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Abstract 

 The knowledge of the three-dimensional structures of proteins and 
polypeptides is essential to understand their functions. The work shown in 
this thesis has two objectives. The first one is to develop a new analytical 
method based on maximum entropy (ME) theory to analyze NMR 
experimental data such as NOEs and J-couplings in order to reconstitute φ,ψ 
Ramachandran plots of flexible biomolecules. Two model systems have 
been used, the flexible polypeptide motilin and the disaccharide α-D-
Mannosep-(1-2)-α-D-Mannosep-O-Me (M2M). The experimental data was 
defined as constraints that were combined with prior information (priors) 
which were the φ,ψ distributions obtained from either a coil library, the 
Protein DataBank or Molecular Dynamics Simulations. ME theory was 
utilized to formulate φ,ψ distributions (posteriors) that are least committed to 
the priors and in full agreement with the experimental data. 
Reparamerization of the Karplus relation was necessary to obtain realistic 
distributions for the M2M. Clear structural propensities were found in 
motilin with a nascent α-helix in the central part (residues Y7-E17), a left 
handed 31 helix in the C-terminus (R18-G21) and an extended conformation 
in the N-terminus. The contribution of each residue to the thermodynamic 
entropy (segmental entropy) was calculated from the posteriors and 
compared favorably to the segmental entropies estimated from 15N-relaxation 
data. For Μ2Μ the dominating conformation of the glycosidic linkage was 
found to be at φH=-40° ψH=33°, which is governed by the exo-anomeric 
effect. Another minor conformation with a negative ψH angle was discovered 
in M2M. The ratio between both populations is about 3:1. The second part of 
the thesis is a structural study of a DNA-binding protein, the C repressor of 
the P2 bacteriophage (P2 C). P2 C represses the lytic genes of the P2 
bacteriophage, thereby directing the P2 lifecycle toward the lysogenic 
lifemode. The crystal and solution structures of P2 C have been solved by X-
ray crystallography and NMR, respectively. Both structures revealed a 
homodimeric protein with five rigid α-helices made up by residues 5-66 and 
a β-strand conformation in residues 69-76 in each monomer. 15N-relaxation 
data showed that the C-terminus (residues 85-99) is highly flexible and fully 
unstructured. A model representing the P2 C-DNA complex was built based 
on the structure and available biochemical data. In the model, P2 C binds 
DNA cooperatively and two homodimeric P2 C molecules are close enough 
to interact and bind one direct DNA repeat each.  
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Preface 

In the projects included in this thesis Nuclear Magnetic Resonance 
Spectroscopy (NMR) and X-ray crystallography have been utilized to study 
the structures of flexible biomolecules and DNA-binding proteins. The 
projects in the thesis are divided into two main interrelated categories; the 
first one is based on developing a novel analytical method to reconstitute the 
φ,ψ dihedral angle distributions of flexible biomolecules from NMR data 
using Maximum Entropy (ME) theory and prior information from the 
database. The newly developed method has been applied to two different 
systems, a flexible polypeptide motilin (Paper I) and the disaccharide α-D-
Mannosep-(1→2)-α-D-Mannosep-OMe, M2M (Paper II). The second 
project in this thesis is the structure-function study of an unusual DNA-
binding protein; the C-Repressor of the P2 bacteriophage (P2 C). The 
solution and crystal structures of this protein were solved by NMR and X-
ray crystallography, respectively (Papers III-V). A binding model for the P2 
C-DNA complex has been built based on those structures. Both projects use 
NMR as an important technique to study the structure and dynamics of 
proteins. X-ray crystallography was a key technique in obtaining the 
structure of P2 C. The following scheme summarizes the backbone of this 
thesis.  
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Introduction 

Structure –Function relationship in biomolecules 
Understanding the three-dimensional structure of proteins is 

essential for understanding their folding/unfolding processes and 
physiological functions such as enzymatic catalysis, DNA-recognition, 
signal transduction, transport and reaction pathways. Since proteins are 
targets for a variety of drugs, protein structures have been widely used in the 
pharmaceutical industry to design highly specific active materials (a process 
known as rational drug design). There are three types of biomolecules in this 
thesis; a DNA-binding protein (P2 C) that controls the lifecycle of the P2 
bacteriophage, a flexible polypeptide (motilin) and a disaccharide α-D-
Mannosep-(1→2)-α-D-Mannosep-OMe (M2M), which have been 
characterized by different structural methods. Their importance and 
characteristics are discussed below.  

Maximum Entropy Project (Papers I & II) 

Flexible polypeptides 
The existence of unstructured polypeptides has been recognized for a 

few decades (Boesch et al., 1978, Daniels et al., 1978). However, their roles 
in many important biochemical processes have only recently been clarified 
due to the advances in biochemical methods. Nowadays, many scientists 
believe that a variety of unstructured polypeptides have well-defined 
biological functions. 

Many functionally important protein segments occur outside 
globular domains (Dunker et al., 2001). Flexible polypeptides are believed to 
be involved in transcriptional regulation, regulation of self assembly of large 
molecules, translation and cellular signal transduction (Wright & Dyson, 
1999, Iakoucheva et al., 2002, Iakoucheva et al., 2004, Tompa, 2002, 
Dunker et al., 2002a, Dunker et al., 2002b, Uversky, 2002b). In proteins, 
some flexible segments act as sorting signals, mediating the posttranslational 
modification processes such as proteolysis and phosphorylation (Linding et 
al., 2003). In addition, many RNA-binding proteins contain large segments 
of unstructured domains that fold upon binding (e.g. the ribosomal protein 
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L5) (Uversky, 2002a, DiNitto & Huber, 2003). Flexible polypeptides also 
function as protein ligands, inhibitors and scavengers (Eker et al., 2004). 

Flexible (intrinsically unstructured, random coil-like) polypeptides 
are often defined as amino acid chains that do not natively adopt a well-
defined tertiary structure in solution (Eliezer, 2009). The initial models that 
described the random coile state were based on the freely jointed or random 
flight chain. Smith et al (Smith et al., 1996) defined the random coil as a 
polypeptide where the values of the φ,ψ torsion angles of a given residue are 
independent of the φ,ψ torsion angles of all other residues. In other words, in 
the idealized random coil state; all nonlocal interactions along the polymeric 
chain are absent (Smith et al., 1996). 

Methods studying the structures of flexible polypeptides 
The structural studies of flexible polypeptides began in the middle of 

the 20th century, using rather inaccurate methods including viscosity, 
sedimentation measurements and optical rotary dispersion (ORD) 
(Bierzynski, 2001). Those methods provided data that could be explained by 
the random coil model and led to a conclusion that the conformation of the 
short linear polypeptides is extremely flexible in water. X-ray 
crystallography, which is the most frequently used method in the structural 
studies of globular proteins, cannot provide information on unstructured 
states. The method can only indicate their presence through the absence of 
electron density in local regions (Dyson & Wright, 2005). 

On the other hand, Nuclear Magnetic Resonance (NMR) 
spectroscopy is utilized nowadays to probe the dynamics and study the 
structure of flexible polypeptides. NMR experiments such as Nuclear 
Overhouser Effect Spectroscopy (NOESY) in addition to experiments to 
determine coupling constants between amide protons and the α-protons have 
been utilized to obtain information about the dihedral angle φ, which could 
be incorporated in restrained molecular dynamics calculations in the 
structural studies of flexible polypeptides (Bierzynski, 2001). However, 
NOESY experiments suffer from a major disadvantage in the case of flexible 
polypeptides that populate multiple conformational ensembles. They lack 
long and medium range contacts, which make the final calculation of a three-
dimensional structure less trustworthy. The dimensions of random-coil like 
peptides have also been described by NMR diffusion studies (Danielsson et 
al., 2002, Danielsson et al., 2004). 

Several other methods have been used to define structural 
propensities of flexible polypeptides. These include fluorescence energy 
transfer (FRET), which informs about distances between certain donor and 
acceptor fluorofores (Buckler et al., 1995). The molten globule state of the 
horse heart apomyoglobin was studied by this method where the distance 
between tyrosine 146 and two tryptophan side chains was reported (Rischel 
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et al., 1996). Vibrational Circular Dichroism (VCD) spectroscopy was 
commonly used to qualitatively characterize the secondary structure of linear 
polypeptides (Keiderling et al., 1999, Dukor & Keiderling, 1991). VCD is 
thought of as a combination of the normal CD and infra-red (IR) 
spectroscopy; having the band shape of CD and the frequency resolution of 
IR, the strength of this technique lies in its ability to detect short range 
interactions even if the long range order is absent. VCD is mostly used for 
qualitative analysis of polypeptide chains, since quantitative analysis is more 
problematic due to solvent interference and inhomogenity of peptide 
secondary structure as well.  

The tryptophan fluorescence decay method, which probes the 
chemical environment around tryptophan, has also been employed in 
studying flexible polypeptides (Swaminathan et al., 1994). Fourier 
Transform IR (FTIR) and CD spectroscopy have also been used (Dukor & 
Keiderling, 1991, Sosnick & Trewhella, 1992, Shi et al., 2002). In this 
thesis, NMR spectroscopy has been utilized to study local structures of two 
model systems of flexible biomolecules through measuring NOEs and 
various J-couplings. Maximum entropy is used as a novel analytical 
approach to analyze NMR and other experimental data in order to study the 
structural propensities of flexible polypeptides using motilin as a study case 
(Paper I). The method has been further improved and applied to the M2M 
disaccharide (Paper II). The principle of the maximum entropy theory is 
explained in the methods chapter. 

Motilin  
Motilin is a linear 22 amino acid polypeptide hormone that was 

discovered in the early 70’s of the last century. Motilin was found in the 
gastrointestinal tract of different mammals including monkeys, dogs, cats, 
rats, rabbits, in addition to chicken. The existence of motilin in brain or 
nerve tissues has been largely debated (Chan-Palay et al., 1981, Fratta et al., 
1985, Korchak et al., 1985, Nilaver et al., 1982), however, its now 
established that motilin may serve specific neural functions in the 
cerebellum (Chen et al., 2007). The biological effects of motilin are 
mediated by receptors in the gastrointestinal tract (Depoortere et al., 1993). 
It is well established that motilin stimulates the contractions of the 
gastrointestinal smooth muscles (Mutt, 1982), which leads to gastric 
emptying. It also increases the migrating myoelectric complex component of 
gastrointestinal motility and stimulates the production of pepsin (Asakawa et 
al., 2001, Kojima et al., 2001). Recently, motilin has attracted the attention 
of many researchers due to its potential role as delivering agent that 
increases gastric motility after feeding (Sanger, 2008). A sequence 
comparison of motilin in various species is presented in figure 1. The N-
terminus is highly conserved compared to the C-terminus, indicating a 
possible biological significance.  
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Various structural studies have been done on motilin using NMR 
spectroscopy. NMR structure of motilin was determined in isotropic 
phospholipid bicellar solution, where the presence of an ordered α-helical 
conformation between residues Glu9 and Lys20 and an ordered N-terminus 
that resembles a classical β-turn was reported (Andersson & Mäler, 2002). 
NMR was used to determine the structure of motilin in Sodium Dodecyl 
Sulfate (SDS) micelles where it was shown that motilin adopted a different 
conformation with a γ-turn and type II β-turn in the N-terminus, an α-helical 
region in the middle of the molecule and an extended structure in the C-
terminus (Jarvet et al., 1997). The structure of motilin was also solved in a 
30% HexaFlouro-2-propanol (HFP) solution where it showed an α-helical 
pattern between residues Glu9 and Lys20 and some tendency to form a wide 
turn between Pro3 and Thr6. However, the structure was not well defined 
between residues Thr6-Gly8 due to the lack of NOE data (Edmondson et al., 
1991). A novel approach to study structural propensities of motilin in water 
is put forward in Paper I.  

α-D-Manp-(1→2)-α-D-Manp-OMe (M2M) Disaccharide  
Polysaccharides are natural polymers made up by monosaccharide 

molecules that are linked together via glycosidic bonds, which are formed in 
a condensation reaction. 

In biology, various types of saccharides are involved in the protein 
glycosylation processes in which saccharides are linked together forming 
glycans that are attached to certain proteins. Glycosylation is one among 
many types of co- and post-translational modifications of proteins. 

Figure 1: Sequence comparison of motilin from different species. 
The N-terminus is highly conserved compared to the C-terminus.  
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The glycosidic linkage is classified into two types; the N- and the O-
glycosidic bonds. The O-glycosidic bonds refer to the glycosidic oxygen that 
links the glycoside to the reducing end of the other sugar. The O-linked 
glycans are bound to the hydroxy oxygen of serine, threonine, tyrosine, 
hydroxylysine or hydroxyproline (Gellerfors et al., 1989, Hulsmeier et al., 
2010). On the other hand, the N-glycosides have the glycosidic bond 
replaced by nitrogen of asparagine or arginine side chains (Thobhani et al., 
2009). Other types of glycosidic linkage have also been known such as the 
S- and the C-glycosides. The GPI anchor is a special form of glycosylation 
in which a protein is attached to a hydrophobic anchor of a lipid via a glycan 
chain. 

