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Abstract

Forkhead box P2 (FOXP2) is a transcription factor involved in neural development, as well as the
development of the gut, lung, and brain. Mutations in FOXP2 are associated with various diseases
including developmental verbal dyspraxia, schizophrenia, and both breast cancer and prostate cancer,
two of the most prevalent cancers worldwide. FOXP2 is a large multi-domain protein, containing a
glutamine-rich region, zinc finger domain, leucine zipper domain, and DNA-binding forkhead domain.
Like other FOXP proteins, FOXP2 is able to form homo- and hetero-oligomers, and FOXP subfamily
members undergo oligomerisation-dependent DNA binding and transcriptional activity, a
phenomenon that is unique to the FOXP subfamily of FOX transcription factors. Previous studies have
suggested that only the leucine zipper is necessary for FOXP oligomerisation. However, the FOXP
forkhead domain has the unique ability to form domain-swapped dimers, providing an additional
interface for protein-protein interactions. The effects of a disruption to the domain-swapped dimer
have only been studied on the FOXP2 forkhead domain. In this study of FOXP2, the R401D mutation
of the leucine zipper and the A539P mutation of the forkhead domain were used to investigate the
contributions of each interface to FOXP2 homo-oligomerisation, and to explore the effects of
disruptions to each interface on FOXP2 structure and DNA binding. Constructs used in this study
comprise the leucine zipper to the C-terminal end of the protein (leucine zipper - end). The effects of
the mutations were established by comparisons of the mutants with wild-type FOXP2 (leucine
zipper - end) and the combined effects of the mutations were investigated using the R401D/A539P
FOXP2 (leucine zipper - end) construct. In silico predictions did not predict any binding sites other than
the leucine zipper and forkhead domain of FOXP2 (leucine zipper - end), therefore these two domains
formed the only interfaces for protein-protein and protein-DNA interactions. The A539P mutation
alone had no apparent effects on the oligomeric state of the protein, since according to size exclusion
chromatography both wild-type and A539P FOXP2 (leucine zipper - end) existed as a single large
species of approximately hexameric size. R401D FOXP2 (leucine zipper - end) was observed to form
an intermediate species of approximately trimeric size. The effects of the A539P mutation were
apparentin R401D/A539P FOXP2 (leucine zipper - end), which existed as a mixture of the intermediate
species and a small species of approximately dimeric size. Electrophoretic mobility shift assays showed
that the same oligomeric states occurred upon DNA binding. In silico methods predicted that all FOXP2
(leucine zipper - end) variants shared similar secondary structures, and were predominantly
disordered, which was confirmed with far-UV circular dichroism spectropolarimetry. The large
proportion of disordered regions increases the propensity of FOXP2 (leucine zipper - end) for
protein-protein interactions, and confers conformational freedom on the protein to facilitate any

structural rearrangements required for protein-protein and protein-DNA interactions. Fluorescence



anisotropy DNA-binding assays showed that although the R401D mutation decreased the DNA-binding
affinity of FOXP2 (leucine zipper - end), the decrease was less significant than that observed for A539P
FOXP2 (LeuZip - end). This could be due to the R401D mutation not preventing leucine zipper
associations completely, since R401D FOXP2 (leucine zipper - end) was not monomeric. Despite
adopting the same quaternary structure as the wild-type, A539P FOXP2 (leucine zipper - end) had a
significantly weaker affinity for DNA, emphasising the importance of forkhead domain
domain-swapping for DNA binding and revealing that the formation of a hexamer specifically was not
significant for DNA binding. R401D/A539P FOXP2 (leucine zipper - end) had the weakest affinity for
DNA, due to the combined effects of disruptions at both the leucine zipper and forkhead domain
interfaces. Intrinsic tryptophan fluorescence spectroscopy of wild-type FOXP2 (leucine zipper - end)
was the most quenched upon DNA binding, under non-reducing conditions. Since wild-type FOXP2
(leucine zipper - end) had the highest affinity for DNA, this could be due to the formation of additional
DNA-protein contacts that were not present in the mutants, or due to the binding of more protein
molecules to DNA resulting in an enhanced quenching effect. Thermal unfolding revealed that
wild-type FOXP2 (leucine zipper - end) was the least stable variant, whereas R401D/A539P FOXP2
(leucine zipper - end) was the most stable, possibly indicating a more transient hexameric association
and more stable dimeric association. Stern-Volmer constants showed that hexameric wild-type and
A539P FOXP2 (leucine zipper - end) experienced the largest conformational changes upon DNA
binding. Although the R401D/A539P mutant experienced a conformational change upon DNA binding,
the change was not significant. In addition, although the forkhead domain itself is more structured
upon DNA binding, far-UV circular dichroism spectropolarimetry showed an increase in global disorder
upon DNA binding, under non-reducing conditions, possibly increasing the propensity for
protein-protein interactions. These results suggest that the FOXP2 (leucine zipper - end) hexamer
could dissociate — possibly into the more stable dimeric form — in the presence of DNA in order to
efficiently locate the appropriate cis-regulatory element and then re-associate upon binding DNA. The

possible existence of multiple oligomeric states could regulate FOXP2-controlled gene expression.
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Chapter 1: Introduction

Whole genome sequencing has revealed that vertebrates have approximately twice as many genes as
invertebrates, but this increase in numberis largely due to the duplication of invertebrate genes rather
than the evolutionary development of new genes (Adams et al., 2000; Baltimore, 2001; Lander et al.,
2001; Ruvkun and Hobert, 1998). Therefore, the complexity of vertebrates is not due to a complexity
of the genome. Evidence suggests that this complexity has arisen due to more intricate regulation of
gene expression, especially through transcription factors (TFs), since there is a large increase in the
number of TFs per gene in vertebrates compared to invertebrates (Aoyagi and Wassarman, 2000;
Lander et al., 2001; Levine and Tjian, 2003; Wyrick and Young, 2002). Furthermore, the most complex

multicellular organisms express the most diverse and complex range of TFs (de Mendoza et al., 2013).

