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ABSTRACT 
Nucleic acids are essential molecules when it comes to replication, transcription and 
translation of the genetic information and nearly all functions of nucleic acids are 
carried out in complex with proteins. The proteins need to be able to discriminate 
between different sites on the nucleic acids for correct binding. The recognition of a 
specific nucleotide sequence is determined by atomic interactions between amino acids 
and the nucleotides. In this thesis, molecular dynamics simulations have been used to 
gain insight into two different modes of recognition mechanisms: base flipping and 
indirect recognition of the DNA BII state. 
 
The ADAR2 (adenosine deaminase acting on RNA) protein deaminates adenosines into 
inosines in mostly double stranded RNA. The target amino group on the adenosine is 
not accessible to the protein when the base is in the stack of the helix and therefore it is 
believed that the protein might utilize a base flipping mechanism. The mechanism for 
discrimination of one adenosine from another is unknown and in paper I a study was 
performed on two different RNA molecules; one containing the R/G site which is 
selectively deaminated in vivo and one containing the 46-site which is not selectively 
deaminated. It was found that spontaneous base flipping occurred for the adenosine at 
the R/G site but not at the 46-site and the flipped base spent a significant time at an 
angle of ~50° (minor groove flipping) from the helix. The free energy required for 
flipping ±180° (perpendicular to the helix) was calculated using a forced base flipping 
method. This showed that flipping the adenosine at the R/G site required less energy 
than at the 46-site. In addition, a local minimum at ~50° was found which corresponds 
to the conformation for the spontaneously flipped base in the molecular dynamics 
simulation. The conclusion was that the adenosine at the R/G site is more flexible and 
that minor groove flipping is preferred over major groove flipping. In paper II, the 
ADAR2 deaminase domain was docked to three different RNA molecules containing 
the R/G site with the adenosine flipped to +50°, +185° and -180°. The adenosine had to 
be fully flipped to reach into the catalytic pocket and the most probable complex was 
that with the adenosine flipped to +185°. A possible role for the conserved R455 
residue was investigated, which might be to guide the adenosine into the catalytic site. 
 
The transcription factor Ndt80 binds to its cognate DNA through different types of 
interactions, where recognition of the BII state of the phosphate backbone is of major 
importance. In paper III we showed that by inverting a central GC base pair, the 
backbone shifted from BII to BI conformation due to a rearrangement of the R177 side 
chain. In the wild type structure R177 makes a bidentate interaction with the guanine 
base and when the base was changed to a cytosine the R177 side chain instead made 
strong hydrogen bonds to the phosphate backbone. Free energy perturbation 
calculations were performed which estimated the difference in free energy between the 
wild type structure and the structure with the inverted GC pair to 6.5 kcal/mol. 
 
During the work on paper III we discovered that the current CHARMM27 force field 
used in the simulations was unable to reproduce the BII state. The BII state is linked to 
the ε and ζ torsion angles of the DNA backbone and the parameters associated with 
those angles were optimized in paper IV. The new parameters were tested on five 
different DNA sequences and the BI↔BII equilibrium was clearly improved. 
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INTRODUCTION 
Living things are enormously complex. Human beings contain tens of thousands of 
different molecules. However, only a few different types of macromolecules exist: 
proteins, nucleic acids and polysaccharides. To create the diversity of existing 
molecules, the macromolecules are built up in various forms from monomeric units that 
are linked together. Proteins are polymers of amino acids, nucleic acids are polymers of 
nucleotides and polysaccharides are polymers of sugars. The macromolecules can be 
present in the cell as single molecules or form complexes with other molecules. 
Proteins bind to many different molecules within a cell. It can be anything from a small 
drug molecule to a major cell wall. Often the target for proteins is a nucleic acid, i.e. 
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), and once bound the proteins 
may carry out hundreds of various biological tasks. The proteins can bind in a great 
variety of ways and the interactions can generally be divided into three main categories: 
regulatory, enzymatic and structural. A prerequisite for regulatory interaction is usually 
recognition of a specific nucleic acid sequence or structure. After recognition the 
protein can initiate the process of for example DNA replication or synthesis. The 
restriction endonucleases are a group of enzymes that bind to unwanted DNA or RNA 
within the cell and then degrade the nucleic acid into its individual components. A 
structural role for protein-nucleic acid interactions can be for example the packing of 
DNA into chromosomes by histones. The correct binding of a protein to a specific 
sequence of a nucleic acid is of major importance to all organisms.  
 
Structural studies using x-ray crystallography and nuclear magnetic resonance (NMR) 
have during the last three decades provided tremendous amounts of information with 
the determination of three-dimensional pictures of various complexes. Today (March 
2010) there are 1763 protein-DNA structures and 856 protein-RNA structures 
deposited to the Nucleic Acid Database (NDB). However, these techniques only 
provide static pictures and often it is desirable to follow the progression of molecules as 
a function of time. Also, not all structures are possible to obtain via these methods due 
to technical reasons. Molecular dynamics (MD) simulation techniques provide another 
way to look at structures and interactions and complement nicely the aforementioned 
more classical experimental techniques. 
 
This thesis is written from the nucleic acid’s point of view, meaning that the focus is on 
the structure of nucleic acids and the conformational changes that might take place 
before or during formation of complexes with proteins. In particular, I have studied two 
unusual nucleic acids structures: RNA with a flipped out base (papers I and II) and the 
BII conformation of the DNA backbone (papers III and IV). The technique used 
throughout the papers is molecular dynamics simulations together with an atomistic 
description of the systems. 
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BIOLOGICAL CONTEXT 
 
THE STRUCTURE OF NUCLEIC ACIDS 

Nucleic acids are very long polymers that are made up of monomers called nucleotides. 
A nucleotide consists of three parts: a base, a sugar ring and a phosphate residue. The 
bases adenine (A), guanine (G) and cytosine (C) are common to both deoxyribonucleic 
acid (DNA) and ribonucleic acid (RNA) whereas thymine (T) is found in DNA and 
uracil (U) in RNA. The adenine and guanine bases are referred to as purines whereas 
the cytosine, thymine and uracil bases are the pyrimidines. The sugar ring is a pentose 
which in DNA is 2’- deoxyribose and in RNA is ribose. The phosphate backbone is 
identical in DNA and RNA and is described by the dihedral angles α, β, γ, δ, ε, ζ and 
the glycosidic angle χ (Figure 1, left picture). The nucleotides are the phosphate esters 
of nucleosides (a base + a sugar). Each nucleoside is joined by a phosphodiester bond 
from its 5’-hydroxyl group to the 3’-hydroxyl group of one neighbor and by a second 
phosphodiester bond from its 3’-hydroxyl group to the 5’-hydroxyl group of its other 
neighbor. The sequence of nucleotides is always written in the direction 5’-end to 3’-
end and is called the primary structure. 
 
 

Guanine 
 Cytosine 

Thymine 
Adenine 

 
 
 
Figure 1. The phosphate backbone showing the torsions angles and the ribose sugar (left picture). The N 
atom denotes the attachment point for the base. The pictures to the right show the base pairings in DNA. 
The circle on the thymine shows the position of the methyl group with is absent in the otherwise identical 
uracil base. 
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elical structures of DNA: A-form, B-form and Z-form (left, middle and right 
pictures respectively). 

The secondary structure of DNA, and sometimes RNA, is the double helix. In a double 
helix two strands of nucleotides are wound together and the bases form base pairs 
between the strands. These base pairs are always made up of cytosine-guanine and 
adenine-thymine (DNA) or adenine-uracil (RNA) (Figure 1). There are three hydrogen 
bonds in a C-G pair and two in an A-T and an A-U pair, which are known as Watson-
Crick (WC) base pairs. There are also more unusual base pairings such as the “wobble” 
pair G·U, reversed WC A-T pairs where one base is inverted and Hogsteen pairing 
which differs from WC pairs by the use of alternative hydrogen bonding sites on the 
purine bases. DNA and RNA have very similar structures, the only differences are the 
change from a 2’-deoxyribose sugar to a ribose sugar and from a methyl group in 
thymine to a hydrogen in uracil, but early work using x-ray diffraction on fibers of 
nucleic acids indicated that DNAs could adopt several different conformations 
compared to RNA [1]. A nucleic acid double helix can be found in nature in three 
different forms; A-form, B-form or Z-form (Figure 2). The A- and B-forms are right-
handed whereas the Z-form is left-handed. The main differences between the A- and B-
form are the sugar conformation and groove widths and depths. The sugar 
conformation in the A-form is always found close to the N-type (3’-endo) and in B-
form helices the sugar pucker is close to the S-type (2’-endo). In the 3’-endo 
conformation, the C3’ carbon of the sugar ring is displaced above the plane defined by 
the other four atoms. In the 2’-endo it is instead the C2’ carbon that is displaced, which 
gives rise to a completely different conformation of the nucleotide. The most 
significant difference between the A- and the B-form is the displacement of the base 
pairs from the helix axis, leading to very different groove sizes and widths. DNA 
helices often crystallize in the A-form [2] but are most commonly found in the B-form 
family of structures in solution [3]. The RNA double helix has not been shown to take 
on the B-form and is usually found in the A-form [1]. The unusual Z-form is found for 
both DNA and RNA [4, 5]. The geometry of base steps can be described by the 
helicoidal parameters shift, slide, rise, tilt, roll and twist [6] as well as the dihedral 
angles in the backbone listed above. 
 