The phosphorylated D-mannose molecules are essential for the 
transport and uptake of the lysosomal enzymes to the lysosomes (Sly & 
Fischer, 1982, Reitman & Kornfeld, 1981). The molecule α-D-
Mannopyranosyl-(1→2)-α-D-Mannopyranosyl-OMe or (M2M) has been 
studied in Paper II as an excellent example of a flexible glycosidic linkage 
disaccharide. The crystal structure of M2M has been solved (figure 2) 
(Srikrishnan et al., 1989). However, it was reported that polyglycans are 
indeed flexible molecules, which means that the crystal structure might not 
be fully representative of the true conformation in solution. NMR has been 
proven as the method of choice to study the dynamics of biological 
molecules in solution. We have used NMR as the main experimental method 
in addition to maximum entropy theory and molecular dynamics simulations 
to study the conformational distributions of M2M molecule in water (Paper 
II). 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 2: The crystal structure of M2M. The dihedral 
angles around the glycosidic linkage are studied in Paper 
II. 
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The φ,ψ dihedral angles 
The dihedral (torsion) angle is geometrically defined as the angle 

between two planes. In proteins, the most important dihedral angles are the 
φ and ψ where the φ angle is defined by atoms C´-N-Cα−C´ of the backbone 
and the ψ angle is defined by N-Cα−C´-N of the backbone chain (Brändén & 
Tooze, 1999) as shown in figure 3.  

 
 

 
 
 

 
 
 

 
 
 
 
 
 In structural biology the φ,ψ dihedral angles directly inform about 

the secondary structure of the polypeptide chain (Brändén & Tooze, 1999). 
The φ,ψ dihedral angles are normally plotted using the Ramachandran map 
(Ramachandran et al., 1963). Each of the known secondary structures 
possesses certain values for both φ and ψ and occupies a specific area in the 
Ramachandran plot (Ramachandran et al., 1963, Lovell et al., 2003, 
Ramachandran & Sasisekharan, 1968). In addition, each of the 20 common 
amino acids has its own characteristic Ramachandran plot, based on the 
statistical evaluation of high resolution structures in the Protein Data Base 
(PDB) (Hovmöller et al., 2002). Table 1 presents AVERAGE φ,ψ angles for 
some secondary structures based on a reconsidered Ramachandran plot 
analyzed by Hovmöller et al (Hovmöller et al., 2002). 
 
 
 

Information about dihedral angles can be inferred from several 
experimental data such as NMR J- couplings via the Karplus relation (Wang 
& Bax, 1996, Wang & Bax, 1995, Karplus, 1959), and chemical shifts 
(Cornilescu et al., 1999). 

Table 1: Approximate average values of φ,ψ dihedral angles in 
globular proteins. The values may vary depending on the amino 
acid type and the neighboring residues 
Conformation φ° ψ° 

α-helix -63.8 -41.1 
β-Sheet (Antiparallel) -122 136 
310-Helix 60 60 
β-Sheet (Parallel) -116 128 

Figure 3 Structural representation of φ, ψ angles in a 
polypeptide chain. Color coding: White: H, Red: 
CO, Blue: N and Green: Cα. 
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For the M2M disaccharide, there are four different φ ,ψ dihedral 
angles of the glycosidic linkage clearly described in figures 1a and 1b of 
Paper II. Those are φH = H1’-C1’-O2-C2, φO´ = O5’-C1’-O2-C2, φC2´ = C2’-
C1’-O2-C2, ψH = H2-C2-O2-C1’, and ψCI = C1-C2-O2-C1’. It is important 
to mention that crystallographers usually define the φ and ψ relative to heavy 
atoms, as they are easier to see from the diffraction patterns, while NMR-
spectroscopists define angles relative to H-atoms. Both conventions are 
related by a simple phase shift. 

The P2 C project (Papers III, IV & V) 

The P2 bacteriophage 
Understanding the nature and the function of the P2 C repressor 

protein should be in the context of the P2 bacteriophage genetic switch, 
which controls the life cycle of this bacteriophage. 

The P2 bacteriophage was one of three phages (the other two are P1 
and P3) isolated in 1951 after being released from the Lisbonne and Carrere 
strains of Escherichia coli (Bertani, 1951). The P2 family members share 
some common characteristics such as morphology, host range, and 
serological segregation from the well-known phage λ (Bertani & Bertani, 
1971) by their inactivity to be induced by UV-light. The P2 bacteriophages 
are commonly found in E. coli. About 25-30 % of E. coli strains were 
reported to contain P2-like prophages (Nilsson et al., 2004) .  

As a result of large sequencing projects, P2-like phages were 
commonly found in various types of γ-proteobacteria like HP1 in 
Haemophilus influenza (Esposito et al., 1996), Salmonella typhimurium 
(McClelland et al., 2001), PSP3 in Salmonella potsdam (Bullas et al., 1991), 
and K139 in Vibrio cholerae (Nesper et al., 1999). The P2 bacteriophage is a 
temperate bacteriophage meaning that it can undergo two lifemodes, the lytic 
and the lysogenic lifemodes. Being a temperate phage, the P2 genome is 
organized in three different blocks; one regulates the establishment and 
maintenance of lysogeny, the second is necessary for DNA replication 
(called early lytic genes) and the third block contains genes needed for 
generating the capsid and lysis of the host (late lytic genes). 

The lytic vs. lysogenic lifemodes 
The life cycle of the P2 bacteriophage is controlled by two different 

categories of genes; namely, the lysogenic and lytic genes. The 
developmental or transcriptional switch that determines which pathway will 
be selected, is described in the following section. In the lytic lifecycle; the 
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P2 bacteriophage replicates immediately after injecting its genetic material 
into its host cell producing progeny phages ready for a new infection. The 
number of the newborn phage particles increases gradually until it reaches a 
limit where the host bacteria no longer can host the newly produced phages. 
This results in breaking the bacteria’s outer membrane by the phage encoded 
lysis machinery and releasing the bacteriophages. In this lifemode, the early 
lytic genes are switched on, enabling DNA replication and immediate 
transcription after infection. Two proteins (namely A & B) are essential for 
DNA replication. The A protein initiates the replication by the modified-
rolling circle mechanism (Schnos & Inman, 1971, Chattoraj, 1978, Odegrip 
& Haggård-Ljungquist, 2001) and the B protein works as a helicase loader 
(Odegrip et al., 2000). To turn on the late functions, a third protein called the 
transcriptional activator Ogr is necessary to interact with the RNA 
polymerase, thereby activating the transcription of the structural genes and 
the genes needed for lysing the host cell (Wood et al., 1997, Ayers et al., 
1994, Saha et al., 1987b). 
 In the lysogenic lifemode, the P2 phage inserts its genetic material 
into the E. coli host chromosome by site–specific recombination between the 
P2 attachment site attP and the host attachment site attB. This interaction is 
mediated by the P2 integrase protein and the host encoded Integration Host 
Factor (IHF), which plays a structural role in the process (Saha et al., 1990, 
Yu & Haggård-Ljungquist, 1993). The junctions between the prophage and 
the bacterial DNA are known as attR and attL. The P2 prophage will 
replicate as a part of the host genome (i.e. whenever the host replicates) until 
being released from the host genome and enter the lytic cycle. The excision 
of the phage DNA from the host chromosome requires (in addition to the 
integrase and IHF) the P2 encoded Cox protein.  

The genetic Switch of the P2 bacteriophage 
In biochemistry; repression is often referred to as the inhibition of 

the RNA Polymerase (RNAP) from binding a certain promoter due to steric 
hindrance (Rojo, 2001). This is mediated by binding a certain protein often 
called repressor to the promoter. This is only valid when RNAP and the 
repressor cannot bind the promoter simultaneously, and the binding constant 
is higher for the repressor-operator complex than the RNAP-promoter 
complex (Rojo, 2001). 
 In the P2 phage genome, two promoters arranged face-to-face are 
responsible for the lifemode decision, the lytic (Pe) and the lysogenic (Pc) 
(Saha et al., 1989, Saha et al., 1987a). If the conditions are in favor of the 
lysogenic mode, then the first gene downstream of the Pc promoter in the P2 
phage will be expressed, which encodes a protein required to maintain 
lysogeny, and that is the P2 C repressor. The ultimate role of P2 C is to 
repress the lytic genes by binding an operator region flanking the Pe 
promoter (i.e. down regulates the Pe promoter). P2 C binds the -10 region of 
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the Pe promoter in a dimeric form (Saha et al., 1987a, Liu et al., 1998a). In 
addition, the Pc promoter is responsible for expressing the P2 integrase 
protein, which is necessary for lysogeny. 
 On the other hand, if the lytic mode is chosen, then the first gene 
downstream of the Pe promoter in the phage expresses another protein; the 
P2 Cox (Control of Excision). P2 Cox represses the lysogenic promoter (Pc), 
thereby initiating the lytic mode. The P2 Cox binding site is an imperfect 
9bp sequence repeated 7 times. The P2 Cox works as an excision factor in 
the lytic cycle thereby excising the P2 bacteriophage genome from the 
bacterial genome during induction. Higher concentrations of the P2 Cox will 
reduce the activity of its own promoter (i.e. the Pe promoter). The Pe 
promoter controls the expression of A & B proteins that play significant role 
in the lytic mode. The P2 transcriptional switch is fine-tuned by the relative 
concentrations of both Cox and C proteins. Since the Pc promoter is 5 times 
weaker than the Pe promoter; there is a higher preference for the lytic mode 
with about 95 % of the P2 infections end up in a lytic development (Saha et 
al., 1987b). Figure 4 shows the organization of the P2 genetic switch. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The P2 C 
 The P2 C is a small 99-residue protein, which is expressed under the 

control of the Pc promoter in the P2 bacteriophage. The P2 C forms stable 
homodimers in solution but not higher oligomers in the absence of DNA 
(Eriksson et al., 2000, Ahlgren-Berg et al., 2007). It has been proposed that 
the N-terminus of the P2 C contains the DNA-binding domain while the C-
terminus contains the dimerization interface (Eriksson et al., 2000). 

Cox C Pc  Pe 

Figure 4. The transcriptional switch of the P2 bacteriophage. The dimeric P2 C down 
regulates the transcription from Pe promoter enabling for the lysogenic mode. In 
contrast, the P2 Cox (which forms tetramers in solution) represses the Pc promoter 
thereby down regulating the expression of the P2 C and initiating the lytic lifecycle. 

P2 C 

P2 Cox Lysogenic 

Lytic 
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P2 C cooperatively binds two direct repeats (named O1 and O2, each 
of them 8 base pairs long) flanking the -10 region in the Pe promoter with a 
centre-to-centre distance of 22 base pairs (Saha et al., 1987c). Binding direct 
repeats distinguishes the P2 C from most other DNA-binding proteins as 
most of them recognize palindromic (inverted) repeats in prokaryotes. There 
are two recently reported structures in the Protein Data Bank (PDB) for 
DNA-binding proteins that recognize direct repeats. These are the λ-CII 
repressor (Jain et al., 2005) and the global regulator ω-repressor, which is 
encoded by a wide range of plasmids belonging to the inc18 family of Gram-
positive bacteria (Weihofen et al., 2006). This highlights the importance of 
the P2 C-DNA interaction as an unusual protein-DNA binding mode. 

P2 C inactivation by the P4 E antirepressor 
  The P4 bacteriophage is a satellite bacteriophage that was isolated in 
1963 from the E. coli K235 strain (Six, 1963). At that time, P4 was 
distinguished by its ability to form plaques only on a P2 lysogenic strain 
where it needs a helper phage to be activated (such as P2). In the absence of 
the helper, the P4 will either stay as a repressed multicopy plasmid or 
integrate itself to the host chromosome. The P4 is solely dependent on the 
helper (e.g. P2) to be able to engage the lytic lifemode as its genome does 
not encode structural genes and lysis functions. Therefore, upon a P4 
superinfection of a P2 lysogenic cell, it has been found that the P4 is able to 
derepress the P2 lysogen (Liu et al., 1998b). This is mediated by binding the 
P4 E antirepressor to the P2 C after infection leading to the formation of 
multimeric complexes thereby preventing the P2 C from binding to its 
operator (Liu et al., 1998b). 

Several mutations in P2 C have been studied (table 2, Paper IV). 
Many of them aimed at understanding the mechanism behind binding to P4 
E and at locating the dimer interface. Introducing the mutation sos (Support 
Of Satellite Phage, T67I) in P2 C prevents the derepression by P4 E, which 
indicates that the target of P4 E is located on the C-terminus of P2 C 
(Eriksson & Haggård-Ljungquist, 2000). Mutation c6 (L63F) did not affect 
the binding to P4 E, however, it abolished the dimerization of P2 C. 
Mutation c7 (I70N) decreased the ability of P2 C to form dimers as well as 
the affinity to bind P4 E (Eriksson & Haggård-Ljungquist, 2000, Ljungquist 
et al., 1984). The temperature sensitive mutations c5 (E16V) and c8 (Q22P) 
did not affect neither the interaction with P4 E nor the dimer interface; 
however, it affected the DNA-binding ability of P2 C (Eriksson & Haggård-
Ljungquist, 2000). Although a variety of mutations in P2 C have been 
studied, the precise mechanism behind its function is not fully understood. 
Supporting those biochemical data with structural studies of P2 C will 
definitely enable a deeper understanding of the genetic switch of the P2 
bacteriophage. This is the aim of this project (Papers III-V). 
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Specific vs. nonspecific DNA binding 
Protein-DNA interaction is a rather complex process that is 

controlled by several factors that are contributing to a stable protein-DNA 
complex. This may include protein-protein interactions, stabilizing effects of 
amino acid base-pair interactions, van der Waals interactions, but most 
importantly water-mediated protein-DNA hydrogen bonds.  

