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Abstract

Crystal structures show that the forkhead domain (FHD) of FOX transcription
factors is monomeric, except in the P-subfamily which exhibit formation of domain-
swapped dimers. The crystal structure of the FOXP2 FHD shows a mixture of
monomer and domain-swapped dimer (DSD) whereas the FOXP3 FHD is solely
dimeric. The FOXP3 DSD is shown to be crucial for its suppressive function.
Furthermore, mutations in the FOXP3 FHD are linked to a severe autoimmune
disease known as the IPEX (immunodysregulation, polyendocrinopathy,
enteropathy, X-linked) syndrome. Here, we explore the domain-swapping
mechanism of the FOXP3 DSD using urea-induced equilibrium unfolding, stopped-
flow kinetics, size-exclusion chromatography, circular dichroism, intrinsic and
extrinsic (ANS) fluorescence spectroscopy. Our results show that the FOXP3 DSD
is completely dimeric at micromolar concentrations as low as 4 UM which is in
contrast to classical domain-swapped structures which exhibit a mixture of
monomer and dimer. Interestingly, equilibrium unfolding of the FOXP3 FHD
monitored by tryptophan fluorescence follows a three-state (N,—Il,<2U) folding
mechanism whereby the dimer partially unfolds to form a dimeric intermediate
which precedes complete unfolding. Urea-induced equilibrium unfolding monitored
by circular dichroism shows a two-state folding mechanism with a free energy
change of unfolding of 19.3 + 0.97 kcal.mol™. Circular dichroism spectra shows
that the intermediate strongly resembles the native state, whereas intrinsic and
ANS fluorescence spectra as well as size-exclusion chromatography reveal that
the structure of the intermediate is not as compact as the native state. Stopped-
flow kinetics were monitored using tryptophan fluorescence above 320 nm.
Unfolding kinetics indicate one kinetic phase except for the single jump from native
to the intermediate state. Refolding kinetics are biphasic. A three-state unfolding
mechanism ((N2—l,—~2U) is proposed for the folding pathway of the FOXP3 DSD
with the primary hydrophobic interface being disrupted upon formation less
compact molten-globule intermediate which then dissociates into monomers (burst

phase in | « U transition) and subsequently unfolds completely.
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CHAPTER 1: INTRODUCTION

1.1 Transcription factors

The regulation of gene expression is highly complex and involves a multitude of
interactions between transcription factors and gene targets as well as between
transcription factors and their regulators. These interactions are collectively known as
the ‘transcriptional regulatory network’. All cells in a multicellular organism contain the
same genes and have similar processes that are regulated by ‘house-keeping’
transcription factors which are necessary for the functioning of every cell. In specific
tissues, such as the lungs for example, other transcription factors have unique
expression patterns and form part of distinct regulatory programmes. These distinct
networks play a role in tissue specificity (Sonawane et al., 2017) and can serve as
biomarkers for disease (Scherzer et al., 2008; Zhou et al., 2008; Sykiotis and Bohmann,
2010). Transcription factors have crucial physiological roles, for example in metabolism,
cell cycle regulation, reproduction, development and regulation of the immune system
(Grandori et al., 2000; Levy and Darnell, 2002; Amoutzias et al., 2004; Desvergne et al.,
2006; Amoutzias et al., 2007) and their structures usually contain specific domains that

perform specific functions.

Transcription factors are generally classified according to their highly-conserved DNA
binding domains (Harrison, 1991) which bind to specific DNA sequences (Schleif,
2013). The most well-studied of these DNA binding domains are homeobox, POU
(derived from Pituitary-1, Octamer-1, Unc-86), paired box, cysteine-cysteine zinc finger,
cysteine-histidine zinc finger, the basic element, the Ets (E-twenty six) domain as well
as the helix-turn-helix motif (Pabo, 1992; Latchman, 1997) (Figure 1).

Transcription factors contain various domains within their structures such as
dimerization, activation and repression domains which make them modular in nature.
This modularity allows the activation and repression domains to be involved in up- or
down-regulation of target genes, respectively (Frankel and Kim, 1991). This suggests
that DNA binding alone may not be sufficient for activation of transcription of target

genes (Latchman, 1997). A careful balance must be obtained between activated and



repressed target genes. This is achieved by regulating the ‘regulators’, in other words
the regulation of transcription factors themselves (Latchman 1997). Transcription factors
can be activated or repressed in response to specific stimuli, through ligand binding,
due to changes in protein-protein interactions or due to post-translational modifications

such as phosphorylation (Latchman 2005).

Transcription factors rarely work alone and in fact, many self-associate to form dimers
and even higher-order oligomers. For some transcription factors, dimerisation is
required prior to binding DNA and this is mediated through an associated dimerisation
domain, for example a leucine zipper domain, or a DNA binding motif, such as the helix-
loop-helix motif (Anthony-Cahill et al., 1992; Latchman, 1997; Massari and Murre,
2000). Oligomerisation confers advantages such as increased stability and increased
complexity, however, unwanted oligomerisation can lead to formation of pathogenic
protein aggregates. A sophisticated example of a homodimeric DNA-binding protein is
Type Il restriction enzymes. Each subunit binds to half of a palindromic sequence
(Pingoud and Jeltsch, 2001). Here, dimerisation is shown to significantly increase not
only the binding affinity but also the binding specificity (Marianayagam et al., 2004).
Taken together, protein-protein interactions can be considered to be just as important in

the gene regulation networks as protein-DNA interactions.
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Basic DNA binding domain Paired box domain

Figure 1. Some of the best-characterised DNA binding domains. A. The helix-turn-helix (HTH) motif
consists of two helices separated by a beta turn. PDB code 1VRZ. B. Homeobox domain. PDB code 2LKX.
C. POU domain. PDB code 3L1P. D. Cysteine-histidine zinc finger domain where two cysteines and two
histidine residues coordinate a zinc ion (red sphere). PDB code 1CQT. E. Cysteine-Cysteine zinc finger
consists of four cysteine residues that coordinate a zinc ion (blue) and binds DNA as a dimer. PDB code
5V3J. F. Ets domain belongs to the ‘winged’ helix-turn-helix superfamily. PDB code 1BC8. G. Basic DNA
binding domain bound to DNA and is adjacent to the leucine zipper domain which assists dimerisation. PDB
code 2DGC. H. Paired box domain of Pax3. PDB code 1FJL.Upon DNA binding in each example above
(except for A), an alpha helix is inserted into the major groove of DNA and this is consistent throughout even

though there are different proteins and different DNA sequences involved. Figure adapted from (Perumal,

2014).



1.2 Protein folding

1.2.1 The Levinthal paradox

While the stability of protein interactions has been studied in great detail, the accurate
prediction of the three-dimensional native structure of a known polypeptide sequence
remains elusive (Dobson, 2000), even though there has been considerable progress in
this field with the development of in silico tools to predict secondary and tertiary
structure based on protein models (Drozdetskiy et al., 2015; Webb and Sali, 2016). It
has been estimated that a protein consisting of 100 amino acids would take
approximate 10*° years to fold to its correct conformation if it searched all possible
conformations (Levinthal, 1969). However, proteins are known to fold into their
functional native states extremely rapidly (in the order of seconds) (Dobson, 2000).
This apparent contradiction is known as the Levinthal paradox and indicates that
proteins do not fold via a random search of all possible conformations but instead,

follow specific folding pathways (Levinthal, 1969).

Since protein function is dependent upon the fully-folded, native conformation of a
protein, it is necessary to understand how a protein finds its way to its correctly folded
structure in a reasonable period of time, without needing to access a myriad of incorrect

alternatives.

1.2.2 Proposed folding models

Many proposed models have been suggested in order to explain the protein folding
mechanism, such as the hydrophobic collapse model (Dill, 1985), the diffusion-
collision model (Karplus and Weaver, 1994), the nucleation-condensation model
(Fersht, 1997) and the jigsaw-puzzle model (Harrison and Durbin, 1985), none of
which can fully explain or resolve the Levinthal paradox. The conformational space
searched by a protein during folding however, can be reduced significantly through
formation of specific folding pathways in the energy landscape (Onuchic et al., 1999).
This model is known as the landscape theory and is described with the use of folding

funnels (Figure 2).

Initially, the unfolded protein exists in an species of unfolded speciess that is

heterogeneous due to the relatively numerous conformational states that are available

4



to an unfolded polypeptide. As folding proceeds to a lower-energy state, stabilising
native interactions (intramolecular interactions) are favoured over non-native
interactions (intermolecular interactions) (Figure 2). The number of conformations
accessible to a polypeptide decreases progressively down the funnel as more native,
intramolecular contacts form and the protein becomes more compact. Hydrophobic
groups interact with each other to expel water from the protein core and simultaneous

exposure of polar amino acid side chains to the surface occurs (Dill et al., 1995).

The folding process can occur via the formation of intermediates. These intermediates
can either be on-pathway, that is, they can be found directly between the unfolded and
folded states in the protein folding pathway or they can be off-pathway and result in
misfolded or partially-folded, aggregates (Hartl and Hayer-Hartl, 2009). These
aggregates can then form cytotoxic highly-ordered fibril structures that are associated
with diseases such as cystic fibrosis (Bence et al., 2001; Janowski et al., 2001; Nilsson
et al., 2004), Alzheimer’s (Murrell et al., 1991) and Parkinson’s diseases (Baba et al.,
1998). The origins of these diseases are due to mutations that result in changes in the
stability or kinetic properties of the protein which leads to impaired function or
disruption of protein folding control systems (Tan and Pepys, 1994; Bullock et al.,
1997). In the cell, proteins are in constant dynamic equilibrium between folded and
unfolded speciess so folding assistance is often required by helper proteins called
‘molecular chaperones’ and folding catalysts (Gething and Sambrook, 1992). These
biological catalysts can prevent aggregation of misfolded proteins and can speed up
reactions in the folding mechanism that might otherwise be slow (Schiene and Fischer,
2000). Misfolded proteins are usually ubiquitinated and targeted for degradation when

they are no longer needed, which provides an important step in regulation.



0\,
N
— Unfolded &>

A
= |
l
|
l
Chaperones
Chaperones
@9
% o
= Folding
5 intermediates

Partially
folded
states

state Amorphous
aggregates

fibrils

S
Intramolecular contacts Intermolecular contacts

Figure 2. Protein folding funnel. The energy landscape of a protein as it folds to its native state is funnel-shaped.
Intially, the unfolded species of protein molecules is highly disordered and is heterogenous. As folding proceeds,
native interactions are favoured over non-native random interactions which may result in the formation of folding
intermediates. These folding intermediates may serve as kinetic ‘traps’ as they are located in energy minima,
however in vivo, molecular chaperones may assist in allowing these intermediates to fold into the lowest-energy
native state. If mutations arise that promote misfolding, highly-ordered amyloid structures or amorphous aggregates
may form and are associated with various diseases such as cystic fibrosis (Bence et al., 2001), Alzheimer’s (Murrell
et al., 1991) and Parkinson’s disease (Baba et al., 1998). Figure adapted from Harlt et. al. (2011).

1.2.3 Protein folding pathways and intermediates

While molecular chaperones are sometimes necessary to aid protein folding in vivo,

numerous isolated unfolded proteins have been shown to refold spontaneously in vitro



to their fully-folded native states upon removal of denaturing conditions (Anfinsen,
1973). A set of elegant experiments by Anfinsen (1973) suggests that the protein

sequence contains all the necessary information that is required for folding.

A folding pathway can be defined in terms of the speciess of conformational states that
the protein encounters as it folds to form the native state. The folding pathway may be
sequential or parallel, however all speciess of on-pathway intermediate states must
converge to form the folded, native protein conformation (Walters, Milam et al. 2009)
whereas off-pathway intermediates may form misfolded aggregates that are either

degraded by the ubiquitin degradation pathway or may lead to disease.

Small proteins usually exhibit a two-state equilibrium unfolding mechanism where the
molecules present at equilibrium consist of either fully folded (N) or fully unfolded (U)
states. In a two-state model, the well-defined native and unfolded structures are
separated by a high free-energy barrier. This is explained by the transition state theory.
According to the transition state theory (Christensen and Pain, 1991), reacting
molecules collide to form a high-energy, metastable transition state which then
decomposes to form the products. The approaching reacting molecules, in this case the
unfolded protein, must overcome a high-energy barrier, known as activation energy in
order to form folded, native protein. The reorganisation of the transition state to the
native conformation may be a rate-limiting step and in order to fully characterise the
protein folding and refolding pathway, it is essential to characterise the structural and

energetic properties of the transition states that form.

When proteins fold via multistate mechanisms, intermediate species will be detected
either at equilibrium or transiently. The role of protein folding intermediates in the protein
folding mechanism is controversial due to the variability of folding pathways. In some
cases, intermediates are present in folding pathways while in others they are absent,
which makes their significance in folding somewhat unclear (Roder and Colén, 1997). In
complex, multidomain proteins, these intermediates may assist protein folding by
reducing the conformational space that is available to the protein. Another view
suggests that they may slow down the folding process which may be essential to ensure

that the protein folds to the correct native conformation (Englander and Mayne, 2014).



1.3 Protein-protein interactions

1.3.1 Stability of protein-protein interactions

Proteins can interact with nucleic acids, membranes, small ligands and other proteins in
order to perform distinct biological functions. An increase in the number of solved
protein crystal structures has allowed detailed analysis into the principles that govern

protein interactions.

Protein-protein interfaces are usually conserved (Valdar and Thornton, 2001; Moreira et
al., 2007) and are characterised according to: Iinterface size; geometric
complementarity; residue frequency; electrostatic interactions; hydrophobicity and the
exposure of accessible surface area (ASA) all of which have been studied extensively
(Chothia, 1974; Jones and Thornton, 1996; Sheinerman et al., 2000; Glaser et al., 2001,
Moreira et al., 2007). These studies allow the distinction between biologically relevant
protein-protein interactions in complexes and those formed by crystalline contacts or
packing in the crystal lattice in crystal structures (Valdar and Thornton, 2001; Moreira et
al., 2007).

The hydrophobic effect, hydrogen bonds, salt bridges, disulfide bonds, intrinsic
secondary structure and packing interactions between amino acid residues have all
been shown to be involved in stabilising protein-protein interactions as well as
intramolecular interactions within the protein (Baldwin and Matthews, 1994; Young et
al., 1994; Pace et al., 1996; Strickler et al., 2006). Of these, hydrophobic interactions
are shown to be the most important for association. This is due to the aqueous
environment that causes the hydrophobic residues to collapse into the interior of a
single protein molecule and also drives the association of many proteins via exposed
hydrophobic surface patches (Chothia, 1974; Van den Burg et al., 1994) as the burial of
hydrophobic surface area contributes favourably to the binding energy (Chothia and
Janin, 1975; Jones and Thornton, 1996). The burial of surface hydrophobic residues is
an entropically-driven process thereby expelling disordered water molecules from the
interface and allowing a water-tight seal around a critical set of energetically favourable

interactions and is essential in the formation of high-affinity protein complexes (Bogan



and Thorn, 1998). It is proposed that clusters of hydrophobic residues on the protein
surface interact with each other to form a network that stabilises the protein complex
(Tisi and Evans, 1995) where clusters can range between 3 - 15 residues (Young et al.,
1994). The standard size of a protein-protein interface is approximately 500 - 2000 A2
(Moreira et al., 2007) and a minimum of 381 A? of buried surface area is necessary to

form a stable protein-protein complex (Chen et al., 2013).

In the event of oligomerisation, clusters of hydrophobic residues on the protein surface
can thus interact with each other to form a network that stabilises the protein complex
(Tisi and Evans, 1995). These clusters can range in size between 3 - 15 residues
(Young et al., 1994). The standard size of a protein-protein interface is approximately
500 - 2000 A? (Moreira et al., 2007) and a minimum of 381 A? of buried surface area is

necessary to form a stable protein-protein complex (Chen et al., 2013).

Although hydrophobic residues are most important in stabilising protein-protein
interfaces, polar residues exposed to the solvent are also involved in stabilising protein-
protein complexes via the formation of salt bridges and hydrogen bonds (Robertson,
2002). Hydrogen bonds form between an electronegative atom (acceptor) and a
hydrogen atom (donor). They are frequently observed at protein interfaces with an
average of 1 bond per 100-200 A? of surface area (Jones and Thornton, 1996). In
addition, pairs of oppositely-charged residues can be found at the interface within 4 A of
each other (Barlow and Thornton, 1983). Whereas hydrophobic interactions are the
driving forces that cause proteins to associate, electrostatic interactions play an
important role in the binding specificity of protein-protein interactions and therefore are

often involved in determining which proteins interact with each other (Fersht, 1987).

1.3.2 Transcription factor oligomerisation

Proteins can oligomerise to form dimers, trimers, or higher order multimers. Protein
dimerisation, in particular, involves the association of two identical monomers to form a
homodimer while heterodimers  form through the association of two different
polypeptide chains (Spit et al., 1998). Protein oligomers have several advantages over
monomeric forms, namely regulation of protein activity via reversible oligomerisation,

higher local protein concentration, larger binding surfaces (Bennett et al.,, 1995) and



perhaps even novel biological activity (Changeux and Edelstein, 1998). Oligomerisation
may confer additional advantages such as increased stability, regulation of binding site
accessibility and increased complexity, allowing for the evolution of new functions
(Marianayagam et al., 2004; Wu et al., 2014).

It is therefore not surprising that while some transcription factors are capable of
interacting with DNA as monomers (Figures 1B-D and Figures 1F and 1H), transcription
factor dimers are fairly common. In some cases transcription factors form dimers so as
to bind symmetrically to DNA sequences (Abel and Maniatis, 1989) as in the case of the
glucocorticoid receptor which contains a four-cysteine zinc finger domain (Luisi et al.,
1991) (Figure 1E) and the transcription factor C/EBP alpha, which contains a basic
leucine zipper motif (bLZ) (Hu and Sauer, 1992) (Figure 1G). Dimerisation of some
transcription factors such as the mammalian telomeric protein TRF1 (Bianchi et al.,
1997) can also be facilitated by structural motifs such as the helix-loop-helix (HLH) motif
(Jones, 2004) and the helix-turn-helix (HTH) motif (Figure 1A) TRF1 is an example of a
transcription factor that dimerises upon DNA binding, however not all transcription
factors dimerise upon binding to DNA as in the case of steroid receptors (Luisi et al.,
1991). In fact, many transcription factors associate in solution with high affinity (in the
nanomolar range) in the absence of DNA (Schleif, 1988; Neet and Timm, 1994; Foguel
et al., 1998) which suggests a free energy link between folding and DNA binding (von
Hippel, 1994; Chen et al., 2013).