 
Figure 2. The double h



 

4 

PROTEIN-NUCLEIC ACID RECOGNITION 

Each specific interaction between protein and DNA or RNA must be highly complex 
from a chemical point of view in order to distinguish one base sequence from many 
others. The recognition is determined by atomic interactions between amino acids and 
nucleotides and attempts to determine the rules of specific recognition began in the 
1970’s [7]. Because DNA is mostly in the B-form helix and RNA in the A-form, 
proteins have different approaches for sequence-specific binding and some examples of 
binding motifs will be described.  
 
Protein-DNA motifs 

There are a limited set of protein structural motifs used in specific protein-DNA 
interactions. The early models of protein-DNA complexes suggested that sequence-
specific recognition of DNA often occured by insertion of an α-helix in the major 
groove (reviewed by Steitz in [8]). It was also proposed that two antiparallel β-strands 
could interact with DNA in the major and minor grooves. A few on the most common 
structural motifs will be described here; the helix-turn-helix (HTH) motif, Zn-binding 
motifs, the helix-loop-helix (HLH) motif and antiparallel β-strand (Figure 3). 
 
Helix-turn-helix (HTH) motif 

The helix-turn-helix motif consists of two adjacent α helices separated by a non-helical 
turn of four amino acids and it is a common motif in proteins that regulate gene 
expression. This motif was found after the structures of the Cro, CAP and λ-repressor 
were solved and it was shown that the proteins not only have structural similarities but 
also sequence similarities (reviewed in [9]). The second helix is referred to as the 
recognition helix because it interacts with the DNA in the major groove, usually 
through a network of hydrogen bonds and also through hydrophobic contacts between 
the amino acid side chains and the bases. The first helix is thought to stabilize the 
interaction between the protein and the DNA but not to play a part in the recognition.  
 
Zn-finger motifs 

Zn-finger proteins are a group of proteins where one or more Zn atoms have a 
structural role in stabilizing the DNA binding conformation. There are several classes 
of Zn-finger proteins but they all coordinate the Zn with a combination of cysteines and 
histidines. One of the most studied groups of Zn fingers is the Cys2His2-like group 
where the Zn finger domain consists of a ββα-fold and typically occurs as a repeat of 
two or more fingers [10]. This group has been well characterized and is very common 
in eukaryotic transcription factors. The Cys2His2 motif strongly resembles the HTH 
motif but one distinct characteristic of the Cys2His2 zinc fingers proteins is that they 
possess repeated protein modules that each contact successive DNA segments. The α 
helix is also here called the recognition helix and binds in the major groove through 
sequence specific contacts to the bases.  
 
Helix-loop-helix (HLH) motif 

This motif is similar to the HTH motif but consists of a loop instead of a turn and the 
helices are usually longer with one helix being longer than the other. Helix-loop-helix 
proteins are found in evolutionary divergent families and the amino acid sequence is 
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quite variable [11]. They bind to DNA as homo- or heterodimers. The leucine zipper 
motif is an example where two monomers are held together by hydrophobic forces 
between leucine amino acid side chains in the upper part of the dimer. The lower part 
of the dimer interacts with the DNA, usually in the major groove. 
 
Antiparallel β-strand 

β-strand motifs are much less frequently encountered compared to motifs that include 
α-helices. Prokaryotic transcription factors usually contain an HTH motif or antiparallel 
β-strands as for the met repressor. The E. coli met repressor binds to its target DNA 
sequence through a symmetry-related pair of symmetrical two-stranded antiparallel β-
sheets (called β ribbons) that are inserted in successive major grooves of the DNA [12]. 
Each β ribbon makes sequence-specific contacts with its target DNA sequence via 
hydrogen bonding between amino acids and base pairs. The repressor also recognizes 
the distortion of the DNA phosphate backbone, which is referred to as indirect 
recognition and is described in papers III and IV.  
 

 

 
Figure 3. Clockwise from the top left: HTH motif recognition (PDB:2OR1), Zn-finger motif (PDB:2I13), 
HLH motif/leucine zipper (PDB:1HLO) and antiparallel β-strand recognition (PDB:1CMA).  
 
Protein-RNA motifs 

The progress of solving structures of protein-RNA complexes has been slower than for 
protein-DNA complexes. However, over the past few years there have been technical 
advances in preparing RNA samples and also in improved crystallization methods [13]. 
The structures of the ribosomal subunits were solved at high resolution in 2000 [14-16] 
and illustrated the complexity of RNA structures (this work was awarded the Nobel 
prize in Chemistry in 2009). While DNA is mostly double stranded, RNA has a much 
greater variability in three-dimensional structures. It can be single stranded like in 
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messenger RNA (mRNA), double stranded as in folded mRNA, ribosomal RNA 
(rRNA) have a globular shape and transfer RNA (tRNA) has a complex shape in the 
form of the letter “L”. This diversity means that there are many different ways that a 
protein can interact with RNA molecules. RNA-binding proteins generally target 
single-stranded regions within secondary structure domains such as hairpin loops, 
bulges and mismatches [17]. It is not clear cut what actually defines a ‘motif’ 
(discussed in [18]) but protein-RNA complexes have been recognized as being in one 
of two main classes based on the mode of RNA recognition [19, 20]: i) groove binding 
and ii) β-sheet binding (Figure 4). An updated classification scheme has been proposed 
with the classes: i) backbone contactor class of proteins and ii) a packing cavity class of 
proteins [21]. 
 
Groove binding 

The major groove in an RNA double helix is deep and narrow. This means that it is 
inaccessible to an α-helix which, as described above, is the most common recognition 
motif in DNA. Instead, proteins can insert α-helices, β-sheets or turns into the wide 
minor groove [19].The major groove can be utilized if it is widened by for example 
bulges or mismatches. Basic residues such as arginine play a major role in 
compensating for the negative charges on the RNA backbone and non-polar contacts 
with the ribose sugar are important in protein-RNA complexes. The ribosomal protein 
L11 is an example of an α-helix in contact with the RNA minor groove [22]. Several 
hydrogen bonds between the protein backbone and the bases are of major importance 
for recognition.   
 
β-sheet binding 

In β-sheet binding, proteins use β-sheet surfaces to create binding pockets that bind 
unpaired RNA bases. A widespread RNA binding domain is the so-called 
ribonucleoprotein (RNP) consensus sequence, also referred to as the RNA recognition 
motif (RRM) and this class of proteins has a characteristic βαββαβ fold. The first and 
third β-strands are the middle two strands of an antiparallel sheet and contain aromatic 
residues. The crystal structure of the U1A protein, which contains this domain, bound 
to an RNA hairpin showed that RNA bases were stacked with aromatic amino acid side 
chains [23].  

Figure 4. Minor groove binding of L11 (PDB:1QA6) (left picture) and β-sheet binding by U1A protein 
(PDB:1URN) (right picture). 
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THE INTERACTIONS BETWEEN PROTEINS AND NUCLEIC ACIDS 

Nucleic acids are highly negatively charged molecules due to the phosphate groups in 
the backbone. They also have a number of hydrogen donating and accepting groups 
which are directly exposed on the surface or which can be exposed if the helix is 
disrupted. The interactions with bases are often specific for recognition whereas the 
interactions with the phosphate backbone are more for stabilizing the protein-nucleic 
acid complex. The interactions that stabilize protein binding can be divided into three 
categories: electrostatic, hydrogen bonding and hydrophobic.  
 
