievements 
that we are exploring in the laboratory today! Of all species living on earth mankind 
shows the unique ability not only to make use of individuals of other species but we 
are also nursing and culturing them, we are even breeding them in order to make them 
give an offspring more suitable for our needs. About 10 000 years ago humans living 
in what we today call Mexico were harvesting the seeds of a natively growing grass, 
they had most certainly found the seeds to be both nourishing and of good taste. They 
probably realized that the seeds emerging on some of the plants were larger, more 
abundant or of better taste than on the other plants. At some point in the history a 
person realized that instead of walking over waste areas collecting the wild seeds from 
scattered populations one could actually plant some of the collected seeds on prepared 
ground close to the village. Of course we cannot know what seeds were chosen for 
use in this biological experiment but bearing in mind that humans living 10 000 years 
ago were as intelligent as we are today, I am quite certain that the choice was to sow 
seeds evolving from plants showing superior qualities. Thousands of years before 
Gregor Mendel found the laws of inheritance, for generations’ people were sowing the 
seeds from superior specimens, to give rise to a new generation of partly improved 
maize plants. These events have now been carried on for so long time that we 
nowadays cannot be certain about the ancestors of modern maize, mankind has 
created his own species in order to suit his needs, indeed a systematical treatment of 
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life. Plant breeding in a controlled scientific manner started to occur in the early 20th 
century. Utilizing the rediscovered works by Mendel plant breeders made controlled 
crossings between selected individuals in order to obtain improved plants. Very 
recently with our newfound knowledge in genetics and molecular biology we have 
been able to selectively introduce, eliminate and silence etc. the genes of our choice. 
With present technology we can probably in a few years achieve improvements that 
would have taken our pre-mendelian farmer a thousand years. 
So why am I writing this, judging from the title this thesis should not be about 
agriculture! The basis for this thesis are attempts performed in order to alter and 
improve not an entire organism like maize, but in my case proteins, the workhorses of 
living cells and thereby also of life itself. When applying the art of systematical 
treatment of life to proteins there are two major different approaches to choose from. 
One approach, usually called ‘rational design’, involves the studying of a protein very 
thoroughly and thereafter the production of a set of mutants carrying well thought-
out alterations, much like modern plant breeding. The other approach, the one I have 
chosen to use, involves the production of millions of different proteins with more or 
less random alterations at more or less well thought-out positions. The problem is 
now to find “the needle in the haystack”, the improved clones. The ancient Mexican 
relied on evolution to improve the crop, as humans always have done, but by selecting 
seeds from the plants he considered to better fit his demands he directed the 
evolution. He had no knowledge in the genetic events that actually improved his 
harvest, and he did not care as long as the result was improved. Contrary to the 
farmer I have some knowledge about genetics but still I can rarely predict the 
mutations responsible for improvements of the protein, so I do what humans have 
done for millenniums, I practice directed evolution. 

 
 
Tyresö 
August 2009  
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2. Proteins and the engineering 
of them 

2.1 Introduction 
It is now about 50 years since John Kendrew and Max Perutz published the first 

protein structures (of myoglobin and haemoglobin) [4-6] both derived from X-ray 
diffraction experiments. Although much of these findings merely were confirmations 
of extremely precise predictions made by Linus Pauling and co-workers [7, 8], this was 
the start of a new era. When for the first time scientists actually had knowledge about 
the structures of both individual proteins and DNA, an immediate interest not only in 
studying the naturally occurring proteins but also in trying to alter them in order to 
create proteins with new properties, must have arisen. In an experiment performed by 
Marshall Nirenberg and Heinrich J. Matthaei in 1961 [9] poly-uracil was added to a 
cell-free E. coli extract. Considered today’s knowledge the product obtained was not 
surprisingly a poly-phenylalanine peptide. If performed today, this experiment would 
probably not have been considered very exciting, however this is an historic 
publication and except from being one of the first protein expression trials (in vitro!) it 
marks the beginning of an understanding of the genetic code and the central dogma.  
 
In the early days, progress in the field of protein engineering was fairly slow due to the 
lack of tools. Only chemical and/or enzymatic modifications of proteins purified from 
natural sources were possible to perform. An example of chemical modification is the 
use of glutaraldehyde for stabilization of the enzyme carboxypeptidase facilitating 
crystallization and thereby X-ray structure determination [10]. One of the first big 
scientific steps towards protein engineering as we know it today, is the discovery and 
separation of enzymes that can manipulate genetic material by cutting it at well 
defined positions (restriction) and subsequently join it (ligation) [11-14]. These 
findings made it possible to clone genes and subsequently express their products in a 
selected host organism, a technique today known as recombinant DNA technology. 
In the first reported synthesis of a functional polypeptide product from a gene of 
chemically synthesized origin, published in 1977, Itakura and co-workers describes the 
expression of the human peptide hormone somatostatin as fused to the native 
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Escherichia coli β-galactosidase enzyme using E. coli as host [15]. About the time for 
Itakuras successful experiments, methods allowing rapid sequencing of DNA [16-18] 
and site directed (in vitro) mutagenesis [19] were presented, both today invaluable tools 
for the protein engineer. In site-directed mutagenesis the DNA sequence coding for a 
protein, often loosely referred to as a gene, is altered in one or more positions. 
Translation of these engineered DNA sequences produces proteins with altered 
structures and/or functions due to differences in amino-acid composition in the 
mutated positions. This method requires prior knowledge of the DNA sequence 
coding for the protein back then a challenging task, nowadays rarely a problem due to 
the advances in sequencing technology. 
 
The possibility to exchange the amino acid residue at a specific position to one or 
several others, perhaps to the whole spectrum of 20 different residues (a technique 
named saturation mutagenesis) has greatly broadened our understanding in 
bioscientific fields such as the folding [20], stability, solubility and affinity of proteins. 
The full power of site directed mutagenesis techniques was shown by Greg Winter at 
Cambridge with co-workers when, in a paper published as early as 1982 [21], the 
successful substitution of a cysteine to a serine residue in the active site of tyrosyl 
tRNA synthetase from Bacillus stearothermophilus was reported. Alterations were here 
performed at the DNA coding for the enzyme and the translated protein examined in 
order to characterize deviations from wild-type. Although a method for the replication 
of a short DNA template with primers in vitro was proposed by the Norwegian 
scientist Kjell Kleppe et al as early as 1971 [22], the invention of polymerase chain 
reaction (PCR) is usually credited to Kary B. Mullis [23, 24]. This method, allowing for 
mass amplification of a DNA sequence even when starting with only a single copy, is 
of out-standing importance to the whole field of biotechnology, protein engineering 
included. 
 
According to MeSH, (the U.S. National Library of Medicine's controlled vocabulary 
used for indexing articles for MEDLINE/PubMed) protein engineering is defined as 
“procedures by which protein structure and function are changed or created in vitro by 
altering existing or synthesizing new structural genes that direct the synthesis of 
proteins with sought-after properties”. This ‘rather wide’ definition also includes a 
very interesting scientific field of protein science not further discussed in this thesis, de 
novo design of proteins, a technique aiming to design proteins for desired functions. 
Although de novo design achievements have been made [25-27], the enormous 
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complexity in designing even a very small functional protein makes this a monumental 
task.  
The number of possible amino-acid sequence combinations even for a very small 
protein is enormous, for a 58 residue polypeptide (the size of an affibody molecule), 
2058 ≈ 1075 different combinations are possible. The combined mass of only one 
single copy each of these is about 1052 kg, a value to compare with the estimated mass 
of universe 1050-60 kg! This calculation clearly points out the challenges de novo protein 
design scientists has to master. The frontier of de novo design of proteins has until 
recently been at designing protein structural elements (α-helices, β-strands) [28-32]. 
But this field is developing fast, a recent example of successful de novo protein design is 
the development of an oxygen binding protein, based on a designed unnatural four 
helix bundle containing introduced histidine residues for haem binding [33]. The 
limiting factor in de novo design experiments is often computational power, but with 
further developments in that field, an ever growing number of determined protein 
structures [34] and the invention of better structure prediction algorithms[35, 36] 
there will certainly come a rise in the number of successful de novo protein design 
projects. 
In a mind-boggling study, pushing protein library techniques to the edge, published in 
Nature journal [37] Keefe and Szostak are able to select proteins moderately binding 
to adenosine triphosphate (ATP), from a library of 6x1012 unique proteins each 
containing 80 contiguous random amino acids (theoretical library size for full 
coverage ≈10105) by the use of 8 rounds of mRNA display in vitro selection technology 
[38]. To further explore the selected variants they were subjected to additional rounds 
of selection where diversity was introduced by the means of error prone PCR. In the 
end protein variants with affinity towards ATP in the 100 nM range are found. An 
estimation made by the authors in this study is that about 1 in 1011 of all random 
sequence proteins have ATP binding activity that are comparable to proteins selected 
in this study. An interesting fact is that this fraction is very similar to the fraction of 
RNAs from a random-sequence RNA-library binding to ATP (with comparable 
affinities) [39]. 

2.2 Protein traits 
DNA is often referred to as ‘the code of life’, this implies that therein coded 

proteins are essential for life! Proteins and peptides are able to fulfill a diverse 
repertoire of tasks including: cell signaling, molecule transportation, specific binding 
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of ligands, different structural and material properties and catalysis of complex 
chemical reactions. In some organisms, extremophiles [40], the proteins have to carry 
out these tasks in an extreme environment regarding temperature, chemicals, salt or 
pressure conditions.  
The essential importance of proteins is, among other things, shown by the many traits 
that can be targeted by a protein engineer. Enzymes, with the biological function to 
catalyze chemical reactions, are a most interesting protein class. About 10% of all 
human proteins are indeed predicted to have enzymatic activity [41]. Not surprisingly 
much of the early protein engineering work was aimed at the investigation and 
verification of different hypothesis about enzyme function [24]. Not all enzymes are 
proteins, a number of RNA molecules known as ribozymes [42] do show enzymatic 
activity. Among them the special case of the ribosome assembled from RNA and 
protein [43]. The large number of traits addressable for improvements by protein 
engineering can roughly be divided into three major groups: activity, stability and 
expression (Table 1). However some traits do not fit into these groups. 
Table 1. Traits addressable by protein engineering 

Trait Example and reference 

Activity Improved enzymatic activity with natural or unnatural substrate [44, 45] 
Improved binding to natural or unnatural ligand [46, 47] 

Decreased effects of inhibition [48] 
Site specific proteolysis [49] 

Stability Improved folding [50] 
Improved half-life in natural or unnatural solvent [51, 52] 

Increased thermal stability [53] 
Decreased enzymatic degradation (proteolysis) [54] 

Decreased pH or ionic strength sensitivity [55] 
Pharmacokinetics [56] 

Expression Addition of tags to facilitate protein expression and/or detection [57] 
Improved expression levels in natural or unnatural host [58] 

Different posttranslational modifications [59] 
Expression targeted to different cellular location [60] 

Other Decreased immunogenicity [61] 
Addition of tags to facilitate purification [62] 
Addition of tags to visualize localization [63] 

Converted tendency for aggregation [64] 
Converted surface charge distribution [65] 
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Table 1 does by no means cover all traits addressable by protein engineering. The goal 
for many protein engineering projects is to enhance two or more traits in a single step. 
Included in this thesis are articles describing work aimed to enhance a multitude of 
protein properties like: affinity (activity), proteolytic activity, improvement of soluble 
expression in unnatural host (expression) and addition of a tag to facilitate purification 
(other). 
Except from the special case of de novo design of proteins described above, the general 
methods to actually obtain proteins with altered properties can roughly be divided into 
two groups: rational (mutagenesis) routes or library (combinatorial) routes. It must be 
stressed that many successful protein engineering projects have been utilizing a 
combination of these routes [66]. The work included in this thesis has mainly been 
performed with the use of libraries but a brief description of the rational route will 
also be given.  
Holding a master of science and having a main interest in technology development my 
research has been focused on methodological aspects regarding the creation of and 
selection from protein libraries, therefore most effort in this thesis has been made to 
cover these parts rather than other fields of protein engineering. 

2.3 Rational route 
The rational design approach could be described as a “top-down” approach, and is 

often guided by structural information and/or computer simulations of the target 
protein to provide a hypothesis about what mutations should be made at what 
positions. The mutations are, in most cases, introduced at the DNA level and mutated 
proteins are produced and assayed (Fig. 1). In some cases chemical compounds can 
be used for site-specific alterations of protein properties. In 1966, the serine in the 
active site of the protease subtilisin was “chemically mutated” to a cysteine [67]. Other 
chemical methods includes PEGylation [68] and biotinylation [69], both methods 
involves a compound (polyethylene glycol or biotin) which is covalently attached to a 
specific amino-acid residue (Fig. 1).  
 
Proteolysis, by which proteins are cleaved, is an example of enzymatic site specific 
alterations, of what much will be spoken later on in this thesis. One other is 
transpeptidation, where one or more amino-acids are transferred from one peptide 
chain to another. As early as 1981 it was shown that the C-terminal alanine residue of 
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porcine insulin could be exchanged to a threonine in an enzymatically catalyzed 
reaction [70], thus forming human insulin. A second example is the use of guinea pig 
liver transglutaminase (T-gase) to covalently attach almost any cadaverine conjugated 
compound to a glutamine residue within the seven amino acid long recognition 
sequence of the T-gase enzyme [71]. As a curiosity, a very special application of 
transglutaminases from sources other than guinea pig can be mentioned. 
Transglutaminases are widely used by the international food industry to “glue 
together” (restructure) meat from small pieces, one product being surimi fish-sticks 
[72]. 
 
Introducing a mutation into the DNA coding for the protein in question is nowadays 
the far most used method. Commercial kits for site directed in vitro mutagenesis 
according to the original publication by Smith et al [21] have been made available, 
together with the availability of cheap high quality oligonucleotides this have become 
almost trivial laboratory work. With the use of these kits or protocols slightly 
manipulating the use of them [73] DNA deletions, insertions or mutations can easily 
be obtained. The DNA manipulations are often performed at a vector in plasmid 
format, and the vector product heterologously expressed with use of a suitable host 
(Fig. 1). Site directed mutagenesis technology has contributed enormously to our 
knowledge in areas as protein structure and enzyme function. To elucidate regions of 
relevance for the addressed trait scanning methodology, where positions in a protein 
are systematically subjected to substitutions, has turned out to be a powerful 
technique. Due to being small and uncharged the amino acid alanine is often chosen 
(alanine scanning [74]) as a substitution residue in these experiments. A drawback of 
all rational methods compared to the combinatorial ones is the larger effort needed 
for unit operations such as: sub-cloning, expression and purification of individual 
protein variants. 
 
Fusion proteins can be spoken of as a special class of rationally designed proteins. It is 
well beyond the scope of this thesis to go deeper into this field but it is reasonable to 
believe that most of the traits given in table 1 can be achieved by expression of the 
target protein as C or N-terminal fusion to a natural or engineered protein or peptide. 
Many recombinant proteins are today expressed with a hexahistidine fusion to 
facilitate purification of the protein using the specific affinity between the tag and 
immobilized metal ions (IMAC) [75]. The use of green fluorescent protein (GFP) as a 
fusion partner has greatly improved our knowledge about the subcellular localization 
of proteins [76]. GFP have in two works included in this thesis been used as a 
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reporter to enable flow cytometric sorting of intact cells. One area where fusion 
proteins have made an impact is in the expression of eukaryotic proteins by bacterial 
expression systems. The lack of posttranslational modifications and protein folding 
enhancing systems of prokaryotes makes, for example, human proteins prone to 
aggregate if expressed at all. By expressing the protein as fused to a solubility 
enhancing partner these problems can, partly or fully, be overcome [77, 78]. 

2.4 Library route 
When working with protein engineering methods it is difficult, in many cases, 

impossible to beforehand know what substitution at which positions will yield the 
desired functionality. From studies of naturally occurring proteins we know that a 
small perturbation at one end of a protein (such as the binding of a small molecule) 
can alter the functionality of parts distant from that site [79]. This is also the case 
when trying to enhance functionality by means of rational design. If, for example, the 
affinity is to be improved knowledge about the structure can be helpful but it is 
extremely hard to predict exactly the amino acid substitutions that will affect this trait. 
An example of this is the study performed by Wolfram Schiweck and Arne Skerra 
published 1997 [80]. Here 19 amino acid positions in the hyper-variable loops of an 
artificial antibody were substituted, aided by an X-ray structure, in order to change the 
affinity towards the protease inhibitor cystatin. The engineered antibody showed no 
affinity for the target and the solved structure of the engineered antibody reveals that 
the lack of affinity is primarily an effect of the side-chain of a single residue pointing 
in an unfavorable direction. In addition, if one property, for example affinity, is 
improved by substitution techniques it is very common that one other property, like 
stability or solubility, is adversely affected. In fact, in the 1980s Charles Craik at 
University of California, referring to these often disastrous effects caused by 
‘rationally introduced’ mutations, was of the opinion that this whole field of science 
should be renamed ‘protein terrorism’ [81]. 
 
The library approach of protein engineering has been described as a “bottom-up” 
method. Normally these experiments are performed in at least two separate steps 
(Fig. 1). First a library of mutated proteins are created (more about this in chapter 3), 
large enough to possibly include variants having the wanted qualities. In the next step 
the library is, by the use of intelligently designed methods, screened for rare 
individuals with improved characteristics (more about these methods in chapter 4). It 
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is not uncommon to include rational design thinking also in combinatorial 
methodology, especially when designing the library. If for example solubility is to be 
targeted, the surface exposed positions of the protein should probably be included 
and the library should perhaps be biased for charged amino acids. Since even a large 
library, consisting of 1010 different clones, not covers all possible amino acid 
combinations of 8 positions (208), very often a stepwise approach is taken. By the use 
of different techniques (further described in chapter 3) additional diversity is 
introduced to selected clones in between the selection rounds. This technique, in 
some aspects, mimicks the natural evolution. 
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  Figure 1. │Different techniques commonly used in rational and combinatorial protein 
engineering. The genes recombined by gene shuffling can either be a set of homologous 
genes derived from natural sources or a set where diversity is artificially introduced. The 
library route of protein engineering is concluded by a selection or screening step where 
clones having the desired traits are collected. 
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3. Protein library technology 

3.1  Library construction strategies 
Before starting the construction of a library for a protein engineering project it 

is important to consider many different aspects in order to maximize the chances for a 
successful result, with use of a reasonable amount of work. Questions to be answered 
include: 

1. What trait is addressed by the project? An enhancement of the solubility of 
for example en enzyme probably calls for a different strategy than a change of 
substrate specificity of the same protein. 