In general, protein-DNA interactions are classified into four 
categories based on their specificity or DNA recognition; a) sequence-
specific interactions, b) nonspecific interactions, c) nonsequence-specific, d) 
structure specific modes of interaction (Seeman et al., 1976, Murphy & 
Churchill, 2000). Sequence specific interaction (a) is based on the higher 
affinity of the protein to a certain sequence of base pairs than any other 
sequence. This is usually supported by the formation of hydrogen bonds and 
van der Waals contacts with the edges of the exposed base pairs in both 
major and minor grooves of the DNA (Seeman et al., 1976). The major 
groove has higher information content relative to the minor groove. This is 
because all possible base pairs can be distinguished via H-bond contacts in 
the major groove while distinguishing AT and TA or CG and GC is almost 
impossible in the minor groove. Consequently, most of the protein-DNA 
sequence-specific contacts are found to be with the major groove. Sequence 
specific DNA binding is well known for its large negative change in heat 
capacity upon binding due to the dehydration of the polar groups and the 
restriction of the hydrated polar residues by the tight interface (Ladbury et 
al., 1994). 

In general, most of the sequence-specific interactions are made by 
proteins that possess one or more two-fold rotational symmetry axis; that is 
being dimers or tetramers. Most of the homodimeric or homotetrameric 
proteins that bind sequence-specific DNA base pairs recognize inverted 
(palindromic) repeats around the same DNA axis. Therefore the number of 
protein-DNA contacts doubles, thereby increasing the binding energy and 
stabilizing the complex. The following section explains the direct and 
palindromic modes of protein-DNA interactions 

Nonspecific recognition (b) is characterized by a sequence-specific 
protein binding to noncognate DNA (Sidorova & Rau, 1996). The third 
mode of recognition is nonsequence-specific (c), whereby a protein binds to 
DNA with minimal sequence preference as an evolved property (Lundback 
et al., 1998). The last mode is the structure-specific mode of recognition (d). 
This mode is defined by a specific ‘predistorted’ DNA structure, such as a 
cisplatin lesion or four-way junction, which is recognized and bound by 
certain proteins (Werner et al., 1995).  
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Binding palindromic vs. direct repeats 
DNA-binding proteins can bind either palindromic 

(opposite/inverted), direct DNA repeats or non-repeated DNA-sequences. 
The most common binding mode is binding palindromic repeats where the 
binding sites of the DNA have an opposite direction to each other (Iwai et 
al., 2004, Albright & Matthews, 1998, Hall et al., 2008). This enables 
symmetric homodimers to attach to the DNA with the perfect geometry. The 
less common binding mode is binding direct repeats. Figure 5 illustrates the 
difference between direct and palindromic repeats using the DNA sequence 

that binds P2 C.  
 
 
 
 
 
 
  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
There are only two examples of proteins that bind direct repeated 

DNA-sequences in the PDB, they are the λ-CII (Jain et al., 2005) (PDB ID 
1ZS4) and the global regulator ω-repressor (PDB ID 2BNW) (Weihofen et 
al., 2006). It is important to describe them and compare them to the P2 C as 
they all share the same DNA-binding mode. Papers IV & V describe the 
structure of P2 C and compare it to the relevant structures reported in the 
PDB. 

The crystal structure of the λ-CII clearly indicates the formation of a 
tetramer (dimer of dimers). Each monomeric unit comprises four helices 
(namely h1-h4) that are classified according to their 3D arrangement into 
two distinct structural elements; the N-terminal DNA binding domain (h1-

Figure 5: The DNA sequence that is reported to bind the P2 C 
including O1 and O2 binding sites colored in light blue. a) The 
direction of direct (nonpalindromic) repeats of a DNA with the correct 
sequence that binds P2 C. b) The directionality of a palindromic 
(inverted) O1 & O2 repeats. P2 C binds direct repeats and the 
palindromic repeats are present in this figure are just for illustration. 

TGTTTAGA 

TGTTTAGA 

TGTTTAGA 

 AGATTTGT 

a 

b 
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h3) and the C-terminal helix (h4) which is mainly involved in the 
tetramerization. The second and third helices of each monomer form a 
Helix-Turn-Helix (HTH) motif where the third helix is the recognition helix, 
which is directly involved in binding the major groove of the DNA. The λ-
CII was found to make sequence-specific interactions with every base pair of 
both repeats. Figure 6a shows the crystal structure of λ-CII in complex with 
DNA. λ-CII is able to bend the DNA axis by 25° upon binding, making the 
two dimers closer to each other by 7Å compared with the λ-CII in absence 
of DNA. 

The crystal structure of the ω-repressor in complex with a direct 
repeated DNA sequence has been recently solved at a resolution of 2.45 Å. 
The ω-repressor is a 71-residue protein in which the first 20 N-terminal 
residues are unstructured. The structure of the ω-repressor-DNA complex 
where the first 20 residues are truncated due to their flexibility was solved. 
The ω-repressor is known to contain a Ribbon-Helix-Helix (RHH) motif and 
features a 2-fold symmetrical β-sheet with antiparallel pairing of residues 
28–32 of each monomer followed by α-helices α1 (34–46) and α2 (51–66) 
(Weihofen et al., 2006). Upon binding DNA, the β-sheet is inserted deeply 
into the major groove of the DNA. This indicates a genuine difference in the 
mechanism of binding compared to the λ-CII repressor discussed previously. 
Figure 6b shows the crystal structure of both ω-repressor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 6. a) The crystal structure of λ-CII in 
complex with DNA. b) Structure of the 
ω−repressor in complex with DNA.  

a 

b 
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Structural features of DNA-binding motifs 
 DNA-binding proteins constitute a large family of proteins that 
contains a motif that recognizes double or single stranded DNA. This family 
includes histones, nucleases, polymerases and transcription factors such as 
repressors that tightly bind the DNA at the promoter of a structural gene, 
preventing the RNA polymerase from gaining access thereby blocking the 
initiation of transcription. Most of the protein-DNA interactions occur in the 
major groove of DNA, however, some binding modes were reported with the 
DNA minor groove (Huth et al., 1997, Bewley et al., 1998). 
 There are various types of DNA-binding domains such as the Helix-
Turn-Helix (HTH), Zinc-finger, Leucine-zipper and Helix-Loop-Helix 
motifs (Brändén & Tooze, 1999). The HTH motif is the most relevant to the 
work done in this thesis; therefore it will be explored in detail in the 
following section. 

The Helix-Turn-Helix motif 
The HTH motif is one of the most common DNA-binding motifs 

found in nature. The discovery of the HTH motif emerged from the 
discovery of the structures of the Cro-, CAP- and λ-repressor proteins 
(Anderson et al., 1981, McKay & Steitz, 1981, Pabo & Lewis, 1982, Sauer 
et al., 1982) where it was found that there is a common motif denominator 
between all of them; that is the HTH motif. HTH motifs were also shown to 
make conserved domains of transcription factors regulating eukaryotic 
development and differentiation. Good examples of this are the 
homeodomains and Myb domains (Frampton et al., 1989, Otting et al., 
1988). 

There are about 11 variants of the HTH motif (Aravind et al., 2005). 
The basic HTH domain encompasses a fold of three core helices forming a 
right-handed helical bundle. The second helix (commonly known as the 
stabilizing helix) is involved in stabilizing the three-dimensional structure of 
the motif. A sharp turn is located between helices 2 and 3. The third helix, 
known as the recognition helix and usually recognizes the DNA major 
groove through sequence-specific interactions (Brennan & Matthews, 1989, 
Brennan, 1993, Otting et al., 1990). Despite their sequence diversity, HTH 
motifs share some common sequence characteristics that are important for 
shaping their fold, such as the ´´shs`` pattern (s=small residue, h= 
hydrophobic residue), which usually lies in the turn between helices 2 and 3. 
The ´´phs`` (p=charged residue) sequence pattern is commonly found in 
helix 2 of the HTH motifs (Aravind et al., 2005).  

Based on their three-dimensional fold, HTH motifs have been 
classified into two distinct groups; the HTH domains with a specific tri-
helical bundle described above and the winged HTH (wHTH) domains. The 
wHTH domains are distinguished by presence of a C-terminal β-strand 
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hairpin unit (the wing) that packs against the shallow cleft of the partially 
open tri-helical core (Brennan, 1993, Clark et al., 1993). The simplest 
versions of the wHTH domains contain a tight helical core similar to basic 
tri-helical version followed by the two-strand hairpin (Aravind et al., 2005). 
Figure 7 illustrates the two major classes of the HTH motif. 

 
 

 
 
 

Figure 7. A) The tri-helical bundle HTH motif (PDB ID 
1K78). B) The winged HTH motif (PDB ID 1SMT) where 
the β-sheet segment is packed against the shallow opened 
tri -helical core. 
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Methods 

Theoretical Methods 

Maximum Entropy 
Maximum entropy theory is the base for the first two papers in this 

thesis (Papers I & II). This section and the next one are dedicated to explain 
the history and the basic principles of this theory.  

The principle of maximum entropy was first introduced in 1957 by 
E.T Jaynes (Jaynes, 1957a, Jaynes, 1957b) when he introduced what is 
currently known as maximum entropy thermodynamics. Jaynes described the 
information theory as a source of criteria for setting up probability 
distributions on the basis of partial knowledge, which provided a statistical 
concept called (maximum entropy estimate). Jaynes proved that the 
maximum entropy estimate is the least committed to the missing 
information. ME is based on the postulate that when estimating a probability 
distribution among several distributions that are all committed to certain 
constraints, then one should select the distribution that leaves the largest 
remaining uncertainty and is consistent with the constraints. In other words, 
when one has only partial information about possible outcomes, one should 
choose the probabilities so as to maximize the uncertainty about the missing 
information. Jaynes based his calculations on the Shannon’s definition of 
information entropy (Shannon, 1948).  

Analytical Interpretation of ME 
Here, the ME theory is being briefly explained in its analytical form. 

Assuming that a certain physical system under study can have different 
possible states (i.e. an ensemble of states), and the current state of the system 
is unknown. To express what we know about the system despite this 
uncertainty, we assume that each of the possible states (Ai) has some 
probability of occupancy p(Ai) where i is an index running over the possible 
states. A probability distribution p(Ai) has the property that each of the 
probabilities is between or equal to 0 and 1, and the sum of all the 
probabilities is 1. If any of the probabilities is equal to 1 then all the other 
probabilities are 0, and the state of the system is known. Since the 
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probabilities are normalized, the summation of the probabilities of the 
different states is unity, which is expressed by the following equation: 

 

€ 

1= p Ai( )....................1
i
∑  

 
Supposing that a certain experiment is done on the system that 

produced certain observations corresponding to ensemble averages. This will 
produce a new experimental constraint on the system. We will denote this 
new constraint (G), which we will define as the expected value of some 
quantity in the system. This quantity is the one for which each of the states 
of the system has its own amount. Thus if there is a quantity G for which 
each of the states has a value g(Ai) then, G is defined analytically by: 
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G = p Ai( )
i
∑ g Ai( ).........2  

 
Our aim is to find a representative probability distribution that 

describes the state of the system, provided that this distribution is committed 
to the constraints we put on the system under study. As there might be many 
distributions that can fit the constraints, one should select the most correct 
distribution. The best way is to use maximum entropy theory as below. 

The uncertainty about the system is expressed quantitatively by the 
information entropy. Shannon suggested that each of the non-unique 
solutions for an ill-posed case has entropy (Shannon, 1948). Jaynes (1957) 
used Shannon’s entropy to show that the least biased estimate is the solution 
that has the maximum entropy. A natural consequence of Shannon’s 
definition of entropy is that a unique maximum exists for linear constraints. 
The entropy for a probability distribution p(Ai) is: 
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S = p Ai( )
i
∑ ln p Ai( )( )............3 

 
Now, the goal is to find the set of probabilities for the different 

states that maximize S subject to the constraints, thereby achieving the most 
unbiased distribution (i.e. the state of the system will be estimated). 
Traditionally, the Lagrange multipliers method is used for this purpose as 
follow. 

Lagrange Multipliers 
The technique of Lagrange Multipliers is named after the French 

mathematician, Joseph-Louis Lagrange (1736 - 1813) (Adams, 1990). 
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Instead of using the constraint equations to reduce the number of unknowns, 
the number of unknowns should be increased. 

Considering a function f(x, y) under a certain constraint that is g(x, 
y) = c. The constraint can be viewed as a contour on the xy-plane, and when 
it is projected onto the surface, it appears as a path on the actual surface. Our 
goal is to find how high or low this path gets. The Lagrange function L(x, y) 
is defined as:  

L(x, y)=f(x, y)+l(g(x, y)-c)……….4 

Where l is the so-called Lagrange multiplier. In words, the 
Lagrangian is defined as the ´´objective function + (lagrange multiplier × the 
constraint)``. Any number of constraints can be added, and then, the 
Lagrange multipliers should multiply each of the constraints. Then, the 
Lagrangian has to be optimized. At the optimum all derivatives are equal to 
zero, according to (Kuhn-Tuckers theorem), therefore the partial derivatives 
are calculated. 

