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Abbreviations

cfu colony forming unit (infective phages) 
DBD DNA binding domain 
DNA deoxyribonucleic acid 
E. coli Escherichia coli 
EMSA electrophoretic mobility shift assay 
g3p gene III protein 
g8p gene VIII protein 
HTH helix-turn-helix 
KD equilibrium dissociation constant 
mRNA messenger RNA 
NNS N=G, A, T, or C; S=G or C 
ORF open reading frame 
PAGE polyacrylamide gel electrophoresis 
PCR polymerase chain reaction 
RNA ribonucleic acid 
scCro single-chain Cro 
SDS sodium dodecyl sulfate 
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INTRODUCTION

The sequence-specific recognition of DNA performed by proteins is crucial 
for all living organisms. When Watson and Crick presented the double 
helical structure of DNA they also proposed a mechanism that explained 
how DNA could be the carrier of genetic information (Watson and Crick, 
1953). Since then, tremendous amounts of structural and functional 
information regarding DNA and its interactions with proteins have been 
presented.

The structure of DNA revealed a direct complementarity (one-to-one 
readout) between the bases A–T and G–C, which was fundamental for the 
understanding of the flow of genetic information through replication, 
transcription and translation. Deciphering of the genetic information, when 
and where a gene is to be transcribed, is mainly achieved by proteins 
interacting with the DNA. For prokaryotes, the fine-tuned machinery 
performing these actions has been extensively studied, albeit not fully 
understood. For eukaryotes, the picture of these processes is still a 
developing research area.  

Both for simple single cell organisms, such as bacteria, and for complex 
cellular systems, the expression of the genetic information has to be strictly 
regulated so that the correct piece of genetic information is used at the right 
time and place. For bacteria this could be a response to a change in nutrient 
supply or, in animals, a developing embryo with cells that differentiate into 
different organs or body parts. All of these events are under precise 
regulation administrated by DNA interacting proteins. 

Although our collected knowledge of protein–DNA interactions is 
immense owing to different techniques such as mutagenesis and 
crystallography, no general theme for these interactions is known. It has 
been suggested that amino acids in the protein and bases in DNA should 
have a one-to-one relationship in recognition, thus resulting in a direct 
readout (Pabo and Sauer, 1984). Attempts to elucidate such a code for 
different DNA-binding proteins have been performed (Choo and Klug, 
1994a, b) mainly through investigation of zinc finger proteins, but as yet no 
general rules for specific DNA-recognition have been defined. The question 
remains, is there a direct readout between proteins and DNA? If so, would it 
be possible to construct specific DNA-binding proteins targeted to recognize 
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predetermined sequences of DNA? This is important for construction of 
biotechnological tools and gene therapy.  

The role of DNA-binding proteins 
The first gene-regulatory system to be described, which paved the way for 
the modern theory of gene regulation, was the elucidation of how the fate 
regarding lysis or lysogeny of bacteriophage  was determined (Ptashne, 
1986). To either incorporate the phage DNA into the host genome 
(lysogeny) or to proliferate and escape through breaking the host cell (lysis), 
is mainly determined by two DNA-binding proteins competing for binding 
to the same DNA target site (Figure 1). The two competing proteins 
repressing each other's expression are cI and Cro. Both proteins are active as 
homodimers and share a common theme for DNA-interaction, but are 
otherwise structurally different. The cI repressor consists of two subunits, 
where the N-terminal domain contains the DNA-binding domain (DBD) and 
the C-terminal domain, connected to the DBD via a peptide linker, is 
responsible for dimerization of the protein. During the switch between 
lysogeny and lysis this peptide linker is cleaved by a protease, rendering cI 

c I cro

c I cro

c I cro
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C
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operator
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Figure 1. The genetic switch of phage . (A) A basal level of cI expression 
maintains lysogeny through binding to the operator sequence and thereby represses 
Cro synthesis. During the switch from lysogeny to lysis (B), protease activity 
degrades the cI repressor protein allowing both cI and cro to be transcribed (C). Cro 
now binds to the operator site (D), repressing cI gene transcription while allowing 
for transcription of genes important for phage proliferation and cell lysis.  



 3 

unable to perform its repressor function. The Cro repressor does not contain 
such a linker and is therefore insensitive toward this protease activity. The 
result is that Cro will now bind and repress the cI expression while genes 
responsible for phage production are activated and lytic growth is induced.  

In addition to the repressor function described by Cro and cI there is a 
spectrum of other functions crucial for living organisms that are performed 
by DNA-binding proteins. Examples are: the dense packing of eukaryotic 
genomes by histones, copying and synthesis performed by DNA and RNA 
polymerases, gene-activation and cell-development mediated by 
transcription factors, and enzymes that cut and rearrange DNA.  

Structural motifs for DNA–recognition 
From X-ray crystallography and nuclear magnetic resonance (NMR) studies, 
three major classes of structural DNA binding motifs have emerged (Figure 
2). The first structural unit discovered was the helix-turn-helix (HTH) motif 
of the cAMP receptor protein from E. coli (McKay and Steitz, 1981). Zinc 
finger and leucine zipper proteins present other motifs for interactions with 
DNA. Together, proteins containing either HTH, zinc finger or leucine 
zipper motifs make up 80 percent of structural motifs applied by 
transcription factors for DNA-interaction in eukaryotes (Branden and Tooze, 
1991).  

A CB

Figure 2. The three major classes of protein-motifs used in DNA-binding: (A) helix-
turn-helix (6CRO), (B) zinc finger (1A1F) and (C) leucine zipper (2DGC). Key: 
protein in light gray ribbon; DNA as dark gray double-helical coil; zinc atom as gray 
sphere.

Helix-turn-helix proteins 
The helix-turn-helix motif is probably the most abundant structural solution 
utilized in nature for specific DNA-interaction. A number of experiments 
performed in the mid 80's established that the amino acid residues in the 
HTH motif were crucial for specific binding to target DNA (Warton et al., 
1984; Warton and Ptashne, 1985, 1987). The HTH motif (Figure 2A) 
consists of two -helices separated by a short 4 amino acid turn with the first 
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helix packed on top of the second helix, contributing to a hydrophobic core 
that stabilizes the structure. The second helix (recognition helix), containing 
amino acids with polar or charged groups, protrudes into the major groove of 
DNA, making the base-specific contacts (Pabo and Sauer, 1984; Brennan 
and Matthews, 1989a, b; Harrison and Aggarwal, 1990; Wintjens and 
Rooman, 1996)  

The first repressor to be solved in complex with DNA was that of a 
truncated form of the phage 434 repressor (Anderson et al., 1985, 1987). 
However, the first structure solved for an intact protein presenting the HTH 
motif was that of the phage  Cro repressor (Anderson et al., 1981). The 66-
residue long Cro protein was first purified and characterized by the group of 
Harrison (Folkmanis et al., 1976). Cro consists of three -strands and three 

-helices, and binds to its target DNA operator as a homodimer (Figure 3) 
(Johnson et al., 1981; Ohlendorf et al., 1983; Albright and Matthews, 1998). 
It is an extensively characterized repressor and, together with the  cI 
repressor, has contributed greatly to our understanding of protein-DNA 
recognition, structure and gene regulation (Ptashne, 1986; Branden and 
Tooze, 1991). Most DNA-binding HTH-proteins in prokaryotes are active as 
homodimers and hence recognize DNA-sequences exhibiting two-fold 
symmetry. However, there are prokaryotic HTH-proteins that bind to non-
palindromic DNA-sequences, exemplified by MarA, a monomeric protein 
with two DNA-interacting domains (Rhee et al., 1998). 

helix

helix

turnturn

recognition
helix

Figure 3. Homodimer of the HTH-protein Cro from bacteriophage  bound to its 
DNA target. Each Cro monomer consists of three -helices and three anti-parallel -
strands. The helix-turn-helix motif in the Cro protein is presented by the second and 
third -helix. The recognition helix, the second helix in the HTH-motif but the third 
helix in the protein, protrudes down into the major groove of DNA to perform base-
specific recognition of DNA target sequence (6CRO).  
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In eukaryotes the HTH motif is represented by homeodomains, a stable 3-
-helical domain structure. Homeodomains are proteins containing DNA-

binding moieties found in certain transcription factors and which are 
responsible for differential development, establishment of body plan and cell 
fate (Gehring et al., 1994; Wolberger, 1996) and were first observed in the 
fruitfly Drosophila melanogaster. The first reported homeodomain–DNA 
complex structure (Kissinger et al., 1990) confirmed that the HTH motif 
found in homeodomains interacts specifically with bases within the major 
groove of DNA, analogous to the bacterial counterparts. Most homeodomain 
structures describe monomers bound to DNA. However, recent studies, 
suggest that not all homeodomains interact with DNA as monomers 
(Wolberger, 1996).

Zinc-coordinating proteins 
The common theme for zinc-coordinating proteins is the structural 
stabilization of the DNA-interacting unit through coordination of a zinc 
atom. Based on structural criteria, six different classes are known in which 
the zinc finger motif (Figure 2B) is the dominating structure (Luisi, 1995). 
Zinc fingers, and variants thereof, have only been found in eukaryotes. 
Based on homology searches on the human genome it is suggested that the 
classical Cys2His2 is the most common theme operative in gene regulation 
(Beerli and Barbas, 2002; Jamieson et al., 2003). The Cys2His2 zinc finger 
motif is approximately 30 amino acid residues in size and usually appears as 
tandem repeats (Wolfe et al., 1999). Zinc finger proteins have been used in 
the search for a universal code to allow de novo construction of DNA-
binding proteins with predefined properties (Choo and Klug, 1994a, b; Pabo 
et al., 2001). This has also resulted in new transcription factors created by in
vitro evolution (Choo et al., 1994, 1997; Segal et al., 1999). 

Other families of DNA-binding proteins 
Basic leucine zippers, bZIP, are -helical proteins that interact with DNA as 
dimers and, being zinc fingers, they have only been found as eukaryotic 
transcription factors. The leucine residues are situated along one face of a 
long -helix. Dimerization is promoted by inter-subunit interactions of these 
leucines in adjacent helices, creating a dimeric coiled coil structure (Figure 
2C). As a result of the non-covalent dimerization, both homo- and hetero-
dimers exist, extending the recognition repertoire of possible target 
sequences (Vinson et al., 2002). As new structures of DNA–protein 
complexes are solved, alternative solutions to DNA-recognition motifs are 
presented, such as steroid receptors, helix-loop-helix, -sheet motifs and 
high mobility group protein (Pabo and Sauer, 1992; Luscombe et al., 2000). 
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DNA-binding interactions 
Solving structures of DNA-binding proteins in complex with its target DNA, 
by X-ray crystallography, has provided researchers with valuable insights 
about the three-dimensional topology of the complex as well as specific 
interactions between protein and DNA. However, the static picture described 
by a structure, e.g., a protein in complex with DNA, provides structural 
information of distances between interacting units but fails to describe the 
relative importance of the interactions observed. Therefore, other means of 
gathering information involving structure/function relationships are of 
importance. In order to expand our understanding of the character and the 
biological role of DNA-binding interactions, studies of thermodynamics, 
mutagenesis and in vitro evolution are necessary tools to complement 
structural information. The character of DNA-binding proteins is described 
by two separate properties, affinity (binding strength) and specificity 
(recognition). The affinity is the quantitative measure of binding forces in 
the DNA–protein complex, whereas specificity represents the ability to 
discriminate between different DNA-sequences.  