Electrostatic interactions 

Salt bridges are electrostatic interactions between groups of opposite charges. Because 
both DNA and RNA are negatively charged polyelectrolytes, they are strongly attracted 
to molecules that have multiple positive charges. In protein-nucleic acid complexes salt 
bridges mostly occur between the negative phosphates in the nucleic acid backbone and 
either the ammonium group of lysine, the guanidinium group of arginine, or the 
protonated imidazole of histidine. Electrostatic effects do not require free charges but 
can also involve polar side chains [24]. The nucleic acid has a number of ions bound to 
the surface before binding and these are displaced upon formation of the complex. The 
result of the release of ions is an increase in entropy which is an important contributor 
to the overall free energy change of protein-nucleic acid binding. Individual salt bridges 
to the phosphate backbone are not specific but because the positions of the backbone 
atoms depend on the sequence, the electrostatic interactions could be a source of 
specificity. Water is also displaced during formation the formation of a complex and 
thereby play a role in the thermodynamics and the specifics of binding [25]. For a 
review on how electrostatic calculations were applied to proteins and nucleic acids, see 
Honig and Nicholls [26]. 
 
Hydrogen bonding interactions 

Nucleic acids, and in particular DNA, are mostly in the form of a double helix. When 
the base pairs are formed inside the helix, many of the sites that could be used in base-
specific recognition are blocked. The remaining accessible sites have to be approached 
via the major or the minor groove of the helix. A number of polar amino side chains 
can serve as hydrogen bond donors or acceptors and also the peptide backbone is 
frequently involved in hydrogen bond interactions. Hydrogen bonds are a result of 
dipole-dipole interactions, where the hydrogen bond donors and acceptors are always 
nitrogen or oxygen atoms in biological macromolecules. Statistical analysis of protein-
nucleic acids interactions showed that hydrogen bonds are the most frequent of all 
types of interactions (~50%) [27]. The hydrogen bonds involving protein side chains 
contribute to the protein specificity whereas interactions between the protein backbone 
and nucleotides are important for the stabilization and orientation of the complex [28]. 
In addition to direct hydrogen bonds, water-mediated hydrogen bonds are known to 
play an important role in protein-nucleic acid complexes (see [29] for a review on the 
role of water in protein-DNA interactions). When the molecules are not in complex, all 
the exposed hydrogen bond donors and acceptors form linear hydrogen bonds to water. 
After formation of a complex these bonds are replaced by similar ones between the 
molecules. If a hydrogen bond is not replaced it can bring a free energy penalty of up to 
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4 kJ/mol. Hydrogen bonds are therefore very important in making sequence-specific 
protein-nucleic acid interactions.  
 
Hydrophobic interactions 

A general definition of hydrophobic effects is the tendency of nonpolar groups to 
associate in aqueous solution rather than being exposed to the solvent water. As written 
in the previous paragraph, biological molecules in water have a layer of water 
molecules surrounding them. This means that when the molecules come together to 
form complexes, the water molecules at the surface are released into the bulk solvent, 
increasing the entropy of the system. If some water molecules are left in the interface it 
decreases the entropy of the system, making it less favorable, but specific water 
molecules can be crucial for sequence recognition and binding [29]. A nucleic acid 
double helix exposes mainly polar groups to the surface, an exception being the 
thymine methyl group. Protein side chains have been shown to create hydrophobic 
pockets for this group [24, 30] and thereby shielding it from water molecules. Another 
hydrophobic interaction is the stacking of aromatic side chains on the nucleic acid 
bases. This type of interaction is common in protein-RNA complexes where many 
nucleotides are in a nonhelical conformation. In a study of the protein U1A in complex 
with RNA it was proposed that stacking interactions in cooperation with accompanying 
hydrogen bonds can be major contributors to protein-RNA complex stability [23]. 
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INTERACTION MECHANISMS 

Sequence specific recognition involves both direct and indirect readout of the nucleic 
acid sequence. Contacts between the protein and the nucleotide bases are called direct 
readout because the contacts depend directly on the sequence of the nucleic acid. The 
direct readout most often occurs in the major groove and it can involve hydrogen bonds 
directly from the side chains, the polypeptide backbone or through water molecules, or 
it can depend on hydrophobic interactions. In indirect readout the protein can 
distinguish one sequence from another based solely on the bases not in contact with the 
protein. It is instead the structure and the flexibility of the nucleic acid that determines 
the specificity and stability of the protein-nucleic acid complex. The principles of 
indirect readout are less well understood than the principles of direct readout but are 
explained well in a recent review [31]. In this thesis I have studied two specific modes 
of interaction, the base flipping mechanism and the indirect recognition mechanism of 
the BII state of the DNA backbone, both will be described in detail below. 
 
 
Base flipping mechanism 

Base flipping involves rotation about the backbone torsion angles (α, β, γ, ε, and ζ) to 
expose an out-of-stack base in DNA or RNA that is double stranded [32]. For many 
enzymes base flipping has been shown to be a prerequisite in order to access a specific 
site for a subsequent chemical reaction or modification of the base. Some examples are 
methyltransferases, polymerases, nucleases, glycosylases, integrases, and recombinases 
[33-37]. Detailed pictures of how proteins interact with flipped DNA bases have 
emerged from x-ray structures. The first protein-DNA structure with a flipped base was 
solved in 1994 by Klimasauskas et al [38]. The structure of the methyltransferase 
M.HhaI bound to a 13-mer DNA oligonucleotide shows how the target base cytosine is 
placed in a cavity where the methylation reaction can take place. The cytosine is 
completely swung out from the stack and also the active site has undergone a large 
conformational change compared to the unbound protein. Several other protein-DNA 
complexes have been solved, for example the T4 endonuclease V where the target base 
is an adenosine [39] and the endonuclease HAP1 with a flipped nucleotide analogue. 
So far, there is no crystal structure of a protein-RNA complex with a flipped base. 
 
Base opening or breathing as it is also referred to, has been successfully investigated 
using the method of imino proton exchange monitored by NMR. A variety of different 
nucleic acid structures, such as B-DNA [40], Z-DNA [41] and RNA [42] have been 
studied and the life times of the open states of the base pairs are usually on the 
millisecond time scale. The pathways for the flipping process are not completely 
understood but by the use of computational studies, additional insight into the base 
flipping mechanism has been gained (reviewed in [43]). One major issue that has been 
discussed is whether base flipping occurs mainly through the major or the minor 
groove. Base flipping in double stranded RNA was studied in paper I in this thesis. In 
paper II, the RNA with a flipped base was docked to an enzyme known to perform a 
chemical modification on the base. The basis of this enzyme is described in the next 
paragraph. 
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ADARs 

ADARs (adenosine deaminases acting on RNA) are members of a family of enzymes 
that catalyze the deamination of adenosine to produce inosine (Figure 5). The enzyme 
is thought to utilize the base flipping mechanism in order to access the adenosine which 
is positioned in double stranded RNA (see [44] for a review on ADARs).  
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The structure of adenosine and inosine. 
 
 
A-I editing was discovered over 20 years ago but the ADAR enzyme was then believed 
to have an unwinding function of duplex RNA [45]. Members of the ADAR family are 
involved in numerous editing events with diverse effects. Because inosine is translated 
as guanosine, this leads to a change in the primary sequence information in RNA. 
Many of the targets for the deamination reaction are mRNAs which code for proteins 
that are important for nervous system functions [46-48]. For example, editing of the 
pre-mRNA for the B subunit of the glutamate-gated ion channel (GluR-B) causes 
codon changes at the Q/R site and the R/G site [49, 50]. The sites are named after the 
change in codon due to the modification of the adenosine; glutamate is changed into 
arginine at the Q/R site and arginine into glycine at the R/G site. Editing at the R/G site 
affects the rate at which the receptor recovers from ligand desensitization [50] while 
editing at the Q/R site affects the permeability of the glutamate channel [51]. 
 
Three different types of mammalian ADARs have been found; ADAR1, ADAR2 and 
ADAR3. ADAR1 and ADAR2 are expressed in several different tissues, whereas 
ADAR3 is only expressed in the brain [52]. So far, no editing substrate has been 
identified for ADAR3. The ADAR enzymes have a common domain structure (shown 
in figure 6) consisting of two (ADAR2 and ADAR3) or three (ADAR1) N-terminal 
dsRNA binding motifs (dsRBM) and a C-terminal deaminase domain where the 
catalytic reaction takes place. ADAR1 also has an N-terminal Z-domain, a domain 
capable of binding both Z-DNA and Z-RNA. ADAR3 is known to bind single stranded 
RNA (ssRNA) in addition to dsRNA and therefore, unlike ADAR1 and ADAR2, has a 
ssRNA binding domain [53]. The structure of the dsRBMs in rat ADAR2 complexed 
with RNA has been solved by NMR [54] and the deaminase domain in human ADAR2 
(without the target RNA) by x-ray crystallography [55], but so far no structure has been 
solved of an ADAR with all domains. 
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Figure 6. Schematic drawing of the structure of hADAR. 
 