In addition to transcription factors binding to DNA in their dimeric and monomeric
oligomeric states, some transcription factors exhibit a unique type of oligomerisation,
termed domain swapping, in order to carry out their physiological functions. Domain
swapping is a unique oligomerisation event whereby specific regions of protein chains
are exchanged to form an intertwined structure (Schlunegger et al., 1997) The octamer-
1 (Oct-1), a POU-member (Figure 1C) (Reményi et al.,, 2001) and members of the
‘winged’ helix superfamily (Figure 1F), the forkhead box (FOX) P-subfamily (Stroud et
al., 2006; Bandukwala et al., 2011; Chu et al., 2011) are examples of transcription

factors that exhibit domain swapping.
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1.4 Domain swapping

Domain swapping was first identified in the crystal structure of diphtheria toxin at an
atomic resolution of 2.3 A (Bennett and Eisenberg, 1994) and is a type of
oligomerisation event in which specific regions of proteins are exchanged to form an
intertwined dimer or higher order oligomer (Schlunegger et al.,, 1997). The exchanged
regions can vary in size from just one secondary structural element such as an a-helix
or B-sheet (Khazanovich et al., 1996) to an entire domain (Bennett et al., 1995) or many
domains (Liu et al., 1998; Liu et al., 2002). If the structure of a protein exhibits stable
forms of both monomer and domain-swapped oligomer, it is considered to be a bona
fide example of 3D domain swapping. In the case of two subunits exchanging structural

elements, the intertwined structure is known as a domain-swapped dimer (DSD).

The structures of the monomer and the subunits of the DSD are identical except for the
hinge-loop region connecting the two subunits (Ogihara et al., 2001; Rousseau et al.,
2003) (Figure 3). The only other difference between monomer and the DSD may be in a
secondary interface where new interactions may occur due to the close proximity of the
subunits (Bandukwala et al., 2011; Murawska et al., 2017; Nandwani et al., 2017).
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Closed monomer

Domain-swapped
dimer

Regular dimers

Figure 3. Schematic of domain swapping. The subunits in the domain-swapped dimer are usually identical. The
hinge loop conformations are different in the closed monomer and open monomers in the domain-swapped dimer
(Bennett et al., 1995). The primary interface is shown by black arrows and the unique secondary interface that forms
in domain-swapped dimers is indicated by the red arrows and is not present in regular dimers. Figure created using
Microsoft PowerPoint 2010.

A study identified that many different proteins with a diverse range of functions can form
domain-swapped dimers (Figure 4) (Huang et al., 2012). For example, the
immunoglobulin superfamily which has a diverse range of physiological functions in the
immune system shows a diverse range of swapping modes where different structural
elements are exchanged to varying degrees (Huang et al., 2012). It is not clear how or
why these domain-swapped structures form (Liu and Eisenberg, 2002). Even though
domain swapping is frequent (approximately 10 % in protein folds and 5 % in protein
families) , there is no clear pattern in terms of sequence or structure as to whether or
not a protein will domain swap (Liu and Eisenberg, 2002) and little is known about the
exact mechanism of domain swapping (Hayes et al.,, 1999; Kuhlman et al., 2001,

Rousseau et al., 2001; Schymkowitz et al., 2001). This leads us to the following
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guestion: how does a single polypeptide sequence gain access to two different

conformational states?

Figure 4. Examples of proteins that exhibit domain-swapping. These proteins all swap to different extents and
have different physiological functions ranging from cell-cycle control to exocytosis of transport vesicles. A. Cell-cycle
regulatory protein, p13°** (Bourne et al., 1995). PDB code 1PUC. B. T-SNARE (Antonin et al., 2002). C. Designed
helical bundle (Lovejoy et al., 1993). PDB code 2C5J. D. B1 domain of streptococcal protein G (Frank et al., 2002).
PDB code 1MPE. One monomer is shown in red and the other monomer is shown in yellow. Figure was created

using PyMOL (DeLano Scientific).

1.4.1 Mechanism of domain swapping

Very few studies have looked at the mechanism of domain swapping (Nagarkar et al.,
2010), although there has been significant recent developments (Medina et al., 2016;
Fagagnini et al., 2017; Medina et al., 2017; Murawska et al., 2017; Nandwani et al.,
2017; Huang et al., 2018). Some hypotheses have been proposed, the first of which

used the monomeric and dimeric structures of diphtheria toxin (Bennett et al., 1995). In
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most cases, the first step in domain swapping may involve breaking intramolecular
interactions that stabilise the monomeric form, followed by formation of an ‘open’
monomer via alteration of the hinge-loop conformation. According to Bennett et al.
(1995), the closed monomers are disrupted to form open monomers which then
associate to form DSDs. The large kinetic barrier between the closed monomer and
open monomer is associated with very slow interconversion between the monomer and
dimer. However, this large kinetic barrier can be overcome by a change in pH,
temperature, changes in denaturant concentration (Rousseau et al., 2001), binding of a
ligand or mutation in the protein. (Bennett et al., 1995). The best-studied domain-

Bsucl

swapped protein to date is the pl cell-cycle regulatory protein. It is found in the

yeast Schizosaccharomyces pombe and functions by binding to and suppressing cdc2

(a cyclin-dependent kinase). The p13°**

protein belongs to the CDC28 kinase-specific
class of proteins that are essential for cell cycle progression (Endicott and Nurse, 1995).

However, it is not clear whether the domain-swapped dimer is essential for its function.

The domain swapping mechanism has been outlined for p13%U*

(Khazanovich et al.,
1996; Rousseau et al., 1998; Rousseau et al.,, 2001), and cyanovirin-N, an HIV-
inactivating protein (Liu et al.,, 2012). In both these cases, the monomeric form must
completely unfold and then refold to form the domain-swapped dimer. This process is
thought to be followed by rebuilding of intermolecular connections. The intermolecular
connections formed should be the same as the intramolecular connections that were
broken in the monomer and thus should contribute little to the overall free energy
change in the monomer-dimer transition (Heringa and Taylor, 1997; Robertson, 2002).
In another domain-swapping protein, barnase, a ribonuclease from bacteria, the regions
involved in structural exchange can only fold partially in an independent manner which
suggests that domain swapping must occur at an intermediate stage of folding (Zegers
et al.,, 1999). Together, these studies imply that the domain swapping mechanism is
unique for each protein and is dependent on the folding pathway of the particular protein
(Rousseau et al., 2003).

Indeed, to date, a unifying mechanism of domain swapping remains elusive. However, it
seems that in order to gain access to the domain-swapped conformational state, the
monomer has to partially or fully unfold first as both computational and experimental
work shows (Rousseau et al., 2001; Yang et al., 2004; Liu et al., 2012). This implies that

if the folding pathway was initiated by the folded monomer, intra-chain bonds are
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required to be broken. The intra-chain bonds are then replaced by identical inter-chain
bonds with another monomer in addition to hinge-loop backbone conformational
changes. This process requires a considerable amount of energy, called ‘activation
energy’ as there usually is a partitioning of the two conformations with respect to their
free energy difference (Liu et al., 2012). Amino acid residues at the hinge-loop region as
well as at the new interface created by domain swapping play a key role in the domain
swapping mechanism (Kuhlman et al., 2001; Rousseau et al., 2001; Schymkowitz et al.,
2001). Furthermore, Medina et al., 2016 shows that domain swapping leads to reduced

flexibility in the hinge-loop region.

1.4.2 Role of the hinge region and hydrophobic core in domain swapping of the
FOXP DSD

Since the structures of the monomer and DSD are almost identical except for the hinge-
loop region and the dimerisation interface, any differences in these regions (Nandwani
et al., 2017), for example mutations, can either favour or disfavour domain swapping
(Rousseau et al., 2003). Much focus on the mechanism behind domain swapping has,
therefore been on the hinge-loop region. The length of the hinge-loop region, either by
shortening or lengthening (Kortt et al., 1994; Perisic et al., 1994; Green et al., 1995;
Murray et al., 1995) and flexibility of the hinge-loop region (Rousseau et al., 2001;
Staniforth et al., 2001; Newcomer, 2002) has been shown to either promote (Ogihara et
al., 2001) or disrupt domain swapping as in the case of p13*““! (Rousseau et al., 2003)
and a non-domain swapping protein, single chain monellin (MNEI) (Nandwani et al.,
2017).

While most studies on the hinge-loop and domain swapping propensity have focused on
the strain and loop length, the link between amino acid composition at or near the
hinge-loop region has received little attention (Nandwani et al., 2017). Domain-swapped
dimers have been frequently observed in cystatins (Janowski et al., 2001; Staniforth et
al.,, 2001; John-Baptiste et al., 2012; Murawska et al., 2017) and on average, the
cystatin hinge-loop is six amino acid residues shorter than MNEI. A recent study of the
effect of hinge-loop amino acid residue composition after deletion upon domain
swapping indicates that hydrophobicity at the hinge region in addition to strain

introduced favours domain swapping (Nandwani et al., 2017).
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Strain in the hinge-loop, introduced by proline residues in this region, can also control

domain-swapping in proteins such as p13°“*

(Rousseau et al., 2001) and ribonuclease
A (Miller et al.,, 2010). Indeed, proline residues are frequently observed in hinge-loop
regions in domain-swapping proteins (Bergdoll et al., 1997). In fact, more than 40 % of
domain-swapped proteins contain proline residues in the hinge-loop region. These
proline-rich hinge regions form a more extended conformation that may be beneficial to
domain swapping as they may assist formation of the “open” structures to facilitate

exchange (Huang et al., 2018).

For example, in p13°'“!, there are two proline residues located in the hinge region at
positions 90 and 92. Mutation of either proline to alanine substantially shifts the
monomer-dimer equilibrium. Pro90 is unfavourable in the monomeric form and the
mutation P90A shifts the equilibrium towards the monomer, whereas Pro92 is
unfavourable in the dimeric form and the P92A mutation shifts the equilibrium towards
the dimer (Rousseau et al., 2001). Rousseau et al. (2001) suggest that the strain
introduced by proline at a particular position in the hinge region can act as a molecular
‘loaded spring’ that relieves tension by changing its conformation. This, of course,
depends on whether the hinge-loop conformation is more strained in the monomer or
the DSD (Rousseau et al., 2001).

In addition to the hinge-loop, residues in the hydrophobic core have also been shown to
play important roles in stabilising the domain-swapped dimer (Byeon et al., 2003; Byeon
et al., 2004). This is exemplified by a series of hydrophobic core mutations in the B1
domain of Protein L from Peptostrepococcus magnus that were shown either to favour
or disfavour domain swapping (O'Neill et al., 2001). It has been suggested that these
hydrophobic core mutations introduce enough strain to overcome the entropic cost of
dimer formation thereby favouring domain swapping (O'Neill et al, 2001). A
computational study of the B1 domain of the immunoglobulin G binding protein (GB1)
also shows that hydrophobic core residues are involved in domain swapping (Sirota et
al., 2008). Mutation of Ala34 to a phenylalanine residue results in the destabilisation of
the monomer and simultaneous stabilisation of the domain-swapped structure.
Computational analysis showed that Phe34 side chains from both monomers are
packed tightly against one another at the dimer interface, thus stabilising the domain-

swapped dimer. (Sirota et al., 2008).
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1.4.3 Artefact of protein crystallisation or physiologically relevant?

There are over 100 proteins that have been shown to domain swap (Berman et al.,
2000), some domain-swapped structures are thought to be merely artefacts of protein
crystallisation due to the high concentrations used, while other domain-swapped
proteins have been shown to be physiologically relevant. In the case of bovine
pancreatic ribonuclease (RNase A), DSDs form under non-native conditions during
reconstitution of lyophilised protein in acetic acid (Liu et al., 2001). Further studies show
that RNase A can adopt two different quaternary structures by swapping one of two
different domains, the N-terminal a-helix or the C-terminal B-strand. Appreciable
amounts of RNase A domain-swapped dimers are shown to form only under non-native,
acidic conditions, at very high protein concentrations (~ 200 mg/ml) (Libonati et al.,
1996; Gotte et al.,, 1999) and formation of domain-swapped dimers may even require
incubation at 60 °C (Gotte et al., 2003).

Domain swapping has been associated with amyloid or fibril formation in
neurodegenerative diseases (Janowski et al., 2001; Knaus et al., 2001; Staniforth et al.,
2001), aggregation (Rousseau et al., 2001), the evolution of oligomeric proteins
(D'Alessio, 1999) as well as the regulation of protein activity (Gotte et al., 1999; Park
and Raines, 2000; Liu and Eisenberg, 2002; Newcomer, 2002). Protein concentration
can determine whether the monomeric or dimeric conformation is favoured. Thus
regulation of the concentration of certain proteins can regulate when dimers form which
could be significant in regulating the activity of that particular protein. Since domain
swapping is highly important in protein interactions (Sicheri et al., 1997; Rousseau et
al., 2001; Cowan-Jacob et al., 2005) and has been shown to regulate the function of
numerous proteins (Remenyi et al., 2001; Park et al., 2010), it is therefore implied that
the DSD could have a function different to that of its monomeric counterpart (Changeux
and Edelstein, 1998). Macromolecular crowding in the cell could increase the local
concentration of a particular protein (Cole and Ralston, 1994; Lindner and Ralston,
1995; Rivas et al., 1999), thus increasing its propensity to domain swap and carry out its

specific function.

Some DNA binding proteins such as transcription factor Oct-1 and SgrAl (restriction
endonuclease) have been found to domain swap which seems to be important for their

particular functions and regulation of their activity (Remenyi et al., 2001; Park et al.,
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2010). Oct-1 function is regulated by the formation of different assemblies of the DSD in
response to binding different DNA sequences (Remenyi et al.,, 2001). SgrAl forms
dimers that bind to palindromic DNA sequences and cleaves DNA slowly. A study
shows that these dimers can form domain-swapped tetramers (Park et al., 2010). These
tetramers form active enzyme, which is shown to cleave at an even higher rate than the
dimeric form, upon DNA binding (Park et al., 2010). This implies that domain-swapping
regulates activity of the restriction endonuclease SgrAl. Two members of the FOX
(forkhead box) P-subfamily of transcription factors (FOXP2 and FOXP3) have been
shown to form DSDs via their forkhead domains (Stroud et al., 2006; Bandukwala et al.,
2011). The FOXP3 DSD has been shown to bind two distant strands of antiparallel DNA
and bring them together within close proximity which is believed to be necessary for its

function (Bandukwala et al., 2011).

1.5 Forkhead box family of transcription factors

The forkhead box (FOX) superfamily of transcription factors consists of 50 genes, to
date, arranged into 19 subclasses, FOX A to S, that share homology only in their DNA
binding, ‘winged’ helix forkhead domains (FHDs) (Kaufmann and Knochel, 1996; Mazet
et al., 2003). The ‘winged’ helix motif (Figure 1A) was first discovered in the DNA
binding domain of the murine HNF-3 (hepatic nuclear factor-3) protein (Clark et al.,
1993). The murine HNF-3 protein shared a high degree of amino acid sequence
similarity to the Drosophila forkhead gene and was later named FOXAL1 (forkhead box
Al) (Kaufmann and Knochel, 1996). This motif contains three a-helices (H1, H2 and
H3) instead of the classical two a-helices in the HTH motif (Pabo and Sauer, 1984), an
additional three B-strands (S1, S2 and S3) and two flexible loop regions that form the
wings (W1 and W2) and is therefore known as the ‘winged’ helix motif. Strand S1 is
situated directly after helix H1 and along with the other two strands, S2 and S3, forms
antiparallel beta-sheets. There are slight structural differences between the ‘winged’
helix motifs among the FOX proteins. For example, the B-turn in the classical HTH motif
is replaced either by a loop/coil conformation as in FOXM1 (Littler et al., 2010) and
FOXO3a (Tsai et al., 2007) or a 31p-helix as in FOXP2 (Stroud et al., 2006) or FOXK1la
(Tsai, 2006). In addition, the wing regions are truncated in FOXP2 compared to other
FOX proteins (Figure 5) (Stroud et al., 2006).
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Even though the structure of the forkhead domain between these proteins is virtually
unchanged, the FOX proteins have largely diverse yet important functions including
regulation of the immune system (Su, 2003; Chae et al., 2006), metabolism (Friedman
and Kaestner, 2006), regulation of cellular proliferation and differentiation (Clark et al.,
1993; Kaufmann and Knochel, 1996), ageing (Partridge and Bruning, 2008) and
embryonic development (Lu et al., 2002; Rausa et al., 2003). Mutations in the forkhead
domain have been linked to a wide variety of human diseases such as tumorigenesis
(FOXP1) (Banham et al., 2001), alopecia (FOXN1) (Mecklenburg et al., 2001), thyroid
agenesis (FOXE1l) (Castanet et al., 2002), Axenfeld-Rieger syndrome (FOXC1)
(Saleem et al., 2003; Saleem et al., 2004), a speech deficit disorder (FOXP2) and the
IPEX (immune dysregulation, polyendocrinopathy, enteropathy and X-linked) syndrome
(FOXP3), to name a few.