Affinity
The affinity represents the sum of all interacting forces that hold the formed 
complex together. Non-covalent forces that effect the binding strength of the 
protein–DNA complex are electrostatic interactions, hydrogen bonds, 
hydrophobic effects, i.e., entropy-driven interactions, and van der Waals 
interactions (Larson and Verdine, 1996). The energy of these interactions is 
highly context-dependent and the contributions will vary depending on the 
hydrophobicity of the milieu (Luisi, 1995). Other forces contributing to the 
overall affinity are desolvation effects, –  interactions and –cation
interactions (Wintjes et al., 2000). 

Equilibrium dissociation constant, KD

At equilibrium, the partitioning between protein–DNA complex (PL) and 
free protein (P) and DNA-ligand (L) will be determined by the strength of 
the binding interaction.  

PL P + L
KD

The affinity observed is quantified by the equilibrium dissociation constant 
KD, which is defined by equation (1): 
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PL
LPKD    (1) 

where [P] and [L] are the concentrations of free protein and DNA-ligand at 
equilibrium. 

Specificity
Specificity in DNA–recognition is the ability to discriminate between a 
specified target DNA-sequence and unrelated DNA. The restricted binding is 
mainly accomplished by base-specific interactions and accompanied to 
different extents by structural flexibility in DNA complementary to that of 
the interacting protein.  

Base-specific interactions 
Specificity can be achieved by different means. One strategy is to use the 
non-repetitive base-pairs in the major and minor grooves of DNA. Specific 
hydrogen bonding patterns obtained in the interface between the recognition 
element of a protein and unique target groups in DNA afford one way to 
accomplish specificity in recognition (Branden and Tooze, 1991; Pabo and 
Sauer, 1992; Luscombe et al., 2001; Cheng et al., 2003). Water-mediated 
bonding and van der Waals contacts also produce sequence-specific 
interactions, but their main contributions are in stabilizing the protein–DNA 
complex (Schwabe, 1997; Janin, 1999; Reddy et al., 2001). The 
deoxyribose–phosphate backbone of DNA presents a repetitive set of 
negatively charged phosphates and pentose rings with exposed hydrogen 
bonding possibilities. These groups are easily accessible and important for 
affinity, but do not present any opportunity for specific interactions.

Complementarity by flexibility 
Flexibility in DNA is a direct consequence of the nature of the Watson–
Crick base-pairing in a given sequence. Stretches of individual flexibility 
allow for sequence-specific twisting and bending of the DNA. A sequence 
rich in G–C pairs will be more rigid and have a higher melting temperature 
as compared to a piece of DNA with the same number of base-pairs 
containing A–T instead of G–C. Also, certain DNA sequences have a 
preferred bend or twist compared to linear B-form DNA. Hence, the DNA 
sequence will contain information about specific flexibility (Luisi, 1995; 
Travers, 1995; Dickerson, 1998). Complementarity in flexibility occurs 
when a protein bound to non-target DNA experiences strain due to a sub-
optimal conformation. When the protein reaches a sequence of DNA with 
conformational properties complementary to the preferred protein 
conformation, a structural change in both protein and DNA will relieve the 
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strain imposed. This energetically favored change in conformation thus locks 
the protein on its target sequence (Ladbury, 1995; Gromiha et al., 1997; 
Ciubotaru et al., 1999; Kalodimos et al., 2002).  

Thermodynamics of DNA-binding 
Regardless of the interactions responsible for the formation of complexes 
between proteins and DNA, the rules of thermodynamics have to be obeyed. 
For a chemical reaction or binding event to occur efficiently the Gibbs free 
energy of change  

STHG   (2) 

has to be negative. At a given temperature (T, absolute temperature in 
Kelvin), the change in enthalpy ( H) describes the heat change in a system 
at constant pressure whereas the entropy term ( S) describes the change in 
the degree of freedom for the system. In protein–DNA complex formation, 

H and S contribute to different extents depending on the system studied 
(Jen-Jacobson et al., 2000). Some general rules can, however, be derived.  

Since many hydrogen bonds with water are lost upon complex formation 
between the protein and DNA the importance of hydrogen bonding as a net 
contributor to the H term during complex formation is unclear. If the 
hydrogen bond pattern is re-established with specific bases, however, the 
interaction will dictate the specificity in the complex. If hydrogen bonding 
possibilities are absent due to missing donors or acceptors on the major 
groove interface, the interaction will only be of non-specific character with a 
presumably 103–107-fold lower affinity for the DNA (Larson and Verdine, 
1996). It is very common that DNA-binding proteins have a net positive 
charge at physiological pH, which results in a basal affinity due to 
electrostatic interactions with the negatively-charged DNA. 

Hydrophobic groups create ordering of water-molecules to adopt an 
entropically unfavorable structure, usually referred to as the cage effect. 
When non-polar groups or surfaces come together the ordered water 
molecules are released, causing an increase in S. This entropy-driven 
phenomena, termed the hydrophobic effect, is often misleadingly referred to 
as hydrophobic interactions. A similar entropic effect is also observed when 
charged or polar residues are brought together, releasing ordered solvent 
molecules (desolvation). 

Luscombe et al. (2001) analyzed 129 protein–DNA complexes. Based on 
measured atomic distances, they concluded that 2/3 of all contacts in the 
protein were van der Waals interactions, stating the importance of such 
contacts in complex formation. These interactions, however, can be a 
misinterpretation due to limitations in the structure determination. Such 
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short-distance interactions can also be contributed by the entropic term as a 
result of the hydrophobic effect. This demonstrates the need to complement 
structural interpretation with thermodynamic investigations of protein–DNA 
interactions.

Another thermodynamic property observed during specific protein–DNA 
binding is a decrease in heat capacity (Cp), which is a result of the rigid 
complex structure being less prone to absorb energy from the surrounding as 
compared to protein and DNA free in solution (Ladbury 1995; Bergqvist et 
al., 2004). One way to approach the thermodynamics in binding is to use the 
relationship between the change in free energy and the equilibrium 
dissociation constant described by: 

Dln KRTGG   (3) 

where G° is the standard state free energy change and R is the molar gas 
constant. At equilibrium G is zero, and upon rearrangement of the 
equation, the following relationship between KD and G° is obtained: 

Dln KRTG   (4) 
or,

RTGeKD   (5) 

It is therefore possible to correlate the measured affinity of a complex to a 
change in free energy. 

A code for protein–DNA recognition? 
When the HTH motif was identified as a DNA-recognizing unit it was also 
suggested that there could exist a general code for protein–DNA recognition 
(Pabo and Sauer, 1984). The recognition helix in the HTH motif seemed 
well adapted for base-specific DNA interactions and the idea of a general 
code for protein–DNA recognition was very appealing. Since then, 
numerous structures of protein–DNA complexes have been solved and the 
emerging picture is that no such general code for 1:1 recognition between 
proteins and DNA exists (Matthews, 1988; Pabo and Sauer, 1992; Benos et 
al., 2002). Gathered structural evidence where one amino acid makes 
different contacts depending on the structural context, together with the fact 
that there are many different structural solutions (different DNA-binding 
motifs) utilized in DNA recognition, opposes the idea of a general 
recognition code.  
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Different computational models exist that have been derived to analyze 
protein–DNA interactions and structural motifs. Through database searches 
and mathematical algorithms, attempts to describe conformations and 
preferred interactions between proteins and DNA have been performed 
(Suzuki and Yagi, 1994; Luscombe et al., 1997, 2001; Dickerson, 1998; 
Pabo and Nekludova, 2000; Benos et al., 2002). Most of these observations 
are based on naturally occurring systems where repressor and operator pairs 
have evolved to fulfil biological tasks, including proteins that recognize 
multiple DNA-sequences, so that conclusions about specific recognition are 
limited. 

Recent advances in computational resources combined with an increased 
amount of structural information about protein–DNA complexes have 
revealed preferred base-specific contacts and the importance of hydrogen 
bonds, buried surfaces and shape complementarity (Mandel-Gutfreund et al., 
1995; Nadassy et al., 1999; Luscombe et al., 2001; Luscombe and Thornton, 
2002; Yeh et al., 2003). Within a class of DNA-binding proteins or, even 
among proteins with structurally similar motifs, there are results that 
suggests the occurrence of preferred interaction pairs between amino acids 
and specific bases (Pabo and Sauer, 1992; Benos et al., 2002; Luscombe and 
Thornton, 2002).  

Requirements for evolution 
The selection and reproduction of the fittest individual is referred to as 
Darwinian evolution (Darwin, 1859). The principal of Darwinian evolution 
depends on the genetic variation within a population. During exposure to a 
selective pressure, the genotype (genetic information) expressing an 
advantageous phenotype (function) will out-compete less well adapted 
individuals. The linkage between genotype and phenotype is a basal 
requirement for Darwinian evolution. In biological systems, this linkage is 
ensured by localization of the genome inside a virus, single cell or a whole 
organism (compartmentalization). Humans have applied the mechanism of 
Darwinian evolution as a tool for a long time. In breeding of plants and 
animals the selective pressure has been set by the humans, e.g., crop size or 
the milk production of a cow. Directed evolution, however, is a recently 
developed concept that applies Darwinian evolution on a laboratory scale to 
create proteins or nucleic acids that accommodate specified characteristics 
(Arnold and Moore, 1997; Wilson and Szostak, 1999; Tobin et al., 2000; 
Tao and Cornish, 2002). 
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Selection versus screening 
Directed evolution is based on the construction of libraries with genetic 
diversity, followed by a sieving mechanism to find the best fitted 
phenotypes. Further, creating new libraries by recombining a pool of 
successful variant molecules acts as a starting point for a new cycle of 
evolution. In this way, beneficial mutations can be accumulated while 
deleterious mutations are lost, resulting in an evolved and better adopted 
phenotype (Moore et al., 1997). 