 The Lagrangian partial derivatives relative to X and Y (Lx and Ly) 
are to be found. Afterward, these have to be set to equal to zero. 
Consequently, we will have two equations in three variables: x, y and l. 

Now, l should be isolated in both equations, and then set the two 
results equal to one another. This leaves a relation/equation in terms of the 
variables x and y.  

Finally, the last result is taken and combined (by substitution) with 
the given constraint (in this example; g(x, y)=c). By simple algebra, it is 
possible to reduce this to a single variable, and thus, solve for that variable. 

 Applying the Lagrange method discussed above to the example 
presented in previous page, the constraints can be formulated based on 
equations 1 & 2 as  
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0 = p Ai( ) −1
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0 = p Ai( )
i
∑ g Ai( ) −G  

  
This will result in the following lagrangian 
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L = S + λ1 p Ai( ) −1
i
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Here, S is the Shannon entropy, λ1 and λ2 are the Lagrange 
multipliers that are introduced to the first and second constraints 
respectively. 

The Principle of Maximum Entropy is carried out by finding all 
p(Ai) such that L is made maximal. These values of p(Ai) also make S (which 
is the objective function in this case) as large as it can be, subject to the 
constraints. By introducing two new variables (λ1 and λ2), the problem is 
simplified so that all the quantities of interest can be expressed in terms of 
one of the variables.  

Maximizing L with respect to each of the p(Ai) is done by 
differentiating L with respect to one of the p(Ai) while keeping λ1, λ2, and all 
other p(Ai) constants as described above. This is the exact methodology used 
in deriving the entropy in the appendix of Paper I.  

Experimental Methods 

NMR 

Background 
 Nuclear Magnetic Resonance (NMR) is a relatively old method that 

has been in use for more than 50 years. In 1928 Stern Gerlach (Friedrich & 
Herschbach, 2003) discovered the nuclear magnetic moment. Based on this, 
Rabi et al (Rabi et al., 1938) was able to detect the nuclear magnetic 
resonance phenomenon by applying radio frequency waves to a beam of 
hydrogen molecules in the Stern Gerlach setup. After that developments 
have been expanding until the Fourier transform technique was implemented 
in NMR by Ernst et al (Ernst & Anderson, 1966) in 1966, which opened the 
way for a wide variety of applications of NMR. 

The term ´´spin``, which is an intrinsic property of each nucleus, 
refers to the quantum analog of the angular momentum that is described by 
classical physics. The angular momentum describes the momentum 
produced by the rotation of a system around itself. In NMR, each atom 
always possesses a spin. By measuring the frequency of the spinning 
resonance in a certain magnetic environment a wide variety of information 
can be inferred about the system such as dynamics and structural properties. 
The nuclear spin is the central property studied by modern NMR techniques 
(Levitt, 2001). The basic details of NMR spectroscopy are beyond the scope 
of this section. 
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The Chemical Shift 
When a certain molecule is placed in a magnetic field, its electrons 

will be induced to produce local currents, which in return will produce an 
alternative field that opposes the external magnetic field. Consequently, the 
net magnetic field sensed by a certain spin is reduced. This is called the 
screening effect, a shielding effect or more commonly known as the 
chemical shift. The shielding from the external magnetic field is dependent 
on the field’s strength, the chemical structure and the structural geometry of 
the molecule. The NMR active nuclei of a molecule therefore experience 
slightly different magnetic fields, which leads to different resonance 
frequencies for atoms with different chemical environments. As the 
precession of the nuclear magnetic moment vector of the individual nuclei 
will have different angular frequencies, the Free Induction Decay (FID) of 
the molecule will have several frequency components. Therefore, the Fourier 
transform of the FID will produce a spectrum with signals correspond to 
each of the different types of nuclei in the molecule (Levitt, 2001). 
Nowadays, there are new approaches to calculate protein structures based on 
chemical shifts as the main source of information (Shen et al., 2009). 

The J-couplings and their structural interpretation 
The J-couplings (also referred to as indirect or spin-spin couplings) 

arise from the interaction of two NMR active spins via covalent bonds. The 
J-couplings can take values in the range of 0.1-200 Hz and are independent 
on the magnetic field. The J-couplings are generated as a result of the spin 
polarization, which causes each of the coupled spins to perturb the valence 
electrons of the coupling partner (Levitt, 2001). Consequently, the 
probability of each spin to find its coupling partner in the excited or ground 
states is the same; therefore, their peak will split into two with an equal 
intensity. As more and more spins are coupled to each other, the splittings 
become more complicated to interpret, since the splittings follow the Pascal 
triangle rule.  

The three bond J-couplings possess important structural information 
as they are directly related to the torsion angle between both of the coupled 
spins. The well-known Karplus relation (Wang & Bax, 1995, Karplus, 1959) 
links a three-bond J-coupling 3J coupling to a certain torsion angle θ via the 
equation 

 

€ 

J = A + Bcos θ( ) + Ccos 2θ( )............7  
 
where A, B and C are constants. Each secondary structure element such as 
α-helices or β-sheets has distinct values of dihedral angles, which means that 
it also has characteristic 3J values. This information is usually used to 
improve the quality of NMR structures calculated for biological systems. 
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In a polypeptide enriched with 15N and 13C up to six J-couplings 
depending on the same φ angle can be measured (3JHNHα, 3JHαC’, 3JHNCβ, 
3JC’(i-1)C’i, 3JC’(i-1)Hα, and 3JC’(i-1)Cβ). For the ψ angle there is only one three-
bond coupling that is informative (3JHαNi+1) (Wang & Bax, 1996, Wang & 
Bax, 1995). For proteins and small polypeptide systems, J-couplings are 
usually measured by simple experiments such as HNHA or J-modulated 
HMQC (Kuboniwa et al., 1994). More elegant experiments such as the 
InPhase/AntiPhase (IPAP) are used in case of overlapping spectra. 3J 
couplings were used in Papers I & II as constraints in the ME calculations 
of the φ,ψ distributions. 

The Chemical Shift Index (CSI) 
In the protein structure determination, the Chemical Shift Index (also 

known as secondary chemical shift) is defined as the difference between the 
experimental chemical shift of a certain spin in a certain residue (1Hα, 1HN, 
13C´, 13Cα. and 13Cβ) and the chemical shift of the corresponding spin in the 
random coil state (Wishart et al., 1995, Wishart & Sykes, 1994). CSI is a 
powerful tool to assign the secondary structure elements of proteins and 
polypeptides since each type of secondary structure has its characteristic 
magnetic environment. For 1Hα, a CSI value < -0.1 indicate an α-helix, CSI 
value > 0.1 indicate a β-sheet and a -0.1< CSI < 0.1 indicate a random coil 
structure. Its worth noting that the CSI of 1HN protons informs about the 
hydrophobicity of the magnetic environment where CSI 1HN < 0 indicate a 
hydrophobic environment and vice versa. 

The Ring Current Shift (RCS) 
As previously mentioned, the chemical shift of any spin is sensitive 

to its magnetic environment. The presence of aromatic rings in the vicinity 
of any spin will affect its chemical shift based on the position of that spin 
relative to the aromatic ring. Aromatic rings contain delocalized π electron 
clouds, which generate a secondary magnetic field at the side edges of the 
aromatic ring. If 13C or 1H nuclei are located at the edges of the ring (such as 
the ring protons), then they will be desheilded as the induced aromatic 
magnetic field has the same direction as the main field (B0), which will 
increase the chemical shift in return. On the other hand, if the spins are 
located in the centre of the ring, then they will be shielded (lower chemical 
shift), as the local magnetic field of the π-cloud will be opposite to B0 (figure 
8). This is usually called the Ring Current Shift (RCS) (Gomes & Mallion, 
2001). RCS helps in distinguishing different magnetic environments, thereby 
assisting the structure determination process. In protein NMR spectroscopy, 
this may facilitate the assignment process of the NOESY spectra. 
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Relaxation 
Relaxation is a well-known phenomenon that is studied widely by 

NMR. Obtaining NMR signals requires coherent precession of the spins of 
interest under a certain magnetic field. Relaxation is basically losing the 
coherence of the spin system, thereby restoring the thermal equilibrium 
status. Information about the tumbling rate, local motions and dynamics on 
nano-pico second time scale is imbedded in the relaxation data (Kowalewski 
& Mäler, 2006). 

In a tumbling molecular system, there are two mechanisms for 
relaxation; the dipole-dipole couplings and the chemical shielding anisotropy 
(CSA). Generally, both mechanisms create fluctuations in the magnetic field 
around the relaxing spin causing the spin to return to the thermal 
equilibrium. 

There are three components for a full relaxation dataset, the T1 
(longitudinal relaxation), T2 (transverse relaxation), and NOEs. T1 is simply 
described as the return of polarization to the thermal equilibrium state while 
T2 is the loss of coherence of the precessing spins. Both dipole-dipole 
interactions and CSA lead to T1 and T2 relaxation phenomena. Analyzing 
relaxation data is the trickiest part of the game; the data is usually fitted to a 
mathematical model in order to obtain the order parameters such as the 
squared order parameter (S2), rotational correlation times for both local 
orientation of the spin-spin vector and global orientation of the molecule 
under study. This is called the model-free approach, which was invented by 
Lipari et al (Lipari & Szabo, 1982a, Lipari & Szabo, 1982b). S2 is used as an 
accurate measure of the flexibility of the spin vector. S2 can take values 
between 0-1 where 1 indicates a completely rigid vector and 0 is a fully 
flexible vector.  

Exclusive COSY (E. COSY) 
The E.COSY method allows the measurement of (partially) 

unresolved coupling between spins two (a and b), Jab, if there is a third spin 

B0 

Figure 8: The magnetic field 
generated by the π-electrons. The 
direction of the field varies 
depending on the position from the 
centre of the ring 
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(c) which has a large, resolved J-coupling with the b-spin, Jcb. To be able to 
use this technique, it must be possible to transfer magnetization between the 
a- and c-spins without disturbing the spin state of the b-nucleus.  

The principle is most easily understood by considering two spins (a 
and c), both heteronuclear to spin (b). The (υ1,υ2) cross peak shown in 
figure 9A represents a cross peak between spins (a) and (c) in the absence of 
J-interactions with the b-nucleus (υ is a frequency coordinate). However, if 
the large Jcb interaction is now present during t1, then the (υ1,υ2) cross peak 
will show an in-phase doublet splitting along the υ2 axis resulting from this 
interaction (figure 9B), the upfield component being associated with the b-
spin in the α-state and the downfield shifted component being associated 
with the b-spin in the β state (assuming Jcb>0). Likewise, interaction between 
the a-spin and the b-spin during t2 would result in a doublet splitting along 
the υ1 axis (figure 9C), which may or may not be resolved. If however, the 
J-interactions Jcb and Jab are active during t1 and t2, respectively, and the 
spin state of the b-nucleus is preserved during the transfer of magnetization 
between the a and c-spins the E.COSY pattern depicted in figure 9D will be 
generated since each of the two components of the multiplet is now 
displaced along both the υ1 and the υ2 axes (Griesinger et al., 1985, Lohr et 
al., 2000, Schmidt et al., 1996). E.COSY experiments were used to further 
resolve overlapping peaks in the 2D-NOESY spectra of Paper I. 
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Figure 9: Schematic outline of the E.COSY principle.  
A) Jcb interaction decoupled in t1 & Jab interaction decoupled in t2.  
B) Jcb interaction active in t1 & Jab interaction decoupled in t2.  
C) Jcb interaction decoupled in t1 & Jab interaction active in t2. 
D) Jcb interaction active in t1 & Jab interaction active in t2, while 
assuming that the transfer of magnetization from c to a has not 
disrupted the spin state of b.  
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In-phase/antiphase methods (IPAP) 
In some cases severe overlap in the E.COSY spectra appears, which 

prevents the accurate measurement of the J-couplings, therefore, some 
methods to simplify the spectrum become increasingly important in that 
since. One of these methods is the In-phase/antiphase method (IPAP). 

Methods to measure J-couplings from the superposition of in-phase 
and anti-phase (IPAP) spectra are quite straightforward to implement and 
yield good success in cases of large and uniform couplings (Andersson et al., 
1998). In particular, for measuring the effects of residual dipolar couplings 
on 1J splittings, IPAP experiments are very useful. A schematic outline of 
the idea is shown in Figure 10. Simultaneous acquisition of either the sum or 
the difference of in-phase and anti-phase pattern yields either one of the two-
multiplet components.  

 
 

 
 
 

 
 
 
 
 
 
 
 

Structure calculation of by NMR  
 To calculate a structure of a certain protein; it is preferable to use 

15N, 13C labeling for a protein with a molecular mass below 25 kDa and 
additional deuterium (2H) labeling for proteins with higher molecular mass 
(Sattler et al., 1999). Deuterium enhances relaxation properties of proteins 
by slowing down relaxation of the nearby 13C and 1H spins because 
deuterium has a smaller gyromagnetic ratio (γ) and therefore does not cause 
dipole-dipole relaxation to the same extent as the 1H spins allowing for the 
structures of bigger proteins (around 50 kDa) to be solved. 

