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Abstract

The forkhead box (FOX) family of transcription factors is categorised by the presence of a
canonical DNA binding winged helix motif, termed the forkhead domain (FHD). Of the FOX
transcription factors, the FHD of the FOXP subfamily has the unique capability to form dimers
by three-dimensional domain swapped dimerisation. A definitive role for domain swapping
has not been established, although it has been speculated to facilitate interchromosomal
association and thus enable coregulation of distal genetic elements. The FHD of FOXP2
assembles as a domain swapped dimer upon folding; however, it exhibits an unexpectedly low
propensity to do so, despite dimerisation being a proposed prerequisite for its ability to regulate
transcriptional activity. This investigation aims to elucidate the propensity of FOXP2-FHD to
dimerise through probing its folding mechanism and structural stability. In this pursuit,
experiments on wild-type FOXP2-FHD were conducted, and contrasted against a dimer-prone
mutant (Y540F) which incorporated a substitution mutation uniquely present in the obligately-
dimer forming FHD of FOXP3. Low-resolution DNA binding studies by electrophoretic
mobility shift assay showed both proteins to have the ability to bind DNA as both dimers and
monomers. Analysis by size exclusion chromatography revealed that while the wild-type and
Y 540F mutant readily dissociate from a dimeric to monomeric conformation post-purification,
such dissociation decreases by two orders of magnitude upon denaturation and refolding.
Unexpectedly, the wild-type is less prone to dissociate into a monomer in comparison with the
Y540F mutant. Equilibrium unfolding studies reveal the wild-type to fold by a two-state
mechanism; in comparison, the Y540F mutant displays a yet undocumented folding pathway,
whereby it unfolds by a two-state mechanism and refolds by a three-state mechanism.
Dissection of the refolding data for the Y540F mutant reveals the formation of a compact,
stable intermediate comprising of hydrophobically buried secondary structural elements that
otherwise participate in domain swapping. Overview of the data suggests the low dimerisation
propensity for the wild-type and Y540F mutant to be a consequence of the bacterial expression
system utilised for overexpression. Furthermore, dimerisation for the Y540F mutant is further
impeded by the increased compactness and stability of its hydrophobically buried secondary
structural elements that are elsewise required for domain swapping. This work suggests the
reduced dimerisation propensity of FOXP2-FHD hence described in the literature to be a
product of the expression protocol utilised but, to the author’s knowledge, provides the first

evidence for a disparate two-/three-state unfolding/refolding mechanism for protein folding.
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Chapter 1: Introduction

1.1 Protein Folding

The process of protein folding refers to the mechanisms by which a polypeptide chain adopts
a compact, three-dimensional structure through the formation and organisation of secondary
and tertiary structural elements. The success of folding is crucial for proper protein function;
incorrect or incomplete protein folding may ultimately manifest as cellular dysfunction and
disease (Luheshi er al., 2008). Proteins display a uniquely high degree of intrachain
organisation in comparison with other soluble polymers (Dill et al., 1995), allowing proteins
to consistently, reliably and expeditiously evolve their functional tertiary structures determined
by the sequence of their polypeptide chains (Dill et al., 1995). Effective protein folding
underpins the proper physiological functioning of the cell. However, as of yet, no unified
folding mechanism has been described which seamlessly predicts, de novo, protein folding
across the spectrum of all proteins, along with their potential intermediates and molten globule

conformations simply from their linear amino acid sequences.

As first described in the research conducted by Anfinsen regarding the refolding of denatured
and reduced bovine ribonuclease, it was concluded that all the information required for the
correct assumption of three-dimensional structure was encoded in the linear amino acid chain
of the protein (Anfinsen, 1973; Lecomte and Matthews, 1993). Upon the renaturation of
unfolded bovine ribonuclease in the presence of a reducing agent, the protein was observed to
reestablish its proper secondary and tertiary structure — thereby reassuming full functionality
and homogeneity in solution. Protein refolding was hence observed to be a spontaneous
process: the combination of enthalpy gain, coupled with the hydrophobic effect, outweighed
the accompanying loss of entropy of formation upon refolding, allowing for the proper
resumption of protein function (Pace, 1986; Alber, 1989). Specifically, the gain in enthalpy
arose from the formation of intermolecular bonds between residues in the polypeptide chain,
and with surrounding solvent molecules. The hydrophobic effect was enacted by the expulsion
of water from the hydrophobic interior by hydrophobic residues of the protein leading to
hydrophobic collapse. However, the reaction, occurring in vitro, required significantly longer

to reach folded equilibrium in comparison to the reaction that would occur in vivo. This



prompted the question of how protein folding is conducted with such efficiency in the cell. If
the folding behaviour of ribonuclease is to serve as a model for protein folding behaviour in
general, a discrepancy arises between folding in vivo and in vitro. Within the cell, protein
folding is observed to be rapid and highly cooperative in nature, which stands in contrary to
the observation of ribonuclease folding in vitro. This question is further compounded by the
Levinthal paradox. Levinthal postulated that as a result of the exponential number of adoptable
conformations available to an unfolded polypeptide chain (as a result of its large number of
degrees of freedom), a single protein would take longer than the age of universe to sample each
conformation to arrive at its correct, native conformation (Levinthal, 1969). This stands in
contradiction with observed protein folding rates, which can occur on the micro- to millisecond
scale. Certainly, if protein folding occurs over timescales of billions of years, then it would not
be observed at all, and life would not exist given the speed at which proteins must be
synthesised and folded in the cell in order to execute its many processes. It stands to reason
that proteins cannot exhaustively sample all available folding configurations along the path to
their final folded state. Since Levinthal’s postulate in 1969, advances in spectroscopic and
analytical techniques, alongside progress made in computational simulation, have greatly aided

in elucidating the discrete mechanisms of protein folding.

1.1.1 Folding Models

The thermodynamic hypothesis proposed by Anfinsen, 1973, and the kinetic hypothesis by
Levinthal, 1969, exist as the most broadly accepted, foundational explanations of protein
folding. Protein folding can additionally be explained in terms of energetics. As a protein folds
from a random-coil unfolded state towards its native structure, its free energy of conformation
decreases until it reaches a free energy minimum characteristic of its native fold (Dill and
Alonso, 1988; Dill et al., 2008) (Figure 1). However, the folding pathway undertaken by a
protein in achieving a free energy minimum is neither smooth nor uniform; as a protein folds
it may assume conformations that exhibit local free energy minima which are higher than the
free energy minimum of the native fold, although low enough to allow for partially folded
conformations to exist transiently (Dobson, 2004). These local minima are presented as energy
barriers which impede the progress of folding towards a global energy minimum, thus slowing
the rate of folding. Small energy barriers are more easily overcome without hampering the rate
of folding, and usually correspond with the formation of secondary structural elements (Morris

and Searle, 2012). Larger barriers may manifest in the formation of stable structural



intermediates, or structural aggregates, which considerably limit the rate by which a protein
folds to its native state (Morris and Searle, 2012). The concept of an uneven energy landscape

along a “folding funnel” most aptly demonstrates this idea (Figure 1).
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Figure 1: Schematic of the energy landscape of the protein folding funnel

The energy landscape of the folding funnel is non-uniform, and is lined with troughs
corresponding to a decrease of free energy of conformation, associated with both the gradual
restriction of the conformational state of the protein and the formation of folded structural
components. Folding is additionally accompanied by a loss of entropy by virtue of the
formation of ordered secondary and tertiary structural components. An unfolded polypeptide
chain may encounter multiple energy barriers toward assuming its final folded state, which
affect its rate of folding. Random sampling of folded conformations present no major free
energy barriers, and folding progresses rapidly, exhibiting a two-state folding mechanism
(U — N) (green arrow). In addition to these minor free energy barriers, the folding pathway
may be populated by an intermediate state, which is trapped in a low-energy conformation
(red arrow). This causes a folding bottleneck to arise which slows folding considerably, and
results in a three-state folding mechanism (U — I — N). Adapted from Morris and Searle,

2012.



As embellishments on the concept of a folding funnel, models to describe protein folding such
as the diffusion-collision model (Karplus and Weaver, 1979; Karplus and Weaver, 1994),
nucleation-condensation model (Fersht, 1997) and hydrophobic collapse model (Sosnick et al.,
1996) have been proposed. Models for protein folding are by no means limited to these three
propositions: theoretical models supported by statistical mechanics such as the random energy
model (REM) and conditioned self-avoiding walk (CSAW) model have been suggested
(Derrida, 1980; Pande et al., 1997; Lei and Huang, 2012). However, these models are founded
in heavy mathematical formalism within the fields of replica field theory and Itd calculus, and
so are beyond the scope of this investigation. Therefore, focus will be placed on a description
of the three aforementioned models. While the diffusion-collision, nucleation-condensation,
and hydrophobic collapse models have been proposed independently of one another, it is more
probable that a description of protein folding on a case-to-case basis requires an overlap of

aspects from each model.

1.1.1.1 The Diffusion-Collision Model

The diffusion-collision model views a folded protein as a constituent array of discrete,
fluctuating quasiparticles — termed microdomains (Karplus and Weaver, 1994).
A microdomain is defined as either an emerging secondary structure (such as an o-helix or
[-strand), or transient hydrophobic bundle. Each microdomain moves within the solvent in a
diffusive manner, intermittently colliding with other microdomains not necessarily located
adjacently in the linear sequence of the polypeptide (Karplus and Weaver, 1994). Upon
collision, driven by random external forces, such microdomains may conjoin into
multimicrodomain intermediates — assuming correct orientation is achieved. Through a
sequence of microdomain-microdomain interactions, folding proceeds either according to a
unique folding pathway, or along multiple parallel pathways. The progression of folding along
a single or set of pathways is limited by the stability of interacting microdomains, obstructions
to their ability to interact, and the viscosity of the solution within which the protein folds
(Karplus and Weaver, 1994). According to the model, folding is assumed to be a stepwise
process that ultimately leads to final, packed tertiary structure, possibly through the
development of an imitative, molten globule state (Ohgishi and Wada, 1983; Ptitsyn, 1987).
Such a model allows for reduced concern for individual amino acid behaviour during folding.
Rather, it considers groups of amino acids as individual segments, decreasing the range of

configurational space available and simplifying the description of the folding pathway for



globular proteins. In turn, this view may help resolve the Levinthal paradox by limiting the
conformational search space undertaken by a protein during folding. The model is limited,
however, by its assumption of a protein initially existing in a truly unfolded, random coiled
state — one that is not observed in vivo as a result of both molecular crowding within the cell,
as well as from co-translational folding which occurs during protein biosynthesis (Karplus and
Weaver, 1994; le Coeur, 2009; Waudby et al., 2019). Within the cell, protein folding occurs
almost simultaneously as the nascent polypeptide chain exits from the ribosome, thus
preventing the existence of a true unfolded polypeptide state post-translation (Waudby et al.,
2019). However, in the presence of GdnHCI and at high temperatures, an unfolded protein
does, in fact, closely resemble a random coil conformation (Alber, 1989). Hence, the merit of
the model might be restricted to in vitro studies and as a basis for computer simulation of

protein folding (Baldwin, 2000) (Figure 2).

1.1.1.2 The Nucleation Condensation Model

The nucleation-condensation model, unlike the diffusion-collision and hydrophobic collapse
models, does not view protein folding as a stepwise process (Fersht, 1997). Rather it asserts
that a few select, neighbouring residues along the length of the unfolded polypeptide adopt a
stable secondary structural configuration (nucleation) — most commonly an o-helix — which
acts as a template around which higher order structure is assumed cooperatively by the
remainder of the protein (condensation) (Fersht, 1997). The formation of the initial helical turn
is energetically unfavourable as a result of the large reduction in entropy during nucleation.
Once achieved, however, both local and long range residues (in sequence, not space) interact
with the nucleus to form a more disperse nucleus surrounding it, subsequently propagating into
the final tertiary structure. It must be stated that “nucleation” can be understood ambiguously
in this context: in the literature, “nucleation” can refer to both the formation of the stable
secondary structural nucleus (structural nucleation) and the assumption of higher order
structure of the remainder of the protein around such nucleus (kinetic nucleation) (Wetlaufer,
1990). This model most accurately describes the folding of small globular proteins exhibiting
a two-state kinetics, as such proteins do not generally form intermediates, occupying a single

transition state between unfolded and native configurations (Fersht, 1997) (Figure 2).



1.1.1.3 The Hydrophobic Collapse Model

The hydrophobic collapse model was first described as a solution to the folding mechanism of
cytochrome ¢ (Sosnick ef al., 1994). It was observed that the rate limiting step of the two step
folding mechanism of cytochrome ¢ involved a large scale condensation effect whereby half
of the molecular surface (predominantly constituting hydrophobic residues) collapsed to form
the core of the folding protein (Sosnick et al., 1996). Hydrophobic collapse is spontaneous, and
is driven by the hydrophobic effect, whereby water molecules are expelled from the protein
interior, thus increasing the entropy of the system (Cui ef al., 2014). The collapse involves
multiple residues “searching” across multiple unfavourable side chain combinations, until an
energetically favourable interaction is attained, which is followed by swift inter-side chain
association and chain collapse. Once global collapse has occurred, a portion of the polypeptide
chain loops remains solvent exposed, which subsequently folds along a series of intermediate
states until a final native state is achieved (Sosnick et al., 1996; Lapidus et al., 2017). As the
collapse is rapid there is a possibility of misfolding occurring, especially in the case of larger,
more intrinsically disordered proteins. This itself results in an additional
misfold-reorganisation barrier that must be surpassed before achievement of a native state,
although chaperone proteins, disulphide isomerases and prolyl isomerases assist in overcoming

such a barrier were it to arise (Sosnick et al., 1996) (Figure 2).

It must be noted that these proposed models only consider protein folding in vitro, and are best
employed when used to describe protein folding empirically observed within in vitro
conditions. More recent models have been suggested (Lei and Huang, 2010; Vitalis and
Caflisch, 2012) although these approach protein folding from a theoretical perspective, and
model protein folding in an in silico environment. In the literature to date, none of the models
are especially favoured over one another, although foundational aspects underlying each
model, for example, hydrophobic collapse via the hydrophobic effect (Sosnick et al., 1996;
Cui et al., 2014; Lapidus et al., 2017) appear to be universally accepted.



Diffusion-Collision Nucleation-Condensation Hydrophobic Collapse
Model Model Model

SRR

= | |t

SRS

R

& & &

Figure 2: Protein folding models

Three models that describe protein folding initially view the unfolded protein as a
random coil. According to the diffusion collision model, proteins initially and rapidly form
transient, secondary structural microdomains, and then fold according to the speed of the
interactions between stable microdomains. The nucleation-condensation model proposes that
a single, stable secondary structural element must fold first to act as a nucleus for subsequent,
cooperative folding. The hydrophobic collapse model posits that upon a favourable
interaction between multiple hydrophobic side chains, global collapse occurs whereby
hydrophobic side chains are subsequently buried in the protein interior. This expels water
molecules from the protein interior, increasing the entropy of the system, while
simultaneously increasing enthalpy by the formation of intermolecular bonds, governed by
van der Waals forces in the interior, and electrostatic interactions with solvent molecules. The
remaining solvent exposed main chain then samples through combinations of stable

conformations until the native fold is achieved. Obtained from Liu et al., 2012.



1.1.2 Contributing Factors to Protein Stability

The stability of a protein is dictated by the dynamic interplay between internal and external
forces both driving and opposing the maintenance of its native state. Proteins exist in a
marginally stable state (at STP) with a free energy of folding calculated to be between
20 — 85 kJ.mol! (approximately 5 — 20 kcal.mol), for most proteins (Privalov and
Khechimashvili, 1974; Savage et al., 1993). The forces governing protein stability include
electrostatic interactions between side chains and solvent molecules, hydrogen bonding
between surface polar / charged side chains and solvent molecules, local intrinsic interactions
mediated electrostatically and by hydrogen bonding and dispersion forces, helix stabilisation,
and the hydrophobic effect (Alber, 1989; Dill, 1995; Facchiano et al., 1998; Nicolau et al,
2014; Herschlag and Pinney, 2018).

1.1.2.1 The Hydrophobic Effect

The most prominent driving force of protein stability and folding is the hydrophobic effect.
The effect is described as the aversion of water to nonpolar residues (Langerstrom-Lang, 1959;
Alber, 1989). As first reasoned by Kauzmann, 1959, the formation of one hydrophobic
interaction between hydrophobic residues would, in turn, allow for the formation of a full
hydrogen bond between water molecules and exposed polar side chains. The strength of this
hydrogen bond is an order of magnitude greater than a similar bond formed between water and
such nonpolar side chains, thus increasing the free energy of formation of the protein as a result
of increased solvation (Kauzmann, 1959). Therefore, from an energetics perspective, the
hydrophobic effect can be justified as being thermodynamically favourable through an increase
of enthalpy. Nonpolar amino acids collectively contribute to the free energy of stabilisation of
a protein, whereby an accumulation of free energy occurs during their bulk transfer from
solvent exposure to the hydrophobic interior (Alber, 1989). The magnitude of free energy
gained is dependent on the hydrophobicity of each nonpolar side chain. Hydrophobicity is an
empirically derived enthalpic parameter, calculated by measuring the free energy of transfer of
nonpolar side chains from water to an organic solvent, or to the vapour phase (Tanford, 1962;
Pace et al., 2011). It has been estimated that each A2 of hydrophobically buried surface area
contributes between 92 — 105 J of free energy to the total free energy of stabilisation for a
protein (Richards, 1997). In addition, the burial of a -CH2- group upon folding has been

observed to contribute approximately 4,6 kJ.mol™! to the free energy of stabilisation of a protein



(Pace et al. 2011). Again, from a thermodynamic perspective, the formation of the hydrophobic
core plays a considerable role in stabilising the structure of a protein. Further evidence from
solved crystal structures of multiple globular proteins confirms side chain hydrophobicity to
be a dominant contributor to protein stability (Nicolau et al/, 2014). These structures have
consistently shown sequestration of nonpolar residues in the core of the folded protein,
whereby solvent contact is avoided (Nicolau et al, 2014). In addition, nonpolar residues
involved in the formation of the hydrophobic interior of a protein appear to be more strongly
conserved in terms of sequence and structure in comparison to surface exposed residues
(Lim and Sauer, 1989; Chowriappa et al., 2009; Gowder et al., 2014). This may result from
their presence being so essential in their contribution to free energy of stabilisation, that
mutation would make folding unviable (Chowriappa et al., 2009). While the hydrophobic
effect contributes primarily to protein stability and folding, additional forces play a

supplementary role in the overall stability of a protein.

1.1.2.2 Electrostatic Interactions

Electrostatic interactions between ionisable groups on the surface, or buried within a protein,
additionally contribute to protein stability. In early studies, electrostatic interactions were
presumed to be the predominant force in influencing protein folding and stability (Jacoesen
and Linderstrom-Lang, 1949). This was justified as acids and bases were used as the earliest
protein denaturants to probe structure (Jacoesen and Linderstrom-Lang, 1949; Dill, 1995). This
has long since been accepted not to be the case, as the hydrophobic effect is observed to be
more dominant in terms imparting stability to a protein (Dill, 1995). Electrostatic interactions
which act to stabilise protein are largely governed by ionic pairing between charged residues,
although on average, only a third of the total charged residues constituting a protein are
involved in forming ion pairs (Alber, 1989). Stabilising electrostatic forces within a protein
and on its surface exist primarily as ion pairs between two charged amino acids in close
proximity (salt bridges), where each have an opposite charge (usually as a result of proton
exchange) and are thereby attracted to one another (Mirsky and Pauling, 1936;
Bosshard et al. 2004). An appreciation of their contribution to protein stability is compounded
by the observation that ionisable groups are not randomly distributed over protein surfaces, and
hence must have purposive effects on stabilising the structure of a protein (Wada and
Nakamura, 1981; Crevenna et al, 2012). In addition, protein stability is sensitive to

destabilising mutations affecting charged residues (Borjessen and Hiinenberger, 2003).



Characteristic of the role of electrostatics on protein stability is that electrostatic effects are not
confined by residue proximity with regard to their location in the overall structure of a protein.
It is estimated that the electrostatic energy of interaction between charged groups positioned at
a distance of 10 A, and carrying a net unit of charge, exhibit a binding energy of approximately
1 kJ.mol! (Zhang et al., 2012). Therefore, electrostatic interactions nonlocally act to stabilise
protein structure. Nonpolar residues can additionally provide minor contributions to stability
by electrostatic interaction (Alber, 1989). Indeed, in terms of aromatic residues, edge-to-face
packing of aromatic rings may form electrostatic attractions between their electron-poor
aromatic hydrogens and electron-rich m-orbitals of adjacent aromatic rings (Alber, 1989; Zhou,

2015).

1.1.2.3 Hydrogen Bonding

A major contributor to the temperature-independent enthalpy of stabilisation of a protein arises
from hydrogen bond formation. The strength of the bond is determined by molecular geometry
and bond angle, and is further impacted by enthalpic contributions arising from dispersion,
electrostatic and steric repulsion interactions (Vinogradov and Linnell, 1971). Hydrogen
bonding occurs when a proton is shared along a linear axis between an electronegative donor
and acceptor atom. Rarely in the case of protein structure are hydrogen bond donors and
acceptors observed to be unpaired (Schellman, 1958; Alber, 1989; Herschlag and Pinney,
2018). Hydrogen bonds positively contribute to the stability of a protein by virtue of their
significant heat of formation, calculated to be -6,3 kJ.mol! or larger (Susi and Timasheff,
1964). More dramatically, hydrogen bonds between charged groups can contribute up to
25 kJ.mol! in binding energy (Alber, 1989; Herschlag and Pinney, 2018). It is popularly
viewed that as long as there is at least an equal number of hydrogen bonds formed in a protein’s
unfolded and folded states, the effect of hydrogen bonding will play a role in establishing a
protein’s specificity of folding (Alber, 1989; Fitzpatrick ef al., 2011; Mallamace et al., 2018).
In addition, it stands to reason that hydrogen bonding will only increase protein stability, from
an energetics perspective, if the number hydrogen bonds formed in the folded state is equal to
or greater than the number formed in the unfolded state (Alber, 1989). Hydrogen bonding is
not limited to residue-residue interactions: indeed, hydrogen bonding between buried water
molecules and buried residue side chains can act to stabilise protein structure — in some cases
critically so. (Alber et al., 1987; Alber et al., 1988; Takano et al., 2003; Renthal, 2008). In

terms of secondary structure, hydrogen bonding forms the foundation for B-sheet and a-helix
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formation. Hydrogen bonding is the primary driver of the transition from the disordered
random coil-state of a polypeptide chain to an ordered secondary structural element
(Schellman, 1958; Scheiner and Hillenbrand, 1985). In terms of a-helical formation, once the
energy requirements of the initial helical turn in the transition are overcome, hydrogen bonding
between intrachain residues in the helix become more energetically favorable in comparison to
solvent hydrogen bonding, thus stabilising the helix. This is additionally true of the
stabilization and formation of beta sheets, although the rate of formation is considerably slower
(Anufrieva, et al., 1967; Mattice and Scheraga, 1984). From a hierarchical perspective, the
presence of and propensity of formation of a-helices too contributes to the stabilisation of a

protein.