The sorting mechanism can be achieved by two means, either by 
screening or selection. In screening, each genotype is assayed for its 
phenotypic expression, e.g., enzymatic efficiency or binding properties. 
Thereafter, the properties are scaled and the best variant can be scored. The 
main advantage of screening is that the phenotypic properties can be 
examined within the well-defined environment of an assay. The drawback is 
the time-consuming and labour-intense character of screening procedures 
(one variant = one measurement). Fortunately, there are methods that can 
increase the throughput in screening. Phenotypic properties coupled to 
chromogenic or fluorescent signaling systems (Fernandes, 1998; Lin and 
Cornish, 2002) allow visualization of clones harboring a desired variant, thus 
admit screening of libraries containing 105 individual variants (Emili and 
Cagney, 2000). Recently developed techniques combining fluorescence 
measurements with flow cytometry greatly surpass these limits of traditional 
screening methods, permit screening of 100,000 variants per sec (Doi and 
Yanagawa, 1999; Georgiou, 2001; Sepp et al., 2002; Griffiths and Tawfik, 
2003).

In selection, the sieving mechanism is based on enrichment and survival. 
The genotype expressing the desired phenotype will be allowed to reproduce 
while other poorly adapted variants will be out-competed or die. Depending 
on the selection technique utilized, libraries of 107–1015 variants can be 
examined (Taylor et al., 2001; Lin and Cornish, 2002). A main consideration 
that applies both to screening and selection is that careful measures have to 
be taken during the experimental setup. The experimental outcome presents 
variants that survive, and does not need to be a result of the anticipated
selection pressure or screening criteria.  

Selection: in vivo versus in vitro selection.  
Different selection strategies have been developed that enable searches of 
large libraries. These can be divided into two major categories: in vivo and in
vitro selection (Lin and Cornish, 2002). The main advantage of in vivo
selection is its sensitivity. Under favorable conditions a single clone can be 
detected in a vast library of 109 different variants (Taylor et al., 2001). In a 
living system, however, there are various inherent factors that can introduce 
unwanted skewing of the selection, thus limiting the quality of the 
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experimental outcome. Most pronounced is the difficulty of controlling the 
selection conditions in a living cell. Moreover, an in vivo system will also 
present a pre-selection imposed by the cell itself. Properties like transport, 
aggregation and proteolytic degradation are factors that may affect the 
selection outcome. In certain cases, desired phenotypic characteristics could 
result in cell-toxic effects. Such unexpected selection pressure forces the 
host cell to adapt (or die), resulting in false positives and a flawed selection 
outcome.  

In vitro selection - macromolecular display 
To decrease uncontrollable factors related to in vivo systems, alternative in
vitro selection methods have been constructed (Figure 4). The major 
advantage of such approaches is the possibility to perform the selection in a 
defined environment. This provides opportunities to explore and manipulate 
experimental conditions which in vivo selection would not permit, e.g., high 
salt, low pH, organic solvents, redox state, etc.

phage display mRNA display ribosome display

microbead displaycompartmentalization

PG

SELEX

G/P

X
P

P

G

P

G

P

G

P

G

Figure 4. Different solutions utilized in linking genotype (G) and phenotype (P), 
that allows for in vitro selection of molecules with new properties. 

Phage display was the first in vitro selection method described (Smith, 
1985). The linkage between genotype and phenotype was mediated by a 
bacterial virus (phage) acting as carrier both for the gene and the protein. 
Within the capsid, the virus harbored the gene encoding a peptide in fusion 
with a viral coat protein that was presented on the outside of the phage. By 
this approach, phages that displayed a specific peptide were selected through 
interactions with antibodies. To enrich isolated phages during selection, 
however, phage display relies on a vulnerable amplification step performed 
in vivo.

Alternative methods that are performed totally in vitro have therefore 
been constructed (Plückthun et al., 2001; Dower and Mattheakis, 2002).
Two methods that are based on in vitro transcription and translation of RNA 
are ribosome display (Hanes and Plückthun, 1997) and mRNA display 
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(Roberts and Szostak, 1997). In both methods, the genotype–phenotype 
linkage is achieved by in vitro translated protein being physically connected 
to its corresponding RNA. After selection, the RNA is reverse transcribed 
into DNA and amplified by PCR for a new round of selection. 

Another method that allows for in vitro selection and evolution is SELEX 
(Systematic Evolution of Ligands by EXponential enrichment). SELEX 
differs from other systems described by how the linkage of genotype–
phenotype is performed. It is actually not a physical connection between two 
molecules, one genotype molecule and a phenotype variant, but rather the 
linkage is that the same molecule of DNA or RNA contains both the 
genotype and phenotype. Exponential enrichment of successfully selected 
phenotypes is performed by PCR (Ellington and Szostak, 1990; Tuerk and 
Gold, 1990). By means of this method various aptamers and catalytically 
active RNA and DNA molecules have been generated (c.f., Plückthun et al.,
2001; Göringer et al., 2003).  

Methods of phage-, ribosome-, and mRNA display are well suited for 
affinity based selection but less efficient for studies of enzymatic reactions, 
although such studies have been reported (Hoess, 2001; Amstutz et al., 
2002). The most recently described in vitro selection method that exhibits 
promising properties for enzyme evolution is compartmentalization. The 
genotype–phenotype linkage is accomplished by sharing a confined space of 
a ~5 fl droplet (Griffiths and Tawfik, 2000). During in vitro
compartmentalization, individual reaction vesicles are created by a water-in-
oil emulsion that, on the average, contains less than one copy of RNA/DNA 
inside the vesicle. The method has been further developed by a physical 
protein–DNA fusion (Doi and Yanagawa, 1999) or by introducing 
microbead display. This allows for a more robust and faster screening by 
flow cytometry or affinity-based selection of entrapped product (Sepp et al., 
2002; Griffiths and Tawfik, 2003) 

Phage display 
The first phage display system reported displayed a fragment of the 
restriction enzyme EcoRI in fusion with phage coat protein on the surface of 
the filamentous phage M13 (Smith, 1985). Using EcoRI specific antibodies, 
Smith demonstrated enrichment of phages harboring cloned EcoRI gene and 
concluded that the EcoRI epitope was displayed in "immunologically 
accessible" form on the phage surface. Since then, numerous experiments 
ranging from peptide display to enzyme catalysis have been performed by 
phage display, although binding is the most frequently exploited property 
(Smith and Petrenko, 1997; Benhar, 2001; Hoess, 2001).

The phage display systems reported to date are predominately based on 
the filamentous E. coli bacteriophage M13. The phage M13 contains five 
different structural genes that encode for proteins that assemble the phage 
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particle. Products from gene III (g3p) and gene VIII (g8p) are the two most 
frequently used coat-proteins in phage display (Figure 5). A phage particle 
usually contains five copies of g3p and several thousands of g8p. Therefore, 
the requirements of a given display experiment directs which of the coat 
proteins to be used. Through modification of the phage display construct it is 
also possible to present the protein as a single copy (monovalent display), 
which is preferable when interactions of high affinity are to be investigated. 

M13 phage infection of E. coli is performed through interactions between 
the phage g3p and pili expressed by male E. coli, resulting in transfer of the 
phage genome into the cell. Phage protein and DNA are synthesized in 
multiple copies by the bacteria and are then transported to the periplasm, 
where new phages are assembled and excreted into the medium without lysis 
of the cell. In this step, phage display relies on a living organism (the phage 
host cell) and is therefore not entirely performed in vitro. A hidden in vivo
selection is present during the amplification of phages in E. coli (Fernandez-
Gacio, et al., 2003). If phage proliferation is biased due to cell-toxicity or 
variation in clonal amplification rate, a risk for a skewed selection outcome 
exists.

Phage display experiments are performed through iterative rounds of 
selection and amplification (Figure 6). In a combinatorial library, most of the 
phages are expected to express partly- or non-functional proteins. Each 
round of selection is expected to enrich phages displaying functional 
properties, e.g., binding to DNA. Hence, for every selection-cycle a larger
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Figure 5. Two different constructs that display proteins on phages in fusion with 
coat proteins. The gene encoding the protein of interest is inserted adjacent to the 
gene encoding the coat protein used in the display. During phage preparation the 
protein (P) will appear in covalent fusion with the coat protein and will be presented 
on the viral surface. By addition of helper phages that provide native proteins 
required during the phage assembly, (A) monovalent or (B) polyvalent display can 
be achieved when the target protein is expressed in fusion with either g3p or g8p, 
respectively.
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Figure 6. Phages displaying the protein library (1) are challenged for binding to 
immobilized ligand (2). Unbound phages are removed by washing (3). Phages 
displaying a functional phenotype are eluted (4), then amplified in E. coli (6). A pool 
of enriched high-affinity phages are prepared for a new round of affinity selection 
(7) while a fraction is sampled (5) for sequence analysis.  

proportion of the variant pool will survive the washing procedures. In a 
successful experiment a stringent selection pressure can afford more than 
1000-fold enrichment for every round performed.  

To monitor the enrichment of functional properties in the phage 
population during selection, the number of phages that survive from each 
round is divided by the number of phages that originally were added to the 
selection (Figure 7). This figure will indicate whether a successful selection 
is performed: the more phages expressing a favorable phenotype the higher 
is the survival ratio. In a successful selection, the ratio will increase for each 
round of selection until the survival-curve reaches a plateau. Thereafter, no 
further improvement in binding is gained due to similar properties in the 
pool of enriched variants.  

The number of variants that can be included in a phage library is limited 
by the efficiency of the transformation of the bacteria that are used to 
propagate the phage library. The largest reported phage library contained 
close to 1010 different variants (Segal et al., 1999) but libraries that large are 
rare, a more commonly reported repertoire containing 107–108 variants. 
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Figure 7. (A) Schematic representation of one round of affinity selection, outlining 
the relationship between survival ratio and phages added to and retrieved from a 
selection. The ratio obtained is a relative measure of the binding affinity of protein 
expressed in fusion with g3p and displayed on phage. (B) Example of a phage 
display-based affinity selection over five rounds monitored using survival ratio. The 
number of phages detected as colony-forming units (cfu) that are added to and that 
survive each round of selection are represented by white and gray bars, respectively. 
The survival ratio for each round is indicated by black squares. 

mRNA-display 
One of the several selection/display systems that are entirely performed in
vitro is mRNA display. This is accomplished by flanking the gene of interest 
on both sides with untranslated regions (Figure 8). Features included in the 
these regions are: the T7 promoter for transcription of mRNA, the TMV 
translation enhancer fragment, out-of-frame stop codons, a hybridization 
sequence important for the protein–mRNA fusion and different affinity tags 
for fusion purification. Figure 8B outlines the steps performed to produce the 
mRNA–protein fusions. The essential step of covalent amide linkage 
between protein and mRNA is facilitated by puromycin (Figure 9). 