2. Which library size is called for? The library used in affinity selection projects 
using ribosome display selection technology can be many orders of 
magnitude larger than the libraries used for cell-surface display and FACS 
enrichment and sorting. 

3. What protein expression system will be used? In for example E. coli no 
posttranslational modifications would be expected. 

4. Is the structure of the protein solved? If so, perhaps the strategy would be to 
direct the randomization to specific regions in order to retain for example 
activity. 

5. Should any of the randomized positions be biased for amino acids of a certain 
nature? 

6. What technical and human resources are there available for use in the 
laboratory? Many library construction and screening techniques calls for 
specialized equipment like flow-cytometers or laser induced fluorescence 
spectrometers and people knowing how to handle them. 
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3.2 Creating diversity 
Common for all strategies involving a selection of members having the desired 

traits from a large pool of variants, is the need for an initial generation of a library, a 
task only with a few exceptions carried out at the genetic level. In general, a library can 
be created either by employing diversity derived from a natural source such as 
antibody genes from B-cells or by the use of different intricate technologies to 
manipulate the DNA sequence coding for the protein of interest. 

 

3.2.1 Natural sources of diversity 

In some fields of protein library technology, especially the field of immunology, a 
natural source of diversity is used. In a trial reported 1995 cDNA from a grass-pollen 
allergic individual coding for class IgE antibodies was used to make a library of 107 
different clones [82]. This library was screened for binders towards a major timothy 
grass pollen allergen and isolated clones were found to cross-react also with known 
allergens from other grass species. In one other study performed by a group at SLU in 
Uppsala [83] a library of random chromosomal gene fragments from different bacteria 
was created with a “shotgun” approach. The library was then screened for clones with 
affinity to selected proteins, suspected to be involved in bacteria-host interactions.  

In the special but very interesting field of antibody engineering, DNA libraries of 
antibody variable domains derived from individuals previously immunized with 
antigen have been created [84]. Here, the gene repertoire of B-cells is used to create a 
library of single-chain Fv (scFv) antibodies and clones showing affinity for the antigen 
are subsequently selected. For engineering purposes this could be viewed at as a 
designed pre-selection step. A method to generate a naïve antibody fragment library is 
to use B-cells from non-immunized individuals as a genetic source [85]. Compared to 
a randomized library this approach could maybe create libraries biased for clones with 
favorable characteristics, such as a lower grade of immunogenicity [86]. An alternative 
way to create a diverse library from natural sources is to (on the genetic level) 
recombine sequences from different species coding for proteins with similar biological 
function. In one study DNA sequences coding for the protease subtilisin from 26 
different species from the Bacillus family of bacteria were by the use of recombinant 
DNA technology, randomly recombined from synthetic oligonucleotides in a 
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combinatorial manner [87]. The library was screened for clones with improved 
characteristics (for usage in laundry powder) and interestingly, the most promising 
clone was shown to be assembled by segments derived from 25 species! This 
technique, further described in the next section, is in general called “gene-shuffling” 
and usually requires a relatively high grade of homology in the DNA pool. 

 

3.2.2 Introducing diversity 
With the possible exception of solid-phase synthesized peptide libraries [88], a 

technique not further covered in this thesis, all manipulations during the library 
creation step is carried out at the DNA level. The multitude of methods that have 
been invented in order to introduce the desired level of diversity, at the desired 
positions into the library, are in this part generalized into three different sections: 
oligonucleotide based cassette mutagenesis, random point mutations and gene-
shuffling. 

3.2.2.1 Oligonucleotide based cassette mutagenesis 
As mentioned earlier, oligonucleotides of any nucleotide composition are today 

comparably cheap to buy, quickly manufactured and of high quality. Although the 
possibilities for synthesis errors in strands with a length of 80 bases or more can be 
quite substantial, the received material is usually of high quality due to efficient 
purification techniques. Computer software is today available that transforms a 
protein sequence of any length to the corresponding DNA sequence, optimized for 
codon usage of the selected host organism, avoiding selected restriction enzyme 
sequences, divided into subsequences of chosen length and with lengths of 
overlapping sequence giving a user defined annealing temperature [89].  
 
The hitherto most common way to introduce diversity has been to add a mixture of 
all four nucleotides at a certain point of the oligonucleotide synthesis, instead of just 
adding one. If this is performed at all three nucleotide positions forming a codon the 
library is said to be NNN randomized (where N is any of the four naturally occurring 
nucleotides: A, T, C or G). A codon randomized in this manner can form all 64 
different possible naturally occurring combinations, including the three codons 
normally terminating ribosomal peptide synthesis. Since there are only 20 amino acids 
(21 with selenocysteine) and 61 combinations coding for them, the genetic code have 
a high redundancy. This would not cause any problems during library construction if 
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the redundancy was equally spread (e.g. 3 codons for each amino acid), but this is not 
the case. While a total of 6 different codons codes for leucine, only one (TGG) codes 
for a tryptophan. Thus, on average 6 leucines would be found in the NNN 
randomized positions for each tryptophan, giving large unwanted biases for some 
amino acids in the library. In addition, 3 out of 64 codons terminate protein synthesis, 
thereby giving rise to a useless product. Consider a library where 5 codons are NNN 
randomized, a total of 645 (≈109) different nucleotide combinations are possible. In 
this library (1-(61/64)^5)x100% = 21.3% of all library members would be useless due 
to premature termination [90].  

 
Different techniques have been developed to bypass this problem, one that has been 
used in two of the studies included in this thesis uses the fact that the subset of 
codons obtained, if only G or T nucleotides are allowed as the last base forming the 
codon, giving rise to a NN(G/T) or NNK randomization, includes all 20 amino acids 
and only one stop codon. This is also the case if only G or C nucleotides are allowed 
as the last codon base, named NNS randomization. When utilizing E. coli as host for 
library maintenance the NNK strategy is supposed to be favorable due to this 
organisms preferred codon usage [90].  The stop codon included when these strategies 
are applied, (TAG) is the so called amber stop codon [91]. It is common to use strains 
of bacteria suppressing this stop codon. These strains, with a certain probability, 
include a glutamine residue at this position instead of terminating peptide chain 
elongation.  
Compared to NNN randomization strategy, the redundancy is smaller and more 
evenly spread in a NNK library. Of the 32 possible tri-nucleotide codon combinations 
of a NNK (or NNS) degenerated codon, a maximum of 3 codes for any given amino 
acid. Using the same 5 position example as above on average 14.7% of all library 
members would theoretically include an amber stop codon. Other degenerated codons 
than here mentioned has been suggested for library usage [92], NAN  for example 
includes only polar residues (and 2 stop codons) and NTN only non-polar.  
A very elegant solution to these problems was described as early as 1994 [93]. By 
synthesizing the randomized positions in the coding sequence not from single 
nucleotides but from pre-synthesized tri-nucleotide codons [94] only one codon is 
sufficient for each amino acid, and all terminating codons are eliminated. Except from 
this, the inclusion of certain amino acids can be excluded, totally or in specific 
positions. Recently commercial oligonucleotide vendors have started to offer products 
produced in this manner. Another way to benefit from tri-nucleotide codon 
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technology is that certain specific positions can be biased for amino acids of a certain 
nature. If for example a position in an α-helix is to be substituted it would be wise to 
exclude known helix breaking residues like proline or glycine and perhaps bias the 
position for residues often found in helices like methionine or leucine. The author of 
this thesis can see a very bright future for this technology and believes that a majority 
of all libraries soon will be made by the use of this exciting technique.  At the moment 
the relatively high cost is a draw-back but most certainly this will change in a near 
future. One additional advantage of codon based assembly of genes is the 
homogeneity of the product, even if as said earlier an 80-meric un-randomized 
nucleotide can be readily purified this is not the case if a number of positions is 
degenerated using NNX technology. When, in a single oligonucleotide, multiple 
codons are subjected to degeneracy it is not uncommon that 10 or 20% of the 
obtained material is dysfunctional due to poor purification. Table 2 comprises some 
randomization strategies mentioned. 

 
Table 2. Library consequences of five randomized positions. 

Strategy Possible 
combinations 

Stop 
codons %2 

Min. lib. size 5 pos. 
randomized3 

Same 95% 
level1,4 

No. pos. 
1010 lib.1,5 

NNN 64 21 1.1*109 3.3*109 5 
NN(K/S) 32 15 3.4*107 1.0*108 6 

Codon 20 0 2.2*106 6.6*106 7 
(1) Calculated according to [95]. 
(2) Probability in percent of one or more stop codons in sequence. 
(3) Number of sequences needed for full coverage of five randomized positions. 
(4) As (3) but with 95% probability that all possible variants will be represented. 
(5) Number of randomized positions covered by a 1010 library with a 95% probability 

that any given variant will be represented. 

3.2.2.2 Random point mutations 
One other way to introduce diversity to the DNA sequence coding for the 

target protein is to in a PCR reaction take use of the inherent error rate of some 
thermostable DNA polymerases. Since the inherent error rate also for these 
polymerases often is too low to suit many applications, the PCR reaction is often 
manipulated in order to obtain a higher rate. In this method often called “error prone 
PCR”, a DNA polymerase from the thermophilic bacterium Thermus aquaticus (Taq 
polymerase) is routinely used. This enzyme was first isolated and characterized in 1975 
[96] and except from exceptional thermal stability it is distinguished by the lack of 
proof-reading (error correcting) of synthesized DNA [97]. The inherent error rate of 
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Taq polymerase is in the order of 1 error in 104 added nucleotides [98]. This should 
not be taken as the error rate in the product of a PCR reaction, due to the 
accumulative principle of PCR where the product from one step acts as template in 
the next [23] it can be considerably higher.  
There are some limitations with this approach, one is that Taq polymerase has shown 
a biased nucleotide substitution, transitions where a purine or pyrimidine base is 
replaced by another of the same kind (A to G, C to T or vice versa) are much more 
common than transversions (all other replacement combinations) [99]. One other 
disadvantage is that due to the redundancy of the genetic code, on average a single 
base substitution in a codon only allows for 5.7 alternative amino acids [90]. Methods 
described, all using Taq polymerase and aiming to obtain an enhanced mutation rate 
and a more balanced mutational spectrum, includes: 

a. an exchange of some or all divalent cat ions in the PCR reaction from 
magnesium (Mg) to manganese (Mn). 

b. the use of biased concentrations of nucleotides. 
c. differencing the number of PCR cycles. 
d. variation of the amount of template added. 

All the variables have been evaluated by Michel Fromant and co-workers, in a paper 
published in 1995 [100]. In this extraordinary publication, protocols are given to 
obtain the desired mutation rate with a balanced mutational spectrum. As a curiosity 
coming from the knowledge obtained from trials and calculations, in Fromants article 
is given the ratio of nucleotides that will increase the accuracy of Taq polymerase two-
fold compared to using an equal concentration of all nucleotides!  
 
At least two different approaches to circumvent the mutational spectrum problem 
with Taq polymerase have been described. In one method the nucleotide analogue 
deoxyinoside is, in a PCR reaction randomly incorporated to the coding sequence 
(reaction 1) [101], after which in a subsequent PCR where the product from reaction 1 
is used as template, the analogue is substituted for any of the four natural nucleotides. 
This concept was further developed in a method called SeSaM (sequence saturation 
mutagenesis) [102], where three different degenerated nucleotide bases (dITP, dPTP 
and dKTP) are randomly incorporated into the sequence. At the following PCR 
reaction the 3 degenerate bases pairs with “normal” dNTPs with different 
probabilities. Thus by modulating the composition of the mix of degenerated 
nucleotides different mutational spectra can be achieved, and by differencing the ratio 
normal/degenerated nucleotides the error rate could be altered. One other way to 
approach this problem is to use an enzyme engineered to fulfill the requirements 
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better than a naturally existing polymerase. In 2001 a library of 200 000 polymerases 
containing random substitutions within a portion of the dNTP binding site (Motif A; 
amino acids 605-617) of Taq polymerase was created [103]. A fraction of all selected 
active polymerases (291 out of 8000) was tested for base pairing fidelity; seven unique 
mutants that efficiently misincorporates bases and/or extend mismatched bases were 
identified and sequenced. These mutants all contained substitutions of one specific 
amino acid, Ile-614, which forms part of the hydrophobic pocket that binds the base 
and ribose portions of the incoming nucleotide. The overall mutation rate of these 
mutants is more than 20 fold higher than wild-type and they efficiently catalyzes both 
transition and transversion errors.  
One commercially available engineered enzyme with an, as compared to Taq 
polymerase, inverted mutational spectrum is sold under the name Mutazyme. Taq and 
Mutazyme DNA polymerases have been applied separately and their products 
recombined with positive results [104]. Another approach is to perform the PCR 
reaction using a mixture of these enzymes. 
Relatively recently described is an interesting method named error prone RCA. 
Utilizing the rolling circle DNA amplification method this technique can, in the 
absence of specific primers and even without a thermo-cycler, in a single step generate 
a library with on average 3-4 mutations per kilobase-pairs [105]. The mutational bias 
of this method is quite similar to the one of Taq polymerase, perhaps a little less 
pronounced. In the article describing this method the bacterial enzyme TEM-1 β-
lactamase is successfully evolved for enhanced substrate specificity for the antibiotic 
ceftazidime. 
 
An example where error prone PCR successfully has been applied is a study published 
in 2004 [106]. In this article Acharya and co-workers report a 300-fold improvement 
of the thermostability of the Bacillus subtilis lipase (Lip A), achieved by the use of a 
combination of combinatorial and rational engineering strategies. In the work, a 
variety of point mutated (0.6% mutation rate) Lip A clones are created by the use 
error prone PCR. One clone, identified as the most thermostable variant carrying a 
single point mutation (N166Y) was used as template for a second round of error 
prone PCR and selection performed identical to the first. From this second round five 
mutants harboring one or two mutations in addition to (N166Y) were selected due to 
showing enhanced lipase activity. Due to being predicted to have adverse structural 
effects five of the eight mutations were rejected. In a final trial a set of mutant 
enzymes carrying two or three, separately advantageous, point mutations were 
expressed, purified and assayed for activity at 55°C. The under these conditions best 
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performing clone carried three point mutations (L114P, A132D and N166Y) and 
showed a nearly 300-fold increase of half-life compared to the wild-type enzyme. 

3.2.2.3 Recombination – Gene shuffling 
Originally introduced by Willem “Pim” Stemmer in 1994 [107, 108], gene shuffling 

has become an invaluable tool for the protein engineer and a number of new 
technologies have since then been published [109]. In the original method (sexual 
PCR) a selection of homologous genes of natural or synthetic origin were randomly 
digested by DNAse I enzyme in order to create random fragments of various lengths. 
Fragments of desired size were subsequently selected and purified from an agarose gel 
and randomly assembled to mosaic genes in a primer-less PCR reaction. As a last step 
the re-assembled genes were elongated and amplified in a normal PCR reaction with 
the use of a pair of outer primers. There is actually no need for a natural gene source, 
in a study published 2005 by Binkowski et al, designed synthetic oligonucleotides were 
assembled using a method similar to Stemmers to obtain a synthetic UV light excitable 
green fluorescent protein (GFP) [110]. As a further enhancement of the original 
method Binkowski introduce the use of an immobilized mismatch binding protein 
(MutS) to deselect fragments containing errors introduced during synthesis. When 
performing the assembly PCR reaction it is possible to further enhance the genetic 
variation by the simultaneous use of error prone PCR conditions during the final 
amplification step, but this does not by necessity lead to a better final result. 

 
In 1998 Zhao et al introduced the staggered extension process (StEP) [111] as an 
alternative to DNAse I fragmentation. In this method a pool of genes showing 
homology is used as a template in a PCR reaction with very short elongation periods. 
In each step only a part of the template is extended, and this partly extended product 
can, in subsequent cycles, anneal to other clones in the reaction, thus creating the 
desired genetic mosaic. In a recent study [112] a directed evolution approach, 
including StEP, was used to create a library of variants from which the key residues 
steering the cold-adapted activity and stability of the enzyme psychrophilic alkaline 
phosphatase (AP) from the Antarctic strain TAB5 were identified. Variants of this 
enzyme, showing improved activity and/or thermostability, are in this study selected 
and described. It is the author of this thesis personal opinion that, although 
theoretically simple, a great deal of template specific optimization is needed in order 
to obtain a high quality product with the StEP method, making it less simple to 
practice! 
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A multitude of methods all with the purpose to obtain gene shuffling have been 
published since 1998. Many of them can be said to be variants of the original method 
but some of them, introduce new thinking, are shortly described below.  
A quite labor intensive method "random chimeragenesis on transient templates" 
(RACHITT) allowing many crossovers per gene was reported in 2001 [113]. An 
interesting comparison of at that time available gene shuffling methods can also be 
found in this article. A method with a new approach is Nucleotide Exchange and 
Excision Technology (NExT) [114], this protocol starts with a PCR reaction where in 
addition to the four normal dNTP’s also dUTP (uracil) is included. Depending on the 
thymine/uracil ratio dTTP will be exchanged for dUTP in a controlled manner upon 
chain elongation. The incorporated uracil bases are then excised by the use of uracil-
DNA-glycosylase and the DNA backbone subsequently cleaved with piperidine. The 
pool of fragments is then reassembled by the use of internal primers to obtain a full-
length product. A PCR reaction containing 33% dUTP (to dTTP) resulted in shuffled 
clones with an average fragment size of 86 bases without any fragment separation step 
being used. 
 