In order for FOX proteins to carry out their functions, the highly conserved forkhead
domain must bind to DNA so as to either activate or repress transcriptional targets
(Kaufmann and Knochel, 1996). The functional diversity of FOX proteins surely then
relies on the differences between the amino acid sequences of the FHDs which would
account for the differences in affinity and specificity for DNA sequences (Coffer and
Burgering, 2004). The FHD of the FOX proteins is predominantly monomeric (Li et al.,
2004) and this is reflected in the solved crystal structures of the FHDs of FOXA3 (Clark
et al., 1993), FOXK1la (Tsai, 2006), FOXO3a (Tsai et al., 2007), FOXO4 (Boura et al.,
2010), FOXM1 (Littler et al.,, 2010) and FOXO1 (Brent et al., 2008) in the presence of
DNA. The only exception identified to date is the P-subfamily where FOXP2 and FOXP3
exhibit formation of domain-swapped dimers in their FHDs (Stroud et al., 2006;
Bandukwala et al., 2011).
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Wing 2 is
truncated

Figure 5. Structural differences between the ‘winged’ helix motif among FOX proteins. A. FOXM1 and B.
FOXP2 FHD monomer transcription factors. The ‘winged’ helix motif exhibits three alpha-helices (H1, H2 and H3),
a loop region (H4), three beta-strands (S1, S2 and S3) as well as two wing regions (W1 and W2). Even though the
‘winged’ helix motif is highly conserved, there are slight structural differences between the ‘winged’ helix motifs
among the forkhead box (FOX) proteins. For example, the loop region in FOXML1 is replaced by a 3 1p-helix in FOXP2
and the wings are truncated in FOXP2 compared to FOXM1. PDB codes 3G73 (FOXM1) and 2A07 (FOXP2).
Figure was created using PyMOL (Delano Scientific) (Perumal, 2014).

1.6 FOXP subfamily

1.6.1 Structural similarities

The FOXP subfamily consists of four members namely FOXP1, FOXP2, FOXP3 and
FOXP4. These proteins contain structural domains unique to the FOXP-subfamily

including an amino-terminal polyglutamine repression region (replaced by polyproline
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in FOXP3), C;H, zinc finger domain and leucine zipper domain. They also contain the
highly conserved forkhead domain (FHD) characteristic of the FOX superfamily (Figure
5) (Bettelli et al., 2005; Chae et al., 2006; Lopes et al., 2006). In the FOXP subfamily,
the FHD is located near the C-terminus of the protein (Figure 6) whereas in most other
FOX proteins, the FHD is located near the N-terminus (Clark et al., 1993; Carson et
al., 2006).

Repression Zinc Leucine Forkhead
region finger zigpper domain
152" 190 344 7370 385 412 503 584 714

Figure 6. Schematic of a typical FOXP protein. Specialised motifs are highlighted. FOXP2 numbering
is shown above and FOXP3 numbering is shown below. The polyglutamine repression region (dark
purple) in FOXP1, FOXP2 and FOXP4 is replaced by a polyproline region in FOXP3 and these regions
are involved in transcriptional repression (Chamberlain et al., 1994) whereas the leucine zipper (blue) is
involved in homo- or hetero-dimerisation between the FOXP proteins (Lai et al., 2001), and the forkhead
domain (pink) is involved in recognising and binding to specific DNA sequences which is thought to be

stabilised by the zinc finger domain (Wang et al., 2003) (green). Figure adapted from Perumal (2014).

Each structural domain is proposed to play a crucial functional role. The polyglutamine
stretch is thought to confer repression or could be involved in mediating protein-protein
interactions, (Chamberlain et al., 1994), whereas the zinc finger domain can potentially
bind DNA and thus stabilise the protein-DNA interaction (Wang et al., 2003). The
leucine zipper has been shown to bring two FOXP proteins together and is involved in
homo- and hetero-dimerisation events (Li et al., 2004). The FHD is involved in DNA
binding specificity (Webb et al., 2017) and mutations in this region have been
associated with disease (Lai et al., 2001). The FOXP FHD can form a DSD and FOXP
dimers are thus thought to have two separate dimer interfaces, one at the FHD and one

at the leucine zipper (Stroud et al., 2006).
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1.6.2 The FOXP forkhead domain

The FHD is a ~ 90 amino acid long region that is highly conserved in the FOX family
and even more so within the FOXP subfamily (Figure 7). The FOXP FHD forms a
‘winged helix’ structure consisting of 3 a-helices, 3 B-sheets and 2 loop conformations
or ‘wings’. The FOXP FHD differs from the conventional winged helix motif of other FOX
FHDs in that the turn between helix H2 and H3 is a 310 helix known as helix H4; wing
region W1 is truncated and forms a type | turn; and W2 is also shorter (Figure 5),
making fewer contacts with DNA (Stroud et al., 2006). As with all ‘winged’ helix motifs,
the FOXP FHD binds to DNA via the insertion of helix H3 into the major groove of DNA
(Stroud et al., 2006; Bandukwala et al., 2011). Furthermore, the FHD is capable of
forming a DSD in the absence of the rest of the protein (Stroud et al., 2006).

The first FOXP FHD structure to be solved was that of FOXP2, which was solved by X-
ray diffraction in the presence of DNA by Stroud et al., (2006). Since then, the structures
of the FHD of FOXP3 (Bandukwala et al., 2011) and FOXP1 (Chu et al., 2011) have
also been solved; FOXP3 by X-ray crystallography in the presence of DNA and FOXP1
by nuclear magnetic resonance (NMR) spectroscopy in the absence of DNA. Both
structures are similar which implies that DNA binding does not induce significant
conformational changes in the FHD. The FHD is able to fold autonomously and bind
DNA in the absence of the rest of the protein (Stroud et al., 2006).

1.6.3 FOXP2

FOXP2 functions as a transcriptional repressor (Li et al., 2004). The FOXP2 protein is
highly conserved and plays distinct roles throughout the vertebrates (Mazet et al.,
2003). It is involved in signal transduction pathways, developmental pathways and
sensorimotor pathways (Kurt et al.,, 2012). In fact, FOXP2 has been dubbed the
‘language gene” (Lai et al., 2001; Fisher and Scharff, 2009) and was catapulted into
the spotlight by the British KE family (Lai et al., 2001). Approximately half of the
members in the KE family are heterozygous for a FOXP2 missense mutation (R553H)
that causes a severe speech and language disorder by impairing orofacial movements
that are important for word formation (Lai et al., 2001). In humans specifically, FOXP2

mutations are linked to a variety of diseases such as language defects (Lai et al.,
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2001), autism and schizophrenia (Gong et al., 2004; Tolosa et al., 2010; Spaniel et al.,
2011) as well as cancer (Campbell et al., 2010).

FOXP2
FOXP1
FOXP3
FOXP4
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FOXC1
FOXC2
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Figure 7. Sequence alignment of the FHD in FOX family members. The alignment was performed using
ClustalX2 (Thompson et al., 2002). Non-conserved residues are indicated by black blocks. The *’ indicates fully
conserved residues and the *’ indicates similarity. The residues are numbered with respect to FOXP2 (top) and
FOXP3 (bottom). The secondary structure is indicated below the alignment where DSD refers to the domain-
swapped dimer. The recognition helix (H3) is shown to be the most highly conserved region in the FOX proteins
whereas the hinge-loop region (H4), wing 1 and wing 2 are shown to be the least conserved in terms of the amino
acid sequence (Perumal, 2014).
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1.7 FOXP3

1.7.1 Physiological role

FOXP3 is regarded as the ‘black sheep’ of the P-subfamily as it has the ability to
function as both a transcriptional repressor and an activator as opposed to the other
FOXP members which are repressors under normal physiological conditions
(Chamberlain et al., 1994; Li et al., 2004; Koh et al., 2009; Bandukwala et al., 2011).
Unlike the other FOXP members that are expressed in a number of tissues including the
brain, heart and lungs, FOXP3 is only expressed by a particular group of cells known as
CD4+ T cells or regulatory T cells (Treg cells) (Coffer and Burgering, 2004; Ziegler,
2006). FOXP3 functions to repress and activate target genes that are involved in
effector T cell proliferation (Sakaguchi, 2005) and regulates homeostasis in the immune

system by doing so (Koh et al., 2009).

1.7.2 Structure

The crystal structure of the forkhead domain of FOXP3 shows formation of a stable
DSD bound to DNA (Bandukwala et al., 2011) where helix H1, strand S1 and helix H2 of
one monomer fold over helix H3, strand S2 and S3 of the other monomer to create the
domain-swapped dimer conformation (Figure 8). Although the forkhead domains of
FOXP1 (Chu et al., 2011), FOXP2 (Stroud et al., 2006) and FOXP3 all dimerise, only
the FOXP3 FHD exists solely as a stable dimer at physiological concentrations and
does not show formation of monomers in the micromolar concentration range
(Bandukwala et al., 2011). Furthermore, even though the FOXP2 FHD is shown to
dimerise, work in our lab have shown that the FOXP2 FHD is almost entirely monomeric

at physiological concentrations (Perumal et al., 2015; Morris and Fanucchi, 2016).

The crystal structure of the FOXP3 FHD was solved in the presence of DNA and its
binding partner, another transcription factor protein, nuclear factor of activated T cells
(NFAT1) (Bandukwala et al., 2011). Furthermore, Bandukwala et al. (2011) also shows
that the FOXP3 FHD requires the presence of a specific DNA sequence in order to
interact with NFAT1 to form a ternary complex. The FOXP3 FHD dimer makes
extensive contacts with NFAT1. In particular, residues Thr359, Asn361, His365, GIlu399
and Glu401 are located at the centre of the FOXP3:NFAT1 protein-protein interface.
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These key residues form hydrogen bonds, van der Waals interactions and electrostatic
interactions with NFAT1.

The FOXP3 DSD is stabilised by a network of core hydrophobic residues: Tyr364,
Trp366, Phe367, Phe371, Phe373, Phe374 and Trp381 (Figure 9) (Bandukwala et al.,
2011). These residues are highly conserved among the FOX proteins and a similar
network is present in the FOXP2 DSD (Stroud et al., 2006). Furthermore, an additional
interface is formed between the H1 helices in the FOXP3 DSD whereas in the FOXP2
DSD, the H1 helices are pointing away from each other (Stroud et al., 2006). This
secondary interface is thought to provide more stability to the FOXP3 DSD (Bandukwala
et al., 2011).

In the full-length FOXP3 protein, the leucine zipper is involved in dimerisation (Lopes et
al., 2006) and the forkhead domain has also been shown to dimerise. Therefore, it is
implied that there are two separate dimerisation interfaces: one at the leucine zipper
domain and the other at the forkhead domain (Lopes et al., 2006; Bandukwala et al.,
2011). Both dimerisation interfaces are shown to be important for the suppressor
function. This implies that FOXP3 could form a dimer of dimers by forming clusters
which may involve recruitment of other proteins to form large complexes to carry out its
function in vivo (Bandukwala et al., 2011). In support of this, the crystal structure of the
murine FOXP3 leucine zipper domain was solved and shows formation of a two-
stranded a-helical coiled-coil which can associate to form a dimer of dimers (Song et
al., 2012).
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Figure 8. Structure of the FOXP3 domain-swapped dimer bound to DNA. The crystal structure of the
FOXP3 FHD (PDB code 3QHR) shows formation of only a stable domain-swapped dimer (DSD). Helix
H1, strand S1, and helix H2 of one monomer is exchanged with the same regions of the other monomer.
This DSD is capable of binding two separate molecules of DNA where Helix H3, in both monomers, is
inserted into the major groove of DNA. One subunit is shown in purple and the other in teal (Perumal,
2014).Figure was created using PyMOL.

Figure 9. Stabilising hydrophobic core residues in the FOXP3 DSD. Domain swapping is mediated by
a hydrophobic network of residues: Tyr364, Trp366, Phe367, Phe374 and Trp381. These residues (green
and red) stabilise the DSD interface between one monomer (teal) and the other monomer (purple). PDB
code 3QRF (Bandukwala et al., 2011). Figure was created using PyMOL.
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The interface formed between the coiled-coil regions is mainly stabilised by
electrostatic interactions, although the molecular surface is highly hydrophobic (Song
et al., 2012). This hydrophobic region, on the coiled-coil surface, is shown to facilitate
bundling of a-helices from separate dimers to form clusters. Furthermore, Song et. al.,
2012 showed using cross-linking and gel filtration analyses, that these clusters are not
artefacts of crystallisation and indeed they do form in addition to monomer and dimer
species Furthermore, the FOXP3 DSD is shown to be able to bind and bridge two
separate molecules of DNA, bringing two distant DNA molecules together into close
proximity (Figure 8). It is therefore suggested that formation of the DSD may facilitate
higher-order complexes such as those formed during transcription (Bandukwala et al.,
2011).

1.7.3 Comparison of the FOXP2 and FOXP3 domain-swapped dimers

Despite the high sequence conservation between the FHD of the four FOXP family
members (Figure 7), the FOXP3 DSD is considerably more stable than the others
(Bandukwala, Wu et al. 2011). A comparison between the structures of the FOXP2 and
FOXP3 FHD domain-swapped dimers might give clues as to what causes the FOXP3
DSD to be more stable. Indeed, there are noticeable structural differences between the
FOXP2 DSD and the FOXP3 DSD (Figure 10). The FOXP3 DSD is more arched and
more compact than the FOXP2 DSD and the hinge loop region is relatively longer
(Stroud et al., 2006; Bandukwala et al., 2011). There is a network of hydrophobic core
residues (Tyr364, Trp366, Phe367, Phe373, Phe374 and Trp381) that stabilises the
DSD . This hydrophobic network is similar in both the FOXP2 (Stroud et al., 2006) and
FOXP3 (Bandukwala et al.,, 2011) FHDs however, any sequence difference in this

network may account for the difference in stabilities of their DSDs.

Inspection of the FOXP FHD sequence reveals that it is highly conserved with only six
residues that are non-homologous (Figure 7) across all FOXP members. Two of the six
residues (His365 and Glu401 in FOXP3) are found at the NFAT: FOXP3 interface,
Arg358 is located in strand S1 (between H1 and H2), Leu411 is situated in helix H5, and
the two remaining residues (Trp348 and Met370) are found at the secondary domain
swap interface. It is interesting that Trp348 is conserved across different species in
FOXP3, but is absent in the other FOXP members (Bandukwala et al., 2011). These
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two hydrophobic and non-conserved residues, located in the secondary interface form
interactions that are critical to stabilising the DSD. This is demonstrated by showing that
mutations of these residues decrease the stability of the FOXP3 dimer and increase the

proportion of monomer present (Bandukwala et al., 2011).

The hinge-loop region of the FOXP FHD, as with all DSDs, plays a significant role in
domain swapping. The difference in the FOXP3 hinge-loop region compared to the
other FOXP members is that there is a proline residue located at position 378 in the
hinge-loop region just before helix H3 (Figure 7). This Pro378 residue is replaced by
alanine in all the other FOXP members and is a non-conserved residue in other FOX
proteins. In previous studies on domain swapping it has been shown that proline
residues are frequently found at the hinge-loop region and are key players in controlling
domain swapping (Bennett et al., 1995; Rousseau et al., 2001) and thus Pro378 is likely
to contribute significantly to formation and stability of the FOXP3 DSD.

hinge-loop
region (H4) hinge-loop

region (H&S

\ secondary { L2/
\ interface \

L;:;, ) \\Q
FOXP3 C-terminus —

Figure 10. Structural differences between the FOXP3 and FOXP2 domain-swapped dimers. The FOXP3 DSD
(PDB code 3QRH) (left) (Bandukwala et al., 2011) is slightly more arched than the FOXP2 DSD (PDB entry 2A07)
(Stroud et al., 2006) (right). It contains a longer hinge (H4) region than FOXP2 and it contains an additional

stabilising interface between the H1 helices whereas in FOXP2, the H1 helices are pointing away from each other.
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The hydrophobic dimer interface is circled. (Bandukwala et al., 2011). Image generated using PyMOL (DeLano,
2002)

As a corollary to this, Ala372 in FOXP3 is conserved as an alanine in the FOXP
subfamily but is a proline in all other FOX members (Figure 7). Replacing the alanine
residue with a proline in FOXP2 (A539P) strongly stabilises the monomeric form over
the DSD (Stroud et al., 2006). It is thought that the rigid proline residue prevents
extension of the hinge region (H4) which is required for DSD formation (Stroud et al.,
2006). Since the A539P mutation results in an exclusively monomeric species in FOXP2
and the W348Q/M370T double-mutant destabilises the DSD in FOXP3, a
W348Q/M370T/A372P triple-mutant was created in an attempt to destabilise domain
swapping in FOXP3 by disrupting both the hinge-loop region and the secondary
interface (Bandukwala et al., 2011). However, this triple-mutant did not result in a
completely monomeric species in FOXP3 as expected. The W348Q/M370T/A372P
triple-mutant eluted as a single polydisperse peak from size-exclusion chromatography
using multi-angle light scattering which suggested that it remained as a mixture of
species (Bandukwala et al., 2011). The additional stabilising secondary interface and
different key residues in the hinge-region of the FOXP3 DSD may explain why it exists

whereas as a more stable dimer than the FOXP2 FHD.

Residues other than Ala372 in the hinge region are less conserved among the FOXP
proteins, for example His377 and Phe373 in FOXP3 are replaced by asparagine and
tyrosine respectively in other FOXP members. Phe373 appears to have a direct
influence on the dimer form as work performed in our lab on FOXP2 has shown that
replacing Tyr540 (equivalent to Phe373 in FOXP3) with phenylalanine stabilises the
DSD (Perumal et al., 2015). These sequence differences between the FOXP2 and
FOXP3 FHDs may give rise to differences in the stabilities of the DSDs formed by each.
In turn, these sequence differences may explain why the FOXP3 FHD forms only a

stable DSD which is necessary for its function.

1.7.4 IPEX mutations disrupt domain swapping

Mutations in FOXP3 lead to IPEX (immune dysregulation polyendocrinopathy
enteropathy X-linked) syndrome. The gene encoding FOXP3 is located on the X-
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chromosome and as such, the IPEX syndrome is a fatal autoimmune disease that only
affects male infants. Symptoms of IPEX include anaemia, insulin-diabetes and chronic
diarrhoea (Levy-Lahad and Wildin, 2001).