The advantage of mRNA display compared over ribosome display is due 
to how the linkage between mRNA and the translated protein is achieved. In 
ribosome display the linkage between the mRNA and the protein is created 
by the ribosome being non-covalently attached to the mRNA. To ensure that 
the mRNA–ribosome-protein complex is intact, special conditions have to be 
applied. This restricts the experimental setup. In mRNA display, however, 
the protein and mRNA are covalently attached to each other. Improvement 
of techniques that are used to create the covalent linkage between the mRNA 
and the protein have increased the fusion efficiency from 1 % (Roberts and 
Szostak, 1997) to 40 % (Kurz et al., 2000; Liu et al., 2000). The fusion 
efficiency, however, is highly dependent on the size of the protein expressed: 
the larger the protein the lowers the fusion efficiency (Takahashi et al.,
2003).  
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Figure 8. (A) Cartoon representation outlining general properties important for 
construction of the mRNA–protein display system. The gene encoding the protein of 
interest is flanked on both sides by tags affording affinity purification to ensure that 
proteins in fusion with mRNA are completely expressed (step 7, panel B). Other 
important features are the promotor for efficient production of mRNA (step 2) and 
translation enhancer sequence for high yield in protein synthesis (step 5). The 5' end 
of the construct contains a short hybridization sequence, complementary with a 
psoralen–DNA–puromycin-linker, important for the covalent mRNA–protein 
coupling (step 3–4, 6). (B) The covalent linkage between the mRNA and the nascent 
protein is facilitated by puromycin, an antibiotic translation inhibitor that mimics an 
amino acid attached to a tRNA. The mRNA is prepared by RNA polymerase 
transcription of the display gene construct (2). The transcribed mRNA is partly 
hybridized to a DNA linker (3) containing an UV-sensitive psoralen molecule (x) in 
the 5' end, whereas in the 3' end puromycin (p) is attached. The mRNA–DNA hybrid 
is chemically coupled through UV-light induced ligation by the psoralen, which 
reacts with the mRNA molecule (4). When the ribosome reaches this hairpin 
structure during in vitro translation of the mRNA–DNA hybrid (5), translation stalls 
and puromycin can enter the A-site. The ribosome catalyzes the formation of a 
stable bond between puromycin on the coding mRNA and the synthesized protein 
(6). Protein–mRNA fusion can be further purified by affinity chromatography (7). 
The fusion-product is finally reverse transcribed (8) to increase genotype-stability 
and to create a template for PCR amplification of selected genes. 
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Figure 9. Puromycin responsible for the covalent linkage between genotype and 
phenotype in mRNA display. (A) Puromycin mimics an (B) amino acylated tRNA. 
(C) When translation is stalled, puromycin enters the A-site of the ribosome and a 
peptide bond is formed between the puromycin and the synthesized protein. (D) The 
stable amide bond in the puromycin ensures a covalent protein–mRNA fusion. 

Library generation 
To accompany the development of various in vivo and in vitro selection 
systems, new approaches to creating genetic diversity have been invented. 
The classical techniques using chemical or UV-light-induced mutagenesis 
(Goodenough, 1984) have been replaced by more sophisticated site-directed 
or partially randomized mutagenesis afforded by PCR and totally 
randomized introduction of mutations by error-prone PCR (Cadwell and 
Joyce, 1994). The method of DNA shuffling is yet another in vitro technique 
to obtain genetic diversity (Stemmer, 1994). By mimicking the approach 
used in nature, genes from successful phenotypes can be recombined, 
allowing for enrichment of beneficial mutations, while deleterious mutations 
can be removed, resulting in improved phenotypic properties. Variant forms 
of recombination techniques have since been presented: staggered extension 
process, StEP (Zhao et al., 1998), incremental truncation for the creation of 
hybridized enzymes (ITCHY, Ostermeier et al., 1999) and gene and genome 
shuffling (Crameri et al., 1998, Zhang et al., 2002). Combining the two 
techniques of error-prone PCR and gene shuffling has proved to be an 
efficient approach to generate genetic diversity for selection and screening of 
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new proteins with altered properties (Tobin et al., 2000). These techniques 
are effective in recombining large proteins or whole enzymes. If, however, 
only a short sequence in a gene is targeted for randomized mutagenesis, a 
cassette mutagenesis achieved by nested PCR using degenerated 
oligonucleotides is preferred.  

Important aspects of library generation 
Together with stringent definition of the selection system, the generation of 
genetic diversity is of utmost concern for a successful outcome. The quality 
of the library is determined by the number of variants present in the library 
(degree of genetic diversity) together with homogeneity in the distribution of 
codons within the sequence targeted for variation. The greater the diversity 
the higher is the chance to find a variant that exhibits the desired properties. 
For binding affinity this has been explored in theory (Lancet et al., 1993) 
and confirmed by experimental results. The larger the library that was 
sampled the stronger was the binding that was recovered from the selection 
(c.f., Griffiths and Tawfik, 2000). This is especially important if the library 
contains random sequence or de novo proteins. Experimental results showed 
that in a pool of protein randomized at 80 amino acid residues, the 
probability of finding one molecule that bound ATP with micromolar 
affinity was determined to be approximately 10-11 (Keefe and Szostak, 
2001). Hence, the chance to find an ATP-binding protein with µM affinity in 
a 109 library would be low. 

Using degenerated oligos and randomized cassette mutagenesis to obtain 
genetic diversity, codon bias can be introduced into the library. In an NNN 
mutagenesis strategy G, A, T or C are equally incorporated in a random 
manner during synthesis of the mutated genes. On the average, this leads to 
encoding of 28 % (18 of 64) Leu, Ser or Arg (9.4 % each) and only 1.6 % 
Trp residues in the randomized sequence. Different methods exist to reduce 
this codon biasing by only introducing G or C in the last position of the 
codon (NNS).

An additional problem with the NNN mutagenesis strategy is the 
introduction of stop codons in the sequence. For every amino acid position 
targeted with NNN, the chance for a nonsense codon is 4.7 %. This can be 
troublesome if several positions are targeted by this strategy. In a protein 
with ten NNN randomized amino acid positions, only 62 % of the proteins 
will be completely synthesized. Different strategies have been invented to 
overcome this limitation. One solution is presented by removal of T in the 
first codon position, the VNN strategy (V = A/G/C). This will eliminate any 
chance for a stop codon to occur, but will unfortunately also fail to present 
codons for all amino acids. Another solution is available through the use of 
bacterial strains that suppress nonsense codons due to mutation in their 
tRNA. Instead of breaking up the ribosome complex, the translation 
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proceeds without termination of the protein synthesis. The stop codon and 
the strain used in expression determine which amino acid will be inserted.  

In mRNA display, problems arising from nonsense codons can be 
circumvented by yet another approach. Libraries of long ORFs can be 
divided into smaller pieces and pre-selected for complete translation, thereby 
removing genes containing unwanted nonsense codons. Thereafter, selected 
pieces can be re-assembled to the full-length ORF that will be devoid of stop 
codons (Cho et al., 2000). This markedly increases the possibility to cover a 
larger proportion of functional variants present in a library, and also removes 
non-functional genes that otherwise could interfere with the selection.  

Protein–mRNA fusion display has powerful advantages compared to 
selection methods where the library size depends on the amount of DNA that 
efficiently can be transferred into cells. The combinatorial number obtained 
by PCR and the volume of the translation reaction that is manageable sets 
the upper limit to the library size.  
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PRESENT INVESTIGATION

Aim of studies 
The general goal of my project aims is to improve our understanding of the 
structure–function relationships that describe the rules for protein–DNA 
recognition, specifically, those interactions involving HTH-proteins. This 
thesis presents how two different in vitro selection systems based on phage 
display or mRNA display were modified to afford selection of HTH-
proteins. Furthermore, phage display selections and DNA-binding 
characterization of isolated HTH-protein variants are also presented.  

Background
When I first approached this project, the question asked was: do helix-turn-
helix proteins provide a 1:1 code for DNA recognition? Despite previous 
efforts, no such code had been identified. The majority of studies performed 
to elucidate a code had previously targeted naturally occurring protein–DNA 
complexes. Information gathered by such approaches may limit the 
interpretation regarding specific protein–DNA recognition. With new 
genetic tools at hand, the plan was to construct a system based on an HTH-
protein combined with in vitro selection technology. This system would then 
be utilized to select for altered DNA binding, yielding proteins with new 
DNA-sequence specificity. By repeating the selection using different DNA 
targets, accompanied by detailed analysis of interactions, we aimed to collect 
data with information about preferred interactions between specific amino 
acids in the recognition helix and their target bases in DNA. Such 
information could then be used as guidance in de novo construction of DNA-
binding protein for specific recognition of a predefined DNA-sequence. A 
similar approach had been applied in the search for a specific code for DNA 
recognition using the structurally unrelated motif of zinc-fingers as the probe 
for DNA-specific interactions (Choo and Klug, 1994a, b). The knowledge of 
the zinc-finger motif gathered by in vitro evolution was quite extensive 
(Wolfe et al., 1999; Pabo et al., 2001; Jamieson et al., 2003), whereas no 
such analyses had been performed on HTH-motif proteins (Collins et al.,
2003).  
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Construction of in vitro selection systems 
My first task was to construct a selection system that could afford 
enrichment of DNA-binding proteins when challenged for binding to an 
unnatural DNA-target. This required a model system for the HTH-motif. The 
well-characterized repressor protein of phage 434 was reported to be 
unsuitable for this kind of study (Huang et al., 1994). Therefore, we chose 
the 66 amino acid residue-long Cro protein from the E. coli phage  (Takeda 
et al., 1977) as a representative for the HTH protein family. Cro binds to the 
DNA-target sequence as a homodimer (Darling et al., 2000). The 
homodimeric arrangement is important for the specificity and high affinity in 
binding (Jana et al., 1997; Albright and Matthews, 1998). Since vector 
constructs facilitating phage display expression of homodimers were 
unavailable, alternative approaches were explored (Figure 10). 
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Figure 10. Strategies utilized to investigate Cro–g3p expression and display on 
phages. (A) Phage preparation using the amber stop codon together with a host that 
partly suppresses UAG codons results in both Cro–g3p fusions as well as free Cro 
proteins. Native Cro and Cro–g3p fusions are expected to yield Cro heterodimer that 
is displayed on the phage. (B) Stabilization of Cro monomers performed by insertion 
of a short sequence encoding 5 amino acid residues (Cro.mDG). (C) Two cro gene 
cassettes positioned in tandem and separated by a sequence encoding 8 amino acid 
residues results in an expressed single-chain variant containing two identical Cro 
domains fused to g3p and displayed on phages. 
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Suppressor stop variant 
Expressing Cro in fusion with g3p, together with helper phage 
superinfection, will generate phage particles that, on the average, display a 
single copy of Cro on the viral surface. Since the DNA-binding unit of Cro 
protein is active as a homodimer, a functional protein was not expected with 
a strict monovalent approach. To overcome this, the amber stop TAG codon 
was introduced between the two genes of cro and gene III. By expressing 
this phage construct in the E. coli strain XL1-blue, occasional suppression of 
the stop codon enables read-through. XL1-blue carries a supE mutation that 
suppresses UAG codons, resulting in insertion of a glutamine. This will 
result in a fraction of Cro being expressed in fusion with g3p, whereas the 
remaining part will be expressed as free proteins in solution. The rationale is 
that the free Cro subunits and the Cro–g3p fusions will come together to 
form a functional dimer that is presented at the phage surface (Figure 10A). 
The cro gene linked to gene III by the TAG sequence was assembled and 
expressed. Harvested phages were then challenged for binding to a DNA-
sequence known to be a high-affinity ligand for wild-type Cro (unpublished 
results). Phages harboring the suppressor stop construct, however, showed 
no preference towards the high-affinity ligand DNA as compared to a control 
ligand. This approach was therefore abandoned. The failure to create phages 
that display Cro proteins with avid DNA-binding properties may be a result 
of the relatively high KD of Cro homodimer ( 10-6 M, Jana et al., 1998). 
Since the concentration of phage during preparation was less than 1 10-7 M, 
probably only a low fraction of phages displayed functional homodimers. 