In an inspiring article Frances Arnold and co-workers describes an “in vitro 
heteroduplex formation and in vivo repair” recombination system utilizing 
heteroduplex recombination between non-homologous DNA regions [115] (thank 
God no acronym). First a collection of vectors (carrying for example different point 
mutations) are separately restricted by the use of one of two different restriction 
enzymes both cleaving outside the target region. A mixture of the restricted linearized 
vectors is then heated and after cooling the formed circular nicked heteroduplex 
vectors are transformed to E. coli. The inherent bacterial mismatch-repair system will 
now produce a plasmid carrying a mix of genetic elements from both strands. A 
drawback with this method is that only two genes can be recombined, but the 
products of a first recombination can easily be directed to a second step producing a 
greater genetic variance. 
Another system to mention also permits recombination of genes differing widely in 
sequence. The method, known under the acronym DOGS (Degenerate 
Oligonucleotide Gene Shuffling) [116], has the added feature that reaction conditions 
may be selected to bias the outcome towards some (or several) of the parental genes. 
In this method a multitude of specific, nested and degenerate primers is used to 
obtain products subsequently recombined in an overlap-extension PCR reaction (see 
[116] for a full explanation). The method have successfully been applied to shuffle 
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genes coding for the enzyme β-xylanase from six different bacterial species showing 
both low homology and a wide difference in G+C content [117]. 
Libraries constructed with use of tri-nucleotide codon assembled oligonucleotides, a 
technique described above, can be used as an alternative to recombination techniques. 
In these libraries, for each amino acid position, the exact amino acids as well as their 
relative ratio are selected by the scientist. A library of synthetic oligonucleotides can, if 
carefully designed, harbor any diversity obtained from a mosaic gene protocol. 
 
In 2004, Science journal published an article [118] describing a protein evolution 
project aiming at a new route of vegetable crop resistance to the widely used herbicide 
glyphosate (trade name Roundup). The herbicide function of Roundup is to inhibit a 
plant enzyme involved in the synthesis of aromatic amino acids. In existing glyphosate 
tolerant plants a gene coding for a homologous enzyme, resistant to Roundup, of 
bacterial origin is introduced. However the remaining glyphosate is accumulated in the 
plant and can lower crop yields. The aim of the reported project was to find and 
introduce an enzyme detoxifying the compound. Knowing that Roudup is effectively 
detoxified by N-acetylation, the scientists searched for a naturally occurring enzyme, 
showing a sufficiently high glyphosate N-acetyltransferase (GAT) activity, to 
introduce to the plants. An abundance of enzymes were tested but none were capable 
of accepting this new substrate. However after the recombination of genes derived 
from seven different microbial organisms and in total 11 rounds of directed molecular 
evolution, an enzyme with nearly a 10 000-fold improvement over the parental best 
enzymes was found. Tobacco plants harboring the evolved transgene in their nuclear 
genomes tolerated high doses of glyphosate and were morphologically normal and 
fertile.  
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4. Screening and selection 
methodologies 

Today it is relatively easy to create huge mutated DNA libraries by using the 
methods described in chapter 3. The methods can be applied, no matter the fold or 
the desired function of the protein. To design high-throughput assays for rapid testing 
of these libraries has, on the other hand, proven to be a more difficult task. The 
assaying of the library can be performed by examining all clones individually one at a 
time, termed screening, or by methods where all member are examined 
simultaneously, and only proteins exhibiting the desired functions are carried through, 
termed selection. Screening is not only used for protein engineering, but have long 
been used in drug discovery, often to identify small molecules capable to inhibit 
function of proteins. 
Today available methods for sequencing of proteins are slow and expensive, and there 
are no methods allowing for sequencing of a single protein molecule. Furthermore, a 
method allowing for proliferation of proteins in a PCR like manner is still to be 
invented. On these causes there is, with the possible exception of recently introduced 
mass spectrometry based screening methods [119], a crucial need to label each protein 
variant with an easily read-out tag. In general the nucleic acid sequence coding for the 
protein variant is used for tagging, a very good solution since it codes for synthesis of 
the variant in vivo and is easily amplified by the use of PCR technology and also allows 
for sequencing. Several methods have been developed in order to link the phenotype 
to the genotype, all strongly coupled to and compatible with certain selection or 
screening systems.  
Today available methods can be classified in different manners, one way is to divide 
them into display and non-display systems, one other is to classify them depending on 
the nature of the link between the genotype and the phenotype (DNA and protein), as 
in table 3. In one class, in the table called Compartment, the DNA and the protein is 
spatially separated from other library clones inside a membrane-confined volume. The 
enclosing structure could be a natural cell membrane or man-made water-in-oil 
emulsion droplets. Methods involving separation of DNA and protein linking the 
identity of the phenotype to a unique spatial address, usually a well in a multi-well 
plate are also included in this class. Methods falling into the other class all have a 
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physical link between genotype and phenotype in common. A wide variety of 
methods all fall into this class and the link can be direct as in ribosome display or 
plasmid display or indirect as in cell surface display or phage display.  

 
Table 3. Classification of methods used to link the genotype to the phenotype. 

Class Method Link 

Compartment 

Protein fragment 
complementation 

Yeast-hybrid 
Cell 

Intracellular 
trait-reporter 

Cell 

In vitro 
compartmentalization

Emulsion droplet 

Compartment 

(spatially addressed)
Microtiter plates 

Protein chips 
Spatial address 

Physical link 

Cell surface display Cell 
Phage display Phage particle 

Ribosome display Ribosome-mRNA complex 
mRNA peptide fusion Fusion mRNA-peptide 

Plasmid display Peptide-plasmid complex 
 
The choice of selection method for a specific project is a very intricate question, 
dependant on many variables, but all methods have to fulfill some general 
requirements in order to maximize the possibilities for a successful outcome. 
(i) Library members should be selected on behalf of the correct property with a 
minimal bias for all other properties. If for example enzyme activity is the addressed 
trait, clonal differences in protein expression level should be possible to normalize.  
(ii) After and in between the rounds of selection, superior clones should be easy to 
identify and amplify.  
(iii) Capabilities to handle large libraries and to monitor the selection process. 
(iiii) If selections are to be applied in more industrial manner, possibilities of 
automation and a general high throughput, would be important. 
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Figure 2.│ A linkage between the nucleic acid encoding region and the encoded protein is 
the basis for library selection techniques (A). When selecting for enzymatic activity a second 
link (B), coupling the gene and the protein to the product, is also needed. This second link is 
usually harder to achieve. 

Adapted from [2] 

In the following section the different selection systems presented in table 3 will be 
described and some applications given. Due to the practical experiences of the author 
this part will be focused on affinity selections. 

4.1 Physical link 
To directly or indirectly physically attach the encoding nucleic acid to the protein 

with the use of a link is probably the most straightforward way to form this crucial 
coupling. Methods included in this section have primarily been developed for assaying 
binding, a trait they are very suited for, but these methods have also been used for 
work performed in other protein engineering fields. For some of the methods the 
linking of genotype to phenotype is very strong but in others the instability of the 
complexes are a key problematic area. Some of the methods described in this section 
do not involve cellular transformation of DNA, a step generally considered to limit 
the library size. 
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4.1.1 Cell surface display 
Cell surface display can be described as a mixture of physical linkage and 

compartmentalized methods. As in the latter method the DNA coding for the unique 
protein variant is enclosed within the cellular membrane, but the feature differencing 
this method from other cell based assays is the ability to display the encoded protein 
on the cellular surface. Normally many (thousands) [120-122] copies of each protein 
variant are displayed on each cell as attached to either a membrane protein or a cell-
wall attached protein, anchoring the proteins to the cell surface. The multi-valent 
display of proteins and the comparably large size of a cell make detection in flow 
cytometers possible, allowing for FACS (Fluorescent-activated cell sorting) screening 
of libraries. A number of different cell types have been used for cell surface display 
purposes, all requiring different approaches for the attachment of protein to the 
membrane. In E. coli the protein most frequently used as anchor is an Lpp-OmpA 
hybrid, containing a lipoprotein moiety fused to a part of outer membrane protein A 
[123]. Due to inherent problems of displaying large and disulphide-bridge containing 
proteins, methods have been developed that utilize anchoring methods of different 
types to the periplasmic side of the E. coli inner membrane [124, 125]. These methods 
normally call for disruption or complete removal of the outer bacterial membrane in 
order to make displayed proteins accessible for labeled ligands. However disruption of 
the outer membrane gives a low average cellular viability and steps must be included 
to compensate for this. 

 
One other organism used for surface display is the yeast Saccharomyces cerevisiae [126]. In 
this system the library proteins are, in most cases, expressed as C-terminal fused to a 
native agglutinin receptor protein. The possibility to obtain different eukaryotic 
posttranslational modifications is an advantage of yeast compared to bacterial systems. 
On the other hand the transformation efficiency of yeast is relatively low compared to 
gram-negative bacteria which restrict library sizes. A very interesting approach to get 
round the transformation problem, when working with antibody fragments have been 
published [127]. Blaise and co-workers used two different strains of yeast, carrying 
vectors encoding for the heavy and light antibody chain respectively, thus creating two 
separate libraries. The two strains are thereafter mated, in order to obtain diploid yeast 
cells expressing the full antibody fragment on the surface. This approach can be said 
to multiply the complexity of the two libraries in a combinatorial manner. 
A third organism utilized for library surface display is the bacteria Staphylococcus 
carnosus, an organism frequently used in the meat industry for example for the ripening 
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of salami. A drawback of using this bacteria have been the very low transformation 
efficiencies, but techniques allowing reasonable efficiencies have recently been 
presented [128]. For cell surface display purposes gram-positive bacteria as species of 
Staphylococcus, compared to gram-negative like Escherichia, have the advantage of having 
only a single membrane. In staphylococcal display the protein library members are 
usually anchored to the cell wall by use of a modified region, originally derived from 
staphylococcal protein A (SPA) [129]. Quite recently Staphylococcus cell surface display 
have been used for selection of binders towards TNF-α [130], for post-selectional 
characterization of binder proteins (i.e. affinity determination) [131] and in a very 
interesting approach to map antibody epitopes [132]. 
 
Except from affinity protein selection purposes cell surface display have been used to 
screen for enzymatic activity. Varadarajan and co-workers describes the selection of 
improved E. coli OmpT serine proteases from a library created by the use of error 
prone PCR [133]. In this study the introduction of an anchoring region is not needed 
since the target library members are naturally membrane associated proteins. By the 
use of a synthetic peptide substrate, including a fluorophore and a quencher, and by 
utilizing FACS sorting a clone was found with completely switched cleavage site 
specificity, (from Arg-Arg to Ala-Arg). A single amino acid substitution was shown to 
be responsible for this switch and the activity of the mutant was found to be in level 
with wild-type enzyme. 

4.1.2 Ribosome and mRNA display 
In these totally cell-free systems, the essential genotype-phenotype link is 

provided by a binding of the translated protein to a nucleic acid region coding for it. 
The first attempt was published by Mattheakis and co-workers in 1994 [38], and 
different systems have been developed after that [134]. In ribosome display, DNA 
coding for the protein library and a ribosome binding-site is in vitro transcribed to 
mRNA that subsequently in vitro, with the use of cellular extracts, are translated to a 
protein or peptide library. By starting with a DNA construct not carrying any stop 
codon ending the coding sequence, the ribosome is forced to stall at the end of the 
sequence and thus linking the mRNA and the nascent amino acid product. The 
obtained non-covalent ternary complexes are rather weak and unstable, and there is a 
major challenge to keep this coupling intact during the subsequent selection steps.  
Later published is an ingenious concept called mRNA display [135, 136] where a 
covalent linkage between the mRNA and the protein is created. This stronger bond is 
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introduced using puromycin, a molecule capable to bind to the ribosomal A-site. 
Normally, a puromycin molecule is attached to the 3’ end of mRNA via a DNA 
spacer. Upon translation of the mRNA the ribosome stalls at the DNA spacer, 
allowing the puromycin to react with the nascent protein via the ribosome, thus 
forming a covalent bond. The advantage of this approach is that during the following 
selection steps no considerations have to be taken concerning the very weak bonding 
between a ribosome and peptide/mRNA. In the early reports of mRNA display the 
library sizes were hampered by a low coupling efficiency, a problem later resolved 
[137]. Due to the fact that the whole process is performed in vitro, and includes no 
transformation steps, very large libraries can be generated and screened [138]. 
Complexes generated by the use of both methods have been used for selection of 
affinity proteins from large combinatorial libraries [139, 140]. Usually selections from 
the libraries are performed using a straightforward “biopanning” technique, also used 
in phage-display [141]. In biopanning, capture of library members on immobilized 
target molecules are followed by a more or less stringent washing and elution of 
selected binders. DNA coding for eluted variants is amplified by the use of PCR, and 
in this step additional diversity may be included by applying an error prone protocol, 
after what a new selection round can start.  
In a paper, published in Nature journal 2007, [142] Seelig et al describes the selection 
of novel RNA ligases from a mRNA displayed library consisting of more than 1012 
individuals. The most active of the resulting novel ligases exhibit multiple turnover 
with rate enhancements of more than two-million-fold compared to the un-catalyzed 
reaction. 

4.1.3  Phage display 
 Phage display, one of the first described selection methods enabling a linkage of 

DNA to the encoded protein was introduced in 1985 [143]. Some reviews give a good 
description of the recent advances in this field [144-146]. The most commonly used 
phage class for display is the M13 filamentous phage [147]. Other phages like phage 
lambda and bacteriophage T7 have been utilized to a lesser extent [148]. Generally, a 
phage particle is composed of a central single-stranded phage genome, encapsulated 
by diverse coat proteins. The phage coat is built up by a certain, but very varied 
number of each kind of coat protein. By positioning the DNA sequence coding for 
the protein library member under investigation in fusion to a native phage sequence 
coding for one of the surface proteins, display of different numbers of the protein 
under investigation on each particle can be obtained. In the majority of published 
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studies phage protein III is used for this purpose [149], a protein normally found in 
five copies per particle. In many applications a multivalent display of proteins on the 
phage is desired, but in other instances something to avoid. A technique frequently 
used in order to obtain, on average, only a single copy of the protein under 
investigation displayed on each particle, utilize a phagemid vector coding for the 
recombinant protein ended by an amber stop codon (TAG) in fusion with phage 
protein III [150]. The use of this system calls for an additional helper phage [147], 
coding for all phage proteins (including wild-type protein III). Affinity binder 
selections from phage particle libraries are generally conducted using bio-panning 
techniques very similar to selections performed from mRNA or ribosome display 
libraries.  

 
In a recently published study [46], Jonsson and co-workers describes the phage display 
selection of a novel serum albumin binding protein, binding to human serum albumin 
(HSA) with an affinity in the femtomolar range from a library consisting of 109 
different clones. The affinity of the best selected binder is 2400-fold improved 
compared to wild-type.  
Although mostly used for affinity selection purposes phage display has also been 
applied in studies targeting other traits. In 2003, Cesaro-Tadic and co-workers reports 
the positive selection of catalytic antibodies (abzymes), exhibiting phosphatase 
turnover from a library of the size 2x109, made by the use of synthetic 
oligonucleotides and displayed on phage particles [151]. Active proteins were selected 
as covalently attached to the substrate after having catalyzed the reaction. A second 
generation library of the size 105 was made by performing error prone PCR using the 
in the first round best selected clone as template, and abzymes with a tenfold 
improved activity compared to abzymes found in the first round could be selected.  

4.1.4 Other methods involving a physical linkage 
A number of alternative methods all built on a physical link between the gene 

product and a tag has been described. In general they all share both the advantages 
and the drawbacks of mRNA or ribosome display. Some methods involve binding of 
the protein directly to the DNA coding for it (as an alternative to RNA binding). 
Examples of this are DNA display [152] or CIS display [153], in general the higher 
stability of dsDNA compared to RNA speaks in favor for its use for tagging purposes.  
Microbeads may also be used to act as the physical link, one big advantage with beads 
is that the comparably large size allows for FACS sorting. Beads of different sizes are 
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today possible to buy with a multitude of different fluorophores attached to the bead 
surface, and generally the library in the form of biotinylated DNA strands is bound to 
the beads. By the use of a cell-extract proteins are expressed in vitro, and through the 
use of affinity systems allowed to bind back to the bead also carrying the DNA 
sequence coding for it. FACS sorting is normally the preferred selection method but 
other methods such as biopanning can also be applied. A study performed to show 
the abilities of a system designed in this manner has been described by Nord et al 
[154]. In another approach only the DNA was captured on the bead and linked to the 
protein by the formation of emulsion droplets [155]. 

4.2 Compartmentalization 
A totally different approach to obtain the crucial link, is to in a distinct 

compartment enclose both the DNA and the translation product. The introduction of 
a vector coding for a protein into a cell is a natural and much used way to obtain the 
sought after compartmentalization. More recently described are systems based on 
droplets formed in a water-in-oil emulsion, thus creating an artificial compartment 
very much mimicking a cell. One advantage with the use of natural cells is that the 
whole cellular machinery, possible to manipulate by the use of standard molecular 
techniques, is already included in the compartment. One other advantage is the easy 
recovery and proliferation of selected clones just by colony formation of selected cells 
on semi-solid media. The fact that the scientist have to ‘buy the whole cellular 
package’ can also be considered as a drawback, since this package by necessity also 
includes for example unwanted proteolysis and naturally occurring recombination 
events. In cell based assays the transformation of DNA to the cell is, in most cases, 
the step setting limits for the library size. Although larger libraries have been reported, 
1010 is a very good-sized library. In vitro compartmentalization methods do not include 
any transformation step and only the amount of DNA should be limiting, so libraries 
of size 1015 or larger can in theory be used. In practice the total reaction volume is 
probably the limiting factor, since 1015 droplets each of the size 1µm3, will call for a 
total volume of at least 1 liter. The compartmentalization format is well suited for 
enzyme catalysis assays since a detectable amount of the product can be accumulated 
over time inside the compartment (Fig 2). 
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4.2.1 Cell-based compartments 
This thesis is based on the development and application of cell based selection 

assays in the form of protein fragment complementation assays and methods where 
the state of the protein under investigation is reported by the shifting properties of 
one other often fluorescent reporter protein. Cell based assays will therefore be 
extensively described in chapter 5. 