 The first step in the structure calculation process by NMR is the 
chemical shift assignment of the backbone and the side chains of the 
protein under study. This is usually achieved from a series of 
multidimensional triple resonance experiments, which rely on transferring 
the magnetization between different NMR active nuclei in the labeled 
protein (usually 15N, 13C and sometimes 1H) using different kinds of J-

Figure 10: Schematic outline of anti-
phase (A), in-phase (B) patterns, and 
sum(C) and difference (D) of these 
two patterns.  
 

A B 

C D 
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couplings. Different variants of these experiments have been invented over 
the last two decades. Table 2 summarizes the most common triple resonance 
experiments used in NMR structure determination.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After assigning the chemical shifts of different atoms along the 

protein sequence, the secondary and tertiary structure contacts have to 
be determined. This is done using 13C/15N-NOESY experiments. Secondary 
structure elements can be determined by finding the NOEs corresponding to 
them. For instance, in a typical well-defined α-helix there should be a cross 
peak between an α-proton of residue i and an amide proton of residue i+3 in 
the NOESY spectrum. The most valuable piece of information inferred from 
the NOESY experiments is the (through-space) distance between different 
kinds of spins in the system that is estimated from the peak intensities. The 
NOE signal intensity depends on the distance (r) between two protons i and j 
according to the following equation:  

 

€ 
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Experiment Atoms observed 
Backbone assignment   
HNCO H(i), N(i), C'(i-1) 

HNCA H(i), N(i), Cα(i), Cα(i-1) 
HN(CO)CA H(i), N(i), Cα(i-1) 
HN(CA)CO H(i), N(i), C'(i) 
CBCA(CO)NH H(i), N(i), Cα(i-1), Cβ(i-1) 

HBHA(CO)NH H(i), N(i), Hα(i-1), Hβ(i-1) 

HNCACB/CBCANH H(i), N(i), Cα(i), Cβ(i-1), Cα(i-1), Cβ(i-1) 
Side chains assignment   
HCCH-TOCSY Aliphatic C/H 
(H)CC(CO)NH-TOCSY H(i), N(i), Caliph

(i-1) 
H(CC)(CO)NH-TOCSY H(i), N(i), Haliph

(i-1) 
Long-range Contacts   
NOESY-1H, 15N- HSQC Long, medium and Short range NOEs 
NOESY-1H, 13C- HSQC Long, medium and Short range NOEs 
Intermolecular Contacts   
13C/15N-Filtered-NOESY  NOEs between H-13C & H-(12C/14N) 

Table 2: The basic Triple resonance experiments used in NMR structure 
characterization 
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The next step in a structure calculation is determining every possible 
dihedral angle constraint using J-couplings. It is important to include as 
many constraints as possible in the implemented structure calculation 
algorithm in order to improve the quality of the final structure. 

Once the assignment is complete, peak lists are transferred to a 
structure calculation software such as CYANA (Güntert, 2004) for the final 
structure calculation where the distance between the spins is correlated to the 
volumes of the peaks (peak calibration), since the intensity of the NOESY 
peaks is related to the distance between the spins. The structure calculation 
starts in an iterative process of several cycles, and in each of them, the 
software (e.g. CYANA) tries to correct the miss-assigned peaks and assign 
new ones using the network anchoring strategy.  

Oligomeric proteins by NMR 
Structural studies of homo-oligomeric proteins are among the 

trickiest aspects in the structural determination of biomacromolecules by 
NMR from several aspects. First, the size of the multimeric proteins can 
easily be beyond the limits of capability of NMR. This is because the 
tumbling rate becomes very slow, which leads to severe peak broadening. 
Second, NMR as a technique requires samples of high concentrations, and 
for homo-oligomeric proteins producing additional samples is essential, as 
symmetrical monomeric units need to be labeled differently. Third, the main 
complication arises from the difficulty to distinguish two types of NOEs in 
either of the 13C or 15N edited NOESY spectra; that is to distinguish 
interdomain NOEs (between subunits) and intradomain NOEs (within each 
subunit). On the other hand, symmetry simplifies certain problems in the 
NMR structure calculation such as peak assignments, overlap and sensitivity. 
For instance, the number of peaks for a symmetrical homodimeric protein is 
the same as the number of peaks of its monomeric subunits in an 15N-HSQC 
spectrum. However, one has to resolve the ambiguity of intra versus inter 
domain NOEs. Finally, the interfaces between the symmetrical monomeric 
units of a multimeric proteins require a special kind of experiments called 
filtered NOESY experiments, which needs special sample preparation 
(Weber et al., 1991, Fesik et al., 1991, Fesik et al., 1990, Rosen et al., 1991). 

The sample for the filtered NOESY experiments has to be a mixture 
of labeled and unlabeled protein. In case of fast exchanging monomer-dimer; 
simple mixing is enough to generate a mixture of fully labeled, labeled-
unlabeled, and only unlabeled dimer with a statistical distribution of 1:2:1 in 
order for the exchange to occur. However, in case of slow exchange, then 
increasing the temperature may improve the result. If the binding between 
the subunits is strong and no exchange is observed, then one can unfold the 
labeled and the unlabeled samples separately before mixing, figure 11.  
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All versions of filtered NOESY experiments suffer from the 
insensitivity due to long magnetization transfer times, which significantly 
weakens the signals. The low concentration of the labeled/unlabeled protein 
in solution is another weakness point in such experiments. During the 
structure calculation of P2 C in solution (Paper V) we have tried the filtered 
NOESY experiments with different mixing strategies in order to locate the 
dimer interface of P2 C, however, without success. Therefore, we used X-ray 
crystallography to obtain a high-resolution structure of the dimeric P2 C. 

Crystallography 
Protein crystallography is by far the most powerful method in 

structure determination of biomacromolecules. This is particularly true in the 
case of globular proteins. However, in certain cases where crystallization of 
biomolecules is impossible such as flexible polypeptides (motilin, Paper I), 
protein crystallography fails and other methods such as NMR take the 
advantage over crystallography. X-rays were discovered in 1895 by 
Roentgen (Rontgen, 1896b, Rontgen, 1896a). But it took until 1958 when 
the first protein crystal structure (Myoglobin) was solved by Max Ferdinand 
Perutz and Sir John Kendrew (Kendrew et al., 1958), who was awarded the 
Nobel Prize in chemistry for this work on 1962. In 1971 the Protein Data 
Bank (PDB) was established at Brookhaven National Laboratory and by 
1972 it contained only two structures (Bernstein et al., 1977b, Bernstein et 
al., 1977a). Since then major advances in protein purification methods, 
protein crystallization techniques and computers considerably increased the 
number of the deposited structures in the PDB, and these are now about 
67000 structures. 

The first step in the structure determination of a certain protein by 
X-ray crystallography is to produce a highly pure and stable sample. 
Purification schemes vary a lot depending on protein type, stability and 
whether the protein is tagged or not. The homogeneity of the produced 
protein is usually checked by gel filtration chromatography or by Dynamic 
Light Scattering (DLS). Afterward, the protein sample has to be screened 
against variety of conditions including salts of different concentrations, 
different pHs, different kinds of polymers and organic solvents in order to 
produce a single diffracting crystal of that particular protein. Screening is 
done in small plates using hanging or sitting drop methods. It is worth noting 

Figure 11: The product of mixing a doubly labeled and unlabeled protein where 
blue circles represent 15N/13C labeled sample and white circles represent the 
unlabeled. 



 39 

that the crystallization is mainly a trial and error process. A crystal contains 
regular repeats of a high number of copies of a certain object. Certain 
rotational and translational relations relate those copies to each other. The 
unit cell is defined as the smallest repeating unit in the crystal and the lattice 
is defined as the regular spacing (defined by lengths and angles) of the 
origins of the individual unit cells (McRee, 1999).  

The lattice points in the crystal define sets of parallel planes. In three 
dimensions the planes are defined by three integers (h; k; l), the so-called 
“Miller Indices”.  

The reflections (h; k; l), and (-h; -k; -l) are called Friedel’s pairs, 
and their intensities are equal if there is no absorption of the incident X-rays. 
This particular property is useful to solve the phase problem. 

The general protocol to solve a protein crystal structure by 
crystallography starts with a diffracting crystal, then X-ray data collection, 
phasing, model building, and finally refinement of the structure (Rupp, 
2010). The most critical step is the phasing in which the phases of the 
diffracted beam are determined as explained in the following section.  

The phase problem 
Once the protein crystal is exposed to X-rays, a diffraction pattern is 

produced. The quality of diffraction is a reflection of the periodicity of the 
crystal architecture; therefore, imperfections in the crystals result in a poor 
diffraction pattern. The diffraction pattern contains different spots with 
different intensities. The amplitudes of the scattered light from different 
planes of the crystal are proportional to the square root of intensity of each 
spot; however, the ‘phases’ of the diffracted beam are still unknown, which 
creates a ‘problematic’ situation since most of the structural information is 
embedded in the phases. That’s where the ‘phase problem’ term began. 

Several different strategies have been implemented to solve the 
phase problem, including direct methods, Molecular Replacement (MR), and 
heavy atom replacement methods such as Single- and Multi-wavelength 
Anomalous Diffraction (SAD/MAD) experiments, Single Isomorphous 
Replacement (SIR), Single Isomorphous Replacement with Anomalous 
Scattering (SIRAS), Multiple Isomorphous replacement (MIR) and Multiple 
Isomorphous replacement with anomalous scattering (MIRAS) (Taylor, 
2003). The SAD and MAD techniques are briefly introduced in the 
following section since the SAD method was used in this thesis (Paper IV). 

Anomalous Scattering 
Anomalous X-ray scattering is a technique that is based on the 

anomalous dispersion phenomenon that occurs when an X-ray wavelength 
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matches the absorption edge of one of the constituent elements of the 
sample. 

There are three components for any atomic scattering factor; a 
normal scattering term that depends on the Bragg angle, while the other two 
factors are only dependent on the wavelength of the X-rays. Scattering 
factors that depend only on the wavelength represent the so called 
´´anomalous scattering``, which occurs at the absorption edge when the X-
rays are having sufficient energy to excite an electron from the inner shells 
of the atoms involved in the diffraction pattern (Taylor, 2003). This will 
eventually lead to the break of Friedel’s law thereby giving rise to 
anomalous differences.  

SAD and MAD 
These methods are based on using an intrinsic anomalous scatterer 

such as metal ions (Fe, Zn and Cu) if present in the protein to create 
anomalous scattering (Hauptman, 1997, Dodson, 2003). If not present, those 
metal ions can be introduced by soaking the protein in a heavy atom solution 
such as Hg or Pt or by replacing the sulfur atoms in methionines with 
Selenium recombinantly in E. coli. This is a genuine difference from the 
multiple isomorphous replacement methods where the heavy atoms are 
introduced from external sources. 

The total atomic scattering factor f is a complex number that is 
represented by the sum of the three factors; a normal factor 

€ 

f 0( ) , which 
describes the strength of X-rays, scattered from the electrons in an atom. The 
two other factors are called 'anomalous' components that are composed from 
real 

€ 

f '( ) and imaginary 

€ 

if ′′( ) components as in the following equation: 
 

€ 

f = f 0 + f ′ + if ′′  
 
After incorporating the metal in the crystal, data is usually (for a 

MAD experiment) collected at the inflection point, at the peak of the edge 
and at a remote wavelength. Around the X-ray absorption edge the structure 
factors will be significantly perturbed both in amplitude and phase since the 
anomalous dispersion (i.e. 

€ 

f ′ + if ′′ ) is wavelength dependent. This allows 
information to be extracted about the phases.  

There are many advantages of the SAD/MAD phasing technique 
over the other phasing methods. First; the accuracy is much higher than the 
other phasing methods since all the data are from the same sample. Second; 
because anomalous scattering remains strong at high resolution, the phase 
angles for the high-resolution terms are more accurately determined. And 
finally, as the electron density maps from MAD/SAD are of better quality, 
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the initial model is built faster than the other phasing methods such as MIR 
(Ealick, 2000). 

Circular Dichroism  
Circular Dichroism (CD) spectroscopy is a simple and widely used 

technique in the structural studies of biomolecules. CD is based on the 
interaction between chiral molecules with a circularly polarized light where 
the difference in absorption between the left handed AL(λ) and the right 
handed AR(λ) polarized light components is measured (Ranjbar & Gill, 
2009).  
 

The CD signal = AL(λ) - AR(λ) 
 
A wide variety of biomolecules is optically active in CD 

spectroscopy including nucleic acids, carbohydrates, pharmaceuticals and 
liquid crystals. Proteins interact with the circularly polarized light since their 
peptide bonds exist in a chiral environment.  

In case of proteins, CD spectroscopy has been implemented in 
assigning their conformations, determination of the thermodynamics and 
kinetics of the folding/unfolding processes, interactions studies such as 
protein-protein, protein-DNA, and DNA-ligand interactions. The CD signal 
is affected by the local secondary structure of proteins. Figure 12 Presents 
the CD spectra for the different kinds of protein secondary structures. 

