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ABSTRACT 

 
The molecular structure of a protein decides its function, its way to interact 
with other molecules. Using X-ray crystallography methods, a 3-dimensional, 
atomic model of a macromolecule can be determined. In this thesis work, the 
X-ray structures of two different proteins involved in human diseases were 
studied: FocB, which is associated with urinary tract infections, and 
transthyretin, which is the causative of hereditary systemic transthyretin 
amyloidosis.  

FocB is a 12 kDa protein which binds DNA in an oligomeric fashion. It 
is involved in the regulation of the expression of bacterial surface organelles 
(fimbriae), responsible for the adhesion to specific receptors in host tissue. 
Specifically, FocB regulates the expression of one fimbrial type found in 
uropathogenic E. coli (UPEC): F1C. Our FocB structure revealed it to be an all-
alpha helical protein with an atypical helix-turn-helix (HTH) motif. Residues 
previously found important for DNA-binding in the FocB homologue PapB, 
were not located in the putative “recognition helix” of the HTH-motif. FocB 
was also found to bind to the minor groove of the DNA. Together with 
homology searches showing that the DNA-interactions possible for FocB are 
greatly diversified, these findings indicated a DNA-interaction different from 
the typical DNA-interaction of a HTH-protein. 

Transthyretin (TTR) is a plasma protein involved in transport of 
thyroxin (T4) and retinol. Mutated TTR is also the cause of the 
neurodegenerative disease hereditary systemic transthyretin amyloidosis, which 
is characterized by systemic deposition of TTR amyloid fibrils. The amyloid 
occurs through a process of TTR tetramer destabilization and partial unfolding. 
A common way to inhibit amyloid formation is to design small molecules that 
bind unoccupied thyroxin binding sites and stabilize the tetrameric form of the 
protein. The structural characterization of the binding of chloride and iodide 
ions to TTR revealed that two of three previously identified halogen binding 
pockets in the T4-binding site were just as optimal for halide binding. In 
addition, a third halide-binding site, bridging two TTR subunits, was found. In 
biochemical experiments, chloride and iodide ions were shown to stabilize the 
TTR structure and inhibit the TTR aggregation and/or amyloid formation, with 
iodide ions doing so more efficiently than the chloride ions. In the search for 
new TTR amyloid-inhibiting drugs, the identified halide-binding sites in the T4-
binding pocket are possible starting points for structure-based drug design. 
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ABBREVIATIONS 
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UTI  urinary tract infection 



Protein Structure in General 

11 
 

INTRODUCTION 
 

1. Protein Structure in General 
 

The word “protein” is derived from the Greek word "proteos", which can be 

translated to "primary" or "taking first place". Proteins are certainly taking first 

place in biological processes. In every molecular path or signal cascade used by 

a living organism there is one, or several, proteins involved, and they all have 

their functions decided by their shape - the structure. 

 

1.1. The sequence decides the shape  

 

When the flapping polypeptide chain folds into a functional protein body, the 
types and the internal order of its residues decides which type of self-
interactions are possible. The native structure of a protein is determined by its 
amino acid sequence and is a stable and kinetically accessible minimum of the 
free energy [1].  

When folded, most proteins (or protein domains) form a stable 
hydrophobic core of packed non-polar side chains. The actual event where 
entropic effects of the surrounding water molecules forces hydrophobic 
residues to hide inside the protein, is known as the “hydrophobic effect”. In the 
hydrophobic interior of a protein, because unsatisfied hydrogen bonds are 
energetically unfavorable, nature tends to avoid them. Polar side chains are 
often located on the protein surface, but polar groups along the main chain 
have to be accommodated somehow within the core. This problem is solved 
mainly in two ways – by the formation of helices or β-sheets. In both cases, the 
polar groups in the main chain form a regular hydrogen bond pattern [2, 3]. 
Helices and β-sheets are not favored only because of their ability to pair 
hydrogen bond donors and acceptors. These secondary structures are also the 
result of the steric constraints built-in to the polypeptide chain. These 
constraints partly originate in the double bond character of the peptide bond, 
but they are partly dependent on the side chains as well [4].  
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1.2. The shape decides the function  

 
Around the hydrophobic core of the protein, a functional surface is formed. 
On this surface, pockets, crevices and indentations are precisely sculpted to 
allow the protein to attach and release other molecules. Functional groups are 
exactly positioned to perform different specialized biological tasks, and the 
number of tasks seems immense.  

Proteins appear as enzymes facilitating biochemical reactions, and as 
transport proteins carrying other molecules from one place to another. They 
are structural and motor proteins building up and moving the organism and the 
immunoglobulines and antibodies defending it. Some hormones are proteins. 
Proteins are also used as storage for amino acids. There is a group of proteins 
involved in the process of signal translation and another group acting as signal 
receptors [5].  
  Generally speaking, proteins are involved in all functions of the living 
organism, and behind every function is an interaction between a protein surface 
and its target molecule or molecules.  
 
 

1.3. Families and folds 

 
“Superfamilies and families are defined as having a common fold if their proteins have the 
same major secondary structures in the same arrangement and with the same topological 
connections”. This definition is used by the SCOP (Structural Classification Of 
Proteins) database, which sort structures according to their fold [6]. From the 
definition, it is clear that a fold is not specific for a protein or even for a protein 
family or superfamily. The fold is also not necessarily connected to protein 
function. There are proteins with similar functions exhibiting completely 
different folds as a result of convergent evolution. There are also proteins with 
similar folds carrying out completely different functions. This is caused by 
divergent evolution where a stable structural scaffold is equipped with different 
functional groups [7, 8].  

 
1.3.1. Different sequences adopt the same fold 
Different protein chains with different amino acid compositions can adopt the 
same fold. It is the primary sequence that decides the fold, but not every amino 
acid is crucial for the right folding to occur [9]. T4 lysozyme has served as 
model for a typical globular protein. Alanine mutations in this protein have 
shown that the structure is very tolerant to mutations. In some cases, up to ten 
alanines in sequence were accepted (For a review see [10]). Generally, 
mutations on the surface are easier accepted then mutations in the hydrophobic 
core [9, 10]. Conformation is more conserved than sequence [11]. In a protein 
family where all proteins share a common ancestor and the sequences are 
related, normally all adopt the same 3D-fold [8].  
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2. Protein-Protein Interactions 

 

Proteins often interact with other proteins, forming complexes. These 

complexes can be either homo-oligomeric or hetero-oligomeric and they vary 

in size and complexity. A complex can be a small homodimer as well as a large 

protein machinery, including many different protein components that, during 

its action, change both its composition and conformation. Whether small or 

large, the interacting proteins of the complex have to fit each other. In the 

protein-protein interaction, residues from two different chains form a network 

of interactions. 

Although the environment in a cell is crowded and there are many 

potential binding partners to each protein, proteins in general are very specific 

in their interactions.  

 

 

2.1. Important properties of the interfaces 

 
The stability and specificity of two associating proteins is determined by their 

ability to fit their surfaces together. To understand the nature of the interaction, 

different properties of the protein-protein interfaces use to be examined. The 

size of the surface area buried by two interacting molecules and the polarity of 

the interface formed are very common parameters, as well as the formation of 

hydrogen bonds and salt bridges across the interface. Also the flexibility of the 

surface exposed side chains, burial of water molecules, residue conservation, 

shape of the binding interface, and the types of secondary structures involved 

in the protein-protein interaction, can be elements contributing to separate 

different classes of interfaces [12, 13].  

2.1.1. Obligatory and transient complexes 

Based on the lifetime, a complex can be classified as permanent (or obligatory) 

or transient. Proteins involved in permanent complexes cannot function as 

monomers while proteins involved in transient complexes can exist either on 

their own or in the complex. Proteins involved in transient complexes also 

undergo exchange between the two states. Depending on the nature of this 

exchange – if it is a dynamic equilibrium or if it requires a molecular trigger to 

change its state – the complex is considered to be a weak or a strong transient 

complex [14]. Generally, the interfaces in permanent complexes, such as most 

homodimers, are larger and more hydrophobic than in transient complexes [15, 

16].  
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2.1.2. Smaller surfaces give weaker interactions 

The analysis of different protein-protein interfaces has shown that it is hard to 

classify the protein interaction based on the structural interaction [14, 17-19]. 

There is a continuum between the different complex types and the stability of a 

complex is also dependent on its environment. Nooren et al., 2003 [14], 

investigated two sets of dimers. The first set contained weak transient 

homodimers and the second contained heterodimers forming strong transient 

complexes. In general, the contact areas of the weak complexes were found to 

be smaller (< 1000 Å2) than in the strong complexes.  

 

 

2.2. Biological interfaces and crystal contacts 
 
A protein crystal represents an energetically optimal arrangement of identical 

molecules where a molecular unit is repeated over and over again in three 

dimensions. In such an arrangement it is reasonable to expect optimal protein-

protein interactions, like the natural protein interactions, to be preserved. 

However, the crystal grows through the formation of specific molecular 

interactions, crystal contacts. This means that a biologically relevant protein-

protein interaction will coexist with 6-12 different crystal packing interfaces 

[20].   

 

crystal solution?

  

 

Figure 1. Crystal contacts and biological interfaces 
In a crystal, the biological interface typically coexist with 6-12 different crystal packing 
interfaces. In order to distinguish between biological and crystal contacts, the interfaces 
are often analyzed by computational methods. 
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It is not always easy to distinguish a crystal contact from a complex 

interface (Figure 1). Compared to oligomeric interfaces, crystal contacts 

typically involve a smaller part of the protein surface. It has been indicated, that 

a biologically relevant interface has a solvent accessible surface area larger than 

600-850 Å2 buried in the protein-protein interface [20-22]. In addition, crystal 

contacts are often made by polar residues, while oligomeric interfaces are 

predominantly hydrophobic [23]. Hydrophobic contacts are not as directional 

as hydrogen bonds and other polar interactions, and the crystallizing protein 

needs directionality, not to end up as a precipitate or an aggregate.  

 

2.3. Aggregates and amyloid 
 
The solubility of a protein is intimately related to its structure, its environment, 

its concentration and its folding path. If the protein exposes too large 

hydrophobic patches, it is likely to form large, insoluble, aggregates as it starts 

to self-interact through these patches [24]. The aggregates can be formed both 

by partly unfolded protein that exposes hydrophobic residues otherwise hidden 

in the protein core, but also native, folded proteins are able to aggregate (Figure 

2).  

 

Partially Folded Protein Native State

Partially Folded Aggregate Native State Aggregate

   
 
 
Figure 2. Schematic description of protein aggregation 
The partially folded protein exposes hydrophobic side chains, normally hidden in the 
hydrophobic core of the protein. The more hydrophobic surface makes the protein 
more prone to aggregation compared to the normally folded protein. Depending on the 
properties of the protein and different environmental factors, also a native, properly 
folded protein can form aggregates under certain conditions. The figure is adapted 
from [24]. 
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Many diseases are associated with the aggregation of normally soluble 

proteins, e.g. the amyloid diseases where proteins, or peptides, adopt 

anomalous folds and aggregate into elongated amyloid fibrils. These fibrils can 

be seen as an extremely regular form of partially folded aggregates. (The 

amyloid diseases are further described in section 5.3.) 
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3. Protein-DNA Interactions 

 

DNA is replicated, transcribed, translated and repaired – and all these processes 

involve different kinds of proteins, many of them able to interact with DNA in 

different ways. The protein structural motifs responsible for the DNA 

interactions often reoccur in other DNA-binding proteins. They only have to 

be slightly modified for the protein in order to bind its specific target DNA.  

 

3.1. Different forms of DNA 
 
Chemically, deoxyribonucleic acid (DNA) consists of long polymers formed of 

nucleotides, with backbones made of sugars and phosphate groups joined by 

ester bonds. The DNA can assume several different forms, mainly depending 

on the base sequence but also on the environment. The different DNA-forms 

have been denoted A, B, C etc., but several structures also show a mixed 

geometry (reviewed in [25]). Environmental factors found important for DNA 

conformations are mainly the hydration level, the temperature, and the type and 

concentration of metal ions present. 
 The most well-known of the different DNA-structures is the Watson-
Crick model for the B-form DNA. The canonical Watson-Crick structure is a 
right-handed DNA double helix with anti parallel strands coiling around each 
other with ten nucleotides per turn. In each turn, the intertwined strands form 
two sets of grooves of different widths on opposite sides of the duplex: a 
minor groove and a major groove. B-DNA is the most common form of DNA 
under the conditions found in cells.     
  A-DNA is a right-handed DNA double helix with 11 residues per turn. 
It is, along with B-DNA and Z-DNA, thought to be one of the three 
biologically active DNA double helices. In contrast to B-DNA, where the base 
pairs are perpendicular to the helical axis, the base pairs in A-DNA are inclined 
to the axis. In A-DNA, the minor groove is wider and shallower while the 
major groove is narrower and deeper compared to B-DNA. 

In Z-DNA, which is a left-handed duplex structure with six nucleotides 
per turn, the DNA has a characteristic zigzag backbone.  