4.2.2 In vitro-made compartments 
In a groundbreaking paper published 1998 in Nature Biotechnology, Dan S. 

Tawfik and Andrew D. Griffiths describes the production of man-made cell-like 
compartments for molecular evolution [156]. A detailed description is given in this 
article on how to, on addition of an aqueous solution, obtain water-in-oil emulsion 
droplets with a mean droplet diameter of 2.6 µm from a mixture of two surfactants in 
mineral oil. The high discriminating abilities of the method were shown by the 
positive selection of a methyltransferase encoding sequence from a 107-fold excess of 
genes coding for other proteins. The method have been further developed since this 
first publication and a good, quite recently published, review [157] covers these 
developments as well as a number of applications in different fields of protein 
engineering. Briefly, an emulsion with cell-sized droplets is formed by the addition of 
an in vitro transcription/translation reaction to stirred surfactant containing mineral oil. 
The formed emulsion is relatively stable regarding temperature and different chemical 
compounds, even PCR reactions have been performed inside intact droplets. 
Hydrophobic molecules can pass from the bulk mineral oil into the compartment and 
hydrophilic molecules can be delivered by the use of micelles. As mentioned earlier, 
large libraries can be constructed, and a standard reaction of 1 ml volume can 
practically harbor 1010 different clones. The method is perfectly fitted for the 
evolution of enzymes modifying or proliferating DNA [158], and in general provides a 
very suitable format for the engineering of enzymes with multiple turnovers [159].  

 
In an article published in 2005 [160], the authors report the construction and 
application of a completely in vitro, high-throughput screening system, for directed 
evolution of enzymes based on in vitro compartmentalization. The main difference of 
this system compared to the previously described is the formation of double emulsion 
microdroplets, consisting of an aqueous droplet inside an oil droplet in an aqueous 
solution. Above all, this new formula facilitates flow cytometric sorting of obtained 
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droplets. Furthermore, in this study, error prone PCR is used to create a DNA library 
coding for mutated E. coli Ebg proteins. This is an E. coli protein of unknown 
function, possessing negligible β-galactosidase activity. In the study, each droplet 
contains, except from a library member in an in vitro transcription/translation mixture, 
a synthetic substrate named fluorescein di-β-D-galactopyranoside (FDG), showing 
fluorogenic properties after enzymatic β-galactosidase activity. Compartmentalized 
clones showing enhanced activity were sorted out with the use of a flow cytometer. 
After two rounds of sorting, the collected clones were further mutated, again by using 
error prone PCR to generate a new library. This library, and a second variant of it 
gene-shuffled by the use of a DNAse protocol, was subjected to a second round of 
enrichment and sorting. The most active clones, selected in this manner, were found 
to have an enzymatic turnover almost a 1000-fold improved compared to the wild-
type. 

4.3 Other compartment methods 
Generally, other methods falling under this headline are so called spatially 

addressable methods, where the identity of a protein can be traced back to a unique 
address in space. Examples of this are: wells in a microtiter plates, bacterial colonies 
on a storage plates or a unique location on a protein chip. One advantage with these 
methods is that they rather easily can be adapted to well known assays for protein 
function. Different forms of enzyme linked immunosorbent assays (ELISAs) 
originally described by Peter Perlmann and Eva Engvall at Stockholm University in 
1971 [161], are among the most frequently used. In most cases, when microtiter plates 
are used for biochemical functionality screening of a protein library, the work-flow is 
very ELISA-like. A single clone is by using the method of choice bound to a well and 
assayed in a manner giving a measurable output. The microtiter plate format is usually 
considered to be of low-throughput and to seriously constrain library sizes. However 
by using robotic handling, more than one clone per well [162] and plates with up to 
9600 wells [163], libraries of considerable sizes can be screened. The method generally 
calls for prior purification of proteins, but methods specifically immobilizing library 
members from a crude cell lysate in a sandwich ELISA like manner do exist [164]. 
Often one of the previously mentioned methods allowing for high-throughput 
selection is applied to reduce the complexity of the library after what a screening of 
residual clones is carried out using the microtiter plate format. Due to the spatial 
isolation of each reaction in separate wells, these assays are well suited for enzyme 
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catalysis, especially when complex systems are under investigation [165]. In an article 
published 2007 [166], Williams and co-workers describes how, by using the microtiter 
plate platform, enhanced clones were selected from a library created by application of 
error prone PCR. In this study, the oleandomycin GT (glycosyltransferase) (OleD), 
from Streptomyces antibioticus, normally catalyzing the glucosylation of oleandomycin 
using UDP-Glc (uridine diphosphoglucose) as donor to produce glucoside, is evolved 
in order to obtain an enzyme with a more promiscuous glucosylation pattern. After 
three rounds of selection by the use of a fluorogenic substrate a clone, harboring three 
single-point mutations, and showing a considerable expansion of both donor and 
acceptor specificity was found. 

 
Protein array microchips [167], with a high density of different proteins immobilized 
to a solid support, have been fabricated to study protein function. Normally the 
different proteins are robotically printed to and covalently attached to a solid surface 
[168]. The density of spots can be thousands per square centimeter. Speaking for the 
usage of protein chips for protein engineering purposes are the rapid screening and 
the very low amount of protein needed, on the other hand a purification step, before 
printing on chip is hard to exclude. In a study reported by Salisbury et al [169] showing 
the possibilities of applying protein chip arrays for selections regarding enzymatic 
activity, different fluorogenic substrates were spotted to the chip and then several 
different proteases were screened for sequence specific proteolytic activity.  
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5. In vivo bacterial cell based 
screening and selection 

5.1 General considerations 
In the broad scientific field of genetics, in vivo based screening of mutated 

libraries is a technique used for very long. In 1941 Beadle and Tatum reports an 
experiment, where random mutations are introduced to individual cells of the mould 
Neuospora crassa by X-ray irradiation [170]. Thousands of radiated clones were 
subjected to culture on two types of media, of rich and minimal nutrient composition 
respectively. The minimal media was composed of only essential nutrients not 
possible for Neuospora to synthesize. Clones showing a slower growth rate on the 
minimal media compared to the rich were collected, and again subjected to multiple 
cultures on minimal media all with different metabolites individually added. Finally 
clones were found with deficiencies to synthesize the vitamins B1, B6 and para-
aminobenzoic acid (PABA). Several years after the first experiment, the genes coding 
for the biosynthesis the enzymes were determined.  

 
In cell-based screening and selections the connection of the genotype to the 
phenotype is maintained by the surrounding cellular membrane, indeed a natural and 
very basic form of compartmentalization. When large DNA libraries are applied the 
cellular library is often handled in bulk and individual clones separated by spreading of 
a diluted liquid culture on semi-solid media where individual cells will form colonies. 
The usage of a cell sorting apparatus, such as a FACS machine, is one other approach 
to separate individual cells from the bulk culture. Single cells can, from a diluted 
culture, be sorted into for example the different wells of a micro-titer plate, based on 
different cellular optical properties, with the use of a FACS apparatus. A general start 
for in vivo based screening methods is the transformation of cells with a DNA library 
in the form of plasmids encoding for the different mutant proteins. In most cases, the 
plasmids in addition to coding for a library member, also includes an antibiotic 
selection marker sequence. Cells of the transformed genotype are able to form 
colonies when subjected to culture in media containing the appropriate antibiotics, 
and can be discriminated from cells of wild-type genotype. The introduction of 
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vectors to the cells is, in most cases, the step limiting the library sizes. A library 
consisting of 1010 different clones is very easy to create on the DNA level, but to 
introduce it to the cells calls for hard work. The general competence of cells to adopt 
vectors is reported in the unit; number of transformed cells per µg of vector DNA 
(cfu/µg). It is extremely hard to draw any conclusions about the outcome from a real 
transformation event from this number, since the transformation frequency of cells 
strongly depends on factors like, the size of the vector and the amount of vector used 
for each transformation event. In general the most efficient E. coli cells available 
today, are known to have a transformation efficiency of about 1010 cfu/µg so, in 
theory, one microgram of vector is sufficient for the creation of a 1010-sized library.  
But, in order to obtain this well-sized library, not more than 10 ng of plasmid can be 
used at each introduction event, meaning that 100 separate electroporations have to 
be performed. The cost of all this work is not negligible, regarding both material and 
personnel. The transfected cells can either, after having been left to multiply in a 
liquid culture, be used directly for selection purposes or, as is done in one article 
included in this thesis, be used to create a new similar library but in the phage format.  
If a more or less standardized library is to be utilized, in different experiments, 
together with several other vector products, as in PCA technology. An approach 
where the vectors are delivered by phage infection can be very work-saving.  

 
No matter how the vectors are delivered, it is after this step very important to avoid 
any double transformation artifacts. Up to 10% of all transformed cells can harbor 
multiple library plasmids, a great source of artifacts, and a phenomena far more 
common than generally recognized [171]. More than one article have in fact been 
retracted because of errors caused by double-transformation, this also from very 
established journals [172, 173], [174, 175], most certainly due of an underestimation of 
this problem. 
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5.2 Fused-reporter based assays 
All techniques discussed under this headline have in common that the different 

properties of the protein under investigation are probed by the study of one other, a 
reporter protein, expressed as fused to the one investigated. In order to be used for 
selection or screening purposes the reporter-protein has to show fluorescence or any 
other measureable output, in a manner proportional to the property under 
investigation, as for the trait soluble expression (see Fig. 3). Another approach is to 
use an enzyme with an activity somehow coupled to the survival of cells as reporter 
protein. A third possibility is to use an enzyme not coupled to cell survival, but with 
an activity allowing for the use of a substrate having any of the properties mentioned 
above. 

 
  Figure 3. │ The general principle of solubility reporter assays. The test protein is fused to 

the reporter domain via a flexible linker. If the test protein is expressed as soluble and 
folded, the reporter is functional and its activity can be detected. 
If, on the other hand, the test protein is expressed as insoluble or misfolded, no reporter 
activity will be detected. 

Adapted from [3] 
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The solubility of proteins, expressed with the use of bacterial expression systems, is a 
common bottleneck in protein production as in Structural Genomics. This is 
especially true when targeting eukaryotic proteins, often dependant on 
posttranslational modifications or intricate molecular chaperons totally absent in 
prokaryotes, for correctly folded soluble product expression. Although the solubility 
of many problematic proteins can be increased by the use of solubilizing fusion 
domains and/or optimized culturing conditions, a good portion of them still remain 
insoluble. One other way to deal with expression problems is to, with use of protein 
engineering tools, on the DNA level introduce random point mutations, followed by 
screening for enhanced clones. In these experiments the reporter protein of choice is 
in most cases expressed as C-terminally fused to a library member.  The two domains 
are connected by an amino acid linker of different composition and length. In order 
to obtain a positive outcome from this approach it is important that the fate of the 
library member is truly mirrored by the reporter protein. Meaning that, if the folding 
of the target protein is hindered, this should also be the case with the reporter, and 
hence a low signal or activity be detected from that clone. The importance of ‘true 
mirroring’ will set constrains on the linker sequence as well as the choice of reporter 
protein. Both length and amino acid composition of the sequence forming the portion 
linking the two protein moieties, must be chosen in a manner minimizing the 
possibilities for separate folding of the two proteins. An N-terminal problem is 
supposed to propagate to the C-terminal reporter part. Two important features of the 
reporter protein are except from giving rise to a detectable output, (i) it should of 
course be possible to express by the selected system (ii) it should not by itself affect 
the properties of the library member. 

 
The enzyme chloramphenicol acetyltransferase (CAT), responsible for bacterial 
resistance to chloramphenicol has been used as a reporter [176]. The rationale for this 
is that clones carrying an insoluble or incorrectly folded CAT enzyme will show a low 
resistance to the antibiotic, resulting in a slow proliferation rate when subjected to 
growth on media containing chloramphenicol. This system was used when Frances 
Arnold and co-workers converted a membrane-associated insoluble human P450 
cytochrome into a moderately soluble protein, by gene-shuffling it with a distant 
bacterial homologue [177]. The generated library of hybrid proteins was for a start 
selected on behalf of CAT activity, to isolate all in-frame and correctly folded variants. 
One other approach also relying on the shifting activity of a fused enzyme involves β-
galactosidase (β-gal) [178]. The active form of this enzyme is a homotetramer where 
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each subunit has a size of 135 kDa. It is known that each monomer of this enzyme 
can be divided into two subfragments, a small α-fragment of about 70 amino acids, 
and a larger ω-fragment composing the remainder of the monomer. In the presence of 
α-fragments dimers of ω-fragments achieve a dynamic equilibrium and tetramers 
showing enzymatic activity are formed [179]. By expressing the α-fragment as C-
terminally fused to a library member in an E. coli host strain where the ω-fragment is 
chromosomally encoded, followed by cultivation on IPTG/X-gal indicator agar-plates 
the solubility of the product can be monitored by the formation of blue colonies. 
 
The green fluorescent protein (GFP) originally derived from the jellyfish Aequorea 
victoria [180], or similar fluorescent proteins derived from other life forms [181], is 
frequently utilized for solubility reporting purposes as the total cellular fluorescence 
intensity correlates with the level of soluble protein [182-184], but it is also known 
that GFP can have a negative effect on the solubility of the fusion protein [185]. This 
is however rarely a problem since GFP is a very sensitive probe, allowing for 
detection for low amounts of soluble proteins. In paper I included in this thesis, 
tobacco etch virus NIa proteinase (TEV-protease) clones showing an enhanced 
soluble expression are identified by FACS sorting of cells expressing the library as N-
terminally fused to GFP [186]. In an article published in 2002 [183], Pédelacq and co-
workers report the first structure of a protein subjected to directed evolution in order 
to enhance protein solubility. Soluble variants were selected using the GFP reporter 
system. In this trial, solubility enhanced mutated clones of a nucleoside diphosphate 
kinase (NDP-K) from the hyperthermophile archaebacteria Pyrobaculum aerophilum are, 
by the use of an automated “colony picker” selected on behalf of high GFP 
fluorescence. Four rounds of evolution was performed, each involving selection of the 
40 brightest colonies (out of 40 000) for subsequent recombination by gene shuffling. 
The selection was followed by two rounds of backcrossing [108] with wild-type, to 
remove non-essential mutations. Finally a clone, at six amino acid positions mutated, 
with high solubility was identified and used for structure determination purposes. 
  
Two different approaches for selections from GFP fused libraries have been applied. 
In the trial performed by Pédelacq and co-workers an automated “colony picker” was 
used [187], this technique calls for clonal colony formation on semi-solid media. 
Bacterial colonies showing high GFP fluorescence are automatically retrieved by this 
apparatus. The need for colony formation severely restricts the library size, but the 
selection accuracy is on the other hand improved due to the averaging effect of single-
cell deviations of a bacterial colony. In the other selection approach a FACS machine 
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is used to determine the fluorescence of each individual cell. The higher throughput of 
a FACS allows for use of larger libraries but the accuracy of the screening is lowered 
compared to a colony approach. 
 
To overcome problems caused by de novo formation of internal ribosome entry sites, 
and to increase the dynamic range for reporting on protein misfolding and solubility, 
Cabantous et al reports the construction of eight circularly permuted GFP variants 
[188]. In this system, the target is expressed in-between the two GFP moieties in 
order to exclude false-positives coming from internal ribosome entry site formation. 
The eight different GFP insertion reporters display different sensitivities to protein 
misfolding and can be applied to targets of different severeness. 

5.3 Complementation based assays 
General for several different complementation assays, is an in vivo molecular 

recognition-driven reconstitution of the activity of a genetically split protein used to 
screen or select for specific protein-protein interactions in living cells. The two parts 
of the reporter protein are co-expressed within the same cell and should preferably 
not be able to associate spontaneously. Each part of the reporter is expressed as fused 
to one or the other of the protein-pair under investigation (Fig. 5). Depending on 
variables such as, used reporter protein or host cell, and the experimental conditions, 
different read-outs including fluorescence, luminescence and cell survival have been 
utilized [189-191]. Although the boundary is unclear, and some techniques can be 
placed under more than one headline, the complementation based assays are in this 
thesis divided into two groups. Techniques falling under the first headline, all have in 
common, that the split reporter is a DNA binding protein, and that a positive binding 
event is reported by transcriptional activation of a gene. The cellular library is 
screened or selected for the presence of cells having a phenotype including the 
translation product of this gene. These systems are often referred to as yeast or 
bacterial n-hybrid systems. Systems falling under the second headline include the use 
of reporter proteins of different classes, commonly an enzyme or a fluorescent 
protein. Here the libraries are screened or selected for the direct intracellular activity 
of the reporter such as cell survival or fluorescence properties. These latter assays are 
in most cases referred to as protein fragment complementation assays (PCAs). 
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5.3.1 DNA transcription directed systems 
Twenty years ago Stanley Fields described the first system utilizing the 

modularity of eukaryotic transcription factors for the screening of protein-protein 
interactions in the yeast Saccharomyces cerevisiae [192]. The original system now goes by 
the name “yeast two-hybrid system”, other systems only slightly different from the 
original have been described and are collectively referred to as n-hybrid systems [193]. 
A common theme of these systems is the fusion of one protein (the bait) to the DNA 
binding domain, and the fusion of one other protein (the prey), to the activation 
domain of a genetically split transcriptional activator. The activity of the transcription 
factor is reconstituted upon direct or indirect interaction of the bait and the prey 
proteins [194], resulting in transcription and the subsequent translation of a reporter 
gene selected to give a measurable output. The readable output can be clonal survival 
on selective media or the generation of a color signal, like in the previously mentioned 
β-galactosidase solubility assay. Yeast hybrid technologies have been widely used for 
the study of naturally occurring protein-protein interactions including the elucidation 
of the entire protein interactome for some organisms [195-198]. Bacterial systems 
based on the n-hybrid concept have later on also been described [193, 199]. 
Yeast hybrid-systems have been adapted for binder protein selections from 
combinatorial libraries [200, 201], but generally only small libraries can be used due to 
the low transformation efficiency of this organism [202], moreover the often poor 
specificity in binding generate many false positives [191]. 