Certain missense mutations in the FOXP3 FHD, namely R347H, A384T, F371C and
F373A are directly implicated in the IPEX syndrome by either affecting DNA binding or
disrupting domain swapping, depending on whether they are located in helix 3 or helix
4, respectively (Bennett et al.,, 2001; Bandukwala et al., 2011). Furthermore, disease
causing mutations in the hydrophobic core of the FOXP FHD have also been shown to
disrupt DSD formation. These kinds of mutations interfere with aromatic stabilising
interactions by changing the stacking arrangement and orientation of hydrophobic
amino acid residues (Byeon et al., 2004; Jee et al., 2008). For example, the mutation of
the conserved Phe373 in the FOXP3 hinge-loop region (F373A) causes a shift in the
monomer-dimer equilibrium towards the monomer by disrupting the hydrophobic core of
the DSD (Figure 9) (Bandukwala et al., 2011). This disruption doesn’t affect DNA
binding but it is possible that the mutant, which is now mainly monomeric, can no longer
bring two DNA molecules together in close enough proximity to carry out FOXP3’s
function to suppress the proliferation of regulatory T-cells and hence results in the
disease phenotype (Walters et al., 2009; Bandukwala et al., 2011).
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1.8 Problem identification

The FOXP3 FHD is the DNA-binding domain of the FOXP3 transcription factor. The
FOXP3 FHD is shown to form unique, domain-swapped dimers which are absolutely
essential for the proteins suppressor function in regulating immune system homeostasis
(Bandukwala et al.,, 2011). Furthermore, the importance of the FOXP3 protein is
highlighted by a severe, autoimmune condition known as the IPEX syndrome which is

associated with mutations that disrupt domain swapping (Bennett et al., 2001).

In addition, there is increasing evidence that suggests those domains swapped proteins
are not merely artefacts of the high concentrations used in protein crystallisation but
they may actually be biologically significant. However, there are only a handful of
studies to date that investigated the mechanism of domain swapping. Domain swapping
proteins do not have similar characteristics and are largely diverse in terms of structure
and function and so a unifying mechanism remains elusive. Domain swapping, for the
most part is protein-specific as it is dependent on the individual proteins unfolding/
folding pathway. This, together with the fact that very little is known about how FOXP3
functions at a molecular level, prompted an investigation into the mechanism of how the
FOXP3 FHD assembles into its functional, DSD form which could shed further light as

to how domain swapping occurs using the FOXP3 FHD as a model.
Main Aim
To determine the mechanism of domain swapping of the FOXP3 FHD.

1.8.1 Objectives

o To express and purify soluble wild-type FOXP3 FHD.

o To characterise the secondary, tertiary and quaternary structure of the WT FOXP3
FHD using circular dichroism, fluorescence spectroscopy and size-exclusion
chromatography.

o To determine the conformational stability of the WT FOXP3 FHD by using urea-
induced equilibrium unfolding, to establish if any stable intermediates are present
and the cooperativity of unfolding.

o To determine the kinetic parameters for the unfolding and refolding pathways of
wild-type FOXP3 FHD in order to define the mechanism of domain swapping.
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CHAPTER 2: EXPERIMENTAL

2.1 Materials

The FOXP3 FHD sequence was codon-optimised for expression in a bacterial
expression system. It was synthesised with an N-terminal hexaHis tag and was cloned
into the pET-11a vector by Genscript ™ (Piscataway, NJ, USA). Isopropyl-p-D-
thiogalactosidase (IPTG) and dithiothreitol (DTT) were purchased from Ingaba Biotec
(Pretoria, South Africa). SDS-PAGE molecular weight markers were obtained from
Fermentas (Ontario, Canada). 1-Anilino-8-napthalene-sulfonate and ultrapure urea were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Low-molecular weight gel filtration
protein standards were obtained from GE Healthcare (Chicago, lllinois, US). All other
chemicals used were of standard analytical grade. All solutions were filtered prior to

spectroscopic studies with 0.22 um filters (Osmonics).

2.2 Methods

2.2.1 Plasmid purification and verification

The pET-11a vector contains a BamHI cloning site as well as a T7 tag sequence. In
order to confirm that the vector contained the correct DNA sequence of the FOXP3 FHD
gene, the plasmid DNA was isolated and extracted using the GeneJET™ Plasmid
Miniprep kit (Fermentas) and sent to Ingaba Biotech (Pretoria, South Africa) for
sequencing. The plasmid DNA was confirmed to contain the correct sequence encoding
wild-type FOXP3 FHD with no additional mutations. The sequence was aligned with the
known amino acid sequence in the database using the NCBI Blast tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The obtained sequence showed 100 % identity
to the FOXP3 FHD protein sequence. Rosetta (DE3) pLysS Escherichia coli cells
(Novagen) were transformed with the pET-11a vector encoding the FOXP3 FHD for

subsequent protein expression.
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2.2.2 FOXP FHD expression and purification

Since this was the first time that this protein had been expressed in our laboratory, the
first step to obtaining pure protein was to determine the optimal overexpression
conditions. Various induction studies were carried out using various IPTG
concentrations (0.1 mM up to 1 mM), various induction temperatures (20 °C to 37 °C)

and various incubation times with IPTG (4 — 6 hours).

FOXP3 FHD was purified from a 2 L batch of culture of Rosetta (DE3) pLysS
Escherichia coli cells transformed with the pET-11a vector. Ten ul of a glycerol stock of
cells (glycerol:cells = 3:1) was added to 100 ml of LB media (1 g tryptone, 0.5 g yeast
and 1 g NaCl in 100 ml) containing 100 pug/ml ampicillin. These cells were left to grow
for 16 hours at 30 °C in a shaking incubator at 230 rpm. A 50-fold dilution of this
overnight culture was inoculated into fresh LB media containing 100 pg/ml ampicillin
and was left to grow at 37 ° C at 230 rpm until the late log phase (ODggo = 0.6). This took
approximately 3 hours. Overexpression of the FOXP3 FHD protein was induced by
addition of 0.3 mM IPTG. The cells were left to grow at 30 ° C for 4 hours to achieve
optimal expression. The cells were then harvested by centrifugation at 6000 g for 10
minutes at 4 ° C and the pellet was resuspended in 20 mM Tris-HCI pH 7.6, 500 mM
NaCl, 30 mM imidazole (Equilibration Buffer) and stored at -20 °C.

The following day, the cells were thawed and 200 pg/ml lysozyme and 5 pg/ml DNase
were added. The cells were then lysed by sonication and subsequently centrifuged at
24 420 g for 25 minutes. The supernatant was loaded onto a HisTrap ™ purification
column pre-equilibrated in Equilibration Buffer. The presence of protein was detected in
each step of purification using a 15 % SDS-PAGE gel (See section 2.2.3). Once purity
was established, the protein was stored at low concentrations (20 — 30 uM) in Storage
Buffer (20 mM Tris-HCI pH 7.6, 150 mM NaCl, 1 mM DTT) to prevent aggregation. The

protein aggregates signficantly if left at higher concentrations for more than 24 hours.

IMAC is a type of adsorption chromatography that exploits the specific formation of
weak bonds between metal ions immobilised on a column and amino acid residues in
order to purify proteins (Porath et al., 1975). In this particular study, the HisTrap™
column (Amersham Bioscences, GE Healthcare) was used in conjunction with the

AKTAprime™ purification system (Amersham Biosciences, GE Healthcare).
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The HisTrap column is prepacked with Ni Sepharose High Performance resin which
consists of highly cross-linked agarose beads and charged Ni** ions (HisTrap, 1 ml and
5 ml), Amersham Biosciences, GE Healthcare, 2009) which interact with the imidazole
group in histidine. The histidine-tagged fusion proteins bind tightly to the nickel ions
while unwanted proteins from the cell lysate are washed off the column. This was
followed by a 1.5 M salt wash to remove nonspecific cellular DNA that may be bound to
the FHD, by disrupting electrostatic interactions. The purified protein was eluted using a
step-gradient elution of Equilibration Buffer against Elution Buffer (20 mM Tris-HCI pH
7.6, 500 mM NaCl and 500 mM imidazole). The purified protein was stored in the
Elution Buffer until further use. Small batches of protein were purified at a time and used

within one week to minimise aggregation and/or degradation.

2.2.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)

The SDS-PAGE gels were constructed using a 15 % separating gel (30 % acrylamide, 1
% bisacrylamide, 10 % sodium dodecyl sulfate (SDS), 10 % ammonium persulfate and
1.5 M Tris-HCI pH 8.8) and a 4 % stacking gel (30 % acrylamide, 1 % bisacrylamide, 10
% sodium dodecyl sulfate (SDS), 0.02 % ammonium persulfate and 0.5 M Tris-HCI pH
6.8) Samples were diluted two-fold with a 5 x reducing sample buffer (100 mM B-
mercaptoethanol, 20 % (w/v) glycerol, 10 % (w/v) SDS, 0.05 % (w/v) bromophenol blue
and 0.5 M Tris-HCI pH 6.8). Samples were boiled for 5 minutes at 95 ° C to denature the
protein prior to loading onto the gel. SDS-PAGE was used to analyse the purity of the
protein, to determine whether the desired protein was expressed (according to size) and
if there were other protein contaminants present. The gel was stained using Coomassie
Brilliant Blue (Reisner et al., 1975).
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2.2.4 Protein concentration determination

The protein was subjected to a series of dilutions (2X, 4X, 6X, 8X and 10X) and the
absorbance at 280 nm was measured. The absorbance corresponding to a
concentration of 1X was determined by extrapolation of the dilution series to a 1X

concentration.
Protein concentration was determined using the Beer-Lambert law:
A280 = ecl Equation 1;

where ¢ is the molar extinction coefficient, c is the protein concentration and | is the path
length (M*.cm™). The molar extinction coefficient of the native protein in water

(Gasteiger et al., 2005) was calculated using the following equation:

€ (Protein) =n (Tyr)* € (Tyr) + n (Trp)* € (Trp) + n(Cystine)* € (Cystine)
Equation 2;

where n refers to the number of residues and ¢ refers to the molar extinction coefficient
(Edelhoch, 1967). The molar extinction coefficients of WT FOXP3 FHD dimer was
calculated to be 49 960 M™*.cm™.The concentration for the wild-type FOXP3 FHD has
been reported in monomeric concentration throughout this thesis. The protein
concentration was corrected for absorbance of aggregates at 340 nm using the

eqguation:

_—

A280 (corrected) = A280 (protein) ~ A280 (buffer) ~ (A340(protein)'A340 (buffer)) AZSO(buffer)

A34O(buffer)

—_—

Equation 3
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The purity of the protein was established using the Azso/Azeo ratio which indicates the
amount of protein relative to the amount of DNA in the sample and was always

approximately 1.6 which is acceptable.

2.2.5 Circular dichroism (CD) spectroscopy

In the far-UV region (170 nm - 250 nm), the chiral protein backbone absorbs circularly
polarised light which leads to characteristic secondary structure spectra (Woody, 1994).
In the far UV region, a-helices give negative troughs at 222 nm and 208 nm and a
strong peak at 190 nm whereas B-sheets gives one trough near 217 nm and a peak in
the 195 - 200 nm range (Woody, 1994).

All circular dichroism measurements were performed using a Jasco J-810
spectropolarimeter with a quartz cuvette with a 2 mm pathlength. Spectra recorded
were an average of 7 scans at a scan speed of 100 nm/min, normal sensitivity, a
bandwidth of 1 nm and a data pitch of 0.1 nm in the far-UV range (200 nm to 250 nm). A
data pitch of 1 sec was used for time-course measurements. The protein concentration
used varied between 4 uM and 20 puM. All CD measurements were obtained in Storage
Buffer (20 mM Tris-HCI pH 7.6, 150 mM NaCl, 1 mM DTT) at 20 °C. All spectroscopy
work was conducted at 20 °C for uniformity. DTT was used in all buffers to maintain the
two cysteine residues in the FOXP3 DSD in a reduced state to minimse aggregation by

formation of disulphide bonds.

Spectra were corrected for solvent. The mean residue ellipticity (®) was calculated

using the following equation:
[©] =100 86/ cnl Equation 4;

where 0 is the ellipticity (mdeg), c is the protein concentration in molar (M), n is the

number of residues and | is the pathlength in cm.

Circular dichroism spectroscopy was used to characterise the FOXP3 FHD secondary
structure and to monitor secondary structural changes during urea-induced equilibrium
unfolding (See Section 2.2.10).
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2.2.6 Fluorescence spectroscopy

Fluorescence is used to analyse the tertiary structure of proteins particularly changes in
the local environment of innate fluorophores. Fluorescence occurs after a molecule is
excited from the ground state and is exhibited on return to the ground state as emission
of light at a longer wavelength. Tryptophan, tyrosine and phenylalanine, the aromatic
amino acids give proteins their intrinsic fluorescent properties (Lakowicz and Masters,
2008).

Fluorescence in the near-UV range particularly focuses on and is sensitive to the
environment of tryptophan residues. It depends on where in the protein the tryptophan
residues are located (buried or on the surface) and how many there are. If the protein
has many tryptophan residues, the absorption and emission spectra would be an
average of all the environments of those residues. A blue-shifted spectrum would
indicate a more buried tryptophan residue that is inaccessible in a nonpolar environment
whereas a red shift indicates that the tryptophan residue is exposed in a more polar

environment (Lakowicz and Masters, 2008).

Tryptophan and tyrosine generally absorb at 280 nm and have emission maximums of
350 nm and 303 nm respectively. In FOXP3, there are four tryptophan residues: Trp348
(H1), Trp366 (H2), Trp381 (H3) and Trp406 (B2). These tryptophan residues are
relatively spread out which may provide information on global events in the tertiary
structure of the protein. Tryptophan fluorescence was used to characterise the FOXP3
FHD tertiary structure and to monitor tertiary structural changes in urea-induced
equilibrium unfolding (See Section 2.2.10). All fluorescence measurements were
performed using a Perkin-Elmer Luminescence Spectrometer LS 50B at 20 ° C with the

FLwinlab software.

Intrinsic fluorescence

Tryptophan fluorescence was monitored by exciting the protein at 295 nm. Excitation
and emission slit widths were 4 nm for all measurements. A quartz cuvette with a
pathlength of 1 cm was used. The protein concentration ranged from 0.5 pM to 20 pM.
All spectra obtained were an average of three accumulations with a scan speed of 500

nm/min. Data were plotted using the SigmaPlot® software v.13.0.
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Extrinsic fluorescence

8-anilino-1-napthalene sulfonate (ANS) is an amphipathic dye that binds to exposed
hydrophobic patches on the protein surface. It is a useful probe to study the formation of
intermediates during unfolding/ refolding. ANS has been used extensively to study
molten globule intermediates (Christensen and Pain, 1991; Semisotnov et al., 1991;
Alam et al., 2015; Haque et al., 2015; Rahaman et al., 2015). When excited at 390 nm,
ANS shows an emission maximum wavelength of 520 nm. Upon binding to an exposed
hydrophobic cluster on a protein, the maximum emission wavelength shifts to a lower
wavelength that is dependent on the hydrophobicity of the binding site/s on the protein.
The blue-shifted emission maximum wavelength is accompanied by an increase in the

quantum vyield.

An ANS stock of 2 mM was prepared in 20 mM Tris-HCI pH 7.6, 150 mM NaCl and 1
mM DTT. Samples containing urea were prepared in the following way: the dilutions of
protein and urea were set up according to section 2.2.10 and incubated at 20 ° C for 2
hours to reach equilibrium. ANS was then added to a final concentration of 200 uM and
the samples were left for another 2 hours to allow binding of ANS. The samples were
excited at 390 nm at 20 ° C using a 1 cm pathlength quartz cuvette. Emission spectra
were an average of three accumulations at a scan speed of 500 nm/min. Excitation and
emission slit widths used were kept to 5 nm. Spectra were corrected for free ANS and

plotted using SigmaPlot ® v. 13.0.

2.2.7 Size-exclusion chromatography (SEC)

SEC is carried out with a stationary phase, which consists of porous gel beads packed
into the column and a mobile phase, which is a solvent (Preneta, 1989). The smaller
molecules are able to penetrate the pores of the gel and are retarded in migration
through the column whereas the larger molecules cannot enter the gel and are therefore

eluted earlier than the smaller molecules (Potschka, 1987).

A Hiload™ 16/600 75 pg size-exclusion column (GE Healthcare) together with the AKTA

protein purification system (Amersham Bioscience, GE healthcare) was used to confirm
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the quaternary structure of the WT FOXP3 FHD to be dimeric (~ 26 kDa) (Bandukwala
et al., 2011). This was done using protein standards: conalbumin (75 kDa), ovalbumin
(43 kDa), carbonic anhydrase (29 kDa), ribonuclease A (13.7 kDa) and aprotinin (6.5
kDa). A plot of the K, as a function of molecular weight (M,) of the standards was used
to determine the molecular weight of the FOXP proteins. The K,y value is calculated as
follows: Ka, = (elution volume — void volume)/ (column volume — void volume) (Tayyab
et al., 1991).

The column was equilibrated with Storage Buffer: 20 mM Tris-Cl pH 7.6, 150 mM NacCl
and 1 mM DTT. The FOXP3 FHD was dialysed against the Storage Buffer and was
concentrated using a P-10 membrane (Osmicon). Different concentrations ranging from
4 uM to 57 pM of FOXP3 FHD were used. 1 ml of each sample was loaded onto the
column. The protein was detected by absorbance at 280 nm.

2.2.8 DNA binding studies

Electrophoretic mobility shift assays (EMSAs) are DNA binding assays that are used to
detect protein-nucleic acid interactions but can also provide quantitative information
such as binding stoichiometry, affinities and kinetics under particular conditions
(Hellman and Fried, 2007). This technique is based upon the principle that free DNA is
much smaller and thus has a higher electrophoretic mobility than protein-DNA
complexes. Thus, the free DNA migrates further down into the gel than do the protein-
DNA complexes (Garner, 1986; Lane et al., 1992). Polyacrylamide gels were used
because they show high resolution of separation of protein-DNA complexes from free
DNA (Fried, 1989).