As standard curves are available, one can back calculate the 
percentage of secondary structure elements assuming a linear combination of 
the standard curves or from more sophisticated methods (Sreerama & 
Woody, 2000). As shown by the figure 12, the α-helix curve has two minima 
at 208 and 222 nm.CD spectroscopy has been used in Paper I and in 
unpublished control experiments in Paper V.  
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Molecular Dynamics Simulations 
The molecular dynamics method was first invented by Alder and 

Wainwright in the late 1950's (Alder & Wainwright, 1957, Alder & 
Wainwright, 1959) to study the interactions of hard spheres. The first protein 
simulations appeared in 1977 with the simulation of the Bovine Pancreatic 
Trypsin Inhibitor (BPTI) (McCammon et al., 1977). 

The principle of MD simulations is based on allowing the system 
under study (i.e. a protein or flexible peptide) to undergo a certain 
interaction with other systems under known physical constraints for a limited 
period of time thereby calculating the time dependent behavior of the 
system. MD has been widely used in studying enzymatic catalytic 
mechanisms and studying molecular dynamics, conformational changes, 
thermodynamics of ligand binding, folding processes and interactions of 
proteins, DNA molecules and their complexes in addition to lipid systems. 
MD is widely used in X-ray and NMR structure determination software. 

MD simulations provide information on the microscopic level, 
mainly atomic positions and velocities. Transferring the information from 
the microscopic to the macroscopic level requires the implementation of 
statistical mechanics theories. In the MD approach, atoms are treated as 
point masses and the dynamics are calculated using linear approximation in a 
short time interval (usually picoseconds). MD calculations produce time 
averages while experimental observations are assumed to be ensemble 
averages. An ensemble is a collection of all possible systems that have 
different microscopic states but have an identical macroscopic or 
thermodynamic state.  MD simulations as well as other simulations are based 

Figure 12: The standard curves of 
the different kinds of protein 
secondary structure elements (Jüri 
Jarvet, Personal communication) 
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on the ergodic hypothesis, which states that the time average equals the 
ensemble average.  
 

€ 

A Ensemble = A Time  
 
By allowing the system to evolve in a long time interval, then it will 
eventually pass through all the possible states and the equality condition in 
previous equation is satisfied. 

Several software packages are available in the market such as 
GROMACS (Van Der Spoel et al., 2005), NAMD (Phillips et al., 2005) and 
CHARMM (Brooks et al., 2009), which was used in Paper II. One 
important advantage of MD technique in the biological research is the ability 
to follow the transition pathways for folding processes and in addition to 
view the initial and final states of the systems under study. 

MD simulations as well as all other simulations are based on 
Molecular Mechanical (MM) Force fields, where different kinds of 
configurations between all atoms of the system are incorporated in an 
equation that calculates the potential energy of such interactions. The 
estimation of the energy potential landscape of the interacting atoms in the 
system enables us to calculate the forces experienced by the particles and to 
study the evolution of the system over time (Brooks et al., 2009, Warshel et 
al., 2006). 
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Results and Discussion 

Maximum Entropy project (Papers I & II) 

Application of maximum entropy theory is a valid in the 
structural studies of biomolecules 

Maximum entropy (ME) theory is capable to provide important 
structural information about biomacromolecules, particularly the φ,ψ 
dihedral angles distributions if combined with the appropriate constraints & 
prior information. The φ,ψ angles in Paper I are the angles defined in the 
´´φ,ψ dihedral angles`` section of the introduction in this thesis. For the 
M2M disaccharide (Paper II) the φ,ψ angles are represented in figure 1a & 
1b of Paper II. 

 As noted earlier, J-couplings are related to the dihedral angles 
trough the Karplus relation. When the dihedral angle distribution function 
and the Karplus curve are known, it is straightforward to calculate the J-
couplings. However, the inverse case is namely the problem, to find an 
unknown distribution function of a dihedral angle only from the 
experimental J-couplings, since there are many distribution functions that are 
compatible with the experimentally observed J-couplings. One technique to 
select the best distribution among all the others is the technique based on ME 
theory.  

In this thesis, two studies were performed based on ME theory. In 
the first one, ME was combined with prior information from the protein 
database and NMR J-couplings (as constraints) in order to evaluate the 
structural propensities of the flexible polypeptide motilin (Paper I). The 
second study utilizes an improved version of the mathematical protocol 
(Paper II), and it is based on combining two different priors (in parallel) 
from Molecular Dynamics (MD) simulations and high resolution crystal 
structures from the protein data bank, with various kinds of constraints i.e. 
NMR J-couplings, distance constraints from cross-relaxation rates and 
optical rotation data to study the dihedral angles distributions of the flexible 
glycosidic linkage of the (M2M) disaccharide. 

The newly formed φ,ψ distributions in Papers I & II are named 
(posteriors). It is worth noting that the structural information about motilin 
or M2M is extracted from the posteriors, and ME does not provide a unique 
structure (i.e. pdb file). 
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The term ‘prior’ represents our current knowledge about the system 
under study. Increasing the information content of the prior makes the 
resulting posteriors closer to the correct values. The selection of the type of 
constraints and the ‘prior’ is subject to the expert’s judgment. In case of 
flexible polypeptides (Paper I), there is a wide variety of information to 
choose from. For instance, its now well established that staggered 
conformations are preferred over eclipsed conformations. It is also well 
known that certain φ,ψ combinations are preferred over others. As a result, 
certain areas in a Ramachandran map are more occupied than others, while 
other areas are completely forbidden (Ramachandran et al., 1963, Lovell et 
al., 2003, Ramachandran & Sasisekharan, 1968). This particular property is 
used in our reconstruction of the priors. The following section highlights the 
priors used in Papers I & II, their nature and the way they were formed. 

Formulation of the priors 
Generally, the formulation of the prior is the responsibility of the 

investigator. Different investigators may use different strategies and may 
arrive at different priors. Priors in Papers I & II have been selected using 
similar strategies, which will be described below. 

Paper I 
The priors in Paper I were selected based on the model invented by 

Swindells et al, (SMT model, Paper I) (Swindells et al., 1995). In this 
model, φ,ψ dihedral angle distributions observed in flexible regions of high-
resolution crystal structures are considered to be representative for the 
twenty common amino acids. In addition, the SMT-model stipulates that the 
conformation of each of the amino acid residues is completely independent 
on its neighbors. 

Priors in Paper I were constructed using the Ramachandran 
distributions of φ,ψ for fully flexible protein segments and polypeptides. 
Those distributions were downloaded from the newly established coil library 
(Fitzkee et al., 2005). The coil library is a sequence/structure library, which 
contains polypeptides that do not possess any secondary structure element 
(i.e. α-helix or β-sheet). The library includes molecular coordinates, dihedral 
angles, and sequence information for each fragment just like the PDB. 

After downloading the φ,ψ lists, trigonometric moments where 
calculated for each residue type based on equation 5 in Paper I. The 
trigonometric moments of a certain circular distribution can be viewed as the 
equivalent of the moments used in standard linear statistics, for instance, the 
trigonometric mean corresponds to the commonly used arithmetic mean in 
the linear distributions (Audit & Ouzounis, 2003). The purpose of 
calculating the trigonometric moments is to obtain statistical parameters for 
the circular distributions (i.e. the φ,ψ distributions) that we downloaded from 
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the coil-library to use as constraints in the ME reconstruction of the priors. 
Calculating the trigonometric moments is important to generate continues 
distributions (i.e. priors) that can be easily implemented in our ME 
calculations.  

The succeeding step is to generate a continuous distribution for each 
amino acid type. ME was used this for this purpose. Since there are many 
distributions that can equally fit the trigonometric moments, one should 
select the distribution with the highest entropy (most uncertain). The 
Lagrange method was implemented in ME calculations to formulate a prior 
for each residue by defining one Lagrange multiplier per trigonometric 
moment (equations 6, 7 Paper I). This protocol that was used to generate 
continuous distributions has been implemented by Rowicka et al (Rowicka 
& Otwinowski, 2004). 

Paper II 
For the M2M molecule (Paper II), the priors have been formulated 

in a different way. Two priors were created and used in parallel. An MD 
simulation was used to create the first prior; the simulation was carried out 
using the CHARMM software package (Brooks et al., 2009). The resulting 
prior contained three significantly populated regions (figure 2a, Paper II). 
This was referred to as the MD prior in Paper II.  

The other prior was generated by careful inspection of the PDB for 
X-ray crystal structures of the M2M glycosidic linkage or structures 
containing the molecular fragment M2M using a protocol developed for that 
purpose (figure 3, Paper II). This procedure resulted in 11 O-linked glycans, 
40 ligands (figure 2b, Paper II) and 136 N-linked glycans (figure 2c, Paper 
II) containing the M2M disaccharide element. Those structures together with 
the crystal structure of M2M which is denoted by orange crosses (×) in 
figure 2c of Paper II (Srikrishnan et al., 1989) were used to generate what 
we called the DB-prior in Paper II. Upon initial reconstruction of both MD 
and DB priors; genuine differences appeared between both distributions. For 
the MD prior (figure 2a, Paper II) three populated areas in the initially 
reconstituted Ramachandran plot were assigned corresponding to three 
different conformations anticipated for the M2M molecule; those 
conformations are: 

a. When φH is negative as determined by the exo-anomeric 
effect and ψH is positive 

b. When φH is negative as determined by the exo-anomeric 
effect and ψH is negative 

c. When φH is positive and ψH is positive, i.e. in the non-exo 
state 

The MD prior with the previous conformations is different from the 
DB prior presented in figures 2b &2c in Paper II. In the DB-prior only two 
populations were occupied in the Rmachandran plot; a dominating 
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population in the second quadrant and a minor conformation in the third 
quadrant. The occupancies of each quadrant of the priors is shown in table 2 
of Paper II. 

The second difference between both priors is found in the major 
mode of each of the distributions. MD prior displays a major mode at φ,ψ =-
40°, 60° while the major mode of the DB prior was at φ,ψ =-40°, 30° and the 
minor mode of the DB prior was when φ,ψ =-60°, -60. However, the general 
trends are similar in both priors. The resulting posteriors from both priors 
contained higher populations of the non-exo-anomeric conformations with 
increased occupancies of negative ψ values and φ far from -40°, which was 
against our anticipation for the M2M molecule.  

In addition, both priors where tested for their ability to predict the 
experimental data such as 1H-1H distances, hetero- and homonuclear J-
couplings and optical rotation data (table 1, Paper II). Initially, both priors 
where unable to precisely reproduce the experimental data and the priors 
significantly deviated between themselves and from the resulting posteriors, 
which indicated that further improvement is needed to obtain more realistic 
results that are compatible with the experimental observations. Therefore, 
instead of using a quantum chemical parameterization of the Karplus 
equation to produce the priors (figure 2a-c, Paper II) we developed an 
empirical parameterization, corrected for the effects of electronegative 
substituents and uncertainties in the dihedral angles in the reference 
molecules. This approach made the ME analysis produce distributions which 
are strikingly similar and conceivable. The effect of the reparameterization 
of the Karplus equation will be described on page 50 in this thesis. 

The constraints 

Paper I 
In Paper I; two J-couplings were used as constraints; 3J-HΝHα and 

3J-HαNi+1 which report on φ and ψ respectively. 3J-HαNi+1 couplings were 
measured from the E.COSY pattern observed for the sequential Hα to Ni+1 
cross-peaks in NOESY spectra (experiments were done with a modified 
homodecoupling element as in figure 1 of Paper I). To minimize the overlap 
in the NOESY, an InPhaseAntiPhase/ IPAP filter was introduced to the 
NOESY pulse sequence (figure 2, Paper I). Consequently, two NOESY 
subspectra were obtained with half of the peaks in each subspectrum. Figure 
3 in Paper I presents an overlay of the same parts of the two subspectra (red 
and blue) from the IPAP-NOESY spectrum, employing homodecoupling in 
the Hα-dimension. As a result, 3J-Hα(Ni+1) was measured for 15 residues of the 
motilin polypeptide. 
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3J-HΝHα couplings were measured from the 2D TROSY-HSQC and 
a homodecoupled TOCSY spectra. We have had access to J-couplings for 14 
residues of motilin polypeptide.  

Paper II 
In Paper II, eight different constraints have been combined with 

each prior before the ME analysis. These are three 1H-1H distances, four 3J-
couplings and optical rotation data (Table 1, Paper II). Initially, 1H-1H 
distances where determined using the rigid structure of the M2M 
transglycosidic linkage and compared to the results estimated by MD 
simulations. For many combinations of φ and ψ, the average distance is 
shorter in the MD simulation than what the rigid unit model predicts, while 
in some cases the opposite trend was found such as the distance between 
H1’, H2 where the direct steric repulsion pushes the two atoms apart from 
each other. 

3J-couplings have been estimated theoretically through the Karplus 
relation as in equation 2 of Paper II (Karplus, 1959, Coxon, 2009). The 
state-resolved response function for optical rotation for M2M has been 
calculated semi-empirically based on published data (Stevens, 1994). 

Calculation of the entropy 
In both Papers I & II, Shannon entropy was used as the base for the 

calculation of the φ,ψ dihedral angle distributions (posteriors) as in the 
following equation (equations 3 in Papers I & II)  
 

 
 

where ρ (φ,ψ) is the desired posterior and P(φ,ψ) is the pregenerated prior. 
The aim is to numerically solve Shannon’s equation thereby finding the 
distribution with the maximum entropy content (posterior). In order to find 
out the posterior that maximizes the entropy while being committed to the 
constraints, the Lagrange method (Adams, 1990) was used in both Papers I 
& II to find a numerical solution for the above equation. 