 

5.3.2 Protein fragment complementation assays 
PCA was originally introduced as a method to study protein-protein interactions 

in eukaryotic cells [203, 204], but the concept has after that been generalized and 
become the source of a multitude of methods. Nowadays, it is a most valuable 
method, not only for large scale studies of protein-protein interactions and their 
perturbations [191, 205], but relatively recently also as a technology allowing for 
selections from complex libraries used in protein engineering [191, 202, 206, 207]. The 
general idea behind all PCA is to in the same cell acquire expression of two different 
fusion proteins, and that intracellular interaction between these should give rise to 
some kind of read-out (Fig. 4) [205]. This is accomplished by the addition of the 
nucleotide sequence coding for one of the two different parts of a genetically split 
protein, the PCA-reporter, to the sequence of each member of the interaction-pair 
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under investigation. Depending on the used organism and the nature of the proteins 
under investigation, as well as parameters like library size or accessible equipment for 
screening purposes, different proteins has been utilized as reporters. The most 
commonly used protein class is enzymes, giving rise to reconstituted enzymatic 
activity upon interaction between the two subfragments, but intrinsically fluorescent 
proteins like GFP [208], or luminescent like luciferase [209] have also been used. 
Hitherto used read-outs include: fluorescence, absorbance, bioluminescence, cell 
survival and reporter-gene activation [205].  
In order to obtain a low background and thus a clear PCA read-out it is of crucial 
importance that the folding and hence the activity of the protein reporter depends 
completely on the interaction between the protein pair under investigation, calling for 
a system where spontaneous association of the two subfragments is close to zero. In 
general this technology takes advantage of the all-or-none nature of folding of the 
split protein [210]. The folding restriction excludes many of the in molecular 
biotechnology, well-known interaction pairs. The β-galactosidase/X-gal assay 
(described in section 5.2) can as an example not be used, because the α and ω protein 
fragments are structured and spontaneous association frequently occurs. Only a few 
PCA-reporter candidates have been shown to fulfill these rather harsh requirements, 
this is especially true for the use in bacterial selection systems. The hitherto only 
bacterial organism exploited for PCA purposes is Escherichia coli where two different 
PCA systems further described below have been applied.  

5.3.2.1 Split mDHFR systems 
One for PCA purposes used bacterial systems includes the use of a split murine 

dihydrofolate reductase enzyme (mDHFR) as reporter. The construction of this 
system has been described in detail by Michnick et al [1]. DHFR catalyzes the 
reduction of dihydrofolate to tetrahydrofolate, for use in transfer of one-carbon units 
required for the synthesis of different biomolecules including the amino acids serine 
and methionine [1]. This enzyme activity is essential for the survival of both eu- and 
prokaryotic cells. DHFR is inhibited by trimethoprim, but DHFR of mammalian 
origin has a 12 000-fold lower affinity for this drug than does the bacterial. Therefore, 
if the two parts of a genetically split mDHFR enzyme is separately expressed in E. coli 
cells growing in media supplemented with trimethoprim, cells where the two enzyme 
halves are spatially close due to interaction between the fused target and a library 
member will survive due to reconstituted DHFR activity, but all other cells will 
eventually die [211].  
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In two articles [212, 213] Pelletier, Arndt et al reports how an E. coli selection system 
based on the DHFR principle is used to select interacting pairs of heterodimerizing 
leucine zippers polypeptides, in a library-versus-library manner. The library of a size 
giving rise to 2x106 possible combinations was constructed by the use of tri-nucleotide 
codon degenerated oligonucleotides, and a zipper pair with an affinity of 24 nM could 
successfully be selected. The mDHFR selection system was further explored in the 
direct selection of scFv antibody fragments from a fully synthetic library of size 
4.5x109 [206]. Amstutz and co-workers reports the use of a slightly different selection 
technique [214]. In this study a large combinatorial library of ankyrin repeat proteins 
(DARPins) [215] is subjected to ribosome display affinity selections towards three 
mitogen-activated protein kinases (MAPKs). A relatively small number of the pre-
selected clones are after this transferred to the mDHFR system for a final selection, 
performed using that technique. A DARPin with an affinity of 1.4 nM towards one of 
the kinases is found. Although these studies reveal the general power of PCA as a 
technique allowing for complex library screening, the mDHFR system appears to be 
hampered by some inherent limits of the format. In this format the molecular 

Figure 4. │ Schematic representation of the induced reporter fragment complementation 
in PCA. kon and koff are the association and dissociation rate constants of the binder pair  
interaction under investigation (blue and yellow). kfold and kunfold are the folding and 
unfolding rate constants of the two PCA fragments (green and violet). 

Adapted (and corrected) from [1] 
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interaction by necessity has to occur in the reducing environment of the E. coli 
cytoplasm. This renders the formation of disulfide bonds impossible and thus 
interferes with the correct folding and stability of many target and binder proteins, 
this is particularly true for antibody fragments. Judging from the reported trials, the 
mDHFR system has behaved rather poorly in affinity protein selections, with a high 
background of low-affinity interactions and a high number of false positive colonies. 
One reason for this may be the formation and accumulation of inclusion bodies by 
incorrectly folded proteins in the cytoplasm giving rise to the unwanted side-effects. 
The introduction of a pre-selection step with use of ribosome display [214] in order to 
reduce the complexity of the library, greatly improves the behavior of this system. 
In addition to E. coli also the yeast Saccharomyces cerevisiae has been employed as a host 
organism for the mDHFR PCA system. The general problem with this approach is 
the insensitivity of eukaryotic organisms to trimethoprim. In a first attempt to 
overcome this problem, Tarassov et al [216] when mapping the yeast protein 
interactome used a yeast strain carrying a mutated DHFR gene and the inhibitor 
methotrexate. In a later publication [191] an alternative and simplified system for the 
use in yeast is described, here a genetically split mDHFR is used and the yeast innate 
DHFR activity is suppressed by the addition of the two inhibitors trimethoprim and 
sulfanilamide. 

5.3.2.2 Split β-lactamase systems 
Two of the works included in this thesis reports the use of a split β-lactamase PCA 

system for the selection of high and specific affinity proteins from large combinatorial 
libraries. β-lactamases are enzymes produced by some bacterial species, the biological 
function is to give the organism resistance to beta-lactam antibiotics such as penicillin. 
The beta-lactam structure, a four atom ring, is a common element of many different 
antibiotics, and the enzyme hydrolyzes one of the bonds thus breaking the ring and 
deactivating the antimicrobial ability. The first identified enzyme showing β-lactamase 
activity was penicillinase and was in fact reported before the start of clinical use of 
penicillin [217]. Since this first report many different β-lactamases have been isolated 
and to simplify the classification of them a system have been introduced based on 
their nucleotide and amino acid sequence [218].  TEM-family β-lactamases are a type 
commonly encountered in gram negative bacteria such as E. coli, and among the 
different TEMs the TEM-1 clone is the most frequent, responsible for about 90% of 
all wild-type E. coli ampicillin resistance [219, 220]. The TEM-1 clone is, in scientific 
applications, very frequently used as a resistance marker, then in combination with 
selective media containing beta-lactam antibiotics such as ampicillin. The presence of 
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an amino group in ampicillin as compared to penicillin allows it to penetrate the E. coli 
outer cell-wall through specific porin channels [221]. After entrance to the bacterial 
periplasmic compartment the antibiotic acts as a competitive inhibitor to the enzyme 
transpeptidase, responsible for cross-linking of peptidoglycans (Fig. 5) [222], a 
reaction needed for bacterial cell-wall structural integrity, and thereby cell 
proliferation. In the presence of ampicillin, cell-wall will still be synthesized, but due 
to low formation of cross-links, be of a poor quality and eventually the cell will be 
lysed. 

 
Figure 5. │ A schematic overwiev over the β-lactamase PCA selection system used in paper III 
and IV. Depicted in blue, the E. coli cytoplasm, in pink the periplasm and in white the 
extracellular space. Violet T’s stands for tazobactam molecules and red A’s for ampicillin. The 
directional influx of these two compounds to the periplasm is facilitated by cell-wall porin 
channels (blue cylinders). Penicillin binding proteins (PBPs), also known as transpeptidases, 
responsible for cell-wall cross-linking are depicted as green pies, PCA system constituents, 
shown as in figure 5, are found in the periplasm as well as in the extracellular space.  
 

(1) PBPs are inhibited by binding of ampicillin in a semi-reversible manner. 
(2) Active, PCA activity driven structurally complemented β-lactamase enzyme deactivates 

ampicillin by opening the β-lactam ring (deactivated ampicillin depicted as red V’s).  
(3) Structurally complemented β-lactamase enzyme is irreversibly inhibited by forming 

covalent bonds with tazobactam.  
(4) Except from enzymatic inactivation, a considerable breakdown of ampicillin as well as 

of tazobactam due to thermal activity is to be expected. 
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Since all protein synthesis in gram-negative bacteria takes place in the cytoplasm, 
evolution have created ingenious systems allowing for rapid and specific export of 
proteins directed for activity in the periplasm, such as β-lactamase, through the inner 
cell-wall. In most cases this export involves the addition of a specific signal-peptide 
amino acid sequence to the nascent protein, directing it for export through specific 
channels where the signal-peptide is cleaved off [223]. The fact that all interactions, 
due to the antibiotic activity, have to take place in the periplasmic compartment makes 
β-lactamase PCA quite different to mDHFR PCA. Only the periplasmic space is 
suitable for selections if the formation of disulphide bridges is required for structural 
integrity of the involved proteins. But in this case all involved components have to be 
compatible with secretion through the bacterial inner cell-wall. The β-lactamase 
system could therefore, in theory, be free of many of the problems associated with E. 
coli hosted mDHFR PCA, but time will tell if this is the case.  
 
Although it had been shown earlier that a circularly permuted β-lactamase retained its 
activity [224], Galarneau and co-workers were, in a paper published in 2002, the first 
to report the use of a genetically split TEM-1 for PCA purposes [225]. The system 
was originally introduced as a method enabling studies of protein-protein interactions 
in living mammalian cells, and the read-out was based on the changes of Förster 
resonance energy transfer (FRET) and fluorescence efficiency of different fluorogenic 
substrates due to β-lactamase cleavage of internal beta-lactams [226]. In one other 
article also published in 2002 [227], Wehrman and co-workers describes the first 
application of β-lactamase PCA utilizing E. coli as a host. In this paper a randomized 
library of tri-peptides is fused to both enzyme fragments as well as to a known 
interacting pair of leucine zipper helices from the c-Fos and c-Jun subunits of the AP-
1 transcription factor [228]. Cells expressing the library are screened for enhanced 
survival on ampicillin containing media due to β-lactamase activity. It is found that the 
addition of an NGR (Asn-Gly-Arg) tri-peptide to the carboxy terminus of the amino-
terminus (α) fragment of the split β-lactamase greatly enhanced the efficiency of the 
system without any addition of background. 
 
 Olof Nord and co-workers have shown that a FRET based PCA system is applicable 
also for bacterial hosting [229]. This study showed that E. coli lacks a periplasmic 
esterase enzyme activity, necessary for activation of a CCF2-AM fluorescent substrate. 
Efficient activation of the substrate could be achieved only after supplementation of a 
purified fungal lipase to the media (cutinase) in vitro. Moreover, in vivo expression of a 
lipase directed to the periplasm, allowed for fluorescent discrimination between β-
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lactamase positive and negative living E. coli cells. Following this a very similar system 
have been used to screen for protein-protein interactions in bacteria [207]. In the 
article by Park et al, a cDNA library derived from a human cell-line is screened for 
clones showing interaction with human uracil DNA glycosylase (hUNG). E. coli cells 
expressing both PCA fragments are screened, regarding survival in ampicillin 
containing media, but also for colorimetric changes around the colonies formed in 
media supplemented with nitrocefin. A coiled-coil helix coiled-coil domain-containing 
protein 5 (CHCH5) was identified to interact with hUNG, and the interaction was 
further confirmed by the use of an enzymatic activity assay. 
 
Applying a system very similar to the one described by Wehrman and co-workers, 
Secco et al describes the first real β-lactamase PCA affinity protein selection from a 
combinatorial library [230]. In this study, a combinatorial phage library of single chain 
Fv fragments (scFvs) calculated to have a diversity of 3x1011 is by the use of phage-
display technology screened for binders towards the human receptor RON. A phage 
pre-selected library, reduced to a size of about 106 is then transferred to the β-
lactamase PCA format, and cells are screened for survival on ampicillin supplemented 
semi-solid media. Finally, a number of nanomolar affinity scFvs are found, with the 
highest affinity being about 6 nM. It is strange that the authors of this article on more 
than one occasion speaks about a PCA selection from a naïve library, though the pre-
screened library used in the PCA selection part of the study was quite small. Further it 
seems like the reasons for applying a pre-selection step were the problems 
encountered by Koch et al  [206] when a mDHFR system was used. In the studies 
described in paper III and IV included in this thesis we have found no need for any 
pre-selection step to eliminate ‘generally sticky’ clones, but this could of course also be 
dependent on the selected affinity scaffold as well as the target protein. 
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6. Affinity protein scaffolds 

In recent times many laboratories has started to work with scaffold engineering 
in order to obtain novel affinity reagents [231]. According to my dictionary the word 
“scaffold” is synonymous with the word “framework”, and this latter word perhaps 
provides a better explanation for what is done at these laboratories. In the broad but 
specialized field of affinity protein selection a great number of different scaffolds are 
used, each providing the protein framework necessary to house solvent accessible 
structures (loops or surfaces) randomized in order to obtain a library of binder 
candidates. In paper III and IV included in this thesis a three-helix bundle scaffold, 
derived from staphylococcal protein-A, is used. This scaffold is described in section 
6.2.2, and affinity reagents derived from it has been commercialized under the name 
affibody molecules. 

6.1 Antibodies and antibody fragments 
Immunoglobulins, more commonly called antibodies, play a central role in the 

immune system of vertebrates. First described by von Behring in the late 19th century 
their biological function is to identify and eventually neutralize non-self structures 
such as bacteria and viruses. From a relatively limited genetic set an enormous amount 
of different antibodies can be created in a combinatorial assembly process involving 
recombination and somatic mutations. In placental mammals five different isotypes of 
antibodies can be found with sizes ranging from 150 to 900 kDa. The IgG sub-class 
of antibodies with a size of about 150 kDa is not only the most abundant in in vivo 
circulation but also the most preferred to use in biotechnological applications. Except 
from being large IgG is also have a relatively complicated structure consisting of four 
polypeptide chains, two identical light chains and two identical heavy chains, bound 
together by disulphide bonds and decorated with oligosaccharides. The two identical 
regions of an antibody actually involved in binding of antigens are called 
complementarity determining regions (CDRs) and are both formed by six 
hypervariable loops, 3 on each light and heavy chain.  
Lately, scientific interest has arisen to use different kinds of antibodies of a simplified 
structure derived from a variety of species. In mammal members of the Camelidae 
family such as camels and llamas, a large fraction of the circulating antibodies are of a 
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special type assembled of just two heavy chains [232]. The nurse shark (Ginglymostoma 
cirratum) has been shown to have antigen receptors of a nature very similar to camels 
[233].  
The complicated nature and the need for correct glycosylation of full-sized IgG 
antibodies in order to be fully functional usually calls for expression with use of an 
expensive mammalian system [234], although E. coli have been used as host for the 
production of aglycosylated antibodies [125, 235]. To circumvent the problems 
associated with production of full sized antibodies in bacteria, numerous trials have 
been reported where just a small part, a fragment, of the antibody has been used [236]. 
Since the antigen binding function of an antibody is situated in the hypervariable 
loops, a minimal functional fragment would consist of only these loops supported by 
a minimal framework. A very small affinity regent originating from IgG class 
antibodies consists of just a single variable domain from the light or heavy chain [237]. 
One of the most frequently used scaffold formats today is the single-chain antibody 
fragment (scFv), it consists of the variable domains from the heavy and the light chain 
held together by a flexible polypeptide linker. The lack of posttranslational 
modifications makes production of scFvs in E. coli relatively easy [238]. One very 
interesting fragment now being explored consists of only the 15 kDa single variable 
domain derived from camel antibodies and goes under the name nanobody [239]. 

6.2 Alternative affinity scaffolds 
The ability of molecular recognition is found among many proteins other than 

antibodies. Cellular signaling, for example, is often dependent on the specific binding 
of a ligand to its receptor. Many pathogenic organisms like bacteria or virus particles, 
on their surfaces, produce proteins with the ability to specifically bind to structures 
found on their respective hosts. For many years, antibodies of different classes or 
fragments of them were the affinity scaffolds used. However, in the early 90’s libraries 
of small randomized peptides were introduced as an alternative [240, 241]. After this, 
time had come for the development of different alternative affinity scaffolds, and 
today the scientist can select among a multitude. Most if not all of them are derived 
from naturally occurring protein binders from different life forms, where amino acid 
residues naturally involved in recognition have been determined and randomized in 
order to obtain novel affinity proteins. Some very good reviews have recently been 
published describing the different scaffold structures and their respective advantages 
[240-245]. Not surprisingly, the usefulness of a scaffold is very application dependent, 



48 On bacterial formats in protein library technology 

but a monomeric structure of relatively small size and a stable structural framework, 
to enhance the structural integrity even under a high mutational load are some 
features generally considered to be important. High yield expression when expressed 
in bacterial expression systems is also an important feature. 
If being developed for in vivo therapeutics or imaging applications, other aspects like 
immunogenicity and proteolytic stability have to be considered. Readers interested in a 
more detailed description of the available scaffolds are referred to the reviews 
mentioned above. Here a description of the origin, nature and some applications of 
two different affinity scaffolds will follow. In the first scaffold, amino acid residues 
residing in unstructured loops are randomized, and in the second, amino acids 
residing in parts of secondary structure elements. 