 
The active site in the deaminase domain is positioned in a pocket in the almost 
spherical hADAR2 molecule and has both sequence and structural similarities with 
cytidine deaminases [56] (CDA). The catalytic reaction center consists of a Zn2+ ion 
coordinated by a histidine (H394), a reactive water molecule close to a conserved 
glutamic acid (E396) and two cysteines (C451 and C516). The major difference 
between the active sites of ADAR2 and CDA is two residues that project into the active 
site, T375 and R455. The role of these residues is unclear but in paper II we propose 
that R455 might play a role in guiding the adenosine into the catalytic pocket. A 
mechanism for the ADAR2 reaction has been proposed despite the absence of a 
structure of the deaminase domain with its substrate [57]. The first step is thought to be 
selective binding of the dsRBMs, followed by contact of the deaminase domain. The 
reactive adenosine is then flipped out of the RNA helix and enters the active site. The 
Zn2+-bound water is deprotonated by E396 and the hydroxide attacks the C6 position of 
the adenosine. The N1 position is then protonated, followed by release of ammonia and 
formation of the inosine product.  
 
The hADAR2 structure contains an internally bound inositol hexakiphosphate (IP6) 
molecule [55]. The hole filled by IP6 is lined with basic amino acid residues, 
neutralizing the many negative charges on the IP6 molecule. These side chains are 
linked to the side chains in the catalytic site though a hydrogen bonding network. The 
role of the IP6 molecule was therefore proposed to be two-fold: i) to structurally 
stabilize the core of the protein and ii) to order the conformation of important side 
chains in the catalytic pocket. The position of the IP6 within the core of the protein is 
unusual since in all the other x-ray crystal structures containing IP6 it is bound on the 
protein surface [55]. 
 
A-I RNA editing has been linked various diseases including cancer (reviewed in [58]). 
A decrease in RNA editing of the GluR-B at the Q/R site was shown in patients 
affected by glioblastoma multiforme [59]. This is the most common and aggressive 
form of brain tumor in humans. Underediting at the Q/R site predicts increased Ca2+-
permeability through GluRs and could contribute to the aggressive growth behaviour of 
tumor cells. 
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Indirect recognition mechanism: the DNA BII conformation 

The binding affinity for a protein to a nucleic acid usually changes dramatically if a 
crucial base is mutated, causing a specific interaction to disappear. Sometimes even a 
mutation of a base which is not in direct contact with amino acids can affect binding 
affinity. This was for example found to be the case for the CAP protein [60], the 434 
repressor [61] and Ndt80 [62, 63]. In paper III, the Ndt80 protein in complex with two 
different DNA sequences (one wild type and one mutated structure) was studied in an 
effort to understand the difference in affinity between the two complexes. The 
phosphodiester backbone at a specific base step was shown to adopt the more unusual 
BII conformation [63] whereas in the simulations with the mutated base step the 
backbone relaxed into the more common BI conformation [64]. The BI/BII equilibrium 
thus has consequences for DNA structure and recognition by proteins. 
 
The phosphodiester backbone is quite flexible and changes often occur through coupled 
motions of two or more dihedrals. For example, the α and γ torsions and the ε and ζ 
torsions have frequently coupled motions. The phosphate backbone of B-form DNA 
can be in one of two states: the BI or BII state, defined by the torsion angles ε and ζ. 
Both angles are normally in the trans, gauche- domain (BI state) but can also occur in 
the gauche-, trans conformation (BII state). The positions of the phosphate groups are 
brought closer to the grooves when going from the t,g- to the g-,t state and this 
conformational change has been named the passage from BI to BII [65]. Another 
definition for the two states is the difference between the ε and ζ dihedrals: ε – ζ < 0, 
centered around -90° for BI and ε – ζ > 0, centered around +90° for BII. In protein-
DNA complexes, ε – ζ is centered around 35° for the BII state. In a recent study of 
DNA conformations it was shown that for naked DNA (i.e. not in a complex) the BII 
state is characterized by ζ in the trans region, a high value of ε and a low β value 
around 140° [66]. When in complex, the distribution of the torsion angles in the 
backbone is significantly wider. The conformation of each base step in the helix can be 
described as being in BI/BI, BI/BII or BII/BII state. The two parameters roll and twist 
are highly correlated to the conformation of the phosphate backbone [67, 68]. For 
example, higher twist and lower roll values are associated with the BII/BII 
conformation. The base steps most prone to the BII conformation are GC, CA and CG 
followed by GG and TG [66]. Two or more BII conformers very rarely follow each 
other in sequence due to the increased flexibility and thereby increased instability. 
 
The BII conformation was first characterized in a crystal structure [69] and later also 
observed using 31P NMR chemical shifts and scalar coupling constants [70]. It is found 
in approximately 20% of the base steps in free DNA and somewhat less in protein 
bound DNA [68]. Most of the information about the BII state comes from x-ray 
structures of DNA and protein-DNA complexes. Solution studies using NMR have 
until recently not been able to quantify the distribution between the BI and BII states. 
The JunFos oligomer is known to have a high percentage BII and this system has been 
used to develop an NMR-based method to quantify the populations of BII states at 
every phosphate linkage [71]. Molecular dynamics simulations have been used in 
several studies where the importance of the BII conformation has been shown [67, 72-
74]. 
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TECHNIQUES FOR GENERATING PROTEIN-NUCLEIC ACID 
STRUCTURES 

Apart from molecular dynamics simulations, which are used in this thesis and will be 
described in detail later, there are other methods that have been used throughout history 
to describe the structures of protein-nucleic acid complexes. The most widely used 
techniques are x-ray crystallography and nuclear magnetic resonance (NMR) whereby 
one can obtain structures at atomic resolution. These structures are often the starting 
structures needed for MD simulations and the basis of these methods which will be 
described briefly. Molecular dynamics simulations can be used in the refinement of 
both x-ray and NMR structures and it is very important that the underlying force fields 
are correct, as issue that is discussed in paper IV in this thesis. Homology modeling is a 
computational way to obtain a structure of a protein.  
 
 
X-ray crystallography 

X-ray crystallography is a method of determining the arrangement of atoms in a 
molecule by bombarding it with x-rays, which will diffract into many specific 
directions after hitting the molecule. From the angles and intensities of the diffracted 
beams a three-dimensional picture of the density of the electrons can be produced. This 
density is then used to determine the positions of the atoms and the type of chemical 
bonds between the atoms in the molecule. From a historical point of view, x-ray 
diffraction has been the most important method for studying nucleic acids. This was 
used in the discovery of the double-helical form of DNA in 1953 [75] where fine fibers 
of DNA were exposed to x-rays. The x-ray pictures obtained from fibers could 
distinguish the different forms of DNA from each other but not provide enough detail 
to see the individual atoms. In the 1980s it had become relatively easy to synthesize 
DNA chemically in large amounts and to purify it so that it was possible to grow 
crystals and obtain higher resolution of the pictures compared to using fibers. The first 
structure of DNA to be solved by x-ray analysis of a crystal, as opposed to from a fiber 
as previously done, was a tetramer in 1978 [76]. The first protein structure solved by x-
ray crystallography was myoglobin in 1958 [77]. Today (March 2010) there are 1590 
protein-DNA structures and 722 protein-RNA structures solved by x-ray 
crystallography and deposited in the PDB (Protein Data Bank) [78]. 
 
 
Nuclear magnetic resonance 

Nuclear magnetic resonance (NMR) is a phenomenon which occurs when the nuclei of 
certain atoms are immersed in a static magnetic field and exposed to a second 
oscillating magnetic field [79]. Some nuclei experience this phenomenon, and others do 
not, dependent upon whether they possess a property called spin. Protons are plentiful 
in both nucleic acids and proteins and they have detectable spin signals, termed 
chemical shifts. The chemical shifts depend on the shielding effect of neighboring 
protons and can be used to determine the chemical environment of a proton. The spins 
are sensitive to the presence of magnetic moments from other spins and are therefore 
“coupled”. How well the spins are coupled is represented by a coupling constant that 
can be used to provide structural information. NMR studies of protein-nucleic acid 
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complexes lead to very complicated spectra that have to be interpreted but despite this 
there are a number of structures solved by this method. There are currently 102 protein-
DNA structures and 53 protein-RNA structures solved by solution NMR in the PDB. 
 