A recent study identified 1558 human TF-encoding genes, thus TFs comprise a large group of proteins
in humans (Wingender et al., 2013). Since some TF-encoding genes give rise to multiple TF isoforms
due to alternative splicing, post-translational processing, and epigenetic events, this results in over
2900 classified human TFs (Wingender et al., 2013). TFs are key players in the regulation of gene
expression (Spitz and Furlong, 2012). TFs activate or repress gene expression in a context-specific
manner by binding distinct deoxyribonucleic acid (DNA) sequences and either activating or repressing
the recruitment and binding of transcriptional machinery (Spitz and Furlong, 2012). TFs display the
ability to influence the rate of transcription from DNA to ribonucleic acid (RNA) (Latchman, 1993).
Upstream of an open reading frame lies the promoter, a stretch of DNA of variable length that is
important for regulating the expression of that gene (Figure 1.1A) (Lee and Young, 2000). The
promoter consists of numerous cis-regulatory elements — cis-regulatory elements of the core
promoter to which transcription initiation factors and RNA polymerase Il bind, and those of the distal
regions to which TFs and co-activators bind (Burley and Roeder, 1996; Lee and Young, 2000; Zou et
al., 2011). The distal cis-regulatory elements to which TFs bind are of different types; enhancers to
which transcriptional activators bind, and silencers to which transcriptional repressors bind (Lee and
Young, 2000). Regulation of transcription relies upon the interaction of each of the proteins involved
in transcription (such as the initiation factors, RNA polymerase Il, TFs and co-activators) with specific
DNA cis-regulatory elements, and the interactions of the proteins with each other, often requiring the
bending of DNA to facilitate the formation of a large DNA-protein complex (Figure 1.1B and 1.1C)
(Gaston et al., 1992; Lee and Young, 2000). This provides a remarkable mechanism by which gene
expression is regulated in a tightly controlled manner. Additional regulatory mechanisms, such as

post-translational modifications of TFs, allow for further control of gene expression and
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post-translational modifications of protein products allow for increased complexity of multicellular

organisms (Benayoun and Veitia, 2009; Smith and Kelleher, 2013; Tootle and Rebay, 2005).

A Co-activator  Activator Repressor

RNA
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| Core promoter _  Open reading frame ]

Initiation
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Distal cis-regulatory elements

B |
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Figure 1.1: The regulation of gene expression by transcription factors. (A) The core promoter, located directly upstream of
an open reading frame, contains the cis-regulatory elements for the binding of RNA polymerase Il and other general
transcription initiation factors. Gene expression is controlled by TFs (activators, co-activators, and repressors) which bind to
cis-regulatory elements in the distal regions. (B) Transcription is initiated upon binding of the activator/co-activator to
enhancers. Necessary interactions between the activator/co-activator and the proteins bound to the core promoter may
require DNA bending. (C) Transcription is repressed upon binding of the repressor to a silencer. Necessary interactions

between the repressor and the proteins bound to the core promoter may require DNA bending.



1.1 TRANSCRIPTION FACTOR SUPERCLASSES

The binding of TFs to cis-regulatory elements is mediated via DNA-binding domains (DBDs). According
to a classification system based on DBDs that was first used to classify human TFs and has since been
expanded to include non-human mammalian TFs, TFs are classified into ten superclasses (Figure 1.2)
which are described briefly (Wingender et al., 2013, 2018). TFs of the basic DBD superclass interact
with DNA via basic regions that lack structure when unbound, but become a-helical upon DNA binding
(Figure 1.2A) (Wingender et al., 2018). TFs with zinc-coordinating DBDs are those that bind DNA via a
Cys2His2, Cys4, Cys6 or other zinc finger motif (Figure 1.2B) (Wingender et al., 2018). A typical
helix-turn-helix (HTH) DBD binds to DNA via a recognition helix that inserts into the major groove of
DNA, with the second a-helix interacting with the DNA backbone non-specifically (Figure 1.2C)
(Wingender et al., 2018). The first three superclasses (basic DBDs, zinc-coordinating DBDs, and HTH
DBDs) are the largest of the superclasses and TFs of all three superclasses bind DNA by the interactions

of an a-helix with the major groove of DNA (Wingender et al., 2013, 2018).

The other all-a-helical DBD superclass comprises TFs that bind DNA via a-helical DBDs (Figure 1.2D)
that are not basic, zinc-coordinating, or HTH DBDs (Wingender et al., 2018). The fifth TF superclass
comprises TFs that bind DNA via a-helices exposed by B-structures, and the DNA-binding a-helices of
this superclass interact with DNA by packing against the DNA rather than insertion of the a-helices
into a DNA groove (Figure 1.2E) (Wingender et al., 2018). The sixth TF superclass comprises TFs with
DBDs with immunoglobulin folds (Wingender et al., 2018). The core of the immunoglobulin fold DBD
is primarily composed of B-structures and DNA binding is mediated via loops that extend beyond the
B-core (Figure 1.2F) (Wingender et al., 2018). TFs with B-hairpins exposed by an a/B-scaffold bind DNA
via the B-hairpin that inserts into the major groove of DNA (Figure 1.2G) (Wingender et al., 2018).
Members of the eighth superclass of TFs are able to bind DNA via B-stranded DBDs (Figure 1.2H)
(Wingender et al., 2018). Any TF that binds DNA via a B-structure, but is unlike the seventh and eighth
superclasses, is classified as having a B-barrel DBD (Figure 1.21) (Wingender et al., 2018). Lastly, TFs
that exhibit sequence-specificity when binding to DNA but lack identifiable or currently characterised

DBDs comprise the superclass of TFs with undefined DBDs (Wingender et al., 2018).