  

 
3.2. A-tracts and DNA structure 
 
The structure of the DNA duplex is strongly influenced by its sequence, but 
often the deviations from B-DNA are restricted to short regions. However, the 
phased runs of 4-6 adenines, A-tracts, and poly-d(A)∙poly-d(T) has a structure 
distinct from canonical B-DNA (and has been called  B’-DNA) [26, 27]. This 

http://en.wikipedia.org/wiki/Polymers
http://en.wikipedia.org/wiki/Nucleotide
http://en.wikipedia.org/wiki/Backbone_chain
http://en.wikipedia.org/wiki/Monosaccharide
http://en.wikipedia.org/wiki/Phosphate
http://en.wikipedia.org/wiki/Ester
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DNA variant has a narrower minor groove, a wider major groove and a large 
propeller twist compared to normal B-DNA. When A-tracts are positioned so 
that they occur repeatedly on the same side of the DNA-helix, they yield a 
macroscopic curvature that often has a role in the process of DNA-protein 
interaction (Reviewed in [28]). Also A-tracts as short as three bp, have been 
positively correlated with narrow minor grooves [29].   
 
3.2.1. A-tracts and DNA looping 
DNA-looping, a mechanism by which distant sites within a DNA-molecule can 
affect each other, has its importance in genetic expression, replication and 
recombination. Intrinsically bent regions containing A-tracts are especially 
important in promoters that do not contain binding sites for DNA bending 
proteins [30, 31]. However, the regulation of the looping is more difficult in A-
tracts, which are always present in the genome, compared to looping stabilized 
by DNA-bending proteins.     
 
3.2.2. Temperature dependence of A-tracts 
 There is a temperature dependence of the A-tract structure. In a study by Chan 
et al. [32], phased (dA)5 tracts separated by five segments of five randomized 
G-C pairs was shown to be bent by 42° per A-tract at 5 °C, decreasing to 0° 
above 40 °C. In a study by Herrera and Chaires [33], poly(dA)∙poly(dT) was 
shown to change its structure to a more standard B-DNA conformation at 
higher temperatures, with a midpoint of observed structural changes at 30 °C. 

The human pathogen, Shigella, is virulent only at temperatures indicating 
a host environment. Two transcriptional regulators, coded by the virF and virB 

genes, activate virulence genes at higher temperatures, but below 32 C, virF is 
repressed by H-NS. Two H-NS molecules bind cooperatively to two sites in the 
virF promoter, separated by ~250 bp, and with A-tracts in the intermediate 
region. This H-NS repression is suggested to depend on temperature-

dependent conformational changes of the region, taking place at ~32 C.  
H-NS, which prefer to bind intrinsically bent DNA, is most likely unable to 
bind when higher temperatures change the DNA-conformation [34].     
 
 

3.3. Reading the major and minor grooves 

 
In B-DNA, the minor and the major grooves are of similar depths, but have 
different widths. At the bottom of the grooves, the bases are available for 
interaction and each of the four base pairs has its unique hydrogen bonding 
signature in the major groove [35]. Hence, recognition of specific sequences 
through major-groove interaction is a direct readout mechanism, where a series 
of side-chain- and base-specific hydrogen bonds are formed between the 
protein and the DNA.  

The minor groove does not have the same unique chemical features as 
does the major groove. Still, it can be involved in specific protein interactions 
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as the width of the groove varies, depending on which nucleotides are present 
in a particular DNA-segment [29]. A narrower minor groove has an enhanced 
negative electric potential. In this way, a specific readout of A-tracts can be 
created.  

 

3.3.1. Arginine residues have a tendency to bind narrow minor grooves 

Statistical analysis of the PDB has shown that of all contacts between a protein 

and the minor groove of a DNA, 28% are mediated by arginine side chains. In 

the cases where the minor groove is narrow (<5.0 Å wide), as many as 60% of 

the contacting residues are arginines. Hence, the tendency for arginine to bind 

narrow minor grooves in A/T-rich sequences is strong [29].  

 

 

3.4. The helix-turn-helix motif 
 

The helix-turn-helix (HTH)-motif is a well-characterized DNA-binding motif 

in proteins, and the HTH-proteins are represented in all living organisms. The 

HTH-motif is a rather simple structural scaffold, and it participates in a variety 

of functions that depend on DNA-binding, particularly transcription and 

transcriptional regulation.  

The HTH-motif is composed of two helices packed at an angle of ~120° 

and joined by a sharp turn. The second helix, known as the “recognition helix”, 

specifically binds to the DNA major groove. On its own, the HTH is not a 

stably folded unit, and it has to be supported by a third α–helix - not necessarily 

directly connected to the motif - to form a globular domain. Diverse N- and C-

terminal extensions to the three core helices, like the winged HTH and the 

tetrahelical bundle, are common [36]. The HTH-containing domain is also 

often fused with additional globular domains in the same polypeptide chain, 

creating an immense number of different proteins that are not only DNA-

binding, but also interact with other proteins, bind small molecules and carry 

enzymatic activity. 

 

3.4.1. The helix-turn-helix motif in bacterial transcription factors 

A transcription factor is a DNA-binding protein that controls transcription by 

binding to specific DNA sequences. The transcription factor can function 

alone or in complex with other proteins, promoting or blocking the recruitment 

of the RNA polymerase to specific genes. The HTH- motif is particularly 

common in bacterial transcription factors, often as a homodimer that bind to 

palindromic or pseudopalindromic DNA sequences [37]. 
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3.4.2. Definition of the HTH-motif 

The first definition of the HTH-motif was based on the first three HTH-

protein structures solved, the lambda Cro repressor, the CAP protein in 

complex with cAMP and the operator binding domain of lambda repressor. 

The motif was described as a segment of 20 residues, where residues 1-7 

formed the first helix and residues 12-20 formed the second. 

However, as more transcription factors were structurally described, it 

was clear that the first helix could contain one or more residues in its N-

terminus and the second helix could be prolonged by several residues in its C-

terminus. Still, when comparing the 20 residue segment of a larger number of 

transcription factors some common features merged (Figure 3). Residues at 

positions 4, 8, 16 and 18 were usually hydrophobic and part of the hydrophobic 

core of the HTH-containing domain. The residue at position 5 was usually a 

glycine or alanine. Larger side chains at this position could disturb the geometry 

of the motif by interfering with the second helix. Residue 9 was often a glycine, 

but could also be a serine, cysteine or glutamic acid. The HTH-motif was also 

defined by the absence of prolines at internal positions in the two helices [38].   

 

1st helix, (1-7)         2nd helix, (12-20)

H– H– H– H -H- H- H – c– c– c– c– H– H– H– H– H– H– H– H- H    

X– X– X– O-G/A– X- X – O– G– O– X– X– X– X– X– O– X– X– O- X

-------------------------------------------------------------

H=helix, c=loop/random coil, X=any residue, O=hydrophobic residue

G=glycine, A=alanine

  
 

Figure 3. The typical sequence of a HTH-motif    

 

 

3.4.3. The homeodomain 

Homeodomain folds are exclusively found in eucaryotes. They were first 

discovered in transcriptional activator proteins, responsible for the correct 

development of the fruit fly Drosophila melanogaster body parts. The genes 

encoding these proteins are known as homeobox genes.  

The actual homeodomain fold consists of about 60 residues, forming 

three helices where the second and third are arranged in the same way as in a 

HTH-motif. The third helix is also the one interacting specifically with the 

DNA major groove, while other parts of the domain form a relatively large 

number of unspecific binding which strengthen the interaction. 
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Homeodomain proteins can be monomeric or dimeric. Also the ability 

of different homeodomain proteins to form both homodimeric and 

heterodimeric complexes, thereby changing their DNA-binding interactions, 

has been found to be important for the regulation of cell fate in yeast and other 

eucaryotes [39, 40]. 

 

 

3.5. Minor groove binding architectural proteins 

 
Bringing together proteins with distant DNA-binding sites into the 
multiprotein-DNA-complexes responsible for transcription usually requires the 
DNA to be bent or distorted. This is often accomplished by minor groove 
architectural proteins like: the TATA-box binding protein (TBP) [41-43], which 
is required for initiation of transcription in eucaryotes; the male sex-
determining factor SRY [44] and lymphoid-enhancer binding factor 1 (LEF-1) 
[45], both of which bind DNA via a high-mobility group (HMG) domain; and 
the integration host factor (IHF) [46], an extreme DNA-bending protein that 
causes the DNA to adopt a U-turn. The precisely spaced binding sites of these 
architectural proteins, together with the degree of DNA-bending, allows for 
controlled interaction of several other proteins. 
 
3.5.1. Minor groove intercalation 
Side chain intercalation - where an intruding protein side chain unstacks DNA 
bases at one or more sites, unwinds the DNA and alter the direction of the 
helix axes - dramatically changes the structure of the DNA. The proteins 
known to intercalate a side chain into DNA do not share a common structural 
motif. Instead, a part of the protein, comprising two to five residues, is often 
used as a wedge to pry open a single base step and change the DNA-
conformation. The intercalating side chain is always hydrophobic.  

In general, the DNA-binding surface of the intercalating protein is 
complementary to the distorted DNA and the protein structure induces the fit 
of the DNA conformation [47]. 

 

3.6. Minor groove-binding HTH-proteins 
 
Although the HTH-motif has been associated with major-groove binding, there 
are examples of HTH-proteins interacting with the DNA minor groove. In 
these cases, the major-groove binding HTH is often complemented with other 
structures, e.g., additional α–helices, loops, or β-hairpins that bind in the minor 
groove. However, there are many different ways for a HTH to bind to DNA 
and to be complemented.  
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3.6.1. LacI and PurR have hinge α-helices interacting in the minor groove 
The two proteins LacI and PurR, both members of the LacI-family, are 
examples of HTH-proteins where the major-groove binding HTH-motif is 
complemented with another, minor-groove binding, structure [48, 49] (Figure 
4a). 

LacI is a tetrameric protein and the affinity of LacI for its operator is 
reduced when it binds to its ligand, IPTG. This is in contrast to PurR, which is 
dimeric and needs to bind purine in order to interact with its operator. Despite 
these differences, the protein structures of LacI and PurR are very similar. 
Their functional units are homodimers, where each subunit has an N-terminal 
DNA-binding domain. This DNA-binding domain has a DNA-binding head 
piece, containing a HTH-motif, which binds in the DNA major groove. Each 
of the head pieces is connected to the corepressor-binding domains by a hinge 
helix. These symmetric helices, immediately adjacent to each of the head pieces, 
bind in the minor groove to induce a set of DNA distortions, leading to a wider 
and shallower minor groove (Figure 4b). An important step in this induction is 
the intercalation of hydrophobic side chains situated in the hinge helices.   
 
3.6.2. The winged helix-turn-helix motifs of MuR and hRFX1 
The winged HTH-motif is a relatively common motif in prokaryotic 
transcription regulators [37]. The winged HTH has one or two C-terminal β–
strand units (wings) that pack against three α-helices containing an HTH-motif. 
This motif is often extended with additional α–helices or β–strands [36] and the 
wings display large flexibility in their use for DNA binding. 

One unusual DNA-binding interaction is exhibited by the Mu repressor 
(MuR). The protein promotes the lysogenic pathway of the bacteriophage Mu 
by shutting down transposition functions necessary for phage DNA replication. 
The structure of MuR contains a winged HTH-motif where the HTH-motif 
interacts with the major groove through a single hydrogen bond and 
hydrophobic interactions while the wing makes intermolecular hydrogen bond 
contacts deep within the minor groove [50] (Figure 4c). 

Another unusual DNA-interaction by a winged HTH protein is found in 
the hRFX1 structure (Figure 4d). The regulatory factor X (RFX) proteins act as 
transcriptional activators and they recognize DNA of sequence 5’-GTNRCC(0-
3N)RGYAAC-3’ (where N is any nucleotide, R is a purine and Y is a 
pyrimidine). These sequences, called X-boxes, are in contact with a highly 
conserved DNA-binding domain. Thus, in the structure of human RFX1, this 
domain contains a winged HTH where one of the wings makes extensive major 
groove contacts with one half-site of the symmetric X-box. The HTH-motif in 
this protein, instead of interacting with the major groove, uses the second helix 
of the HTH-motif to interact with the minor groove of the other half site 
through one, single side chain [51].  
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3.6.3. A minor groove binding HTH-motif 
There is at least one report of a structure where an HTH-motif binds the minor 
groove with its second, “recognition”, helix. The human DNA-repair protein 
O6-alkylguanine-DNA alkyltransferase (AGT), which repairs alkylation damage 
to guanine bases in the genome, exhibits an HTH-motif where the second helix 
of the motif presents small, well-conserved, hydrophobic residues to the DNA-
minor groove. This interaction minimizes possible sequence-specific bonds, 
which is an advantage for a protein like AGT that has to bind DNA 
independent of the base sequence in order to make repairs throughout the 
genome. The minor groove binding also allows nucleotide flipping through the 
major groove, which requires less energy than displacement through minor 
groove (Figure 4e).  