Paper I 
In Paper I, one Lagrange multiplier was defined per constraint 

allowing us to derive a closed numerical form of expression for each 
posterior, and since there were three constraints (two J-couplings and one 
normalization factor) in Paper I, three Lagrange multipliers were introduced 
in equation 4 of Paper I. 
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Paper II 
A similar numerical protocol as used in Paper I was followed in 

Paper II. The numerical protocol was modified in Paper II to incorporate 
inequality constraints and to better handle uncertainties regarding the 
expectation values. For the Paper II, the Lagrangian was defined as in 
equation 6, Paper II. The observations for which there were point estimates 
were combined to one constraint (χ2) which is the sum of squared deviations 
between expectation values and observations divided by an uncertainty 
including both experimental uncertainty and errors from the state-resolved 
response. Thereby the constraints are relaxed such that certain expectation 
values do not need to exactly correspond to the observed values, i.e. there is 
room for uncertainty, χ2 which is represented by the following equation 
 

 

 
 
where l is a pertinent index. 

Reparametrization of the Karplus relation is beneficial for ME 
calculations 

The well-known Karplus curve plays a central rule in our calculation 
of the φ,ψ dihedral angle distributions as it relates the angles to the J-
couplings. Therefore, the Karplus curve is needed whenever we wanted to 
calculate the expectation values of the J-couplings from our φ,ψ distributions 
(i.e. the priors and the posteriors).  

Paper I 
In Paper I the parameterization of the Karplus relation presented by 

Wang and Bax (Wang & Bax, 1996, Wang & Bax, 1995) was used and 
provided realistic values that could be explained by the posteriors. The priors 
were able to predict reasonable values of J-couplings, which indicates that 
there is no need for further reparameterization (figures 4a & 4b, Paper I). 

Paper II 
Reparameterization was required in the case of M2M disaccharide 

case (Paper II) since neither of the DB and MD priors was able to explain 
and reproduce the experimental data (table 1, Paper II) and the posteriors 
generated when using the quantum chemically parameterized relations 
appeared unrealistic. The reparameterization was made in order to 
compensate for: 
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a. The errors in the Karplus relation due to the uncertainty and 

flexibility in the torsion angles of the reference molecules. 
b. The in-plane effect 
c. The inner oxygen substitutents (IOS) 

 
Uncertainty in the torsion angles is a genuine property of flexible 

molecules as the fluctuations around the average conformation of the torsion 
angles are larger compared to rigid molecules. In other words, when one 
makes empirical Karplus parameterizations one would select a number of 
relevant fragments for which the torsion angles are known, and then measure 
the J-couplings. If the crystal structures are used for the parameterizations, 
then there may be a genuine difference between the crystal structure and the 
solution structure (for which the J-couplings are measured). This results in a 
bias and increased uncertainty in the Karplus coefficients. We approached 
this problem by simulating the effect of the error in torsion angles on the 
three Karplus coefficients, which is represented by figures 5a & b of Paper 
II. The simulations showed that the bias of the Karplus coefficients could be 
predicted upon increasing the error in the torsion angles. Assuming that there 
are Gaussian errors and a known uncertainty, it is straightforward to correct 
the A, B and C coefficients in the Karplus equation. 

The other factors affecting the Karplus curve are mainly related to 
the J-couplings, namely the effects of electronegative substituents on J-
couplings (Paper II). It describes two types of electronegative substituents 
bound to the 13C spins; the inner and the outer substituents. The outer 
substituents are the atoms bound to any of the two peripheral atoms in the 
three-bond pathway. In Paper II, this was defined as the ´´In-plane effect``, 
which is a well-known effect and particularly important in carbohydrates. 
The in-plane effect is an increased coupling between C and Z for the 
fragment O-C-X-Y-Z when the dihedral angle O-C-X-Y is anti-periplanar. 
As a result, there is a dependence of the 3JC, Z on the O-C-X-Y torsion angle. 

The effect of inner substituents is well-known for 3JHH. If a system 
of 4 atoms A-B-C-D is studied, where either of atoms B or C is bound to an 
electronegative atom such as oxygen, then the 3J-coupling between A and D, 
3JA,D is lower in magnitude than the normal average and its Karplus curve is 
more asymmetric compared to the state where the electronegative atom is 
absent. This is what we called the Inner Oxygen Substituent effect (IOS). 

To regenerate a new Karplus relation for 3JCOCC with new 
parameters, where the above three effects (a, b, and c) are considered. We 
started by using the empirical two-parameter equation proposed by Bose et 
al (Bose et al., 1998) where the in-plane and IOS effects are absent and 
modified them for the M2M molecule. This protocol has generated two 
reparameterized Karplus equations for the 13C,13C couplings 3JC,C (φ) and 
3JC,C (ψ), (equations 7 & 8, Paper II). The transglycosidic 3JC,C for M2M are 
plotted in figure 6a of Paper II. 
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In order to propose corresponding equations for the heteronuclear 
coupling 3JC H, the equation derived by Tvaroška et al (Tvaroška et al., 1989) 
was modified to account for the IOS effect. This produced two more 
reparametrized equations for the heteronuclear couplings 3JC, H (φ) and 3JC, H  

(ψ), (equations 9 & 10, Paper II). The newly formed equations are denoted 
JCX/SU09 (Paper II). The reconstituted posteriors using the JCX/SU09 
Karplus relations are plotted in figure 7, Paper II.  

Comparing priors and the posteriors reveals a genuine difference 
indicating the effect of constraints in the calculations. The newly obtained 
posteriors with the new Karplus relations contained very similar populations 
of φ,ψ angles in each of the four quadrants of the Ramachandran map (figure 
7, Paper II), which could explain the experimental data more precisely 
compared to the posteriors obtained from the old Karplus relations. 

Motilin possesses certain structural propensities in water (Paper 
I) 

Ramachandran plots of the φ,ψ dihedral angles for 20 out of 22 
residues of motilin polypeptide were successfully reconstituted (figure 5, 
Paper I). Using flat priors (i.e. no background information) in the 
calculations results in more than 60% of the population being assigned to the 
non-allowed regions of the Ramachandran plot, which addresses the 
importance of the prior knowledge of the system. Flat priors are the 
Ramachandran distributions of φ,ψ where all the Ramachandran space is 
allowed to be occupied. This is against our knowledge of the allowed and 
forbidden combinations of φ,ψ angles in the Ramachandran space 
(Ramachandran & Sasisekharan, 1968). 

By using priors from the SMT model and NMR data as constraints 
through ME approach, clear structural trends were noted in motilin, 
indicating that this polypeptide is not fully flexible in water. Residue V2 is 
shown to posses a high β-strand propensity with some tendency toward 
PolyProline type II (PPII) conformation. Residues P3 and I4 have high PPII 
secondary structure. Residues F5 and T6 both show increased population of 
negative φ angles. The central part, (Y7 to E17), with the exception of G8, is 
a nascent α-helix in equilibrium with PPII conformation, and the C-terminus 
(R18, N19, K20, G21) shows a high probability of having left-handed 31 
helix structure. 

This result was supported by CD data (figure 6, Paper I) indicating 
the existence of an α-helical secondary structure in motilin with two minima 
at 222 and 208 nm. Further analysis of the CD data indicated that the CD 
spectrum is a linear combination of an α-helix, left-handed 31 helix and 
random coil conformations, which is in full agreement with the produced 
posteriors.  
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Revealing certain structural tendencies of motilin in water shows an 
example of a flexible polypeptide that was previously thought to be fully 
flexible in water. The structure of motilin has been studied in different 
solvents such as HFP (Edmondson et al., 1991) and SDS micells (Jarvet et 
al., 1997) but never in water, which gives our study its particular 
importance. Structural studies of motilin in water by conventional NMR 
methods are not very productive due to the lack of long range NOEs, 
therefore no structure can be revealed by the conventional NMR methods. 
This structural tendency of motilin in water highlights the possibility that 
many other flexible polypeptides that are thought to be unstructured in water 
could possess certain structural propensities that could not be revealed by the 
conventional methods. 

Segmental entropies of motilin (Paper I) 
The contribution to the conformational entropy from each residue 

i.e. the segmental entropy has been calculated for motilin from the posteriors 
obtained from the ME-analysis of the J-couplings. These segmental 
entropies are compared to segmental entropies evaluated from 15N-relaxation 
data according to a published protocol (Yang & Kay, 1996). Segmental 
entropies for both priors and posteriors relative to a flat distribution were 
calculated using equation 8 in Paper I and plotted in figure 7 Paper I. The 
figure indicates a systematic overestimation of the segmental entropies in the 
priors (particularly in the mid part of motilin), which would underestimate 
the free energy by 8 kJ if calculated from the SMT model.  

Segmental entropies were calculated from 15N relaxation rates of the 
backbone amide protons (the contribution from the side chains is not 
estimated) in order to compare with the values obtained from the posteriors 
and priors as an additional control step (equation 9, Paper I). 15N relaxation 
data was interpreted using the Lipari-Szabo model (Lipari & Szabo, 1982a, 
Lipari & Szabo, 1982b). The squared order parameter (S2) obtained by the 
Lipari-Szabo model was connected to the orientational distribution of the 
NH bond in a certain molecular frame. Segmental entropies were calculated 
using the orientational distribution functions of the backbone N-H vectors. 
The order parameters were interpreted using the wobbling in a cone model 
for which the entropy difference relative to a uniform orientation distribution 
function is given by Eq. 9, Paper I. Both segmental entropies from 15N 
relaxation data and ME interpretation of J-couplings (i.e. the posteriors) 
were compared (figure 8, Paper I). In general, a good agreement between 
both datasets was found, which supports our anticipation that the ME 
interpretation of J-couplings (i.e. the posteriors) is very realistic. 
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The conformational states of transglycosidic linkage of M2M are 
determined (Paper II) 

The reparameterized Karplus relation has improved the MD and DB 
posteriors. The MD posterior displays the major mode at φH, ψH = –40°, 33° 
compared to φH, ψH = –40°, 60° in the MD prior. In addition, the uncommon 
population of ψH > 45° was significantly reduced in the posteriors. 
Therefore, the impact of constraints is clear and genuine modifications on 
the prior distributions are introduced (figures 7 & 8, Paper II). When the 
MD posteriors are compared to the DFT reparameterized Karplus relation, a 
considerable difference appears in the fourth quadrant indicating the 
importance of the ME approach. 

The populations of the posteriors from the reparameterized Karplus 
curves are significantly different from both their parent priors. They are also 
different from the posteriors reconstituted with the Karplus equations that 
used the coefficients published in literature, indicating the impact and 
importance of the reparameterization in order to reconstitute realistic 
distributions. Table 2, Paper II compares the populations of each of the four 
quadrants in the Ramachandran map for the different priors and posteriors. 

The information entropy from the priors and posteriors estimated by 
the JCS/SU09 equations has been calculated (table 3, Paper II). Their high 
information entropy indicates that the posteriors are the least committed 
distributions to their parent priors. 

Overall, M2M is indeed highly flexible and two conformational 
states were defined; a major conformation when φH=-40°, ψH=33°, and a 
minor conformation when φH=+40° and ψH<0° (figure 9, Paper II). The 
coexistence of two states (major and minor) with a relative population of 3:1 
is an indication of the flexibility of the M2M. Both resulting posteriors differ 
from the Ramachandran distributions determined by the early HSEA method 
where φH=-50° and ψH=-20° was determined as the most preferable 
conformation as it has the global energy minimum. The current distribution 
is also genuinely different from the distribution determined by the X-ray 
crystal structure of M2M where φH=-56° and ψH=15° was determined as the 
conformation of M2M in the crystalline state.  

The effect of ME calculations clearly made a difference between the 
posteriors and the priors, indicating that the posteriors are new distributions 
that are more committed to the experimental constraints. Figure 8, Paper II 
compares the projections of the priors and the posteriors along φH and ψH 
angles, and the impact of the constraints is very clear.  
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P2 C repressor project (Papers III, IV &V) 

The chemical shifts of 13C, 15N and 1H of P2 C are fully assigned 
(Paper III) 

All the chemical shifts of the backbone and side chains of P2 C were 
fully assigned as the first step to solve the solution structure by NMR (Paper 
III). The diffusion coefficient of the P2 C was determined to be 1.01*10-10 
m2.s-1 indicating the presence of a dimeric state (Danielsson et al., 2004) 
(Paper III). Standard triple resonance experiments have been used in the 
sequential assignment for both backbone and side chain spins (Sattler et al., 
1999). The result was a nearly complete assignment of the P2 C with 99% of 
the backbone and 87 % of the side chains assigned (fig 1 Paper III).  

The assignment revealed some highly outshifted resonances for 
residues K8 Hδ’s, P79 Hγ’s and Hδ’s and R13 Hε. Table 3 shows the chemical 
shifts of these residues in comparison with their average values from the 
Biological Magnetic Resonance Bank (BMRB) database. The assignments 
have been deposited in the BMRB under the accession code 15577.  