6.2.1 Lipocalin derived scaffolds 
Lipocalins are a class of proteins found in many different life forms. Their 

biological function is to transport or store, usually small, biological molecules which 
are either of low solubility or chemically sensitive, for example different vitamins or 
hormones [246]. Native protein sizes of different lipocalins are normally in the range 
15–20 kDa. They all share an antiparallel β-barrel structure supporting four solvent 
exposed loops forming the ligand-binding site [247], a general structure not unlike the 
structure of GFP and more distantly remaining of the immunoglobulin superfamily. 
Arne Skerra and co-workers have explored the possibilities of using engineered forms 
of lipocalins, derived both from insects and human, as a general affinity scaffold [248, 
249] and have given these engineered products the name anticalins. In the reported 
works, normally a library of anticalins is created where 16 of the loop residues are 
randomized. Quite interesting, even though naturally occurring lipocalins normally 
bind to small chemical compound ligands (haptens), anticalins have by the use of 
phage display technology been selected against several large protein targets [246, 250] 
with affinities even down to the picomolar range.  
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Figure 6. │ Structure of the complex between the 
phage-display selected Lipocalin Dig16A (lime) 
and its target digoxigenin (blue) (1LKE.pdb). 

The hapten digoxigenin originally 
derived from plants of the genus 
Digitalis is distributed as treatment 
of ventricular tachyarrhythmias 
and congestive heart failure, 
unfortunately this is a very toxic 
compound and overdoses are not 
uncommon.  
An anticalin specifically binding to 
digoxigenin (Dig16A) (Fig. 6) 
with a 30 nM affinity has been 
selected [251]. This affinity were 
later improved by the application 
of affinity maturations techniques, 
where an anticalin binding to 
digoxigenin with the affinity of 
600 pM was found. This protein 
could potentially be used as a 
treatment for intoxicated patients. 
 

6.2.2 Staphylococcal protein A derived scaffolds 
In antibodies and lipocalins, residues residing in unstructured loops perform the 

actual molecular recognition process. In many other affinity protein classes parts of 
secondary structure elements (α-helices or β-sheets) are instead randomized. The 
positions of the randomized residues are close to each other in the three-dimensional 
folded protein structure but can be distant in primary sequence. When compared to 
strategies where positions in loop regions, normally not participating in tertiary 
protein structure formation, are randomized, incautious randomization of secondary 
elements can cause partial unfolding and low thermal stability of the scaffold. It has 
been proposed that the loss of entropy upon binding for these relatively rigid 
structures, is comparably low and higher specificities compared to loop based 
scaffolds can eventually be obtained [252].  
A scaffold derived from a three-helix bundle domain of staphylococcal protein A 
(SPA) has been used in paper III and IV included in this thesis. SPA is naturally 
displayed on the surface of staphylococci and is proposed to be involved in the 
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Figure 7. │ The three helix bundle affibody
protein scaffold, the randomized amino acid 
positions of helix one and two are shown with 
their respective residue number. 

infectious machinery of the bacterium [253]. SPA contains five homologous domains, 
all of them capable to bind the constant part of antibodies of different classes from 
different species [254, 255], in a manner obstructing immune response detection and 
removal of antigen [253]. A 58 amino acid residues section, denoted the B domain, 
was in 1987 engineered for improved chemical stability [256]. The resulting protein, 
renamed Z is naturally free of cysteines and fast folding [257]. It has a small size (6 
kDa) and can be expressed to a high yield using standard E. coli expression systems 
[257], as an added feature the small size also makes production by peptide synthesis 
possible [258].  
When creating an affibody molecule library from protein Z normally 13 amino acid 
positions of the first and second helix are randomized (Fig. 7) [259], all of them are 
solvent accessible and situated on one side of the folded protein. After the first 
reported selection of binder proteins from an affibody library performed by Nord et al 
in 1997 [260], selections have been reported towards a variety of targets such as: 
human cellular receptors [47, 261], a viral glycoprotein [262] and a bacterial 
polymerase [263]. A recent report concerns a selection of affibody molecules towards 

the human amyloid beta (Aβ) 
peptide, suspected to be involved 
in the progress of Alzheimer's 
disease [264]. This finding is 
especially interesting since it 
would be expected that peptide 
binders would benefit from a 
more cavity like structure. A 
subsequent structure 
determination of the affibody – 
peptide complex revealed [265], 
that the binding required a 
cysteine bridge stabilized 
homodimer of an affibody 
molecule containing a β-strand 
element, pairing with residues of 
the peptide.  
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6.2.3 Other alternative scaffolds 
When selecting for protein binders towards other molecules than proteins, and 

then especially binders to DNA protein scaffolds, usually derived from naturally 
occurring proteins, are applied. Zinc fingers [266] and leucine zippers [267] are two 
scaffolds often used for DNA binding purposes. An alternative approach combining 
cassette mutagenesis and shuffling was reported by Jonas and co-workers [268] in 
2005. The aim of this study was to obtain DNA binding proteins repressing the 
transcription and thereby the expression of the B-cell lymphoma protein 2 (Bcl-2). As 
molecular scaffold a single-chain derivative of the Cro repressor (scCro), a helix-turn-
helix motif protein of phage lambda, was used. With use of phage display selection 
technology (section 4.1.3) two libraries was separately selected for clones showing 
affinity towards one or the other of two half-sites derived from the target DNA 
sequence. The separately selected helices were combined in a random manner, and 
binders towards the entire bcl-2 target sequence selected. In the end, proteins 
displaying high affinity in binding the target sequence albeit only with moderate 
sequence discrimination were found. 

 
The general approach, of combining two separately selected binders specifically 
binding to different epitopes on the same antigen to a single affinity module, have also 
been applied for other affinity scaffolds, and in selections where proteins were targets. 
In theory, a higher selectivity as well as affinity could be gained. Neri et al reports [269] 
the connection of two single-chain antibody fragments (scFv) derived from antibodies 
with dissociation constants of respectively 10 nM and 1 µM both targeted to hen-egg 
lysozyme (HEL) by a flexible amino acid linker. The bispecific antibody fragment was 
shown to have a sub-nanomolar affinity towards the target. An interesting theoretical 
description and review of this scientific field, demonstrating the effects of different 
connecting amino acid linker lengths, have been published by Huan-Xiang Zhou 
[270]. 
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7. Present investigation 

In this part of the thesis I will discuss and comment the four articles that form 
the basis for this work. A common theme for all included papers is that they all 
involve in vivo selections from or screening of protein libraries expressed by Escherichia 
coli. This gram-negative bacterium normally found colonizing the large intestine of 
warm-blooded animals is here used in order to obtain the crucial link between 
genotype and phenotype by natural cell-wall mediated compartmentalization. One 
other theme joining the articles is that beneficial improvements of the target protein 
are studied by examining the properties of a co-expressed fusion protein reporter 
partner. 

  
In paper I and II the investigations concern the Nuclear inclusion protein A (NI-a) 
from the Tobacco Etch Virus, more commonly called TEV-protease. TEV is an RNA 
potyvirus infecting plants mostly of the family Solanaceae, including commercially 
important plants like tomato, peppers and tobacco [271]. The virus particle is of a 
simple structure consisting of a 9494 nucleotide bases long single strand of helical 
RNA, coated with numerous copies of a 263 amino acids long coat protein [272]. 
After infection of host the viral mRNA is translated to a single 3054 residues long 
polyprotein (Swiss/Uniprot entry P04517). The known biological function of the 
TEV-protease is to cut the translated polyprotein at seven different defined positions 
in order to achieve discrete proteins and thus creating the viral survival and 
proliferation machinery. The TEV cysteine endopeptidase recognizes a seven residues 
long sequence and hydrolyzes the peptide bond between residue number six and 
seven. From mutational analyses [273] is known that the TEV-protease recognize a 
linear epitope with the general composition E-Xaa-Xaa-Y-Xaa-Q↓(G/S) (one letter 
amino acid code), with optimal protease activity given by E-N-L-Y-F-Q↓(G/S). Due 
to its high specificity and activity, also in the presence of protease inhibitors and under 
a wide range of conditions [274], this protease has become a favorite tool in 
biotechnical applications such as the removal of affinity-tags and solubility enhancing 
fusion protein partners.  
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In paper I the goal was to overcome the low yield of soluble product of the TEV-
protease when heterologously expressed in E. coli based systems. In paper II the 
investigation concerns the recognition sequence-space of TEV-protease. This 
manuscript concerns the application of a novel selection system to analyze the 
efficiency with which the protease process substrate peptides of different amino acid 
composition. In both these studies a fluorescence activated cell sorter (FACS) is used 
to screen the library for GFP fluorescence. 

 
In paper III and IV β-lactamase PCA (Protein fragment Complementation Assay) 
techniques are used to select high affinity binding proteins from large combinatorial 
libraries. In these two studies the obvious trait is to select affibody molecules showing 
specific high affinity binding to human tumor necrosis alpha. TNF-α (Swiss/Uniprot 
entry P01375) belongs to the cytokine group of proteins and is primarily produced as 
a cell-membrane anchored protein [275]. Protease processing of the membrane 
anchored protein produces a 157 amino acid long soluble protein (sTNF-α) [276], 
known to promote inflammatory responses [277], giving rise to autoimmune disorders 
such as rheumatoid arthritis, psoriasis and refractory asthma. The physiologically 
active form of sTNF-α is known to be a homo-trimer formed at nanomolar or higher 
concentrations [278]. A today popular treatment, to reduce the symptoms caused by 
different autoimmune diseases, involves the distribution of sTNF-α binding 
monoclonal antibodies [279] or fusion proteins [280] to the patients. The distributed 
binder-proteins will interact with sTNF-α and thus prevent it from binding to its 
natural receptor. The two monoclonals and the receptor fusion-protein used for 
therapy were placed one, three and four on the Swedish pharmacies best-selling (cost 
related) list in 2008 [281], with a total cost price for the Swedish pharmacies of about 
1 500 million SEK. This accounts for more than 5% of the total Swedish 
pharmaceutical market. 
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7.1 Improved solubility of TEV protease by 
directed evolution (I) 

The overall aim of this project was to create a general method, of relatively 
high-throughput, for improved soluble expression of problematical proteins using E. 
coli expression systems. In many cases soluble expression can be obtained by the use 
of solubilizing fusion partners and/or optimized cultural conditions [57], and the 
overall simplicity of these methods makes them a natural first choice for troublesome 
sequences. When this first approach fails expression in a different host like yeast or a 
totally cell-free expression system can bring a solution [282]. The addition of a tag or a 
change of expression system does not however change the intrinsic properties of the 
target protein, meaning that even when a fraction of the yield is soluble the product 
might still aggregate or be inactive [283]. A second approach for the still recalcitrant 
proteins involves the introduction of a few sequence specific solubility enhancing 
amino acid substitutions [284].  In doing this, rational design methods can be applied, 
and many successful residue substitutions have indeed been found by the use of this 
method [285], but due to the complexity in understanding how a single amino acid 
substitution contribute to the total protein stability and a lack of structural 
information for many targets a directed evolution approach is in many cases attractive. 

 
An experimental scheme was chosen for our system, where diversity is introduced to 
the target coding sequence by the use of an error prone PCR protocol of a low error 
rate. This is followed by gene-shuffling using in-vitro recombination technology. 
Many different error prone PCR and recombination protocols were investigated, and 
in the end the PCR protocol described by Fromant et al [100] and the Stemmer 
“sexual PCR” recombination method [107] were selected on behalf of  showing a high 
reproducibility and a general ease of use. Moreover, it was decided that solubility 
enhanced clones should be selected on in vivo GFP fluorescence by FACS sorting of 
E. coli cells expressing the library as N-terminal fused to an eGFP solubility reporter 
protein. Furthermore to promote the throughput, Gateway technology [286] was to be 
applied for all sub-cloning purposes. The Gateway adapted expression vector pTH31 
was created, allowing for expression of target-eGFP fusion proteins and a second 
vector pTH24 was used for the expression of 6x-His-tagged proteins (Fig. 8). 
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Figure 8. │ (A) Schematic representation of expression vectors used in paper I.  
(B) A detailed graphic representation of the products received from respective vector. 

Motivated by the fact that the tobacco etch virus protease (TEV-protease) is a protein 
normally giving a very low yield of soluble product when expressed by E. coli 
expression systems [287] it was selected for possible improvements. The above 
mentioned error prone PCR protocol was applied and sequencing of 14 clones 
revealed an average nucleotide mutation frequency of 8‰ and an average of 4.1 
amino acid substitutions per clone (range 0 to 10). The low number of sequenced 
clones gives a large uncertainty to the calculations, but the total number of 
substitutions was a bit higher than expected from the Fromant scheme. The size of 
the functional library after transformation to cells was determined to be about 105. 
The library of fusion-protein expressing cells was with the use of a FACS machine in 
two steps screened, and a 1‰ fraction, consisting of the most fluorescent individuals 
were transferred to selective semi-solid media. Of the 71 colonies formed, nine were 
by eye judged to be especially fluorescent. Sequences coding for the 71 clones selected 
in the first round of sorting were gene-shuffled and a second library was produced, 
again by the use of Gateway cloning technology. The new library was also subjected to 
FACS sorting, in a manner similar to the first, and the fluorescence of in all 147 
different selected colonies was judged again by eye.  
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Table 4. Some properties of the selected mutants 

Clone 
name 

Fluorescence 
group (ranks 0-3) 

Yield after 
purification 

(mg/l) 

No. of amino 
acid 

substitutions 

Amino acid 
substitutions 

TEVS219V 
(TEV-wt) 

2 9.9   

A26 
(TEVSH) 

3 54 3 T17S, N68D, 
I77V 

B142 3 25 4 N12D, N68D, 
Q74L, M235K 

B182 3 31 2 T17S, R80S 
 
Two highly fluorescent colonies from each selection were chosen for further studies 
and therefore sub-cloned into pTH24 expression vector, expressed and purified. 
Quite interestingly the target DNA sequence of the two colonies selected from the 
first selection round were identical and gave a higher yield of purified protein than the 
two clones emerging from the shuffled library, though these latter clones showed a 
higher fluorescence (Table 4). To investigate whether the obtained mutations were 
negative for the proteolytic activity, tests were performed using a substrate containing 
a TEV protease cleavage site.  The test-substrate was subjected to proteolysis by the 
different TEV-protease mutants and analyzed over time by the use of SDS-PAGE 
gels (Fig. 9). 
The single remaining clone from the first selection round (A26), as well as one of the 
gene-shuffled clones showed, in this assay, an activity comparable to wild-type, 
whereas the remaining clone (B182) was less efficient. The clone A26 contains three 
amino acid substitutions, T17S, N68D and I77V, and produce 5.5 times more purified 
protease than wild-type.  

Figure 9. │ SDS-PAGE gel showing the activity of the mutants. A substrate containing a 
TEV protease cleavage site was incubated with the selected protease variants and aliquots 
removed for analysis at different time. 
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I am very plased to note the great world-wide interest for the solubility enhanced 
protease clone A26, now renamed TEVSH (Fig. 10). Requests for expression vectors 
coding for the variant, has been frequent and this protease is now possibly active on 
all continents (except Antarctica). The high interest reveals the huge popularity for 
this protease in biotechnical applications, and I am very pleased to note that the 
outcome from a relatively small project of a low budget can generate a response of 
this dignity!  
About a year after the publication of paper I, Cabrita and co-workers, report the 
production of a TEV protease mutant soluble at concentrations 40-times higher than 
wild-type [288]. The two amino acid substitutions responsible for this enhancement 
differs from the substitutions in table 4. The fact that the amino acid substitutions of 
this protein were rationally designed by the means of a computer program reveals the 
recent progress in this scientific area. 
 
 
 

Figure 10. │ Each dot on the map indicate the destination of  dispatched TEVSH 
expression vectors. Note: the dot only indicate the nation, not the true geographic 
destination. 



58 On bacterial formats in protein library technology 

7.2 High throughput substrate profiling of TEV 
protease by using a novel fluorescence assisted 
whole-cell assay (II) 

Site-specific proteolysis of proteins plays an important role in a number of 
cellular functions [289], thus degradomics has become an important as well as 
interesting research field. Except from this, proteases are attractive for use in various 
biotechnological as well as industrial applications such as the removal of fusion tags 
from recombinantly produced target proteins [290], and as a supplement in washing 
powder [291]. Efficient methods for the characterization of proteases as well as their 
substrate-sequences could therefore increase our understanding of cellular systems 
and be a base for new industrial applications. Previously reported in vivo protease 
assays utilizing E. coli as a host [292, 293] are, except from being laborious, 
characterized by a low dynamic range and of a generally low sensitivity. 
 