 

a) b)

e)c) d)

 
 
Figure 4. Different binding of protein structures to DNA minor groove  
(a) The entire PurR dimer. (b) The PurR DNA-binding head pieces interacting with 
major groove and the hinge helices interacting in the minor groove. The winged HTH-
motifs of MuR and hRFX1 are shown in (c) and (d), respectively. In MuR, the 
“recognition” helix of the HTH-motif binds the major groove while the wing interacts 
with the minor groove. In hRFX1, the “recognition” helix interacts with the minor 
groove and the wing binds the major groove. (e) The AGT-structure with the 
“recognition” helix interacting with minor groove. All structures are colored according 
to their secondary structure. (PDB codes of coordinates for this figure: 1JFT, 1G4D, 
1DP7, 1T38) 
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4. Fimbriae Expression in Uropathogenic E. coli  
 

Urinary tract infections (UTIs) are commonly caused by uropathogenic E. coli 

(UPEC) strains. Frequently, several virulence factors, such as the ability to 

express different adhesins and the production of toxins, are associated with 

clinical UPEC isolates [52]. Fimbriae are hair-like structures on the bacterial 

surface that enables the UPEC to adhere to different surfaces, for example 

epithelial cells, and as such important virulence factors. 

 

4.1. Urinary tract infections  
 
Urinary tract infection (UTI) is the second most common infection of the 
human body, after respiratory infections, and involves infection of the urethra, 
bladder, ureters or kidneys. Uncomplicated UTIs mainly affect women and 50-
60% will experience at least one UTI during her lifetime. For complicated UTIs 
- UTIs in persons with underlying disease and/or obstruction of the urinary 
tract - the incidence among men and women is more equal [53].  

About 80% of the uncomplicated cystites (bladder infections) are caused 
by UPEC. Left untreated, the infection occasionally ascends through the 
ureters into the kidneys, causing pyelonephritis [54, 55]. UTIs are treated with 
different antibiotics. Unfortunately, clinical studies show increasing resistance 
to many antibiotics. In Scandinavia, the numbers of antibiotic resistant UPEC 
are still low compared to other European countries [56]. Despite the antibiotic 
treatment, in many patients with UTIs, reoccurrence of the infection is a 
common problem [57].  

 

4.2. Fimbriae 
 
Fimbriae are long, adhesive, polymeric structures that are expressed on the 
bacterial surface The fimbriae structure could be a strategy for the bacteria to 
place its adhesive molecules far enough from the bacterial surface to avoid 
unnecessary activation of the host immune system upon attachment to the host 
cells. Some fimbriae types have also been shown to play a role when E. coli 
invades epithelial cells [58]. Common fimbriae types expressed by UPEC are 
types 1, P, S, and F1C. 
 
 
4.2.1. Genetic and structural similarities  
In Gram-negative bacteria, fimbriae consist of multiple subunits that are 
attached to each other making up a long rod. The tip is flexible. Located at the 
very end of it is an adhesin, which is different for each fimbrial type.  
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All fimbriae are encoded by gene clusters, or operons, that can be 
located in the bacterial chromosome or on a virulence plasmid. Many of the 
fimbrial types not only share a common structural organization, but also have 
similarities in their genetic organization (Figure 5). The fimbrial types common 
for UPEC strains - type 1, P, S, and F1C – are encoded by the fim, pap, sfa and 
foc operons respectively.  
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Figure 5. Genetic organization of different fimbrial operons  
Genes with homologous functions are color coded with the same colors in the different 
operons. For the foc operon, the gene function is indicated. Indicated is also the 
originating strain. Recent findings suggest that fimbrial gene clusters also include the 
previously unrecognized regulatory genes X and Y [59]. The figure was adapted from 
[60].  

 

 

4.2.2. Fimbriae types 1, P, S, and F1C  

Of the various fimbrial types encoded by UPEC, type 1 fimbriae are the most 

frequently occurring and they are considered one of the most important 

virulence factors for infection establishment (For a review see [52]). Type 1 

fimbriae have also been shown to facilitate the invasion of host epithelial cells, 

a mechanism associated with reoccurring infections [58]. The adhesin of type 1 

fimbriae is called FimH and mediates adherence to mannose-containing 

receptors. Type 1 fimbriae can also contribute to biofilm formation [52].  

P fimbriae are often associated with pyelonephritis. Its adhesin, PapG, 

has three different variants (PapGI, PapGII, PapGIII) with varying specificities 

to different receptors, all recognizing globotriasylceramide variants on target 

cells [61].   
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F1C fimbriae are often found in connection with type 1 and P fimbriae. 

In different UPEC isolates originating from adults, Siitonen et al., found that 

F1C fimbriae were expressed by 14% of UPEC. The presence of these fimbriae 

indicates an impact on the pathogenesis of a significant number of UTI cases 

[62]. Two types of F1C-fimbrial receptors have been identified: 

galactosylceramide – present in bladders, ureters and kidneys; and 

globotriaosylceramid – present only in kidneys [63]. The distribution of 

receptors within the uroepithelium suggests that F1C-fimbriae may facilitate the 

ascending infection and once in the kidney, contribute to establish a 

pyelonephritis. 

S fimbriae are associated with E. coli strains that cause sepsis, meningitis 

and ascending UTIs, but have also been suggested to have a role in cystitis 

(reviewed by Mulvey 2002 [64]).  

 

4.2.3. Phase variation and fimbrial cross-talk  

The ability to express different types of fimbriae, with different adhesive 

properties, enables UPEC to establish infections in different niches of the 

urinary tract. For example, E. coli strain CFT073 may possess up to 12 adhesins 

[65]. However, it has been shown in E. coli strain KS71, which carries the genes 

for type 1, P, and F1C fimbriae that these different fimbrial types rarely co-

express in the same cell. Instead, different parts of the population carry 

different fimbrial types. Also, it has been shown that there is a rapid switch 

between fimbriated and afimbriated phenotypes [66]. This phase variation - 

ON/OFF switching – may be beneficial to the bacteria in terms of limiting the 

host immune responses. 

A heterogenous bacterial population is better prepared than a 

homogenous one for environmental changes. There are several reports on how 

expression of one fimbrial type influences the expression of another. Cross-talk 

between the type 1 and P fimbriae, where the regulator PapB turns off type 1 

fimbrial expression, has been described as well as the negative influences of 

F1C fimbriae on type 1 fimbrial expression [67-69]. This is further described in 

4.4.2.   

 

 
4.3. Regulation of the pap operon 
 
The pap gene cluster, responsible for the P fimbriae production, consists of 
nine structural genes (papA-G) and two regulatory genes (papI and papB). The 
papA-G genes and papI are transcribed from two divergent promoters – 
PapBAp and PapIp (Figure 6). These promoters are separated by an 
intercistronic region containing binding sites for different regulatory proteins.  

The phase variation of P fimbriae is regulated by an epigenetic switch. In 
contrast to many other phase variation mechanisms, e.g. the fim switch where 
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the direction of an invertible 314 bp DNA fragment is changed to turn the 
operon either ON or OFF, the epigenetic switch leaves the primary DNA 
sequence unaltered [70]. Instead, the regulation involves the formation of 
differential methylation patterns, which are generated by deoxyadenosine 
methylase (Dam). The pap phase variation is then primarily controlled by the 
global regulator leucine-responsive regulatory protein (Lrp) and the pap-
encoded PapI (Figure 6, for a review see [71]).   

P fimbriae are only subjected to phase variation at temperatures 

indicating that they are in a host environment. Below 26 C, the fimbrial 
expression is shut off by the global regulatory protein H-NS, an effect thought 
to be due to the formation of a nucleoprotein repression complex [72, 73].   
 
4.3.1. The role of PapB 

PapB is a local regulator of the pap operon. The papB gene is transcribed 

together with the rest of the papBA-G genes and the PapB protein influences 

transcription of both the papBA-G genes and papI [74, 75]. By binding to its 

high-affinity DNA binding site, site 1 – located between the cAMP receptor 

protein (CRP) binding site and the papI promoter – PapB positively regulates 

papI transcription (Figure 6). The result is a positive feedback loop that helps 

maintain the phase ON state [75]. The actual mechanism, by which PapB 

influences the transcription is not known, but it has been suggested to have an 

architectural role and maybe stabilize a DNA-loop formed by intrinsic DNA 

curvature and DNA bending by other regulators [76, 77].  

PapB also has a function as an autoregulator. At high levels, it represses 

its own transcription, probably by binding to one of its low affinity sites, site 2, 

which is located overlapping the RNA polymerase binding site in the papBA 

promoter [75] (Figure 6).  

 

4.3.2. PapB site 1 

PapB binding to its high-affinity site, site 1, activates transcription [75]. This 

site is AT-rich with (T/A)3 repeats occurring every 9 bp. PapB binds in an 

oligomeric fashion, covering regions of 50-70 bp [77].  

The site 1 sequences contain different number of repeats. In a study by 

Totsika et al. [78], site 1 variants containing four, six, seven, eight or nine 

repeats were found when comparing 54 clinical UPEC isolates. In the four-

repeat sites, variable nucleotides were often found, while the longer site 1 

variants contained repeats of a 5’-CTGTGTTTG-3’ sequence [78].       
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Figure 6. Epigenetic phase variation of the pap operon  

Differential methylation patterns are generated by deoxyadenosine methylase (Dam). In 

the intercistronic region between the papBA and papI promoters, there are two 

methylation sites, GATCdist and GATCprox, which are overlapping with binding sites for 

the global regulator Lrp. Lrp sites 1, 2, and 3 are high affinity sites while 4, 5 and 6 are 

low affinity sites. In OFF phase cells, GATCdist is methylated, which inhibits Lrp 

binding to sites 4-6. Lrp instead binds to its high affinity sites 1, 2 and 3. In ON phase 

cells, GATCprox is methylated and Lrp binds to binding sites 4, 5 and 6. In this case, the 

binding affinity of Lrp is increased by PapI. CRP is essential for transcription 

activation. The papB gene is transcribed together with the rest of the papBA-G genes. 

When PapB binds to its high-affinity site 1, it increases the transcription of PapI, which 
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will maintain the ON state. At higher PapB levels, PapB also bind its low-affinity site, 

site 2. This site is overlapping with the RNA polymerase binding site of the papBA 

promoter and binding inhibits transcription. (For a review see [71]) 

 

 
4.4. FocB – a member of the PapB family of proteins 
 
FocB is a 12 kDa, DNA-binding protein that regulates expression of F1C 

fimbriae. It is a member of the PapB family, a growing family of regulatory 

proteins found in several virulence-associated fimbrial gene systems. This 

family of regulators shares a common core structure, and its protein members 

are able to interact with each other to an extent not yet fully investigated. 

 

CLUSTAL 2.0.12 multiple sequence alignment 

 

                                                  ■■                 

PapB/PrfB --MAHHEVISR---SGNAFLLN-IRESVLLPGSMSEMHFFLLIGISSIHSDRVILAMK 52 

PrfB      --MAHHEIISR---AGNAFLLN-IRESVLLPGSMSEMHFFLLIGISSIHSDRVILAMK 52 

FocB/SfaB --MAQHEVITR---GGDAFLLK-LRESALSSGSMSEEQFFLLIGISSIHSDRVILAMK 52 

PefB      MMLNRKDADYY---LGKEIMLARIRRGALIPAKVNEEHFWLLIGISSIHSEKIIQALR 55 

DaaA      --MR----------ERYLHLADTPQG-ILMSGQVPEYQFWLLAEISPVHSEKVINALR 45 

AfaA      --MR----------ERYLYLADTPQG-ILMSGQVPEYQFWLLAEISPVHSEKVINALR 45 

ClpB      --MS----------SSNLYLSKKHGR-TLSPGKMSESQFWLLAEISPVHSEKVLNALR 45 

FaeB      --MKGGAMENRLSGQKGVFFSQRIKGHKLLPAELPEEKFWLLAEISPIRSEKVLYALR 56 

FanA      ----------MRSFNKDEYLFR-EKLGYLVKGMVKARCFQLLVELSSIRSSRGIYALE 47 

FanB      --MYIDNYLIMRKINMEETILS-LTSYQLRPGKVDKKQFVLLIDVSSIRSYKVINALE 55 

                             :        *  . :    * **  :*.::* : : *:. 

          ■■■■    ▲   ▲        ■■■ 

PapB/PrfB DYLVGGHSRKEVCEKYQMNNGYFSTTLGRLIRLNALAARLAPYYTDESSAFD----- 104 

PrfB      DYLVGGHTRKEVCEKHQMNNGYFSTTLGRLIRLNALAARLAPYYTDESSAFD----- 104 

FocB/SfaB DYLVSGHSRKDVCEKYQMNNGYFSTTLGRLTRLNVLVARLAPYYTDSVSAIAEAASL 109 

PefB      DYLVFGVSRKDVCERYEVNNGYFSTSLNRLSRISQAAAQMVVYYS------------ 100 

DaaA      DYLVMGYNRMEACGRHGVSPGYFSGALKRFQRVSQTVYRLVPFYFPEAGHEVHRGE- 101 

AfaA      DYLVMGYNRMEACGRHGVSPGYFSGALKRFQRVSQTVYRLVPFYFPEAGHEVHRGE- 101 

ClpB      DFLVLGYTRREACERHEVSQGYFSGALGRLQRTHQAVNRLVPFYISEAG-IPYTG—- 99 

FaeB      DYLVLGYERKEVCARYDVSSSYFSIALGRISHVNRVVYSLAPYYADPGNDFFDRPY- 112 

FanA      DYFVKGRDLKEVCNEHDITPSYVTSLLRKLQEVNHKVIDILPYYRN----------- 99 

FanB      DYFVNGKNRKEICDNHKINQGYLSLKIRELQDISLRIYNISHCI------------- 99 

          *::* *    : * .: :. .*.:  : .:         :                  

 
Figure 7. ClustalW2 alignment of PapB-related proteins 
Residues previously found to be associated with DNA-binding in PapB are marked 
with ▲ and residues previously found to be associated with oligomerization are marked 
with ■ [79]. 
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4.4.1. The PapB homologues 
FocB is 81% identical to the PapB protein described above and 100% identical 
to SfaB, the homologous protein regulating the expression of the S fimbriae 
[80]. 
 PapB homologues are not only limited to E. coli proteins and certainly 
not to UPEC strains. PefB is a protein from Salmonella typhimurium [81] and the 
FaeB and FanB proteins are regulators of the K88 and K99 fimbrial types. 
These are fimbrial types expressed by enterotoxigenic E. coli and associated 
with diarrhea in domestic animals [82, 83].  
 Specific amino acids that appeared important for the DNA binding and 
oligomerzation functions of PapB have been found by alanine substitutions. 
These mutated residues are conserved for most of the PapB-related proteins 
(Figure 7). 
 