The first three and largest of the superclasses (basic DBDs, zinc-coordinating DBDs, and HTH DBDs)

shall be described in more detail.
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Figure 1.2: Representative DNA-binding domains of each transcription factor superclass. According to a classification
system devised by Wingender et al. (2018), mammalian TFs belong to one of ten superclasses based on their DBDs.
Representatives of each superclass are as follows: (A) Basic DBD: an example is the Myc-Max heterodimer (Myc is blue and
Max is grey). The DBD (bottom of the image) becomes a-helical upon DNA binding (DNA not shown) (PDB 1NKP) (Nair and

Burley, 2003), (B) Zinc-coordinating DBD: an example is the glucocorticoid receptor (shown with the zinc ions depicted as
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dark grey spheres, and with one monomer in grey) (PDB 1R40) (Luisi et al., 1991), (C) HTH DBD: an example is the A-repressor
homodimer (shown with one monomer in grey) (PDB 1LMB) (Beamer and Pabo, 1992), (D) Other all-a-helical DBD: an
example is SOX18 (PDB 4Y60) (Klaus et al., 2016), (E) a-Helices exposed by B-structures: an example is the MEF2A homodimer
(shown with one monomer in grey) (PDB 3KOV) (Wu et al., 2010), (F) Immunoglobulin fold DBD: an example is p53 (PDB 2FEJ)
(Canadillas et al., 2006), (G) B-Hairpin exposed by an a/B-scaffold: an example is GCM1 (PDB 10DH) (Cohen et al., 2003),
(H) B-Stranded DBD: an example is TBP (PDB 1CDW) (Nikolov et al., 1996), (1) B-Barrel DBD: an example is Lin28 (PDB 3ULJ)
(Mayr et al., 2012), (J) Undefined DBD: an example is hnRNP D (PDB 1XOF) (Enokizono et al., 2005). a-Helices are blue,
B-strands are green, and loops are orange. Images were rendered using The PyMOL Molecular Graphics System, Version

0.99, Schrédinger, LLC.

1.1.1 BAsic DNA-BINDING DOMAINS

The basic DBD superclass of TFs is the third largest of the ten superclasses (Wingender et al., 2018).
The most distinguished DBDs of this superclass are the basic-region helix-loop-helix (bHLH) and
basic-region leucine zipper (bZip) DBDs (Wingender et al., 2018). DNA-binding of the bHLH and bZip
domains is mediated via N-terminal basic regions, which consist of two a-helices that are rich in basic
residues (Figure 1.3) (Ellenberger, 1994). In solution, basic DBDs are highly disordered and lack
structure due to the large positive charge of the basic amino acid residues (Liu et al., 2006; O’Neil et
al., 1990; Patel et al., 1990; Shuman et al., 1990). However, due to the negative charge of DNA, basic
DBDs are able to fold into stable a-helices upon binding DNA (Grosberg et al., 2002; Lipfert et al., 2014;
Weiss et al., 1990). The N-terminal a-helices interact with the major groove of DNA, forming base-pair
and backbone contacts that rely on shape complementarity between amino acid side chains and the

major groove (Ellenberger, 1994; Miller et al., 2003).

In addition to facilitating DNA-binding, both bHLH and bZip domains exhibit dimerisation properties
(Ellenberger, 1994). In bHLH TFs, dimerisation occurs via the a-helical C-terminal region of each HLH,
leading to the formation of a four-helix bundle (Brownlie et al., 1997; Ellenberger, 1994). Dimerisation
of two bZip TFs occurs by interactions predominantly of leucine residues at the C-terminal leucine
zipper (LeuZip) regions (Glover and Harrison, 1995; Miller et al., 2003). Dimerisation of both bHLH and
bZip domains occurs through packing interactions of hydrophobic side chains, though the domains
sometimes differ in the spacing and arrangement of conserved hydrophobic residues (Ellenberger,

1994).
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Figure 1.3: Basic-region helix-loop-helix (A) and basic-region leucine zipper (B) DNA-binding domains. (A) The Myc-Max
bHLH heterodimer-DNA complex is shown. The C-terminal dimerisation motif mediates Myc-Max heterodimerisation, and
the N-terminal basic domain allows for DNA binding at the major groove (PDB 1NKP) (Nair and Burley, 2003). (B) The Jun
bZip homodimer-DNA complex is shown. The C-terminal leucine-rich region mediates Jun homodimerisation, and the
N-terminal basic domain allows for DNA binding at the major groove (PDB 1JNM) (Kim and Podust, unpublished). a-Helices
are grey, loops are orange, basic amino acid residues of the basic domains are blue, and DNA is pink. Images were rendered

using The PyMOL Molecular Graphics System, Version 0.99, Schrodinger, LLC.

1.1.2 ZINC-COORDINATING DNA-BINDING DOMAINS

The zinc-coordinating DBD superclass of TFs is the largest of the ten superclasses (Wingender et al.,
2018). The most distinguished TFs of this superclass are the nuclear receptor TFs, which are common
drug targets for a range of diseases (Amoutzias et al., 2008; Wingender et al., 2018). Nuclear receptor
TFs contain an N-terminal zinc finger domain for DNA binding (Figure 1.4A). The prototypical zinc
finger is the Cys2His2 motif, consisting of approximately 30 amino acid residues with strategically
positioned pairs of cysteine and histidine residues coordinating a zinc cation (Wingender et al., 2018;
Wolfe et al., 2000). Coordination of the zinc cation positions the cysteine and histidine pairs, thereby
stabilising the fold of the zinc finger (Wolfe et al., 2000). A typical zinc finger folds to form a BBa
structure and it is the a-helical portion of the zinc finger that inserts into the major groove of DNA
(Wolfe et al., 2000). TFs that bind DNA via zinc fingers often contain clusters of zinc fingers, allowing
for simultaneous binding of multiple zinc fingers at successive DNA major grooves (Nielsen et al., 2004;
Wolfe et al., 2000). Some zinc fingers are variations of the prototypical Cys2His2 motif — for example

the Nizp1 TF contains, in addition to four Cys2His2 zinc fingers, a Cys2HisArg zinc finger that is capable
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of mediating DNA binding and hence transcriptional repression (Berardi et al., 2016; Nielsen et al.,
2004). Zinc fingers can mediate protein-DNA, protein-RNA and protein-protein interactions (Wolfe et
al., 2000). In addition to the N-terminal zinc finger domain, nuclear receptor TFs contain a C-terminal
ligand-binding domain (Figure 1.4B) (Amoutzias et al., 2008). Apart from its ligand-binding properties,
the ligand-binding domain exhibits dimerisation properties, with the dimerisation interface typically
composed of a-helices and loops (Pawlak et al., 2012). Thus, dimerisation of nuclear receptor TFs

occurs via both the zinc finger and ligand-binding domains (Amoutzias et al., 2008).