Stable monomeric Cro variant 
Since the construction using the amber stop suppression was not effective, 
another approach using an engineered stabilized monomeric Cro derivative, 
Cro.mDG, was investigated. By inserting five amino acid residues between 
codon K56 and P57, the intermolecular antiparallel -ribbon was replaced by a 
tight intramolecular -hairpin (Mossing and Sauer, 1990) (Figure 10B). 
Phage display of the monomeric Cro variant was examined both by fusion 
with g3p and g8p. Neither attempt resulted in a construct that successfully 
discriminated between target and control DNA. Moreover, no difference in 
DNA affinity was observed when compared with control phages not 
presenting a DNA-binding protein (containing plasmid DNA encoding a 
non-related protein). An X-ray structure of the monomeric Cro variant co-
crystallized with DNA suggested that binding of Cro.mDG to target-DNA 
was of unspecific character, the affinity being obtained through phosphate 
backbone contacts (Albright et al., 1998).  

In an effort to improve the DNA-binding quality of Cro.mDG–phages, a 
display library obtained by VRS (V=G/A/C; R=A/G; S=G/C) degeneracy 
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was constructed (unpublished results). The polyvalent Cro.mDG–g8p–phage 
library was titered to contain 5.5×106 different variants. Two parallel 
selections were performed using either a high- (ORC) or a low- (#11) 
affinity ligand for Cro. No increase in DNA-binding affinity was observed 
for either ligand during six rounds of selection, as judged from survival 
ratios. After the sixth round, sequences from both selections were analyzed. 
More than 60 % contained frame-shifts, suggesting that phages displaying 
non-functional proteins were enriched. Hence, no improvement in DNA-
binding was achieved. This finding was further confirmed by the appearance 
of wild-type sequences. Among the analyzed in-frame sequences from the 
sixth selection round, 43 % were found to contain wild-type sequence as 
compared to 16 % in the naïve library. 

Single-chain Cro 
For a functional phage display of Cro protein, analysis of the former 
approaches reveals two essential criteria: i) to retain high affinity and 
specificity Cro had to be presented as a dimer and ii) to prevent dimer 
dissociation Cro proteins had to be physically connected to each other. 
Given these criteria, the third approach involved a single-chain derivative of 
Cro (scCro) (Jana et al., 1998) (Figure 10C). Two identical cro genes were 
linked in tandem, separated by a short sequence coding for an eight amino 
acid peptide linker. This construct was cloned into a phage display vector 
containing gene III, resulting in the scCro being expressed in fusion with 
g3p. This served as a model in the HTH-phage display (Paper I) (Figure 11).  

scCro
gIIIcro-N cro-C

Figure 11. The tandem cro gene construct adjacent to the gene III allows for 
expression of scCro in fusion of g3p and monovalent display on phage particles. 

This approach with two covalently linked subunits has two main advantages 
as compared to a regular homodimer. i) The peptide linkage between the two 
subunits not only reduces entropy penalties for dimerization, but also 
contributes to a drastic increase in the effective concentration of "monomer". 
This promotes dimer association, resulting in an increase in Cro–DNA 
complex formation (Jana et al., 1998). ii) The linkage also abolishes cross-
contamination caused by subunit interchange between Cro dimers.  
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In our construct only the 5' proximal cro gene (cro-N) was targeted for 
mutagenesis, whereas the 3' gene (cro-C) was unaltered wild-type. Two 
advantages were anticipated with this type of selection design. i) A low 
number of randomized codons allows a larger portion of all possible variants 
to be included in the constructed library. Targeting five amino acid residues 
for randomized mutagenesis in one of the HTH-motifs would generate 
3.4×107 possible combinations. However, if helices in both subunits are 
targeted for randomization in five positions each, 1.1×1015 genetic 
combinations are generated, which exceeds the number of variants possible 
in a phage display experiment. ii) If a synthetic DNA-ligand should contain a 
half-site recognized by wild-type Cro, a basal level of affinity would exist 
between the unaltered Cro domain and the DNA-ligand. This allows for a 
more stringent selection condition. A decreased unspecific binding reduces 
the chance to obtain false positives. All phages displaying a full-length 
protein expressed in frame would have an advantage over the majority of 
phages that display unstructured, out-of-frame or truncated proteins or 
phages expressing no proteins at all. However, large differences in affinity 
between altered and "wild-type" domains can cause problems. There is a risk 
that the affinity-contribution from the selected subunit can not be 
determined, thereby limiting conclusions about the relationship between the 
structure and its DNA-binding properties.

Is the scCro construct functional? 
The phage-displayed scCro was shown to retain the DNA-binding properties 
of its wild-type Cro counterpart regarding DNA-sequence specificity and 
binding affinity (Paper I). Both wild-type Cro and the scCro variant bind the 
consensus OR-operator sequence (ORC) with high affinity and specificity. 
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Figure 12. Phages expressing single-chain Cro and Cro.mDG (a low affinity 
binding protein) were challenged for binding towards high- and low-affinity DNA-
ligands. The binding was monitored using (A) filter-binding experiment with 1 nM 
of labeled DNA-ligands and (B) single cycle selection with 1 µM biotinylated DNA-
ligands. 
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Phages obtained from E. coli transfected with scCro phagemid only retained 
radioactivity during the filter-binding assay when challenged with 32P–
labeled ORC-ligand (Figure 12A). Similar results were obtained when 
phages displaying scCro were assessed for binding by one cycle of affinity 
selection (Figure 12B). Kinetic analysis revealed the rate constant of 
dissociation of the scCro-phage/DNA complex to be similar to that of the 
free scCro, with a half-life of 24±14 min compared with the published 23±4 
min for free scCro (Jana et al., 1998). By stoichiometric titration, performed 
with both DNA-ligand and phages, it was shown that scCro was 
monovalently expressed on the phage. To examine how well the system 
responded to realistic selection conditions, scCro-phages were diluted 
12,000-fold with phages displaying the Cro.mDG protein. One round of 
affinity selection using a biotinylated ORC-ligand allowed for a 3000-fold 
enrichment of phages displaying scCro over the control phages (Figure 13).  

A B

Figure 13. Colony blot of E. coli infected with phages (A) before and (B) after 
selection for binding towards high-affinity DNA-ligand. Prior to selection, phages 
harboring the scCro construct were diluted 12,000-fold into the low-affinity 
Cro.mDG displaying phages. One round of selection was performed using ORC-
DNA ligand. E. coli infected with phages harboring scCro were detected by 
autoradiography by hybridizing a scCro specific probe radiolabeled with 32P.

Selection strategy and design 
Targets for mutagenesis 
The rationale for the selection system was to randomize amino acid positions 
situated in the recognition helix of the HTH-motif (Figure 3). Based on 
structural data (Anderson et al., 1981; Ohlendorf et al., 1983), 
thermodynamic measurements (Takeda et al., 1992), mutagenesis of Cro 
(Eisenbeis et al., 1985) and in vivo experiments (Pakula et al., 1986), amino 
acids in -helix 3, position 27–33, were targeted as being of special interest 
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for specific interactions in DNA recognition. Residues Q27, S28, A29, N31, and 
K32 were known to be important for sequence-specific recognition of the 
natural operator target, contributing to the hydrogen-bond network between 
the recognition-helix and DNA (Figure 14). The conserved isoleucine at 
position 30 (I30) however, was known to be important for the establishment 
of a hydrophobic core crucial for Cro dimerization. This residue was 
therefore not mutated. Other residues proposed to be involved in 
establishment of the hydrophobic core were A29 and A33 (LeFevre and 
Cordes, 2003). A29, however, interacts via the peptide amide and N31
contacts a phosphate group in the DNA backbone. Although not performing 
base-specific recognition through hydrogen-bonds in the wild-type repressor, 
these two residue positions may be important for recognition in an evolved 
protein variant.  

Q27 S28 A29 N31 K32

A33I30

1 2 76543(+/-)

(+)

(-) 3 ’ - A pT pA pG pT pG pG pC pG
5 ’ - T pA pT pC pA pC pC pG pC

Figure 14. Schematic summarizing specific Cro–DNA interactions by amino acid 
residues in -helix three, marked as recognition helix in Figure 3 (Albright and 
Matthews, 1998). DNA sequence represents one half-site of the wild-type consensus 
operator sequence ORC (Figure 15). Amino acid residues Q27, S28 and K32 donate or 
accept hydrogen-bonds with bases in DNA. Backbone of A29 and side-group of N31
make van der Waals contacts with the methyl of T(–5) and T(+3), respectively, also 
contributing to specificity.  