1.1.2.4 Helix Stabilisation

The degree of a protein’s stability has been shown to be correlated with its propensity for helix
formation. Helices, in turn, are inclined towards greater stability as their chain length and
nucleation propensities increase (Zimm and Bragg, 1959; Kim and Baldwin, 1984; Facchiano
et al., 1998; Yakimov et al., 2016), whereby nucleation is defined as initial energy barrier that
must be overcome by residues in initiating helix formation (Miller et al., 2002). Helix chain
length stability results from the summation of free energy contributed by each individual
residue along the helix (Zimm and Bragg, 1959; Scheraga, ef al., 2002; Yakimov et al., 2016).
Shorter helices have been observed to be unstable in isolation, or fail to nucleate, in aqueous
solution (Dyson ef al., 1988b). In addition, overall protein stability can be positively affected
if helix formation leads to the burial of nonpolar side chains (Richards and Richmond, 1978),
and can variably be affected if helix residues interact electrostatically or by nonpolar, aromatic
interactions (Shoemaker et al., 1985). However, the effect of helix formation on protein
stability is not only confined to the interaction between helix residues. Helix-helix interactions
can occur electrostatically on a macroscale by virtue of the helix exhibiting a macrodipole
moment (Arridge and Cannon, 1964; Miller et al., 2002; Sengupta et al., 2005). This
macrodipole develops from the cumulative sum of microscopic dipole moments arising from
individual peptide bonds in the helix (Creighton, 1993; Sengupta et al., 2005), therefore
imparting the helix with a partially negative and positive charge at its C- and N-termini,
respectively (Hol, 1985; Sengupta et al., 2005). This allows helices to interact electrostatically
in an antiparallel fashion, with each helix co-stabilising each other, and by extension,

stabilising the overall protein (Yeates and Padilla, 2002; Sengupta et al., 2005). The net
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effective dipole moment (z4z) of a helix depends on the positions of its N- and C-termini with
respect to the aqueous phase although, perhaps counterintuitively, s does not depend on the
overall solvent exposure of the helix (Sengupta ef al., 2005). When both termini, or at least one
terminus, are buried (at least 7,5 A from the protein surface), sy is large and the effect of
antiparallel helix interaction is pronounced, whereby the helix behaves as it would in a model
nonpolar medium (g = 2, where ¢ is the dielectric constant). On the contrary, if both termini
are solvent exposed, ts is small and the helix participates in electrostatic interactions as one
would expect of a fully solvent exposed helix in a model polar medium (¢ = 80). Therefore,
while helical bundles exhibiting buried termini act to stabilise a protein, isolated helices with
buried termini act to destabilise it (Sengupta et al., 2005). Indeed, the contrary is also true with

respect to solvent exposed helical termini.

Overall protein stability arises from varying contributions from each of the aforementioned
forces. Although each force and their effect on protein stability can be satisfactorily described
in terms of their chemistry and thermodynamics, unravelling each of their individual
contributions to protein stability on a per-protein basis is challenging. Commonly, site-directed
mutagenesis and thermal or chemical equilibrium unfolding are relied upon to probe the effect
of individual residues on protein stability and folding, and to yield thermodynamic parameters

of folding such as conformational stability and cooperativity.

1.1.3 Protein Folding Mechanisms

As a polypeptide chain emerges from the ribosome following translation, protein folding
spontaneously occurs whereby a protein adopts its native conformation from its initially
close-to-fully unfolded state (Englander and Maine, 2014). The ideal unfolded state is defined
as the set of all possible random-coil conformations an unfolded protein can occupy, with each
conformation having comparable free energy (Creighton, 1990). The unfolded state is not
purely random in the statistical sense; unfolded proteins still portray inter-residue interactions
and fluctuating degrees of residual structure (Plaxco and Gross, 2001). Under physiological
conditions, proteins exist at an equilibrium of native, and partially to fully unfolded states,
which oscillate around either a local or global energy minimum (Walters et al., 2009). The
folding pathway of a protein, from an energetics perspective, can hence be described as being

populated with a discrete number of folded protein states at varying degrees of stability, all of
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which seek to minimise their relative free energies of conformation (Walters, et al., 2009). As
each discrete state exists at equilibrium, isolating each equilibrium state over the full set of
states along a protein’s folding pathway, from its unfolded to native conformation, will yield
an overview of a protein’s sequential folding pathway (Walters, et al., 2009). However, this
view is restricted by the assumption that each point along the folding pathway is significantly
populated by intermediates of a similar folded state (Walters, et al., 2009). Indeed, in the case
of sequential folding, points along a folding pathway can be populated with intermediates at
similar folded states and at similar free energies of conformation. However, on the contrary,
the points along the folding pathway may additionally be populated with intermediates of
multiple different folded states, although at similar conformation energies. These intermediates
form simultaneously and in parallel, and all eventually coalesce to the native state (Wallace
and Matthews, 2002; Walters, et al. 2009). The rate at which this coalescence occurs is best
described by folding kinetics. The kinetic folding pathway, for small proteins, usually occurs
by a two-state mechanism where the protein folds over a single transition from an unfolded to
folded state whereby no stable intermediates are formed. For larger proteins exhibiting an
increased quantity of structural elements, protein folding grows in complexity and may be
further complicated by the development of stable folded intermediates. In these cases, the
folding pathway will be rate limited by the development of each stable intermediate, and will
fold by an (n + 2)-state mechanism, where n is the number of intermediate folded states.
A kinetic description of folding becomes even more convoluted in the case of oligomerisation,
whereby one must account for oligomer association and dissociation, alongside folding which
may occurring distinctly or simultaneously with folding (Schlunegger, et al., 1997; Walters, et
al. 2009; Englander and Maine, 2014). Regardless of the number of intermediates formed, or
complexity of the folding pathway, the folding reaction of any given protein must follow an
overall U < N mechanism as opposed to a U < N; + N, + -+ N; = Y, N; (Rose et al.,
2006). In other words, a polypeptide chain should not adopt multiple native state

conformations.

Experimentally, the determination of the folding mechanism of a protein is commonly achieved
through equilibrium unfolding studies, which relies on isolating discrete folded states by the
sequential denaturation of a protein. Denaturation may be employed chemically (though the
addition of urea, guanidine hydrochloride (GdnHCI) or altering solution pH) or physically (by
the incremental increase of temperature or pressure) (Privalov, 1979). Equilibrium unfolding

studies can yield details pertaining to the thermodynamic parameters of protein folding such as
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its conformational stability (in terms of free energy of conformation - AGmu20), its cooperativity
of folding (m) and, by extension, its solvent accessible surface area (SASA) of its various
folded states. In deducing AGm20 and m, additional thermodynamic parameters such as the
enthalpic (4H) and entropic (7AS) contributions to protein stability may be calculated by virtue
of the Gibbs-Helmholtz equation for free energy (AG = AH - TAS). Equilibrium unfolding
studies have been shown to be very effective in elucidating and comparing the folding
mechanisms and stabilities of small, monomeric proteins such as individual protein domains
(Pace, 1986), as well as larger monomeric or oligomeric proteins (Walters, et al. 2009; Diaz-

Villanueva, et al., 2015).

1.2 Protein Domains and Domain Folding

1.2.1 The Concept of a Protein Domain

Domains are defined as regions of a polypeptide chain that are spatially distinct, fold in
isolation, and are biochemically functional (Ponting and Russell, 2002). At the advent of the
term, a domain referred exclusively to a functional segment of a protein, without much regard
to its structure. Indeed, in the first solved structures of lysozyme and ribonuclease, distinct,
spatially separate, active regions were observed and termed “domains” as a result of their
intrinsic biochemical function (Blake and Peacocke, 1965; Kartha, et al., 1967). In contrast,
domains are currently classified according to their structure. Modern methods employ both in
vitro and in silico approaches to classify domains by their three-dimensional architecture in
terms of geometry and degree of compactness (Ponting and Russell, 2002). This
characterisation, based on a three-dimensional structure, has allowed for domains to be used as
identifiers and predictors of function — in some cases — across varying species and contexts,
whereby sequence is not a comparable factor, although structures show a degree of similarity

(Russell, 1998; Russell, 2001).

However, the proposition that a shared similarity between domain structures can always be
used to infer a similarity between each domain’s function does not hold true in all instances.
In fact, certain proteins that show similar folds often have no related function at all. This is
justified as domains with common structure do not always share common ancestry (Russell,
2001). Rather, a more reliable determinant of function arising from structure lies in the

presence of similar active surfaces shared by structurally similar domains. A prominent
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example is in the case of ligand binding, whereby it was observed (Russell, 1998) that nine
superfolds including B/a barrels, doubly wound Boaf3 folds and B-propellers, among others,
have preferential ligand binding surfaces despite arising from unrelated roots of ancestry

(Russell, 1998).

As evidenced by homology modelling across a variety of protein databases, up to two-thirds
of proteins in prokaryotes consist of two or more domains comprising their full length, with
this fraction expected to be higher among eukaryotes (Teichman et al., 1998; Gernstein, 1998).
However, in terms of domain variability within proteins, it has been observed that a significant
proportion (up to 25 %) of eukaryotic proteins contain domain repeats (Marcotte et al., 1999;
Schiiler and Bornberg-Bauer, 2016) with 98 % of domains in human proteins being duplicates
(Muller et al., 2002). Such a prevalence of domain repeats across multiple protein families has
been justified by the proposition that gene duplication events followed by eventual sequence
divergence act as the major drivers of novel protein emergence (Muller ef al., 2002; Lynch,
2005). Through duplication and sequence divergence, domains can gradually acquire an
increased propensity for interaction via their interfaces, or develop the ability to form higher-
ordered architectures (Vogel et al., 2004). Moreover, it is within the subtle variations between
such evolved domain interfaces that lead to the rise of the multiple biochemical functions

observed across domain families (Bhaskara and Srinivasan, 2011).

1.2.2 The Variability of Single-Domain Two-State Protein Folding

At the advent of protein folding studies, proteins were assumed to all fold through intermediate
transition states that were stable enough to be characterised (Kim and Baldwin, 1990). It was
shown in 1991, however, that the formation of intermediates was not a prerequisite for fast
protein folding, whereby chymotrypsin inhibitor 2 (CI2) was observed to rapidly fold without
displaying such intermediate states (Jackson and Fersht, 1991). Since the pioneering studies on
CI2, there has been substantial thermodynamic and kinetic evidence for many small, single
domain proteins exhibiting folding without the formation of intermediates (Jackson, 1998),

thus according to a two-state folding mechanism.

The two-state mechanism is the simplest model of protein folding. As aforementioned, in two-

state folding, only the native and unfolded state of a protein populate the folding pathway,
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whereby both unfolding and refolding are monophasic processes (Jackson, 1998). Although
many small, single domain proteins exhibit simple two-state folding kinetics, the rates at which
these proteins unfold and refold (kv and kr, respectively) as well as the position of their
transition states on the reaction coordinate (r) vary broadly (Jackson, 1998; Englander and
Maine, 2014). Indeed, a comparison of ky and kr of small single domain proteins that display
two-state folding kinetics has shown that these quantities span a range of up to six orders of
magnitude across various protein species (Jackson, 1998; Corrales et al., 2015). Given this
large range, applications of machine learning have been employed to predict the theoretical
folding rates for uninvestigated proteins by virtue of amino acid sequence (Corrales et al.,
2015). Unfortunately, the quantity of experimental data in informing the machine learning
approach is too lacking for it to be reliable (Corrales et al., 2015). The position of the transition
state on the reaction coordinate, B, is a measure of likeness between the transition state during
folding and the native state with respect to solvent accessible surface area (SASA) (Jackson,
1998). Hence, PBr describes the compactness of a protein in its transition state in comparison
with the compactness of the native state. Bt can have values between 0 — 1, whereby 1 indicates
a transition state which is very alike the native state with respect to SASA, and 0 indicates a
transition state SASA closer to the unfolded state (Jackson, 1998). Br is useful in informing
similarities in folding between homologous proteins, whereby comparable B values indicate
similar transition states between such proteins. In terms of engineered proteins with
incorporated mutations to probe structure, comparing PBr values between both engineered and
wild-type variants can be equally informative. Indeed, as with folding rates, single domain
proteins show high variability in 1. Single domain proteins have been observed to exhibit a
Br between 0,39 — 0,94; in other words, single domain proteins may exhibit a Bt over almost
two-thirds of the total range of permitted Br values (Jackson, 1998; Fersht, 2004). From these
two considerations alone, it is evident that single domain proteins can exhibit drastically
difference mechanisms of folding even in light of the apparent simplicity of two-state folding

kinetics.

More pertinent to this investigation is the folding of single domain DNA binding proteins. As
can be expected, DNA binding proteins too show high variability in folding even if observed
to fold by two-state kinetics. For example, in the case of human papillomavirus E2 protein, a
nonnative-like monomeric intermediate exists early during its folding pathway which is only

detectable by kinetic analysis by stopped-flow, and unobserved in equilibrium studies (Mok et
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al., 1996). The folding behaviour of single domain DNA binding proteins may further be
impacted by the presence of DNA: in the case of Arc-repressor protein, the presence of ssDNA
increased the folding rate of the protein in comparison with dsDNA (Marcovitz and Levy,
2013) although a high concentration of ssDNA were observed to impede folding rates of the
protein (Rentzeperis et al., 1999).

1.3 DNA Binding Domains and Dimerisation

1.3.1 DNA Binding Domains

Transcription factors (TFs) are multidomain proteins that serve to up- or downregulate gene
expression through specific DNA sequence recognition and association (Kaufmann and
Kndchel, 1996). TFs bind directly to local or distal control elements, commonly upstream of
their target genes, whereby sequence-specific recognition is mediated by a constituent DNA
binding domain (DBD) (Kaufmann and Knéchel, 1996). The DBD interacts noncovalently
with both the sugar-phosphate backbone and nucleotide bases of the DNA in order to facilitate
transcriptional initiation and the recruitment of additional TFs. The DBD accomplishes
sequence-specific DNA binding through the presence of a secondary structural recognition
element, which forms hydrogen bonds between the DBD and DNA nucleotide bases
(Kaufmann and Kndchel, 1996). The various structures of DBDs promote DNA binding by
two sets of interactions: firstly, the recognition element of the DBD forms a tight shape
complementarity between the concave DNA major groove, and its complementarily convex
DBD binding element (Noy ef al., 2016). Shape complementarity is governed by an
accumulation of van der Waals forces between the recognition element and the DNA, as well
as electrostatic attractions between the negatively charged DNA backbone and positively
charged residue side chains (Privalov et al., 2011). Secondly, specific hydrogen bonding occurs
between the residue side chains of the DBD and the acceptor or donor groups of the nitrogenous
bases of the DNA. Both interactions are necessary to facilitate the formation of a stable protein-

DNA complex (Privalov et al., 2011).

In eukaryotes, a wide range of TFs exhibit common DBDs, hence permitting their classification
according to their class of DBD (Funnell and Crossley, 2012). Within the array of eukaryotic
transcription factors, the most prominent DBDs include the zinc finger, zipper-type domains

(including the leucine zipper and helix-loop-helix (HLH)), E26 transformation-specific (ETS)
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domain, and helix-turn-helix (HTH) (Funnell and Crossley, 2012). While TFs featuring a zinc
finger or ETS domain are able to associate with DNA as monomers to facilitate transcription,
homo- or heterodimerisation is a requirement between TFs containing zipper-type or HTH
motifs in order to achieve proper DNA recognition and binding (Funnell and Crossley, 2012)

(Figure 3).

Zinc Finger ETS-Domain

Helix-Turn-Helix

Leucine Zipper Helix-Loop-Helix

Figure 3: Association of DNA binding domains with DNA.

Crystal structures of the most prominently observed DBDs in eukaryotes are displayed. The
zinc finger and ETS-domain motifs are able to bind DNA as monomers (black arrows), while
the leucine zipper, helix-turn-helix (HTH) and helix-loop-helix (HLH) bind DNA as dimers
(orange arrows). Featured DBDs include: (1) Zinc Finger: Zif268 protein, Elrod-Erickson et
al. (1996), 1AAY; (2) ETS-Domain: ETS-1 protein, Werner ef al. (1997), 2STT; (3) Leucine
Zipper: human c-Jun, Hong et al. (2017), 5TO1; (4) Helix-Turn-Helix: A-repressor operator —
Escherichia M-phage, Beamer and Pabo (1992), 1LMB; (5) Helix-Loop-Helix: E47/NeuroD1
protein, Longo et al., (2008), 2QL2.
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1.3.1.1 Zipper-type Domains: The Leucine Zipper and Helix-Loop-Helix

The zipper-type domain family consist of two subfamilies: the leucine zipper and the HLH.
The leucine zipper consists of a pair of extended a-helices exhibiting a conserved seven-amino
acid (heptad) motif repeated along the length of the helix. TFs in humans containing leucine
zippers commonly display five or six heptads, although leucine zippers containing between
three and nine heptads have been described (Vinson et al., 2006). Within each heptad, a leucine
residue typically exists at the fourth residue position — leading to the regular interspersion of
leucine along the helix — while a hydrophobic residue generally occupies the first residue
position. Dimerisation of the leucine zipper domain is achieved through “zippering” of residues
one through four, resulting in the formation of a hydrophobic core within a coiled-coil
architecture. Upon the completion of dimerisation, the adjacent, positively charged N-terminus
of the coiled-coil is brought into close enough proximity to allow for sequence recognition and
subsequent DNA binding (O’Shea et al., 1991; Pu and Struhl, 1993). Through this mechanism,
homo- and heterotypic dimer combinations can form, allowing for more complex and intricate

transcriptional regulation.

The HLH resembles the leucine zipper by, too, exhibiting an extended a-helical structure.
However, it differs by the presence of a loop within the motif resulting in a discontinuous,
helical architecture. The presence of the loop allows for greater helical flexibility with regard
to positioning along the DNA strand. The C-terminus of the HLH motif consists mainly of
positively charged residues and is inserted into the major groove of the DNA, while the loop
stabilises the protein-DNA complex through the creation of additional contacts with the DNA
backbone (Massari and Murre, 2000). Similarly, as in the case of the leucine zipper, the HLH
is able to both homo- and heterodimerise, further increasing combinatorial control over

transcriptional activity (Funnell and Crossley, 2012).

1.3.1.2 The Helix-Turn-Helix Domain

The HTH motif is a recognition element found in TFs of both prokaryotes and eukaryotes
(Harrison, 1990). The motif exclusively binds DNA through insertion in the major groove of
DNA. Sequence recognition is conducted by the “recognition (or probe) helix” which forms
direct contact between the amino acids side chains of the domain and the nucleotide bases in

the DNA sequence (Luscombe et al., 2000). Additionally, non-specific binding may occur
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between the amino acid side chains and the DNA backbone or minor groove, facilitated
electrostatically or by means of bridging water molecules (Luscombe et al., 2000). The HTH
motif generally exists as a cluster of three to six a-helices which overlap to provide a stabilising
hydrophobic core (Luscombe et al., 2000). While the HTH group of TFs comprises of sixteen
homologous protein families with significant structural similarity, only slight homology is
observed between the HTH motifs of each family of TFs (Luscombe et al., 2000). This
variation allows for a greater number of distinct DNA sequences to be recognised. In addition,
an array of HTH motifs, similar in structure but diverse in terms of sequence recognition, can
be derived through the addition or truncation of secondary structural elements on the simple
tri-o-helical HTH motif (Aravind, ef al., 2005) (Figure 4). As a result, variations such as the
winged HTH (wHTH) and multihelical bundle can be realised (Aravind, et al., 2005).

jmwc = ->
7N
. N W ©
simple tri-helical winged HTH wHTH with a C-terminal helix

Figure 4: Secondary structural evolution from simple tri-a-helical HTH to wHTH

The tri-o-helical HTH is the foundational motif upon which all variations of the HTH are
derived. The tri-a-helical HTH is designated as a winged HTH (wHTH) by the addition of a
C-terminal B-sheet, forming the “wing” of the domain. The further addition of a C-terminal

a-helix is a further variation on the wHTH motif — one which most closely resembles the

architecture of the FOXP2-FHD. Blue cylinders indicate a-helices and yellow arrows

indicate 3-strands. Obtained from Aravind, et al., 2005.

1.3.1.3 The Winged HTH and Forkhead Domain

The winged HTH (WHTH) is an extension of the simple tri-a-helical HTH, distinguished by
the presence of two [-strand hairpins which C-terminally append the third a-helix, altogether

forming a “wing” (Aravind, et al., 2005) (Figure 4). In some wHTH configurations, there can
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further exist a third, linker -strand between the first and second helix of the motif. The wings
of the wHTH participate in DNA backbone bonding, and can additionally associate with the
minor groove of the DNA in order to increase stability and selectivity to the protein-DNA
complex (Aravind, et al., 2005). One of the more prominent wWHTH motifs is the forkhead
(FOX) domain — a defining motif of the FOX superfamily of TFs.

The forkhead domain was first discovered in Drosophila melanogaster as a part of a protein
encoded by the homeotic fork head (fkh) gene, which is implicated in the terminal, rather than
segmental, development of the fly embryo (Weigel and Jackie, 1990). The Fkh protein was
observed to be localised to the nucleus, leading to the proposition that it may serve a role in
transcriptional regulation (Weigel and Jackie, 1990). Through in situ localisation studies, the
same motif was subsequently discovered to be the DBD in rodent hepatocyte nuclear factor 3
(HNF-3) upon observing a high degree of sequence similarity between the DBDs of both
HNF-3 and Fkh (Weigel and Jackie, 1990). Since this observation, the forkhead domain has
been found to exist extensively in DNA binding proteins across the animal kingdom, in species

ranging from fungi to vertebrates (Lai, ef al., 2003).

Structurally, the forkhead domain displays a compact o/ topology with two wings (W1 and
W2), three a-helices (H1, H2 and H3) and a twisted antiparallel B-sheet consisting of three
strands (S1, S2 and S3) (Gajiwala and Burley, 2000) (Figure 5). The wings are comprised of
secondary structural elements that extend laterally and perpendicularly from the H3 axis. Both
wings are composed of large loops which flank H3, one located between S2 and S3 (W1), and
the other on the C-terminus of the DBD (W2) (Gajiwala and Burley, 2000). The presence of
these wings has inspired an alternative term for proteins exhibiting the motif, namely “winged
helix proteins”, as the motif imitates the likeness of a butterfly. H3, known as the recognition
helix, is directly involved in DNA binding by association with the major groove of DNA.
Binding of the motif is accomplished by specific DNA sequence recognition by H3, which
forms hydrogen bonds with the respective nucleotides in the DNA binding sequence located in
the major grove of DNA, alongside W2 associating with the minor groove by van der Waals
forces (Gajiwala and Burley, 2000; Stroud et al., 2006). Most of the binding interactions are
electrostatically mediated, either by polar residues or through bridging water molecules, or in

the case of W2, by hydrophobic interactions.
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Figure 5: Topology of a typical forkhead box motif

Two wings (W1 and W2), threea-helices (H1, H2 and H3) and a twisted antiparallel B-sheet

consisting of three strands (S1, S2 and S3) can been observed to be arranged in the order N-

H1-S1-H2-H3-S2-(W1)-S3-(W2)-C. H3 (red) in involved in core binding site recognition in
the major groove. Obtained from Gajiwala and Burley, 2000.

1.3.2 Dimerisation of DNA Binding Domains

The homo- or heterodimerisation between zipper-type, HLH, and HTH DBDs is accompanied
by a degree of conformational change which affects each participating DBD monomer. As
aforementioned, the leucine zipper dimerises by the formation of noncovalent, hydrophobic
interactions between interspersed leucine residues along pairing helices (Vinson et al., 2006).
This results in the formation of a coiled-coil architecture with either helix coiling around each
other in parallel (O’Shea et al., 1991; Pu and Struhl, 1993) (Figure 6). In comparison, the
conformational change accompanying dimerisation of the HLH domain is more pronounced.
The HLH domain is comprised of both a shorter and longer a-helix, linked by a flexible hinge-
loop region. As a result of the flexibility of the hinge-loop region, dimerisation of the HLH
domain is facilitated by the folding and packing of each opposing short and long helices of
each monomer against one another to form a stable dimer (Massari and Murre, 2000)
(Figure 6). Lastly, the HTH domain exists as a weakly-coupled dimer which is stabilised
primarily by electrostatic or hydrophobic interactions, and supplemented by stacking forces,

between the participant helices of interacting monomers (Funnell and Crossley, 2012).
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HTH dimerisation occurs at a single interface between participating monomers, whereby
residues (commonly phenylalanaine, tyrosine and arginine) intertwine to form a stable
electrostatic or hydrophobic interface, hence promoting dimer stability by virtue of additional

bond formation (Killykelly et al., 2015; Galilee et al., 2016).

1.3.3 Three Dimensional Domain Swapped Dimerisation

Three-dimensional domain swapping is defined as the process by which two or more identical
monomers exchange part of their structure to form intertwined oligomers (Bennett ez al., 1994;
Rousseau et al., 2003) (Figure 6). The swapped subdomain can vary broadly in terms of
simplicity and size, ranging from a simple secondary structural motif, such as a singular
a-helix or -strand, to an entire globular protein domain (Rousseau et al., 2003). Each swapped
domain is associated with a nonidentical hinge-loop of variable residue identity, length and

flexibility that affects the overall favourability of domain swapping (Rousseau et al., 2003).