Figure 1.4: DNA-binding domain (A) and ligand-binding domain (B) of representative nuclear receptor transcription factor.
(A) The N-terminal glucocorticoid receptor DNA-binding domain is shown. This zinc finger is larger than the typical Bpa zinc
finger and folds to form additional a-helices, enabling the coordination of two zinc cations by each monomer of the
homodimer. Each zinc cation is coordinated by a Cys4 motif, a variation of the prototypical Cys2His2 zinc finger. DNA binding
of each monomer occurs by insertion of an a-helix into the major groove. (B) The C-terminal glucocorticoid receptor
ligand-binding domain is shown. This domain contributes to dimerisation. One monomer of each domain is shown in grey
(left-hand side). a-Helices are blue, loops are orange, DNA is pink, zinc ions (A) and cofactors (B) are dark grey spheres and
a-helices, respectively, and ligands (B) are shown in stick representation (black). The image was rendered on The PyMOL

Molecular Graphics System, Version 0.99, Schrodinger, LLC (PDB 1R40 (A), 1M2Z (B)) (Bledsoe et al., 2002; Luisi et al., 1991).

1.1.3 HELIX-TURN-HELIX DNA-BINDING DOMAINS

HTH TFs comprise the second largest of the ten TF superclasses (Wingender et al., 2018). The HTH DBD
is considered one of the most evolutionarily conserved transcription elements (Aravind and Koonin,
1999). It is typically composed of three a-helices in an approximately triangular arrangement when
associated with DNA (Figure 1.5A). The HTH DBD forms DNA-binding contacts via the third helix

(helix 3) at the major groove (Figure 1.5B) (Aravind and Koonin, 1999). Helix 3 is thus referred to as



the recognition helix. The second helix (helix 2) typically forms non-specific contacts with the DNA
backbone, and any additional a-helices serve to stabilise the DNA-protein interaction (Wingender et
al., 2018). The rigid ‘turn’ of the HTH domain occurs between the second and third helices (Aravind et
al., 2005). Contrastingly, the loop occurring between the first and second helices is less rigid and
modifications in this region lead to variations of the typical HTH DNA-binding motif (Aravind et al.,
2005). An example of a variation of the typical HTH DBD is the winged-HTH DBD, usually composed of
three a-helices succeeded by two B-strands (the wing), though some winged-HTH DBDs contain up to
four interspersed B-strands with the additional B-strands forming in the loop between helix 1 and
helix 2 (Aravind et al., 2005). The wings form additional DNA contacts at the minor groove (Aravind et
al., 2005). Monomeric HTH DBDs can associate to form dimers (Figure 1.5B) (Amoutzias et al., 2008;
Aravind et al., 2005; Beamer and Pabo, 1992). HTH TFs often have a LeuZip located adjacent to the
HTH DBD, on the C-terminal side, which contributes to the association of monomers (Amoutzias et al.,

2008).

Helix 1 Helix 2

N

Helix 3
N
Figure 1.5: Helix-turn-helix DNA-binding domain. (A) The triangular arrangement of the three helices of the bacterial
A-repressor HTH DBD is shown. The rigid ‘turn’ occurs between helix 2 and helix 3, whereas the loop connecting helix 1 and
helix 2 is more flexible. (B) The homodimeric HTH DBD of bacterial A-repressor is shown interacting with DNA. Blue and grey
are used to depict each monomer, respectively. Helix 3 (the recognition helix) of each monomer forms DNA-binding contacts
at the major groove. The structures labelled for the monomer on the right-hand side (blue) are viewed posteriorly relative
to the monomer on the left-hand side (grey). a-Helices are blue/grey, loops are orange, and DNA is pink. Images were

rendered using The PyMOL Molecular Graphics System, Version 0.99, Schrédinger, LLC (PDB 1LMB) (Beamer and Pabo, 1992).

1.2 REGULATION OF GENE EXPRESSION

The binding of TFs to cis-regulatory elements and resulting control of gene expression is regulated by
intricate networks of related mechanisms. The mechanisms influencing gene expression are numerous
and include time delays, negative and positive feedback loops, TF oligomerisation, and

post-translational modifications of TFs, amongst others (Benayoun and Veitia, 2009; Smolen et al.,



2000). The regulation of TF activity is important for ensuring that, upon receiving a stimulus, the
appropriate response is elicited by the cell and for ensuring that gene expression patterns are
controlled both spatially and temporally in a context-dependent manner (Smolen et al., 2000).
Transcriptional dysregulation has been associated with a wide range of diseases such as cancer,
cardiovascular diseases, neurological disorders, and autoimmune diseases (Lee and Young, 2014).
Transcriptional dysregulation can arise due to mutations in cis-regulatory elements or in proteins that

interact with these DNA regions, including TFs (Lee and Young, 2014).

1.2.1 POST-TRANSLATIONAL MODIFICATIONS

Itis common for a single TF to control a diverse range of processes. For example, the forkhead box 03
TF has been implicated in cell cycle control, DNA repair, erythroid differentiation, the prevention of
cardiac hypertrophy, female infertility, cell survival, tumour suppression and human longevity
(Castrillon et al., 2003; Flachsbart et al., 2009; Greer and Brunet, 2005, 2008; Salih and Brunet, 2008;
Willcox et al., 2008). In order to trigger the appropriate response to a signal and ensure that the TF
binds to the appropriate cis-regulatory element, a single TF is often subjected to a range of distinct
post-translational modifications targeting different amino acid residues, which affect and control the
TF DNA-binding specificity, or regulate its affinity for the same cis-regulatory element, or alter its
protein-protein interactions (Benayoun and Veitia, 2009). The two most commonly occurring
post-translational modifications, as observed experimentally, are phosphorylation (typically targeting
serine, threonine, tyrosine and histidine residues), and acetylation (typically targeting lysine residues)
(Khoury et al., 2011). Lysine acetylation usually targets large protein complexes involved in nuclear
processes such as transcription, with competing ubiquitination and sumoylation of TF lysine residues
allowing for multi-layered regulation of gene expression (Choudhary et al., 2009; Tootle and Rebay,
2005). Protein mutants are useful mimetics to study the effects of post-translational modifications in
vitro. For example, the substitution of lysine with glutamine or aspartic acid has been used as a mimic
to investigate the effects of lysine acetylation (Gorsky et al., 2016; Song et al., 2012; Wang and Hayes,
2008).