There are a few major differences between structure determination by NMR and x-ray 
crystallography. Firstly, the size of the molecules that can be used for NMR is smaller 
with a limit of about 70 kD. Secondly, when using NMR for structure determination 
you obtain not a single structure, as by using x-ray crystallography, but rather an 
ensemble of structures that all fulfill the measured distance and angle criteria. The third 
major difference is that the structures obtained from NMR experiments are in solution 
whereas the x-ray structures are in a crystal environment. 
 
 
Homology modeling 

Homology modeling involves taking a known sequence with an unknown structure and 
mapping it against a known structure of one or several similar (homologous) proteins. It 
would be expected that two proteins of similar origin and function would have 
reasonable structural similarity. Therefore it is possible to use the known structure as a 
template for modeling the structure of the unknown structure. A quick way to obtain a 
structure is to send a sequence to the SWISS-MODEL web-server [80]. There are also 
many programs available for homology modeling, for example Modeller [81] or What-
IF [82]. It has been shown that protein structures are more conserved than protein 
sequences amongst homologues, but sequences falling below a 20% sequence identity 
can have very different structure [83]. The quality of the homology model is dependent 
on the quality of the sequence alignment and template structure. Regions of the model 
that are constructed without a template, usually loop regions, are generally much less 
accurate than the rest of the model. The different homology methods are put to the test 
every two years through Critical Assessment of Techniques for Protein Structure 
Prediction (CASP). CASP is a community-wide prediction experiment that challenges 
prediction teams to submit structural models for a number of sequences whose 
structures have recently been solved experimentally but have not yet been published.  
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METHODS 
Computational chemistry is a branch of chemistry that is used in order to understand 
and predict the behavior of molecular systems. A number of different thermodynamics 
properties can be calculated and also structural information about conformational 
changes can be looked at. The most precise calculations that can be performed are the 
quantum mechanical (QM) calculations. These are very complex and computationally 
intensive calculations since electrons are explicitly represented and QM methods are 
usually limited to a few hundred atoms. For a small molecule in gas phase it can be 
sufficient to perform an energy minimization in order to predict certain properties from 
minimum energy conformations. The size and the time scale of many biological 
processes require the use of classical mechanics in conjunction with an atomistic 
description of the system. There are two common simulation techniques used for 
generating conformations on an atomistic level; molecular dynamics (MD) and Monte 
Carlo (MC) methods. The main difference between the two methods is that 
configurations are generated randomly using Monte Carlo whereas the configurations 
from molecular dynamics are connected in time. In this thesis only MD simulations 
have been used and will be described in detail below. 
 
MOLECULAR DYNAMICS SIMULATIONS OF PROTEIN-NUCLEIC ACID 
COMPLEXES 

Structural studies can reveal important contacts between amino acid side chains and the 
nucleic acid bases but cannot specify the magnitude of the free energy contribution 
made by the interaction. This can be investigated by mutating either the protein or the 
nucleic acid and then comparing the binding affinity to the wild type structure. 
Sometimes it is not possible to make the desired mutation experimentally and this is 
where molecular dynamics simulations can be very important. Several program 
packages have been specifically developed for simulating the atomistic behavior of 
biomolecules and some of the most common ones are AMBER [84], CHARMM [85], 
GROMOS [86], GROMACS [87] and NAMD [88]. The first simulation of a 
macromolecule was performed in 1977 [89] and it was a study of the bovine pancreatic 
trypsin inhibitor with a simulation time of 8.8 ps. The starting structure used was an x-
ray structure that had 4 water molecules bound in the interior of the protein and these 
were also included in the simulation. No additional solvent was added though. Today it 
is possible to perform simulations on the milli-second time scale with hundreds of 
thousands of atoms. One impressive example of a large simulation is the Satellite 
Tobacco Mosaic Virus which contained 1 million atoms and was simulated for 50 ns 
[90]. While simulations of proteins continued to improve in the capacity of both size of 
the systems (including complete solvation with water molecules) and the simulation 
time, simulations of nucleic acids lagged behind. The first simulations of nucleic acids 
were of two dsDNA helices, with 12 and 24 base pairs respectively, and were 
performed in 1983 by Levitt [91]. At around the same time, the group of Karplus [92] 
investigated three double stranded DNA hexamers using MD simulations. Because 
nucleic acids are highly charged and usually non-globular in shape it became important 
to treat the solvent and electrostatics more carefully than what was needed for 
simulating proteins (see [93, 94] for reviews on MD simulations of nucleic acids). 
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Equation 1 

 summation and 

Up to 90% of the total simulation time can come from computing solvent-solvent 
interactions leading to a tremendous increase in the need for computer power when 
solvent molecules are explicitly included. Another reason for the difficulties in 
simulating nucleic acids was the fact that there were not many high-resolution 
structures solved experimentally that could be used to validate the results obtained from 
simulations. The development of accurate force fields for nucleic acids was therefore 
slower compared to force fields representing proteins. One of the earliest molecular 
dynamics studies of a protein-nucleic acid complex was that of a single nucleotide 
bound to ribonuclease T1 [95], performed by MacKerell et al in 1987. Simulations of 
dsDNA oligomers bound to proteins started to appear in the mid-1990s, with for 
example the glucocorticoid receptor DNA-binding domain in complex with DNA [96]. 
With the increase in number of protein-nucleic acids structures that were solved 
experimentally, the number of simulations on the complexes increased. For example, 
the transcription factor p53 has been subject to several molecular dynamics simulations 
[97-99] because of its role in a large number of cancers. 
 
 
FORCE FIELDS 

A force field is used to describe the potential energy of a system of particles. There are 
two main components of a force field: the potential energy function and the parameters 
used in the function. The parameters that are included are derived from experimental 
work or from high level quantum mechanics calculations on small model compounds. 
The potential energy is calculated by adding the bonded energy terms (bonds, angles 
and torsions) to the non-bonded terms (van der Waals and electrostatic): 
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The bonded terms represent the stretching of bonds, the bending of valence angles and 
the rotation of dihedrals. Kb, Kθ and Kχ are the force constants for the bond length, bond 
angle and the dihedral angle respectively. The values in the current configuration are 
denoted b, θ and χ with the subscript zero for the equilibrium value. The rotation of a 
dihedral is periodic with periodicity n and phase σ. The non-bonded energy is the sum 
of repulsion, attraction and electrostatics between atoms separated by at least three 
bonds or atoms in separate molecules. εij is related to the well-depth of the Lennard-
Jones potential, Rmin,ij is the distance at which the Lennard-Jones potential has its 
minimum, q is the partial atomic charge and rij is the distance between atoms i  and j. 
The Lennard-Jones potential and the coulombic term describe the short range non-
bonded interactions. The evaluation of long-range electrostatic interactions can be 
difficult and these interactions were often ignored beyond a specified cut-off leading to 
approximations in the calculations. With the introduction of the Ewald
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e particle mesh Ewald (PME) method the long-range electrostatic calculations 

f MD 
mulations depends greatly on the accuracy of empirical force fields and an 
provement to the CHARMM27 nucleic acid force field was made in paper IV. 

by the remainder of the 
stem is calculated from the negati  the potential energy function with 

respect to the position (indicated ri): 

Equation 2 

ewton’s equations are then used to ai (d2xi/dt2) of atom i: 
 

   Equation 3 

is a widely used method which uses the atomic 
ositions and accelerations at time t and the positions from the prior step, x(t – Δt), to 

determine the new po

th
became more accurate [100, 101]. 
 