In paper II, included in this thesis, a novel in vivo protease profiling system is applied 
for the analysis of the efficiency with which the TEV-protease process different 
substrate peptides. This system is based on the findings that when a specific amino 
acid sequence (SsrA tag) is C-terminally fused to a protein, the entire protein will be 
efficiently degraded by the native E. coli proteolytic complexes ClpAP and ClpXP 
[294, 295]. The normal biological function of this system is to direct the proteins 
whose ribosomal synthesis has stalled or else been interrupted to degradation. The 
SsrA sequence, highly conserved through bacteria, is natively encoded by a special 
RNA molecule known as SsrA RNA. This molecule has dual functionality, and serves 
as both a tRNA and an mRNA. SsrA RNA charged with an alanine residue will bind 
to the A site of the stalled ribosome, donate the alanine to the polypeptide chain and 
then by providing the SsrA coding sequence for the degradation peptide, act as an 
mRNA [296]. The ingeniousness of this system strikes me every time I come to think 
of it! Here, however, this in vivo degradation system has been utilized for the creation 
of a brand-new and very rapid screening system, about to be fully described in a 
coming paper. 
Briefly, the system is based on the co-expression of two proteins, encoded by 
different, separately inducible vectors, in the same cell. The first vector encodes the 
protease and the second a product consisting of: Nterminal – GFP – library of putative 
substrate sequences – SsrA tag - Cterminal (Fig. 11A). The general idea is that in cells 
expressing a substrate sequence recognized by the co-expressed protease, GFP will be 
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Figure 11. │ (A) Protease-mediated removal of the SsrA-tag from the reporter construct, 
GFP-PS-SsrA, through in vivo processing of the substrate peptide, rescues GFP from 
degradation, resulting in gain-of fluorescence, enabling flow cytometry analysis and cell 
sorting to collect desired clones. The reporter construct: GFP, green fluorescent protein; PS, 
protease substrate peptide; SsrA, a ClpXP-specific degradation tag.  
(B) Flow cytometry analysis of E. coli DH5α cells that co-express TEVp and different 
reporters constructs. Three reporters only differed in the P1’ position of the TEVp substrate 
sequence, ENLYFQX; X = G (“SubG”), V (“SubV”) or P (“SubP”), and are represented by 
the histograms shown in green, purple and blue, respectively. The negative control is 
represented by the red histogram while the positive control (denoted SubG’) that is identical 
to SubG but lacking the SsrA-tag, is shown in dark green. 

rescued from degradation by protease removal of the SsrA tag, otherwise the entire 
vector product, including GFP will be degraded. In the first case, the cell will be 
fluorescent and possible to select with the use of previously mentioned techniques, 
such as FACS or an automated colony picker. In the second case, the cell will remain 
dark, and be discarded. An engineered form of the SsrA tag (AANDENYNYALAA), 
containing an extra pair of asparagine (N) and tyrosine (Y) residues, reported to 
improve the degradation of SsrA tagged proteins [297] was used in this study. 
 
In paper II, we report the outcome of three different investigations, all concerning the 
substrate sequence dependence of the proteolytic efficiency of the TEV-protease. 
FACS was used for screening through all screening steps. As a first attempt, three 
different substrates, only differing in the P1’ positions (the leaving amino acid), were 
compared regarding the proteolytic activity. Amino acids included in the variable 
position were: glycine, valine and proline (G, V and P), (Fig. 11) where glycine is the 
native residue, and the other two are known to result in poor and very poor cleavage 
efficiency, respectively [298]. The result from separate flow-cytometry evaluations of 
the constructs showed that cells expressing the native substrate sequence had 

A B
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fluorescence intensities close to that of a positive control consisting of a reporter 
vector product lacking the SsrA tag (Fig. 11B) A proline in P1’ position resulted in 
intensities in parity with those from a negative control peptide lacking any substrate 
peptide. The construct including a valine residue, was cleaved, albeit with very low 
efficiency, as deduced from the whole-cell fluorescence intensity (Fig. 11B). 
After this proof of principle study, two different combinatorial substrate sequence 
libraries were created from degenerated (NNK) oligonucleotides, in order to use the 
system for the identification of optimal substrates for TEV-protease. In the first 
library, three positions of the seven amino acids long recognition sequence were 
randomized. The second library was only differing from the first in that also the P1’ 
position was probed. The positions chosen for randomization were based on reports 
claiming that P6 (E), P3 (Y), P1 (Q), and P1’ are the most important specificity 
determinants. The library sizes obtained were large enough to include all possible 
sequences with more than 99% probability.  
About 10% of the clones in each library were, due to the randomization strategy 
applied, known to include an amber stop (TAG) codon, and had to be removed. 
Expression of these clones would otherwise result in false positive records, since 
translation would stop before reaching the SsrA tag, and thereby cause a shift in the 
whole-cell fluorescence intensity. This would also be the fate for library members 
translated from reading frame shifted sequences, received from poorly purified 
oligonucleotides, and thus lacking the SsrA tag. To deal with these problems, each 
library was subjected to two initial rounds of pre-sorting of cells only expressing the 
substrate libraries; in these experiments only the non-fluorescent clones were 
collected. The efficient elimination of false positive clones was later confirmed by 
DNA sequencing of a sub-set of the collected clones. 
In this manner, pre-sorted libraries were after amplification by growth in liquid 
cultures and coexpression of the protease and substrate libraries, analyzed on a flow 
cytometer and highly fluorescent clones were gated and sorted out. Between each 
round of sorting the libraries where again amplified by growth. The two rounds of 
sorting where followed by plating on agar, and DNA-sequencing of 192 randomly 
picked colonies derived from each library showed that the canonical sequence 
(ENLYFQG) was the most frequently encountered substrate peptide; approximately 
41% and 80% of the clones in Library 1 and Library 2, respectively, contained this 
peptide (Fig. 12). Our experiments also confirmed the addressed positions, P6, P3, 
P1, and P1’, as being very important specificity determinants. In our hands, P3 and P1 
were clearly the most conserved positions among the four tested (Fig. 12). In P1’ we 
observed glycine (G), serine (S) or cysteine (C), which is consistent with previously 
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reported studies stating that there is a 
strong preference for short aliphatic 
residues in this position [298, 299]. 
P6 exhibited an unexpectedly high 
residue-variation bearing in mind the 
intricate hydrogen-bonding network 
of the enzyme-substrate complex 
that the glutamate (E), normally 
occupying this position, seems to be 
involved in. We were also somewhat 
surprised by the absence of the 
native sequence but with a serine in 
P1’ position (ENLYFQS), which, in 
a previous report was shown to be 
even more efficiently cleaved than 
wild-type [298], at least in vitro. A 
possible reason for the absence is 
that this sequence for some reason 
was not included in our library. 
Some clones that were frequently 
encountered among the sequenced 
clones, or showing interesting 
divergences from the canonical 
sequence, were selected for clonal 

whole-cell flow-cytometry analysis, and their mean fluorescence intensities (MFI) were 
recorded. Not surprisingly, we could note that clones resulting in high MFI in general 
were more frequent than library members exhibiting low MFI. Furthermore, to enable 
comparison of data obtained by flow-cytometry with data from a more established 
method, constructs consisting of the selected substrate sequences, on each side 
flanked by a very soluble protein, were expressed and purified. The substrates then 
were subjected to proteolysis by TEV-protease and the products analyzed over time 
by the use of SDS-PAGE gels. Although this data did not correlate perfectly with the 
previously received data, the hierarchical order of the substrate processing efficiency 
was identical. 
The fact that both the substrate and the protease is plasmid encoded and all 
screenings are performed on the basis of in vivo fluorescence makes our system easy to 
handle when compared to other existing systems. Our assay neither requires any costly 

Figure 12. │ Peptide sequences enriched from 
the two substrate libraries, their percental 
occurance and the Mean Fluorescence Intensity 
(MFI) of cells expressing each sequence. 
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synthetic substrates, expression and purification of protease, nor does it include any in 
vitro labeling of cells. The intra-cellular format allows for product accumulation, and 
thereby FACS sorting. In the included paper II, the system was used for protease 
substrate profiling, but by using exactly the same technique a library of mutated 
proteases can be screened for altered substrate specificity, enhanced activity, soluble 
production etc. The existence of a genetically split TEV-protease, only regaining 
activity when each part is co-expressed as fusion constructs together with interacting 
proteins [300], should open up for possibilities of combining this system with PCA 
technology for affinity protein selections. 
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7.3 Selection of TNF-α binding affibody molecules 
using a β-lactamase protein fragment 
complementation assay (III) 

The aim of this project was to evaluate whether a split β-lactamase, E. coli based 
PCA selection system (see Fig. 13) could be used for selection of affibody molecule 
binders showing both high affinity as well as specificity towards the target protein. 
The PCA system used, is essentially as the system used by Nord et al [229] for initial 
model experiments. The soluble form of human TNF-α (sTNF-α) (described earlier in 
this chapter) was chosen as target. TNF-α was selected as target on behalf of the very 
big interest in this protein as a therapeutic target, and the fact that two other selection 
system, staphylococcal surface display and phage-display, already with success had 
been used for selection of affibody molecule binders to this protein [130, 301]. Results 
indicating that affibody molecule binders towards this target in fact could be selected. 
Further the presence of a cysteine-bridge in TNF-α makes it a suitable target protein 
for periplasmic selections. 
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7.3.2 Library considerations 

Figure 13. │ Overwiew of the β-lactamase-based PCA sytem used in paper III and IV. 
(A) Molecular graphics representation of TEM-1 β-lactamase, aa 26-197 subfragment is shown 
in red and aa 198-290 fragment in blue (left). The two β-lactamase subfragment are co-
expressed as fused to the target (TNF-α) (yellow) or an affibody protein library member 
(orange) respectively (right). Note, when not engaged in target-binder recognition-driven 
complementation, the folding state of the enzyme moieties most probably differs from the 
native. 
(B) Schematic representation of the expression cassette of the target vector (above) and the 
library vector (below). The target protein is expressed as C-terminal fused to the aa 26-197, the 
affibody proteins as N-terminal fused to the aa 198-290 fragment of β-lactamase. Both fusion 
constructs are connected via an NGR tripeptide and the 15 aa linker (GGGGS)3. Both vectors 
harbor a filamentous phage F1 ORI. 
(C) Representation of the selection principle applied in the papers. The library vectors are 
delivered by phage infection (paper III) or electroporation (paper IV) to cells harboring the 
target vectors (panel I). This results in co-expression of both vector products (panel II). Rare 
clones with an ampicillin-resistance phenotype obtained via productive complementation of 
the two enzyme subfragments, thus surviving in medium supplemented with antibiotics, are 
selected (panel III). Color code as above. 
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7.3.1 Library considerations 
An affibody molecule library, in PCA-library vector form, of a complexity larger 

than 109 had previously been constructed by NN(G/T), (NNK), codon variation of 
13 positions, seven positions at the first and six at the second helix, of the three-helix 
bundle affibody protein essentially as described earlier [260]. The presence of a 
filamentous phage F1 origin of replication in the library vector allowed the use of 
helper phage technology to pack the vectors into phage particles for delivery to cells 
via infection. The library was available both as phage particles as well as frozen E. coli 
cells, harboring the library vectors. The presence of clones in this library showing 
inherent ampicillin resistance was a known problem, and the fraction of background 
survivors could by plating of cells only harboring the library vector on semi-solid 
media supplemented with ampicillin be determined to 1 in 105-106 clones (Fig. 14). 
The number of survival background clones could thus significantly exceed the number 
of positive affibody library clones surviving due to PCA complementation. If for 
example 1010 library clones are examined for PCA activity, the background fraction 
could yield 100 000 surviving cells. The nature of this contamination is not known, 
but it is proposed that the whole TEM-1 β-lactamase coding sequence has been 
cloned into a fraction of the library vectors. It was however decided that it would be a 
greater effort to construct a new library than to use the existing one, for these first 
split β-lactamase E. coli based PCA selection trials.  

 Figure. 14 │ The in paper III used PCA affibody library (pLIB) was known to include a 
small fraction of contaminant clones surviving on ampicillin. In a first selection step, true 
binders, surviving due to structural complementation as well as contaminants were thus both 
recovered. The affibody molecule coding sequences received from the first step were after 
PCR amplification ligated into ‘fresh’ library vectors, and in a second selection step, 
contaminants were removed.  
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7.3.2 Preliminary trials 
Preliminary trials were performed where pairs of proteins known to show affinity 

as well as non-binding pairs were subjected both to liquid and semi-solid culture in 
medium containing different concentrations of the beta-lactam antibiotics ampicillin 
and carbenicillin, supplemented or not with different concentrations of the β-
lactamase inhibitor tazobactam. The latter was included in order to reduce the number 
of satellite opportunist colonies, a general problem when applying these antibiotics to 
semi-solid medium. The satellites are surviving due to activity of β-lactamase leaked to 
the medium from enzyme producing colonies, creating an antibiotic depletion in the 
vicinity of active colonies. We reasoned that the addition of this irreversible inhibitor 
known to permanently deactivate β-lactamase by entering the enzymes active site and 
make covalent bonds with two amino acid residues (Fig. 5) [302], also could reduce 
the problems with selections of ‘generally sticky’ clones that seems to have hampered 
many of the previously reported PCA selections [206, 230]. Since the cellular growth 
data obtained in the trials performed with carbenicillin were shifting and hard to 
reproduce compared to when ampicillin was used, the latter was chosen for the real 
selections. The presence of tazobactam at higher concentrations proved to very 
efficiently decrease not only background survivors, but also genuine PCA active 
clones, but an addition of low concentrations together with ampicillin proved to be 
beneficial for the system. On behalf of these findings decisions were taken to alter the 
ampicillin concentrations in the selection plates but to keep a constant 50 ng/ml 
(about 160 nM) concentration of tazobactam. 

7.3.3 Plasmid compatibility considerations 
During the initial trials the library and the target plasmid were either delivered to 

the cell via co-transformation or by phage delivery of library vector to cells already 
harboring a target vector. At first it seemed a bit strange that although a cell was 
verified to contain both plasmids, cells with library vector delivery performed by 
phage showed a lower survival on plates supplemented with chloramphenicol, the 
resistance marker of the library vector, compared to the co-transformed cells. The two 
PCA vectors used in this study share a pUC origin of replication (ori). There has been 
an old dogma in molecular biotechnology saying that plasmids containing the same ori 
are incompatible in a single cell. Relatively recent research have shown that this is not 
the case [303], a cell can very well harbor more than one type of vector although they 
have the same ori.  
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The pUC ori have a high copy number [304] (about 300 copies per cell) and I believe 
that the peculiar chloramphenicol resistance behavior, is a result of copy number 
sharing. If both vectors are co-transformed to the cell in a single event, the cell, most 
probably, start with a single copy of each vector, these are then proliferated by the cell 
until the ori copy number eventually is reached. If there are no big differences 
between the two vectors a more or less equal amount of each type is the probable 
final result. If on the other hand the library vector is introduced, by phage or 
transformation, to a cell already containing target vector, the target vector already 
occupies the ori copy number, and the introduced vector will only be present in a few 
copies. On these causes I propose that the observed difference in survival is the effect 
of low amount of vector products, in this case chloramphenicol acetyl transferase, 
resulting from only a few library vectors present in each cell. This could of course 
have been proven by the use of real-time PCR or more easily by transforming a mix 
of vectors prepared from the poorly surviving cells to empty E. coli cells, followed by 
incubation on media supplemented with different antibiotics. This has however not 
yet been done. 

7.3.4 Affinity ranking of binder candidates 
When applying β-lactamase PCA in the manner described in the article, it seems 

inevitable to obtain a multitude of different binder candidates from the selection 
antibiotics plates. This is quite contrary to methods like phage display or bacterial 
surface display where often one or a few clones dominate the outcome. When 
performed as in paper III, only a few individuals of each library clone are transferred 
to the selection plate, and the selection is performed in a single step. In most other 
selection systems repeated rounds of selection followed by amplification are 
performed allowing for an enrichment of selected clones, as well as an amplification 
of any unwanted method specific bias [305]. An experimental scheme where rounds 
of selection are followed by amplification could also be applied to β-lactamase PCA. It 
would not be difficult to collect colonies, surviving on a selection plate, amplify them 
in a liquid culture, and spread them again on plates supplemented with a higher 
antibiotics concentration.  
Nevertheless when a selection is performed as in the article, there is a need for 
methods allowing for affinity ranking of the binder candidates. In a first attempt a 
modified ELISA essay (ABAS-ELISA) essentially as described in [306] was applied. In 
short, individual binder candidates expressed as fused to an albumin binding domain 
(ABD) are immobilized to human serum albumin (HSA) coated wells. Biotinylated 
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target is added and, for each well, the amount of bound target is determined by the 
use of streptavidin conjugated bio-luminescent proteins. This method did however, in 
our hands, perform poorly. When test trials were performed only very good TNF-α 
binders could be discriminated from very poor or non-binders. Whether this behavior 
is specific for TNF-α as a target I cannot tell, but since this method previously have 
been successfully applied the problem must be either with the target or with the 
practiser. The recombinant expression and purification of human TNF-α is difficult, 
the protein is hence expensive to buy, and moreover sensitive to work with. The poor 
ELISA performance could very well be due to conformal changes of TNF-α 
introduced at the biotinylation step.  
From previously performed experiments we knew that immobilization of TNF-α to a 
biacore chip surface somehow disrupted the protein structure, making measurements 
impossible. In order to enable a biacore based affinity ranking of the 29 different 
affibody molecule binder candidates, without the use of ten sensor chips, we applied a 
method where the different candidates were expressed as fused to the albumin 
binding protein (ABP). To affinity rank the binder candidates, human serum albumin 
(HSA) was immobilized on a biacore surface. All 29 binder candidates were 
sequentially injected over, and non-covalently bond to this surface via their ABP 
moieties, directly followed by an injection of TNF-α (Fig. 15). 
Altogether this study shows that β-lactamase PCA have a high potential as a general 
selection technology, and is applicable to selection of binders from complex naïve 
libraries. The method is still in its infancy, but after additional method development, 

Figure 15. │ (A) Overlay of the 29 sensorgrams received from the affinity ranking 
experiment Y-axis normalized at the time of the first injection. 
(B) The same sensorgrams but now normalized at the start of the TNF-α injection. 
(C) As a help for the selection of clones to individually study, the response unit value 
received at the end of the TNF-α injection (II), were divided with the response after the 
first injection (I), the quotient is plotted. Nine clones were selected for a more detailed 
analysis on basis of this quotient and a visual determination of the slope of the sensorgrams 
after finishing the TNF-α injection. 
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β-lactamase PCA will most certainly be able to compete with the existing methods. 
The fact that all 29 clones, selected from a naïve library of the size 109, in the 
biosensor experiments, showed binding to TNF-α is a very positive indication of the 
capability of this method. 