1.3 TRANSCRIPTION FACTOR OLIGOMERS

An astounding number of TF oligomers have been identified and studied, emphasising the importance
of TF oligomerisation (Anckar and Sistonen, 2011; Bujalka et al., 2013; Chen and Privalsky, 1995; Chen
et al., 2001; Grandori et al., 2000; Hai and Curran, 1991; Hinde et al., 2016; Kim et al., 2017, 1996;
Levy and Marié, 2012; Li et al., 2013b; Liischer, 2001; Rabindran et al., 1993; Sinha et al., 1995, 1996;

Vitelli et al., 2000; Zhang and Darnell, 2001; Zhao et al., 2013). Interestingly, TFs from more than one
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superclass are able to interact with DNA as oligomers, though oligomerisation usually occurs between
members of the same TF class or family (Amoutzias et al., 2008; Wingender et al., 2018). Indeed,
oligomerisation is a prerequisite for DNA binding for some TFs (Wingender et al., 2018). The DBDs of
these TFs are the most conserved regions, whereas the regions conferring oligomerisation abilities to
these TFs are less conserved (Alvarez-Buylla et al., 2000; Amoutzias et al., 2006, 2004; Bailey et al.,
2003; Bertrand et al., 2004; De Bodt et al., 2003; Deppmann et al., 2006; Gauthier and Degnan, 2008;
Jakoby et al., 2002; Nakamura et al., 2006; Shore and Sharrocks, 1995; Simionato et al., 2007; Wang
and Levy, 2006). TF oligomers are composed of different numbers of monomers and are varied with
regards to the role of oligomerisation for TF function, and the role of the oligomeric TF in the cell. The
effects of TF oligomerisation include the control of nuclear trafficking, altered DNA-binding
specificities, inhibitory effects, and regulatory effects (Chen and Privalsky, 1995; Chen et al., 2001;
Fisher et al., 1991; Hai and Curran, 1991; Hinde et al., 2016; Vitelli et al., 2000).

TF homo- and hetero-oligomer formation is driven by a number of factors. As with other proteins, the
oligomerisation of TFs can be thermodynamically driven, with the resultant oligomer being more
stable and energetically favoured than the constituent monomers (Barducci et al., 2013; Beckett,
2001). Under in vivo conditions, macromolecular crowding drives oligomerisation due to the resulting
oligomer occupying a smaller volume, a phenomenon that has been seen to drive the formation of
both homo- and hetero-oligomers (Bookchin et al., 1999; Lindner and Ralston, 1997; Rivas et al., 2001,
Snoussi and Halle, 2005; Wilf and Minton, 1981; Zimmerman and Trach, 1988). The accessible surfaces
differ between an oligomer and its constituent monomers, which could enable the regulation of gene
expression by selective protein-protein and protein-DNA interactions of each oligomeric state,
therefore oligomer formation could be driven by the gene expression requirements of the cell

(Vinkemeier et al., 1998; Wingelhofer et al., 2018).

In order for oligomerisation to occur, it is necessary that the interacting interfaces have the
appropriate properties to favour oligomer formation. Analyses of protein-protein interfaces have
shown that although diversity exists amongst these interfaces, some overarching properties of the
interacting surfaces may influence oligomer formation (Jones and Thornton, 1996; Talavera et al.,
2011). Protein-protein interfaces are typically segmented with respect to secondary structural
elements, rather than consisting of a single secondary structural element, and the types of secondary
structures observed at interfaces are mixed, consisting of a-helices, B-strands, and loops (Jones and
Thornton, 1996; Talavera et al., 2011). Interestingly, homo-oligomer interfaces tend to be more

intertwined whereas hetero-oligomer interfaces are more planar (Jones and Thornton, 1996). Current
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evidence regarding the preferential amino acid composition of protein-protein interfaces is
inconclusive. Some evidence suggests that all protein-protein interfaces are characterised by a high
frequency of hydrophobic residues, aromatic residues and arginine residues (Bahadur et al., 2003;
Chakrabarti and Janin, 2002; Jones and Thornton, 1997; Zhou and Qin, 2007). Other evidence indicates
that homo-oligomerisation is preferentially mediated via hydrophobic interfaces which have a high
frequency of hydrophobic amino acid residues, whereas hetero-oligomerisation is preferentially
mediated via less hydrophobic interfaces which form more hydrogen bonds (Jones and Thornton,
1996). An extension of this model states that despite the preference of hydrophobic interfaces for
homo-oligomeric interactions, electrostatic and polar interactions are also important for both homo-
and hetero-oligomer formation and the hydrophobic regions of homo-oligomer interfaces are usually
segmented and occur as patches (Larsen et al., 1998; Sheinerman et al., 2000). Nevertheless,
regardless of the specific amino acid composition of the interfaces, the feasibility and favourability of
protein-protein interactions, whether homo- or heterotypic, rely on shape and electrostatic
complementarity of the interacting partners (Jones and Thornton, 1996; Li et al., 2013a; Zhang et al.,
2011b). The key amino acid residues at a particular protein-protein interface, or the contribution of
each interface to proteins that interact via more than one interface, can be determined on a
case-by-case basis, for example by using point mutations to identify the contributions of specific

amino acid residues or specific interfaces to the overall stability of the oligomer.