DNA-ligands
Since wild-type Cro binds to DNA as a homodimer, the preferred high-
affinity sequence recognized by Cro displays a dyad symmetry. In one of the 
ORC half-sites, seven position have been found to be important for high-
affinity, specificity and maintaining biological relevance (Pakula et al., 
1986; Benson and Youderian, 1989; Takeda et al., 1992). The strategy with 
one wild-type subunit conserved for basal affinity and positioning of the 
ligand requires that target ligands contain a sequence recognized by 
unaltered Cro. Therefore, DNA ligands were constructed based on the 
symmetrical sequence of the high affinity ligand ORC (Kim et al., 1987). 
Two different asymmetrical 21 base-pair dsDNA were designed (Figure 
15A). In the ligand denoted ORas11, six of the seven important DNA-bases 
were altered. The strategy was to change the interaction pattern presented in 
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the major groove without drastically altering the dsDNA-ligand's melting 
temperature when compared to ORC (Papers I and II). For the second ligand, 
ORas12, the idea was to retain the same pattern of exposed chemical groups 
within the major groove as in the ORas11-ligand. Instead a difference in 
flexibility of the two ligands was aimed for. Therefore, guanosine in 
positions (-4) and (-5) in ORas11 was replaced by inosine in ORas12. This 
removes the amino group bound to carbon 6 of guanine (Figure 15B). 
Removal of the hydrogen-bond acceptor in the altered position reduces the 
number of Watson–Crick base pairs presented, which is assumed to result in 
local decrease of melting temperature (Figure 15B). The DNA-ligand 
surface presented in the major grove for both ORas11 and ORas12 is 
expected to introduce the same chemical groups accessible for interaction. 
However, the intrinsic change in Tm at position (-4) and (-5) can introduce 
altered flexibility or shape of the interacting DNA-surface presented in the

ORC

ORas11

ORas12

10-3

10-4

10-5

10-6
ORC ORas11 ORas12

cf
u 

ou
t /

 c
fu

 in

N
N

O

N

N

N

N

N

O

N

H

H

H

H

H
guanine cytosine

altered conserved
(+)1 2 3 4 5 6 7

(-)1 2 3 4 5 6 7

A

B C

N
N

O

N

N

N

N

N

O

H

H

H

hypoxanthine cytosine

 B-GTGTGTGTATCACCGCGGGTGATAGT
        ACATAGTGGCGCCCACTATCA

 B-GTGTGTGATACCAAGCGGGTGATAGT
        ACTATIITTCGCCCACTATCA
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Figure 15. (A) Biotinylated DNA-ligands used in phage display experiments. ORC, 
high-affinity consensus operator DNA-sequence recognized by Cro. Grey boxes 
indicates specific bases targeted to be important in binding of Cro–ORC. ORas11 
and ORas12, synthetic operators containing one half-site of ORC. (B) Hydrogen-
bond pattern in Watson–Crick base-pairing of guanine–cytosine (3 hydrogen-bonds) 
and hypoxantine–cytosine (2 hydrogen-bonds). Groups accessible for interaction 
through the major groove are those facing the top of the picture. (C) Wild-type 
scCro–g3p phages were assayed for binding to biotinylated ORas11 and ORas12 by 
one round of affinity selection. Ratios demonstrate a decreased affinity in 
ORas/scCro–g3p phage complex as compared to complex with ORC. 
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major groove. To ensure that wild-type scCro phages exhibited a decreased 
affinity for the synthetic ORas-ligands as compared to ORC, a control was 
performed (Figure 15C). ScCro–g3p phages were challenged for binding to 
biotinylated ORC- and ORas-ligands. One round of affinity selection 
resulted in ratios approximately 100-fold (ORas11) and 17-fold (ORas12) 
lower as compared to values obtained with ORC-ligand. 

Library construction and selection
Three different libraries based on scCro were constructed and selection for 
affinity toward the two different DNA ligands ORas11 and ORas12 was 
performed. Isolated variants were analyzed on the basis of their structural 
(sequence) and their functional (DNA-binding) properties.

Library A 
Library A was the first of the three libraries based on scCro to be constructed 
(paper II). Six positions in the cro-N subunit, Q27, S28, A29, N31, K32, and A33,
situated in the recognition helix, were targeted for randomized mutagenesis 
using an NNS-degenerate oligonucleotide together with PCR. When 
assembled, the library contained 107 different variants covering 
approximately 1 % of all possible combinations (326  109). When 40 clones 
from the library were sampled to analyze the diversity, there was an excess 
of tryptophan codons caused by over-incorporation of T and G during 
randomized oligo synthesis.  

Two parallel selections were performed with biotinylated DNA-ligands 
ORas11 and ORas12. A steady increase in binding affinity was observed up 
to round four in both selections, as judged by the survival ratios. Since the 
enrichment reached a plateau no further selection was performed after round 
six. Sequence isolates recovered after the sixth round of selection with 
ORas11 ligand showed that two clones dominated the population: variants 
A11:601, T27S28Q29W31A32M33 (75 %) and A11:402, S27R28T29W31Y32A33,
the remaining 25 %. Variant A11:402, however, was already present in the 
4th round, making up 50 % of the isolated clones (Table 1). After selecting 
with ORas12, clone A12:415, R27S28C29Y31N32W33, first detected in round 
four as one of 16 analyzed clones, totally dominated the enriched population 
after 6 rounds of selection, being found in 26 out of 27 sequenced isolates.  
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Table 1. Deduced amino acid sequence in mutated residues in scCro–g3p phage 
isolated obtained from round 4 and 6, after selection with Library A towards 
ORas11-ligand. 

Residue position in scCro variant 

Clone 27 28 29 31 32 33 
scCro (wt) Q S A N K A 

Round 4 
A11:401  C X X G M V 
A11:402 (8) S R T W Y A 
A11:403 S V R W C R 
A11:406 N C L C Y A 
A11:407 P L S W W A 
A11:408 E R E A R W 
A11:412 E W E G R N 
A11:414 P R D A L A 
A11:415 P P H A A A 

Round 6 
A11:601 (6) T S Q W A M 
A11:402 (2) S R T W Y A 
Number in parenthesis denotes number of clones detected with the same sequence. 

The high abundance of Trp seen in the library was still present after the 
selection. This over-representation of Trp was therefore assumed to be an 
effect of the biased codon distribution present in the library, since DNA-
binding motifs uncommonly contain Trp residues (Jones et al., 1999). 
However, replacing Ala33 with Trp results in a higher dimerization 
concentration and a thermally more stable Cro variant promoting a stable 
non-dimerized structure (LeFevre and Cordes, 2003). 

Library B 
Library B, described in paper I, was constructed for two reasons: i) to 
achieve a more diverse codon distribution, and ii) to include a larger 
proportion of all possible gene combinations. To accomplish that, library B 
was created using a new oligonucleotide with position 33 not mutated. The 
scCro8–phage B library, randomized in five codons, contained 5×107

individual variants, approximately covering all possible codon combinations 
(325  3.3×107). Selection was repeated five times for each of the ligands 
ORas11 and ORas12. An approximately 2000-fold increase in binding 
affinity after four rounds suggested a successful selection with an 
enrichment of variants able to discriminate between ORas-target DNA and 
non-specific competitor DNA. Analyzed clones from round four revealed 
that selection for certain structural motifs had occurred. The majority of 
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clones obtained with the ORas11 ligand showed an over-representation of 
Glu in positions 27–29, with the predominate variant found in 11 out of 18 
isolates, having the deduced amino acid sequence E27E28E29K31W32.
However, the most distinct feature was found in the selection towards 
ORas12 with the occurrence of a Cys in position 29 consorted with a Tyr in 
position 32. The obtained consensus motif X27X28C29X31Y32 was present in 
11 out of 22 analyzed clones from round four.  

Library C 
Based on the X27X28C29X31Y32 consensus sequence found in the B-selection 
after the ORas12 selection, a third library was constructed where positions 
27, 28 and 31 were randomized (Paper II). The aim was to investigate the 
significance of the found motif and to see whether further maturation with 
improved specificity and affinity could be obtained by additional selection 
toward the ORas12 ligand. Another issue was to examine how the selection 
outcome would be effected by performing the experiment at different 
temperatures. Calorimetric studies on Cro–DNA interactions (Takeda et al., 
1992) suggested that a selection performed at higher temperature would 
favor selection of high-specificity/affinity DNA-binding variants. Therefore, 
two parallel selections were performed, one at 0 °C and another at 22 °C. 
Four rounds of selection for binding to ORas12 did indeed result in variants 
with an increased affinity for ORas-ligands. Both selections yielded similar 
results, but the highest affinity was observed for a variant selected at 22 °C.  

Functional properties of selected variants 
To test the relative importance of structural features found in variants 
selected from the three individual library constructs, clones expressing scCro 
proteins with residue replacements that had the potential to interact with 
bound DNA through specific hydrogen bonds were chosen for further 
functional characterization. Using compiled data from selections B and C, 
the results from the A-selection were reanalyzed, suggesting the variant 
A12:407, R27Q28C29R31Y32, to be a high-affinity candidate for the ORas12 
DNA-ligand.

Single cycle selection 
To provide a fast method for probing specificity properties, single clones of 
phages displaying variants of interest were amplified, purified and 
characterized. The structural features important for DNA target 
discrimination in the selected variants were analyzed by one round of 
affinity selection. To assay the specificity, each clone was challenged for 
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binding toward the different DNA targets, ORas11, ORas12 and ORC 
through three parallel selections.

From the ORas11 selection, six clones were isolated for further analysis. 
None displayed preferred binding to ORas11 over ORC. When 
ORas11/ORas12 specificity ratios were analyzed, four variants displayed 
preferred binding toward target ligand ORas11, but no general theme or 
preferred amino acid occupancy was observed, other than that Trp was 
present in position 31 or 32 in three of the four clones with preferred binding 
to ORas11.

Twelve clones from selections with ORas12 were assayed (Figure 16). 
All carried the X27X28C29X31Y32 motif except clone A12:415 
(R27S28C29Y31N32W33). It was found that all variants with Gln or Arg in 
position 28 had a preference for ORas12 over ORC. Out of the four most 
specific DNA-binders, three variants contained a Gln at position 28 (Q28),
the two most specific sharing an Asp at position 27 (D27). Variants 
containing Ala or Glu in position 28 had a preference for ORC. All clones 
except C12:404* (Q27R28C29L31Y32), however, displayed a preference for the 
target ligand ORas12 over ORas11. The significance of these particular 
amino acid residues in DNA-ligand recognition is at present not clear.  

Known from the literature is that glutamine has a preference to form 
hydrogen-bonds with adenine, especially when situated in a HTH protein 
(Mandel-Gutfreund et al., 1995). There are no obvious restrictions for Q28
for interaction with A(+3) in either ORas11 or ORas12, as judged from the 
crystal structure (Albright and Matthews, 1998). D27 is a multi hydrogen 
bond acceptor, and previous studies have reported that Asp may interact with
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Figure 16. Specificity analysis of scCro variants selected with ORas12-ligand. 
Relative survival ratios obtained with phage particles displaying variants of scCro in 
fusion with g3p were challenged for binding to ORas12 and ORC DNA-ligands. 
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stacked ApT pairs (Luscombe et al., 2001). In wild-type Cro, Q27 interacts 
with A(+2). In ORas11 and ORas12 nucleotide positions (+1) and (+2) are 
represented by stacked ApT. To draw any final conclusion about the 
importance of these interactions further studies have to be performed. 
Characterization through affinity measurements would be helpful when 
assigning the relative importance of each of amino acid residue in the altered 

-helix. Site-directed mutagenesis (e.g., Ala-scanning) and direct structural 
studies of variants in complex with ORas11/ORas12 would be valuable for 
assigning the importance of specific interactions and the positioning of the 
recognition helix in the major groove. Modeled structures of selected 
variants superimposed on unaltered scCro suggest a tilt in the position of the 
recognition helix of the altered "subunit", a result of the introduced C29,
containing a bulkier side chain than Ala, which in wild-type contributes to 
the stabilizing hydrophobic core. 