Domain swapping was first observed in crystal structures of the diphtheria toxin (Bennett et
al., 1994; Bennett, et al., 1995), whereby it was later suggested that domain swapping may not
result in exclusively structural consequences, but could additionally have implications
concerning misfolding, aggregation, the regulation of protein function, and the structural
diversification of oligomers during evolution (Bennett et al., 1994; Bennett et al., 1995;
Schlunegger et al., 1997). Such implications may arise from the development of a secondary
surface formed after the domain swapped oligomerisation event. This resulting secondary
surface is absent in the free, yet undimerised monomer (which exhibits a native primary

surface), but becomes apparent after domain swapping occurs (Figure 6).

Moreover, domain-swapping is not only confined to the exchange of domains between only
two monomers: theoretically, any number of monomers which exhibit domain swapping can
form a domain swapped oligomer such as in the case of cyclic domain swapping, or more
dramatically in the case of aggregation and amyloid formation through linear (open-ended)
domain swapped oligomerisation (Figure 6) (Rousseau et al., 2003). Domain swapped
oligomers have been observed to acquire additional functions previously absent from the

protein as a monomer through the formation of secondary active surfaces, although the
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emergent functions post-domain swapping differ depending on the protein in question

(Vitagliano et al., 1999; Gouldson et al., 2000) (Figure 6).

A — Hinge loop B
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monomers domain swapped dimers
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cyclic (closed-ended) linear (open-ended)
domain swapped oligomers domain swapped oligomers

Figure 6: Schematic of domain swapped dimerisation

(A) As monomers, only primary surfaces are present (red crosses) associated with the domain
capable of domain swapping (blue circle) connected to the protein (yellow square) via a
hinge-loop of variable flexibility. (B) Once domain swapped, a secondary surface (green part
of crosses) associated with the acquisition of additional function is revealed without a change
in conformation in the tertiary structures of the protein (yellow squares) or the exchanged
domains (blue circles). (C) Through domain swapped oligomerisation, higher order
oligomers can arrange themselves in a cyclical fashion or (D) extend as a linear,
unterminated chain seen in the case of amyloid formation and protein aggregation. Adapted

from Rousseau, et al., (2003).
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In terms of energetics, three-dimensional domain swapping can be viewed as a
thermodynamically unfavourable process as the rotational and translational entropy associated
with domain swapping favours the formation of the monomer (Bennett et al, 1994;
Schlunegger et al., 1997; Rousseau et al., 2001; Rousseau et al., 2003). This was first observed
in the domain swapped dimerisation of diphtheria toxin (Bennett ef al., 1994) whereby the
Gibbs free energy of formation of the dimer (AGuimerisaiion) Was positive in relation to the free
energy of formation of the monomer. The change in free energy was attributed to the decrease

in entropy associated with domain swapped dimer formation (Bennett ef al., 1994).

Alongside increased entropic requirements, the formation of domain swapped oligomers is
additionally affected by free energy changes generated by the rise of new intermolecular
interfaces and, most importantly, by the structural conformation of the hinge-loop involved in
domain swapping (Rousseau et al., 2001). Indeed, the major determinant of domain swapping
is the hinge-loop — the sole region involved in domain swapping which occupies an alternate
form in monomeric and domain swapped oligomeric protein conformations. The flexibility (or
rather the strain) of the hinge-loop can have a dramatic effect on the propensity for domain
swapped oligomers to form (Rousseau et al., 2003). Shortening the hinge-loop increases its
strain, causing it to act like a compressed molecular spring that relieves its intrinsic strain by
adopting an alternate conformation without affecting the overall structure of the protein
(Rousseau et al., 2003). Such shortening has been shown to increase the formation of domain
swapped dimers through the destabilisation of the monomer, forcing it to adopt a more
favourable conformation, as seen in staphylococcal nuclease, sucl, and CD2, among others
(Rousseau et al., 2001; Green et al., 1995; Parker et al., 1998). Furthermore, strain can be
controlled through the introduction or substitution of less flexible residues, such as proline, to
the hinge-loop region, inducing greater inflexibility and thus driving the process of domain
swapping (Rousseau et al., 2003). The lengthening of the hinge-loop has also shown the
propensity to induce domain swapped oligomerisation, as seen in CI2, which forms domain
swapped dimers, as well as higher order oligomers, upon the lengthening of the hinge-loop by
5 — 10 residues (Chen et al., 1999). Overall, manipulating the strain on the hinge-loop either
by destabilising the monomer through an induction of conformational strain, or increasing the
flexibility of the hinge-loop by inserting additional residues can have an effect on the

favourability of three-dimensional domain swapping.
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1.3.4 The Mechanism of Three Dimensional Domain Swapped Dimerisation

Three-dimensional domain swapping has been observed to occur in a variety of proteins that
perform a diverse array of functions (Rousseau et al., 2012). First observed in diphtheria toxin
(Bennett et al., 1994), further instances of three-dimensional domain swapping have been
observed across multiple organisms (Rousseau et al., 2012) Examples of such include: the coat
protein from Simian virus 40 (Stehle and Harrison, 1996), proteins that function in DNA
recombination in E. coli and the regulation of the cell cycle (Khazanovich et al., 1996, Bourne
et al., 2000), a-IPMS in M. tuberculosis which is involved in leucine biosynthesis (Koon et
al., 2004), and prion protein (Knaus et al., 2001). Three dimensional domain swapping has
additionally been simulated in silico for ribonuclease A (Esposito and Daggett, 2005).

In general, proteins that exhibit three-dimensional domain swapping have comparable energies
per conformation of both the monomeric and oligomeric forms of the protein (Schlunegger et
al., 1997) (Figure 7). This is the case as the formation of a domain swapped oligomer is
accompanied by a conformational change of the monomer, however, the energy of interactions,
atom-for-atom on the whole, for either the monomer or oligomer is unchanged: only the atoms
involved in domain swapping have to form new intermolecular interactions (Schlunegger et
al., 1997). The monomeric and domain swapped oligomeric forms of a protein are separated
by an energy barrier that must be overcome for the successful formation of a stable domain
swapped oligomer (Schlunegger et al., 1997) (Figure 7). The magnitude of the energy barrier
is dependent on three factors: firstly, the difference in translational and rotational entropy
between the monomeric and oligomeric configuration of the protein; secondly, the energy
change of the hinge loop and its further interactions with the oligomeric protein; thirdly, the
energy difference in the formation of the secondary surface of the oligomer, that arises only
from domain swapping, which is absent from the monomer (Schlunegger et al., 1997). Hence,
a mechanism that would promote three-dimensional domain swapping should: decrease the
difference in entropy between monomer and oligomer, favour the energy change associated
with the conformational change of the hinge loop, and form a secondary surface that is
stabilised by attractive interactions within the surface. In addition, in order for three-
dimensional domain swapping to occur, a mechanism that allows first for the partial unfolding
of the monomer followed then by domain swapping must be present (Schlunegger et al., 1997,
Medina et al., 2016). Indeed to date (Bennett et al., 1994; Schlunegger et al, 1997,
Ha et al., 2016; Medina et al., 2016), all domain swapping proteins follow this model, without
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thermodynamic intermediates forming, thereby following a folding mechanism denoted as
N2 <> 2U (in terms of domain swapped dimerisation), whereby N refers to the formation of a

dimer and U the unfolded monomer.
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Figure 7: The free energy relationship between monomer and dimer for domain swapped

dimerisation

As a monomer, a protein able to domain swap dimerise exists at a more stable, lower energy
state in comparison with the three-dimensional domain swapped dimer form, although their
respective minimum energies are comparable (black double sided arrow). The formation of
monomer and dimer is separated by an energy barrier (AG?) (red arrow). AG? can be affected
by differences in entropy between the monomer and dimer conformations, hinge loop tension
or flexibility, or enthalpic contributions arising from attractive interactions within the
secondary surface formed by domain swapped dimerisation. Adapted from Bennett et al.,

1994.
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1.4 Forkhead Box Transcription Factors

As aforementioned, transcription factors (TFs) are nuclearly localised DNA binding proteins
that act to facilitate the regulation of gene expression, through both DNA association and
assembly into higher order multimers. The forkhead box (FOX) family of TFs constitutes 50
members across 19 subfamilies in humans (FOXA — FOXS) (Jackson et al., 2010), which are
classified according to a conserved forkhead domain (FHD) showing a high degree of sequence
homology (Figure 8). The FHD is a subgroup of the wHTH domain, and is the defining DBD
found throughout the family (Clark ez al., 2003; Lehmann et al., 2003) (SCOP classification
number: 46832). FOX proteins are expressed ubiquitously in the body and play critical and
complex roles in organogenesis, homeostasis, regulation of senescence, and cell proliferation
(Vernes et al., 2007; Jackson, et al., 2010). Furthermore, FOX proteins exhibit pioneering
transcriptional activity, having the ability to bind heterochromatic segments of chromatin

during the process of cellular differentiation (Zaret and Carroll, 2011).

FOX proteins exhibit a largely versatile degree of transcriptional regulation. In mice, FOXA1
acts as a transcriptional activator in gut development, while in contrast FOXA2 displays
transcriptional repression, though both are members of the same subfamily and both are
involved in the same developmental processes (Kaestner et al, 1999). Mutations in the
forkhead domain of these proteins often display defective phenotypes; a mutation in the
aforementioned proteins can lead to deficient insulin secretion in humans, leading to the
development of diabetes milletus type II (Vaisse et al, 1997). It is through such observed
phenotypes from mutations affecting the forkhead domain that has lead to the discovery of
many winged helix proteins involved in development, including multiple members of the FOX

family of proteins.
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Figure 8: Multiple sequence alignment of the forkhead domain from all FOX family members

(Homo sapiens) discovered to date

Names of members are recorded in the far-left column followed by actual range of sequence
positions in each respective full-length TF; amino acid classes are coloured as follows:
nonpolar - green, polar uncharged - brown, polar positively charged - red, polar negatively
charged - blue, aromatic - purple, sulphur containing - yellow. Proline is coloured in grey.
Relative amino acid position with respect to the positions of the multiple sequence alignment
is indicated above the alignment. In the “Clustal Consensus” row: (*) indicates all residues in
alignment are identical; (:) indicates conserved substitutions in alignment exhibit strongly
similar properties; (.) indicates conserved substitutions in alignment exhibit weakly similar
properties. Sequences were aligned with Clustal Omega (EMBL-EBI Online) (Madeira et al.,
2019) and formatted with BioEdit v7.2.5 (Hall, 2011). The FOX-FHD has been considerably
conserved in terms of sequence over the array of FOX family members. More than 55% of
residues across all members display at least 75% similarity in terms of amino acid class
(nonpolar, polar uncharged or polar charged) and occupy the same relative sequence position
(indicated by blue arrow); 17% of residues across at least 75% of members show identical
amino acid class at the same relative position (indicated by (:) in Clustal Consensus); and
four residues (128, W51, L59, F65) occur in all members at the same relative position
(indicated by (*) in Clustal Consensus). Notably, the residues in the segment associated with
the recognition helix H3 (relative position 51 — 59) shows almost 100% class similarity, most
notably R56 and H57 which are implicated in DNA binding through direct nucleotide base
association (Stroud et al., 2006; Bandukwala et al., 2011). Specifically, in terms of the FOXP
subfamily (black box), a P37A substitution is present, which has been suggested to allow

domain swapped dimerisation to exist among in subfamily members (Li ef al., 2004).

1.4.1 FOXP Subfamily

The FOXP subfamily is divided into four members which are involved (in humans) in
maintaining stem cell pluripotency (FOXP1) (Katoh and Katoh, 2005), the acquisition and
development or language and vocalisation (FOXP2) (Shu et al., 2007), maintenance of the
immune system (FOXP3) (Wu et al., 2006), and cellular differentiation and oncogenesis
(FOXP4) (Teufel et al., 2003). While FOXP3 is exclusively involved in immune system
regulation, FOXP1, FOXP2 and FOXP4 additionally participate in the development of brain,
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lung and gastrointestinal tract tissue (Katoh and Katoh, 2005; Shu et al., 2007; Sakaguchi et
al., 2011). In terms of topology, all four members contain a zinc finger, leucine zipper and
conserved forkhead domain. FOXP1 and FOXP2 both additionally exhibit an N-terminal

glutamine-rich domain (polyQ domain) and C-terminal acidic-residue rich tail.

The FOXP subfamily is unique among the family of FOX TFs as its members have shown the
ability to dimerise by virtue of their constituent FHDs (Li ef al., 2004). While members were
first assumed to form homo- and heterotypic dimers mediated solely by interactions between
leucine zippers (Li et al., 2004), low resolution chromatography experiments have revealed the
ability of the FOXP1-, FOXP2- and FOXP3-FHD to form homodimers in vitro in the presence
(FOXP1 and FOXP2) and absence (FOXP3) of DNA (Stroud et al., 2006; Bandukwala et al.,
2011; Medina et al., 2016).

1.4.2 FOXP2

FOXP2 was first identified in two separate cases (a British family — referred to as the “KE
family”, and a child by the alias “CS”) where individuals displayed severe monogenic speech
and language disorders (Lai et al.,, 2003) These individuals, carrying a heterozygous FOXP2
mutation which was later found to code for a loss-of-function mutant, displayed a spectrum of
disorders affecting vocalisation and speech coordination. This syndrome, termed
developmental verbal dyspraxia (DVD), impacts the coordinated movements needed for
enunciation, and results in inconsistencies in complex speech (Lai ef al., 2003). Studies based
on mouse models which expressed R552H FOXP2 (an equivalent to the loss-of-function
mutant in humans) have further uncovered the physiological and developmental roles of

FOXP2 (Groszer et al., 2008; Enard et al., 2009).

FOXP2 acts as a transcriptional repressor and has been shown to contribute to brain and
alveolar development (Shu et al., 2007; Lai et al., 2001). As aforementioned, it has been found
to be essential in the acquisition of language and the proper development of speech in humans
(Lai et al., 2001). FOXP2 is expressed in many regions of the brain such as the inferior frontal
cortex and basal ganglia where it plays further developmental roles involved neural maturation
(Spiteri et al., 2007). In addition, FOXP2 has been implicated in the regulation of metastasis

of breast cancers, various osteosarcomas, and B-cell lymphoma (Cuiffo et al., 2014;
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Wong et al., 2016). It was observed by Cuiffo et al., 2014, that repression of FOXP2 expression
by mesenchymal stem cell deregulated miRNA promotes breast cancer stem cell morphology
and, in turn, leads to less effective prognoses of individuals at higher risk of malignant breast
cancer (Cuiffo et al., 2014). As FOXP2 is implicated in both the development of neural
networks that are concerned with speech, as well as tumourigenesis and metastasis in the case

of malignant breast cancer, it appears a potential candidate for novel gene therapy.

1.4.3 FOXP2 Structure

FOXP2 is comprised of five distinct domains, of which three participate in DNA binding (Lai
et al., 2011). From the N- to C-terminus these domains include: a glutamine rich (poly-Q)
region, zinc-finger domain, leucine zipper domain, FHD, and acid rich tail (Figure 9). The
leucine zipper has been observed to modulate homo- and hetero-typic dimerisation between
FOXPI1, FOXP2 and FOXP4 (Li et al., 2004), while the FHD has been observed to dimerise
by domain swapping (Stroud et al., 2006) (Figure 9).

The FOXP2-FHD predominantly follows the canonical form of the winged-helix motifin terms
of structure, displaying a compact o/f topology with two wings (W1 and W2) which form large
loop structures, three stacking a-helices (H1, H2 and H3) and a twisted antiparallel -sheet
consisting of three strands (S1, S2 and S3) (Galiwala and Burley, 2000; Stroud et al., 2006)
(Figure 9). As with other winged helix motifs, FOXP2-FHD binds to DNA via H3 which
identifies the cognate DNA binding sequence and participates in binding by association with
the major groove, while W2 associates with the minor groove via electrostatic interactions and
dispersion forces (Galiwala and Burley, 2000; Stroud et al., 2006). In comparison to the
canonical form of the FHD found across the FOX protein family, FOXP2-FHD shows several
secondary structural differences: W1 is truncated to a simple type I turn, W2 forms a fourth a-
helix (H5) and a fifth helix (namely a 310-helix) (H4) occurs between H2 and H3 in W2 (Stroud
et al.,2006) (Figure 9). These variations allow the FOXP2-FHD to participate in van der Waals
interactions with the DNA backbone and adjacent minor groove, with H5 forming hydrogen
bonds to the phosphate backbone upstream of the core recognition site, and W2 forming
hydrogen bonds with the backbone of the recognition site (Stroud et al., 2006). The
FOXP2-FHD is able to bind DNA as both a monomer and homodimer (Stroud et al., 2006),

although the effect of the presence DNA on its propensity to form dimers is, as of yet, unknown.
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In a physiological context, FOXP2-FHD may additionally function as a linker between two
opposing DNA strands, participating in DNA-looping and mediating interchromosomal
association as has been observed in the case of FOXP3-FHD (Stroud et al., 2006; Rousseau, et
al.,2012; Chen et al., 2015).

152 190 344 370 385 412 503 586 676 715
Poly-Q Zinc  Leucine Forkhead Acid-rich
Finger Zipper Domain Tail

Figure 9: FOXP2 schematic, and cartoon representation, of the FOXP2-FHD bound to DNA

with FOX cognate sequence

Full length FOXP2 consists of (from N — C terminus) a glutamine rich region, zinc finger
domain, leucine zipper domain, FHD (orange), and acid rich tail. A crystal structure of
monomeric FOXP2 (PDB: 2A07) (Stroud et al., 2006) is bound to DNA displaying the

aspects of a typical forkhead box motif (rendered in PyMOL, v2.3.4 (DeLano Scientific,

2019)). a-helices (H1, H2 and H5) are coloured in blue; the DNA recognition helix (H3) is

coloured in red. The two wings (W1 and W2) can be seen alongside the DNA strand (grey),
which act to stabilise the binding interaction between the motif and the DNA backbone.
B-strands (S2 and S3) are coloured in beige; S2 and S3 form W1 of the motif, located
between H3 and the C-terminus. H5 exists at the start of W2.
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1.4.4 Three Dimensional Domain Swapping in the FOXP Subfamily and
FOXP2

Domain swapped dimerisation has been documented for the FHDs of FOXP1 — 3 (Stroud, et
al., 2006; Bandukwala et al., 2011; Medina et al., 2016). FOXP2-FHD and FOXP3-FHD have
been observed to form domain swapped oligomers in solved crystal structures (Stroud, et al.,
2006; Bandukwala et al., 2011). In addition, FOXP1-FHD has been shown to form dimers at
micromolar concentrations in solution through an energetically favoured folding mechanism
(Medina et al., 2016). A three state mechanism (N2 <> 2I <> 2U) was described for
FOXP1-FHD folding, whereby during unfolding the dimer was observed to dissociate into
partially stable monomeric intermediates before fully unfolding (Medina et al., 2016). This
mechanism is not observed for other domain-swapping proteins, in that their unfolding
pathways are not populated by stable intermediate states, and unfolding follows a two-state
mechanism (Bennett et al., 1994; Schlunegger et al., 1997; Medina et al., 2016). This
observation suggested that FOXP1 had a greater propensity for dimer formation, however not
as a result of hinge-loop flexibility as required by other domain swapping proteins, but rather
because of increased monomer stability (Medina et al., 2016). The FOXP1 monomer was
observed to participate in domain swapped dimerisation by virtue of first forming a native-
state-like intermediate, proceeded by rapid domain swapping of unfolded secondary structural
elements, unlike other domain swapping proteins, which require a close-to-fully unfolded state
in order to successfully participate in domain swapping (Rousseau et al., 2012; Medina et al.,

2016).

FOXP3-FHD has been proposed to be the most stable domain swapped dimer of the FOXP
subfamily (Bandukwala et al., 2011). FOXP3-FHD dimerises by an exchange of a-helices H1
and H2, and B-strands S2 and S3. These motifs are folded upon helix H3 and strands S2 and
S3 (Bandukwala et al., 2011), whereby H2 is extended towards the opposing monomer and
shifts H3, later to be stabilised by interactions with H1 and H2 of the opposing monomer
(Bandukwala et al., 2011) (Figure 10). The dimer is further stabilised through two interfaces
generated after domain swapping: the first is a serial network of aromatic residues (Tyr364,
Phe367, Phe373, Phe374, and Trp381) between both H2 helices of each monomer (which are
known to be highly conserved between members of the FOX TF family), and the second
existing as a network of hydrophobic interactions within the hydrophobic interior of the domain

swapped dimer between additional residues (Phe340, Leu345, Arg347, Trp348, Trp366, and
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Met370) (Bandukwala et al., 2011). The serial aromatic interface is analogous to a similar
interface formed in FOXP2-FHD domain swapped dimers (constituted by residues Trp533,
Phe538, Ala539, Tyr540 and Phe541) (Figure 10) (Stroud et al., 2006).

Phe373 and Arg347 in FOXP3-FHD are non-homologous with respect to the ordered
sequences of other FOXP-FHD members (Figure 8). As a result, these residues have been
assumed to offer a critical residue-specific contribution towards the stabilisation of the domain
swapped dimer of FOXP3-FHD. This is justified as both residues do not play a role in DNA
binding, and the mutation of either residue to a small, nonpolar residue such as alanine results
in dimerisation disruption (Bandukwala, et al., 2011). This is considerably true of Phe373,
whereby an F373A loss-of-function mutation has been observed to result in the impedance of
domain swapped dimerisation altogether (Bandukwala, et al., 2011). In addition, domain
swapped dimerisation is seen to be promoted by a phenylalanine residue at the equivalent H2
position in FOXP2-FHD. The Y 540F substitution in FOXP2-FHD results in an approximately
ten-fold increase in dimer formation in comparison to wild-type FOXP2-FHD in solution, as a
result of increased hydrophobicity contributed by the phenylalanine residue within the dimer

serial aromatic interface (Perumal et al., 2015).

In FOXP2, the FHD has been shown to exchange a-helices H1 and H2, and B-strands S2 and
S3 to form a domain swapped dimer (Stroud et al., 2006). In the domain swapped dimer, H2
is extended through the turn connecting H2 and H3 originally present in the monomer, resulting
in an elongated 15 residue helix replacing the shorter helix observed in the monomer. In this
region exist residues 538 — 541 (FAYF) which are highly conserved across all FOX members
(Figure 10), barring residue Ala539 which is instead occupied by proline in almost all other
FOX members (Figure 10). As proline residues confer rigidity to the peptide backbone and
discourage helix formation, it has been suggested that substitution to alanine in the FOXP
subfamily has been instrumental in its member’s increased domain swapped dimerisation

propensity (Stroud et al., 2006; Rousseau et al., 2013).
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Y509 F541 F07 F538 FOXP2-FHD

0

FOXP3-FHD

W381 w381

Figure 10: The serial aromatic interfaces of the FOXP2-FHD and FOXP3-FHD

An interface stabilising the FOXP2-FHD dimer involves the interaction of serially located
aromatic residues found in H2 of both monomers. The residues that form hydrophobic
interactions along the extent of the helix include: Try509, Trp533, Phe534, Phe538, Try540,
Phe541 and Trp548 (bold). Phe538, Tyr540 and Phe541 are constituents of the FAYF region

36



of H2, a sequence which is are highly conserved across the members of the FOXP protein
family. For the FOXP3-FHD, a similar stabilising interface exists contributed to by residues:

Tyr364, Phe367, Phe371, Phe373, Phe374, and Trp381 (bold). In the case of FOXP3-FHD,
phenylalanine exists in place of tyrosine which is present in FOXP2-FHD at the same relative

position on H2 (red arrows).