1.4 LEUCINE ZIPPERS IN TRANSCRIPTION FACTORS

The leucine zipper (LeuZip) domain, first identified in 1988 by Landschulz and coworkers, is a common
structural feature of TFs and mediates TF oligomerisation (Ferre-D’ Amare et al., 1994; Fisher et al.,
1991; Landschulz et al., 1988; Roman et al., 1992; Song et al., 2012). The LeuZip motif forms a stable
a-helix of approximately 30 amino acid residues (Ellenberger, 1994; Landschulz et al., 1988). During
the formation of a LeuZip dimer, the interdigitation of leucine residues of each monomer facilitates
dimer formation (Figure 1.6) (Ellenberger, 1994; Landschulz et al., 1988). As seen in the mouse Foxp3
(mFoxp3) LeuZip (Figure 1.6), the resulting dimer typically forms a coiled-coil (Landschulz et al., 1988;
Song et al., 2012). The characteristic heptad leucine repeat is what distinguishes a LeuZip from other
coiled-coil structures (Landschulz et al., 1988). In some instances, strategically positioned hydrophobic
or charged residues at the core of the interface enable the formation of additional hydrophobic
interactions or hydrogen bonds which further stabilise LeuZip associations (Baxevanis and Vinson,
1993). LeuZips only facilitate oligomerisation and are unable to bind DNA directly. Thus, interactions

of TFs with DNA require a DBD that is distinct from the LeuZip. LeuZip motifs are not exclusive to TFs;
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for example, a LeuZip motif facilitates homodimerisation of the proline dipeptidase enzyme, and loss

of proline dipeptidase LeuZip dimerisation results in a loss of enzymatic activity (Chiravuri et al., 2000).

N-terminal

|
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Figure 1.6: Leucine zipper dimerisation. The mFoxp3 LeuZip homodimer is shown with blue and grey used to depict each
monomer, respectively. The LeuZip (enlarged on the right-hand side) allows for homotypic associations through
interdigitation of leucine residues (spheres) resulting in an anti-parallel coiled-coil. The coiled-coil extends beyond the LeuZip
at the N-terminal ends, as indicated. a-Helices are blue/grey, loops are orange, and the conservative valine substitution at
the first position is depicted as dark grey spheres. Images were rendered using The PyMOL Molecular Graphics System,

Version 0.99, Schrodinger, LLC (PDB 411L) (Song et al., 2012).

A LeuZip typically spans the region of four or five heptad leucine repeats (Figure 1.7A), with a leucine
residue therefore occurring every second turn of the a-helix, accommodating interdigitation of leucine
residues from two LeuZips (Landschulz et al., 1988). Amino acid residues at positions a, d, e and g
(using standard nomenclature for the heptad repeat of a coiled-coil) are important for both stability
and specificity of the LeuZip interaction since they occur at the coiled-coil interface (Figure 1.7B)
(Ellenberger, 1994; Landschulz et al., 1988; Song et al., 2012). In general, hydrophobic amino acid
residues are favoured at positions a and d, whereas polar and charged amino acid residues are
favoured at other positions of the heptad repeat (b, c, e, f, and g), but variations to this pattern are

tolerated (Ellenberger, 1994; Song et al., 2012). The hydrophobic residues (a and d) form a
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hydrophobic core, and hydrogen bonds between residues located at the e and g positions are
frequently observed to further stabilise the interaction (Baxevanis and Vinson, 1993). LeuZips mediate
both homo- and hetero-dimerisation, and LeuZip dimers are capable of assuming either parallel or
anti-parallel conformations (Deng et al., 2008; Ellenberger, 1994; Landschulz et al., 1988; Li et al.,
2004; O’Shea et al., 1991; Song et al., 2012).
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A FOXP1 342 RVOMOVVQOLELOQLAKDKERLQAMMTHLHV
FOXP2 382 RVOMOVVQQLEIQLSKERERLOQAMMTHLHM
FOXP3 233 LLOREMVQSLEQOLVLEKEKLSAMQAHLAG
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Figure 1.7: (A) Multiple sequence alignment of leucine zippers of human and mouse (m) FOXP subfamily members, and
(B) helical wheel diagram of residues forming the heptad repeat of an anti-parallel leucine zipper dimer. (A) An example
of a LeuZip found in all members of the FOXP subfamily of TFs is shown. The region is highly conserved between humans and
mice, especially amongst FOXP1/2/4. Blue shading denotes identical amino acids, grey shading denotes similar amino acids
and no shading denotes different amino acids. Pairwise alignments of the sequences show a mean similarity of 82% and
identity of 72%, and the global alighment shows a mean similarity of 71%. Triangles (above) indicate heptad repeats of
leucine residues (with a conservative valine substitution at the first position). Letters a - g (below) are standard nomenclature
for the heptad repeat of a coiled-coil. Residues at positions a and d are predominantly hydrophobic. Residues at positions e
and g are varied. mFoxp3 Lys251 is indicated in boldface and corresponds with FOXP2 Arg401. Amino acid positions are
numbered relative to the full-length proteins (left-hand side). The multiple sequence alignment was generated using the
online T-Coffee server (Notredame et al., 2000). (B) The arrangement of residues are shown for a dimer, the simplest of
LeuZip oligomers, adopting an anti-parallel coiled-coil configuration. Positions a and d (blue) are typically occupied by
hydrophobic residues which form a hydrophobic core at the interface. Residues at all other positions are usually polar or
charged. Positions e and g (green) form part of the interface, and hydrogen bonds between residues at these positions
contribute to oligomer stability. Sometimes, hydrophobic residues occur at positions e and/or g, which increases the buried
surface area of the hydrophobic core, and contributes to the formation of higher order oligomers (composed of three or