There are currently a number of empirical force fields used for the simulation of 
biomolecular systems such as CHARMM [102, 103], OPLS [104], AMBER [105-107] 
and GROMOS [108]. The functional form to describe specific interactions is very 
similar between these force fields but there are differences in the values of the specific 
parameters and how they are obtained. The main difference lies in the parameters 
describing the non-bonded interactions, i.e. the partial charges used to represent the 
electrostatic interactions between molecules and the Lennard-Jones terms used to 
represent the van der Waals interactions between atoms. For a review on the 
development of empirical force fields for biomolecules, see [109]. The quality o
si
im
 
 
MOLECULAR DYNAMICS CALCULATIONS 

In molecular dynamics simulations, the energy potential between atoms is used to 
calculate the forces between the atoms. For this calculation the atoms need to have a 
defined position in space. The starting structure can be obtained from x-ray or NMR 
experiments or from building a model. Apart from positions, the atoms also need to 
have starting velocities, which are generated from a random number series. The 
Newton’s equations of motion are then solved to calculate the atoms movements in 
time and create a trajectory. The force Fi, exerted on the atom i 
sy ve gradient of

 by a 3-dimensional vector 
 

i
i dr
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N  calculate the acceleration 

 

 
 
where mi is the mass and xi is the position of the atom along a single dimension. The 
position after a short time interval (Δt) can then be calculated using standard Taylor 
series. There are many algorithms for integrating the equations of motion (reviewed in 
[110]). The integration is broken down into small steps, separated in time by usually 1-
2 fs (Δt). The Verlet algorithm [111] 

i
i mdt2

xi
Fxd

a i==
2

p
sitions at t + Δt: 

 
xi (t + Δt) = 2xi(t) – xi(t-Δt) + Δt2ai(t)  Equation 4 
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The velocitie
calculated us

  

t each time step for each atom equations 3 and 4 have to be calculated. A trajectory is 

tside the shell are 
[110]. Water can also be represented as a 

here since the studies included in this

s do not explicitly appear in the Verlet integration algorithm but can be 
ing the following central difference approximation: 

 

  Equation 5 
 
 
A
thereby obtained which contains the positions of all atoms in the system as a function 
of time. 
 
The first simulations were carried out in vacuum but since biomolecules are usually 
surrounded by water most simulations today are run with solvent explicitly included in 
the system. The molecule(s) of interest with the surrounding water molecules makes a 
finite system with the water molecules at the boundary of the system having solvent on 
one side and vacuum at the other. A well-used solution to the problem is to duplicate 
the system periodically in all directions to represent an infinite system (Fig. 7). By 
applying so-called periodic boundary conditions one can make sure that all simulated 
atoms are surrounded by neighboring atoms. Periodic boundary conditions can be used 
with geometries other than the cubic box such as the rhombic dodecahedron and the 
truncated octahedron. This is often done in order to reduce the number of water 
molecules in the system and make it more computationally efficient. Another way of 
minimizing the number of atoms in the calculations can be to apply a spherical (i.e. 
non-periodical) boundary potential. This can be useful when studying a particular part 
of a large system where the region of interest is enclosed within a shell. The atoms in 
the shell are subjected to molecular dynamics whereas the atoms ou
restrained or fixed in their initial positions 
continuum potential, referred to as implicit solvent, but this model will not be described 

 thesis all used explicit solvent. 
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Figure 7. RNA molecule immersed in a cubic box of water (left) and schematic picture of periodic 
boundary conditions (right). 
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onstant temperature, the velocities 
n be rescaled [112] during the simulation or the system can be coupled to a 

e step, the more accurate calculations but also more time consuming. 
ne way of speeding up the calculations is to freeze the fastest modes of vibration 
sing the SHAKE algorithm [115]. The hydrogen bonds are constrained to fixed 

tep can be used without loosing accuracy in the 

he relevant regions of phase space and therefore the free energy 
annot be accurately determined. There are several methods to circumvent this problem 

free energy calculations) and I have used two different 

Molecular dynamics simulations are usually performed as close to experimental 
conditions as possible and physical conditions such as pressure and temperature are 
carefully chosen. Simulations are performed under certain conditions and the most 
widely used are mentioned here. 1) NVE or microcanonical ensemble where the 
thermodynamic state is characterized by a constant number of particles (N), volume (V) 
and energy (E). 2) NVT or the canonical ensemble where N, V and temperature (T) are 
fixed. 3) NPT or the isobaric-isothermal ensemble where N, pressure (P) and T are 
fixed values. In the work included in the thesis simulations have been carried out using 
the NVT or the NPT ensembles. In order to keep a c
ca
temperature bath [113]. Constant pressure can be maintained by allowing the volume to 
fluctuate or to use a ‘pressure bath’ analogous to the temperature bath. The Langevin 
piston pressure method [114] was used in paper III. 
  
One major limitation of MD simulations regards the time scale. With the development 
of computers it is now possible to perform longer and longer simulations but is it still a 
problem to obtain trajectories of sufficient length. In standard simulations the 
trajectories normally have a length of about 10-100 ns for a system containing 20000-
30000 atoms. Longer trajectories (>100 ns) are becoming more common but they are 
very computationally intense. The protein-DNA complex in paper III contains 31,313 
atoms and it took three weeks to produce a 20 ns trajectory. The fastest event in a 
molecular system is the stretching of covalent bonds involving hydrogen atoms and 
takes place on a femtosecond time scale. These motions are usually of less interest than 
larger molecular events such as conformational changes of side chains or loop 
movements which can be seen on the nanosecond time scale. However, the time step of 
a molecular dynamics simulation is dictated by the fastest motion in the system. The 
shorter the tim
O
u
lengths and by doing this a larger time s
calculations. 
 
 
FREE ENERGY CALCULATIONS 

The free energy is one of the most important quantities in thermodynamics. The free 
energies of molecular systems describe their tendencies to associate and react. In 
particular, binding free energies are often reported in biology when one wants to 
investigate for example the relative affinity of a protein to its cognate DNA compared 
to the DNA with a mutation. Biological macromolecules with large number of atoms 
have many minimum energy conformations. Conventional MD simulations may not 
adequately sample t
c
(see [116-118] for reviews on 
methods in this thesis: free energy perturbation and potential of mean force with 
umbrella sampling. 
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ten referred to as computational alchemy since it 
volves transforming atoms in one molecular unit to another. A non-physical hybrid 

. The free ener
s A and B, represented by Hamiltonia HA and H

an be written in the following way: 

Free energy perturbation 

Free energy perturbation (FEP) is of
in
molecule is created which contains gy 
difference (ΔG) between two system

 both the reactant and product
B, 

c
 
 

 Equation 6 
 
 
where R and T represent the gas constant and the temperature respectively, ΔH = HB - 
H

A

RTHeRTG /ln Δ−−=Δ

B

A and 
A

...  is the ensemble average of system A. If systems A and B differ in more 
than a trivial way, equation 6 will not lead to a sensible free energy. To overcome this 
problem the simulation is performed in small steps where the pathway for the hybrid 

olecule to go from the reactant to the product is via the coupling parameter λ which 
 0 (reactant state A) to 1 

mb r of s all steps referred to as FEP windows. With the 
alues introduced, equation 6 can be written as: 

m
allows smooth mixing of the two states. 
(product state B) in a nu e  m λ 
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 paper III we wanted to calculate the free energy difference between two different 
protein-DNA syste e 
energy is a th nd 
on the actual cs cycle can be used: 
 

The free energy difference can be described as ΔΔG = ΔG1 – ΔG2 = ΔG3 – ΔG4, which 
means that in order to get ΔΔG only two free energy calculations (perturbations) have 
to be performed: 1) DNA → DNA’ and 2) Protein-DNA → Protein-DNA’. 
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ms, where the difference was in the DNA base sequence. The fre
ermodynamic state function, which means that its value does not depe

 path of transformation and therefore a thermodynami
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Potential of mean force and umbrella sampling 

A potential of mean force (PMF) is the free energy of a system as a function of some 
internal coordinate or reactions coordinate (x), for example a distance between two 
atoms or the rotation of a dihedral. Unlike the non-physical pathways in the free energy 
perturbation calculations, the PMF is calculated for a physically achievable process. 
The free energy is related to the probability distribution of states as a function of that 
specific coordinate. The probability of finding a certain state can be expressed as: 
 

( ) ( )( )Tkb/xgex ~ −ρ Equation 8 
 

where g(x) is the PMF, kb is the Boltzmann constant and T the temperature. Molecular 
dynamics methods do not adequately sample regions that deviate largely from the 
equilibrium state, as mentioned previously, leading to inaccurate values for the 
potential of mean force. To sample all values of the reaction coordinate, the potentials 
of mean force are obtained from a series of simulations with a different umbrella 
potential (w) to restrain the coordinate to a specific state in each simulation. The 
umbrella potential often takes the quadratic form: 

 
( )2)( iii xxkxw −=   Equation 9 

 
where x is the value of the reaction coordinate, xi is the constrained value and ki the 
force constant. The PMF is extracted in each simulation from the probability 
distribution after the biased potential is removed: 
 

( ) ( ) ( )xwxgxg i−= '   Equation 10 
 
One way to remove the bias and thereby obtain the PMF is to use the Weighted 
Histogram Analysis Method (WHAM) [119]. In paper I the potential of mean force was 
calculated for the base flipping pathway of an adenosine in RNA. The reaction 
coordinate used is shown in figure 8.  
 