4.4.2. FocB function 
The FocB function has been studied by Lindberg et al. [69]. In the study, FocB 
was found to form dimers (or possibly higher orders of oligomers) in vivo and to 
bind DNA in an oligomeric fashion in vitro. Upon binding, FocB covered DNA 
in the foc region that corresponds to the PapB binding site 1 in the pap operon. 
The FocB protein was also found to be able to substitute for PapB in UPEC 
strain J96, a strain lacking a functional papB gene. This shows a quite similar 
function for the FocB and PapB proteins. Despite this, PapB was not able to 
take the place of FocB in a focB deletion mutant J96 strain. In the same study 
[69], FocB and PapB were shown to be able to form heterodimers and it was 
suggested that PapB was able to titrate out FocB and thereby inhibit expression 
of F1C fimbriae. Furthermore, a more efficient binding to foc DNA in vitro by 
the FocB/PapB complex compared to homodimeric PapB, suggested that the 
heterodimeric FocB/PapB may also alter the DNA interactions. 

Lindberg et al. also found that FocB negatively affected the expression of 
type 1 fimbriae. This, together with previous studies showing that PapB down 
regulates type 1 fimbrial expression and negatively influences F1C fimbrial 
expression, indicates a hierarchy in the fimbrial regulation [67, 68] (Figure 8). 
Type 1 fimbriae, important for the establishment of the first infection, are 
down regulated by FocB. A switch from type 1 to F1C fimbriae, which have 
been associated with ascending infections, is possible. With higher 
concentrations of FocB, the transcription of the pap operon is upregulated. 
PapB is then able to downregulate both type 1 and F1C fimbriae, which is 
beneficial for a switch to the pyelonephritis associated P fimbriae.  
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Figure 8. Hierarchy in the regulation of type1, F1C, and P fimbriae  
FocB positively regulates the foc transcription and negatively regulates the transcription 
of the fim operon. A switch from expression of type 1 to F1C fimbriae is possible. At 
higher concentrations, FocB upregulates the transcription of the pap operon. The 
FocB/PapB heterodimer negatively influences the transcription of foc and a switch from 
F1C to P fimbriae is possible. PapB also downregulates the fim operon, making a switch 
from expression of type 1 to P fimbriae possible.  
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5. The Amyloidotic Protein Transthyretin 
 

Transthyretin (TTR) was first discovered as a protein with higher 

electrophoretic mobility than albumin and was therefore named prealbumin. 

The name was changed later to transthyretin to reflect its dual function as a 

transporter of both thyroid hormones and the retinol-binding protein. 

TTR is an amyloidotic protein, causing the most common form of 

hereditary amyloidosis, globally affecting around 10,000 people. 

 

5.1. The function of transthyretin 
 
Human TTR is predominantly expressed in the liver and the choroid plexus of 
the brain. Normal plasma levels of the protein in adults are 20 mg/100 ml [84]. 
TTR is a transport protein, both for the thyroid hormones 3,5,3’,5’-tetraiodo-L-
thyronine, or thyroxine (T4), and 3,5,3’- triiodo-L-thyronine (T3) and is also 
indirectly implicated in transport of vitamin A through mediation of retinol-
binding protein (RBP). TTR has also been suggested to maintain functions in 
the nervous system, but additional research in this field is needed for conclusive 
evidence for the existence of such functions [85-87].  

 

5.1.1. Thyroid hormone transport 

The T4 and T3 hormones act on the transcriptional level, mediating a wide 

range of regulatory actions, including growth and metabolism. The thyroid 

gland secrets mainly T4. T3 is formed by specific deiodination of T4. The 

hormones are virtually insoluble in water, which makes the transport by thyroid 

hormone distributing proteins necessary. Of these transporting proteins, 

thyroxine binding globulin (TBG) has the higher affinity for T4 and binds 

approximately 75% of the circulating thyroid hormones. TTR accounts for 15-

20% and albumin for 5-10%. However, TTR is the main transporter of thyroid 

hormones in the central nervous system [88]. 

 

5.1.2. Transport of retinol-binding protein 

Retinol is a metabolite of vitamin A. Because it is fat soluble, it is secreted from 

the liver bound to the lipocalin retinol-binding protein (RBP). RBP is the only 

specific transporter of retinol in the circulation. It is only 21 kDa, and would 

rapidly be cleared from plasma by glomerular filtration in the kidneys if it were 

not for its interaction with TTR [89]. Upon retinol binding, the RBP-structure 

is changed and adopts a higher affinity for TTR, which promotes the formation 

of the holoRBP-TTR-complex [90].  
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5.2. The transthyretin structure  
 
TTR is a homotetrameric protein of 55 kDa. Each of the four monomers of 

127 amino acid residues is organized as a -sheet sandwich, with each sandwich 
sheet comprising four β-strands (denoted D-A-G-H and C-B-E-F). There is 
also a short α-helix located after the E-strand [91, 92].  

Interactions between edge β-strands (H and H’) in β-sheets of two 

different monomers result in an extended, eight-stranded, -sheet and through 

that a very stable dimer interface (Figure 9a). The tetramer is formed of two 

dimers interacting mainly through hydrophobic contacts involving residues 

situated in the AB- and GH-loops (Figure 9b).  
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Figure 9. Ribbon diagram representation of the TTR structure  
Each TTR subunit is organized as a β–sheet sandwich. (a) The TTR dimer. Two 
monomers dimerize mainly through interactions between the two H-strands, resulting 
in an eight-stranded β–sheet, D-A-G-H-H’-G’-A’-D’ and a very stable dimer interface. 
The subunit A is colored in blue and subunit B in cyan. (b) To form the tetramer, two 
dimers interact through hydrophobic contacts involving residues situated in the AB- 
and GH-loops. Subunits A and A’ are colored in blue and B and B’ in cyan. The AB- 
and GH-loops are indicated. (PDB coordinates: 1F41 [92]). 
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Figure 10. Binding of T4 to TTR 
(a) The TTR tetramer is shown as ribbon representation (colored according to 
secondary structure). The two T4-binding sites, located in between the two dimer units, 
are circled in black and T4 is shown as cylinders. (b) A closer view of one of the binding 
sites. Side chains involved in the formation of hydrogen binding pockets and Glu54, 
involved in T4-binding outside of the HBPs, are shown in ball-and-stick and are labeled 
for one of the monomers (but not for the symmetry-related side chains). T4 is shown as 
cylinders. Iodines are grey. At physiological conditions, only one of the binding sites is 
occupied by T4 [93]. (PDB coordinates:  2ROX) 

 

 
5.2.1. The halogen-binding pockets 

There is a hydrophobic core, divided into two T4 binding pockets, through the 

middle of the TTR molecule [91]. Each of the hormone binding sites contains 

three pairs of halogen-binding pockets (HBPs): HBP1, HBP1’, HBP2, HBP2’, 

HBP3, HBP3’ (where ’ indicates the corresponding pocket in the symmetry-

related dimer) [94]. HBP1 is found close to the exterior surface of the protein 

and is defined by the side chains of Met13, Lys15 and Thr106. HBP2, found 

between HBP1 and HBP3, is formed by the side chains of Lys15, Leu17, 

Ala109, Leu110 and a hydrophilic surface formed by the main chain carbonyl 

groups of Lys15, Ala108 and Ala109. HBP3 is closest to the center of the 

tetramer and is formed by the Ala108, Ala109, Leu110 and Thr118 side chains 

together with main-chain atoms of Ala108, Ala109, Leu110 and Thr118 (Figure 

10).  
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5.2.2. Interaction with RBP 

The interactions between the retinol-binding protein, RBP, and TTR are mainly 

hydrophobic and involve the α-helical region of TTR (residues 80-86) as well as 

the loop regions (residues 20-21, 81-84, 96-103 and 114) [95, 96]. One TTR 

molecule can bind a maximum of two RBP molecules, but in plasma TTR and 

RBP form a 1:1 complex. This reflects more the relationship between the 

concentrations of TTR and RBP in plasma than the binding capacities. Excess 

RBP in vitro yields a 1:2 complex.   

 

5.3. Transthyretin in disease 
 
TTR is an amyloidotic protein, causing disease. The amyloid diseases - 

including disorders such as Alzheimer’s, Huntington’s and Parkinson’s - all 

have their origin in one of 26 structurally and functionally different proteins or 

peptides. These all have one common denominator: their ability to form 

amyloid fibrils which are deposited in the extracellular space [97, 98]. The fibrils 

are typically unbranched, have a diameter of 70-140 Å and appear to consist of 

several protofilaments wound around each other, forming a β-strand core. It is 

generally accepted that in order to form the fibrils, misfolding of the actual 

protein or protein cleavage is necessary [99, 100]. 
 
5.3.1. Idiopathic transthyretin amyloidosis 

The most common systemic amyloidosis, previously called senile systemic 

amyloidosis (SSA), is caused by wild type TTR [101]. This type of TTR 

amyloidosis is often asymptomatic, with widespread low-level amyloid 

deposition in various organs. It is strongly correlated with ageing and affects 

approximately 25% of people over 80 years of age [102]. In some cases, 

extensive myocardial amyloid infiltration can occur and eventually result in 

cardiomegaly and heart failure, a syndrome predominantly affecting men [103].   

 

5.3.2. Hereditary transthyretin amyloidosis 
Hereditary systemic transthyretin amyloidosis, previously called familial 
amyloidotic polyneuropathy (FAP) and familial amyloidotic cardiomyopathy 
(FAC), is caused by any of about 100 identified substitution mutations in the 
TTR gene. 

The most common of the mutations associated with neuropathic forms 
of TTR results in the substitution from valine to methionine at TTR residue 
number 30 (TTR Val30Met). This type of mutation is geographically wide 
spread with affected families in Japan, Portugal, the Americas, and Sweden 
[104-106]. The age of onset varies from 20 to 70 years old with a mean age of 
onset in the 30’s. Initial symptoms of the disease usually involve sensory 
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peripheral neuropathy of the lower limbs. Problems with the gastrointestinal 
system, sexual impotence, urinary incontinence and orthostatic hypotension, 
due to severe neuropathy of the autonomic nervous system are also common 
early in the disease and are later followed by motor impairments. (Reviewed in 
[107]). 

All the disease-causing TTR-mutations are inherited as autosomal 
dominant traits with variable penetrance and severity of symptoms. Even 
between genetically identical twins, carrying the same mutation, differences in 
penetration and severity of the disease have been observed; the underlying 
factors are proposed to be multigenic and environmental modulating factors 
contributing to the course of the disease [108].  
 
 

5.4. Amyloidogenicity of transthyretin 

 
The aggregation pathway of TTR has been extensively studied. However, in the 

formation of the amyloidosis, it is still unclear whether the TTR tetramer needs 

to dissociate to monomers, which become further denatured and adopt a non-

native, amyloidogenic fold, or if native-like dimers are able to form fibrils 

without dissociation into monomers [109-112]. In any case, mutations 

destabilizing the native TTR fold are known predisposing factors for the 

disease. 

The most severe amyloidosis, with 100% penetrance and early onset, is 

observed for the Leu55Pro TTR mutant. The aggressive course of the disease is 

explained by the thermodynamic and kinetic destabilization of the protein, 

resulting from this mutation. In comparison, the Val30Met mutant with its 

lower penetration and higher age of onset, has relatively slow dissociation 

kinetics. 

 

 

5.5. Current and future treatment of transthyretin amyloidosis 

 

The most successful treatment for hereditary systemic amyloidosis - especially 

in younger patients with the TTR Val30Met variant and mild symptoms - is 

orthotopic liver transplantation (OLT). The treatment can be seen as a crude 

form of gene therapy. Because the liver is the primary site for TTR synthesis, 

replacing it will remove more than 95% of the variant amyloidogenic 

transthyretin from the circulation [113]. However, this treatment has its 

limitations: all patients are not good transplant candidates, there is a shortage of 

donors and the costs are high. 
Stabilization of the TTR tetramer is known to prevent 

neurodegeneration. It is not yet clear, at what stage amyloid forming proteins 
become toxic. It has been suggested that it is the oligomers formed during the 
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process of amyloidogenesis (and not the fibrils themselves), that are primarily 
responsible for the cellular toxicity [114, 115]. Irrespective of which form is the 
most harmful, using small molecules to stabilize the native TTR molecule is a 
common strategy to find drugs to cure or slow down the course of disease for 
patients suffering from TTR amyloidosis. 
 