more monomers).
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In addition to the formation of dimers, LeuZip domains are able to form higher order oligomers (Aoki
et al., 1999; Friedman et al., 1995; Kasai et al., 1997; Song et al., 2012). LeuZip tetramers are common
in TFs and often occur due to the dimerisation of dimers (Chakerian et al., 1991; Friedman et al., 1995;
Song et al., 2012). Although positions e and g are usually occupied by polar or charged residues, the
occurrence of hydrophobic residues at these positions can increase the buried surface area and
contribute to higher order LeuZip oligomerisation. Thus, LeuZip tetramers often form on the basis of
hydrophobic interactions of side chains at the a and d positions, and a third hydrophobic residue at
either the e or g position (Deng et al., 2006; Hill et al., 2000; Liu et al., 2007; Solan et al., 2002; Yadav
et al., 2006). In the case of the former, tetramer formation is initiated by the linkage of the a-helices
in an anti-parallel configuration by hydrophobic side chains at position a, resulting in subsequent
interactions of residues at positions d and e which stabilise the interface (Liu et al., 2007). In the case
of the latter, tetramer formation is similar but it is the residues at position d that initiate tetramer
formation, resulting in the subsequent interdigitation of residues at positions a and g (Deng et al.,
2006). Considering the helical arrangement of the side chains (Figure 1.7B), it is thus the central
residue that initiates linkage of anti-parallel LeuZips during oligomer formation, and it is clear that
residues at positions a, d, e and g determine the interactions resulting in oligomerisation and influence
the final quaternary structure. LeuZip trimers, hexamers, and octamers are less common but have

been reported for a few TFs (Aoki et al., 1999; Harbury et al., 1993; Kasai et al., 1997).

The LeuZip is an important structural feature of many TFs, as evinced by the many examples of TF
LeuZip-mediated associations influencing interactions with DNA and transcriptional activity (Anckar
and Sistonen, 2011; Aoki et al., 1999; Bujalka et al., 2013; Chakerian et al., 1991; Fisher et al., 1991,
Grandori et al., 2000; Hai and Curran, 1991; Hentze et al., 2016; Kim et al., 2017; Li et al., 2013b;
Luscher, 2001; Rabindran et al., 1993). The significance and diversity of TF LeuZip associations will be
expounded through the use of some illustrative examples of dimers, trimers, and higher order

oligomers.

1.4.1 LEUCINE ZIPPER TRANSCRIPTION FACTOR DIMERS

Dimers are the simplest of oligomers, composed of just two individual subunits or monomers.
Dimerisation plays important roles in both gene activation and repression (Amoutzias et al., 2008).
Each dimer partner and each cellular context leads to a specified cell fate (Amoutzias et al., 2008).
Thus, one TF monomer that is able to bind multiple partners facilitates gene regulation due to the
different properties and roles of each dimer (Amoutzias et al., 2008). An example of LeuZip TF

heterodimerisation that occurs in the control of gene expression is the Max protein that can
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heterodimerise with either Myc or Mad, whereas Myc and Mad are unable to heterodimerise with
each other (Grandori et al., 2000; Lischer, 2001). Myc-Max and Mad-Max dimerise via HLH-LeuZips
and bind DNA via basic domains (Nair and Burley, 2003). Figure 1.3A shows the Myc-Max heterodimer
interacting with DNA. Heterodimerisation of Max with Myc leads to the recruitment of histone acetyl
transferases required for gene expression, whereas heterodimerisation of Max with Mad leads to gene

silencing due to the recruitment of histone deacetylases (Grandori et al., 2000; Liischer, 2001).

Alternatively, differential homo- and heterodimerisation allows for the regulation of gene expression
since TF heterodimers often demonstrate properties and binding specificities that are distinct from
the homodimers of their constituents (Amoutzias et al., 2008). An example is the Jun-activating
transcription factor 2 (ATF2) bZip heterodimer, which differs from both the Jun and the ATF2
homodimers with respect to binding specificities (Hai and Curran, 1991). The Jun homodimer binds
well to the activator protein-1 site, which mediates responses to environmental stimuli such as
mitogens or viral infections (Hai and Curran, 1991). Conversely, the Jun-ATF2 heterodimer shows a
weak affinity for the activator protein-1 site, but binds more strongly to the proenkephalin regulatory

region than either homodimer (Hai and Curran, 1991).

1.4.2 LEUCINE ZIPPER TRANSCRIPTION FACTOR TRIMERS

As with dimerisation, TF trimer formation has been shown to regulate gene expression. An example is
the myelin-gene regulatory factor (MyRF), a TF essential for the maturation of oligodendrocytes, the
maintenance of mature oligodendrocytes, and myelination of the central nervous system (Emery et
al., 2009; Koenning et al., 2012). Full-length MyRF forms membrane-bound homo-trimers that
undergo auto-proteolysis, releasing stable homo-trimeric N-terminal domains from the endoplasmic
reticulum (Bujalka et al.,, 2013; Kim et al., 2017; Li et al., 2013b). The homo-trimeric N-terminal
domains of MyRF function as TFs, and the formation of these homo-trimers is a prerequisite for
transcriptional activity (Bujalka et al., 2013; Kim et al., 2017; Li et al., 2013b). MyRF contains a LeuZip
adjacent to the DBD, and with the use of point mutations it was shown that the LeuZip is required for
both trimer formation and auto-proteolysis (Li et al., 2013b). Furthermore, MyRF homo-trimers bind
DNA more tightly than monomers, and exhibit sequence specificity that is not seen in the monomers

which bind DNA more promiscuously (Kim et al., 2017).

In some examples, TFs associate via LeuZips upon receiving a stimulus in order to regulate gene
expression, thereby eliciting a response to the stimulus. This is seen in the heat shock transcription

factor 1 (HSF1) (Anckar and Sistonen, 2011; Rabindran et al., 1993). The heat shock response allows
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organisms to survive harsh environmental conditions, not limited to elevated temperatures but also
including conditions such as oxidative stress and inflammation (Jolly and Morimoto, 2000). HSF1 is a
key regulator of the eukaryotic heat shock response, and exists as a monomer under normal
conditions but associates to form a LeuZip-mediated homo-trimer in response to cell stress (Anckar
and Sistonen, 2011; Rabindran et al., 1993). Using elevated temperatures as a stimulus, it was
observed that the trimeric LeuZip region of HSF1 becomes more tightly packed with increasing levels
of stress, emphasising the importance of trimer formation for HSF1 function (Hentze et al., 2016;

Rabindran et al., 1993).