1.5 Research Problem Identification and Aim

In the literature to date, FOXP2-FHD has been observed to exist as a domain swapped dimer
in the presence of DNA in a solved crystal structure (PDB Accession Code: 2A07) (Stroud et
al., 2006). However, investigations into wild-type FOXP2-FHD dimerisation in solution have
shown the protein to not readily dimerise, and if so, only at considerably high concentrations
(Perumal et al. 2015; Blane and Fanucchi, 2015; Morris and Fanucchi, 2016). Quaternary
structural analyses by size exclusion chromatography have shown wild-type FOXP2-FHD to
have a K, for dimer dissociation into monomer in the millimolar range, hence the protein exists
predominantly as a monomer in solution at workable experimental concentrations (Perumal et
al., 2015). However, an increase in dimer formation for FOXP2-FHD has been engineered
through the introduction of substitution mutations affecting the domain swapped dimer
interface (Perumal et al, 2015; Morris and Fanucchi, 2016). A variant of
FOXP2-FHD — F541C — has been observed to exist as a dimer in solution exacted by the
formation of a disulphide bond at the dimer interface, locking the protein in a dimeric
conformation (Morris and Fanucchi, 2016). In addition, a Y540F substitution variant was
observed to promote dimer formation of the FOXP2-FHD. This substitution resembles the H2-
located phenylalanine residue uniquely present in FOXP3-FHD among the FOXP-FHDs,
which acts to stabilise the domain swapped dimer as a result of increasing the hydrophobicity
of the serial aromatic dimer interface (Figure 10) (Bandukwala et al., 2011; Perumal et al.,
2015). In the Y540F variant, the substitution resulted in a decrease of the K for FOXP2-FHD
dimer dissociation into monomer ~10-fold, allowing for the existence of FOXP2-FHD dimer
at micromolar concentrations in solution (Perumal et al., 2015). The dimerisation propensity
of FOXP2-FHD additionally appears to be promoted by the presence of DNA. A truncated
form of FOXP2, which encompasses the amino acid sequence from the FHD up until the final
C-terminal amino acid of the protein, weakly exhibits dimerisation in the presence of DNA but

does not form dimers in its absence (HauBermann et al., 2019). Furthermore, the FOXP2-FHD
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F541C variant has been observed to exist as a dimer in the presence of DNA (Morris and
Fanucchi, 2016). FOXP2-FHD is not unique among the FHDs of the FOXP family in its ability
to form domain swapped dimers (Bandukwala et al., 2011; Medina et al., 2016). FOXP1-FHD
has been observed to exist as a dimer at micromolar concentrations in solution and is presumed,
although has not been confirmed, to form domain swapped dimers in solution (Medina et al.,
2016). Moreover, FOXP3-FHD has been observed to exist as a domain swapped dimer in a
solved crystal structure (PDB Accession Code: 3QRF) (Bandukwala et al., 2011).
Additionally, FOXP3-FHD assumes a dimeric conformation in the absence of DNA — although
the dimer was formed in the presence of the protein crosslinker disuccinimidyl subterate (DSS)
(Bandukwala et al., 2011). Indeed, in the cases of the FOXP1 — P3 FHDs, the formation of a
domain swapped dimer is speculated to have physiological importance through its participation
in interchromosomal association through DNA binding by both dimer subunits (Stroud et al.,
2006; Bandukwala et al., 2011; Chen et al., 2015; Morris and Fanucchi, 2016; Haullermann et
al., 2019).

While it is evident that the FHDs of FOXP1 — P3 exhibit the capability to domain swap
dimerise, the process is nonetheless nonspontaneous (Bennett, ef al., 1994). In order for domain
swapped dimerisation to progress, a protein must occupy a partially unfolded state preceding
dimerisation so that secondary structural motifs may exchange and become intertwined
(Rousseau, et al., 2013). As folding occurs, there is competition between the probability of the
unfolded chain forming a monomer by intrachain hydrophobic collapse, and the probability of
interchain interaction between monomers resulting in the formation of a domain swapped
dimer (Rousseau, et al., 2013). In terms of the FOXP2-FHD, as the protein folds, HI and H2
may be exchanged via domain swapping to form a dimer which is stabilised through
interactions between the aromatic residues located along H1 and H2 of either monomer (Figure
10). Alternatively, FOXP2-FHD may adopt a monomeric conformation through rapid
coalescence of HI and H2 driven by hydrophobic collapse, whereby both helices fold upon
each other to form a stable hydrophobic core incapable of participating in domain swapping.
In this case, the aromatic residues of H1 and H2 act to stabilise the FOXP2-FHD monomer
through interactions within the hydrophobic core (Figure 9 and 18). The probability of the
formation of either dimeric or monomeric FOXP2-FHD is hence determined by the folding
pathway the protein undertakes from its unfolded to native state. It is necessary to explore the
folding pathway and structural stability of FOXP2-FHD in order to elucidate its propensity to

participate in domain swapped dimerisation.
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Therefore, this investigation aims to probe the folding mechanism and stability of FOXP2-
FHD. As aforementioned, FOXP2-FHD has not been observed to readily dimerise in solution
although the FHDs of related FOXP protein members, FOXP1-FHD and FOXP3-FHD, do
display such behaviour. By determining the folding mechanism of FOXP2-FHD, this
investigation aims to elucidate its propensity to form dimers, as its folding pathway determines
whether the protein will adopt a monomeric or dimeric conformation. The folding mechanism
of wild-type FOXP2-FHD will be contrasted against the folding mechanism of a Y540F
variant. This variant has been observed to form dimers at micromolar concentrations in solution
(Perumal, ef al., 2015). A comparison of the variant’s folding pathway with that of wtFOXP2-
FHD will assist in revealing the hence observed decreased propensity of wtFOXP2-FHD to
form domain swapped dimers in solution. Overall, a description of the folding mechanism of
FOXP2-FHD will allow a better understanding of how its structure contributes to its ability to
form domain swapped dimers, which in turn has further implications in understanding its role

of transcriptional regulation within the cell.

1.5.1 Objectives

The specific objectives of this investigation were to:

1. Transform a suitable bacterial expression system with recombinant DNA plasmid
coding for expression of wtFOXP2-FHD protein

2. Generate a recombinant DNA plasmid coding for the Y540F variation of wtFOXP2-
FHD by site-directed mutagenesis, followed by transformation of a suitable bacterial
expression system for the expression of the mutant

3. Overexpress and purify soluble wtFOXP2-FHD and Y540F mutant protein

4. Determine the purity, homogeneity and molecular weights of purified wtFOXP2-FHD
and Y540F mutant protein by discontinuous tricine SDS-PAGE

5. Ascertain whether DNA binding occurs for wtFOXP2-FHD and the Y 540F mutant, and
investigate whether the proteins form dimers in the presence of DNA, by
electrophoretic mobility shift assay (EMSA)

6. Assess the quaternary structure of wtFOXP2-FHD and the Y540F mutant in solution,
and hence calculate their respective dissociation constants, by analytical size exclusion

chromatography (SEC)
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7. Characterise the secondary structure of wtFOXP2-FHD and the Y540F mutant by far-
UV circular dichroism (CD) spectropolarimetry

8. Characterise the tertiary structure of wtFOXP2-FHD and the Y540F mutant by
monitoring of intrinsic tryptophan fluorescence emission

9. Determine the folding mechanism of wtFOXP2-FHD and the Y540F mutant by
denaturant driven equilibrium unfolding studies, monitored by far-UV CD
spectropolarimetry and intrinsic tryptophan fluorescence emission

10. Assess the reversibility of unfolding and percentage protein recovery for wtFOXP2-
FHD and the Y540F mutant, and hence calculate the thermodynamic parameters of
unfolding for each protein

11. Assess the thermal stability of wtFOXP2-FHD and the Y540F mutant by thermal

denaturation monitored by far-UV CD spectropolarimetry
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Chapter 2: Materials and Methods

2.1 Materials

T7 Competent E. coli and XL-10 Gold Ultracompetent E. coli cells were obtained from New
England Biolab, USA. GeneJET™ Plasmid Miniprep Kit and PageRuler™ Unstained Protein
Ladder was obtained from Thermo Fisher Scientific, USA. The Quikchange™ Site-Directed
Mutagenesis Kit was obtained from Stratagene, USA. Ampicillin salt and isopropyl B-D-1-
thiogalactopyranoside (IPTG) was obtained from Melford, UK. SYBR Gold Nucleic Acid Gel
Stain was obtained from Invitrogen, USA. Lysozyme was obtained from Sigma Aldrich, USA.
Deoxyribonuclease I was obtained from Merck, Germany. Duplex DNA oligonucleotide was
obtained from WhiteSci Scientific, South Africa. HisTrap™ High Efficiency column and
HiLoad® 16/600 Superdex® 75 pg Prep Grade column were obtained from GE Healthcare
Bio-Sciences, Sweden. Gel Filtration Low Molecular Weight Kit was obtained from GE

Healthcare Life Sciences, USA. All other reagents used were of analytical grade.

2.2 Methods

2.2.1 Plasmid Preparation and Transformation

2.2.1.1 Plasmid Amplification

The coding sequence of wild-type human FOXP2-FHD, corresponding to residues 504 — 594,
was codon optimised (GenScript, USA) and inserted into the multiple cloning site of a
pET-11a plasmid (Novagen, Germany), under control of an inducible T7 promoter. An
N-terminal hexahistidine tag was incorporated for application in downstream purification.
Synthesised wtFOXP2-FHD plasmid was amplified in XL-10 Gold Ultracompetent E. coli
cells for further downstream transformation and site-directed mutagenesis. Cells were
transformed with the wtFOXP2-FHD plasmid by heat shock at 42 °C for 75 seconds, followed
by immediate setting on ice for 2 minutes and pelleting. Pelleted cells were resuspended in
super-optimal broth with catabolite repression (SOC) medium, prewarmed to 37 °C, and
incubated with shaking (230 rpm) for one hour at 37 °C. Following incubation, cells were

plated on LB agar containing 0,1 mg/ml ampicillin, and further incubated at 37 °C for 20 hours.

41



LB media containing 0,1 mg/ml ampicillin was inoculated with a single colony of transformed
cells and cultured overnight at 37 °C with vigorous shaking. wtFOXP2-FHD plasmid was

T™ Plasmid Miniprep Kit

extracted from cultured cells, and purified, using the GenelJE
(Thermo Fisher Scientific, USA) as per protocol provided. Extracted plasmid was sequenced
(Ingaba Biotechnical Industries, South Africa) to verify the insert and to confirm the coding
sequence was preserved. Extracted wtFOXP2-FHD plasmid was stored in sterile deionised
water at -20 °C and transformed XL-10 Gold cells were stored as a suspension in sterile

aqueous glycerol solution (80 %v/v) at -80 °C.

2.2.1.2 Site-directed Mutagenesis

Site-directed mutagenesis is a technique that introduces an intentional change to the DNA
sequence of a gene in order to elicit an amino acid substitution in the final recombinant protein.
This allows for probing the importance of the substituted residue in terms of protein
structure/function. The method requires the synthesis of DNA primers which contain the
desired mutation and are complementary to the template DNA around the mutation site for
successful hybridisation with the gene of interest (Papworth et al., 1996). Following PCR, the
amplified gene will contain the mutated site, whereby the gene can be subsequently introduced

in a vector and cloned.

The wtFOXP2-FHD plasmid was used as a template for generating the Y540F substitution
mutant. LB media with 0,1 mg/ml ampicillin was inoculated with transformed XL-10 Gold cell
culture stock and incubated with shaking at 37 °C for 16 hours. wtFOXP2-FHD plasmid was
extracted using the GeneJET™ Plasmid Miniprep Kit for use in high-fidelity PCR site-directed

mutagenesis.

Primers necessary for the introduction of the desired Y540F mutation in the FOXP2-FHD
insert were designed using PrimerX (online) (http://www.bioinformatics.org/primerx) and
checked for possible hairpin and loop structure formation prior to synthesis (Gene Runner
v3.0.1, Hastings Software Inc., NY, USA). Primers were designed to contain a centred
mutation site (bold, underlined) flanked on both sides by bases complementary to the template

sequence:
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Forward: 5"-GTTTACCCGTACGTTTGCATTTTTCCGTCGCAACGCGGCC-3"
Reverse: 5-GGCCGCGTTGCGACGGAAAAATGCAAACGTACGGGTAAAC-3"

Primers were synthesised (Inqaba Biotechnical Industries, South Africa) and site-directed
mutagenesis was conducted using the Quikchange™ Site-Directed Mutagenesis Kit
(Stratagene, USA) according to the protocol provided. The PCR product was sent for
sequencing (Ingaba Biotechnical Industries, South Africa) followed by pairwise sequence
alignment using the EMBOSS Water online server (EMBL-EBI) (Madeira et al., 2019) against
the wtFOXP2-FHD coding sequence to confirm mutagenesis was successful. Success was
indicated by the presence of the targeted nucleotide substitution, and the absence of additional,

undesired mutations which may have arisen during the PCR reaction.

2.2.1.3 Transformation

T7 Competent E. coli cells were used as an expression system for recombinant wtFOXP2-FHD
and Y 540F mutant protein. Transformed T7 cells were prepared using the amplified wtFOXP2-
FHD and mutant plasmids according to the above protocol (section 2.2.1.1), and stored as a

suspension in sterile aqueous glycerol solution (80 %v/v) at -80 °C.

2.2.2 Recombinant Protein Overexpression and Purification

In order to procure sufficient protein for downstream assays, manipulation of gene expression
in an organism to overexpress the desired protein is necessary. By introducing a vector
containing a recombinant gene in proximity to a promoter which can be intentionally and
variably activated, overexpression of a protein of interest can be elicited. Such expression can
be conducted in a variety of cells, ranging from prokaryotic to insect and mammalian cells
(Khan, 2013). The degree of protein overexpression, conservation of native structure, and
solubility of the overexpressed protein will vary depending on the expression system used.
Commonly, an E. coli expression system is utilised for overexpression by virtue of its
robustness, dependability, high expression yield, and cost effectiveness. However, if a
recombinantly expressed protein requires additional levels of modification during expression,

such as post-translational modifications, or if solubility is unattainable in a prokaryotic

43



expression system, an insect or mammalian cell expression system would be preferred (Khan,

2013).

Both wtFOXP2-FHD and Y540F mutant protein were overexpressed under identical
conditions and according to the same protocol: 2x YT media (1,6 %w/v tryptone, 1 %w/v yeast
extract, 0,5 %w/v sodium chloride) containing 0,1 mg/ml ampicillin was inoculated with
transformed T7 cell stock and incubated with shaking (190 rpm) at 37 °C until ODgoo measured
0,8 AU. Upon reaching ODsoo = 0,8 AU, cultures were set on ice for 10 minutes followed by
induction with 0,6 mM IPTG. After induction, cultures were incubated with shaking at 18 °C
for 20 hours. The cultured cells were harvested by centrifugation at 5000 x g for 15 minutes,
resuspended in binding buffer (20 mM Tris-HCl buffer at pH 7,5 containing 500 mM sodium
chloride and 30 mM imidazole), and stored at -20 °C.

Prior to purification, both the wtFOXP2-FHD and Y540F mutant cell resuspensions were
thawed at room temperature, and lysozyme was added to a final concentration of 0,1 mg/ml.
Resuspensions were incubated at room temperature with inversion for 15 minutes to form a
lysate. Lysates were sonicated at 55 % amplitude for 20 seconds, followed by resting on ice
for 1 minute, repeated eight times. Following sonication, deoxyribonuclease I (DNAse I) was
added to lysates, to a final concentration of 0,01 mg/ml, and lysates were incubated at room
temperature for a further 30 minutes. DNAse I was added to facilitate digestion of free dSSDNA
in order to reduce free DNA interaction with overexpressed protein during subsequent
centrifugation and purification steps, hence increasing purifiable protein yield. Lysates were
centrifuged at 24 000 x g for 30 minutes at 4 °C to pellet cell debris and separate the soluble
protein product from its insoluble fraction. Pelleted cell debris was discarded, and the

supernatant used for subsequent purification.

wtFOXP2-FHD and Y540F mutant protein were purified using Ni**-charged immobilised
metal affinity chromatography coupled with fast protein liquid chromatography (IMAC-
FPLC). A 5 mL HisTrap™ High Efficiency column (GE Healthcare Bio-Sciences, Sweden)
was initially equilibrated with five column volumes of binding buffer (20 mM Tris-HCI buffer
at pH 7,5 containing 500 mM sodium chloride and 30 mM imidazole), followed by loading of
supernatant onto the column at 5 mL/min. The column was re-equilibrated with ten column

volumes of binding buffer in order to remove residual, non-specifically bound protein
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contaminant and cellular debris, and subsequently washed with ten column volumes of salt
wash buffer (20 mM Tris-HCI, 1,5 M sodium chloride, 30 mM imidazole at pH 7,5) to remove
residual DNA contamination bound to the column. The column was, again, re-equilibrated with
binding buffer to remove excess salt introduced from the previous salt wash step. Protein was
eluted from the column with elution buffer (20 mM Tris-HCI, 500 mM sodium chloride,
500 mM imidazole at pH 7,5) and eluent fractions were collected for downstream analysis.
wtFOXP2-FHD and Y 540F protein fractions were dialysed against and stored in storage buffer
(10 mM HEPES, 100 mM sodium chloride at pH 7,5) at 4 °C.

2.2.3 Protein Molecular Weight and Purity Determination

In order to confirm overexpression of wtFOXP2-FHD and the Y540F mutant, as well as to
identify the molecular weight, purity, and homogeneity of purified protein, discontinuous
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was employed.
Discontinuous SDS-PAGE is an analytical technique that allows for the separation of proteins
according to their sizes and molecular weights (Laemmli, 1970). Initially, protein samples are
denatured through the breaking of disulfide bonds by a reducing agent (such as
-mercaptoethanol or dithiothreitol) at a high temperature followed by saturation in sodium
dodecyl sulfate (SDS). SDS is an amphipathic anion that uniformly adheres to and fully
denatures the protein, and consequently applies a uniform negative charge along the stretch of
the protein (Pitt-Rivers and Impiombato, 1968). Each denatured protein sample is then resolved
through a discontinuous polyacrylamide gel (containing both a stacking and separation gel) of
discrete pore sizes, within a buffer containing various cations and anions over a voltage
gradient. The separation of the protein in the sample occurs in two stages. Firstly, as proteins
in the sample migrate through the stacking gel, they are compressed into a distinct,
concentrated protein layer as a result of high gel porosity and a steep voltage gradient
developed between leading and trailing buffer ions (a process termed isotachophoresis). As
proteins traverse the stacking gel, the compressed protein layer further sharpens until it
encounters the frontier of the separating gel. At this point, and as a consequence of
isotachophoresis, the sample proteins exist in a sufficiently compacted state to allow for their
equally-timed permeation of the separating gel, regardless of their respective molecular
weights. This protein layer then finely resolves into constituent protein bands within the

separating gel (by virtue of higher percentage acrylamide composition), according to retention
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effects determined by the molecular weight of each protein. After separation, each protein
within the sample may be identified by their respective molecular weight by comparing their

extent of retention within the gel to a ladder of known molecular weights.

The molecular weights, purity, and homogeneity of purified wtFOXP2-FHD and Y540F
mutant was assessed by discontinuous tricine SDS-PAGE (Schégger, 2006). Reducing sample
buffer (150 mM Tris-HCI at pH 7,5, with 12 %w/v SDS, 6 %w/v B-mercaptoethanol, 30 %v/v
glycerol, and 0,005 %w/v Coomassie Blue G250) was added to protein samples, and vortexed
on high intensity for 10 seconds to ensure adequate mixing of protein and reducing sample
buffer. Samples were incubated for 5 minutes at 95 °C and centrifuged at 13 000 x g for
10 seconds prior to gel loading. Samples were resolved by electrophoresis using the Bio-Rad
miniPROTEAN Electrophoresis System (Bio-Rad, USA) with 10 % separating / 4 % stacking
tricine SDS-PAGE gel (Schéigger, 2006). Electrophoresis proceeded initially at 40 V until
reaching the frontier of the separating gel, followed by electrophoresis at 160 V for 1,5 hours,
or until the dye front reached the terminus of the gel. Gels were stained overnight in Coomassie
Blue R250 staining solution, and destained in 40 %v/v methanol with 10 %v/v glacial acetic
acid until sufficient gel clarity was achieved. Molecular weights of migrated proteins were
determined by comparison against protein standards (PageRuler™ Unstained Protein Ladder,
Thermo Fisher Scientific, USA). Gels were visualised using a ChemiDoc™ MP (Bio-Rad,
USA) and analysed using Image Lab (v5.2.1, Bio-Rad, USA).

2.2.4 Determination of Protein Concentration

The concentration of purified protein was determined by measuring absorbance at 280 nm by

UV-Vis spectrophotometry, and calculated according to the Beer-Lambert Law, rearranged as:

Azgo (1)
el

Cc =

where c is the concentration of the sample protein measured in M, A,g, is the absorbance of
the sample at 280 nm (dimensionless), € is the molar extinction coefficient at 280 nm measured
in M-lem!, and / is the path length of the sample measured in cm. Absorbance was measured

at 280 nm, as tryptophan and tyrosine residues absorb UV light most strongly at this
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wavelength, and when taken into account with their extinction coefficients, protein
concentration can be accurately determined. Cysteine additionally shows slight absorbance at
280 nm. The molar extinction coefficient was calculated according the equation by Perkins,
1986:

€ = 5550 gy + 1340 - npy, + 150 - gy (2)

where N, Nryy, and ne,s are the number of tryptophan, tyrosine and cysteine residues
present in a single, monomeric protein sequence, respectively. The molar extinction
coefficients for wtFOXP2-FHD and the Y540F mutant for use in concentration determination

were calculated to be ewr = 22 460 M'em™! and eyssaor = 20 970 M-lem’!, respectively.

2.2.5 DNA Binding Studies

The electrophoretic mobility shift assay (EMSA) is a simultaneously qualitative and
quantitative technique that allows for the study of the DNA-binding ability of proteins. EMSA
follows principles similar to traditional native polyacrylamide gel electrophoresis (native
PAGE). Proteins are electrophoresed through a native polyacrylamide gel of discrete pore size
by the flow of buffer ions over a voltage gradient. As they traverse the gel, they exhibit varying
degrees of retention depending on their intrinsic structures, sizes and charges (Garner and
Revzin, 1986; Lane ef al., 1992). The degree of retention is higher for proteins of greater
molecular weight and size, while proteins of lower molecular weight and size exhibit smaller
levels of retention within the gel. However, in the EMSA, a DNA probe is introduced to each
protein sample, and it is the probe which is monitored following electrophoresis, as opposed to
the gel front in traditional PAGE. Sample protein in the presence of DNA, regardless of DNA-
binding ability, will experience retention effects during electrophoresis. However, by detecting
the location of the probe in the gel, it can be inferred whether DNA-binding by a protein had
occurred since the probe will appear more greatly retained in the gel (as a result of protein
binding the DNA probe and subsequent gel retention) (Garner and Revzin, 1986; Lane et al.,
1992). Free DNA experiences the least of gel retention effects (hence migrating fastest through
the gel) while proteins binding DNA experience retention effects determined by the factors

mentioned above.
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EMSAs were conducted for both wtFOXP2-FHD and the Y540F mutant to ensure DNA
recognition and binding function were retained post-purification. An 18-base oligonucleotide
was synthesised (WhiteSci Scientific, South Africa) for use as the DNA ligand in EMSAs for
both wtFOXP2-FHD and Y540F mutant protein. The sequence included the high-affinity
cognate DNA binding site (bold) for wtFOXP2-FHD as described by Nelson et al., 2013,
(5-AGGTGTTTACTTTCATAG-3") to ensure a stable protein-DNA complex was
maintained during electrophoresis. Lyophilised oligonucleotide was dissolved in TE buffer.
DNA concentration was determined by microvolume spectrophotometry (NanoDrop One UV-

Vis Spectrophotometer, Thermo Fisher Scientific).

Protein-DNA samples were prepared in EMSA binding buffer (10 mM HEPES at pH 7,5 with
100 mM KCI, 1 mM EDTA, 1 mM MgCl, 0,1 mg/ml BSA, and 10 %v/v glycerol), at 4 °C
and incubated for 1 hour to allow for protein-DNA complex formation to reach equilibrium at
4 °C before electrophoresis. Samples were prepared with a concentration ratio of protein : DNA
incrementally increasing from 1 : 3 to 10 :1, maintaining a constant DNA concentration of 0,5
uM per sample. Gels were cast according to the protocol by Morris and Fanucchi, 2016, and
electrophoresis conducted at 4 °C for 1,5 hours using the Bio-Rad miniPROTEAN

Electrophoresis System (Bio-Rad, USA). Following electrophoresis, gels were stained with

SYBR Gold Nucleic Acid Gel Stain, diluted 1 : 10 000 in TBE buffer, and incubated at room

temperature for 2 minutes. Gels were visualised under UV light using a ChemiDoc MP™

(Bio-Rad, USA) and analysed using Image Lab (v5.2.1, Bio-Rad, USA).