 
 

Atom Chemical shift (ppm) Average BMRB shift (ppm) ± Std 
K8 Hδ’s  0.108 1.62 ± 0.44 
K60 Hβ’s  -0.45 1.75 ± 0.35 
P79 Hγ’s  0.299 1.92 ± 0.36 
P79 Hδ’s  1 3.63 ± 0.50 
R13 Hε  11.25 8.73 ± 12.0 

  
Solving the crystal and solution structures of P2 C enabled us to 

understand the reasons behind these outshifted resonances since some of 
them were among the highest in the BMRB database (table 3). The reason 
behind the outsihfted chemical shifts of residues K8 Hδ’s, K60 Hβ’s , P79 Hγ’s 
and Hδ’s is the ring current shift discussed in the introduction of this thesis. 
All those resonances are positioned in the deshielding electromagnetic 
currents created by the resonating π-electrons of the aromatic rings of 
residues Y61, F65 and W64. On the other hand, the chemical shift of the Hε 
in residue R13 is high for a different reason, namely the two strong H-bonds 
with the oxygen atoms of residue E38. All these contacts seem to be 
important in shaping the overall structure of the P2 C, in particular the 
hydrophobic core as shown later. 

 
 
 

Table 3: The outshifted chemical shifts compared to the average values from BMRB 
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P2 C contains an HTH motif made up by the first three helices  
 The crystal structure of P2 C was solved at a high resolution where 
electron density maps could be constructed for residues 2-85 (Paper IV). In 
addition, the solution structure was solved using doubly labeled P2 C in 
water (Papers III & V). Both NMR and crystal structures show an excellent 
agreement with each other with an RMSD = 1.16 Å. 
 The statistics from both Papers IV & V indicate that both NMR and 
crystal structures are of high quality. The crystal structure of P2 C was 
solved at a resolution of 1.8 Å with an Rwork/Rfree (%) = 14.9/17.3 which is an 
indication of high quality. The protein structure has been deposited in the 
PDB under accession code 2XCJ. Table 1 in Paper IV summarizes the 
statistics of the crystal structure of P2 C where 98.7% of the residues are in 
the most favored regions of the Ramachandran map and 1.3% are in the 
additionally allowed regions. The NMR structural statistics (table 1, Paper 
V) indicate a high quality solution structure. About 25 restraints/residue have 
been assigned during the structure calculation process, which is an indirect 
indication of the quality of the structure. 85% of the P2 C residues are in the 
most favored regions of the Ramachandran map, 14.8% in the additionally 
allowed regions and 0.1% of the residues are in the disallowed region. The 
solution structure has been validated by various tools including PROCHECK 
(Laskowski et al., 1993) and MOLPROBITY (Davis et al., 2007).  
 Both NMR and crystal structures show five well-defined α-helices 
and a β-strand in a homodimeric protein composed from two identical 
subunits (figure 2 of Paper IV & figure 1 of Paper V). It has been proposed 

c d 

b a 

Figure 13: The residues with outshifted resonances of P2 C. a) K8 Hδ’s are at 3.06 
Å distance to the aromatic ring of residue F65. b) R13 Hε has two strong H-bonds 
with the oxygen side chains of E38, increasing its chemical shift. c) K60 Hβ’s are 
at 2.82 Å distance from the aromatic ring of Y61. d) P79 Hχ’s and Hδ’s are at 2.8 
Å distance from the W64 aromatic ring.  
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that P2 C binds the DNA through a Helix-Turn-Helix (HTH) motif, which 
was confirmed by both solutions and crystal structures in addition to site-
specific mutations made by alanine scanning in helix 3 (Paper IV). An 
overlay of the crystal and NMR structures of P2 C is shown in figure 2 of 
Paper V. 
 We have assigned helices 2 and 3 to be the components of the HTH 
motif in P2 C based on their sequence similarity and structural homology to 
other known repressors such as P22 C2 and the 434 repressors (figure 3 
Paper IV). We have supported our assignment of the HTH motif by a series 
of site-specific mutations where each residue in helix 3 was replaced by 
alanin (table 2 & figure 4, Paper IV). Alanine scanning indicated that 
residues Tyr31, Thr33, Leu34, Tyr36, Tyr37 and Glu38 where crucial for the 
activity of the P2 C to repress the Pe promoter judged in vivo by 
Chloramphenicol acetyltransferase assays (figure 5, Paper IV). Based on 
this and the comparison to other structures, we propose that the DNA 
binding helix is helix 3 and the stabilizing helix is helix 4 in each subunit. 
Figure 14 shows the overall crystal structure of P2 C (residues 2-85) where 
the HTH motif is colored with blue. 
 The dimer interface occupies a rather wide area (800 Å2) and is 
made up by helices 4 and 5. It is formed by strong hydrophobic and H-bond 
interactions (figure 7, Paper IV). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14: The 3D crystal structure of P2 C 
(residues 2-85) showing its secondary structure 
elements. The HTH motif is colored in blue  
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The C-terminus of P2 C is highly flexible and unnecessary for 
DNA-binding 

Initially, we anticipated an important role of the C-terminus of P2 C 
in the DNA-binding process. We have obtained information about the 
flexibility of the C-terminus in P2 C from various experimental data as listed 
below: 

a. X-ray crystallography (Paper IV) 
b. Chemical Shift Index 
c. 15N relaxation data (Paper V).  
d. 15N-HSQC of the P2 C-DNA mixture (Paper V). 
e. Finally, the last 9 residues of the P2 C have been truncated  (Paper 

IV) in order to measure the activity of the truncated P2 C compared 
to the wild type activity of the protein. 
 The C-terminus of P2 C (residues 86-99) did not show any electron 

density in our crystallography experiments, and consequently it was omitted 
from the model (Paper IV). This indicates that it is unstructured in crystals, 
i.e. in the absence of DNA. 

 P2 C NMR data (13C/15N NOESY spectra) show very limited 
numbers of long and medium range NOEs in the C-terminus, therefore, no 
definite secondary structure element could be inferred and the C-terminus is 
defined as a highly flexible region in the solution structure of P2 C (Paper 
V). The chemical shift index (CSI) of P2 C supports the solution structure of 
P2 C where the chemical shifts indicate clear secondary structure elements 
(figure 15), while the C-terminus displays random-coil like shifts. 

 
 
 
 
 
 
 
 
 
 
 
 

The third source of information about the dynamics of C-terminus of 
P2 C is the 15N relaxation data (figure 4, Paper V), which came in full 
agreement with the previous results. The squared order parameter (S2) has 
been calculated for 60 N-H vectors of the backbone of P2 C using the model 

Figure 15: The chemical shift index of P2 C. All secondary structure elements are clearly 
defined. The C-terminus is indeed flexible as its chemical shift index is close to zero.  
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free approach. The protein shows a rigid structure with a high degree of 
order (S2 around 0.9). However, in the C-terminus, the generalized order 
parameter S2 decays rapidly toward zero indicating high flexibility. 
However, the sequence analysis show that certain sequence conservation can 
be found in the C-terminus (figure 1a, Paper IV), which would be expected 
if the C-terminus were involved in the P2 C-DNA-interaction, including 
tetramerization coupled to DNA-binding. 

All previous data was acquired on the wild type P2 C in the absence 
of DNA. However, further experiments are necessary to explore whether the 
C-terminus is involved in the P2 C-DNA interaction. The following two 
experiments have been done for this purpose.  

P2 C has been mixed with a double stranded oligonucleotide with 
the correct sequence at a protein:DNA concentration ratio of 1:4 (figure 4, 
Paper V). Then 15N-HSQC was acquired on the mixture. The HSQC 
spectrum was very different from the wild type P2 C HSQC spectrum and 
the entire cross peaks for residues 2-80 disappeared. However, the cross 
peaks corresponding to the flexible C-terminus (81-99) were easily detected 
in the spectrum indicating that the C-terminus is highly flexible even upon 
binding the DNA.  

This is in full agreement with our biochemical data, in which the last 
9 residues of the P2 C sequence (residues 91-99) where truncated. The 
truncation showed no effect on the activity of the P2 C (Paper IV). 

Overall, our results put forward further questions on the biology 
behind the P2 C. These questions become even more important when we 
consider the fact that some residues in the flexible C-terminus are fully 
conserved. 

Homology of P2 C to other DNA-binding proteins 
 P2 C is structurally homologues to other DNA-binding proteins such 
as the P22 C2 repressor, 434 repressor and the controller protein of the Esp 
13961 system. Even though both P22 C2 and the well known 434 repressors 
are DNA-binding proteins that bind palindromic repeats, their structures are 
highly homologous the P2 C. P2 C, P22 C2 and the 434 repressors contain 
the HTH motif as the DNA-binding domain. Figures 16 a & b show an 
overlay of the P2 C on the P22 C2 and 434 repressors, respectively. 

The immunity repressors similar to P2 C were originally classified 
into two groups based on the similarity in sequence, control and size, to the 
186-like CI and the P2-like C repressors. A sequence comparison of the P2 
C with repressors from other bacteriophages in addition to P2 (figure 1a, 
Paper IV) indicates that the sequences are less conserved in the N-terminus 
supporting the anticipation that the DNA binding domain is located in there.  
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P2 C repressor binds two direct DNA-repeats 
We have solved the crystal structure of P2 C. We have also 

performed several unsuccessful attempts to co-crystallize P2 C with the 
DNA sequence that contain both the O1 and the O2 half-sites or at least one 
of them. That failure could be due to the large size of the DNA sequence 
required for P2 C to bind as each half site is 8 bp and the centre-to-centre 
distance is 22 bp, which makes it rather long. The failure could also be due 
to the extreme flexibility of the C-terminus, which may prevent building 
strong crystal contacts in the DNA complex. 

However, based on the distance between the O1 and O2 half sites, 
the size of P2 C and the mutations we have made (Papers IV, V), we were 
able to suggest a model of the P2 C-DNA complex (figure 9, Paper IV). 

Figure 16: a) An overlay of P2 C (green) on the P22 
C2 repressor (red, PDB 2R1J). b) An overlay of P2 C 
(green) with the 434 repressor (blue, PDB ID 2OR1) 
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Since our truncation mutation shows that cutting the last 9 residues in the C-
terminus did not affect the activity of P2 C, and our NMR data indicates that 
the last 15 residues are not necessary for binding, we proposed that the C-
terminus is not involved in the DNA-binding and does not play any role in 
the cooperative interaction between both P2 C dimers that bind the DNA 
(Papers IV, V). It has been reported that the P2 C-DNA interaction is a 
cooperative process in which binding of one homodimeric P2 C to one half-
site facilitates the binding of the other P2 C molecule to the other half-site. 
This means either that the first P2 C molecule interacts with the second P2 C 
molecule and stabilizes its binding or that the binding to the first half-site 
deforms the DNA somehow, facilitating the binding of the other P2 C 
molecule or both of those two factors.  

Based on the above, we built our model such that two P2 C dimers 
bend the DNA (figure 9, Papers IV). Figure 17 shows a surface 
representation of both P2 C dimers bound to DNA. The model clearly shows 
that the distance between the two dimers is short enough to enable an 
interaction between them. 
 

 
 
 
 
 
 
 
 

Figure 17: The model for the P2 C-DNA structure. The surface of P2 C is shown 
where red indicates negative charges and blue indicate positive charges. O1 and O2 
half-sites are colored with brown. The P2 C dimers are close enough in space to 
cooperatively interact upon binding  
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Future Prospects 

Fortunately, the research conducted in the publications, which this 
thesis is based on, has answered some questions. However, it opened the 
way for many other questions and ideas, which is often the case of 
successful science. 

For the Maximum entropy project, the method has been proved to 
work, and is applicable to flexible molecules with multiconformational 
states. 

The reason behind using ME as an analytical method is the shortage 
of information about the conformational preferences of flexible polypeptides 
in solution. Therefore, considering more experimental data to be 
incorporated in the calculations is definitely a future goal. In particular we 
should consider Residual Dipolar Couplings (RDC’s), which have provided 
information about the conformational preferences in denatured proteins and 
intrinsically unordered proteins. However, if RDC’s are to be used as 
constraints, it is important to correctly interpret RDC’s from denatured 
proteins in terms of both unknown conformational preferences and unique 
alignments for each conformation. This is because alignment is intimately 
coupled to the conformation of interest. Finally, this will improve the 
posteriors by minimizing their bias toward their parent priors. 

One may also apply the method to a small folded protein whose 
structures is already solved (in water). In this case the Ramachandran plots 
from ME and the real protein could be compared, provided that a reasonable 
prior is chosen. This will enable testing ME against a real example. 

For the P2 C project, it is important to determine the exact structure 
of the complex with DNA, either by crystallizing in additional conditions, or 
by doing NMR on a perdeuterated sample where the line broadening effect 
due to the huge size of the complex (60 kDa) could be compensated for. In 
addition, simpler experiments such as calorimetry or FRET spectroscopy 
may be used to probe the model we have built for the P2C complex, or at 
least to determine the stochiometry of binding. 

 In addition, solving structures of other proteins involved in the 
control of the genetic switch of the P2 bacteriophage will definitely improve 
our understanding of the P2 life cycle. Promising crystallization trials are 
ongoing in order to solve the structures of the P2 Cox and P2 integrase. 
Finally, solving the structures of the other repressors that control the genetic 
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switch of other bacteriophages will definitely improve our understanding of 
these species. 
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