Functional properties of free protein 
To evaluate the significance of the single-cycle selection described, and to 
test if the selected variants exhibit the same properties free in solution, 15 
representative variants from ORas12 selections were chosen for expression 
as free proteins (Paper II) (Figure 17).  

A

B

1 1312111098765432 161514 (-) (+)

Figure 17. Lysates of E. coli over-expressing scCro variants analyzed by (A)
SDS/PAGE and (B) western blot. Lane: (1) A12:407, (2) A12:415, (3) B12:401, (4) 
B12:406, (5) B12:407, (6) B12:416, (7) B12:501, (8) B12:508, (9) C12:316, (10) 
C12:401, (11) C12:403, (12) C12:405, (13) C12:408, (14) C12:414, (15) C12:404*, 
(16) wild-type, (–) bacteria containing "empty" vector, (+) 5 µg (A) or 20 ng (B) 
purified scCro wild-type. 
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Competitive inhibition of protein/ORas complex formation 
The strength of the complex was investigated by competitive inhibition of 
complex formation using different concentrations of unspecific DNA 
(sonicated salmon sperm DNA, sssDNA). The electrophoretic mobility shift 
assay (EMSA) was utilized to resolve free DNA from DNA in complex with 
protein. An estimate of specific affinity was extracted as IC50 values (or IC90
for low affinity complexes) (Figure 18) (Paper II).  
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Figure 18. Competitive inhibition analysis of scCro variants using EMSA. Lysate 
containing over-expressed variant proteins was mixed with radioactively labeled 
ORas12 and unrelated competitor DNA. Formed scCro–ORas12 complex (A) was 
resolved form free DNA (B) by non-denaturing PAGE. Radioactivity was detected 
and quantified using phosphorimaging analysis. (C) Variant protein containing Arg 
in any of positions 27, 28 or 31 is denoted by R. 

Variants B12:401 (T27Q28C29D31Y32) and B12:407 (D27Q28C29T31Y32), which 
displayed high specificity when attached to phages, were shown to have low 
affinities among the variants tested when expressed as free proteins (Figure 
18). The C12:404* (Q27R28C29L31Y32), selected at 22 °C was the variant 
displaying the highest tolerance against non-target competition. Also 
observed was the overall higher affinity seen with the majority of clones 
selected from library C (Figure 18). The re-analysis of the library A-
selection presented variant A12:407 (R27Q28C29R31Y32) as a probable high-
affinity candidate for ORas12. Together with C12:316 (S27A28C29R31Y32),
C12:401 (V27A28C29R31Y32) and C12:408 (D27R28C29L31Y32), A12:407 was 
present among the top five high-affinity variants in the inhibition study. 

When lysates containing the different scCro variants were assayed for 
affinity, the majority displayed higher affinity for ORas11 as compared to 
ORas12. This is in contradiction with earlier results obtained with single-
pass selections when protein variants were displayed on phages. One 
possible explanation is that DNA-ligands that were used in EMSA have a 
different conformation or flexibility. Four extra A/T base-pairs were added 
on both sides of the DNA-ligand to obtain a radioactive label. These extra 
base-pairs could effect the flexibility of the ligand, resulting in a less 
preferred conformation not encountered by the variants during the selection. 
This could also be an artifact of the annealing and labeling efficiencies. If a 
large fraction of ORas12-ligand was rendered incapable of interactions with 
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protein variants a lower percentage of complex formation would be detected. 
However, it is clear from these measurements that variants containing an 
Arg in position 27, 28 or 31 display high affinity towards ORas ligands, 
although the affinity for the ORas-ligands is reduced if the Arg is 
accompanied by an Asp.  

KD measurements on purified protein  
Competitor inhibition measurements performed on over-expressed protein in 
lysates provided an indication of variants exhibiting high affinity for ORas11 
and ORas12. To further explore the binding characteristics and to target 
certain amino acid residues responsible for affinity and specificity in the 
binding, wild-type together with three variants of scCro were expressed on a 
larger scale and purified. The two closely related C12:404* 
(Q27R28C29L31Y32) and C12:408 (D27R28C29L31Y32) variants, also exhibiting 
the highest specific affinity for ORas11 and ORas12, were chosen for KD
analysis, together with variant A12:407 (R27Q28C29R31Y32) (Table 2).

All variants showed a preferred binding towards either ORas11 or 
ORas12 when compared with ORC. As expected, variant C12:404* 
displayed the highest affinity for all ligands with a preference for ORas11. 
This was in agreement with earlier results from both single-cycle 
experiments and the competitive inhibition studies. Variant C12:408, which 
only differs in amino acid residue 27, containing an aspartate instead of a 
glutamine in C12:404*, exhibited a lower affinity for all ligands when 
compared to C12:404*. However, C12:408 experienced a lower loss in the 
affinity for ORas12 as compared to ORas11, resulting in similar affinity for 
both ORas ligands. The putative ORas12-specific A12:407 showed the 
lowest affinity among all three variants tested, but a favored affinity for 
ORas12 was observed. In fact, when comparing relative specificity, A12:407 
displayed the highest specific affinity of all three variants tested. 

Table 2. Equilibrium dissociation constants of scCro/DNA complexes determined by 
EMSA.

KD (nM) Relative specificityb

 ORas11 ORas12 ORC ORas11 ORas12 
wild-type 147 ± 9 228 ± 10 0.014 ± 0.003a 0.0001 0.00006 
A12:407 50 ± 3 23 ± 1 73 ± 3 1.5 3.2 
C12:408 15 ± 4 16 ± 5 31 ± 17 2.0 1.9 
C12:404* 5.7 ± 0.9 13 ± 1 16 ± 1 2.8 1.2 

Radiolabeled DNA-ligand (< 20 pM) was titrated with purified protein. KD was determined by 
fitting 1:1 binding isotherm equation to experimental data (Paper II). aDetermined in presence 
of 1 pM ORC. bRelative specificity calculated by (KD ORC / KD ORas11) or (KD ORC / KD
ORas12).
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Thermodynamics 
KD values provide an effective measure of the strength of protein/DNA 
complex binding. It is also useful in comparing differences in affinity for 
complexes in order to determine specificity. Affinity values expressed as 
concentrations, however, do not explain the property of the interactions 
observed. But analysis of the free energy change in complexes can reveal 
information about the origin of interactions that are contributing to the 
affinity.

In Paper II we examined this approach with the variant C12:404*, which 
showed the highest affinity towards ORas-ligands. KD values obtained from 
the gel-shift analysis were examined for underlying thermodynamic 
properties and compared with wild-type scCro. By calculating differences in 

G° values for complexes of different combinations of proteins and DNA-
ligands, it was possible to resolve energy contributions from specific and 
nonspecific interactions. 

Construction of the mRNA display system 
The aim of the work presented in paper III was to construct an efficient 
selection system based on mRNA display methodology. As described in the 
introduction, phage display carries a number of inherent limitations 
depending on the phage amplification step performed in vivo. The largest 
phage display library reported expressed less than 1010 variants (Segal et al.,
1999). However, if more than six amino acid residues are to be randomized, 
a library of that size would only allow examination of relatively small 
fraction of all possible variants. Messenger RNA display (mRNA display) 
does not involve any steps performed in vivo. Instead, all procedures from 
transcription to amplification of a selected gene pool are carried out in vitro.
This facilitates generation of libraries of higher quality and avoids biases 
arising from viability problems. It also allows for the construction of 
libraries containing more than 1014 different polypeptides (Takahashi et al., 
2003).  

The scCro mRNA display construct was assembled by PCR according to 
previous reports describing mRNA display (Liu et al., 2000; Cho et al., 
2000). The gene of scCro was flanked on both sides with cassettes 
responsible for efficient transcription, translation and fusion of translated 
protein to its corresponding mRNA. The 5'-terminal cassette contained 
sequences encoding T7 promoter for in vitro transcription, tobacco mosaic 
virus (TMV) translation enhancer fragment and the FLAG affinity 
purification tag. On the 3'-terminus of the scCro gene, we introduced a hexa-
histidine affinity tag and two extra methionines for labeling efficiency and a 
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10-base sequence responsible for the hybridization to the puromycin-
containing DNA-linker. 

Transcription of the mRNA display construct using T7 RNA polymerase 
yielded a 430-fold amplification of template copies as compared to input 
DNA. The mRNA was further hybridized with the DNA-linker containing a 
3'-puromycin for the protein–mRNA fusion-event and a 5'-psoralen 
responsible for the cross-linking of mRNA with the DNA-linker. UV-light 
exposure induces the psoralen in the DNA-linker to cross-react with the 
hybridized mRNA, resulting in a covalent bond between the mRNA and the 
puromycin-containing DNA-linker. The mRNA–DNA cross-linked product 
was further translated in vitro and fused to its newly synthesized protein. The 
yield of mRNA–scCro fusion, as a percentage of the total input of mRNA, 
was 0.5 % after oligo-dT cellulose purification to remove all protein not 
fused to the DNA-linker. Since mRNA is rather sensitive toward 
degradation, reverse transcription is performed to create a more stable 
mRNA–DNA heteroduplex. To remove corrupt mRNA–protein fusions 
resulting from internal translation starts, further purification was 
accomplished using the N-terminally expressed FLAG-epitope. Additional 
purification can be performed to remove fusions containing frame shifts or 
fusions not containing fully translated protein by usage of the 6×His-tag 
located in the protein C-terminus. That opportunity was, however, not used.  

Since this in vitro transcription, translation and mRNA–protein fusion 
experiment was not applied on a library pool of DNA, all fusion variants 
contained the same sequence. However, it is possible to speculate 
concerning this construct's suitability for the construction of a complex 
library. The amount of DNA used in the 200 µl transcription reaction 
corresponded to 8×1012 molecules and was amplified to 3.5×1015 molecules 
of mRNA readily covering all possible DNA variability. Further, 0.5 % of 
the input mRNA resulted in fusion after cross-linking, translation, fusion and 
oligo-dT purification, corresponding to 2.4×1011 molecules of scCro–mRNA 
fusions after a 250 µl expression. A moderate up-scaling of transcription and 
a 10-ml translation reaction would thus yield 1013 individual variants. This 
figure greatly surpasses earlier described systems applied for in vitro
selection of DNA-binding proteins. 