2.2.6 Structural Characterisation

2.2.6.1 Quaternary Structural Characterisation

Size exclusion chromatography (SEC) is a chromatographic technique whereby proteins are
separated on a basis of their hydrodynamic volume, for the purpose of purification and analysis
(Hong, et al., 2012). SEC is conducted by eluting a sample through a column containing resin
beads of discrete pore size. Proteins sized smaller than the bead pore size diffuse through the
beads, become impeded and, subsequently, elute at a slower rate. Proteins sized larger than the
pore size are excluded from the beads and are impeded to a lesser degree, thereby eluting at a

faster rate. As SEC separates proteins almost exclusively on the basis of hydrodynamic volume,
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it can be used to not only isolate proteins of different size, but also to identify proteins of higher
oligomer configurations. In addition, SEC can be used to calculate the dissociation constant
(Ka) of oligomers into monomers at equilibrium to assess the stability of the oligomer under a

variety of conditions such as temperature and denaturant concentration.

Analytical size exclusion chromatography (SEC) was used to determine the molecular weights
for both wtFOXP2-FHD and the Y540F mutant, as well as investigate the proportion of native
monomeric and dimeric species at equilibrium for both proteins. SEC was used concurrently
to qualitatively assess possible differences in the hydrodynamic volume of the mutant, in
comparison to wtFOXP2-FHD, resulting from Y540F substitution. The dimerisation
propensity for each protein at equilibrium, dependent on their respective concentrations in

solution, was exhibited as a dissociation constant (K;), where:

2 Monomer < Dimer
[Monomer]? 3)

K, =
d [Dimer]

Analytical SEC was conducted using a HiLoad® 16/600 Superdex® 75 pg Prep Grade column
(GE Healthcare Bio-Sciences, Sweden) coupled with FPLC . The column was equilibrated with
one column volume of equilibration buffer (20 mM Tris-HCI buffer at pH 7,5 containing 500
mM sodium chloride and 30 mM imidazole) overnight. The buffer contained imidazole in order
to decrease undesired protein interaction with the column resin. Protein was loaded at
concentrations of ~20 uM, ~75 uM and ~150 uM, and elution volumes recorded for monomeric
and dimeric species. Prior to loading, exact concentrations of samples was determined by
UV-Vis spectrophotometry as described above (section 2.2.4). The molecular weight for each
protein species was calculated by interpolation against a standard curve, populated with
molecular weights of known protein standards (Gel Filtration Low Molecular Weight Kit, GE
Healthcare Life Sciences, USA). The standards consisted of conalbumin (75 kDa), ovalbumin

(44 kDa), carbonic anhydrase (29 kDa), ribonuclease A (13,7 kDa) and aprotinin (6,5 kDa).

In order to determine K,; for both wtFOXP2-FHD and the Y540F mutant, the area under the
curve measuring absorbance at 280 nm for each peak was integrated with respect to elution
time (Akta PrimeView Software, v. 4.0.2, GE Healthcare Bio-Sciences). The calculated area

under each peak related to the total absorbance of the monomeric or dimeric species contributed
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during their respective full time eluting. As the flow rate during elution was kept constant
(1 mL/min), and as the sample was at equilibrium in terms of monomer / dimer presence, the

proportion of absorbance contributed by each species could be represented as a ratio:

Area under individual peak

o 4
Absorbance fraction = & o e a under both peaks @

The absorbance fraction for each peak was multiplied by sample concentration, determined
prior by UV-Vis spectrophotometry, to calculate the respective concentrations of monomeric
and dimeric species eluted. The concentration of either fraction was seen as representative of
the concentration of the species present at dynamic equilibrium before loading. The K; values
calculated for different samples concentrations for both wtFOXP2-FHD and the Y540F mutant
was determined according to equation (3), and specific K, for each protein calculated by linear

regression of a [monomer]? vs. [dimer] plot.

2.2.6.2 Secondary Structural Characterisation

Far-UV circular dichroism (CD) spectropolarimetry was used to determine the secondary
structural characteristics of both wtFOXP2-FHD and the Y 540F mutant, as well as to determine

the degree of isolated or coiled helicity for each protein.

Protein in storage buffer (10 mM HEPES, 100 mM sodium chloride at pH 7,5) was initially
dialysed against sodium sulfate buffer (10 mM HEPES, 50 mM sodium sulfate at pH 7,5) to
exchange out chloride ions in order to improve signal-to-noise ratio. All experiments were
conducted using a Jasco J-810 Spectropolarimeter (Analytical Solutions, South Africa) at a
maintained internal cell temperature of 20 °C regulated with a Peltier Thermostatted Cell
Holder, using a Hellma® 2 mm quartz absorption cuvette (Merck, USA). Protein concentration
used was 10 uM. Spectra were recorded over a range of 250 — 190 nm, or over wavelengths
where high tension voltage measured lower than 700 V, using continuous scanning at 100
nm/min with 1 nm scanning increment. Additional scanning parameters for all measurements
of both proteins were: data pitch = 0,2 nm, bandwidth = 3 nm, and response time = 1 second.
Experiments were conducted in triplicate with eight technical replicates per sample and

recorded in millidegree ellipticity (Bn4eg). Buffer contributions were deducted from final
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spectra. Triplicate measurements were averaged and data converted to mean residue ellipticity

(Ovre) measured in deg.cm?.dmol™!, calculated as:

100 " Oppgeg (5)

[ I
MRE C'Tl'l

where G.4.¢ 1s millidegree ellipticity measured in mdeg, ¢ is concentration measured in M, 7 is

number of residues in a monomer chain, and / is path length measured in cm.

2.2.6.3 Tertiary Structural Characterisation

Intrinsic tryptophan fluorescence emission monitoring was used to obtain emission spectra of
both wtFOXP2-FHD and the Y540F mutant in order to characterise their tertiary structures.
This was achieved by monitoring the fluorescent signal emitted by tryptophan residues at their
local positions within the protein. The fluorescent signal of a tryptophan residue is dependent
on the local solvent environment encompassing its indole side chain: more hydrophobically
buried tryptophan residues display a hypsochromic shift in fluorescence signal, while solvent
exposed tryptophan residues exhibit a bathochromic shift. By monitoring such fluorescent
shifts, an emission spectrum correlating to protein tertiary structure may be obtained. Proteins
were analysed in storage buffer using a Jasco FP-6300 fluorescence spectrophotometer
(Analytical Solutions, South Africa). Measurements were conducted at a maintained internal
cell temperature of 20 °C regulated with a Peltier Thermostatted Cell Holder, using a Hellma®
10 mm quartz fluorescence cuvette (Merck, USA). A concentration of 1,5 uM was used for
each protein sample. Excitation and emission bandwidths were fixed at 5 nm. Emission spectra
were recorded over a range of 280 — 500 nm for excitation wavelengths of 280 nm and
295 nm, measured separately, using continuous scanning at 200 nm/min with 1 nm scanning
increment. Experiments were conducted in triplicate with three technical replicates per sample
and recorded in relative fluorescence intensity (arbitrary units). Buffer contributions were

deducted from final spectra and triplicate measurements were averaged.
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2.2.7 Guanidine Hydrochloride Equilibrium Unfolding

The folding mechanism of a protein describes the pathway the protein undertakes in order to
adopt its native state from its initial unfolded polypeptide chain. The pathway is populated with
a discrete number of folded protein states at equilibrium (Walters, et al., 2009). Equilibrium
unfolding studies aim to denature a protein at discrete points along its folding pathway, elicited
by chemical or physical denaturation (Pace, 1986). The fraction of unfolded protein is
determined by spectroscopic probe, such as far-UV CD spectropolarimetry or intrinsic
tryptophan fluorescence emission. Through sequentially plotting the fraction of unfolded
protein over the range of denaturant conditions, a folding mechanism for a particular protein

may be described (Pace, 1986).

Equilibrium unfolding studies were performed to characterise the folding mechanism,
cooperativity (m), conformational stability (AGru20) and denaturation midpoint ([GdnHCl]1.2)
of wtFOXP2-FHD and Y540F mutant protein. Unfolding studies were conducted using
guanidine hydrochloride (GdnHCIl) as a chemical denaturant in separate experiments
monitored by far-UV CD spectropolarimetry and intrinsic tryptophan fluorescence emission.
GdnHCIl was used as it has a considerably stronger denaturation effect in comparison with urea
(Morjana et al., 1993). High GdnHCl concentrations more reliably ensure complete
denaturation of protein compared to urea, thereby allowing for proper computation of
thermodynamic parameters which depends on the establishment of an identifiable pre- and

post-transition region.

GdnHCI stock solution (8§ M) was prepared fresh prior to each experiment. The final
concentration of GdnHCl was determined by refractometry as described by Pace, 1986.
GdnHCI was prepared in sodium sulfate buffer (10 mM HEPES at pH 7,5 with 50 mM sodium
sulfate) for unfolding monitored by far-UV CD spectropolarimetry. GdnHCIl was prepared in
storage buffer (10 mM HEPES at pH 7,5 with 100 mM sodium chloride) for monitoring by
intrinsic tryptophan fluorescence emission. The pH of denaturant stock solutions was adjusted
to 7,5 prior to addition to protein samples. Protein samples were denatured in GdnHCI
concentrations ranging from 0 — 6 M, ensuring protein concentration for each sample remained
constant after denaturation with GdnHCI. Samples were prepared at 0,25 M increments of

GdnHCI over the range mentioned above.
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Protein concentrations of 1,5 uM and 10 uM was used for intrinsic tryptophan fluorescence
and far-UV CD spectropolarimetry, respectively. Protein was first highly concentrated before
denaturation. Samples were prepared by the dilution of this highly concentrated protein-in-
buffer with calculated volumes of 8 M GdnHCI stock solution, depending on the final GdnHCl
concentration required for the sample. In order to ensure the concentration of protein was
constant in each sample, additional volumes of buffer were added. The amount of additional
buffer added was dependent on the final desired GdnHCI concentration increment for each
sample. Samples were prepared in triplicate at each denaturant concentration increment, and

were incubated at room temperature for 30 minutes to reach equilibrium before analysis.

2.2.8 Guanidine Hydrochloride Equilibrium Refolding

GdnHCI stock solution (8 M) was prepared as described above (section 2.2.7). However, in
contrast to the preparation of equilibrium unfolding samples, equilibrium refolding samples
were prepared by dilution of a concentrated protein-in-GdnHCI solution, as opposed to a
protein-in-buffer solution. Protein was first highly concentrated and subsequently denatured to
a concentration of 6 M GdnHCI to make up a protein-in-GdnHCI stock solution. The protein-
in-GdnHCI stock solution was left to incubate at room temperature for 30 minutes for protein
to fully denature and reach equilibrium. Samples were prepared by dilution of this solution
with calculated volumes of GdnHCI and buffer in order to arrive at the required sample
concentrations of protein and GdnHCI mentioned above (section 2.2.7). Samples were prepared
in triplicate and incubated at room temperature for a further 30 minutes to re-establish

equilibrium before analysis by far-UV CD and intrinsic tryptophan fluorescence.

2.2.9 Spectroscopic Probes for Folding Studies

Far-UV CD spectropolarimetry and intrinsic tryptophan fluorescence emission were used to
probe secondary and local tertiary structural changes, respectively, during unfolding and

refolding studies for both wtFOXP2-FHD and Y 540F mutant protein.
Secondary structural changes were assessed using a Jasco J-810 Spectropolarimeter

(Analytical Solutions, South Africa) (see section 2.2.6.2). In particular, loss / gain of isolated

helical content at incremental changes in denaturant concentration was measured by fixed
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wavelength measurement for ellipticity values at 222 nm. Measurements were not made at
208 nm as GdnHCl strongly absorbs UV light at wavelengths below 210 nm (Kelly et al., 2005)
resulting in poor signal-to-noise ratio. Local tertiary structural changes were monitored using
a Jasco FP-6300 fluorescence spectrophotometer (Analytical Solutions, South Africa) (see
section 2.2.6.3). Emission spectra were recorded over a range of 280 — 500 nm at an excitation

wavelength of 280 nm.

2.2.10 Thermal Unfolding

Unfolding studies included thermal denaturation of wtFOXP2-FHD and the Y540F mutant in
order to characterise the enthalpy of unfolding (4H.), transition temperature (7,,) and entropy
of unfolding (A4S,,) for each protein, in the instance that thermal unfolding was observed to be
reversible. Unfolding was monitored by CD spectropolarimetry at a wavelength of 222 nm
using a Jasco J-810 Spectropolarimeter (Analytical Solutions, South Africa) coupled to a
Peltier Thermostatted Cell Holder, using a Hellma® 2 mm quartz absorbance cuvette (Merck,
USA). Thermal unfolding was conducted over a temperature range of 20 — 70 °C with data

recorded at 1°C increments for both wtFOXP2-FHD and the Y540F mutant.

2.2.11 Data Fitting

Curve fitting of equilibrium unfolding data obtained from far-UV CD and intrinsic tryptophan
fluorescence emission measurements was achieved by regression modelling. Regression was
conducted in an iterative process of nonlinear curve fitting estimations, constrained by user-
defined parameters, until fit convergence was reached (SigmaPlot v14.0). Thermodynamic
parameters of folding were calculated computationally from the fitted curve (SigmaPlot v14.0).
Both a two-state monomer (N < U) and three state monomer (N < [ & U) model was used in
data fitting. Prior to fitting, all data was normalised in order to visualise and compare different

spectroscopic signals on a single scale according to:

' _ (Yobv - YU)
ormalised (YN _ YU)

Y, (6)
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where Y,5, 1s the signal obtained from either far-UV CD or intrinsic tryptophan fluorescence
emission at a specific concentration of GdnHCI, Yu is the signal of the unfolded protein
determined from the linear fit of data in the pre-transition region and extrapolated to zero
denaturant, and Yy is the signal of the native protein determined from the linear fit of data in

the post-transition region and extrapolated to zero denaturant.

2.2.11.1 Two state monomeric model (N & U )

The two-state monomeric model assumes that the folding pathway is only populated by protein
either in a native (N) or unfolded (U) conformation. Therefore, the sum of the native and

unfolded fractions of protein are equal to unity:
fot fu=1 @

where fu and fy are the fractions of unfolded and native protein, respectively. The contribution
to signal arises from concentrations of protein in both an unfolded and native conformation,

whereby:
Y=Yfv+ Yufu (8)

where Y is the value of the signal obtained, dependent on the respective spectroscopic probe,
Yvand Yy are the signals of the native and unfolded protein determined from the linear fit of
data from the pre- and post-transition regions extrapolated to zero denaturant, respectively, and
fv and fu are the fractions of native and unfolded protein, respectively. Substituting equations

(7) and (8) yields an expression for fi and fy as:

fu =g and fy = o0 9, 10)

T (Yn-Yy) Yu-Yn)

The equilibrium constant for the unfolding reaction can be described as:

TR an
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and therefore by substitution of equations (9), (10), and (11), and rearrangement:

K=t v (12)
YU_Y

Gibbs-Helmholtz free energy change (4G) may be expressed as:
AG = —RT In(K) (13)

where R is the gas constant, equivalent to 8,3145 J.mol'.K"!, T'is the temperature measured in
Kelvin, and KX is the equilibrium constant calculated in equation (12). If it is assumed that AG
for each step of the reaction is linearly dependent on the denaturant concentration (Pace, 1986),

the free energy change in the absence of denaturant may be calculated as:
AG = AGyyo — m[D] (14)

where AGm20 is the free energy change in the absence of denaturant, m is the cooperativity of
the reaction which relates to solvent accessible surface area of the protein during unfolding,
and [D] refers to the concentration of denaturant. Therefore, substitution of equation (13) into

equation (14) gives:

Yy + Yy - e ~(8Gh20—m[D])/RT

U™ {4 e—(Gyzo-m[D])/RT

(15)

fu was plotted against [GdnHCI]. Data for unfolding fitted to this equation was used to
calculate AGw20 and m for unfolding, and lastly, [GdnHClI] .
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2.2.11.2 Three-state monomeric model (N < [ & U)

The three-state monomeric model assumes that the folding pathway is populated by protein in
a native (N), unfolded (U), or stable intermediate (I) conformation. Therefore, the sum of the

native, accumulated intermediate, and unfolded fractions of protein are equal to unity:

futhitfv=1 (16)

where fu, f1 and fy are the fractions of unfolded, intermediate and native protein, respectively.
The contribution to signal arises from concentrations of protein in both an unfolded,

intermediate, and native conformation:
Y=Ywfv+Vfi+ Yufy (17)

where Y is the value of the signal obtained, dependent on the respective spectroscopic probe,
Yn Y1, and Yy are the signals of the native, intermediate, and unfolded protein determined from
the linear fit of data from the pre-transition, stable intermediate, and post-transition regions
extrapolated to zero denaturant, respectively. Two equilibrium constants describe the full

reaction, the first describing N < I transition and the second the I < U transition:

— 1 _n =W _fu
Kvor= (=7, ad Kov="17=7 (18, 19)

where Ky.,; and K,y are the equilibrium rate constants for the native to intermediate

transition, and intermediate to unfolded transition, respectively.

The Gibbs-Helmholtz free energy change (4G) for each equilibrium constant, according to

equation (13), may be expressed as:
AGNHI = —RT lTl(KNHI) and AGIHU = —RT ln(KIHu) (209 21)
If it is assumed that AG for each step of the reaction is linearly dependent on the denaturant

concentration (Pace, 1986), the free energy change in the absence of denaturant for each

transition may be calculated as:
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AGyor = AGyzo nor — Myor[D] and  AGioy = AGyzo 1ov — MoylD] (22, 23)

where AGy.,; and AG,.,y is the free energy change in the absence of denaturant for the N < I
and [ & U transitions, respectively. my,; and m; . is the cooperativity of the reaction for the
N < I and I & U transitions, respectively, which relates to solvent accessible surface area of

the protein during unfolding. [D] refers to the concentration of denaturant.

Substitution and rearrangement of equations (16) through (23) yields an expression for fu:

—(AGH20 NI “MNo1[D]) —(AGHz0 Nol —MNo[P])  —(AGH20 16U —Myoy[D])
Yv+ Y-e RT +Y,-e RT ‘e RT
v~ —(AGH20 N1 ~MNo1[D]) —(AGHz0 Nol ~MNoI[D])  —(AGH20 16U ~Mioy[D])
1+ e RT + e RT e

fuwas plotted against [GdnHCI]. Data for unfolding fitted to this equation was used to calculate
AGHZO NolI AGHZO 1IN mNHI, and mIHU fOI‘ unfoldlng, fOllOWGd by [GdnHCl] 1/2 fOI’ the

N & [ and [ & U transitions.

2.2.11.3 Single Data Set Curve Fitting and Global Curve Fitting

Both single data set curve fitting and global curve fitting were conducted for the data sets
obtained from equilibrium unfolding studies monitored by both far-UV CD and intrinsic
tryptophan fluorescence. A parameterised two-state (N <> U) and three-state (N < I < U)
folding model was applied to each data set in order to obtain a curve of best fit. Parameters for
the two-state model included Yv and Yy where each value refers to the signal of the unfolded
protein determined from the linear fit of data in the pre- and post-transition region, and
extrapolated to zero, respectively. The three-state model had an additional parameter — ¥; —
which referred to the linear fit of the data in the region of the stable intermediate, extrapolated
to zero. The model fit was accepted if the R?-value for the fit was >0,95. This indicates that the
variance of the regression model accounts for at least 95 % of the variance of the observed
values, meaning that the fitted curve significantly modelled a two- or three-state folding

mechanism (depending on the fit).
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Single data set curve fitting was conducted to assess if the equilibrium unfolding data could be
accurately predicted by a two- or three-state folding mechanism. Global curve fitting was
conducted to calculate the thermodynamic parameters for each equilibrium unfolding study
(incorporating both unfolding and refolding data for fitting) monitored by either far-UV CD or
intrinsic tryptophan fluorescence. Global curve fitting allows for the simultaneous analysis of
multiple data sets (for example, data for all unfolding and refolding studies obtained from both
spectroscopic techniques) in order to derive global model parameters that are consistent with
all data sets under the same experimental conditions (such as AGm20, m and [GdnHCI]12 over

the same range of GdnHCl concentrations) (Herman and Lee, 2012).
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Chapter 3: Results

FOXP2-FHD has been observed to not readily form domain swapped dimers in solution,
despite this being a prerequisite for its involvement in transcriptional regulation. Successful
domain swapped dimerisation depends on the folding pathway undertaken by participating
unfolded monomers and the potential interchain interactions that occur between them along
such a pathway. Therefore, in order to elucidate the reduced dimerisation propensity of
FOXP2-FHD in solution, the folding mechanism and stability of wtFOXP2-FHD, alongside a
dimer-prone mutant (Y540F), was investigated. DNA binding studies were conducted for both
wtFOXP2-FHD and the Y540F mutant to ensure DNA recognition and binding function were
retained post-purification, and to investigate the effect of DNA presence on the dimerisation
propensity for both proteins. Quaternary structural analysis (by SEC) was conducted to
examine the Ky of dissociation of dimer into monomer for both proteins in solution, before and
after denaturation. The secondary and tertiary structures of wtFOXP2-FHD and the Y540F
mutant were characterised (by far-UV CD and intrinsic tryptophan fluorescence emission,
respectively) to obtain spectral signatures for each protein, and to observe if there existed any
significant structural differences between the wild-type and mutant protein as a result of the
Y 540F mutation. Lastly, equilibrium unfolding studies in the presence of GdnHCI, and thermal
unfolding studies, were conducted. This was to establish the folding pathway and stability for
each protein, and to calculate their corresponding thermodynamic parameters of folding, which
describe their respective free energies of conformation, folding cooperativity, enthalpies of
unfolding, and denaturant / temperature unfolding midpoints. Overview and comparison of
DNA binding studies, structural characterisation, and equilibrium unfolding studies for both
wtFOXP2-FHD and the dimer prone Y540F mutant, will shed light on the folding mechanism
and stability of FOXP2-FHD, and hence, allow for a better understanding of how its structure

contributes to its ability to domain swap dimerise.

3.1 Plasmid Sequence Verification

Sequencing of the recombinant pET-11a plasmid coding for wtFOXP2-FHD showed that the
codon optimised hexahistidine-tagged wtFOXP2-FHD gene insert was present (Figure 11). In
addition, sequencing results obtained for plasmid DNA coding for the Y540F mutant

confirmed the incorporation of a single mutation at the desired location with no additional
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mutations incorporated during the thermocycling reaction (Figure 11A). This resulted in a
substitution of phenylalanine for tyrosine at position 540 in the FOXP2-FHD (Figures 11A and
11B). Both the sequenced wtFOXP2-FHD and Y540F mutant plasmids were extracted from
their respective transformed T7 Competent E. coli cell lines, indicating that transformation was

successful for both expression systems.
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Figure 11: Chromatograms of sequence identity for wtFOXP2-FHD and Y 540F mutant, and

amino acid sequence pairwise alienment

(A) Thymine was successfully substituted for adenine (highlighted bar) following site-
directed mutagenesis, resulting in a Tyr — Phe amino acid substitution. (B) Pairwise
alignment of the amino acids sequences of wtFOXP2-FHD and the Y540F mutant, indicating
the location of the Tyr — Phe amino acid substitution with respect to the full sequence of

each protein.
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3.2 Protein Purification and Molecular Weight Determination

Following overexpression and cell lysis (see section 2.2.2), wtFOXP2-FHD and Y 540F mutant
protein was purified from soluble cell lysate using Ni**-charged IMAC-FPLC (see section
2.2.2). Lysate was loaded onto the column and fractions collected during elution with elution
buffer (20 mM Tris-HCI, 500 mM sodium chloride, 500 mM imidazole at pH 7,5) when
absorbance was measured to exceed the baseline value (Figure 12A and 12B). Both wtFOXP2-
FHD and Y540F mutant protein eluted from the IMAC column in two peaks: one
corresponding to column-bound protein contamination, and the other to overexpressed protein

(Figure 12A and 12B).