5.5.1. Diflunisal 
Diflunisal is a registered salicylate drug with non-steroidal anti-inflammatory 
drug (NSAID) activity. Like all NSAIDs, diflunisal acts by inhibiting the 
production of prostaglandin, a hormone which is involved in inflammation and 
pain. Diflunisal has also been found to have a stabilizing effect on the TTR 
tetramer [116-118].  

Diflunisal binds to the 99% unoccupied T4 sites in TTR and increases 
the TTR dissociation barrier. The drug has been shown to increase serum TTR 
stability in FAP patients and is very likely to ameliorate TTR amyloidosis [116, 
117]. It is currently undergoing clinical trials for TTR amyloid diseases. 
However, inhibition of prostaglandins also has the side effects of increased risk 
of stomach ulcers with long-term use. Patients with TTR amyloidosis, who are 
probably best helped with a daily dosage of an amyloid inhibiting substance, are 
at risk to experience this unpleasant side effect.  
 
5.5.2. Structure-based drug design 

Structure-based drug design takes advantage of already solved TTR structures 

with bound small molecules and is a common approach to find new putative 

drugs. Since it is known that the natural ligand, T4, stabilizes native TTR, over 

1000 aromatic small molecules with structural complementary to the T4 binding 

site have been synthesized. (Reviewed in [119]). The most common molecular 

features for this range of TTR tetramer stibilizers is that they are composed of 

two aromatic rings, either linked directly or tethered through short 

hydrophobic linkers with halogen substituents in one moiety and hydrophilic 

functions in the other. 
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AIMS 

 
 
 
The aims of my thesis work were: 

To investigate if the unusual minor groove DNA-interaction of the  
E. coli transcriptional regulator PapB was linked to an unusual DNA-
binding motif. 

To elucidate the effect of halide ions on transthyretin stability.   

 

More specifically, this meant: 

To produce pure, soluble protein of PapB or one of its close 
homologues, crystallize that protein, and then solve its crystal structure 
by X-ray crystallography. Further, the aim was to analyze the solved 
structure and compare it to other DNA-binding proteins. 

To solve the structures of TTR with bound chloride ions and iodide 
ions, respectively, and to biochemically characterize how these ions 
influence TTR aggregation and fibril formation. 
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METHODS 
 

In this section, some important methods in this thesis work will be highlighted 

and discussed, but most of the details can be found in the papers. 

 

Protein crystallization 

 

Solving the 3D-structure of a protein is more and more becoming an 

automated process. The major bottle-neck is to grow crystals, big enough and 

well-diffracting, for data collection. 

During this thesis work, two different vapor-diffusion crystallization 

techniques have been used: the hanging drop and the sitting drop [120, 121] 

(Figure 11a). Sitting drops were used primarily for initial screens using the 

Mosquito nanodrop crystallization robot while the hanging-drop technique was 

used both for initial screens and for optimization of the crystallizing conditions. 

There are two events in the crystallization process, nucleation and growth. 

Nucleation is the step when the solute molecules overcome an energy barrier 

and start to form ordered aggregates of a critical size that are stable under the 

current conditions: these ordered aggregates are the nuclei. To reach this step a 

supersaturated protein solution is needed. Supersaturation is a non-equilibrium 

state where the protein concentration is higher than what is possible even in a 

saturated system at its equilibrium. In order to restore the balance of the 

supersaturated system, a solid phase is formed and protein molecules continue 

to be incorporated until the saturation concentration is reached. Nuclei will 

grow into bigger crystals. This phase is called the growth phase and it can occur 

simultaneously with the nucleation (Figure 11b). There are also other solid 

states competing with the crystalline one. These include precipitates, oils and 

protein gels.  

The ideal candidate to crystallize is a rigid molecule that can only be 

found in a single oligomeric state, is stable, and contains no impurities. 

Unfortunately, this is not the case for the average protein. Proteins are more or 

less flexible molecules that often form oligomeric complexes. During 

crystallization, incorporation of different “impurities”, like structurally 

unrelated molecules remaining after purification or different conformational 

variants of the protein, contaminate the crystal surface and prevent molecular 

attachment and growth.  
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Figure 11. The vapor-diffusion technique 
(a) The hanging drop and the sitting drop are two of the most commonly used methods 
for protein crystallization. In the hanging drop method, the drop is hanging from the 
cover of the container. The sitting drop “sits” on a pedestal, microbridge, sitting rod etc. 
Both are vapor-diffusion techniques, based on evaporation and diffusion of water 
between a small drop, containing the protein, and a large well, containing the 
precipitating agent. Typically, the protein solution is mixed in a 1:1 ratio with the well 
solution containing the precipitant. The difference in the vapor pressure of water 
between the drop and the well solution is the driving force which causes water to 
evaporate from the drop until the vapor pressure of water over the reservoir is the 
same as in the drop. (b) Phase diagram. (1) During the experiment, the protein will 
concentrate from its initial concentration, CP, until it reaches the concentration where it 
starts to nucleate. (2) When crystals starts to grow, the protein concentration in solution 
will decrease. Growth will continue until the protein concentration is no longer 
supersaturated and the concentration of the precipitant is the same as in the well 
solution, 2CA. The phase diagram is not only dependent on protein- and precipitant 
concentrations, but also on parameters like temperature and pH. 
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There are several strategies to overcome this type of problems. The very 
first, and most important for almost every protein, is to obtain a pure protein, 
and if possible, in a single oligomeric state, but this is often not enough. It is 
also common to use different additives and ligands in order to stabilize the 
protein. Flexible loops and tails sometimes also have to be removed or 
stabilized. Another problem preventing the growth of large crystals is excessive 
nucleation, which depletes the protein in solution that is available for “feeding” 
the crystal. This problem can be solved by careful control of growth conditions 
and by seeding. 

 

The SAD method with iodide as anomalous scatterer  
 
To solve a structure using the SAD method, the crystal structure must contain 
anomalous scatterers with a large enough anomalous signal at the X-ray 

wavelength used. (If the atomic scattering factor is described as f() = f0+ f´() 

+ if´´(), where 0f is the normal atomic scattering coefficient, f´() the real 

scattering coefficient, f´´() the imaginary scattering coefficient and  the 

wavelength, the contribution of f´() and f´´() have to be large enough.)  
A heavy atom commonly used in SAD experiments is selenium, but 

selenium-SAD normally requires a synchrotron source with tunable 
wavelength. In 2000, Dauter et al. [122] demonstrated that incorporation of 
halide ions into the ordered region surrounding a crystallized protein is 
plausible using short cryo-soaks. To us, the major advantage of this method 
was that diffraction data could be collected using our in-house facility, which 
produced Cu K-alpha radiation of 1.54 Å. At that wavelength, the anomalous 

signal (the contribution of f’() and f’’()) for iodide, was large enough to solve 
the iodide-TTR structure. The chloride-TTR structure was later solved using 
difference Fourier methods.   

 

NMR 1H-15N HSQC spectra 

 

The nuclear magnetic resonance (NMR) heteronuclear single quantum 

coherence (HSQC) spectra of a protein can be used as a fingerprint, telling in 

what shape the protein is.  

In the presence of an applied external magnetic field, 1H and 15N nuclei 

exist in two nuclear spin states oriented parallel or antiparallel to the direction 

of the field. There is an energy difference between these spins states. The 

energy difference is proportional to the magnetic field sensed by the nucleus, 

which is the applied field influenced by electrons surrounding the nucleus. 

NMR records transitions between these spin states induced by a radio 

frequency electromagnetic field. The frequency of a nuclear spin transition is 
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directly proportional to the magnetic field experienced at the nucleus. This 

means, that depending on the local chemical environment, different nuclei in a 

molecule resonate at slightly different frequencies. This frequency shift is 

converted to a field-independent, dimensionless value: the chemical shift.  

The 1H-15N Heteronuclear Single Quantum Coherence (1H-15N HSQC) 

experiment is 2-dimensional with one axis for the chemical shifts of 1H and the 

other for 15N. The 1H- 15N HSQC spectrum contains a peak for each unique 

proton attached to a 15N, i.e. every amino acid residue besides the prolines and 

the N-terminal will be expected to produce a signal. Folded proteins give nicely 

dispersed spectra because each amino acid is shifted to a unique frequency.  
 

 

Auto-Rickshaw 
 
In recent years, there has been an enhanced focus on the development of 
automated structure determination software “pipelines”. These pipelines make 
routine structure solution accessible to a wider group of researchers and save 
time for expert crystallographers. The EMBL-Hamburg Automated Crystal 
Structure Determination Platform, Auto-Rickshaw, is one of these pipelines. It 
combines a number of computer programs frequently used to solve structures 
with several decision-makers to automate crystal structure determination. The 
decision makers are an attempt to mimic the approach an experienced 
crystallographer would take in choosing programs and input parameters at each 
step of the structure determination. Depending on the data collected, the user 
can choose to solve a structure by any of the different protocols: SAD, Sulfur 
SAD, SIRAS, 2 Wavelength MAD, 3 Wavelength MAD, 4 Wavelength MAD, 
RIP (Radiation Induced Phasing), MR (Molecular Replacement), MRSAD and 
MRRIP. To use Auto-Rickshaw, the data has to be processed and input files 
can be of these types: mtz, sca or xds_ASCII.hkl. Other input data include the 
space group, the number of molecules in the asymmetric unit, the type of 
heavy-atom derivative and the diffraction limit. A resolution of 2.6 Å or better 
is needed for an acceptable result. The decision makers are not able to deal with 
problems arising from non-isomorphism or twinning [123].  

The FocB structure was solved by Auto-Rickshaw using the 3 
Wavelength MAD (3W-MAD) followed by the Molecular Replacement (MR) 
protocol (Figure 12). 
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Figure 12. Combination of the Auto-Rickshaw 3-wavelength MAD and 

molecular replacement protocols 

The SeMet FocB structure was solved from one crystal of SeMet-substituted 

protein using the 3-wavelength (3W)-MAD protocol. The native FocB structure was 

solved at a resolution of 1.4 Å using the molecular replacement protocol with the 

SeMet pdb-file as input.  
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 The PISA server 
 

The Protein Interfaces, Surfaces and Assemblies (PISA) server identifies 

assemblies, complexes, in crystal structures [18]. The approach is based on the 

assumption that macromolecular complexes retain their structures in the 

crystalline state. The method used does not assume that only one type of 

assembly is incorporated in a crystal. It allows for the possibility that assemblies 

can get crystallized along with isolated subunits.  

After PISA analysis, the server lists the different subunits with their 

solvation free energy of folding. It lists all the different crystal interfaces, gives 

the interface area and calculates the solvation free energy gain upon formation 

of the interface (ΔiG). As this value does not include satisfied hydrogen bonds 

and salt bridges across the interface, it is a value for the hydrophobicity of the 

interface. Negative ΔiG values correspond to hydrophobic interfaces. The 

interfaces are also compared to the rest of the protein surface by the ΔiG P-

value, where a value of 0.5 is equal to the “average hydrophobicity” of the 

protein surface. Values <0.5 indicate an interface is more hydrophobic than for 

the protein on average. The potential hydrogen bonds, salt bridges and disulfide 

bonds across the interface are also given. In addition, for each single residue 

parameters like the interface area are listed.  

PISA also specifically lists all stable assemblies/complexes formed. 

Together with each stable complex, parameters like the total surface area, the 

buried surface area, and the solvation free energy gain upon formation of the 

assembly, ΔGint are listed. ΔGint, similarly to the ΔiG for the interfaces, does not 

include the effect of satisfied hydrogen bonds and salt bridges across the 

complex interface. Also the free energy of assembly dissociation, ΔGdiss, is 

calculated. ΔGdiss >0 is considered a stable complex at 300K, atmospheric 

pressure and a subunit concentration of 1 M. This does not necessarily mean 

that the concentration of the complex is higher that the concentration of its 

subunits at, for example, normal physiological conditions [18]. 

 

 

The Dali server 

 

The Dali server compares protein structures in 3D [124]. The coordinates of a 

query structure are submitted and Dali compares them against coordinates of 

other proteins, normally proteins from the Protein Data Bank (PDB). The 

method used by Dali is a weighted sum of similarities of intra-molecular 

distances, where proteins with sequence homology typically get higher similarity 

scores than the structures of proteins with unrelated sequences. A hit found by 

Dali is spurious if the reported similarity score, Z-score, is less than 2. 
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Figure 13. Crystals of 
His6-tagged FocB 

RESULTS & DISCUSSION 
 

6. Towards the 3D-Structure of FocB  
(Paper I) 

 

The PapB and FocB proteins are both members of the PapB family of fimbrial 

regulators. The best characterized protein in this family is PapB. When this 

project was initiated, the DNA-interactions of PapB had been investigated and 

the results suggested that PapB was recognizing specific DNA-sequences by 

interaction with the minor groove. It had also been shown to bind DNA in an 

oligomeric fashion, which made it possible for this small (12 kDa) protein to 

cover DNA-regions of 50-70 bp [77]. This behavior was quite different from 

other known E. coli regulators, which often recognize palindrome sequences by 

major groove interactions. The interesting question to us was: Is the PapB-

protein with its unusual DNA-interactions a protein with an unusual DNA-

binding motif? To answer this question we needed the protein structure of 

PapB or one of its close homologues and we wanted to use X-ray 

crystallography to solve the structure. But first, we needed protein crystals and 

even before that we needed pure, soluble protein. 