Since the FOXP3 FHD is the DNA binding domain of the transcription factor and DNA
binding is required in order for this protein to function, DNA binding studies were carried
out in order to confirm that the protein that was purified in this study was indeed
functional. Furthermore there is a close link between structure and function of proteins
and this technique provides additional information as to whether the protein was folded
correctly. If the protein binds to DNA, then it serves to confirm that the protein is in its

correctly folded native conformation.

The duplex cognate sequence is as follows:
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5 - TTAGGTGTTTACTTTCATAG - 3’

and was used in these DNA binding studies because it is known to bind FOXP proteins
(Nelson et al., 2013) and has been shown to have a high affinity for these proteins
(Webb, Steeb et al.,, 2017).The duplex DNA was synthesised by Whitehead Scientific
(Lethabong, South Africa).

DNA at a concentration of 0.5 pM was incubated with 1 pM FOXP3 FHD for 30 minutes.
The protein-DNA complexes were resolved on a 12 % acrylamide gel (12 % (w/v)
acrylamide, 0.33 (w/v) bis-acrylamide, 89 mM Tris-borate pH 8.3, 0.007 % (Vv/v)
ammonium persulfate, 0.00075 % (v/v) TEMED) at 4 °C at 150 V for 1.5 hours in TBE
buffer (89 mM Tris-borate pH 8.3). The gel was stained with SYBR® Green stain (Life

Technologies).

2.2.9 Reversibility and recovery

Before equilibrium unfolding could be performed, recovery and reversibility studies had
to be carried out in order to ensure that the unfolding process was indeed reversible and
to ensure that the unfolding reaction had reached equilibrium. Only then could the
change in free energy (AG) and m-values be calculated (Myers et al., 1995; Pace and
Scholtz, 1997).

The recoverability was determined by unfolding 40 uM protein in 8 M urea, followed by
returning the protein to native conditions by 10 x dilution to 0.8 M urea which results in a
final protein concentration of 4 uM. The circular dichroism and fluorescence spectra of
the refolded protein were compared to that of a control sample: 4 uM protein incubated
with 0.8 M urea. Coincidence of the control and refolded spectra would indicate that the
protein had refolded and the native state was recovered. Reversibility was determined
for each point along the denaturation curve. Protein at 40 yM (for circular dichroism)
and 5 uM (for tryptophan fluorescence) was unfolded in 8 M urea and then diluted to
different final urea concentrations ranging from 7 M to 0.8 M. The recovery was

monitored using both circular dichroism and fluorescence spectroscopy.
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2.2.10 Urea-induced equilibrium unfolding

Urea-induced equilibrium unfolding was used to determine the unfolding pathway and to
establish whether any thermodynamically stable intermediates are present at
equilibrium. Denaturant-induced unfolding in a simple, two-state model is based upon
the assumption that only two states, the folded state (N) and the unfolded species (U)
predominate. Three main stages are involved: the region where the folded state is most
stable, the transition region, and the region where the unfolded species predominates
(Pace and Scholtz, 1997). When the environment of a small, folded globular protein is
gradually changed towards conditions that favour the unfolded species, the folded
conformation initially changes very little and this is known as the pre-transition stage.
The equilibrium constant between the folded and unfolded speciess ([N]/[U]) gradually
decreases but the folded state remains predominant in this stage. As the environment
changes even further, however, the ([N]/[U]) reaches approximately 1 and both folded
and unfolded conformational states are present in almost equal amounts. This is the
transition region. As the protein unfolds further, the unfolded species predominates and
the equilibrium constant decreases even more. This stage is known as the post-

transition stage (Myers et al., 1995; Pace and Scholtz, 1997).

A two-state model is the simplest model because it does not address the presence of
equilibrium intermediate species. If these species are present, more complex models
should be used. However, in a three state model, upon addition of denaturant, the
conditions that favour the native state are disrupted toward those that favour an
intermediate (1), until an equilibrium is reached between the native state and the
intermediate. As the protein is exposed to even further denaturing conditions, the
intermediate state tends toward the unfolded species (U) until the unfolded species
predominates. In this model, two transition states are present. The first one describes
the structure of the native state relative to the intermediate, while the second transition
describes the structure of the intermediate state relative to the unfolded species
(Walters et al., 2009). In this model the quaternary level adds modes of stability. Intra-
and inter-chain interactions contribute significantly to the overall stability (Walters et al.,
2009).
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Denaturation curves are used to measure the conformational stability of the native state
of proteins relative to the unfolded species. It is useful to use different probes to monitor
unfolding because intermediates that are not revealed by one technique may be
revealed using another. Furthermore, when the data obtained from multiple techniques

coincide, it serves as a method to validate the results.

Equilibrium unfolding studies were performed at pH 7.6 at 20 °C. Fresh 10 M urea
stocks were used as the denaturant and were prepared using Storage Buffer (20 mM
Tris-HCI pH 7.6, 150 mM NaCl, 1 mM DTT). FOXP3 FHD (0.5 puM to 20 uM) was
incubated with 0 to 8 M urea in Storage Buffer and left to equilibrate at 20 °C for 2 hours
prior to measurements. Far-UV CD (ellipticity at 222 nm) (Section 2.2.5) and tryptophan
fluorescence spectroscopy (emission wavelength monitored at 364 nm) (Section 2.2.6)
were used as secondary and tertiary structural probes, respectively. In tryptophan
fluorescence, the maximum emission wavelength observed for unfolded protein was
364 nm. This particular wavelength was chosen to monitor unfolding with respect to the
unfolded species. Secondary structure was monitored at 222 nm using circular
dichroism which specifically monitors a-helical content. All unfolding data were obtained

in triplicate.

Urea solution

Urea was prepared in Storage Buffer with fresh DTT added on the day of use after
defrosting. Urea stocks were stored at — 20 ° C and used within one week as urea
slowly decomposes to form ammonium and cyanate ions that chemically modify amino
groups. All unused urea was discarded after defrosting once. The urea concentration

was confirmed using the refractive index of urea:

[Urea] = 117.66An + 29.753An? + 188.56An®
Equation 5;

where A is the refractive index between urea and buffer (Warren and Gordon, 1966).
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Two-state model

A simple, two-state dimer mechanism where the protein exists in two predominant
states: folded (N) or unfolded (U) with the absence of intermediates, can be described

by Equation 6.

Keq
N & 2U Equation 6;

where N refers to the native dimer and U refers to the unfolded species and Keq

represents the equilibrium constant for the reaction.

For a two-state unfolding model, the protein will either be in the native state (N,) or in a
unfolded species (U). This implies that the sum of the fraction of native species (F n)

and fraction of the unfolded species (F p) is equal to one (Equation 7).

~ Fnv = 1-Fp Equation 7;

The measurements obtained from circular dichroism and fluorescence spectroscopy will
be referred to as y for the purposes of the following discussion. Using Equation 8, it is

implied that at any point along the unfolding curve, the unfolding transition will be:

y=YnFn + YuFu Equation 8;

where Yy and Yy represent the values of y characteristic of the folded and unfolded

speciess, respectively. By combining Equation 7 and Equation 8, we obtain Equation 9:
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Fu=(Yn-Y)

(Yn-Yu)

Equation 9;

The change in free energy, AG is used as a measure of the conformational stability of a

protein. Using the above equations, the AG and equilibrium constant, Ky can be

calculated as follows:

o)
C
1

[T
Ic

By using Equation 9:

AG =-RT In Kp

=-RTIn _(Xu;ﬂ
y-Yo
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Equation 10;

Equation 11;



where R is the gas constant (1.987 cal. mol™. K™?) and T is absolute temperature.

Because AG is linearly proportional to denaturant concentration, the conformational
stability of the protein in the absence of denaturant, AG 20y can be extrapolated back
to zero molar (0 M) denaturant concentration using Equation 11. This is known as the

linear extrapolation method (Pace, 1986).

AG = AG (H20) - m [D] Equation 12;
where m is a measure of the dependence on denaturant concentration at the midpoint

AG
of the denaturant curve, [D]ll2 =$ and D refers to denaturant.

The m-value relates the free energy to the denaturant concentration, it is obtained by

the slope of the plot and provides information on the surface area that is exposed to the
solvent upon denaturation (Myers et al., 1995).

Three-state model

For a three-state dimer model used in this study, the protein may exist in the folded (N),
intermediate (I) or unfolded (U) states. Furthermore, unfolding of the dimeric protein

may involve the formation of a monomeric (2I) or dimeric intermediate (I,) species.

For a monomeric intermediate:
K1 Ko

45



N, & 21 « 2U Equation 13;

Where K; represents the equilibrium constant for the N « | transition and K represents

the equilibrium constant for the | < U transition.

Ky K2

N> & b < 2U Equation 14;

Where Kj represents the equilibrium constant for the N < |, transition and K; represents

the equilibrium constant for the I, « U transition.

In the three-state model, the native dimeric protein can first dissociate into a monomeric
intermediate (2I) which further unfolds in a second reaction step into unfolded
monomers. An alternative is that the native dimeric protein unfolds first into a dimeric
intermediate (l2) which proceeds to form unfolded monomers in a second reaction step
(Warren and Gordon, 1966).

2.2.11 Stopped-flow kinetics

During equilibrium unfolding of a small, single-domain protein, any intermediates that
form are usually thermodynamically unstable and transient species (Pace and Scholtz,
1997). However, in order to determine the mechanism and pathway of unfolding and
refolding, it is necessary to identify and characterise these intermediates. In this study,
the kinetic parameters were determined for both the folding and unfolding pathways of

the FOXP3 FHD to determine the mechanism of domain-swapping.

In the simplest kinetic unfolding model, protein unfolding seems to be an all-or-none

process with very little to no partially unfolded speciess preceding complete unfolding.
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This suggests that there is a single kinetic phase, a single rate constant (Equation 15)
and no lag period which implies that there is a single rate-limiting step and all molecules

have equal probability of unfolding (Creighton, 1993).

A(t) — A(o) = Z Aie ¥t Equation 15;
i=1

where A(t) refers to the amplitude, A(«) refers to the offset value, A; refers to the

phases, t refers to time and -k; refers to the rate (s™).

In order to define the folding pathway of the FOXP3 FHD dimer, kinetic experiments
were used to follow events that occur during both folding and unfolding using
fluorescence spectroscopy as a tertiary structural probe. Since the FOXP3 FHD
contains four tryptophan residues located at different regions around the protein,

fluorescence will probe global structural changes, rather than local structural changes.

All kinetics experiments were conducted on a BioSequential SX-18MV stopped-flow
reaction analyser from Applied Photophysics (Leatherhead, UK). Excitation pathlength
used was 10 mm and the emission pathlength used was 2 mm. The excitation
bandpass was 4.63 nm. The photomultiplier voltage was 500 V for all experiments. The
sample handling unit was kept at a temperature of 20 ° C throughout. Analysis of the
kinetics data was done using SigmaPIlot software which uses the Levenberg-Marquardt

algorithm of non-linear least squares method (Marquardt, 1963).

Single-jump unfolding and refolding kinetics

Unfolding kinetics can provide information about the unfolding pathway and the
sequence of events that occur during unfolding on a millisecond timescale. All kinetics
experiments were done by monitoring changes in intrinsic tryptophan fluorescence
emission with an excitation wavelength of 295 nm and a cut-off filter of 320 nm to
minimise light scatter from the excitation wavelength. Baseline values were obtained for
4 uM protein at equilibrium at various urea concentrations (from 0 to 8 M) to determine

the end points of the reactions and to confirm that the reactions had run to completion.
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All experiments were conducted at 20 ° C and three traces were averaged for each urea
concentration. The final average trace was fitted using SigmaPlot. The fit of the data to

the general equation were shown to be good by the residual plots.

To produce the unfolding reactions, 12 pM native FOXP3 FHD was mixed in an
asymmetric ratio of 1:5 with Storage Buffer containing final urea concentrations of 3 M
to 5 M urea to reach the intermediate species or 7 M to 8 M urea to reach the unfolded

species.

Refolding reactions were performed by rapidly mixing unfolded protein in a 1:5 ratio with
buffer containing O M to 0.8 M urea to reach the native state or 3 M to 5 M final urea
concentration to reach the intermediate state. Unfolded protein solution was prepared
by incubating 12 uM FOXP3 FHD with 8 M urea for 1 hour at 20 ° C. The final protein
concentration was 2 pM.

Kinetic data analysis and fitting

Unfolding data were fitted to a single exponential or double exponential model while
refolding data were fitted to a double exponential model. A plot of the residuals was
obtained for each fit and shows the error between the experimental points and the
theoretical curve which is used to determine which exponential model (single or double)
best fit the data. The fitting process was performed for data collected at each urea

concentration.

To determine the unfolding rate in the absence of denaturant, the following equation

was used:

In ky = In ky"?° + my[D] Equation 16;

H20

where k, is the apparent rate constant at different urea concentrations, k, <~ represents

the apparent rate of unfolding in the absence of denaturant and m, represents the

change in accessibility of the unfolded species to solvent.

To determine the folding rate in the absence of denaturant, the following equation was

used:

In ks = In kf2° + m{D] Equation 17;
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where k; is the apparent rate constant at different urea concentrations, ki*2°

represents
the apparent rate of folding in the absence of denaturant and m; represents the

accessibility of the folded state to solvent.

From the above data, a chevron plot is constructed (Walters et al., 2009) which includes
information about the folding and unfolding rates in the absence of denaturant, the m-
values for folding and refolding as well as information on any transition or intermediate

states that may be present (Walters et al., 2009).

49



CHAPTER 3. RESULTS

The main aim of this study was to investigate the mechanism of domain swapping of the
FOXP3 FHD. Since this protein had not been studied prior in our lab, the purification
and overexpression of the FOXP3 FHD had to be optimised. This was doing using
induction trials which were undertaken at various conditions in order to produce an
optimal yield of soluble protein. The secondary, tertiary and quaternary structure of the
protein was then characterised using circular dichroism, tryptophan fluorescence and
size-exclusion chromatography which indicated that the structure of the FOXP3 FHD in
solution is consistent with the crystal structure, however, it is not as compact in terms of
the tertiary structure. Urea-induced equilibrium unfolding was performed to determine
the equilibrium unfolding pathway of the FOXP3 DSD and to establish if any
thermodynamically stable intermediates were present as well as the cooperativity of
unfolding. Unfolding and refolding were then performed to derive the complete folding
and unfolding pathways of the FOXP3 DSD.

3.1 Purification of wild-type FOXP3 FHD

3.1.1 Plasmid verification

The sequencing results confirmed that the pET-11a vector contained the correct cDNA
sequence encoding wild-type FOXP3 FHD. The pET-1la vector contained the
sequence encoding the FOXP3 FHD contains a hexahistidine tag at the N-terminus as
the protocol established by Bandukwala et al. (2011) so as to minimise interference with

domain swapping.

3.1.2 Expression and purification of the FOXP3 FHD

Initially, T7 Express Competent Cells were transformed with the pET 11-a vector
encoding the wild-type FOXP3 forkhead domain (FHD) sequence. Induction trials were
carried out to determine the optimal conditions for maximal protein production.
Concentrations of IPTG (isopropyl B-D-1-thiogalactopyranoside) used were 0.1 mM, 0.2
mM, 0.3 mM, 0.5 mM and 1 mM. At 37 °C, the FOXP3 FHD was predominantly
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insoluble and at 30 °C and 20 °C, the FOXP3 FHD protein was not overexpressed well.
Rosetta (DE3) pLysS Competent Cells (Novagen) were subsequently used, as in a
protocol previously established by Bandukwala et al. 2011, which dramatically improved
the solubility of the FOXP3 FHD. Small-scale induction trials were carried out at 37 °C
and 20 °C to determine the optimal conditions for soluble protein production. The
FOXP3 FHD protein was overexpressed but solubility did not increase significantly at 37
°C. At 20 °C, the protein did not overexpress well. Further induction trials were carried
out at 30 °C and the optimal conditions for induction were established to be 0.2 mM
IPTG for 4 hours at 30 °C (Figure 11).

The solubility of the FOXP3 FHD was assessed by SDS-PAGE of the cytosol and pellet
fractions (Figure 13). FOXP3-FHD was found to be predominantly in the supernatant
while approximately 30 % appeared in the insoluble fraction or pellet (Figure 11). The
lack of the overexpressed band in the flow-through lane (Figure 13) suggests that most
of the fusion protein bound to the purification column. Monomeric FOXP3 FHD was
found through SDS-PAGE (Figure 12), to have a molecular mass of approximately 13
kDa which corresponds to what was previously reported in the literature (Bandukwala et
al., 2011).

The FOXP3 FHD was purified using immobilised metal ion affinity chromatography
(Figure 13). Since only a single band was detected in the purified fractions, and
corresponds to a molecular mass of 13 kDa, it can be concluded that the FOXP3 FHD
had been successfully purified. The experimentally determined molecular weight of 13
kDa of the FOXP3 FHD monomer is consistent with the calculated molecular weight of
12.9 kDa using the Expasy ProtParam tool (https://web.expasy.org/protparam/).

3.1.3 Protein concentration determination

It is important to note that all protein stocks were kept at a relatively low concentration
(15 = 30 puM) in Elution Buffer (20 mM Tris-HCI pH 7.6, 500 mM NaCl and 500 mM
imidazole) prior to dialysis against Storage Buffer (20 mM Tris-HCI pH 7.6, 150 mM
NaCl, 1 mM DTT) just before use. This was done as the FOXP3 FHD is prone to
aggregation if stored at higher protein concentrations (40 — 150 uM) in Elution Buffer for
longer than 1 week. Concentration determinations were consistent with R? values
between 0.95 and 1. The yield of purified protein obtained was 2 mg/L of culture was

obtained in a typical purification.
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FOXP3 FHD

Figure 11. 15 % SDS-PAGE gel of small-scale induction trials at 30 °C for FOXP3 FHD at A. 4
hours and B. 5 hours and C. 6 hours. The optimal condition was determined to be 0.2 mM IPTG for 4
hours at 30 °C (red block) as the highest amount of soluble protein was produced.