Collected eluent was analysed by discontinuous tricine SDS-PAGE to determine protein purity
and molecular weight for both wtFOXP2-FHD and Y540F mutant. The samples resolved by
electrophoresis included: supernatant from centrifuged lysate, resuspended insoluble pellet
(shown for wild-type), elution flow through, and fractions eluted with elution buffer (Figures
12C and 12D). Purified wtFOXP2-FHD was resolved alongside the Y540F elution fraction to
qualitatively compare the sizes and gel migration distances of both proteins (Figure 12D).
A protein molecular weight ladder was resolved alongside samples to determine molecular
weights of protein in samples. Both wtFOXP2-FHD and Y 540F mutant proteins were observed
to fully bind the Ni**-charged IMAC column evidenced by absence of overexpressed protein
in their relative flow through eluents (Figures 12C and 12D). Purification of wtFOXP2-FHD
showed a low volume of column-bound contaminant, and eluted with a purity of 97,9 %
(Figure 12C). Y540F mutant showed the presence of considerable protein contaminants in the
elution fraction, however eluted without significant contamination of the protein product, with
a purity of 95,5 % (Figure 12D). The bands relating to wtFOXP2-FHD and Y 540F mutant were

similar in size and gel migration distance (Figure 12D).

Molecular weights of wtFOXP2-FHD and the Y540F mutant were determined by extrapolation
by standard curve (Figures 12E and 12F). wtFOXP2-FHD was calculated to have a molecular
weight of 15,2 kDa (Figure 12E) and the Y540F mutant protein was calculated to have a
molecular weight of 13,6 kDa. The sample of wtFOXP2-FHD protein run alongside the Y540F
mutant was calculated to have a molecular weight of 14,5 kDa (Figure 12F). The theoretical
molecular weights of wtFOXP2-FHD and Y540F mutant are 12,2 kDa and 12,1 kDa,

respectively. Although there is a discrepancy between the calculated molecular weights and
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theoretical molecular weights of both proteins, it is not uncommon for this to be observed for
molecular weight determination by SDS-PAGE, as it is a low-resolution molecular weight
determination technique (Matsumoto et al., 2019). Regardless of the discrepancy in determined
molecular weight, it can be confidently assumed that each resolved protein corresponds to the
desired, overexpressed recombinant protein because: (1) each expressed protein contained a
hexahistidine Ni**-affinity tag, (2) was purified by Ni**-affinity chromatography, (3) eluted
with >95 % purity, and (4) is observed to exist predominantly after column washing with
elution buffer, and not during previous washing steps (with equilibration / salt buffer) (Figures

12C and 12D).
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Figure 12: Purification of wtFOXP2-FHD and the Y540F mutant

(A) Elution profile of wtFOXP2-FHD purification. Supernatant was injected onto the IMAC

column and flow through eluted over 80 mL at 5 mL/min (4), followed by salt wash, and
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elution with elution buffer (5, 6). Two fractions were collected during elution with elution
buffer: one corresponding to column bound contaminant (5) and the other to purified
wtFOXP2-FHD protein (6). The number indicated above eluted peak (4, 5, 6) relate to gel
lanes in (C). (B) Elution profile of the Y540F mutant. Supernatant was injected onto the
column and eluted over 40 mL at 5 mL/min (3), followed by salt wash, and elution with
elution buffer (4, 5). Two fractions were collected during elution with elution buffer: one
corresponding to column bound contaminant (4) and the other to Y540F mutant protein (5).
The number indicated above eluted peak (3, 4, 5) relates to gel lanes in (D). (C) Tricine SDS-
PAGE gel of wtFOXP2-FHD purification. Lanes 1 — 6 correspond to: molecular weight
marker (1), lysate supernatant (2), resuspended cell pellet (3), eluted flow through (4),
column bound contaminant (5), and purified wtFOXP2-FHD protein (6). (D) Tricine SDS-
PAGE gel of Y540F mutant purification. Lanes 1 — 6 correspond to: molecular weight marker
(1), lysate supernatant (2), eluted flow through (3), column bound contaminant (4), purified
Y 540F mutant protein, and previously purified wtFOXP2-FHD protein for comparison (6).
(E) Standard curve of wtFOXP2-FHD purification. A line of best fit was fitted by least
means squares regression to the logarithm of protein standard molecular weights against
relative mobility of the standards (R? = 0,96). wtFOXP2-FHD was extrapolated to have a
molecular weight of 15,2 kDa (red). (F) Standard curve of Y540F mutant purification. A line
of best fit was fitted by least means squares regression to the logarithm of protein standard
molecular weights against relative mobility of the standards (R? = 0,95). Y540F mutant was
extrapolated to have a molecular weight of 13,6 kDa (red) in comparison with wtFOXP2-
FHD which had a differing molecular weight of 14,5 kDa (green).

33 DNA Binding Studies

EMSAs were conducted for both wtFOXP2-FHD and the Y540F mutant to ensure DNA
recognition and binding function were retained post-purification. As aforementioned in section
1.5, the presence of DNA has been observed to promote dimerisation of FOXP2-FHD and a
F541C variant (Morris and Fanucchi, 2016; HauBBermann et al., 2019). Therefore, EMSAs were
additionally conducted to investigate the effect of DNA presence on the dimerisation
propensity for wtFOXP2-FHD and the Y540F mutant. wtFOXP2-FHD was observed to form
a protein-DNA complex at a ratio of DNA : protein (D : P) = 3 :1 (Figure 13A). A possible
dimeric form of wtFOXP2-FHD was observed to bind DNA ata D : P ratio of 1 : 5, although
it was hardly detectable (Figure 13A). Y540F mutant protein was observed to form a
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protein-DNA complex at a D : P ratio of 2 : 1, also with a possible dimeric state observed at a

ratio of 1 : 2 (Figure 13B).

C

Protein (uM) 0 0,17 0,25 0,5 1,0 1,5 25 4.0 5,0
DNA (uM) 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5
Ratio

DNA : Protein 1:0 3:1 2:1 1:1 1: 2 1:3 1:5 1:8 1:10
(D:P)

Figure 13: EMSA of wtFOXP2-FHD and Y540F protein with Nelson DNA oligonucleotide

(A) wtFOXP2-FHD formed a protein-DNA complex at a DNA : protein ratio of 3 : 1 (orange
arrow) and assumed a possible dimeric conformation at a ratio of 1 : 5 (red arrow). (B)

Y 540F mutant formed a protein-DNA complex at a DNA : protein ratio of 2 : 1 (green arrow)
and assumed a possible dimeric conformation at a ratio of 1 : 2 (red arrow). (C) Table

relating lane number to protein and DNA concentrations, and their ratios.
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3.4 Structural Characterisation

3.4.1 Quaternary Structural Characterisation

Analytical SEC was used to determine the molecular weights for both wtFOXP2-FHD and the
Y540F mutant, as well as investigate the proportion of monomeric and dimeric species at
equilibrium for both proteins. Analytical SEC was initially performed on native, freshly
purified protein, whereby protein samples were loaded at three increasing concentrations to
investigate the effect of concentration on dimer formation propensity. wtFOXP2-FHD eluted
as two peaks which correspond to the dimeric and monomeric species of the protein
(Figure 14A). For each sample concentration for wtFOXP2-FHD (138,2 uM, 73,5 uM and
18,2 uM), the monomeric protein species eluted at the 84,3 mL, and the dimeric species eluted
at 73,3 mL (Figure 14A). Furthermore, the Y540F mutant eluted as two peaks also
corresponding to the dimeric and monomeric species of the protein. At each sample
concentration (117,8 uM, 65,1 uM and 17,7 uM), the monomeric species eluted at the 83,1 mL,
and the dimeric species eluted at 71,8 mL (Figure 14A). The molecular weights of elution
fractions were determined by interpolation by standard curve (Figure 14B). wtFOXP2-FHD
monomeric and dimeric species were calculated to have a molecular weight of 12,3 kDa and
24,9 kDa, respectively (Figure 14B). The molecular weights of the monomeric and dimeric
species of the Y540F mutant were calculated to be 13,4 kDa and 27,1 kDa, respectively (Figure
14B). These molecular weights aligned more consistently with the theoretically calculated
molecular weights for wtFOXP2-FHD and the Y540F mutant in comparison to those
determined by SDS-PAGE (section 3.2).

The concentrations of wtFOXP2-FHD and Y540F mutant protein affects each protein’s
dimerisation propensity. For wtFOXP2-FHD, as concentration increased from
18,2 — 138,2 uM, the percentage of dimer eluted decreased from 8,3 % to 6,6 % (Table 1). For
the Y540F mutant, percentage of dimer presence was initially observed to slightly decrease
from 2,5 — 2,3 % as the concentration increased from 17,7 — 65,1 uM, and then increased to
4,5 %, as concentration increased from 65,1 — 117,8 uM (Table 1). The K; value for dimer
dissociation into monomer was calculated as the gradient of the graph [monomer]? against
[dimer] (Figure 15). The K; for wtFOXP2-FHD and the Y540F mutant was calculated to be
1,6 mM and 2,5 mM, respectively, according to the equation (3).
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Table 1: Concentrations and Percentages of wtFOXP2-FHD and Y540F Mutant Species

Eluted from SEC Column at Increasing Total Concentration

Protein Total Cm\tratlon EILIIDtI(:_r(‘Je(r%) —Z;ZZT;’; Dimer (uM) | Monomer (uM)
18,2 8,3 91,7 1,2 17,0
wtFOXP2-FHD 73,5 7,7 92,3 5,6 67,8
138,2 6,6 93,4 11,5 126,7
17,7 2,5 97,5 0,5 17,2
Y540F 65,1 2,3 97,7 1,5 63,6
117,8 4,5 95,5 5,3 112,5
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Figure 14: Analytical SEC for increasing concentrations of wtFOXP2-FHD and Y540F

mutant protein

(A) wtFOXP2-FHD protein was loaded at concentrations 138,2 uM (solid black line),
73,5 uM (dashed black line) and 18,2 uM (dash-dotted black line), and the Y540F mutant at
concentrations 117,8 uM (solid red line), 65,1 uM (dashed red line) and 17,7 uM (dash-dotted
red line). Fractions eluted for wtFOXP2-FHD at 73,3 mL and 84,3 mL, and for Y540F

mutant at 71,8 mL and 83,1 mL, corresponding respectively to the elution of dimeric and

monomeric species of each protein. (B) Standard curve of SEC protein standards against

wtFOXP2-FHD and Y540F elution fractions. A line of best fit was fitted by least mean

squares regression to the logarithm of protein standard molecular weights against relative

mobility of the standards (R? = 0,996). The wtFOXP2-FHD fractions eluted at 73,3 mL and

84,3 mL were interpolated to have molecular weights of 24,9 kDa and 12,3 kDa, respectively,

and the Y540F mutant fractions eluted at 71,8 mL and 83,1 mL were interpolated to have

molecular weights of 27,1 kDa and 13,4 kDa, respectively
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Figure 15: K4 Determination of dimer dissociation into monomer for wtFOXP2-FHD and the

Y 540F mutant

The gradient of the square of eluted monomer concentration against dimer concentration
indicated Ky for both wtFOXP2-FHD and Y540F mutant protein. A line of best fit was fitted
by least mean squares regression for each protein (R?wroxp2-rup = 0,97; R2ysaor = 0,99). The

K, for wtFOXP2-FHD and Y540F mutant was calculated as 1,6 mM and 2,5 mM,

respectively.

Analytical SEC was subsequently conducted to investigate changes in dimer formation
propensity after refolding in GdnHCI. Both proteins were denatured in 6 M GdnHCl, allowed
to equilibrate, and refold to a GdnHCI concentration of 1,38 M, and eluted in GdnHCI buffer
of the same concentration. wtFOXP2-FHD and Y540F mutant were loaded at concentrations
of 61,5 uM and 65,3 uM, respectively, determined by UV-Vis spectroscopy. Both proteins
eluted at lower elution volumes in comparison to the elution profile of native, freshly purified
protein before denaturation. wtFOXP2-FHD eluted in two fraction at 64,49 mL and 76,12 mL,
and Y540F mutant eluted at 65,25 mL and 76,5 mL (Figure 16). Each fraction was assumed to
correspond with dimeric and monomeric species, eluting at lower volumes as a result of the
protein still exhibiting partial denaturation, and hence exhibiting a larger hydrodynamic
volume. The difference in elution volume correlating to the difference between dimer and
monomer peaks of refolded wtFOXP2-FHD and Y 540F mutant in GdnHCI was 11,6 mL and

11,3 mL, respectively. This difference very closely compares with the difference in elution
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volume between dimer and monomer peaks of native protein before denaturation (wtFOXP2-

FHD elution volume difference = 11,0 mL and Y540F elution volume difference = 11,3 mL).

Under these conditions, wtFOXP2-FHD eluted predominately as a dimeric species (55,1 % of
total eluted protein) and the Y540F mutant eluted mainly as a monomeric species (64,8 % of
total eluted protein) (Figure 16). These percentages differ considerably from the percentage of
eluted dimer and monomer for freshly purified wtFOXP2-FHD and Y540F mutant. After
refolding, there was an increase of 47,4 and 32,9 percentage points for eluted dimer for
wtFOXP2-FHD and the Y540F mutant, respectively. The Ky for each protein could not be
determined by linear regression as only one data point was available and so it is rather
expressed as a simple ratio according to equation (3). The Ky for refolded wtFOXP2-FHD and
Y 540F mutant is 22,5 uM and 77,9 uM, respectively. This relates to an ~69-fold and ~31-fold
increase in dimer presence of wtFOXP2-FHD and Y540F mutant protein, respectively,

following denaturation in GdnHCI and equilibrium refolding.
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Figure 16: Elution profile of wtFOXP2-FHD and Y540F mutant after equilibrium refolding
in GdnHCI

wtFOXP2-FHD and Y540F protein were loaded at concentrations of 61,5 uM and 65,3 uM,
respectively. wtFOXP2-FHD eluted first at a lower elution volume in comparison to the
Y 540F mutant. wtFOXP2-FHD was observed to exist predominantly as a dimeric species
(55,1 % total protein) as opposed to a monomeric species (44,9 % total protein) (black solid
line). In the case of the Y540F mutant, both a dimeric species (35,2 % total protein) alongside

a mainly monomeric species (64,8 % total protein) was observed (red solid line).

3.4.2 Secondary Structural Characterisation

Far-UV CD spectropolarimetry was used to determine the secondary structural profile of both
wtFOXP2-FHD and the Y540F mutant. Data was recorded between wavelengths
250 — 206 nm (Figure 17A), while high tension voltage remained below 700 V (Figure 17B).
wtFOXP2-FHD and Y540F mutant showed minima at 222 nm and 208 nm, indicating

predominantly a-helical structure (Figure 17A).
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Figure 17: Far-UV CD spectra for wtFOXP2-FHD and Y540F mutant.

(A) The CD spectra for wtFOXP2-FHD (solid black line) and the Y540F mutant (solid red
line) showed minima at 222 nm and 208 nm, indicating predominantly a-helical structure.
(B) High tension voltage of measurements made in (A). Data was collected for wtFOXP2-
FHD (solid black line) and Y540F (solid red line) while high tension voltage remained below
700 V.
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3.4.3 Tertiary Structural Characterisation

Intrinsic tryptophan fluorescence emission was used to obtain emission spectra for both
wtFOXP2-FHD and the Y540F mutant in order to characterise their tertiary structures. This
was accomplished through monitoring the shift in fluorescence signal emitted by tryptophan
residues in each protein, as a result of their exposure to the local solvent environment, and
hence, positional relationship to tertiary structure. Both wtFOXP2-FHD and Y540F mutant
have three tryptophan residues: one buried in the hydrophobic core (Trp548) and two solvent
exposed (Trp533 and Trp573) (Figure 18).

Trp548

Figure 18: Location of tryptophan residues in wtFOXP2-FHD.

wtFOXP2-FHD has three tryptophan residues (purple): one buried in the hydrophobic core
(Trp548) and two solvent exposed (Trp533 and Trp573). The hydrophobic core is comprised
of Trp548 located on H3, and aromatic residues located on H1 and H2 of the protein (green).

The fluorescence spectra were obtained at excitation wavelengths of 280 nm and 295 nm. At
280 nm, tryptophan and tyrosine residues contribute to fluorescence signal, while at 295 nm,
tryptophan alone contributes to the signal. An excitation wavelength of 280 nm was used to
account for differences in fluorescence signal between wtFOXP2-FHD and the Y540F mutant
which may arise from the Tyr — Phe substitution. An excitation wavelength of 295 nm was

used to solely monitor tryptophan residues, and hence observe if the tryptophan residues of the
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Y540F mutant occupy different degrees of solvent exposure resulting from the Tyr — Phe
substitution in comparison with wtFOXP2-FHD. Emission maxima for both proteins were
observed at 330 nm and 340 nm. These maxima correspond to fluorescence emission from the
hydrophobically buried Trp548 residue, and solvent exposed Trp533 and Trp573 residues,
respectively (Figure 19). This was observed for both excitation wavelengths (Figure 19). The
fluorescence intensity of the Y540F mutant spectrum excited at 280 nm is greater than that of
the wtFOXP2-FHD spectrum as a result of technical error, whereby a higher concentration
(~0,1 uM) of protein was excited for Y540F (Figure 19). The effect of tyrosine to phenylalanine
substitution in the Y540F mutant was undetectable in the emission spectra monitored at an
excitation wavelength of 295 nm. This indicates that the tryptophan residues for both
wtFOXP2-FHD and the Y540F are at the same degree of solvent exposure for each protein

despite the Tyr — Phe substitution in the mutant.
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Figure 19: Fluorescence emission spectra for wtFOXP2-FHD and theY540F mutant at

excitation wavelengths 280 nm and 295 nm.

Emission maxima at 330 nm (green arrow) and 340 nm (blue arrow) are present in spectra for
both wtFOXP2-FHD and Y540F mutant at excitation wavelengths of 280 nm and 295 nm.
The Y540F mutant excited at 280 nm (solid red line) emitted at a higher intensity in
comparison with wtFOXP2-FHD excited at the same wavelength (solid black line). Both
proteins showed overlapping emission spectra when excited at 295 nm (dashed black line —
wtFOXP2-FHD, dashed red line — Y540F mutant). This indicates that the tryptophan residues
for both wtFOXP2-FHD and the Y540F are at the same degree of solvent exposure for each

protein.

3.5  Equilibrium (Un)Folding Studies

Equilibrium unfolding studies were performed to characterise the folding mechanism,
cooperativity (m), conformational stability (4Gu20) and denaturation midpoint ([GdnHCl]1.2)
of wtFOXP2-FHD and Y540F mutant protein. The folding mechanism of a protein describes
the pathway the protein undertakes in order to adopt its native state from its initial unfolded

polypeptide chain. The pathway is populated with a discrete number of folded protein states at
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equilibrium (Walters et al., 2009). Equilibrium unfolding studies aim to denature a protein at
discrete points along its folding pathway. The fraction of unfolded protein is determined by
spectroscopic probe, such as far-UV CD spectropolarimetry or intrinsic tryptophan
fluorescence emission. Through sequentially plotting the fraction of unfolded protein over the
range of denaturant conditions, a folding mechanism for a particular protein may be described
(Pace, 1986). Studies were conducted using GdnHCI as a chemical denaturant, and were
monitored spectroscopically by far-UV CD spectropolarimetry for ellipticity values at 222 nm,
and by intrinsic tryptophan fluorescence emission. For intrinsic tryptophan fluorescence, an
excitation wavelength of 280 nm was opted for in order to monitor possible changes in
fluorescence signal resulting from the Tyr — Phe substitution in the Y540F mutant as tyrosine
and phenylalanine contribute differently to fluorescence emission signal. Monitoring at
280 nm hence allowed for the comparison of intrinsic tryptophan fluorescence emission data
obtained for wtFOXP2-FHD and the Y540F mutant. Tertiary structural changes were
monitored at emission wavelengths 330 nm and 340 nm with an excitation wavelength of
280 nm. Emission wavelengths of 330 nm and 340 nm correspond, respectively, to intrinsic
tryptophan fluorescence emission of hydrophobically buried Trp548, and solvent exposed
Trp533 and Trp573, respectively. The monitoring of the change in tertiary structure with
respect to denaturant concentration at both emission wavelengths was useful in order to
simultaneously account for tertiary structural changes affected at the protein surface and

hydrophobic core.

Curve fitting and global curve fitting were conducted for the data sets obtained from
equilibrium unfolding studies monitored by both far-UV CD and intrinsic tryptophan
fluorescence. A parameterised two-state U <> N unfolding and three-state U < I <> N model
was applied to each data set in order to obtain a curve of best fit. The model fit was accepted

if the R2-value for the fit was greater than 0,95.

3.5.1 Recoverability and Reversibility of wtFOXP2-FHD and Y540F Mutant

In order for thermodynamic parameters to be derived from equilibrium unfolding studies,
reversibility of the folding pathway of a protein must be established (Pace, 1986), and
recoverability of native protein following denaturation must be confirmed. wtFOXP2-FHD and
Y 540F mutant protein were denatured in GdnHCI and left to reach equilibrium. Changes in

secondary and tertiary structure recoverability was assessed by far-UV CD spectropolarimetry
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at a wavelength of 222 nm, and intrinsic tryptophan fluorescence at excitation wavelength of
280 nm. Spectra were collected for native protein, denatured protein in 6 M GdnHCI, and
refolded protein at a GdnHCI concentration of 0,5 M (Figure 20). wtFOXP2-FHD exhibited a
percentage recovery of native signal of ~89 % when calculated using far-UV CD (Figure 20A),
and ~100 % using intrinsic tryptophan fluorescence signals (Figure 20B), respectively. The
percentage recovery of native signals from the Y540F mutant were similar, exhibiting ~82 %
recovery when calculated using far-UV CD (Figure 20C), and ~96 % recovery when calculated
using intrinsic tryptophan fluorescence emission (Figure 20D). The reversibility of
denaturation is evidenced by the overlap of unfolding and refolding curves (Figures 20B and

20D).
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Figure 20: Recoverability of wtFOXP2-FHD and Y540F mutant protein after denaturation in
GdnHCI.

Percentage recovery was calculated by monitoring secondary and tertiary structures of
wtFOXP2-FHD and the Y540F mutant. Secondary structure was monitored by far-UV CD
for values of ellipticity at 222 nm below a high-tension voltage of 700 V. Tertiary structure
was monitored by intrinsic tryptophan fluorescence emission at an excitation wavelength of

280 nm. (A and B) wtFOXP2-FHD exhibited a percentage recovery of native signal of

~89 % and ~100 % when calculated from far-UV CD spectropolarimetry (A) and intrinsic
tryptophan fluorescence (B) signals. (C and D) The Y540F mutant exhibited a percentage
recovery of native signal of ~82 % and ~96 % when calculated from far-UV CD

spectropolarimetry (C) and intrinsic tryptophan fluorescence emission (D) signals.
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3.5.2 Secondary Structural Monitoring: GdnHCI Equilibrium (Un)Folding
Studies

3.5.2.1 wtFOXP2-FHD

Both the unfolding and refolding of wtFOXP2-FHD exhibited a single transition from N < U
when monitored using far-UV CD (Figure 21A). Data for unfolding and refolding was
superimposable for the post-transition and pre-transition regions of the data sets but became
more sparsely distributed with respect to each data set in the transition region between GdnHCl
concentrations of 2 — 3,5 M (Figure 21A). Despite this dispersion, a two-state folding curve
could be fit for both unfolding data (R?> = 0,98) and refolding data (R? = 0,99) monitored by
far-UV CD (Figure 21A). In addition, the fitted curves did not overlay. A global fit of
wtFOXP2-FHD equilibrium unfolding and refolding studies monitored by far-UV CD satisfied
a two-state folding mechanism (Figure 21B). From this fit, thermodynamic parameters for
unfolding were calculated, whereby: AGu20 = 25,8 2,7 kl.mol™!, m = 6,7 + 0,7 kl.mol'*. M,
and [GdnHCl]12 = 3,8 M.