 

6.1. Purification and crystallization of His6-tagged FocB 

Initially, the His6-tagged PapB protein was expressed and purified. It was very 
prone to aggregation and hard to handle even at high salt concentrations. 
Fortunately, the PapB homologue FocB, 
although very similar to PapB, turned out to 
be easier to handle and our main focus 
became to crystallize FocB.  

The His6-tagged FocB was purified in 
two steps, first on Ni-NTA agarose and then 
on a gel-filtration column. The protein was 
concentrated to ~15 mg/ml and crystallized. 
The His6-tagged FocB crystallized easily in 

ammonium sulfate at 16 C, but the crystals 
stopped growing at a very small size and 
could not be used for X-ray diffraction 
(Figure 13). The His6-FocB protein solution 



RESULTS & DISCUSSION 

46 
 

was therefore analyzed by NMR. In the 1H-15N HSQC spectra, a group of 
intense resonances appeared at typical random-coil shifts, suggesting that part 
of the protein, most likely the His6-tag, was unfolded. There was also a 

significant difference of the resonance peaks at ~20 C compared to higher 

temperatures. At 20 C and below, a majority of the residues displayed broad 
resonances. At higher temperatures, more peaks with narrower resonances 
appeared, suggesting that the His6-FocB was more homogenous and better 
folded as the temperature increased.  

a)

b) d)

c)

 

 

6.2. Removing the His6-tag to facilitate crystallization    
 
We presumed that the intense resonances revealed by the NMR analysis 
originated from the His6-tag and decided to make another plasmid construct. 
This new FocB construct had a removable His6-tag, but could be purified in the 
same way as the His6-FocB, only with a single extra step. We cleaved the His-
tag with tobacco etch virus (TEV) protease after the Ni-NTA purification. 
NMR analysis showed that, just like His6-FocB, the untagged FocB protein was 
more structurally homogenous at temperatures above 20 °C. Moreover, the 
HSQC spectrum of the untagged protein lacked the intense resonances from 
the flexible His6-tag.  

Based on the NMR results, we decided to try higher temperatures when 
screening for crystals. Finally, FocB crystals grew to 0.05 mm x 0.1 mm x 0.1 

mm in magnesium sulfate at 22 C.  

 

Figure 14.  
1H-15N HSQC spectra 
of 15N-labelled His6-
FocB  
(a) 20 °C, pH 5.5 (b) 20 
°C, pH 7.5 (c) 37 °C, 
pH 5.5 and (d) 37 °C, 
pH 7.5. At lower 
temperatures, a majority 
of residues display broad 
resonances.   
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6.3. FocB probably forms dimers  
 
When purifying FocB on a gel-filtration column, all of the FocB protein eluted 
at the same time, indicating one oligomeric form. When comparing the 
retention volume of FocB to retention volumes of (globular) standard proteins 
with known molecular weights, it appeared as if the molecular weight of the 
eluted FocB was 36 kDa (Paper I, figure 3). This would be the size of a FocB 
trimer, but the retention volume is related to Stokes radius and not molecular 
weight directly, so a FocB dimer with a more extended shape could elute with 
the same retention volume as a 36 kDa globular protein. We tried 
glutaradehyde cross-linking experiments with FocB. They did not give a clear 
answer about the oligomeric state, but it did not completely rule out the 
presence of any of any oligomeric from with less than six subunits. 

The FocB crystals diffracted to better than 2.0 Å resolution and 
belonged to space group P212121. The Matthews coefficient was calculated to 
be 3.65 Å3/Dalton with one molecule in the asymmetric unit and to 1.82 
Å3/Dalton with two molecules in the asymmetric unit. According to results 
from the Matthews Probability calculator [125], two molecules in the 
asymmetric unit was the more likely case. Calculated self-rotational functions 
showed no peak in the Χ= 120° section and several weak peaks in the Χ=180° 
section. This suggested that there was no threefold noncrystallographic axis in 
the crystal, but that a twofold noncrystallographic axis could be present. 
Another possibility was that there was a twofold noncrystallographic axis 
parallel to one of the crystallographic axes. As a crystal arrangement of a 
trimeric protein without a threefold noncrystallographic axis is highly unlikely 
and the asymmetric unit probably contained two molecules, we concluded that 
FocB had crystallized as a dimer and probably also was a dimer in solution.     

 

6.4. FocB is an α–helical protein  

In addition to the oligomeric state of FocB we also analyzed its secondary 
structure by circular dichroism and found that it consisted of approximately 
65% α-helices (β-sheet was 12%), calculated by the CDNN program  [126]. 
Bioinformatic tools like JPRED also predicted FocB to be all α–helical or 
mostly α–helical.     
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7. Analyzing the Crystal Structure of FocB  
(Paper II) 

To answer some of the questions about the DNA-binding motif of the PapB 

family, we needed the structure of PapB or a close homologue of it. Solving 

and analyzing the structure of one of the PapB-family members would also give 

the opportunity to make computer structure models of other family members.  

 
 
7.1. The FocB crystal structure  
 
The FocB structure was solved at a resolution of 1.4 Å by multi-wavelength 
anomalous diffraction (MAD) from one crystal of selenomethionine (SeMet)-
substituted protein. The final R-values, R=0.196 and Rfree=0.222 for the native 
data set, were higher than expected for this resolution. This was probably due 
to the additional electron density ascribed to the nine residues in the N-terminal 
and ten or twelve residues in the C-terminal end of the protein. These residues 
had not been modeled because of disorder. 

The crystallized FocB was indeed an all-alpha helical protein and it had 
crystallized as a dimer with each subunit built-up from five α–helices. Helix 
numbers 4 and 5 (α4 and α5) together with the connecting turn, formed a helix-
turn-helix (HTH)-motif. The second helix of this motif, α5, is longer than all 
the other helices and it is oriented perpendicular to α2-α4, which are all flanking 
α5 on one side. Together, these four helices form the core of each subunit of 
the dimer. Helix α1 is also a short helix oriented perpendicular to α5, but it is 
positioned on the opposite side of the long α5 and the interactions between α1 
and α5 are few (Figure 15). 

7.1.1. An atypical helix-turn-helix motif  
Compared to HTH-motifs found in many other bacterial regulators, the HTH-
motif of FocB appeared to be a bit different. When comparing the sequence 
and the secondary structure to the conventional description of the HTH-
domain (see 3.4.1.), quite a discrepancy between the FocB HTH and the typical 
HTH-motif was found. The most striking difference was the 15 additional 
residues in the C-terminal end of the second helix of the FocB HTH (Figure 
15a). This long helix, which is also the putative recognition helix, is called helix 
α5 in the FocB structure. It has an amphipathic N-terminal part, comprising 
residues Asn72 to Asn86, and a mainly hydrophobic C-terminal part, starting at 
residue Val87 and extending to the last modeled residue, Tyr95 (Figure 15c). 
 Earlier studies by Xia et al., had revealed two residues particularly 
important for DNA-binding in PapB: Arg61 and Cys65 [79]. Alanine mutation 
of either of these two residues had shown clearly defective PapB DNA-
interactions. Arg61 and Cys65 are conserved throughout the PapB family. In 
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FocB, Arg61 and Cys65 are situated in α4, the first helix of the HTH-motif. 
This is the helix preceding the putative recognition helix, α5. 

The DNA-binding of FocB was also investigated. The PapB binding to 
its cognate DNA had earlier been shown to be inhibited by the minor-groove 
binding drug distamycin and this was also the case for FocB. The same type of 
experiment with methyl green, a major-groove binding drug, did not inhibit 
FocB DNA-binding.  

The atypical HTH-sequence and the very long second helix in the HTH-
motif, the location of the DNA-binding residues in the first of the two HTH-
helices plus the DNA-minor groove binding ability of FocB, altogether pointed 
to a DNA-interaction different from DNA-interactions of other bacterial 
transcription factors.   
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Figure 15. The FocB structure  
FocB forms an all-alpha helical structure that comprises five alpha helices: α1 (Asp12-
Ser21), α2 (Glu30-Ser40), α3 (Asp45-Gly58), α4 (Arg61-Tyr68) and α5 (Asn71-Tyr95). 
Of these, helices α4 and α5 together with the intermediate turn form the atypical HTH-
motif. (a) The FocB dimer. The HTH-motif is colored in orange and α–helices (α1-α5) 
are indicated in one of the subunits. (b) One of the FocB subunits. The HTH-motif is 
in orange and the helices (α1- α5) are indicated. Amino acid residues involved in 
contacts between α1 and α5, are shown in ball-and-stick. There is one hydrogen bond 
between the main-chain nitrogen atom of Leu23 and the side chain carbonyl oxygen of 
Thr83, and a hydrophobic interaction between Leu18 and Thr83. (c) The C-terminal 
sequence of FocB. The α5 sequence is in orange. In the 3rd line, hydrophobic residues 
are indicated by an “o” others by “.”.   
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7.1.2  The solitary α1-helix 
The α1-helix does not particularly contribute to the hydrophobic core of the 
FocB subunit and it is connected to α2 with a linker comprising eight residues, 
Ala22-Ser29. With only a few contacts with α5 - one hydrogen bond between 
the main chain nitrogen atom of Leu23 and the side chain of Thr83 and one 
hydrophobic interaction between Leu18 and Thr83 – it is tempting to speculate 
that α1 can move (Figure 15b). It is more difficult though, to explain where and 
why it should move. In its current position it bocks parts of helix α5, but the 
residues blocked are quite far from the N-terminal of α5. Theoretically, FocB 
could still bind the DNA-major groove in the same way as do other HTH-
proteins, without moving α1.  

It has been shown that DNA binding is impaired in a PapB truncation 
mutant lacking 30 residues in its N-terminus – corresponding to α1, the 
connecting residues between α1 and α2 and the very first residue of α2 in the 
FocB structure [79]. Whether connected to helix α5 or not, the α1-helix may be 
involved in the DNA interaction. The α1-helix is also the most variable part of 
the FocB sequence. Besides one conserved hydrophobic residue, Leu15 in 
FocB and PapB, the α1-sequences seem to vary. (If there are α1-helices in all 
structures of PapB-homologues.) This variability in the sequence could be 
explained by two very different evolutionary scenarios. Either the site 
experiences no pressure because it is functionally unimportant, or the variability 
is a way to fine tune the function for different family members.   
 
 

7.2. FocB structural homologues 

 
In order to find structural homologues to FocB, we used the Dali server. In 
general, the hits from Dali were DNA-binding proteins containing an HTH-
motif, like the DNA-binding domain of RNA polymerase sigma E-factor, 
hepatocyte nuclear factor 1 (HNF-1β) and a domain of the Hel308 helicase. 
However, among the hits we could also find G1/S specific cyclin-D1 that does 
not bind DNA or RNA at all (Table 1). 
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Table 1. The top-7 structural homologues* generated by the Dali server 

Protein  Chain PDB 
code 

Z-score  
( Z > 2 
are sig-
nificant) 

rmsd Alignmet 
length 

seq. 
id 
(%) 

HTH-
motif
** 

KorA, 
transcriptional 
repressor protein 

B 2W7N 7.7 2.0   68   18 YES 

Hel308, helicase A 2P6U 5.8 2.6   73   15  NO 

G1/S specific cyclin-
D1 

A 2W9Z 5.4 3.0   72   10  NO 

Hypothetical 
UPF0122 transcrip-
tion factor SAV1236 

A 1XSV 5.1 2.8   64    6  ?  

RNA polymerase 
sigma E-factor 

D 2H27 4.9 2.6   60   12 YES 

Hepatocyte Nuclear 
Factor 1β 

B 2H8R 4.7 3.5   67    6 YES 

Signal Recognition 
Particle Ffh M-
domain 

A 1HQ1 4.7 2.6   60    5  NO 

*  Generated Aug 2009 

**A HTH-motif is here defined as a helix-turn-helix motif, binding major groove of dsDNA with 

the 2nd helix of the motif 
 

 
7.2.1. KorA is the closest structural homologue 
The structural homologue with the best Dali-score, and a significantly higher 
score than the second best, was KorA. (KorA: Z=7.2, significant hits: Z > 2, 
2nd best hit: Z=5.8). KorA is a global repressor of the RP4 plasmid. Together 
with two other regulators, KorB and TrbA, it coordinates partition, replication 
and transfer functions. 

KorA is homodimeric and each subunit of the KorA dimer consists of a 
DNA-binding N-terminal domain and a C-terminal dimerization domain 
(Figure 17b). The two domains are connected by a linker. This makes KorA 
able to act as a clamp with the two HTH-motifs, one in each DNA-binding 
domain, to bind in the major grooves on opposite sides of the DNA. The most 
important residues for the KorA DNA-recognition are Arg48 and Gln53 in the 
second helix of the HTH-motif, the recognition helix [127]. In FocB and PapB, 
these important residues correspond to residues (Asn72 and Thr77) that have 
not been explicitly associated with DNA-binding. The HTH-motif of KorA 
also seems to be somewhat more related to the typical HTH-motif compared to 
FocB (Figure 16).  



RESULTS & DISCUSSION 

52 
 

As a remark, two other DNA-binding residues in KorA, Gln37 in the 
first helix of the HTH-motif and Arg57 in the second, correspond to Arg61 
and Arg81 in PapB and FocB. Arg61, situated in α4, has earlier been pointed 
out to be very important for DNA-binding in PapB. In addition, mutation of 
Arg81 has also been shown to affect the DNA-binding [79].   