52



2500 1 sample loaded [ 100

zmj- rﬂ - EO

5 1500 - - 60
=
£
8 1000 - - 40
B
&
'3509- - 20

Concentration of Elution Buffer (%)

T T T T t-Ir
50 100 150 200 250 300 350 400 450

=]
=

Volume (ml)

o | Y s Conductivity Concentration

Figure 12. Elution profile of the FOXP3 FHD using the IMAC HisTrap" column. The elution profile of the
FOXP3FHD off the IMAC HisTrap™ purification column (GE Healthcare) recorded using absorbance at 280 nm
(blue) on the Aktaprime system (GE Healthcare). A 1.5 M NaCl salt wash (red) was used to eliminate contaminating
DNA fragments. Pure FOXP3 FHD was eluted in 70 % of Elution buffer (green) (350 mM imidazole) in a single

symmetrical peak (black block).
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Figure 13. SDS-PAGE and calibration curve. A. 15 % SDS-PAGE gel stained with Coomassie Brilliant
Blue illustrating a pure fraction obtained from a representative purification of the FOXP3 FHD (black arrow).
Lanel contains the molecular weight marker and lane 2 contains successfully purified FOXP3 FHD with a
molecular mass of 13 kDa (black arrow). B. Calibration curve indicating the molecular mass of the FOXP3

FHD (red arrow) relative to that of the molecular weight markers (R2 =0.99).

54



3.2 Structural integrity of the wild-type FOXP3 FHD

Circular dichroism and tryptophan fluorescence was used to determine whether the
secondary and tertiary structure, respectively was consistent with the crystal structure.
Furthermore, these techniques were used to confirm that the denaturant, in this case,
urea disrupted the secondary and tertiary structure significantly. This is done to confirm
that the protein is fully unfolded in urea and to establish the native and unfolded

baselines for urea-induced equilibrium unfolding.

3.2.1 Secondary structure

The secondary structure of the FOXP3 FHD was studied using circular dichroism (CD)
spectroscopy. The far-UV CD spectra were obtained between 250 and 196 nm at 20 °C
(Figure 14). The spectrum is characteristic of a protein that has high a-helical content
with characteristic troughs at 208 nm and 222 nm. The spectrum of the unfolded protein
shows that the a-helical secondary structure is completely abolished in the presence of
8 M urea as the characteristic minima are no longer evident, and the protein exists as a
random coil under these conditions. The secondary structure percentage contribution of
helical, beta sheet and random coil content was calculated using the K2d algorithm of
Dichroweb (Whitmore and Wallace, 2008) with an NRMSD of 0.086 and found to
consist of 27 % helix, 25 % beta structures and 48 % random coil. The crystal structure
of the FOXP3 FHD is shown to have 48 % helical content and 10 % beta sheet content,
the rest of the protein (42 %) is indicated to have no assigned secondary structure.
There is a noticeable difference between the secondary structure of the crystal structure
and that calculated using Dichroweb (Whitmore and Wallace, 2008). These
discrepancies can be due to the secondary structural differences between the flexible

structure in solution and the crystal structure (Hontz et al., 2006).
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3.2.2 Tertiary structure

The tertiary structure of the FOXP3 FHD was investigated using intrinsic fluorescence
spectroscopy. This technique is sensitive to the immediate microenvironments of
tryptophan residues and is thus a powerful tool used to probe local tertiary structural
changes (Lacowicz, 1999). The FOXP3 DSD contains four tryptophan residues per
subunit, namely Trp348 (H1), Trp366 (H2), Trp381 (H3) and Trp406 (S2). The Trp406
residue is located in strand S2 which is fully solvent-exposed. Trp381 is located in the
primary hydrophobic interface and is partially exposed to solvent while Trp348 and
Trp366 are located in the secondary stabilising interface of the DSD, are partially
solvent-exposed and are in close proximity to charged residues Arg358, Arg369 and

Glu352 according to the solved crystal structure (Figure 15)
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Figure 14. A. Far-UV spectra of the wild-type FOXP3 FHD. Native FOXP3 FHD is represented by a solid line
while FOXP3 FHD unfolded in 8 M urea is represented by a dashed line. The spectral analyses were performed at
20 °C using 8 uM FOXP3 FHD in 20 mM Tris-HCI pH 7.6, 100 mM NaCl, 1 mM DTT. The data were smoothed using
a negative exponential methodology.B. HT voltage profile. Voltage for the native spectrum is indicated by the solid

circle and the voltage for the spectrum of unfolded FOXP3 FHD is shown by open triangles.
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Figure 15. Crystal structure of the FOXP3 domain-swapped dimer indicating the locations of the
tryptophan residues. The Trp406 residues are fully exposed to solvent while Trp381, which is involved
in the primary network of hydrophobic residues is partially-buried. The Trp348 and Trp366 residues form
part of the secondary interface that stabilises the FOXP3 DSD. The tryptophan residues are shown in
dark blue. Positively-charged residues are indicated in red. Trp406 and Trp382 are in close proximity to

Arg397 and Lys382, respectively. Figure generated using PyMOL (DeLano Scientific).

Tryptophan residues that are fully water-accessible emits at wavelengths near and
above 350 nm whereas completely buried tryptophan residues in a hydrophobic
microenvironment emits near 320 nm or below (Ahmad et al., 2010). The indole group is
particularly sensitive to changes in solvent and is thus highly dependent upon solvent
polarity and/ local environment which makes it a highly-sensitive probe for tertiary

structural changes upon unfolding (Lacowicz, 1999).
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Figure 16. Fluorescence spectra of the wild-type FOXP3 FHD. The tryptophan residues were
selectively excited at 295 nm. Maximum emission of the native protein (solid line) occurred at 343 nm,
while that of unfolded protein (dashed line) occurred at 361 nm. Spectra were obtained for 4 pM FOXP3
FHD at 20 °C in 20 mM Tris-HCI pH 7.6, 150 mM NaCl and 1 mM DTT and were smoothed using the

negative exponential methodology.

The fluorescence maximum emission wavelength of 341 nm for native protein is
consistent with the average of the local environments of all the tryptophan residues in
the crystal structure (Figure 16). Since the FOXP3 DSD contains 8 tryptophan residues
in total, it is difficult to deconvolute this data in order to determine the relative
contribution of each tryptophan residue. Further in silico experiments can be performed

in order to do so. Upon unfolding in 8 M urea, the spectrum shows a red-shifted

59



emission maximum to 361 nm and an increase in the quantum yield (Figure 16). This is
indicative of all tryptophan residues being exposed to solvent upon unfolding.
Furthermore, the red-shifted emission maximum indicates that the tryptophan residues
have shifted to a more polar microenvironment upon unfolding (Gorinstein et al., 2000).
Urea molecules have been shown to interact preferably with amino acid residues
containing aromatic or non-polar side chains and forms a shield between the side
chains and the surrounding water (Gorinstein et al., 2000). This could potentially be the
reason for the red-shifted emission maximum of the unfolded protein being greater than
350 nm. Scattering from protein aggregation could also cause a significant red-shifted
emission maximum, however aggregation can be ruled out in this study as the Raleigh
peak obtained for each spectrum did not indicate aggregation. Furthermore, emission
maximum peaks around 360 nm for unfolded protein are not uncommon (Gorinstein et
al., 2000; Ahmad et al., 2010). The quenched fluorescence in the native state compared
to the unfolded species could be attributed to positively-charged residues such as
Arg397 and Lys382 being closer in proximity to Trp406 and Trp381, respectively, in the
native state than in the unfolded species or it could be due to solvent quenching as
Trp406 is fully solvent-exposed while Trp381 is only partially solvent-exposed. In the
native state, Trp366 and Trp348 are located in close proximity to positively-charged
residues which are known fluorescence quenchers (Lacowicz, 1999). Upon unfolding,
the Trp348 and Trp366 residues are no longer in close proximity to the positively-
charged residues and thus an increase in the quantum yield is observed. Fluorescence
intensity is not a good probe to monitor changes in tertiary structure upon denaturant-
induced equilibrium unfolding as small changes in protein concentration can cause it to
fluctuate significantly. The emission maximum wavelength, or the wavelength at which
the spectra peaks, is not dependent on protein concentration and is sensitive to the
polarity of the microenvironments of the tryptophan residues and is therefore a better

probe to monitor tertiary structural changes and was thus used in this study.

3.2.3 Quaternary structure

The quaternary structure of the FOXP3 FHD was studied using size-exclusion
chromatography (Figure 17A). A single peak was obtained on the Hiload 16/600

Superdex 75 pg column for various concentrations of protein, ranging from 4 uM to 57
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uM FOXP3 FHD, which indicates that the protein is pure and exists as a single species

in solution as previously reported (Bandukwala et al., 2011). The FOXP3 domain-

swapped dimer was shown to have a molecular mass of approximately 26 kDa (Figure

17B) which is approximately double the size of the monomer (13 kDa) as shown by
SDS-PAGE.
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Figure 17. Size-exclusion chromatography of the FOXP3 FHD. 1 ml of FOXP3 FHD (20 mM Tris-HCI
pH 7.6, 500 mM NacCl) was loaded onto the Hiload 16/60 Superdex 75 pg column (GE Healthcare). A.

The elution profile indicates one prominant peak which eluted at a volume of 75 ml which indicates that

the molecular weight is 26.2 kDa as calculated from a B. calibration curve using protein standards (red

line). This indicates that the FOXP3 FHD is dimeric in solution in the micromolar concentration range.
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3.3 DNA binding of the FOXP3 FHD

An electrophoretic mobility shift assay (EMSA) was used here to confirm that the
FOXP3 FHD protein was indeed functional. The larger, protein-DNA complexes have
lower electrophoretic mobilities and migrate more slowly through the polyacrylamide gel
than does free DNA (Fried, 1989). The FOXP3 FHD binds to Nelson DNA at a
protein:DNA ratio of 2:1 and shows that the protein is functional (Figure 18). Free DNA
was used as a negative control (Lane 1 in Figure 18). The protein only binds to DNA
when there is an excess of protein as no binding occurs when the protein:DNA ratio is
1:1 (Lane 2 Figure 18). This is consistent with previous studies performed on the
FOXP2 FHD (Perumal, 2014; Morris and Fanucchi, 2016).

Lanes 1 2 3

Protein-DNA complex

Free DNA

Figure 18. Electrophoretic mobility shift assay (EMSA) of the FOXP3 FHD bound to Nelson DNA.
0.5 pM DNA was incubated with 1 yM protein in binding buffer (89 mM Tris-borate pH 8.3, 20 % glycerol,
0.01 % bromophenol blue) for 30 minutes on ice prior to electrophoresis. Free DNA was used as a
controlLane 1 contains 0.5 uM free DNA, lane 2 contains 0.5 uM DNA and 0.5 uM protein and lane 3
contains 0.5 pM DNA and 1 pM protein. Protein-DNA complexes are indicated (black arrow) and binding
occurs at a protein:DNA ratio of 2:1.
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3.4 Conformational stability of the FOXP3 DSD

Denaturation curves are used to measure the conformational stability of the native state
of proteins relative to the unfolded species. Urea-induced equilibrium unfolding is usually
used to determine the conformational stability of proteins (Pace, 1975). However in this
study, this technique was used to determine the equilibrium unfolding pathway of the
FOXP3 FHD, if any stable intermediates are present in the unfolding pathway and to

determine the cooperativity of unfolding.

3.4.1 Recovery and reversibility

Before equilibrium unfolding could be performed, recovery and reversibility studies were
carried out in order to ensure that the unfolding process was indeed reversible and to
ensure that the unfolding reaction had reached equilibrium. This is necessary because
equilibrium is needed in order to calculate the change in free energy (AG) and m-values
from the equilibrium unfolding data (Myers et al., 1995). When the FOXP3 FHD was
unfolded in 8 M urea it was shown to exhibit 126 % recovery of tertiary structure (Figure
19) upon dilution of the urea to 0.8 M. The area under the peak for the refolded control
was 126 % greater than the area of the peak under the refolded protein. The
fluorescence spectrum of the refolded protein peaks at a lower intensity and has a
smaller area under the peak than for the refolded control. Upon refolding, the intensity
decreases and since the intensity of the refolded protein is lower than the refolded

control, it suggests that the refolded protein is more folded than the refolded control.

3.4.2 Urea-induced equilibrium unfolding

Far-UV CD and intrinsic fluorescence were used to monitor the unfolding of the FOXP3
FHD. Protein concentrations of 0.5 uM to 20 uM were unfolded in 0 M to 8 M urea at 20
°C and allowed to achieve equilibrium over 2 hours. The CD unfolding curves (Figure
21A) showed distinct pre- and post-transition regions with a single transition, indicative of

a highly cooperative system, from 4 M to 7 M urea. Furthermore, the CD unfolding curves

63



were all sigmoidal. The curves are indicative of a two-state (N, <« 2U) model where N,

refers to the native dimer and U refers to the unfolded monomers, respectively.
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Figure 19. Recovery of the FOXP3 FHD. The protein was unfolded in 8 M urea for 2 hours prior to
refolding by 10 times dilution to a final protein concentration of 0.4 uM and a urea concentration of 0.8 M.
The refolded protein (pink) is shown to have a recovery of 126 % relative to the refolded control (cyan)
which consists of 0.4 uM FOXP3 FHD incubated with 0.8 M urea for 1 hour.

In this study, tryptophan fluorescence was used to monitor tertiary structural changes
upon unfolding and is a far more sensitive technique than circular dichroism as local,
rather than global structural changes can be detected. The tryptophan unfolding curves
(Figure 21B) showed no distinct pre-transition region however, a clear post-transition
region was observed. The tryptophan unfolding curves, in direct contrast to the CD

unfolding curves were not sigmoidal and showed a noncooperative mechanism with two
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clear transition regions; the first transition is from 0.8 M to 4 M urea and the second

transition is from 5.8 M to 7 M urea.

Furthermore, noncoincidence of the unfolding curves monitored by secondary and
tertiary structural changes (Figure 21C) indicates that the unfolding mechanism may be
more complex than a two-state unfolding mechanism. Together, these results suggest
formation of a thermodynamically stable intermediate that forms between 4 M and 7 M

urea.

The noncoincidence of the CD and fluorescence unfolding curves suggests that loss of
secondary structure and the altered tertiary environments of the tryptophan residues do
not occur simultaneously. The individual data sets separate from 1 M to 6 M urea which
indicates formation of an intermediate species during unfolding. A plot of the maximum
emission wavelength was plotted (Figure 22) which is independent of the fluorescence
intensity and provides information on wavelength shifts associated with the formation of
an intermediate species. This additional plot shows the relationship between the
maximum emission peak wavelength of the protein with increasing urea concentration.
This plot can assist in validating the models previously determined or may provide
further information such as show the presence of another hidden intermediate. During
urea-induced unfolding, the maximum emission wavelength of the FOXP3 FHD
undergoes red wavelength shifts. This correlates to a protein undergoing a N — U
transition, however Figure 22 shows that the maximum emission wavelength levels off
between 3 M and 5 M urea. This is consistent with the three-state model observed for
the fluorescence unfolding curve (Figure 21B) and suggests that the protein undergoes
a transition from the native, folded (N;) state to an intermediate state (red-shifted
wavelength), and finally to a unfolded, unfolded species (greater red-shifted

wavelength).
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Figure 20. Unfolding and refolding curves of the FOXP3 FHD. Unfolding and refolding was monitored by A.
circular dichroism (ellipticity at 222 nm) and B. fluorescence emission at 361 nm following excitation at 295 nm. A
final concentration of 4 uM was used for unfolding (black dots) and refolding (pink dots) monitored by circular
dichroism whereas a final protein concentration of 0.5 uM was used for unfolding (black dots) and refolding (pink
dots) monitored by fluorescence spectroscopy. A ten-fold dilution was used to refold the protein to a final
concentration of 4 uM. The unfolding and refolding curves are fully superimposable for CD and fluorescence.
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Figure 21. Urea-induced equilibrium unfolding of FOXP3 FHD monitored by A. far-UV CD and B. fluorescence
spectroscopy with increasing protein concentration (e<A ). Experiments were conducted at 20 °C in 20 mM Tris-HCI
pH 7.6, 150 mM NaCl and 1 mM DTT. The CD unfolding curve shows a two-state model while the fluorescence
unfolding suggests that it is three-state and proceeds via formation of an intermediate. C. Noncoincidence of the CD
(open circles) and tryptophan fluorescence (closed circles) unfolding curves indicate a more complex unfolding
mechanism than a simple two-state (N,«»2U) model. The data were normalised to values between 0 and 1 using the
following equation: (y value — minimum)/ (maximum — minimum).

The alternative scenario is that since there is no pre-transition region in the
fluorescence unfolding curve, there could be a non-linear pre-transition region whereby

there is a steep dependence of fluorescence signal on urea concentration. This would
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mean that the relatively flat region could correspond to a transition region and the post
transition could correspond to the region from 7 to 8 M urea which appears to be non-

linear as well.

Due to the law of mass action, the unfolding of oligomers, including dimers, is
concentration dependent and a shift in the unfolding transition is observed upon
increased protein concentration (Perrett et al., 1999; Walters et al., 2009). There is a
concentration dependence observed for the CD unfolding curves which validates the
two-state dimer model. Different spectroscopic techniques are used to monitor unfolding
as formation of an intermediate that is not revealed by one technique may be revealed
by another (Walters et al., 2009). This is shown to be the case here as there is also a
concentration dependence on the tryptophan unfolding curve which shows an apparent

shift to higher transition midpoints from 4 M to 7 M urea.

In addition, the tryptophan unfolding curves show a concentration dependence in the
second transition. Physiologically relevant FOXP3 concentrations are in the nanomolar
to low micromolar The noncoincidence of the circular dichroism and tryptophan
fluorescence unfolding curves made data fitting more complex. The CD and
fluorescence unfolding curves could not be globally fitted to a three-state model and so
the CD unfolding curves were fitted to a two-state model. This was done to provide
thermodynamic parameters of the the native dimer relative to the unfolded species,
even though the fluorescence data shows formation of the intermediate.
Thermodynamic parameters could not be obtained for the N, < I, and I, « 2U

transitions.