 

 
Figure 8. The center of mass (COM) dihedral 
used as the reaction coordinate in base 
flipping (paper I). The dihedral is defined by 
i) the base pair 3’ of the flipping base, ii) the 
sugar of the 3’ base, iii) the sugar of the 
flipping base and iv) the flipping base. 
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SUMMARY OF MAIN RESULTS 
PAPER I 

ADARs are catalytic enzymes that deaminate adenosines into inosines in RNA that is 
mainly double stranded. Because inosine is recognized as guanosine by the translation 
machinery, this reaction can change the codon and thereby change the amino acid 
sequence of the transcribed protein. Many targets for ADARs have been found and one 
that has been thoroughly studied is the pre-mRNA of the mammalian glutamate 
receptor subunit B (gluR-B). Specific deamination of adenosines occur mostly in 
mismatched base pairs where the adenosine is opposed by a cytosine instead of a uracil. 
On a part of a sequence of the gluR-B pre-mRNA there are two sites with A-C 
mismatches, the R/G site (so called due to a change from arginine to glycine in the 
codon) and the 46-site, but only the R/G site is subject to specific deamination. In this 
study we tried to explain this discrepancy through MD simulations of the two sites. The 
amino group subject to the reaction is not directly accessible to the protein and a 
proposed hypothesis is that the adenosine is flipped out of the RNA helix before the 
deamination takes place. We have studied this in detail by using a method where the 
adenosine was forced to flip out 180° through the major or the minor groove. There 
were no structures available for this RNA sequence and therefore we had to build both 
the wild type RNA with the mismatched base pair (A-C) and a mutated version with a 
correct Watson-Crick base pair (A-U). The R/G site and the 46-site were simulated 
separately to study structural and dynamical differences. From the conventional MD 
simulations we could see that the adenosine at the R/G site moved spontaneously out of 
the helix whereas the event could not be seen for the adenosine at the 46-site. Flipping 
occurred through both the major and minor groove but a significant amount of time was 
spent at about +50° (minor groove flipping). The free energy for the entire flipping 
process was calculated using a forced base flipping method. It was found that the 
adenosine at the R/G site required less energy for the process than at the 46-site (Fig 9). 
A local minimum was found at +50° corresponding to the conformations found in the 
conventional MD simulations. The spontaneous flipping of the adenosine at the R/G 
site taken together with the lower energy required for the forced base flipping could 
provide clues to the selectivity for the deamination. 
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Figure 9. The free energy curve for the forced base flipping. Black curve=46-wt, red=46-mut, 
green=R/G-wt and blue=R/G-mut.
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Paper II 
With the structure determination of the deaminase domain of ADAR2 [63] it became 
possible to start looking into the details of the specific binding of the RNA target 
molecule from paper I. The site for the catalytic reaction was found to be in a cleft, 
although accessible from the surface of the protein. This reinforced the idea that the 
adenosine has to be flipped out from the helix in order for the deamination to take 
place. The catalytic site was crystallized without its target so the first step in this study 
was to build the RNA target. The adenosine target was flipped, as described in paper I, 
through the minor groove to +50° and +185° and through the major groove to -180°. 
There are a number of conformations possible and a prerequisite for correct docking 
was to establish the correct position of the target adenosine in the catalytic cleft, which 
was done with a modeled AMP molecule as a template. The three RNA structures were 
docked to the ADAR2 protein with restraints on atoms in the RNA185 and RNA-180 
structures (to position the adenosine in the catalytic pocket) and without restraints on 
the RNA50 structure. After docking, the RNA50 and RNA185 molecules were oriented 
with respect to the protein in a similar fashion whereas the RNA-180 molecule had a 
completely different orientation. The docking was followed by molecular dynamics 
simulations on the protein-RNA complexes. Simulations on the protein without RNA 
were also performed as reference. During the catalytic reaction the adenosine is in close 
contact with the amino acid side chain E396 and a Zn2+ ion, according to a proposed 
reaction mechanism. Another amino acid side chain, R455, is also close to the 
adenosine but the function is so-far unknown. In the RNA-180 simulation the R455 
side chain is nicely stacked with the adenosine, which might indicate a way for the 
protein to recognize a flipped out base. On the other hand, in the RNA185 simulation 
there is no stacking but a strong hydrogen bond from R455 to the adenosine instead. 
The adenosine moved away from the starting conformation in both simulations of the 
fully flipped base (RNA185 and RNA-180), leading to too great distances between the 
adenosine and E396 and the Zn2+ ion for the reaction to occur. The separate 
components of the catalytic site stayed close to their starting conformations in the 
RNA185 simulation whereas in the RNA-180 simulation the conformations changed. 
The RNA185 complex had the most number of hydrogen bonds stabilizing the protein-
RNA interface of all three complexes, indicating a tight binding. We propose that the 
RNA185 complex (Fig. 10), where the RNA was flipped through the minor groove, is 
the most probable conformation for a stable complex. 
 
 
 
 
 
 
Figure 10. The ADAR2 protein bound to 
RNA185. The flipped adenosine is shown with 
ball and stick representation, pointed out with 
an arrow, and the Zn2+ is shown as a sphere. 
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PAPER III 

Ndt80 is a transcription factor in Saccharomyces cerevisiae that is responsible for 
activating over 150 genes during sporulation. It binds as a single monomer to a nine 
base pair sequence of the DNA, called the middle sporulation element (MSE). 
Interaction with the DNA occurs mainly through loops extending into both the major 
and the minor grooves [63]. Sequence-specific contacts are made between arginine side 
chains and conserved guanines at positions 3 and 5 and at the semi-conserved guanine 
at position 1 in the MSE. The guanines at positions 3 and 5 are components of so-called 
5’-YpG-3’ steps, where Y is a thymine in the case of Ndt80. The arginines make 
bidentate hydrogen bonds the guanines while at the same time stack with the 5’ 
thymines. The 5’-YpG-3’ steps are characterized by displacement of the bases, caused 
by conformational changes in the phosphate backbone from the common BI state to the 
more unusual BII state [62]. The bases in the MSE of the DNA were mutated and the 
affinities of the protein-DNA complexes were compared to the wild type structure [63]. 
It was shown that switching the central GC base pair at position 5 to a CG pair had the 
largest negative effect on the affinity of all the mutants with more than a 100-fold 
decrease in affinity compared to the wild type. The authors were unable to crystallize 
this mutant. We wanted to investigate and explain the affinity difference both 
structurally and energetically and did so by using MD simulations. Simulations were 
performed on the wild type complex and on the protein in complex with the mutated 
DNA (GC5 to CG5). In the wild type simulation the bidentate interaction between the 
side chain of R177 and G5 base stayed intact. With a cytosine in the position of the 
guanosine in the mutated structure this interaction could obviously not form. Instead it 
was found that the side chain of R177 changed conformation and made several strong 
hydrogen bonds to the phosphate backbone (Fig. 11). The stacking interaction with the 
5’ thymine was also lost and the thymine could slide into the stack of the helix and the 
backbone conformation was changed from the BII to the BI state. We calculated the 
number of hydrogen bonds between the protein and the DNA for both complexes and 
the difference was about 4 hydrogen bonds more for the wild type complex which 
corresponds to the 100-fold difference in affinity. The free energy difference between 
the two complexes was calculated using free energy perturbations (FEP) and was found 
to be 7.7 kcal/mol (6.5 if the end points are disregarded). The 100-fold difference in 
affinity corresponds to a free energy difference of about 3 kcal/mol, which is only half 
of what was calculated in the FEP calculations. FEP calculations are computationally 
intense and shorter in time compared to conventional MD. Therefore, the hydrogen 
bonds between the R177 side chain and the phosphate backbone do not have time to 
form, leading to an artificially high free energy difference. 