1st helix 2nd helix

1) X–X–X–O-G/A–X-X–O–G–O–X–X–X–X–X–O–X–O–X-X

2) R-K-D-V- C –E-K-Y-Q-M-N-N-G-Y-F-S-T-T-L-G- + 15 aa

3) Q-A-T-F- A- T-S-L-G-L-T-R-G-A-V-S-Q-A-V-H-R- + 8 aa

----------------------------------------------------------

Line 1) is the typical HTH, X=any residue, O=hydrophobic residue 

line 2) is the amino acid sequence of the FocB HTH-motif

line 3) is the amino acid sequence of the KorA HTH-motif

Helix secondary structures are marked with gray boxes

 
 
Figure 16. Comparison of HTH-motifs  
(1) The sequences of the typical HTH-motif, (2) the FocB HTH and (3) the HTH from 
the FocB structural homologue KorA are compared. The most striking difference 
between the FocB-HTH and the typical HTH is the 15 extra residues at the C-terminal 
end of the FocB HTH. Besides the equal position of some hydrophobic residues, FocB 
lacks most of the characteristically positioned residues of the typical HTH. The 
sequence of the KorA HTH better resembles the typical HTH. In the case of KorA, 
the secondary structure seems to be “out of frame” with one residue. 
 

 
7.2.2. Binding DNA and RNA in different ways 
Of the top seven Dali hits, one does not bind DNA or RNA at all (cyclin-D1) 
and one does not exist as a solved protein-DNA complex (hypothetical 
UPF0122). For the others, KorA, Hel308, the DNA-binding domain of RNA 
polymerase sigma E-factor, HNF-1β and the E. coli Signal Recognition Particle 
Ffh M-domain, structures with DNA or RNA have been solved and are 
available in the PDB. KorA and the RNA-polymerase sigma E-factor have 
HTH-motifs binding DNA in the classical way with the recognition helix in the 
major groove of the DNA. HNF-1β uses both helices of its HTH-motif when 
binding to the DNA-major groove, while the Ffh M-domain, which also has an 
HTH-like fold in its structure, binds to a minor groove of its RNA with the 
first helix of the motif, corresponding to helix α4 in FocB. The Ffh M-domain 
gives an example of a binding different from the classical HTH-binding. 
Another example of a very different binding type is performed by the “domain 
4” of Hel308. This domain binds one strand of the unwound DNA with a helix 
corresponding to helix α4 in FocB. 
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7.2.3. Clues about the dimerization 
Five of the seven top hits from the Dali search, shared a fold similar to the core 
of FocB with the longer, second helix of the HTH-motif (α5 in FocB) 
perpendicular to three short α-helices (α2-α4 in FocB), all flanking the long 
helix on one side. Two of the hits had this fold followed by a C-terminal 
dimerization motif: KorA and the hypothetical UPF0122 transcription factor 
SAV1236. In KorA, the dimerization domain and the DNA-binding domain 
are connected by a relatively long linker, which makes it possible for the DNA-
binding domains to embrace the DNA and bind from opposite sides. In the 
hypothetical UPF0122 transcription factor SAV1236 from Staphylococcus aureus, 
the dimerization domain is a four-helix-bundle closer connected to the core 
structure.  
  In the FocB structure, 14 C-terminus residues are missing. Some of them 
probably do not have a well-defined secondary structure, or they would have 
been easily built when solving the structure. It might be though, that part of the 
C-terminus is involved in some form of oligomerization. In the crystal packing, 
the area around the C-terminus is not occupied by symmetry-related molecules, 
which leaves space for the missing residues.     

a) b) c)

 
Figure 17. Homodimers of FocB and two structurally related proteins 
(a) FocB, (b) KorA, (c) Hypothetical UPF0122 transcription factor SAV1236 from 
Staphylococcus aureus. The colors indicate the secondary structure. The dimerization area 
in KorA and UPF0122 and the “missing” part of FocB are circled in green.  
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7.3. Crystal contacts give an alternative dimer interaction 
 
In the FocB crystal, crystal-packing contacts provide two alternative 
possibilities for the homodimeric FocB interactions. The first case is the one 
shown in figures 15a, 17a, and 18a-c. This is also the dimer in the asymmetric 
unit. In this alternative, the two subunits are related by a non-crystallographic 
2-fold symmetry. The interface involves predominantly hydrophobic residues in 
the C-terminal part of the two α5-helices, but also involves residues from helix 
α2. An extensive hydrophobic core is formed over this interface.  

The second dimer alternative again involves two symmetry-related α5-
helices, but now the polar sides of the N-terminal parts are facing each other 
and hydrogen bonds and two salt bridges are formed across the interface. The 
α1-helices also contribute to this interface by hydrophobic contacts between 
symmetry-related residues. In this second dimer alternative, the hydrophobic 
residues from the C-terminus of α5 are exposed to the solvent. 

The two interfaces were analyzed by the PISA server and both were 
predicted to be stable in solution, but the first interface was calculated to be 
more energetically stable and more hydrophobic than the second. The contact 
area of the first interface was also estimated to be larger, 907 Å2 compared to 
851 Å2 for the second interface.  

The calculations by PISA, the formation of an extensive hydrophobic 
core and the similarity to the hypothetical UPF0122 transcription factor 
SAV1236, all together make the first interface the more likely of the two to be 
found in the FocB homodimer. Likely is also a mixture of the two.  
 
7.3.1. The putative binding cleft 
Between the α5-helices of the two subunits a deep cleft is formed. The cleft 
continues between α1 and α5. Positioned along the cleft are side chains from 
fairly conserved residues like Phe14, Gly38, Ile39, Ser41, His43, Arg81 and 
Arg84 (Figure 19). There are results showing that the double alanine mutants of 
some of the corresponding residues in PapB – Ile39 and Ser40, Ser41 and Ile42, 
and His43 and Ser 44 – all have impaired DNA-binding, but still can 
oligomerize [79]. Arg81 has also been shown to influence DNA-binding, but 
there are no reports about Phe14 and Arg84.  

 
7.3.2. The alternative interface  
The first interface may be the one found in the homodimer, but the second 
interface might suggest an area involved in the oligomerization. Residues found 
previously to be important for the oligomerization of PapB are found in three 
different areas of the protein – in α2, α3 and the N-terminal part of α5. All 
mutations are double or triple alanine mutations of mostly hydrophobic 
residues. For all the mutants, DNA-binding capability is impaired, but not 
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Figure 18. The heart-shaped FocB dimer in different orientations  
(a)-(c) Different views of FocB shown in ball-and-stick. (d)-(f) Volume of the big cleft 
formed by this dimer interface represented as wireframe. The view is the same as in the 
ball-and-stick representation immediately to the left. In (b), the heart shaped core of the 
FocB. In (a), is ”the heart” seen from above and in (c), ”the heart” turned 90° 
clockwise. In (a) and (c), the α1-helices are seen as arms protruding from the front and 
back of the heart-shaped body.  
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completely lost [79]. Tyr74, Phe75 and Ser76 (in α5), all of which have been 
mutated and found important for oligomerization, are buried in the second 
interface of FocB while Leu35 and Leu36 (α2), also associated with PapB 
oligomerization, are buried in the first. This could be interpreted to mean that 
both interfaces are important for a functional protein and that the second 
interface might play a role in the formation of larger oligomeric structures 
necessary for DNA binding. 
 
 

 

CLUSTAL 2.0.12 multiple sequence alignment 

 

                         ¤                        ¤¤¤¤¤¤ 

PapB/PrfB --MAHHEVISRSGNAFLLN-IRESVLLPGSMSEMHFFLLIGISSIHSDRVILAMKDYLVG 57 

PrfB      --MAHHEIISRAGNAFLLN-IRESVLLPGSMSEMHFFLLIGISSIHSDRVILAMKDYLVG 57 

FocB/SfaB --MAQHEVITRGGDAFLLK-LRESALSSGSMSEEQFFLLIGISSIHSDRVILAMKDYLVS 57 

PefB      MMLNRKDADYYLGKEIMLARIRRGALIPAKVNEEHFWLLIGISSIHSEKIIQALRDYLVF 60 

DaaA      --MRER--------YLHLADTPQGILMSGQVPEYQFWLLAEISPVHSEKVINALRDYLVM 50 

AfaA      --MRER--------YLYLADTPQGILMSGQVPEYQFWLLAEISPVHSEKVINALRDYLVM 50 

ClpB      --MSSS--------NLYLSKKHGRTLSPGKMSESQFWLLAEISPVHSEKVLNALRDFLVL 50 

             :            : *       * ...: * :*:**  **.:**:::: *::*:**  

 

                                 ¤  ¤                       

PapB/PrfB GHSRKEVCEKYQMNNGYFSTTLGRLIRLNALAARLAPYYTDESSAFD----- 104 

PrfB      GHTRKEVCEKHQMNNGYFSTTLGRLIRLNALAARLAPYYTDESSAFD----- 104 

FocB/SfaB GHSRKDVCEKYQMNNGYFSTTLGRLTRLNVLVARLAPYYTDSVSAIAEAASL 109 

PefB      GVSRKDVCERYEVNNGYFSTSLNRLSRISQAAAQMVVYYS------------ 100 

DaaA      GYNRMEACGRHGVSPGYFSGALKRFQRVSQTVYRLVPFYFPEAGHEVHRGE- 101 

AfaA      GYNRMEACGRHGVSPGYFSGALKRFQRVSQTVYRLVPFYFPEAGHEVHRGE- 101 

ClpB      GYTRREACERHEVSQGYFSGALGRLQRTHQAVNRLVPFYISEAG-IPYTG-- 99 

          * .* :.* :: :. **** :* *: *    . ::. :*              

Figure 19. ClustalW2 alignment of the sequences most closely related to PapB 
Residues found along the cleft formed by the FocB dimer are marked with ¤. The 
ISSIHS sequence (residue 38-44) and Arg81 have previously been found to be involved 
in the DNA-interaction.  

 

7.4. A hypothesis about the FocB interaction with DNA  
 
The result from the Dali structure homology search showed that the DNA-
interactions possible for FocB are greatly diversified. The HTH-containing 
proteins that are structurally homologous to FocB do not make the same type 
of DNA interactions, which makes it difficult to predict anything about the 
FocB-DNA interaction based on all the homologues. Therefore, only the 
closest FocB homologue, KorA was used in a pair wise comparison.  

When superimposing the FocB structure on KorA, helix α5 of FocB is 
positioned as if it were binding to the DNA major groove. Helix α4 is then also 
in position to bind the DNA at least with Arg61. Lys62, which has previously 
been shown to influence DNA-binding in PapB, also seems to be well 
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positioned for interaction. In this position, the α1 connected to α5 is very close 
to the adjacent minor groove. If the interactions between α1 and α5 would 
break and allow α1 to stretch just a few Ångströms into the minor groove, if 
the HTH-motif would position a bit differently, or if the DNA would be bent 
in the right direction, an arginine situated in α1 (Arg19) could reach the bottom 
of the minor groove and possibly be able to interact (Figure 20a). 

  

b)
α1

α4

Arg19

a)

α5

    
 
Figure 20. FocB positioned in the same way as KorA 
(a) A close-up of helix α1. With FocB superimposed on KorA, the HTH-motif is 
positioned as it would be bound to the major groove of the KorA cognate DNA. The 
α1-helix is then positioned very close to the adjacent minor groove. The KorA DNA is 
shown as a space-filled model in white, the FocB structure is colored according to 
secondary structure and residue Arg19 is shown in ball-and-stick. (b) The FocB dimer 
positioned in the same way as KorA. In order to interact with both subunits of FocB, 
the DNA probably has to bend. Chain A is in blue and chain B in cyan.  

 

7.4.1. Similarities to the DNA-interactions of LacI and PurR 
This type of DNA-interaction, using both the minor and the major groove, 
would be similar to the DNA-interactions seen in LacI and PurR. Their N-
terminal DNA-binding domains contain HTH-motifs that bind the major 
groove in a classical way, but they also have α-helices immediately adjacent, 
binding deep in the minor groove and intercalating leucine residues into the 
central base pair step of the minor groove, which forces the DNA to bend. The 
big difference with FocB is that FocB would only have one helix binding in the 
minor groove while LacI and PurR uses two.  

FocB may or may not bend DNA, but it has two hydrophobic leucines 
positioned in α1: Leu15, which is relatively conserved, and Leu16 that could be 
used for intercalation. In this study, we showed that FocB is able to bind the 
DNA minor groove.  However, we also showed that the FocB binding cannot 
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be outcompeted by the major-groove binding drug, methyl green. This would 
be the case only if FocB had a greater affinity for binding the major groove 
than does methyl green, or if FocB were able to alter the DNA and thereby 
render methyl green binding more difficult.  

If the FocB HTH-motif was positioned like in KorA but the DNA still 
supposed to interact with both FocB subunits by binding in the putative DNA-
binding cleft (described in 7.3.1), the DNA probably has to be bent (Figure 
20b).  

7.4.2. Similarities in the regulation of the lac and pap operons 
Maximum repression of LacI in the cells requires LacI to bind both to its 
primary and secondary operators, with looping of the DNA in between. CRP-
cAMP has its binding site in the loop-region and the LacI protein has been 
suggested to hold the loop together [128, 129].  