 

7.3.5 Additional PCA selection (unpublished) 
 We have in fact performed a second β-lactamase PCA affinity selection, not 

included in paper III. The other protein-coding sequence cloned into the target vector 
was the affibody molecule ZHER2:342, a protein binding to the human cancer marker 
HER2 with a low picomolar affinity [307]. The TNF-α selection have been a 
forerunner and the other selection has followed as time has allowed. Using the 
methodology described in paper III, 48 colonies surviving on the selection plates were 
randomly picked and their nucleotide sequence determined. An alignment of the 43 
different affibody molecule amino acid sequences retrieved showed an interesting 
clustering pattern. 24 clones were selected for expression as fused to ABP, on behalf 
of being found more than once or having interesting clustering patterns. The target 
protein ZHER2:342 was expressed and purified as described in paper III, and 
subsequently immobilized to a biacore chip surface. In order to detect any binding, 
micromolar concentrations of the 18 binder candidates were sequentially injected over 
the chip surface.  

 
The results obtained from this experiment, indicated that four of the affibody 
molecules showed some affinity to the target. The three most promising clones (E01, 
E06 and E07), as judged by the affinity ranking experiment, were individually 
immobilized to biacore chip surfaces. Different concentrations of ZHER2:342 were 
injected over these surfaces in order to determine the respective dissociation 
constants. Apart from this, micromolar concentrations of human IgG and two 
different affibody molecules: ZWT and ZTaq, were injected to determine the specificity. 
The results, calculated from the equilibrium sensorgram responses, shows that the 
dissociation constants for the 3 clones, are in the range 0.3 - 5 µM (Fig. 16), with 
clone E01 showing the highest affinity. The injection of human IgG and the two 
different affibody molecules, yielded no sensorgram responses, indicating specific 
binding to the ZHER2:342 complementarity determining regions.  
Anti-idiotypic selections of affibody molecules have previously been performed on 
two occasions, using the affibody molecules, ZWT and ZTaq as targets [308, 309]. The 
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phage display selected binder proteins have showed an affinity of 0.1 and 1 µM. The 
in this thesis presented, β-lactamase PCA selected, ZHER2:342 affibody molecule binders 
are well in class with this. 
 

  
Figure 16. │ ZHER2:342 proteins in the range 25 nM-10 µM, were injected over 
Biacore surfaces containing the affibody molecule clones E01 (circles), E06 
(triangles) and E07 (squares), and equilibrium responses were recorded. Fitted data 
showed that dissociation constants were approximately 0.3, 1.1 and 5.2 µM 
respectively. 
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7.4 Affinity maturation of a TNF-α binding 
affibody molecule by Darwinian survival 
selection (IV) 

Ever since I started my work on β-lactamase PCA selections of affinity proteins, I 
have had in mind that if the selections could be performed in liquid medium, instead 
of on agar plates, much could be gained. I am very content with the fact that I can 
present a manuscript in this thesis describing the work performed in order to establish 
a system relying on Darwinian principles of survival of the fittest as criteria for 
enrichment of desired variants. The enrichment is achieved by an expected capability 
of faster growth in an appropriate selective media. The method of β-lactamase PCA 
selections of affinity proteins is still in a rather early stage. This is especially true when 
performed in liquid medium. But the findings presented herewith, together with 
previous reports, shows that when further developed this method could very well be 
able to compete with the existing selection technologies. The possibility to, by the use 
of cell density measurements, monitor the stringency of the selection when performed 
in liquid media, is a unique feature and could most probably be used for further 
method developments.  

7.4.1 Background 
Except of testing the use of liquid medium for selections, one other question asked 

before this study was if our PCA system was sensitive enough to be used for affinity 
discrimination of clones of high and comparable affinity. In general, for affinity 
protein selections the affinity of the selected proteins are proportional to the size of 
the applied library [149], KDs in the micromolar range are often received from a small 
library, whereas nanomolar binders are received from a large. However, the library 
size inevitably has an upper practical limit in all reported selection methodologies.  
In order to obtain even stronger binders can, as an alternative to an enlarged library, 
an affinity maturation process be applied. By the use of a combination of rational 
design and library technologies, where residues in randomized positions beneficial for 
binding are locked for secondary library constructions, very high affinity clones can 
indeed be found. Examples of high affinity reagents selected in this manner are the 
previously mentioned affibody molecule, binding to the human cancer marker HER2 
with a low picomolar affinity [307], and the serum albumin binding protein with an 
affinity in the femtomolar range [46]. In contrary to selections from a naïve library, 
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Figure 17. │ Diagram showing the frequency of what 
each amino acid occurred in the NNK randomized 
positions of the affinity maturation library (blue). In 
red, the expected theoretical frequency. 

where only a very small fraction of the clones shows any affinity, successful selections 
from an affinity maturated library would benefit from fine discrimination of the 
relatively large number of binders present. In an early phase of the β-lactamase PCA 
work a clone ZTNFα:2 binding to TNF-α was selected. One interesting feature with this 
clone was the sequence similarity with a phage selected sub-nanomolar binding 
affibody molecule ZTNFα:185 [301]. The clone selected by us showed three residue 
identities and one similarity, among the six randomized positions in helix 2, whereas 
the sequences within helix 1 differed significantly (see table 1, paper IV). Therefore a 
library where the positions in the second helix were locked as in ZTNFα: 2 and the seven 
variegated positions in helix one were randomized was created. 

7.4.2 Library construction 
To create the affinity maturation library two partly complementary (15 

nucleotides) oligonucleotides were ordered one 87 nucleotides long and one 85 
nucleotides long, the latter containing seven NNK degenerate codons. The full 
fragment coding for both the helices, obtained by the use of standard hybridizing and 
nucleotide filling out techniques, was inserted into the library vector, and 96 of the 
obtained library clones were sequenced. The first ting noticed was the rather poor 
quality of the library. Of 76 readable sequences, 15 (20%) includes errors, mostly 
deletions, coming from synthesis errors in the degenerated oligonucleotides. 
Additionally 16 sequences (21%) include one or more TAG amber stop codons. If 
instead tri-nucleotide codon synthesized oligonucleotides, described in section 3.2.2.1, 

had been used a larger 
fraction of the library would 
have been functional. The 
amino acid composition of 
the randomized positions was 
found to statistically 
correspond with the 
expected, when NNK codon 
degeneration is applied (Fig. 
17).  
In paper III, vectors encoding 
the library of affibody 
molecules were delivered to 
cells harbouring the TNF-α 
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Figure 18. │ Cell density measurements of 
cultures containing no selection pressure 
antibiotics, only Tc and Cml. In red, phage 
delivered library, in blue electro-porated library, 
in yellow ZTNFα:185. All cells also contained 
TNFα-target vector.  

target vector by phage infection. This is a very convenient method to use due to the 
reduction in workload as compared to an ordinary transformation protocol. Also for 
this trial the format of the library was transferred from plasmid to phage by the use of 
M13K07 helper phage technology and used to infect cells. However, in the liquid 
format selection trials monitored by continuous cell density measurements, a 
considerable slower rate of growth of this culture as compared to a culture of cells 
harbouring the same vectors introduced by electroporation could be noticed. This was 
also the case in cultures with no selection pressure antibiotics added (Fig. 18). The 
slow growth behaviour of the phage delivered library is maybe due to a contamination 
of a low amount of M13K07 helper phage particles in these cultures. If this is the 
case, the contamination originates from the mix of phagemids and helper phages 
inevitably obtained during conversion of library format using this method. In a recent 
publication cell lines especially designed for packing of phagemids were described, 

capable of providing all necessary 
phage proteins as encoded from a 
plasmid, itself devoid of phage 
packaging signals [310]. This 
technology will be very interesting 
for future PCA library constructions 
since problems with helper phage per 
definition could be circumvented. 
The slower growth of cells subjected 
to phage delivery of vectors should 
not in theory have affected the 
outcome of the selection described 
in paper III where no liquid medium 
selections were performed. 

 

7.4.3 Initial trials 
Before the start of selections, a series of experiments were performed in order 

to evaluate the potential of a selection system based on competitive growth. All results 
from these experiments amazed us! 
First, on basis that the growth rates of individual cells correlate to the number of 
functionally complemented β-lactamase enzyme molecules within each cell, both the 
concentrations of the interaction pair members and the affinity of the interaction 
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should be parameters to which the system should be responsive to. On the basis of 
calculations showing that, under normal conditions, up to millimolar concentrations 
of PCA active proteins could accumulate in the periplasm, we were afraid of a 
saturation situation. If this was the case, all clones in a library for which the molar 
periplasmic concentrations of the interacting moieties substantially exceed a given 
dissociation constant (KD) of the interaction between the target and the library 
member, theoretically would show similar growth properties. We were therefore very 
reassured by the result from the trial where different IPTG concentrations were used 
(paper IV Fig. 2a). Even cultures of cells expressing towards TNF-α high affinity 
binders responded well to different expression rates. 

 
Then, a model PCA library was prepared where a clonal mix (20/60/20 proportions), 
of three different affinity protein pairs showing high, medium and insignificant 
affinity, respectively to TNF-α target protein. In this trial a dramatic change in clonal 
proportions was observed, when an aliquot of the clonal mixture was cultured in PCA 
selection medium containing: 20 µM of IPTG inducer, 250 µg/ml of ampicillin and 50 
ng/ml of tazobactam. In a sample collected as soon as 200 minutes after the start, no 
less than 94 out of 96 sequenced colonies (98%) were found to be of the high affinity 
variant, and the remaining 2 % were of the medium affinity clone type (paper IV Fig. 
2b). This result surpassed all expectations and showed that only 200 minutes of 
growth of the clonal mixture in selection medium resulted in an efficient enrichment 
of the high affinity pair. 
 
Finally, a long series of experiments were performed where the effect on growth from 
applying different antibiotic pressures to cultures of cells harbouring different PCA 
vector combinations were investigated. The behaviour for all pairs in medium 
containing only Tc and Cml was, as expected, characterized by rapid growth, reaching 
cell densities (OD600nm) above one within three hours (Fig. 19).  However, when 
applying a selection pressure in the form of ampicillin, solely or in concert with 
tazobactam, a more complex behaviour of the cultures was observed. In these 
conditions, for affinity pairs, the cell density first increased for approximately three 
hours reaching an OD600nm peak, after which it entered a phase of approximately 2.5 
hours during which the cell density decreased, followed by a phase where the cell 
density again increased (Fig. 19). When a higher selection pressure was applied, a 
lower OD600nm peak value was reached and this peak was also observed earlier in time. 
Using the very high ampicillin concentration of 1000 µg/ml resulted in an early and 
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Figure 19. │ Left, cell density measurements of cultures only supplemented with Cml and Tc. 
Right, measurements of cultures with 500 µg/ml Amp added. In blue, results from a towards 
TNFα high affinity clone. In red a medium affinity clone, and in yellow a zero affinity clone. 
Except from the different library vectors, all cells also contained TNFα-target vector. 

very low cell density peak value followed by a cell density decrease period after which, 
in the time-span of the measurements, all cultures never recovered. The curve-forms 
obtained from all these trials were unexpected and puzzled us, and it would be 
interesting to determine the antibiotic concentration and/or the β-lactamase activity in 
the media during these events.  
A plausible explanation, for the mechanism behind the temporal fluctuations in cell 
density during growth of library and model clones under selection pressure, includes a 
relatively slow rate of transfer of ampicillin (and most probably tazobactam) through 
the E. coli outer membrane [311]. At the first plateau an equilibrium between cell 
division and lysis must be present, indicating a situation of high periplasmic 
concentration of antibiotics. After this point the concentration becomes so high that 
lysis of cells dominates, after which the culture eventually comes to a point when the 
cell population is so enriched for highly PCA active cells and the media is so 
ampicillin-depleted due to β-lactamase activity and thermal breakdown that division of 
cells again takes overhand. When ampicillin is applied as bacterial resistance marker, 
“satellite opportunist” colonies are known to occur on agar. These colonies appear in 
the vicinity of β-lactamase producing colonies due to a local depletion of antibiotics, 
originating from leakage of active enzyme to the media [207]. In liquid medium 
cultures this phenomena, will due to the lower viscosity, and the stirring of the 
cultures instead turn to a global and homogeneous depletion. Thus, in liquid medium 
all individual members of the library are challenged by the same and gradually lowered 
selection pressure. 
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7.4.4 Selection 

The relatively large difference in behavior of the library culture after the pre-
selection step on semi-solid media, as compared to the ‘raw’, indicates that this step 
indeed eliminated many non-binding clones. As an alternative to the pre-selection, 
liquid selections could be started at very mild conditions that are gradually made 
harsher. However, in this study was chosen to introduce a pre-selection step on semi-
solid media, with a selection pressure aimed to be just high enough to deselect non-
binding clones. This step could most probably be omitted when a better 
understanding of the liquid culture system have been obtained.  

In many reports of E. coli PCA selections, the complexity of the library have initially 
been lowered by a first use of a different selection system [214, 230], our results 
indicate that PCA could be used as both first and second step of a selection. One 
could argue that a higher antibiotics pressure during the selections would have yielded 
a more homogenous population and perhaps even stronger binders. This could very 
well be the case, but we have in trials noticed what could be products of in vivo genetic 
recombination products of the two vectors when sequencing clones selected after 
cultivation in higher concentrations of antibiotics. The E. coli strain we use for these 
experiments (RR1ΔM15) is recA+ [312]. If instead a strain deficient of the recA gene is 
used, the risk for these problems to occur should be lowered. 

7.4.5 Selected clones 

All clones selected for affinity and kinetics evaluation shows a higher affinity 
towards TNF-α than the parental ZTNFα:2. When comparing the kinetic data, all 
selected clones has a reduced dissociation rate as compared to ZTNFα:2, while the 
association rate is relatively unaltered. These results indicate a bias towards off-rate 
selection of the method, if this is the case, the reason could be that a longer period of 
interaction for each binding event is favourable for the enzymatic activity. 
Nevertheless, the distribution of on and off-rates of selected clones indicates that 
affibody molecules binding with higher affinities towards TNF-α, than here reported, 
could be selected. 

The composition of residues found in the latter part of the first helix in the selected 
clones is quite homogenous, but this is not the case with the residues found in the 
first part. This could mean that after having locked the second helix to this particular 
amino acid sequence, not all residues in the randomized positions have the 
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opportunity to contribute to binding. Reasons for this could be sterical hindrance, or a 
conformation of binding where the first part of helix one points away from the target.  
 
The presence of a number of glycine residues in helix one in many of the selected 
clones is interesting. This amino acid is together with proline, tyrosine and serine 
known to be a poor helix former [313]. The clone showing the highest affinity in this 
study ZTNFα:P1 have altogether five residues known to be poor helix formers (3 gly and 
2 ser) in the first helix! This could indicate the presence of a relatively loose helical 
structure, a feature also seen in some other selected affibody molecule binders [264, 
314]. On the other hand, if a loose helical structure is present, it could manifest as a 
relatively slow association rate of binding [315], and probably also be unfavourable for 
affinity [314]. The association rates (ka), calculated from the dissociation constants 
(KD) and the dissociation rates (kd), for the five binders selected for affinity 
measurements in this study are in the range 1.7 to 6.9 x 106 (M-1 s-1), normal values for 
structured binders of the size of an affibody [316]. It would thus be very interesting to 
obtain the solved structure for clone ZTNFα:P1 in complex with TNF-α and/or thermal 
denaturing curves for some of these clones. 

  

  



78 On bacterial formats in protein library technology 

8. Future outlook 

Within this thesis, different techniques developed for the identification of library 
members with desired properties, initially present as rare members in large repertoires 
of candidate members, are described. These techniques are all characterized by a 
linking of the genotype to the phenotype, either by the use of various biological or 
chemical complexes as in phage display and mRNA display, respectively, or by co-
compartmentalization in a membrane confined volume. The availability of this 
portfolio of methods to researchers has contributed tremendously to essentially all 
fields of protein engineering including basic studies of proteins, involving folding, 
solubility, and catalysis as well as in efforts aiming at the development of novel 
proteins with potential for use in therapy. For example, in the list of antibodies 
approved by the US Food and Drug Administration (FDA) for human clinical use is 
the TNF-α binding monoclonal antibody Humira® (Adalimumab), developed into a 
fully human antibody from an ancestral murine clone with the aid of a protein library 
strategy and phage display selection technology.  
The importance of selection and screening methods will most probably continue to 
grow, not least due to the immense interest in bio-drugs [317]. As the knowledge 
about proteins continues to grow both concerning for example the folding and basic 
structures of proteins but also concerning their interactions with other molecules, 
future library design strategies may potentially involve a larger input from rational 
reasoning and less contribution from full randomization. Here, recent advances 
allowing a precise codon triplet-based variegation will come in handy. Automation will 
probably play an even more central role in future laboratories. The ability to more or 
less order a desired trait for the next morning via a touch screen interface, said clone 
being selected over several rounds over night from a vast naïve library of candidates 
by a robotized system would certainly be a fascinating experience. Developments 
within technology to expand the genetic code via the use of additional synthetic tRNA 
species for introduction of non-natural amino acids into proteins by ribosomal protein 
synthesis, along with parallel advances within large scale chemical synthesis of proteins 
resulting from such efforts could result in novel protein-based molecules of interest 
for several disciplines within life science.  
The American scientist Craig Venter recently visited Stockholm as one stop in a global 
sampling expedition performed to assess the genetic diversity in marine microbial 
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communities. Venter and co-workers intend to use the genetic information obtained 
to create bacteria, engineered to perform specific reactions, and especially for fuel 
production. Venter himself is confident that in 20 years time the chemical industry 
will be dependent on synthetic genomics [318]. If this will become true I cannot tell, 
but if applied to the field of compartmentalized selection systems, synthetic organisms 
could certainly make a difference. In one of the papers in this thesis a selection system 
utilizing an ingenious native E. coli degradation pathway is used for the isolation of 
cells harboring an active protease/substrate-sequence combination. What if, with the 
use of synthetic genomics, synthetic organisms especially designed for selections for 
specific traits could be engineered? Further, if cell lines containing designed systems 
for desired post-translational modifications could be freely chosen among, novel and 
exciting avenues may be entered. This would open for totally new selection systems 
combining the best parts of the in vivo with the in vitro world! 
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