The curves were fit to a two-state (N, <« 2U) model where N, refers to the native dimer
and U refers to the unfolded monomers, respectively. The total free-energy change
between the native dimer and unfolded monomer is 16 + 2.5 kcal.mol-1. The m-value
was calculated to be 1.55 +0.61 kcal.mol-1.M-1. The fits to a two-state model were good
with R? values greater than 0.98. Midpoint (C,) values of 5.29 M, 6.16 M and 6.21 M

urea were obtained for concentrations of 4 uM, 8 uM and 20 uM, respectively.

68



3.5 Kinetic studies of the FOXP3 DSD

During equilibrium unfolding of a small, single-domain protein, any intermediates that
form are usually thermodynamically unstable and transient species (Pace, 1975).
However, in order to determine the mechanism and pathway of unfolding and refolding,
it is necessary to identify and characterise these intermediates. In this study, the kinetic
parameters will be determined for both the folding and unfolding pathways of the
FOXP3 FHD to determine the mechanism of domain-swapping. It is necessary to
determine the unfolding and refolding pathways as the protein may not refold via the
exact same route as it took to unfold. Furthermore, there may be additional transient

species that form upon refolding that are not present in the unfolding pathway.

Intrinsic tryptophan fluorescence was used as a probe for tertiary structural changes occurring
during (un)folding. It was chosen because it is a highly-sensitive technique which can provide

information on local changes to the tryptophan environments.
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Figure 22. Maximum emission wavelength of 4 yM FOXP3 FHD upon unfolding. The study is independent of the

fluorescence intensity but is used to identify wavelength shifts with increasing urea concentration. This model
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validates the three-state model observed in the fluorescence unfolding curve and suggests formation of an

intermediate species along the unfolding pathway of the FOXP3 FHD.

3.5.1 Unfolding kinetics

From the equilibrium unfolding data it can be seen that the FOXP3 FHD is in its native
conformation only at very low concentrations of urea. It is predominantly in an
intermediate conformation at urea concentrations from approximately 4 M — 6 M urea
and at urea concentrations between 6 M and 8 M, the predominant species is that of
unfolded FOXP3 FHD (Figure 21).

To monitor the unfolding kinetics of the FOXP3 FHD, native protein was unfolded at
concentrations of urea representative of the unfolded transition (6.5 — 8 M urea). The
kinetics of unfolding of the native state to the unfolded species are biphasic. Unfolding
from the native state to urea concentrations representative of the intermediate (5 M — 6
M urea) are also biphasic. There is a minor fast phase and a major slow phase in this
unfolding event. Interestingly, kinetics of unfolding from the intermediate to the unfolded
species is monophasic (Figure 21B). The minor, fast phase refers to a small population
of species that unfold via that route and occurs within the first few seconds, whereas the
major slow phase refers to the significant increase in signal whereby the majority of
species unfold. Minor and major refer specifically to the relative amount of species that

unfold via that particular pathway.

For all unfolding kinetics traces, there is a notable burst phase between the native
baseline and the start of kinetic trace (in the dead time of the instrument) which
suggests that an event is occurring within 2 ms but is unable to be detected by the
stopped-flow instrument. The kinetic trace therefore does not extend from the native
protein baseline and thus the phases observed do not account for the total amplitude

change.
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Figure 23. Typical traces observed for unfolding of the FOXP3 DSD monitored by stopped-flow
fluorescence. An excitation wavelength of 295 nm was used, and fluorescence was collected above 320
nm using a cut-off filter. Native and unfolded (8 M urea) fluorescence signals are indicated by N and U,
respectively. A. Unfolding of the native protein in 8 M urea. The trace fits best to a double exponential
model which gives amplitudes of -1.54 and -0.56 and rates of 0.45 sec™ and 0.10 sec™ B. Unfolding of
the protein from the native state to the intermediate state (5 M urea) occurs in two distinct phases. The
fast phase (inset) fits to a single exponential model which provides an amplitude of 0.20 and a rate of
1.39 sec™.The slow phase also fits to a single exponential model and gives an amplitude of -1.73 and a
rate of 0.06 sec™’. C. Unfolding of the intermediate species (preequilibrated in 5 M urea) to the unfolded
species (8 M urea) fits to a single exponential model with an amplitude of 0.92 and a rate of 0.53 sec™. . A
burst phase is detected for each of the traces. Residuals of the fits are shown below each of the plots.

N> < 2U transition

The kinetics of unfolding from native to unfolded protein was fitted to a double
exponential and has a time constant (inverse of rate constant) of 2.2 sec for the fast
phase and 10 seconds for the slow phase. The shape of the kinetic trace for the single
jump from native to unfolded protein (Figure 23A) shows an increase in the
fluorescence signal until the unfolded baseline is reached. Upon denaturation in 8 M
urea, two phases are exhibited. The rate constant of phase 1 increases with increasing

urea concentration while that of phase 2 decreases with increasing urea concentration.
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N> < I> transition

The jump from native to the intermediate (in 5 M urea) exhibits a fast phase with a time
constant of 0.7 sec and the slow phase has a time constant of 16.6 sec. The kinetic
trace for the native protein to the intermediate (5 M urea) (Figure 23B) shows a
decrease in the fluorescence signal within 4 seconds during the fast phase, and then a
slow increase in fluorescence signal towards the 5 M baseline in the slow phase. The
fast phase of the N, < [, transition was fitted to a single exponential while the slow
phase was also fitted to a single exponential. Three phases were observed in formation
of the intermediate from the native state. One major intermediate phase and a minor
fast and minor slow phase were exhibited. The rate constants and m,, values obtained
for each phase is shown in Table 1. The rate constants of the unfolding phases increase
with increasing urea concentration. In contrast, the rate constant of the slowest phase
(phase 3) does not increase with urea concentration but remains fairly constant with

increasing urea concentration (Figure 24A).

I, < 2D transition

For the unfolding kinetics from the intermediate to unfolded protein, the time constant is
similar to the fast phase of native to unfolded protein and was shown to be 1.8 sec. The
jump from the intermediate to unfolded protein is monophasic which suggests that a
single event is taking place as the fluorescence signal decreases from the 5 M baseline
toward the 8 M baseline (Figure 23C).

The rate constant of the major phase of unfolding decreased with increasing urea

concentration in a linear manner (Figure 24). The data fits well to a linear function of the
type:

Ink, = Ink!29 + m,,[D] Equation 14;
where k,, is the rate constant for unfolding at a denaturant concentration, D, and Ink/2°9
is the rate constant of unfolding in water, m,, is the m-value that reflects the change in

solvent exposure between the native state and the rate-determining transition state for

unfolding. The values of kf2°9 andm,,, determined using Equation 14 are shown in Table
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Figure 24. Unfolding rate and amptlitude plots of the FOXP3 DSD. A. Urea dependence on the unfolding rate
constant for 3 uM FOXP3 FHD. The data was fit to a linear regression fit using Equation 14. An example of a linear
regression fit is depicted here (blue line). R* = 0.99. B. Absolute amplitudes for unfolding. Three phases are
observed in the N to | transition while two phases are observed in the N to U transition. Open symbols represent the
N, < |, transition while closed symbols represent the N, <> 2U transition. Phase 1 is represented by squares, phase
2 by triangles and phase 3 by circles.
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Table 1. Kinetic parameters of unfolding obtained for the FOXP3 DSD

Phase ky 9 (s [ m, Time
constant
N | 1 2.8x10° 0.44 355s
N | 2 4.3x107 -0.11 4 min
N o | 3 1.4 x10° 0.37 12 min
N D 1 1 x10° 0.3 16 min
N D 2 5x 10 0.46 33 min

Upon unfolding of the native protein to the intermediate, the majority of the species
shows a significant exposure of surface area (m, value of 0.37) relative to the native
state. The minor, fast phase also shows a significant exposure of surface area (m,
value of 0.44) to the solvent while the minor, slow phase shows a decrease in exposure
to solvent (m, value of -0.011) or rather shows a burial of surface area relative to the

native state as indicated by the negative slope.

Upon unfolding of the protein (N < U transition), the major population of species unfolds
via the slow phase (closed circles Figure 24B) while the minor, small population unfolds
via a fast phase (closed squares Figure 24B). The rate constant for both phases show
an increase with increasing urea concentration. The major, slow phase has a positive
slope (my value of 0.46) and shows a significant increase in exposure to solvent upon
complete unfolding while the minor, fast phase exhibits solvent exposure to a lesser

extent (my value of 0.3) (Table 1).

3.5.2 Refolding kinetics

The equilibrium unfolding data indicate that there is very little to no significant pre-
transition baseline. Thus, refolding kinetic experiments were conducted from 8 Mto 4 M
(to monitor the U « | transition) and from 4 M to 0.4 M (to monitor the | < N transition).
At a final concentration of 0.4 M, the equilibrium unfolding curve indicates a significant

change in fluorescence signal compared to the native protein which suggests that the
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tertiary structure has been perturbed. However, it was the lowest urea concentration

that could be obtained upon refolding to the ‘native’ state.

Refolding was monitored by tryptophan fluorescence and three kinetic refolding traces
were averaged per urea concentration. The average trace was fitted to a double
exponential and the fit was good according to the random distribution of points around

zero on the residuals plot (Figure 25).

The kinetic trace for the | to N transition (Figure 25a) showed an initial decrease in the
fluorescence signal from the intermediate baseline to below that of the native protein
baseline, in the burst phase, and subsequent increase toward the native protein
baseline. The data was fitted to a double exponential with amplitudes of -0.19 and -0.04

and rate constants of 0.39 and 0.02 sec™.

Similarly, the kinetic trace for the U to | transition (Figure 25b) showed a decrease in the
fluorescence signal from 8 M to below that of the 5 M baseline, in the burst phase, and
then an increase of the fluorescence signal towards the 5 M baseline until it reached
equilibrium. The data was fitted to a double exponential with amplitudes of -1.42 and -

0.33 and rate constants of 8.37 and 1.69 sec™.

The urea dependence of the amplitude for the fast and slow phases of refolding are
shown in Figure 26. The relative percentage of the two species decreased from 4to 6 M

urea.
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Figure 25. Kinetic traces observed for refolding of the FOXP3 DSD monitored by stopped-flow
fluorescence. An excitation wavelength of 295 nm was used, and fluorescence was collected above 320
nm using a cut-off filter. A. Refolding of the FOXP3 FHD preequilibrated in 5 M urea. The final urea
concentration was 0.83 M. The data was fitted to a double exponential process providing amplitudes of -
0.19 and -0.04 and rates of 0.39 sec™ and 0.02 sec™, respectively. Residuals are shown below the plot.
B. Refolding of the FOXP3 FHD preequilibrated in 8 M urea. The final urea concentration is 5 M.
Residuals for the fit to a double exponential with amplitudes of -1.42 and -0.33 and rates of 8.37 and 1.69

sec . Residuals are shown below the plot.
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The rate constant of the fast, major phase of refolding decreased with increasing urea
concentration in a linear manner (Figure 26A). The data fits well to a linear function of

the type:
Inky = Ink/?%+ m;[D] Equation 15

where k; is the rate constant for refolding at a denaturant concentration, D, and k}’zo is
the rate constant of refolding in water, m; is the m-value that reflects the change in

solvent exposure or compactness of the unfolded species relative to the rate-

determining transition state for refolding.

The refolding kinetics from the U to the | transition shows three phases, a major, slow
refolding phase and a minor, fast refolding phase and a minor, intermediate unfolding
phase and is indicative of three events occurring during refolding. This is in agreement
with three phases observed in refolding from the intermediate state to the native state
(Figure 26). The kf*° and m, values for these phases are indicated in Table 2. The
major, slow refolding phase, of the D to | transition, shows that there is a large burial of
exposed surface area of the unfolded protein relative to the intermediate state (m; value
of -0.57). The minor, intermediate phase also shows a burial of exposed surface area
according to the negative slope but could not be fitted accurately to Equation 15. The
minor, fast phase showed a positive slope (m; value of 0.45) which indicates exposure
of surface area upon refolding from the unfolded species to the intermediate which
could indicate aggregation or association of open-ended domain-swapped structures
(Janowski et al., 2001).

Table 2. Kinetic parameters of refolding of the FOXP3 DSD

Phase k%9 (s™) my Time
constant
D— | 1 4 x10° 0.45 24 s
D— | 2 4x10 -0.57 4 min
| - N 1 6x10™ -0.27 1.6 s
| > N 2 7x107° -0.16 2 min
| > N 3 1x10™ -0.06 2 hrs 20 min
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In the | to N transition, the major, slow phase showed a less steep negative slope upon
refolding from the intermediate to the native state (m; value of -0.06) which indicates
that the major population of species does not bury a significant amount of surface area
upon formation of the native state. The minority of species follow a fast phase route and
show a more significant burial of exposed surface area of the intermediate relative to
the native state (m; value of -0.27) and the minor, intermediate phase shows burial of

exposed surface area to a lesser extent (m; value of -0.16).
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Figure 26. Effect of varying urea concentrations on refolding of the FOXP3 DSD. A. Urea dependence
of the rate constants of refolding and the B. refolding amplitude plot. Refolding experiments were
performed at 20 °C in 20 mM Tris-HCI pH 7.6, 150 mM NaCl and 1 mM DTT. The final protein
concentration was 3 puM. Refolding of the FOXP3 FHD shows three phases. The U — | transition is shown
in closed symbols while the N — | transition is shown by the open symbols. Phase 1 is indicated by
squares, phase 2 is represented by triangles and phase 3 is indicated by circles.
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3.6 Properties of the equilibrium unfolding intermediate of the FOXP3 DSD

The FOXP3 FHD shows formation of a stable intermediate species under equilibrium
conditions. From the tryptophan unfolding curves (Figure 21B), there appears to be a
concentration dependence of the second transition which suggests that the intermediate
is likely be dimeric. It is important to characterise the intermediate and to establish
whether it resembles the native or unfolded species, structurally to gain further insight
into how the FOXP3 FHD assembles into its functional, three-dimensional domain-

swapped dimer form which is the crux of this study.

3.6.1 Secondary structure

The far-UV circular dichroism spectra of the FOXP3 FHD in the native (0 M urea),
unfolded (8 M urea) and intermediate (5 M urea) states were compared so as to see
whether the secondary structure changes in the three states. The native spectrum
shows two distinct troughs at 222 nm and 208 nm, respectively which indicate the
presence of a-helices. As would be expected, this is completely abolished in the
unfolded protein spectrum (Figure 14). The spectrum obtained of the intermediate
protein is almost identical to that of the native protein and also exhibits a trough at 222
nm. This suggests that the secondary structure of the intermediate is almost identical to

that of the native protein (Figure 27A).

3.6.2 Tertiary structure

As with CD, the fluorescence spectra of the FOXP3 FHD in the native (0 M urea),
intermediate (5 M urea) and unfolded (8 M urea) states were compared. The unfolded
protein spectrum shows enhanced fluorescence intensity compared to the native protein
as well as a red-shifted emission maximum from 343 nm in the native state to 361 nm in
the unfolded species (Figure 27B). The spectrum obtained for the intermediate state
shows higher fluorescence intensity than either the native state or the fully unfolded
protein and there is also a red-shifted emission maximum from 343 nm in the native
state to 351 nm in the intermediate (Figure 27). Furthermore, the red shifted emission

maximum indicates that the intermediate species is perhaps not as compact as the
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native protein and as a result of the partial unfolding; there is enhancement of the

fluorescence of the average of all the tryptophan residues.
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Figure 27. Structural characterisation of the intermediate observed in equilibrium unfolding. A. circular
dichroism, B. intrinsic fluorescence spectroscopy, C. extrinsic fluorescence spectroscopy using 200 uM ANS and D.
size-exclusion chromatography performed using a Hiload 16/600 Superdex 75 pg column (GE Healthcare). The
intermediate species was characterised according to secondary, tertiary and quaternary structure and compared to
the native and unfolded protein. All spectroscopy work was performed in 20 mM Tris-HCI pH7.6, 150 mM NacCl, 1
mM DTT at 20 °C.
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3.6.3 Quaternary structure

The hydrodynamic volume and compactness of the intermediate species was studied
using size-exclusion chromatography. Larger proteins with a higher hydrodynamic
volume are eluted before smaller proteins. Unfolded FOXP3 FHD eluted at 56 ml which
is close to the void volume of the column (45 ml). The unfolded protein was expected to
elute either within the void volume of the column or closes to it as it is in a random coil
conformation. The unfolded protein has a larger hydrodynamic volume than the native
protein as it is far less compact than the native protein. The intermediate species eluted
at a larger volume of 66 ml compared to native protein which is eluted at 71 ml. The
intermediate shows a larger hydrodynamic or ‘tumbling’ volume compared to the native
protein and this suggests that it is slightly less compact than the native protein but not
as expanded as unfolded protein (Figure 27D). The native protein corresponds to a
molecular weight of 25 kDa, while that of the intermediate species corresponds to a
molecular weight of 27 kDa and the unfolded protein corresponds to a molecular weight
of 41 kDa. Since the molecular weight of the unfolded protein is not near double that of
the dimer, which would be approximately 50 kDa, higher-order oligomers such as a

tetramer can be ruled out.