A B C

Figure 11. The interaction between the R177 side chain and the DNA at the end of the simulations. A) 
wild type complex, B) mutant complex and C) mutant complex in the free energy perturbation. 
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PAPER IV 

In paper III we discovered that the CHARMM27 (c27) force field was unable to 
reproduce the BII state of the DNA backbone. During the simulation, the phosphate 
backbone quickly adopted the more common BI state causing conformational changes 
of the bases and surrounding side chains of the crucial 5’-YpG-3’ steps. The BII 
conformation is found in approximately 20% of the base steps in free DNA and 
somewhat less in protein bound DNA [68] and can be an important factor in sequence-
specific recognition. It is essential that the force field is able to reproduce experimental 
results and in paper IV we suggest an improvement of the current force field with 
respect to BII sampling. The BI state is defined by the torsion angles ε – ζ < 0 and the 
BII state by ε – ζ > 0 (Fig. 12). The BI/BII equilibrium is thus controlled by the epsilon 
and zeta dihedrals and we have varied only the parameters associated with these two 
dihedrals. The new parameters, referred to as the c27r parameters, were then tested on 
five different double stranded DNA sequences which represent different types of 
systems. Four systems were in the B-form and one in the A-form helix. In all four B-
DNA simulations there was a significant shift toward more sampling of the BII state. 
The A-form system was not affected to any extent apart from a slight change from the 
A-form toward the B-form during the simulation which could indicate a problem. The 
distributions for all backbone dihedrals and the glycosidic angle were compared for the 
c27 and the c27r parameters, showing a decrease in the BI region and an increase in the 
BII region for the ε and ζ dihedrals indicating the shift in the BI ↔ BII equilibrium. 
The distributions were also compared to experimental results, which showed good 
correlation between simulations and experiments. The percentage BII of each base step 
was quantified for two of the systems, the JunFos sequence and the Dickerson 
dodecamer. The c27r parameters performed better than the original c27 parameters 
when compared to results from NMR experiments. Given the minimal amount of 
detailed experimental data on BII conformations it is difficult to know whether or not 
the new c27r parameters are sufficient to control the BI ↔ BII equilibrium or if further 
adjustment of the dihedral parameters is needed. At the moment, the improvement of 
the force field with the new parameters means that at least the BII state can be sampled. 
 

BI BII

Figure 12. Structure of the C1pA2 step of the first strand in the JunFos oligomer showing the BI and BII 
states. 
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CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES 
In the very beginning, modeling consisted of putting together balls and sticks by hand 
to visualize molecules. Today, with the amazing advances of computers, it is possible 
to not only visualize static molecules but also to see how they can change 
conformations over time. Standard MD simulations can have problems with properly 
exploring the conformational space which is due to sampling for an inadequate length 
of time. To address this problem, many different enhanced sampling methods have 
been developed (see [120] for a review). Improvements of the underlying algorithms 
are also being made which will improve the speed of the calculations. Molecular 
docking programs used today in drug discovery commonly disregard the effects of 
flexibility and large conformational changes of the interacting molecules because it is 
very computationally expensive. With advances in both computational resources and 
methodology, MD simulations are being extended to larger systems and longer time 
scales. This means that motions and conformational changes can be investigated and 
give information that cannot be obtained via wet-lab experiments. Furthermore, the 
time-consuming free energy calculations can be more widely applied in affinity 
calculations and used in ligand docking and molecular design studies.  
 
The work included in this thesis is from my point of view incomplete. For every 
question answered, it seems like ten more questions appear that are equally interesting 
and important. Regarding the first part in this thesis (papers I and II), focused on base 
flipping and the ADAR2 protein, I would like to address the following questions: To 
what extend does the base have to flip in order to reach the catalytic site and get 
deaminated? What would the conformation of the interacting parts in the interface 
between protein and RNA be if the 46-site is docked instead of the R/G-site? Does the 
conformation of the side chains in the catalytic site represent the initial state of the 
reaction or the end state? Are the charges surrounding the Zn2+ correct or do they need 
adjusted? Is the IP6 molecule significant or can another similar co-factor replace it? 
 
For the second part (papers III and IV), the work done on the Ndt80 transcription factor 
and the BI/BII equilibrium, the first obvious question would be: How will the new 
parameter set perform when applied to the Ndt80-DNA system? Will it be able to 
reproduce the BII state in the conventional MD simulations and will the free energy 
calculations give a different result? Will the R177 side chain rearrange in a different 
manor if the FEP calculations are performed with longer time windows? Should the 
new parameters be further optimized to better match the NMR experiments?  
 
I think that the future of the development of molecular dynamics simulations on 
protein-nucleic acids depends on two major areas: 1) improved force fields together 
with increasing computing power and 2) increased number of protein-nucleic acid 
complexes structures that can be used as reference for the simulations. Molecular 
dynamics simulations will hopefully in the future be widely applied in for example the 
field of pharmaceuticals, where potential new drug targets can be identified and tested 
in silico.  
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POPULÄRVETENSKAPLIG SAMMANFATTNING PÅ SVENSKA 

Alla organismer behöver proteiner och nukleinsyror (DNA och RNA) för att fungera. 
DNA innehåller den genetiska informationen som bland annat krävs vid bildandet av 
nya celler och vid produktion av proteiner. En av de viktigaste uppgifterna för RNA är 
att föra vidare informationen som finns i DNA och delta i produktionen av proteiner. 
Proteiner och nukleinsyror interagerar ofta med varandra och bildar komplex för att 
utföra viktiga funktioner i cellen. Hur ett protein känner igen en specifik del av DNA 
eller RNA och vet att det ska binda fast precis där är inte självklart. Genom att titta på 
3D bilder av komplexen kan man få fram detaljerad information om hur interaktionen 
ser ut. Ibland är det inte möjligt att experimentellt få fram dessa 3D bilder samt att det 
inte alltid är möjligt att få all viktig information från att bara titta på statiska bilder. 
Genom datorsimuleringar är det möjligt förutsäga hur interaktioner mellan molekyler 
ser ut samt att följa hur molekyler rör sig under en viss tid. I den här avhandlingen har 
jag undersökt hur proteiner binder till både DNA och RNA genom så kallade molekyl 
dynamik simuleringar. 
 
Av olika anledningar så är det ibland nödvändigt för cellens överlevnad att ändra på 
detaljer i de ingående baserna hos nukleinsyror. Den tredimensionella strukturen hos 
DNA och ibland RNA är en dubbelspiral vilket kan göra strukturen väldigt kompakt. 
Det kan då bli svårt för proteinerna, vars uppgift är att ändra på nukleinsyrorna, att 
komma åt atomerna som ska ändras. I den första artikeln har jag studerat hur en bas kan 
svinga sig ut ur en RNA dubbelspiral för att proteinet ska kunna utföra sin uppgift. Jag 
har också undersökt varför proteinet känner igen just den här basen och inte en annan 
identisk bas på ett annat ställe på dubbelspiralen. I den andra artikeln har jag satt ihop 
RNA molekylen (med den utsvingade basen) med det protein (ADAR2) som ska utföra 
ändringen på basen. Flera olika RNA molekyler dockades till proteinet för att kunna 
jämföra vilket komplex som var det mest troliga.  
 
När proteinet interagerar med de ingående baserna i dubbelspiralen kallas det för direkt 
igenkänning men ibland krävs även att proteinet känner igen utsidan (ryggraden) av 
dubbelspiralen och det kallas då för indirekt igenkänning. DNA dubbelspiralen 
förekommer oftast i den så kallade B-formen och ryggraden kan anta antingen BI eller 
BII form. Proteinet Ndt80 binder till DNA som på vissa ställen har en ryggrad som är i 
den mer ovanliga BII formen. I artikel 3 har jag undersökt hur Ndt80 ändrar struktur 
efter att jag bytt ut (muterat) en bas i DNA som är viktig för proteinets igenkänning. I 
och med att proteinet ändrade struktur och istället band till DNA på ett annat sätt så 
ändrades också ryggraden hos DNA från BII form till BI form. Genom 
energiberäkningar kunde jag visa på att komplexet med det muterade DNA’t inte var 
lika stabilt som det naturliga komplexet.  
 
Under arbetet i artikel tre insåg vi att programmet som används för datorsimuleringarna 
inte kunde beskriva den mer ovanliga BII formen korrekt. För att kunna göra exakta 
datorsimuleringar krävs att man i detalj förstår hur de ingående molekylerna ser ut och 
hur en atoms rörelse påverkar de övriga atomerna. I artikel fyra har vi förbättrat de 
parametrar som behövs för att beskriva BII formen och programmet kan nu bättre 
reproducera naturliga biologiska strukturer.  
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