Of the proteins known to interact with the pap operon, CRP and Lrp are 
known to induce DNA-bending and the DNA also has an intrinsic curvature 
[76, 130, 131]. The pap DNA has been shown to form loops and a proper DNA 
configuration is important for transcriptional regulation. It has also been 
hypothesized that PapB could have a role in stabilization of the loop structure 
and PapB has three different binding sites [75, 76]( The pap regulation is further 
described in section 4.3.) 

Analyzing the FocB structure does not give many clues about the actual 
DNA-binding of FocB and PapB, and even less about the larger protein-DNA 
structures formed in vivo. It can only be established that the regulation of pap 
share some features with the regulation of lac and that the structure does not 
rule out similar functions for FocB/PapB and the DNA-binding head-piece of 
LacI (or PurR).  

 

 
7.5. Co-crystallization of FocB and DNA – work to be continued 
 
The most convenient way to get the answers to many of the questions about 
the detailed FocB-DNA interactions would be to solve the structure of FocB in 
complex with DNA. In our first attempts to co-crystallize FocB with DNA, we 
used the His6-tagged protein. Later, we continued with the untagged FocB. The 
strategy when designing DNA fragments for crystallization of DNA-bound 
FocB was the same in both cases. We tried different lengths of foc DNA, 
corresponding to the PapB binding site 1. Sequences of 11-29 bp, containing 1-
3 binding “repeats”, and with one or two bases overhang or blunt ends were 
designed (Table 2). Of all the DNA fragments tested, three (Table 2, nr 1, 2 
and 8) showed interesting effects when crystallized together with the His6-
tagged FocB protein. Protein crystals were not necessarily larger, but often had 
a different shape compared to the native crystals of His6-FocB.  
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The DNA-fragments that had shown promising effects when crystallized 
together with His6-FocB, together with a few new ones, were also used in 
crystallization setups together with the untagged FocB protein. Initially, the 
Natrix I screen from Hampton Research was used. The untagged FocB also 
crystallized together with the 29bp-fragment. The tiny crystals grown were 
differently shaped compared to the uncomplexed FocB. Suitable crystallization 
conditions contained ammonium sulfate and magnesium chloride and good pH 
values were around 7.0 and 7.5. The first attempts to optimize crystal 
conditions, resulted in somewhat larger, but still small crystals. Unfortunately, 
we failed to test them at the synchotron beamline. The crystals had grown on 
the cover slip and could not be fished out of the drop and mounted without 
being destroyed in the handling. The 11bp-fragment with overhangs of one or 
two bases (Table 2, nr 1 and nr 2) also seemed to work quite well together with 
FocB, but even in this case, crystallization conditions have to be further 
optimized. 

  
 
Table2. DNA-fragments  

Nr Label Sequence Short description 

1 foc11_e 
TGTATTTGCGT 

ACATAAACGCA 

11 bp, engineered, blunt 

end 

2 foc11_e2 
TTGTATTTGCG 

  CATAAACGCAA 

11 bp, engineered, 2-bp 

overhang 

3 foc_15_r3 
GGTGTATTTACTTAA 

CCACATAAATGAATT 
15 bp, blunt end  

4 foc18_1ov 
 GTATTTGGTGTATTTACT 

ACATAAACCACATAAATG  
18bp,  1-bp overhang 

5 foc22 
 CTTGTATTTGGTGTATTTACCG 

CGAACATAAACCACATAAATGG 

22 bp, 1-bp overhang 

(short foc29) 

6 foc23_r2r3 
TCATTTGTATTTGGTGTATTTAC  

AGTAAACATAAACCACATAAATG 
23 bp, blunt end 

7 foc27_1ov 
 TATTTGGTGTATTTACTTAATATGCGA 

TATAAACCACATAAATGAATTATACGC 
27 bp, 1-bp overhang 

8 foc29 
 CTCATTTGTATTTGGTGTATTTACGAACG 

CGAGTAAACATAAACCACATAAATGCTTG 
29 bp, 1-bp overhang 
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8. The Effect of Iodide and Chloride on the 
Transthyretin Structure  
(Paper III) 
 
During a long time, a main interest in our group has been to contribute to the 

understanding of transthyretin amyloidogenesis, through structural and 

functional studies of the transthyretin (TTR) protein. The main focus has been 

conformational changes and their importance in fiber formation. Besides that, 

an interest in finding amyloid-inhibiting substances has always been present. 

The general approach to inhibit TTR fiber formation has been to stabilize the 

native TTR tetramer by binding small molecules to it. A prerequisite for the 

design of such molecules is knowledge about the small molecule binding 

properties of TTR.  

Iodide ions are one of the precursors in T4 biosynthesis. During a 

crystallization setup, iodide was found to improve the shape and size of TTR 

crystals. At that time, there were no reports on the effect of free iodide ions on 

TTR, so our investigative focus was concentrated on the identification of the 

exact binding sites of iodide ions and their effect on TTR stability. During the 

progress of this work, another type of halide ions, chloride ions, was shown to 

stabilize the wild-type TTR through anion shielding of electrostatic repulsion 

between two pairs of equivalently positioned Lys15 residues [132]. Our study 

was then extended to include the effects of chloride ions on TTR stability.  

 
 
8.1. The structures of iodide-TTR and chloride-TTR  
 
The iodide-TTR and chloride-TTR structures were solved at 1.8 Å (R=20.3%, 

Rfree=23.8%) and 1.9 Å resolution (R=20.0% and Rfree=22.1%) respectively. 

The iodide-TTR was solved using the single-wavelength anomalous dispersion 

(SAD) method with iodide as anomalous scatterer. Three iodines per subunits 

could be identified in the structure. The chloride-TTR was solved by difference 

Fourier methods. Three chlorides per TTR subunit were identified, but two did 

not display strong intensities, indicating low occupancy at these sites. Crystals 

were therefore soaked for 2 days in solution containing 1.5 M NaCl (compared 

to 0.5 M NaCl in the first crystallization setup) prior to a second data 

collection. Overall, both the chloride-TTR and the iodide-TTR structures were 

found to be very similar to the 1.5 Å wild-type TTR structure [92], with a root-
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mean-square deviation (rmsd) of 0.2 Å for the iodide-TTR and a rmsd of 0.3 Å 

for the chloride-TTR. 

 

 

8.1.1. Positions of the halide ions 

Halides, in contrast to metal ions, bind non-specifically to proteins and have no 

preferences for specific coordination geometry. Generally, most of the halides 

interacting with proteins are found in hydrophobic niches on the protein 

surface. These halide sites often have low occupancies. Instead, the highest 

occupancies are found where halide ions form ion pairs with positively charged 

arginine or lysine side chains [122]. 

In the iodide-TTR and chloride-TTR structures, three halides per TTR 

subunit were identified. The iodide ions were identified by their strong 

anomalous signal and the chloride ions by their high sigma values in difference 

Fourier maps. The binding sites of the two different ions were close-to-

identical with two of the ions in the T4-binding pocket and with one positioned 

in the dimer interface (Figure 21). The halide bound in the dimer interface, 

bridges the two different subunits, forming the dimer part of the TTR 

molecule, which increases the stability of the TTR molecule. 

The two halides found in the T4-bining pocket were found to bind in 

HBP1 and HBP3 (The hydrogen binding pockets, HBPs, are further described 

in section 5.2.). The ions situated at the HBP1 and HBP1’ form anion pairs 

with the Lys15’ and Lys15 side chains, which explains the shielding effect of the 

chloride ions reported previous to our study [132]. 

 

 

8.2. Iodide ions stabilizes the TTR fold 
 
In order to determine the stability of TTR in various concentrations of Cl- and 

I-, TTR was denatured in urea and the unfolding monitored by tryptophan 

fluorescence at pH 7.0. The chloride ions stabilized TTR in a concentration-

dependent manner and it was found that 6M urea could not unfold TTR at 1.5 

M KCl. The same stabilization effect could be obtained at even lower ion 

concentrations for the iodide ions. Already at 0.1 M KI, the same stabilization 

effect was observed as for 1.5 M KCl, showing that I- are more efficient in 

stabilizing the TTR fold compared to Cl-.   
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Figure 21. TTR halide binding 
(a) A ribbon representation of TTR with the bound halides in spheres. Iodide ions are 
dark red and chloride ions in magenta. (b) A close-up of the T4-binding pocket. The 
two chlorides (and their symmetry related counterparts) found in the T4-bining pocket 
are called Cl-1 and Cl-2 in subunit A and Cl-4 and Cl-5 in subunit B. These chloride 
ions bind in HBP3 and HBP1. The iodide ions are named accordingly. Chloride ions 
are shown in magenta. (c) The Cl-ion linking the two subunits together. The chlorides 
bound in the dimer interface, called Cl-3 in subunit A and Cl-6 in subunit B, bridge two 
of the subunits, leading to a stabilization of the TTR molecule.   
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8.3. Protein aggregation   
 
Small molecules that stabilize the native TTR structure are also believed to 

inhibit fibril formation. It had earlier been shown that the wild-type form of 

TTR forms fibrils when incubated at 37 °C and that the level of fibrillization 

was essentially correlated with the optical density (OD) of the precipitates at 

400 nm [109]. In our study, where both pH and salt concentrations were varied, 

it was found that in presence of 0.1 M Cl- and a protein concentration of 0.2 

mg/ml, maximum OD400 was obtained at pH 4.4. This was in agreement with 

earlier studies [133]. However, by using atomic force microscopy (AFM), no 

fibrils could be detected in these experiments. Still, it cannot be excluded that 

fibrilar structures exist, perhaps embedded in the large aggregates that were 

actually found.  
Based on previous reports, the OD400 was expected to reach a maximum 

value at a certain pH and then decline at lower pH values [133]. Interestingly, 

with increasing Cl- concentrations, the protein aggregation seemed to be 

stimulated, especially at lower pH values. This effect can be due to a salting-

out-effect together with partial denaturation caused by the low pH. 

Iodide ions had a similar effect on aggregation at lower pH (3.0-4.0), but 

not in pH range 4.0-5.0, indicating that I- inhibits the TTR aggregation and/or 

fibril formation to a higher extent compared to Cl-. 

 

 

8.4. Iodine-substituted compounds 

 
When the structures of chloride-TTR and iodide-TTR were analyzed, there 

were already characterized TTR structures in complex with iodine-substituted 

compounds available, e.g. : diiodo-L-thyronine [134], tetraiodo-thyroacetic acid 

[135] and iododiflunisal [136]. Later, Mairal et al. showed that a molecule like 

diflunisal, already known to inhibit TTR fibril formation could – by iodination 

– be altered to become a more potent fibril inhibitor [137]. Iodine atoms seem 

to be an important design feature in the search for candidate drugs for 

treatment of TTR amyloidosis. The exact binding positions of halide ions might 

be useful for future drug design experiments. 
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CONCLUSIONS  

& FUTURE PROSPECTS 
 

    In the NMR 1H-15N HSQC experiment, we found that FocB was more 

homogenous and well-folded at temperatures above ~20° C and 

therefore the crystallization was carried out at 22 °C. The 1H-15N 

HSQC spectra also indicated that the His6-tag fused to FocB could 

disturb the crystallization process. A new construct with a removable 

His6-tag was made and, together with the higher crystallization 

temperature, lead to successful crystallization of the protein.  

   The FocB structure was solved and FocB was found to be an all-alpha 

helical protein with an atypical helix-turn-helix motif. Arg61 and 

Cys65, two residues known from previous work to be important for 

DNA-binding in the homologous protein PapB, were found to be 

situated in the helix preceding the putative “recognition helix” of the 

HTH-motif in FocB. Structure homology searches showed that the 

DNA-interactions possible for FocB are greatly diversified. 

    In this thesis, it was hypothesized that the α1 helix of FocB, a part of 

the protein known to influence DNA-binding in PapB, could bind to 

the DNA minor groove. The atypical HTH-motif was expected to 

interact with the major groove. As with PapB, FocB was shown to 

bind the minor groove of DNA, but we also showed that the FocB-

DNA binding cannot be outcompeted by the major-groove binding 

drug methyl green. This result therefore did not support the theory 

that FocB could bind both to the major and the minor grooves. It 

would therefore be of interest, to further analyze the methyl green-

DNA interaction by another method, to estimate the strength of the 

interaction. Further biochemical and biophysical investigations of the 

FocB-DNA interaction would probably also bring useful information.  

  However, the most convenient way to get the answers to many of 

the questions about the detailed FocB-DNA interactions would be to 

solve the structure of FocB in complex with DNA. Such a structure 

might also provide more information about the oligomerization 

properties of the protein. 
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    In TTR, two of the three previously identified halogen-binding pockets 

were also found optimal for halide binding. In addition, a third halide-

binding site was identified and found to bridge two TTR subunits, 

thereby increasing the stability of the protein. Chloride and iodide ions 

were found to stabilize the TTR structure, with iodide ions doing so 

more efficiently than the chloride ions. Iodide ions also seemed to 

inhibit the TTR aggregation and/or fibril formation to a greater extent 

than chloride ions. When searching for new TTR amyloid-inhibiting 

drugs, the identified halide-binding sites in the T4-binding pocket can 

be used as starting points for structure-based drug design. 
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