3.5.2.2 Y540F Mutant

Secondary structural unfolding of the Y540F mutant underwent a single transition from
N < U over a GdnHCI concentration range of 3,25 M — 4,5 M (Figure 21C). In contrast, the
refolding of the secondary structure displayed two transitions: the first between 3,5 M —4,5 M
and the second between 1,5 M and 2,25 M GdnHCI (Figure 21C). A stable secondary structural
intermediate was observed over GdnHCI concentrations of 2,25 M — 3,5 M, exhibiting a
unfolded fraction of 39 — 42 % secondary structure (Figure 21C). The data for unfolding was
fitted by regression modelling to a two-state unfolding curve (R? = 0,99), and the data for
refolding to a three-state curve (R? = 0,996). The folding mechanism of the Y540F mutant was
disparate, whereby the secondary structure of the mutant unfolds by a two state mechanism
N — U and refolds according to a three-state mechanism U — I — N (Figure 21D). As folding
for the Y540F mutant is not reversible by virtue of the unfolding and refolding curves not being

superimposable, thermodynamic parameters for the Y540F mutant could not be determined.
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Figure 21: Far-UV CD Monitoring of ellipticity at 222 nm for wtFOXP2-FHD and the

Y 540F mutant

(A) Data for the fraction of unfolded wtFOXP2-FHD protein plotted against GdnHCl

concentration during unfolding (black circle) and refolding (red circle). Error bars indicate a

standard error of the mean. The unfolding and refolding of wtFOXP2-FHD is fitted to a two-

state folding mechanism, N & U. The two-state fit for unfolding and refolding had an R? =

0,98 and R? = 0,99, respectively. (B) A two-state folding mechanism was fit to data points
from unfolding and refolding of wtFOXP2-FHD monitored by far-UV CD (R? = 0,98). Error

bars indicate standard error of the mean. From this fit, thermodynamic parameters for
unfolding were calculated, where: AG20 = 25,8 2,67 kJ.mol'!, m = 6,7 + 0,7 kJ.mol''. M"!,
and [GdnHCl]12 = 3,8 M. (C) Data for the fraction of unfolded Y540F mutant protein plotted

81



against GAnHCI concentration during unfolding (black circle) and refolding (red circle).
Error bars indicate a standard error of the mean. The unfolding of Y540F mutant is fitted to a
N — U two-state folding mechanism (R? = 0,99) and refolding is fit to a U — I — N three-
state folding mechanism (R? = 0,996). (D) wtFOXP2-FHD structure monitored by far-UV
CD folds according to a N <> U two-state mechanism (black solid line), while the Y540F
mutant unfolds by a N — U two-state mechanism (red solid line) and refolds by a three-state
U — I — N mechanism (red dashed line). The denaturation midpoint of wtFOXP2-FHD
unfolding occurs at a GAnHCI concentration in comparison with the unfolding curve of the

Y 540F mutant.

3.5.3 Tertiary Structural Monitoring: GdnHCI Equilibrium (Un)Folding
Studies

3.5.3.1 wtFOXP2-FHD

Intrinsic tryptophan fluorescence emission monitored at wavelengths 330 nm and 340 nm
revealed that both tertiary structural unfolding and refolding occurred over a single transition
(Figure 22A). Differences in [GdnHCl]1.2 for unfolding and refolding were observed depending
on the monitored wavelength. For unfolding and refolding, intrinsic tryptophan fluorescence
monitored at 340 nm — relating to solvent exposed tryptophan residues Trp533 and Trp573 —
revealed a lower [GdnHCl]12 in comparison to the [GdnHCl]i/; from fluorescence monitored
at 330 nm, relating to the hydrophobically buried tryptophan Trp548 (Figure 22A). This is not
evidence for hysteresis; rather, an equilibrium of unfolded / refolded species which exhibit
fully solvent exposed Trp533 and Trp573 residues occurs at a lower GdnHCI concentration in
comparison to an equilibrium of unfolded / refolded species exhibiting fully solvent exposed
Trp548. This implies that the tertiary structural elements of the protein which are more solvent
exposed unfold initially, and then are gradually followed by the unfolding of interior tertiary
structure. In terms of refolding, this implies that interior tertiary structure refolds first, followed
by solvent exposed tertiary structure. Two-state unfolding curves were fitted to the data
(R?3300m un. = 0,999; R%3400m Un. = 0,999; R?3300m re. = 0,998; R?340nm re. = 0,998) (Figure 22A).
While the fitted curves for unfolding and refolding monitored at emission wavelengths of either
330 nm or 340 nm are superimposable, each pair of unfolding / refolding of curves for emission

at 330 nm or 340 nm is not superimposable with one another (Figure 11C). Therefore, the
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folding of interior and solvent exposed tertiary structure for wtFOXP2-FHD is reversible, but

does not occur over the same GdnHCI concentration.

A two-state unfolding curve was globally fit to the data for wtFOXP2-FHD intrinsic tryptophan
fluorescence (R?=0,997) in order to obtain the thermodynamic parameters of tertiary structural
folding, calculated as: AGmo = 31,9 + 0,8 klmol!, m = 8,2 + 0,2 kl.mol''M!, and
[GdnHCl]12 = 3,9 M (Figure 22B).

3.5.3.2 Y540F Mutant

Intrinsic tryptophan fluorescence emission monitored at wavelengths of 330 nm and 340 nm
revealed that both tertiary structural unfolding and refolding occurred over a single transition
(Figures 22C). Differences in [GdnHCl]i» for unfolding and refolding were observed
depending on the monitored wavelength. For unfolding, intrinsic tryptophan fluorescence
monitored at 340 nm — relating to solvent exposed tryptophan residues Trp533 and Trp573 —
revealed a lower [GdnHCl]i» in comparison to [GdnHCI]i2 from emisison monitored at
330 nm, relating to the hydrophobically buried tryptophan Trp548 (Figure 22C). This would
imply that an equilibrium of unfolded / refolded species which exhibit fully solvent exposed
Trp533 and Trp573 residues occurs at a lower GdnHCI concentration in comparison to an
equilibrium of unfolded / refolded species exhibiting fully solvent exposed Trp548. Therefore,
the tertiary structural elements of the protein which are more solvent exposed unfold initially,

and then are gradually followed by the unfolding of interior tertiary structure.

Tertiary structural refolding monitored at 330 nm and 340 nm also revealed a lower
[GdnHCI]1/2 340nm than [GAnHCI]1/2 3300m (Figure 22C). In comparison with unfolding, the data
for tertiary structural refolding exhibited a more significant difference between denaturation
midpoints when monitored at either 330 nm and 340 nm (Figure 22C), whereby
[GdnHCI]1/23300m = 3,7 M and [GdnHCl]1/2 340nm = 3,6 M. Therefore, half of the folded fraction
of Y540F mutant protein exhibits tryptophan residue Trp548 reburied within the protein
interior at a higher concentration of GdnHCI (3,7 M) in comparison to Trp533 and Trp573
which only return to their respective degree of solvent exposure at a lower [GdnHCI] (3,6 M).
This implies that interior tertiary structural components first refold, followed by solvent

exposed tertiary structure — a clear reflection of the aforementioned unfolding mechanism.
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The fitted curves generated from equilibrium unfolding data monitored at 330 nm and 340 nm
significantly overlay (Figure 22C). This implies that the interior and surface exposed tertiary
structure of the Y540F mutant denatures to similar degrees of solvent exposure over the
sequential increase of GdnHCI concentration. In addition, the fitted curve for refolding
monitored at 330 nm overlays with the corresponding unfolding curve monitored at 330 nm
(corresponding to Trp548) (Figure 22C). This suggests that the interior tertiary structure of the
protein unfolds and refolds according to the same mechanism. However, while both
equilibrium unfolding and refolding monitored at 340 nm each exhibit a two-state folding
mechanism, there is evidence for hysteresis as both curves differ significantly by their
respective [GdnHCl]i.2, and do not overlay with one another (Figure 22C). This indicates that
the surface exposed tertiary structure of the Y540F mutant unfolds and refolds according to
differing folding pathways, although each mechanism is two-state. Therefore, while both the
interior and surface exposed tertiary structure of the Y540F mutant unfolds by the same
mechanism, the refolding pathway of tertiary structure differs between interior and surface

exposed structure.

A global fit of data (R? = 0,99) obtained for Y540F mutant equilibrium unfolding and refolding
studies monitored by intrinsic tryptophan fluorescence at 330 nm and 340 nm fitted a two-state
mechanism of unfolding, and yielded overall thermodynamic parameters for unfolding of:
AGm20 = 289 £ 1,8 kImol!, m = 80 £ 0,5 kIl.mol'' M, and [GdnHCl]» = 3,6 M
(Figure 22D). Overall, while wtFOXP2-FHD and the Y540F mutant both fold according to a
two-state mechanism, each protein exhibits a significantly different folding pathway,

evidenced by the significant difference in [GdnHCl]i,2 for each protein (Figure 22E).

84



fUnlolded

IUnlolded

wtFOXP2-FHD Unfolding and Refolding

Y540F Mutant Unfolding and Refolding

1.2 12
] A . ] C
0,8 0,8 -
0,6 o 06 Hysteresis
2 observed
04 T 04 at 340 nm
0,2 1 0,2 4
0,0 L 0,0
-0.2 T T ' ' 0,2 T . . T T
0 1 2 3 5 6 0 1 2 3 4 5 6
[GdnHCI] (M) [GdnHCI] (M)
®  WtFOXP2 350nm / 330 nm (Unfolding) WtFOXPZ'FHP Global Y540F Mutant Global
®  wtFOXP2 350nm / 340 nm (Unfolding) Curve Fit of @  Y540F Unfolding 350nm / 330 nm C Fit of
A WHFOXP2 350nm / 330 nm (Refolding) Unfolding and O Y540F Unfolding 350nm / 340 nm urve Fit o
A WtFOXP2 350nm / 340 nm (Refolding) " B Y540F Refolding 350nm / 330 nm Unfolding and
Refolding A Y540F Refolding 350 nm / 340 nm "
Refolding
142
1,0 1 >
0,8
0,6 o
ﬁ‘
£
0,4 e
0,2
0,0 %
0i2 ' i ' ' T 02 . . . . .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
[GdnHCT) (M) [GdnHCI] (M)
e Unfolding 350nm / 330 nm ® Unfolding 350nm /330 nm
o Unfolding 350nm / 340 nm O Unfolding 350nm / 340 nm
= Refolding 350nm / 330 nm ®  Refolding 350nm /330 nm
o Refolding 350nm / 340 nm O Refolding 350nm / 340 nm
1:2
1,0 4 E =3
0,8
o 0,6
%”
9 <+—
c
= 044
o5 Overlay of
' wtFOXP2-FHD
and Y540F
E -
0073 Global Fit Curves
-0,2 T T T T
0 1 3 4 5 6
GdnHCI] (M)
e  wtFOXP2-FHD Fluorescence
®  Y540F Fluorescence
Figure 22

85



Figure 22: Intrinsic tryptophan fluorescence monitoring of wtFOXP2-FHD folding at

emission wavelengths 330 nm and 340 nm

The fraction of unfolded wtFOXP2-FHD was plotted against GdnHCI concentration. All

errors bars indicate standard error of the mean. The fitted curves separately overlay for
unfolding and refolding monitored at 330 nm and 340 nm. (A) Unfolding of wtFOXP2-FHD
monitored at emission wavelengths of 330 nm (black circle) and 340 nm (red circle). Data for
both wavelengths was fit to a N < U two-state unfolding curve (R%330nm = 0,999 and
R2%340nm = 0,999) (black solid line — 330 nm, red solid line — 340 nm). Refolding of wtFOXP2-
FHD monitored at emission wavelengths of 330 nm (black square) and 340 nm (red square).
Data for both wavelengths was fitted to a two-state unfolding curve (R%330nm = 0,998 and
RZ%340nm = 0,998) (black solid line — 330 nm, red solid line — 340 nm). (B) A two-state folding
mechanism was fitted to data points from unfolding and refolding of wtFOXP2-FHD
monitored at emission wavelengths for 330 nm and 340 nm (R? = 0,997). Error bars indicate
standard error of the mean. From this fit, thermodynamic parameters for tertiary structural
unfolding were calculated, whereby: AGr20 = 31,9 + 0,8 kJ.mol'!, m = 8,2 + 0,2 kJ.mol'. M},
and [GdnHCl]12 = 3,9 M. (C) Overlays of fluorescence monitored unfolding at 330 nm and
340 nm. The fitted curves for unfolding monitored at 330 nm (black solid line) and 340 nm
(black dashed line), as well as refolding monitored at 330 nm (red solid line) significantly
overlay. However, the fitted curve for refolding monitored at 340 nm (blue solid line) does
not overlay with any other curves; therefore, hysteresis (orange arrow) is observed when
monitoring fluorescence emission at 340 nm — the emission wavelength corresponding to
surface exposed tryptophans Trp533 and Trp573. However, no hysteresis is observed when
monitoring unfolding / refolding at 330 nm — the emission wavelength corresponding to
buried residue Trp548. (D) A two-state folding mechanism was fitted to data points from
unfolding and refolding of the Y540F mutant monitored at emission wavelengths for 330 nm
and 340 nm (R? = 0,99). Error bars indicate standard error of the mean. From this fit,
thermodynamic parameters for unfolding were calculated, whereby: AGr20 = 28,9 £ 1,8
kJ.mol"!, m = 8,0 + 0,5 kJ.mol' M"!, and [GdnHCl]/> = 3,6 M. (E) Folding monitored by
intrinsic tryptophan fluorescence shows wtFOXP2-FHD and the Y540F mutant have
significantly different folding pathways, although both fold according to a two-state
mechanism. The denaturation midpoint for the Y540F mutant (red solid line) is considerably

lower in comparison with that of wtFOXP2-FHD (black solid line).
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3.5.4 Contrast of Secondary and Tertiary Structural Folding Pathways

3.5.4.1 wtFOXP2-FHD

wtFOXP2-FHD was observed to unfold and refold by a two state mechanism, when monitoring
secondary or tertiary structure. A global fit of data obtained from wtFOXP2-FHD unfolding
and refolding monitored by both far-UV CD and intrinsic tryptophan fluorescence fitted a two-
state mechanism of unfolding (R? = 0,997), and yielded overall thermodynamic parameters for
unfolding of: AGuz = 29,0 + 1,0 klmol!, m = 7,5 + 0,3 klmol'M"', and
[GdnHCl]12 = 3,9 M (Figure 23).

1,2
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Figure 23: Global fit of two-state folding mechanism for wtFOXP2-FHD.

Data collected for unfolding and refolding of wtFOXP2-FHD monitored by far-UV CD
spectropolarimetry and intrinsic tryptophan fluorescence was fitted to a two-state folding
mechanism N & U (R? = 0,997). Error bars indicate standard error of the mean. The global
thermodynamic parameters calculated for wtFOXP2-FHD unfolding were:

AGmH20 = 29,0 £ 1,0 kJ.mol !, m = 7,5 £ 0,3 kJ.mol".M™!, and [GdnHCl]y2 = 3,9 M.
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3.5.4.2 Y540F Mutant

The comparison of fitted curves for the Y540F mutant monitored by both far-UV CD and
intrinsic tryptophan fluorescence exhibited significant differences with regard to structural
unfolding and refolding (Figure 24A). During unfolding (N — U), the denaturation midpoint
of unfolded secondary structure occurred at [GdnHCl]i2 = 3,9 M while denaturation midpoint
of unfolded tertiary structure occurred at [GdnHCI]i» = 3,6 M (Figure 24A). In terms of
refolding, secondary structure followed a three state mechanism (U — I — N), reaching a
denaturation midpoint for the U — I transition at [GdnHCl]i2 v—; = 3,7 M and a denaturation
midpoint for the I — U transition at [GdnHCl]12 /-~ = 1,7 M (Figure 24B). Tertiary structural
refolding (U — N) monitored at 330 nm reached its denaturation midpoint at
[GdnHCI]12 = 3,7 M, while tertiary structure monitored at 340 nm reached its denaturation
midpoint at [GdnHCl]12 = 3,6 M (Figure 24B). Comparison of fitted curves show that Y540F
unfolds and refolds according to two significantly different pathways (Figure 24B). Both the
secondary and tertiary structure of the Y540F mutant unfolds by a two-state mechanism,
although the secondary structure has its denaturation midpoint at a higher [GdnHCl]i2 in
comparison with the tertiary structure. Therefore, the tertiary structure of the protein unfolds
at a lower concentration of GAnHCI than the secondary structure, and hence is more sensitive
to unfolding in GdnHCI (Figure 24B). When the protein refolds, the secondary structure
follows a three-state mechanism, forming a stable intermediate, while the tertiary structure
refolds by a two state mechanism (Figure 24B). In addition, the interior tertiary structure of the
protein (monitored by fluorescence of the Trp548 residue at 330 nm) refolded along the same
pathway as it did during unfolding, indicated by the superimposition of the unfolding and
refolding curves at 330 nm (Figure 24B). The surface exposed tertiary structure monitored by
fluorescence of the Trp533 and Trp573 residues at 340 nm, refolded over a lower concentration
of GdnHCI within the 0 — 6 M range (Figure 24B), and therefore folded at a later stage in
comparison with the interior tertiary structure. Furthermore, the curve for refolding of
secondary structure overlays with the curve for tertiary structural refolding monitored at
330 nm during its U — I transition, deviating from the buried tertiary structure refolding curve
at [GdnHCl]12 v 1 (Figure 24C). At the highest GdnHCI concentration where the secondary
structural intermediate is stable, the fraction of unfolded buried tertiary structure is ~0,20 and
unfolded solvent exposed tertiary structure is ~0,35. The intermediate remains stable between

GdnHCI concentrations of 2,25 — 3,25 M (Figure 24B). At the start of the I - N transition of
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the secondary structure, tertiary structure monitored at both 330 nm and 340 nm have almost
completely refolded (Figure 24B). At the end of the I — N transition both secondary and
tertiary have completely refolded.

!Unfolded

1,2
A
1,0 4

0,8

0,6

fU nfolded

0,4

0,2 1

GdnHCI] (M)

PIP>PEBOO@

Y540F Unfolding 350nm / 330 nm (Fluorescence)
Y540F Unfolding 350nm / 340 nm (Fluorescence)
Y540F Refolding 350nm / 330 nm (Fluorescence)
Y540F Refolding 350 nm / 340 nm (Fluorescence)
Y540F Refolding (CD)
Y540F Unfolding (CD)

1,2
1,0
8‘ 0,8
kel
3
M—DT
0,6
0,4 - pae N
L
-0,2 T T T T < T
1 2 3 4 6 2 3
GdnHCI] (M) GdnHCI] (M)
—— Y540F Unfolding 350nm / 330 nm (Fluorescence) —— Y540F Unfolding 350nm / 330 nm (Fluorescence)
——=—Y540F Unfolding 350nm / 340 nm (Fluorescence) ———Y540F Unfolding 350nm / 340 nm (Fluorescence)
—— Y540F Refolding 350nm / 330 nm (Fluorescence) —— Y540F Refolding 350nm / 330 nm (Fluorescence)
——— Y540F Refolding 350nm / 340 nm (Fluorescence) ——— Y540F Refolding 350nm / 340 nm (Fluorescence)
~———— Y540F Unfolding (CD) ~————Y540F Unfolding (CD)
——~— Y540F Refolding (CD) ——— Y540F Refolding (CD)
Figure 24

&9




Figure 24: Folding curves for the Y540F mutant for unfolding and refolding monitored by

far-UV CD and intrinsic tryptophan fluorescence.

(A) Overlay of data points and fitted curves for unfolding and refolding monitored by both
far-UV CD and intrinsic tryptophan fluorescence. (B) Fitted curves for unfolding and
refolding monitored by both far-UV CD and intrinsic tryptophan fluorescence. The curves for
Y 540F unfolding and refolding monitored at 330 nm (black and red solid lines, respectively)
are superimposable, and unfolding monitored at 340 nm (dashed black line) is partially
superimposable with unfolding and refolding monitored at 330 nm. Refolding monitored at
340 nm is not completely superimposable within any other curves, but is partially
superimposable with the U — I transition state for refolding monitored by far-UV CD
(dashed orange line). The unfolding transition monitored by far-UV CD (solid orange line)
exists at the highest [GdnHCl]1/2 in comparison with other curve transition regions. (C) Focus
on aspects of curves between GdnHCI concentrations of 2 — 5,5 M and fy of 0,35 — 1,2. It is
more easily observed that the secondary structure refolding curve is superimposed on the
curve for tertiary structural refolding monitored at 330 nm during its U — I transition. The
secondary structure curve deviates from superimposition over the buried tertiary structure

refolding curve at [GdnHCl]12 v 1.

3.5.5 Comparison of Folding Pathways for wtFOXP2-FHD and the Y540F
Mutant

The folding pathways of wtFOXP2-FHD and the Y540F mutant differ significantly when
monitored by both far-UV CD spectropolarimetry and intrinsic tryptophan fluorescence
emission. Global fits of the data show that, as previously mentioned, the secondary structure
of wtFOXP2-FHD folds according to a N <> U two-state mechanism, while the Y540F mutant
unfolds by a N — U two-state mechanism and refolds by a three-state U — I — N mechanism
(Figure 25). In terms of tertiary structure folding, both wtFOXP2-FHD and the Y540F mutant
fold according to a N < U two-state mechanism, although the Y540F mutant enters its
transition region at a lower GdnHCI concentration in comparison with wtFOXP2-FHD

(Figure 25).

A comparison of all globally fitted unfolding curves shows superimposition of wtFOXP2-FHD
tertiary structural folding and Y540F mutant secondary structural unfolding (Figure 25). The
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secondary structure for wtFOXP2-FHD unfolds by a two-state mechanism but shows lower
cooperativity in comparison with secondary structure folding for the Y540F mutant
(Figure 25). Tertiary structural folding of the Y540F mutant overlays partially with the U — I
transition region of the mutant, and exhibits no superimposition with any other curves

(Figure 25).

Thermodynamic parameters calculated from global fits indicate that the difference in
conformational stability, cooperativity and denaturation midpoint between wtFOXP2-FHD and
the Y540F mutant monitored by far-UV CD is negligible, with slightly higher values observed
for the Y540F mutant (4(4Gm20) = 2,2 klmol!, Am = 04 klJmol'M! and
A[GdnHCl]12 = 0,1 M) (Table 2). This indicates that the secondary structure of the Y540F
mutant is very slightly more conformationally stable and compact than the secondary structure
of wtFOXP2-FHD. The thermodynamic parameters calculated for folding monitored by
intrinsic tryptophan fluorescence emission also show a negligible difference for AGr20 and
m of tertiary structural folding between wtFOXP2-FHD and the Y540F mutant. The tertiary
structure of the Y540F mutant is slightly less conformationally stable and compact in
comparison with wtFOXP2-FHD (A(AGw20) = -3,1 kl.mol!, Am = -0,3 kJl.mol' M)
(Table 2). In addition, the denaturation midpoint of Y540F tertiary structure is significantly
lower than that for wtFOXP2-FHD (A[GdnHCI1],2 = -0,3 M) (Table 2).
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Figure 25: Overlay of global folding curves for wtFOXP2-FHD and Y540F mutant folding

monitored by far-UV CD and intrinsic tryptophan fluorescence emission.

Superimposition of wtFOXP2-FHD tertiary structural folding (black line) and Y540F mutant
secondary structural unfolding (cyan line) are superimposable. In terms of increasing
[GdnHCl]1/2, the curves are ordered: wtFOXP2-FHD tertiary structure folding (black) and
Y 540F mutant secondary structure unfolding (cyan) > wtFOXP2-FHD secondary structure
folding (green) > Y 540F mutant tertiary structure refolding (red). The secondary structure of

the Y540F mutant exhibits refolding according to a three-state mechanism (orange).
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Table 2: Thermodynamic Parameters of Global Folding Fits for wtFOXP2-FHD and the

Y540F Mutant.

mutant refolding subtracted by Y540F unfolding.

Values for A(AGn20), Am and A{GdnHCl]1. are calculated as Valueysaor - Valuewwroxp2-FHD.