To examine whether the scCro-protein retained its DNA-binding 
properties when displayed in fusion with its coding mRNA, two parallel 
selections were performed using a high- and a low-affinity DNA-ligand. 
Radioactive [35S]-labeled scCro–mRNA fusion was mixed with either 
biotinylated ORC (high-affinity DNA-ligand) or "#11" (low-affinity control 
DNA-ligand). Formed complexes between mRNA–scCro fusion and 
biotinylated DNA-ligands were trapped using streptavidin-coated agarose 
beads. It was shown that gel incubated with ORC-ligand retained higher 
amounts of radioactivity after washing (21 %) as compared with #11 (< 0.5 
%). Furthermore, trapped radioactivity could also be eluted using a 40-fold 
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excess of the high-affinity ORC-ligand. However, elution with low-affinity 
ligand was not tried.

A successful selection requires that the genotype encoding the functional 
phenotype can be extracted and amplified. The scCro–mRNA construct was 
shown to be functional in that respect. The gene encoding the 542 bp 
mRNA–scCro construct was retrieved by two means. Either using the 
agarose with retained mRNA-scCro fusions or fractions from ORC-ligand 
elution as template in gene-amplifying PCR, products of the expected size 
were obtained.

Conclusions 
The phage display system adopted for affinity selection of Cro was utilized 
for construction of three different scCro-displaying phage libraries. Affinity 
selection towards ORas12 DNA-ligand generated a consensus motif 
X27X28C29X31Y32. However, no motif was found after selection towards the 
highly related DNA-ligand ORas11. When clones from the second selection 
were analyzed, two variant sequences exhibited motifs X27Q28C29X31Y32 or 
D27X28C29X31Y32 that displayed high specificity for ORas12 as compared 
with wild-type high affinity operator sequence ORC or ORas11. A third 
library selection based on the X27X28C29X31Y32 motif generated new protein 
variants with increased affinity for ORas-ligands. 

Competition experiments with unspecific DNA were performed to assess 
the strength of the DNA interaction. The results showed that Arg in any of 
the positions 27, 28, or 31 was important for high affinity. On the contrary, 
presence of Asp or Glu in any of these positions resulted in a reduced 
affinity. KD measurements revealed that Q27R28 exhibit high affinity toward 
ORas11 and D27R28 results in a lower affinity toward ORas11, whereas the 
affinity towards ORas12 is less effected, and R27Q28 had a generally lower 
affinity for all ligands tested, but shows the highest specificity in binding of 
ORas12.

Based on the obtained results, a variant sequence D27Q28C29R31Y32 is 
proposed to exhibit high specificity towards ORas12. Whether this is the 
optimal binder for the ORas12 sequence, remains to be explored. 

To improve selection conditions, mRNA display of scCro was attempted. 
The scCro fused to its mRNA retained the wild-type properties with respect 
to DNA-ligand recognition and binding preference. Moreover, the system 
allowed for one round of functional selection of the mRNA–scCro fusion 
with elution of selected species and a final amplification of the gene 
encoding the scCro. The system exhibited properties that would allow 
construction of an mRNA display library in which both DBDs in scCro 
could be simultaneously targeted for mutagenesis.  



 39 

CONCLUDING REMARKS

To investigate structure–function relationships in protein–DNA recognition, 
two different in vitro selection systems were constructed. Both systems were 
based on the helix-turn-helix protein Cro. They handle large libraries of 
protein variants and are well suited for studies concerning interaction and 
binding and are especially powerful for in vitro evolution of novel protein 
motifs, where other methods such as rational design and screening 
procedures still fall short. Phage display of scCro is the first in vitro system 
reported for selection of HTH proteins that exhibit novel DNA-binding 
affinity toward unnatural DNA-targets. The mRNA–scCro fusion presented 
is the first reported system of mRNA display accommodating DNA-binding 
properties.

Selection performed with phage display governed a consensus motif that 
favored binding to target ligand when compared with a wild-type high-
affinity DNA-ligand. Further maturation of the presented motif resulted in 
variants with improved affinity. This shows that in vitro selection systems 
are powerful tools to create new protein–DNA pairs that can be studied 
further by affinity and specificity analysis. Such information is important 
when trying to understand the underlying mechanisms of protein–DNA 
interaction in gene regulation. KD-analyses with gel-shift assays performed 
on purified proteins revealed differences in affinity and specificity which 
could be assigned to differences in the respective structures.   

The ability to evolve proteins that not only exhibit avid DNA-binding, but 
also specificity, is important when studying protein–DNA recognition. This 
thesis includes work describing how in vitro evolution methodology has 
provided novel structural motifs that exhibit the ability to discriminate 
between structurally very similar DNA-targets. Further characterization of 
such evolved DNA–protein pairs will provide increased insights into 
structural–functional relationships regarding protein–DNA recognition, and 
may eventually lead to development of new biotechnological tools as well as 
to greater understanding of the intricate events in gene regulation.  
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SUMMARY IN SWEDISH

Protein-DNA igenkänning 
In vitro evolution och karakterisering av DNA-bindande 
proteiner
Målet med detta arbete är att få en djupare insikt i vilka de mekanismer är 
som styr ett proteins inbindning till en bestämd sekvens av DNA. Med hjälp 
av in vitro-evolution (evolution i provrör) har nya DNA-bindande proteiner 
isolerats. Kopplingen mellan de nya proteinernas utseende och deras DNA-
bindande förmågan har sedan undersökts. I första hand har en speciell grupp 
av DNA-bindande proteiner studerats men arbetet strävar även efter att få en 
större förståelse beträffande generella regler för DNA–protein interaktion 
som helhet. Vill man genom skräddarsydd design konstruera nya DNA-
bindande protein är en sådan förståelse nödvändig. Det finns flera olika 
områden där sådana proteiner skulle vara till stor nytta. DNA-bindande 
proteiner skulle kunna tillverkas för att tysta defekta gener. Även nya 
biokemiska redskap skulle kunna konstrueras där olika funktioner kopplas 
till det DNA-bindande proteinet. För att kunna uppnå detta krävs en utökad 
kunskap av sambanden mellan hur ett proteins utseende påverkar dess DNA-
bindande funktion. 

Bindning mellan proteiner och DNA är avgörande för uppkomsten av liv. 
Generna består av DNA och är de ritningar som förklarar hur en cell eller en 
hel organsim ska byggas. All information som finns lagrad i generna ska inte 
användas samtidigt. Därför finns det DNA-bindande protein som sköter

A CB

Figur 1. De tre vanligast förekommande klasserna av strukturella motiv som nyttjas 
av DNA-bindande protein: (A) helix-turn-helix (6CRO), (B) zinc finger (1A1F) och 
(C) leucine zipper (2DGC). 
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informationsflödet från generna, generna regleras. Dessa proteiners funktion 
styrs av styrkan och precisionen i bindningen mellan proteinet och DNA:t. 
Denna förmåga beror främst av två företeelser. Dels att specifika aminosyror 
i proteinet är i kontakt med olika grupper i DNA och av att proteinets och 
DNA:ts formbarhet passar varandra.  

I alla kända levande organismer finns en stor mängd DNA-igenkännande 
proteiner vars funktioner är att klippa, klistra, läsa, kopiera eller blockera 
DNA. Trots att deras funktioner och utseende är olika har de en sak 
gemensamt, de känner igen DNA. Beroende på proteinets form i den del som 
binder till DNA så delas de in i olika klasser. De tre vanligaste strukturerna 
är "helix-turn-helix" (HTH), "zinc finger", och "leucine zipper" (Figur 1).  

Med in vitro-evolution ("evolution i provrör") kan man konstruera DNA-
bindande proteiner med förändrade egenskaper. Det finns flera metoder som 
möjliggör in vitro evolution. I den här avhandlingen beskrivs fagpresentation 
och mRNA–protein-presentation (Figur 2). Fagpresentation var den första 
metod att beskriva in vitro-selektion. Möjlighet att hantera stora 
proteinbibliotek (109 varianter) var banbrytande när metoden introducerades. 
Denna metod innehåller dock ett steg när fler fager ska tillverkas med hjälp 
av levande bakterier. Detta begränsar antalet proteinkombinationer och 
introducerar även felkällor. Andra metoder har utvecklats där man undviker 
sådana cellberoende steg. Ett exempel är mRNA–protein-presentation. 
Denna metod möjliggör konstruktion och analys av proteinbibliotek som 
innehåller 1015 olika varianter, en miljon gånger fler 
kombinationsmöjligheter jämfört med fagpresentation. 

scCro
gIIIcro-N cro-C

X
Pcro-N cro-C

A

B

Figur 2. Två olika metoder att koppla proteinets funktion (fenotyp) och dess 
genetiska sekvens (genotyp). (A) Fagpresentation: Genen som kodar för Cro sitter i 
serie med en av fagens ytproteingener. Detta möjliggör att proteinet presenteras i 
fusion med fagens ytprotein på utsidan av fagen medan DNA:t finns inuti fagen. (B)
mRNA-presentation: Genen som kodar för Cro är kemiskt kopplad till det uttryckta 
proteinet. 
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helix

helix

turnturn

igenkännings-
helix

Figur 3. Cro protein i komplex med dubbelsträngat DNA. Till höger i bilden visas 
de delar av proteinet som ingår i HTH-motivet. Till vänster ses de aminosyrarester 
som bidrar till specifik igenkänning av DNA.   

Det protein som använts som försöksmodell heter Cro och är ett litet protein 
(66 aminosyror) som tillhör klassen HTH-proteiner. Dess biologiska roll är 
som repressor i bakterieviruset . Cro binder in till DNA som en homodimer 
(två identiska subenheter parar ihop sig) (Figur 3) och känner igen en 
symmetrisk (palindromisk) sekvens av DNA. Lyckad presentation, både på 
fager och i fusion med mRNA, av en variant av Cro har erhållits genom att 
kovalent koppla två identiska Cro med en peptidlänk (Figur 2). Proteinet har 
därefter muterats i den DNA-bindande delen och genom fagpresentation har 
nya Cro varianter isolerats, vilka binder till förutbestämda DNA-sekvenser. 
Efter genetisk analys av en mängd olika selekterade Cro-varianter så har en 
konsensussekvens kunnat fastställas. Cro-varianter innehållande detta motiv 
uppvisade en förändrad egenskap i form av specificitet, där den naturliga 
DNA-liganden nu inte var den mest attraktiva.  

I och med att det undersökta proteinet sitter kopplat till en fag finns en 
risk att bindningsegenskaperna påverkas. För att undersöka i vilken 
utsträckning detta sker, har olika proteinvarianter framställts utan att vara 
kopplade till fager. Därefter har deras förmåga att känna igen och binda till 
DNA undersökts. Genom tävlingsförsök har de olika aminosyraresternas 
bidrag till styrkan i protein–DNA komplex kartlagts. Vidare har tre varianter 
renats för att kunna studeras mer i detalj. Försök där bindningsstyrkan för 
olika protein–DNA-komplex bestämdes, indikerade aminosyrarester viktiga 
för specificitet och affinitet. 
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