3.6.4 ANS binding to the intermediate

8-anilino-1-napthalene sulfonate (ANS) is an amphipathic dye that binds to exposed
hydrophobic patches on the protein surface. It is a useful probe to study the formation of
intermediates during unfolding/ refolding. ANS has been used extensively to study
molten globule intermediates (Christensen and Pain, 1991; Semisotnov et al., 1991;
Alam et al., 2015; Haque et al., 2015; Rahaman et al., 2015). When excited at 390 nm,
ANS shows an emission maximum wavelength of 520 nm. Upon binding to an exposed
hydrophobic cluster on a protein, the maximum emission wavelength shifts to a lower
wavelength that is dependent on the hydrophobicity of the binding site/s on the protein.
The blue-shifted emission maximum wavelength is accompanied by an increase in the
guantum vyield. This technique can be used to assess the relative ‘openness’ of the
intermediate relative to the native and unfolded speciess. If there are exposed
hydrophobic patches in the intermediate, it may indicate that the structure of the

intermediate is more exposed to the solvent than in the native state for example.
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The native protein bind to ANS which is shown by the blue-shifted emission maximum
from 510 nm in free ANS (Stevens and Augusteyn, 1997; Ali et al., 1999) to 474 nm as
well as an increase in fluorescence intensity which indicates exposure of hydrophobic
patches on the protein surface (Figure 27C). The intermediate species also binds ANS
and shows a blue-shifted emission maximum to 478 nm with a decreased fluorescence
intensity compared to that of the native protein. Unfolded protein is not expected to bind
ANS because the hydrophobic patches that were close together in the intact tertiary
structure is disrupted in the unfolded protein and no longer form patches. Since the
intermediate species binds to ANS, it indicates that there are exposed hydrophobic
patches in the intermediate state. The intermediate spectrum is not as blue-shifted as in
the native state which suggests that it some of the exposed hydrophobic patches in the
native state have been disrupted. Together, these results indicate that the intermediate
is native-like, but has properties that are different to either of the native and unfolded

species.
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CHAPTER 4. DISCUSSION

With the ever-increasing number of domain-swapped structures being elucidated, there
is substantial reason to believe that this phenomenon is biologically significant.
However, to date there is no general mechanism of domain swapping. This could be
attributed to domain-swapped proteins being extremely diverse in structure as well as
function and the mechanism depends on the particular protein and its folding/ unfolding
pathway. The FOXP3 FHD has been shown to form a domain-swapped dimer that is
crucial for its suppressor function to regulate homeostasis of the immune system
(Bandukwala et al., 2011). The importance of FOXP3 is highlighted by a severe
autoimmune disease (IPEX syndrome) caused by mutations that disrupt domain
swapping (Bennett et al., 2001; Bandukwala et al., 2011). In addition, the FOXP3 FHD
is the only FOXP member to show formation of DSD only, rather than a monomer-dimer
equilibrium which is present in the FOXP1 and FOXP2 FHDs (Stroud et al., 2006; Chu
et al., 2011). This together with the fact that very little is actually known about how
FOXP3 functions at a molecular level prompted this investigation into the mechanism of
domain swapping of the FOXP3 FHD. Furthermore, there are only a handful of studies
which have investigated the mechanism of domain swapping and this particular study
using the FOXP3 FHD as a model can shed more light into how these proteins elegantly

fold into these exquisite domain-swapped structures.

4.1 Equilibrium unfolding of the FOXP3 FHD proceeds via a three-state model

Most domain-swapped proteins follow a two-state equilibrium folding model (N<~D)
(Bennett et al., 1995; Rousseau et al.,, 2003; Gronenborn, 2009). In contrast, the
equilibrium unfolding curves (Figure 21) indicate that the FOXP3 FHD follows a three-
state model (N2 « |, « 2D). Furthermore, a concentration dependence is observed in

the second transition which indicates that the protein unfolds via a dimeric intermediate.

The noncoincidence of the CD and fluorescence unfolding curves suggest that the
tertiary structure is more susceptible to disruption by low urea concentrations than is the
secondary structure (Figure 21B) and the tryptophan residues are likely to become

exposed to solvent as the protein starts to unfold prior to any secondary structure
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dissolving (Lee and Richards, 1971). Indeed, the secondary structure remains intact
until approximately 4.4 M urea which is in contrast to the weak pre-transition region in
the fluorescence-monitored curve and indicates that the secondary structure of the

FOXP3 DSD is more resistant to the denaturant than the tertiary structure.

Interestingly most domain swapping proteins have been shown to unfold via a two-state
model with no formation of thermodynamically stable intermediates, except for the
FOXP1 DSD (Rousseau et al., 1998; Staniforth et al., 2001; Topping et al., 2004).
Furthermore, all domain-swapped proteins studied to date require either partial or
complete unfolding of the monomeric state in order to attain the domain-swapped
structure (Rousseau et al., 1998; Staniforth et al., 2001; Rousseau et al., 2004; Chen et
al.,, 2005; Liu et al.,, 2012). Indeed, the only other case reported of a three state
unfolding transition for a domain swapping protein is that of the FOXP1 FHD which was
shown to unfold via a monomeric intermediate (Medina et al., 2016). In this particular
study, the FOXP1 DSD dissociates prior to unfolding and involves monomer stability
(Medina et al.,, 2016). Additionally, most domain-swapped proteins, there is a large
kinetic barrier that separates the monomer and domain-swapped dimer and this barrier
can only be overcome by favouring the unfolded species using salt, pH, temperature or

denaturants.

The equilibrium unfolding results for the FOXP3 DSD are in direct contrast with all other
domain-swapped proteins. Here, it is shown that the FOXP3 DSD exists as a stable
dimer in solution and there is no need for additional perturbations to favour the unfolded
species in order for the protein to domain swap. The FOXP3 DSD is shown to unfold via
a three-state mechanism with formation of a dimeric equilibrium intermediate compared
to the FOXP1 DSD which unfolds via formation of a monomeric intermediate.
Thermodynamic parameters and thus the conformational stability could not be
determined as the data could not be fit to a three-state model due to the lack of a

defined pre-transition region in the fluorescence unfolding curve (Figure 21).

4.2 The FOXP3 DSD intermediate

From the equilibrium unfolding studies, it is clear that the FOXP3 FHD forms a

thermodynamically stable intermediate species. In order to assess the role of this
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intermediate in the FOXP3 folding pathway, it is necessary to characterise this
intermediate in terms of its secondary, tertiary and quaternary structure and compare it

to the native state

The CD spectrum of the intermediate (FOXP3 FHD in the presence of 5 M urea)
superimposes perfectly onto the CD spectrum obtained for the native protein (Figure
27). This suggests that the secondary structure of the intermediate remains intact and

very much native-like.

Tryptophan fluorescence of the intermediate species shows a red-shifted emission
maximum to 350 nm while the native and unfolded protein fluorescence spectra have
emission maximum wavelengths of 341 nm and 361 nm, respectively (Figure 27B). The
emission maximum of 341 nm is reflective of the average local environments of all the
tryptophan residues in the FOXP3 DSD. The tryptophan Trp406 residue is not as
solvent-exposed as indicated in the crystal structure in Figure 15 and as shown by the
molecular surface in Figure 28. As shown in Figure 29, the FOXP3 DSD is largely
flexible except for helices H2 and H3 as well as the wing regions (S2 and S3). The red-
shifted emission maximum of the intermediate state indicates that the environments of
the tryptophan residues have changed and are now more exposed to solvent in the
intermediate state compared to the native state. The tryptophan residues in the
intermediate state, however are not as exposed as is in the fully-unfolded protein
(Lacowicz, 1999).

ANS is a well-known hydrophobic dye that binds to the exposed hydrophobic surfaces
of proteins through its aniline naphthalene group (Semisotnov et al., 1991). It was used
here as a probe to detect the intermediate species that was populated during urea-
induced equilibrium unfolding (Figure 21B) because due to their more ‘open’ nature,
they are known to exhibit exposed hydrophobic patches which can interact with and
bind to ANS. Free ANS, in the absence of protein, was found to have an emission
maximum of 520 nm. A blue-shifted emission maximum to 474 nm was observed upon
binding to native protein, in the absence of urea. This suggests that the native protein
contains hydrophobic patches on the surface of the protein that is solvent-exposed
(Figure 28).

Size-exclusion chromatography was used here to assess the compactness of the

intermediate state compared to that of the native and unfolded proteins. The
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intermediate state is eluted at a similar volume to that of the native protein. This
suggests that the intermediate is very similar to the native protein in terms of
compactness but is very different to that of unfolded protein. The unfolded protein is
eluted close to the void volume which indicates that the hydrodynamic radius or

‘tumbling’ volume has increased approximately 5-fold upon unfolding.

The structural characteristics of the FOXP3 FHD intermediate are similar to those found
in molten globule intermediates. According to Christensen and Pain, 1991, molten

globule intermediates are shown to possess the following traits:

e Secondary structure is always present. The molten globule intermediate is found
to contain as much as 95 % of the secondary structural content as the native
protein.

e Tertiary interactions are significantly reduced as the intermediate has a greater

access to solvent than does the native state.

e The intermediate is largely globular as the intermediate state retains most of its
secondary structure which implies that it is more compact than the unfolded
species.

e Stable intermediates tend to aggregate as thermodynamically stable
intermediates may not be kinetically stable. This particular characteristic is

reflected in the binding of the intermediate state to ANS.

e The states behave thermodynamically as if “molten” as the transition between the

native and intermediate states are mostly two-state mechanisms.
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Figure 28. Exposed hydrophobic surface of the FOXP3 DSD. A. The exposed hydrophobic surface is shown in
red while polar regions are shown in blue. B. Positions of the tryptophan residues in relation to the exposed surface

hydrophobic patches. Figure generated using PyMOL (Delano Scientific). PDB code 3QRF.
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The FOXP3 FHD intermediate state is native-like in some aspects. The intermediate
has secondary structure that is almost identical to the native state with significantly
disrupted tertiary structure that shows exposed tryptophan residues. The intermediate
state is shown to bind to ANS although to a lesser extent than the native protein which
indicates disruption of exposed hydrophobic surface patches. The quaternary structure
of the intermediate is shown to be largely globular and similar to the native state. It is
still dimeric in nature as no protein was eluted at the expected size for monomer (13
kDa). Together, these results suggest that the FOXP3 FHD intermediate forms a molten

globule intermediate.
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Figure 29. The crystal structure of the FOXP3 FHD coloured according to B-factor. A. front view and B. side
view coloured according to B-factor. The regions in red are highly flexible while the regions in blue are most rigid.

The regions in white are somewhat rigid. Figure generated using PyMol (Delano Scientific). PDB code 3QRF.
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4.3 Mechanism of (Un)folding of the FOXP3 DSD

The conclusion drawn from equilibrium unfolding is that unfolding of the FOXP3 DSD is
a noncooperative, three-state mechanism via the formation of a stable intermediate
species. Based on this, one would expect to observe biphasic kinetics for unfolding with
at least formation of one intermediate. The kinetic unfolding of the FOXP3 DSD in 8 M
urea, however is composed of two unfolding phases as shown by the parameters
obtained by fitting the data to a double exponential curve. The residuals indicate that the
fit was good. Furthermore, the unfolding kinetics showed a burst phase within the dead-
time of the instrument (< 2 ms) for all the single-jump unfolding and refolding kinetics.
The burst phase could indicate the formation of an intermediate species that is forming

too quickly to be detected.

Unfolding of the FOXP3 DSD exhibited triphasic kinetics except for the urea
concentration range of 7 M — 7.75 M urea which exhibited biphasic kinetics (Figure 24).
The formation of the intermediate showed one major, intermediate phase, a minor, slow
phase and a minor, fast phase. The major, intermediate phase indicated a significant
exposure of surface area to solvent upon unfolding to the intermediate state. However,
the minor, fast phase showed a higher exposure to solvent than that of the intermediate
phase and suggests that an additional intermediate forms. It is interesting to note that
the jump from native to 8 M urea does not show formation of this phase which indicates
that this intermediate with a higher exposure of surface area to solvent could be
transient. The minor, slow phase of unfolding to the interemediate shows a negative
slope and indicates burial of surface area relative to the native state. This suggests that
a minor population of species could be forming protein aggregates; however the

majority of the species unfolds to form the intermediate state.

The major, slow phase in unfolding indicates that a large amount of surface area is
exposed to solvent upon unfolding completely (Tanford, 1968; Myers et al., 1995) as
indicated by the m, value of 0.46. The minor, fast phase shows that there is exposure of
surface area to the solvent but to a lesser extent than in the major, slow phase. This
suggests formation of a species that is more compact than fully unfolded protein but
less compact than the native state, however, it is a minor species along the unfolding

pathway.
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The refolding kinetics consists of three phases. The kinetics data were fitted to a double
exponential and the residuals indicated that the fit was good. A burst phase was also
observed within the instrument dead-time for all kinetic refolding jumps which suggests
that an event is occurring but the instrument is unable to detect it. The amplitude of the
slow phase and rates of all three phases are dependent on urea concentration. Only the
slow phase shows a substantial decrease in absolute amplitude with increasing urea
concentration as the native state population diminishes in the equilibrium transition
region (Park et al., 1999). Furthermore, at lower urea concentrations (< 4 M urea) the
refolding kinetics is dominated by the slow, refolding phase. The rate of the slow phase
of refolding shows an increase with increasing urea concentration at the expense of the
fast refolding phase while the rate constants of the fast and intermediate phases show a
decrease with increasing urea concentration. This suggests that the majority of the
population forms the intermediate that is more compact than fully unfolded protein while

there are two other minor populations that are becoming less compact.

A three-state mechanism is proposed for the (un)folding pathway of the FOXP3 DSD
(Figure 31). Unfolding from the native species to the intermediate, at low urea
concentrations (3 M to 5 M urea) where the equilibrium intermediate is present, shows
three phases, a fast, intermediate and a slow phase. This suggests formation of three
structures in the transition state, however it is unclear whether these intermediates form
in sequence or in parallel. Unfolding of the intermediate to the unfolded species occurs
in two phases with the major, fast phase dominating the kinetics. This suggests that two
events are occurring with the majority of species completely unfolding while the minor
species forming a kinetic intermediate that is less compact than the native state but
more compact than the unfolded species. This minor population could be due to

dissociated dimer that subsequently unfolds completely.

Refolding from the unfolded species to the intermediate state involves three phases and
a burst phase (Figure 25). These results suggest formation of at least four Kkinetic
intermediates during refolding. The refolding kinetics from the unfolded species to the
intermediate state shows a major, slow refolding phase which results in the formation of
a kinetic intermediate that is significantly more compact than the unfolded protein. This
is attributed to formation of the equilibrium intermediate. Two minor populations both
show a positive slope in the refolding rate plot (Figure 26) which suggests that these

kinetic intermediates that form along this refolding pathway to form the intermediate (2U
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< |p) contain more exposed surface area to solvent relative to the unfolded species.
This suggests that a small population could be forming aggregates upon refolding
(Figure 30)

Refolding from the intermediate state to the native state shows three phases. The
major, slow refolding phase is attributed to formation of the compact native state while
the fast, minor phase is attributed to formation of a kinetic intermediate that is less
compact than the native state and the equilibrium intermediate. This could be attributed

to formation of a transient kinetic intermediate

Structural characterisation of the equilibrium unfolding intermediate suggests that it has
substantial secondary structure, with a disrupted or more ‘open’ tertiary structure but is
still quite compact in nature. Equilibrium unfolding shows formation of one stable
intermediate species, however the kinetic unfolding pathway suggests that at least two
transient intermediate species are present in the formation of the intermediate species

from the native state.

According to the positions and environments of the tryptophan residues (Figure 28B), it
is implied that the primary hydrophobic interface is disrupted upon formation of the
intermediate. This results in a highly-flexible, yet less compact molten-globule
intermediate which then dissociates into monomers (burst phase in | <« U transition)
and subsequently unfolds completely. The | <« U transition shows a decrease in the
fluorescence signal which implies that the tryptophan fluorescence is quenched upon
exposure to the solvent upon complete unfolding. Since the crystal structure of the
FOXP3 FHD only exhibits domain-swapped dimers which interact in a non-covalent
manner, the protein should unfold into unfolded monomers. There is no evidence to
suggest that any other type of dimer, such as non-domain-swapped dimers are able to

form.

4.4 Conclusion and future work

All other domain-swapped proteins to date show a two-state mechanism with the
absence of thermodynamically stable intermediates (Rousseau et al., 1998; Staniforth
et al., 2001; Rousseau et al., 2004; Chen et al., 2005; Liu et al., 2012) while that of the

FOXP proteins exhibit a three-state equilibrium unfolding mechanism. It is interesting to

94



note that the FOXP1 DSD unfolds via a monomeric intermediate (Medina et al., 2016)
while the FOXP3 DSD unfolds via a dimeric intermediate. Furthermore, the unfolding
and refolding kinetics of the FOXP3 DSD, reveal that there are transient intermediates
along the folding and unfolding pathway that are not detected during equilibrium
unfolding. These hidden intermediates may be fleeting and may be on- or off-pathway
which means that they may or may not lead to the correctly folded conformation. Here,
we propose a complete folding and unfolding pathway of the FOXP3 DSD (Figure 30)
which shows that domain swapping occurs from the unfolded species to form a native-
like, dimeric intermediate which then undergoes minor structural rearrangements to
form the native FOXP3 DSD. This work is in direct contrast with other domain swapping
proteins which have to undergo significant partial or complete unfolding in order to attain
its domain-swapped form. Furthermore, other domain-swapped proteins exist in a
monomer-dimer equilibrium whereas the FOXP3 DSD exists only as a dimer in solution.
No monomer is detected at concentrations as low as 4 uM. This could possibly explain
why theFOXP3 DSD folds and unfolds via a dimeric intermediate as opposed to a
monomeric intermediate. Future work needs to be directed towards investigating
whether these intermediates are on- or off-pathway and to establish whether they are
obligatory, as well as if they occur sequentially or simultaneously using double-jump
kinetics. Furthermore, since the secondary interface and the hinge-loop region have
been shown to be crucial for domain swapping, it is important to establish the roles of

these regions in the stability and mechanism of domain swapping.
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Figure 30. Proposed scheme of the (un)folding pathway of the FOXP3 DSD. The protein unfolds from the native
state to the intermediate via two phases, a fast and slow phase which could represent two structures in the transition
state. The FOXP3 DSD unfolds from the native state to the unfolded species in a fast phase but also shows a burst
phase. This suggests that a highly transient, kinetically unstable intermediate may be forming too quickly to be
detected. The burst phase is observed in both refolding and unfolding kinetics. The refolding of the FOXP3 DSD from
the unfolded species to the intermediate is monophasic which implies a single folding event. Similarly the refolding

from the intermediate to the native state is monophasic. Figure was generated using Microsoft PowerPoint 2010.
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