(*) indicates Y540F mutant refolding subtracted by wtFOXP2-FHD. (**) indicates Y540F

Spectroscopic . B m-value [GdnHCl]1/2 A(AGH20) Am-value A[GdnHCl]1/2
Probe Protein AGupo (.molT) 1o ) (kmol)  (kl.mol.MY) M)
wtFOXP2-FHD 25,8+2,7 6,7+0,7 3,8
Y540F Unfolding 280+2,8 7,2+0,8 3,9 2,2 0,4 0,1
Circular Y540F 5,0* 1,5%
+ + ’ ’ _
Dichroism Refoldingy- S TES S2EL3 2 2,8%%* 1,1%*
Y540F -15,5%* -0,6*
+ + ’ ’ R
Refolding-n 103£3,7 61+22 L7 -17,6** -1,1%*
Intrinsic wtFOXP2-FHD 31,9+0,8 8,21+0,21 3,9
Tryptophan
Fluorescence Y540F 289+1,38 8,0+0,5 3,6 3,1 -0,3 -0,3

3.5.6 Thermal Unfolding

wtFOXP2-FHD and the Y540F mutant were thermally denatured over a temperature range of

20 — 70 °C monitored by far-UV CD (Figure 26). Data was collected at 1 °C increments. Both

proteins unfolded from their native to unfolded states over a single N — U transition.

(Figure 26). The transition region for wtFOXP2-FHD was between 49 — 61 °C, or
322,15 — 334,15 K, and between 50 — 61 °C, or 323,15 — 334,15 K, for the Y540F mutant.
However, as the thermal unfolding reaction for both wtFOXP2-FHD and the Y540F mutant

was irreversible (data not shown), thermodynamic parameters such as enthalpy of unfolding

(A4Hy), transition temperature (7,,) and entropy of unfolding (A4S,) could not be accurately

determined.
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Figure 26: Thermal unfolding and van’t Hoff plots of wtFOXP2-FHD and the Y540F mutant

(A) wtFOXP2-FHD (black circles) and the Y540F mutant (red circles) were observed to

unfold over a single transition step from N — U. The unfolding reaction was observed to be

irreversible (data not shown).
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Chapter 4: Discussion

Among the FOX family of TFs, the FHD of the FOXP subfamily shows the unique capability
of forming domain swapped dimers (Stroud ef al., 2006; Bandukwala et al., 2011; Medina et
al., 2016). The formation of such dimers has been speculated to have importance in facilitating
interchromosomal association, thus enabling the transcriptional regulation of distal genetic
elements (Chen et al., 2015). Domain swapping is inherently energetically unfavourable and
its occurrence depends on sufficient interchain interaction between folding monomers as they
tend towards a native conformation. While the FOXP2-FHD assembles as a domain swapped
dimer upon folding, it exhibits an unexpectedly low propensity to do so, despite dimerisation
being a proposed requirement for its ability to regulate transcriptional activity. This
investigation aimed to elucidate the propensity of FOXP2-FHD to form dimers through probing

its folding mechanism and structural stability.

4.1 wtFOXP2-FHD and the Y540F Mutant Exist as Dimers at Micromolar

Concentrations in Solution

In the literature to date, wtFOXP2-FHD has been observed to form homodimers in a single
solved crystal structure in the presence of DNA (Stroud et al., 2006). Furthermore, a small
fraction of dimeric wtFOXP2-FHD has been observed to exist in solution alongside its
predominant monomeric form (Perumal ef al., 2015; Blane and Fanucchi, 2015; Morris and
Fanucchi, 2016). Moreover, a FOXP2-FHD F541C variant has been engineered to form dimers
in the presence of DNA while in solution (Morris and Fanucchi, 2016), as has a truncated form
of FOXP2 encompassing the FHD and remaining C-terminal sequence of the protein
(HauBermann et al., 2019). However, in the absence of DNA, wtFOXP2-FHD does not readily
form dimers and has been calculated to exist only at millimolar concentrations in solution
(Perumal et al., 2015). In this study, quaternary structural characterisation of wtFOXP2-FHD
by analytical SEC has shown that wtFOXP2-FHD dimer can exist at micromolar
concentrations in solution (Figure 16). Notably, this is not observed of native wtFOXP2-FHD
post-purification, but rather only after denaturation and refolding in GdnHCI. After
purification, the Ky for dimer dissociation into monomer for wtFOXP2-FHD was calculated as

1,6 mM (Figure 15) but after refolding to a concentration of 1,38 M GdnHCI the K, decreased
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~69-fold to 22,5 uM. This stark contrast in K; may be a result of GdnHCI facilitating dimer
formation, as GAnHCI has been observed to stabilise protein structure by virtue of its salting-
in effect (Bhuyan, 2002). However, the lack of dimer presence in the native protein may also
be attributed to the bacterial expression system used to overexpress wtFOXP2-FHD. In two
similar studies where K; was calculated for FOXP1-FHD (Chu et a/, 2011; Medina et al, 2016),
protein was expressed in a BL21 (DE3) bacterial expression system and the K; was observed
to be in the micromolar range when analysed by SEC. Indeed, the Ks of FOXP1-FHD dimer
dissociation into monomer calculated by Chu et al, 2011, is closely comparable to that
observed in this investigation for wtFOXP2-FHD. As FOXP1-FHD and FOXP2-FHD are both
related, exhibit high sequence homology, have been observed to form both homo- and hetero-
dimers, and are implicated in similar DNA binding processes, it is likely that FOXP2-FHD
should form dimers at concentrations similar to that of FOXP1-FHD in solution. Therefore,
while it cannot be assumed that the K; measured for wtFOXP2-FHD after refolding reflects an
accurate K, for dimer dissociation into monomer in the absence of denaturant, it is evident that

wtFOXP2-FHD dimers can exist at micromolar concentrations in solution.

The Y540F mutant also shows a substantial increase in dimer formation after refolding in
GdnHCI (Figure 6). After expression in T7 Competent E. coli, the K, of dimer dissociation into
monomer for the mutant was calculated as 2,6 mM (Figure 15) but after refolding to a
concentration of 1,38 M GdnHCI the K, decreased ~31-fold to 77,9 uM (Figure 16). This
difference in Ks may also be a consequence of expression in the chosen bacterial expression
system. However, one cannot be truly confident that this explanation fully accounts for the
difference in Ky as, in the literature, the Y540F mutant was expressed in a bacterial system
identical to this study and was observed to have a Ky at a micromolar concentration, albeit
higher than observed here (Perumal ef al., 2015). Quaternary structural analysis by SEC of the
Y540F mutant expressed by Perumal et al., 2015, revealed a K4 of 246 uM after protein
purification, and without refolding in denaturant, although expression was under control of a
different plasmid. In light of the discrepancy between K4 values for dimer dissociation into
monomer calculated in this study and by Perumal et al., 2015, the Y540F mutant can be only

qualitatively described as having a K at micromolar concentrations in solution.

wtFOXP2-FHD displays a greater propensity for dimerisation in comparison with the Y540F

mutant. The Tyr — Phe substitution mutation was chosen in order to probe its effect on dimer
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formation as it is uniquely observed in the amino acid sequence of FOXP3-FHD — a member
that obligately forms dimers in solution (Bandukwala et al., 2011). It was observed that the K4
of the Y540F mutant, after purification, was 1,6 times greater than that of wtFOXP2-FHD, and
3,4 times greater after refolding in GdnHCI. Therefore, the mutation discourages the
dimerisation of the FOXP2-FHD in solution. However, this is only the case in the absence of
DNA. The Y540F substitution mutation does not impede the DNA binding function of FOXP2-
FHD. Dimeric species of both proteins were observed in the presence of DNA at a ratio of
protein : DNA as low as 2,5 uM : 0,5 uM for wtFOXP2-FHD, and 1,0 uM : 0,5 uM for the
Y 540F mutant when probed by EMSA (Figure 3). Therefore, while the substitution mutation
discourages dimer formation in the absence of DNA, it may act to promote dimerisation in the
presence of DNA by up to 2,5-fold. This may be as an extended consequence of the increased
stability of the hydrophobic core of the Y540F mutant, as will be discussed further (sections
4.3 and 4.4). The Tyr — Phe substitution mutation results in the increased compactness and
stability of the hydrophobic interior, contributed to predominantly by buried aromatic residues
on H1 and H2 of the protein. One such aromatic residue that contributes to the hydrophobic
core is Trp548, located on H3 of the protein, the recognition helix which mediates DNA
sequence recognition and sequence specific binding through embedment in the major groove
of DNA. In order for major groove insertion to occur and instigate development of the protein-
DNA complex, tight shape complementarity between the recognition helix and the DNA
groove must exist (Noy et al., 2016). It is possible that the increased stability of the core,
contributed to by Trp548, extends to stabilise H3, creating a more definite shape
complementarity between helix and groove, thus promoting the formation of the protein-DNA

complex.

4.2  wtFOXP2-FHD Folds by a Two-State Mechanism

Small, globular proteins are commonly observed to fold by a two-state mechanism (U < N)
whereby only the unfolded and folded states populate the folding pathway (Jackson, 1998).
The folding pathway can be monitored by a variety of spectroscopic techniques such as
fluorescence spectroscopy, CD spectropolarimetry and nuclear magnetic resonance
spectroscopy (Beatrice et al., 2001). Denaturation is typically induced over a gradient of
increasing pressure, temperature or chemical denaturant. wtFOXP2-FHD was denatured in

GdnHCI and its unfolding monitored by both far-UV CD spectropolarimetry and intrinsic
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tryptophan fluorescence emission. Far-UV CD was used to monitor secondary structural
changes while intrinsic tryptophan fluorescence was monitored at wavelengths of 330 nm and
340 nm in order to probe tertiary structural changes affected at the protein surface and within
the hydrophobic interior. Monitoring at both these locations within the protein was possible by
virtue of the FOXP2-FHD containing a buried tryptophan residue (Trp548) and two solvent
exposed tryptophan residues (Trp533 and Trp573). There was sufficient resolution between the
fluorescence signals emitted by the tryptophan residues at each location in FOXP2-FHD in
order for monitoring at both 330 nm and 340 nm to be possible, and hence tertiary structural

changes at the protein surface and interior to be discernible (Figure 19).

Unfolding of wtFOXP2-FHD was fully reversible and ~100 % recoverable when monitored by
fluorescence emission (Figure 20). It was observed to be ~89 % recoverable when monitored
by far-UV CD. The difference in percentage recoverability when monitored by both
spectroscopic probes is possibly justified as technical error arising from imprecision of protein
concentrations for measured native and refolded protein. The method to investigate
recoverability depends on two dilution steps: first with denaturant and then with buffer, and
hence an accumulation of pipetting error is possible. However, the difference in percentage
may indicate that the secondary structure of the protein does not fully refold to its native
conformation in the presence of GdnHCI. Far-UV CD monitoring at low concentrations of
GdnHCI, in the range of 2 — 3,5 M, revealed data points for fy against [GdnHCI] to be disperse
around the two-state fit (Figure 21), and therefore the native secondary structure may not be

equally present upon refolding for all wtFOXP2-FHD protein macromolecules in solution.

Despite such dispersion of data points, wtFOXP2-FHD folding was able to be fitted to a two-
state folding mechanism monitored by far-UV CD (R? = 0,98) (Figure 21). Folding was also
fitted to a two-state mechanism monitored by intrinsic tryptophan fluorescence (R? = 0,997)
(Figure 22). Notably, wtFOXP2-FHD unfolding and refolding monitored at wavelengths of
330 nm and 340 nm showed a slight difference in [GdnHCl]1/2 (A[GdnHCl]1/2 340-3300m= 0,1 M).
Therefore, solvent exposed tryptophan residues Trp533 and Trp573 become fully solvent
exposed at a lower GAnHCI concentration in comparison with buried Trp548. This implies that
the solvent exposed tertiary structure of wtFOXP2-FHD unfolds before the interior tertiary
structure, and conversely, the interior tertiary structure refolds before that which is solvent

exposed. A N < U two-state folding mechanism was globally fitted for wtFOXP2-FHD
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(R?=0,997) taking into account data for both far-UV CD and intrinsic tryptophan fluorescence
emission at 330 nm and 340 nm, revealing thermodynamic parameters for folding of:

AGH20 = 29,0 £ 1,0 kJ.mol!, m = 7,5+ 0,3 kJ.mol''. M"!, and [GdnHC]]» = 3,9 M (Figure 23).

4.3  The Y540F Mutant Forms a Stable Intermediate Governed by Secondary
Structural Elements Upon Refolding in GdnHC1

As for wtFOXP2-FHD, the folding of the Y540F mutant was monitored spectroscopically by
far-UV CD spectropolarimetry and by intrinsic tryptophan fluorescence emission at
wavelengths of 330 nm and 340 nm. The Y540F mutant was found to be ~96 % recoverable
when monitored by intrinsic tryptophan fluorescence and ~82 % recoverable when monitored
by far-UV CD (Figure 20). This too may indicate that either the total native secondary structure
of the mutant is not assumed upon refolding in GdnHCIl, or that a small minority of Y540F
protein macromolecules in solution do not reassume their native secondary structure upon

refolding.

A description of the folding mechanism of the Y540F mutant is further complicated by its
secondary structural unfolding and refolding pathways. In unfolding, the mutant was observed
to follow a two-state unfolding pathway characterised by one transition of N — U over GdnHCl
concentrations of 3,25 M — 4,5 M. In contrast, upon refolding, the mutant underwent two
transitions from U — I — N, with U — I between 3,25 M — 4,5 M and I — N between 1,5 M
and 2,25 M GdnHCI. A stable secondary structural intermediate was observed to form between
GdnHCI concentrations of 2,25 M — 3,25 M (Figure 21). This intermediate was only observed
when monitoring equilibrium refolding by far-UV CD, and was not observed when monitoring
unfolding or refolding by intrinsic tryptophan fluorescence emission (Figure 22). In addition,
the [GdnHCl]12 for secondary structural unfolding was observed to be 0,2 M higher than the
[GdnHCI]1/2 during refolding along the U — I transition (Table 2). This raises the questions of
why the secondary structure of the mutant is less sensitive to denaturant during unfolding, and
more pertinently, what accounts for a stable secondary structural intermediate to form during
refolding, but not during unfolding. The presence of a secondary structural intermediate is
certainly statistically significant as the data falls within a confidence interval of 95 % for a
three-state fit (Figure 25). At first, it may seem plausible that GAnHClI plays a role in stabilising

the secondary structure of the mutant as has been documented in the literature for other proteins
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(Morjana et al., 1993; Monera et al., 1994; Bhuyan, 2002; Povarova, et al., 2010). However,

as this intermediate is not additionally observed during unfolding, it seems less to be the reason.

In terms of tertiary structure, the mutant exhibited a similar denaturation midpoint for unfolding
monitored at 330 nm and refolding monitored at 340 nm (Figure 22). The denaturation
midpoint of refolding monitored at 340 nm was lowest in comparison. In addition, the
[GdnHCI]12 of the tertiary structure of the mutant occurs at the start of the formation of the
stable intermediate (Figure 27). Furthermore, the tertiary structure is almost completely
refolded by the beginning of the I — N secondary structural transition state (Figure 25). This
can be interpreted as that the intermediate state of the mutant forms when half of the tertiary
structure has refolded, and subsequently, the secondary structure only completely refolds once
the complete tertiary structure has refolded (Figure 27). However, as tertiary structure is
inferred by solvent exposure of tryptophan residues by intrinsic tryptophan fluorescence, it can
be alternatively stated that all monitored tryptophan residues exist at the same degree of solvent
exposure as the native protein. The stable secondary structural intermediate forms at a fraction
unfolded (fu) secondary structure of 38 — 41 %, equivalent to a folded fraction of 59 — 62 %
(Figure 27). The hydrophobic interior of the protein is formed by aromatic amino acids located
at the start of H1, and then along H2 until Trp548 located on H3 (Figure 21). With regard to
secondary structure, 64 % of the total helical content is bounded by aromatic residues that
contribute to stabilising the hydrophobic interior, with Trp548 buried in the core, and Trp533
in close proximity to the core although more solvent exposed (Figure 21 and 27). With these
considerations, the reduction in secondary structural sensitivity to GdnHCI may be explained,

as well as a folding mechanism for the Y540F mutant described as follows.

Firstly, the Y540F mutation is located on H2 in close proximity to the hydrophobic core of the
protein. Mutation from tyrosine to phenylalanine causes the amino acid side chain to become
more hydrophobic and thus interact more strongly within the hydrophobic core. As Phe540 is
located on H2, this brings H2 closer to the interior through the formation of van der Waals
interactions, and hence causes the protein to be more compact. It is this compactness that allows
for the secondary structure to more readily resist denaturing by GdnHCI, as it reduces the

solvent accessible surface area available to the denaturant (Figure 27).
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Secondly, the increase in core hydrophobicity also explains the three-state mechanism
observed during refolding. In this regard, the U — I transition can be correlated with the
formation of the secondary structure associated with the hydrophobic interior of the protein,
and the I — N transition with the refolding of remaining secondary structure not found in the
interior (Figure 27). In terms of helical content, 64 % of the helices are bounded by aromatic
amino acids that contribute to the stability of the hydrophobic interior of the protein
(Figure 27). The intermediate state of the Y540F mutant is observed when the folded secondary
structure fraction is 59 — 62 % of the total folded secondary structure (Figure 27). It is possible
that the mutation allows for hydrophobic collapse to be more imminent as a result of increased
hydrophobicity, whereby first the hydrophobic interior of the protein forms, followed by the
remainder of secondary structure (H3, and H4), which themselves are not stabilised by
hydrophobic interactions. This explanation is further supported by the conformational stability
calculated for unfolding and refolding monitored by far-UV CD (Table 2). The AGm20 for
secondary structural unfolding (AGm20 = 28,0 + 2,8 kJmol!') and U — I refolding
(AGm20 = 30,7 + 5,7 kJl.mol™!") are within error of one another, indicating that the native and
refolded intermediate states exhibit similar conformational stability, which may be a result
from the hydrophobicity of the core. In addition, there may be a correlation between the AGu20
for I - N refolding (AGr20 = 10,3 + 3,7 kJ.mol!) and the remainder of the secondary structure
that refolds to a native state, as approximately one third of the secondary structure refolds from
I - N and the AGn20 15N is approximately one third of AGr20 u-1. Lastly, it must be
acknowledged that although FOXP2-FHD has been observed to form domain swapped dimers
at micromolar concentrations (Figure 16), it is unlikely that the equilibrium unfolding data
represents domain swapping. Far-UV CD and intrinsic tryptophan fluorescence were
conducted at protein concentrations of 1,5 uM and 10 uM, respectively, far below the

calculated K, for the Y540F mutant.
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Figure 27: Sequential formation of the stable secondary structural intermediate of Y540F

mutant
The Y540F mutant exhibits a three state U — I — N refolding mechanism when monitored
by far-UV CD and a two state U — N refolding mechanism when monitored by intrinsic
tryptophan fluorescence. At 6 M GdnHCI, both the secondary and tertiary structure of the
Y 540F mutant are completely unfolded (“U” blocks). At the U — I denaturation midpoint for
refolded secondary structure, the U — N denaturation midpoint for refolded tertiary structural
is reached (“U” — “Ipegin”). A stable secondary structural intermediate comprising of
~58 — 62 % refolded secondary structure exists over a range of GdnHCI concentrations
between 2,25 M and 3,25 M (“Ibegin” and “Iend” blocks). This percentage of secondary
structure closely compares with the percentage of a-helical content (64 %) comprising the
hydrophobic interior of the native protein. Over the concentration range of GdnHCl
corresponding to formation of the stable secondary structural intermediate (“Ivegin” —> “Iend”),
Trp548 (magenta) is buried in the hydrophobic interior of the protein, hence exhibiting 100 %
native signal despite the protein not yet being fully refolded. Unlike Trp548, residues Trp533
(orange) and Trp573 (yellow) do not play a direct role in the formation of the hydrophobic
interior and, therefore, exhibit a signal corresponding to solvent exposure over a greater range
of concentrations of GAnHCI. At the start of the I — N transition region for secondary
structural refolding (“Ienda” — “N”) , close to 100 % of tertiary structure has refolded (or
rather, Trp548, Trp533 and Trp573 exhibit a fluorescence signal equivalent to that observed
of the native state). The remainder of secondary structure refolds over GdnHCI

concentrations of 0 — 2,25 M, until the protein reaches its native conformation (“N” blocks).

4.4 The Secondary Structural Stability of the YS40F Mutant May Account for its

Reduced Dimerisation Propensity

The differences of AGw20, m and [GdnHCl]12, alongside the rationale behind the Y 540F mutant
exhibiting a three-state refolding pathway when monitored by far-UV CD may further explain
the differences in Ky calculated for wtFOXP2-FHD and the Y540F mutant (section 3.4.1).
Upon refolding, the Ks for wtFOXP2-FHD was ~3,5-fold lower than the Y540F mutant
meaning the wild type is over three times more likely to dimerise. FOXP2-FHD forms dimers
by three-dimensional domain swapping whereby H1 and H2 between monomers are exchanged

and intertwined, as observed in the crystal structure by Stroud et al., 2006. Three-dimensional
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domain swapping is an overall energetically unfavourable process, whereby the energetic
requirements for domain swapping are offset by the formation of bonds between swapped
dimer interfaces, and by the degree of hinge-loop flexibility (Bennett ez al., 1994; Green et al.,
1995; Parker et al., 1998; Rousseau et al., 2001). In terms of thermodynamics, the entropic loss
upon forming a higher order conformation should be compensated for by an enthalpic gain
arising from the formation of new intermolecular surfaces following domain swapping
(Rousseau et al, 2001). The Y540F mutant exhibits a greater secondary structural
conformational stability in its hydrophobic interior, of which H1 and H2 are the main
contributors. It is possible that increased conformational stability of the interior which involves
H1 and H2 impedes the ability of the Y540F mutant to participate in domain swapped
dimerisation as a result of increased compactness. Therefore, while the Y540F substitution
mutation increases the stability and compactness of the hydrophobic core of FOXP2-FHD, it

decreases its propensity to engage in domain swapped dimerisation.

4.5 Conclusions

In this study, wtFOXP2-FHD was observed to have a Ky of dimer dissociation into monomer
at a micromolar concentration in the absence of DNA, where up till present it has been
undocumented in the literature. The Y540F mutant too exhibited a K, in the micromolar range.
wtFOXP2-FHD has a Ky for dimer dissociation into monomer ~3,5 times lower in comparison
to the Y540F mutant, suggesting wtFOXP2-FHD is able to dimerise more readily in solution.
In terms of folding, wtFOXP2-FHD folds by a two-state mechanism, evident by the absence
of any intermediate along its folding pathway. In contrast, the Y540F mutant exhibits a
characteristically disparate and unexpected folding mechanism, whereby its secondary
structure unfolds by a two-state mechanism and refolds according to a three-state mechanism.
Its tertiary structure, however, appears to unfold and refold according to a two-state
mechanism. The three-state refolding pathway of the secondary structure of the Y540F mutant
is attributed to the increased hydrophobicity contributed by the Tyr — Phe substitution which,
in turn, results in the formation of a stable, compact folding intermediate. The Y540F mutant’s
greater conformational stability may give justification for its lower propensity to dimerise. As
H1 and H2 are exchanged during domain swapped dimerisation and are the main elements of
the hydrophobic interior, the greater hydrophobicity and compactness of the protein interior

may impede the partial unfolding of H1 and H2 required for domain swapped dimerisation.
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Hence, a higher K, of dimer dissociation into monomer is observed with regard to the Y540F
mutant. Although the Y540F mutation acts to stabilise and increase the compactness of
FOXP2-FHD, this increase in conformational stability appears to be at the cost of a reduction
in domain swap dimerisation propensity. wtFOXP2-FHD may, therefore, exist more
prominently as a domain swapped dimer as a result of reduced conformational stability from
the presence of Tyr540. This confers a greater flexibility to wtFOXP2-FHD to participate in
the exchange of HI and H2 between monomers which, following domain swapping, are
subsequently stabilised by Tyr540 in the serial aromatic interface of the domain swapped dimer

(Figure 10).

In this investigation, a description of the folding mechanism and stability of wtFOXP2-FHD
and the Y540F mutant have been outlined from a thermodynamic perspective. However, in
order to more comprehensively describe the folding mechanism of FOXP2-FHD, additional
kinetic equilibrium unfolding studies would be of benefit. Furthermore, unfolding studies at a
higher concentration of protein, whereby FOXP2-FHD exists predominantly as a dimer, would
allow for a more complete understanding of its mechanism of domain swapped dimerisation.
Such a description of this mechanism would greatly increase our understanding of how the

structure of FOXP2-FHD contributes to its role of transcriptional regulation within the cell.
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