1.4.3 LEUCINE ZIPPER TRANSCRIPTION FACTOR TETRAMERS AND HIGHER ORDER OLIGOMERS

TF LeuZips are capable of forming a ‘dimer of dimers’ with the association of two dimers giving rise to
a tetrameric arrangement. The resulting tetramer often has important functional implications. For
example, the lactose repressor TF LeuZip facilitates the dimerisation of dimers (Figure 1.8), and
disruption of this interface renders the TF unable to bind DNA (Chakerian et al., 1991). In another
example, TFEB (transcription factor EB) requires an intact LeuZip for homo- and heterotypic
associations (Fisher et al., 1991). TFEB is only able to bind DNA as a homo- or heterodimer, but is
observed to associate with another dimer to form a tetramer in its unbound form (Fisher et al., 1991).
The transition between dimer-dimer and dimer-DNA complexes could potentially provide a regulatory

point for gene expression (Fisher et al., 1991).

| DNA-binding
domain

—Core region

Tetramerisation
domain

Figure 1.8: Lactose repressor forms a leucine zipper-mediated dimer of dimers. Top view (A) and side view (B) of lactose
repressor tetramer formed by the association of dimers. One monomer of each dimer is depicted in grey. Monomers
associate via short C-terminal LeuZips to form an anti-parallel dimer, and dimers then associate to form an anti-parallel
tetramer, resulting in a four-helix bundle (tetramerisation domain). DNA binding occurs at the N-terminal HTH DBD
(N-terminal DBD is viewed proximally in A). The core region stabilises the tetramer and regulates DNA binding.
a-Helices/B-strands are blue/grey, and loops are orange. Images were rendered using The PyMOL Molecular Graphics

System, Version 0.99, Schrédinger, LLC (PDB 1TLF) (Friedman et al., 1995).
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LeuZips can facilitate the formation of TF oligomers larger than tetramers, as observed in the translin
TF (Aoki et al., 1999; Kasai et al., 1997). Translin binds both DNA and RNA and has been associated
with chromosomal translocations, mRNA storage and translocation, telomere maintenance, DNA
repair, and other important processes involving nucleic acids (Aoki et al., 1995; Finkenstadt et al.,
2002; Han et al., 1995; Jacob et al., 2004). Translin monomers associate via LeuZips to form an
octameric ring (Figure 1.9) (Aoki et al., 1999; Kasai et al., 1997). The formation of the octamer, as is
frequently observed with the formation of LeuZip tetramers, is suggested to result from the
association of dimers (Aoki et al., 1999; Kasai et al., 1997). The open octameric ring forms an internal
cavity that serves as an inlet for DNA, enabling the formation of DNA-binding contacts (Eliahoo et al.,
2015). Point mutations of the translin DBD result in a loss of DNA-binding activity, without a loss of
quaternary structure (Aoki et al., 1999). However, point mutations of the translin LeuZip result in a
loss of both quaternary structure and DNA binding, emphasising the importance of LeuZip-mediated

oligomerisation for DNA binding and hence function (Aoki et al., 1999).

Cavity

Figure 1.9: Translin forms a leucine zipper-mediated octamer. Top view (A) and side view (B) of translin octameric ring
formed by the association of monomers via C-terminal LeuZips. The functional octameric ring is composed of four
anti-parallel dimers (one monomer of each dimer is depicted in grey). Disruption of the LeuZip interface results in a loss of
both quaternary structure and function. When closed, the ring shows no apparent entry point for nucleic acids (not shown).
However, the open ring conformation forms a cavity that could provide an entry point for nucleic acids (C-terminal LeuZips
are viewed proximally in A and at the top of B for subunits depicted in blue). a-Helices are blue/grey and loops are orange.
Images were rendered using The PyMOL Molecular Graphics System, Version 0.99, Schrédinger, LLC (PDB 4WYV) (Eliahoo et
al., 2015).
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1.5 FOX TRANSCRIPTION FACTORS

The forkhead box (FOX) proteins are a family of HTH TFs identified by the distinctive DNA-binding
forkhead domain (FHD), first discovered in the Drosophila melanogaster embryo (Weigel et al., 1989).
Genes encoding FOX TFs have been identified in many species ranging from yeast to rodents
(Kaufmann and Kndochel, 1996; Lai et al., 1993). In humans, FOX TFs are ubiquitously expressed from
embryonic development to adulthood, and play important roles in diverse processes such as
development of the heart, liver, pancreas, and lungs, as well as glucose metabolism, regulation of the
immune system, chromatin remodelling, and lowered metabolism associated with aging (Friedman
and Kaestner, 2006; Hannenhalli and Kaestner, 2009; Jonsson and Peng, 2005; Ma et al., 2014; Zhu,
2016).

The fifty identified human FOX-encoding genes are classified into nineteen subfamilies (FOXA to FOXS)
based on sequence similarity of the FHD (Figure 1.10) (Kaestner et al., 2000). All other regions of FOX
proteins, beyond the DNA-binding FHD, exhibit great variation (Kaestner et al., 2000). In addition to
having multiple protein domains, FOX TFs interact with a large number of protein binding partners
and cofactors, adding to the diversity of genes regulated by FOX TFs, as well as to the diversity of the

downstream effects of FOX transcriptional activity (Li et al., 2015).
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Helix 1 Helix 2 Helix 3 Wings

| 1 I 1 [ 11 1
FOXA1l KPPYSYISLITMAIQOAPSKMLTLSEIYQWIMDLHPKYRQ----- NOQRWONSTRHSLSFNDCEVKVARSPDK-~--P-GKGSYWTLH
FOXB1 KPPYSYISLTAMAIQSSPEKMLPLSEIYKFIMDRHPKYRE-———-— NTOQRWONSLRHNLSFNDCEFTKTIPRRPDQ---P-GKGSFWALH
FOXC1 KPPYSYIALITMAIQNAPDKKITLNGIYQFIMDRHPEFYRD—-——-— NKOGWONSTRHNLSLNECEFVKVPRDDKK---P-GKGSYWTLD
FOXD1 KPPYSYIALITMAILQOSPKKRLTLSEICEFISGRHP{YRE----- KFPAWONSIRHNLSLNDCEFVKIPREPGN---P-GKGNYWTLD
FOXE1 KPPYSYIALIAMATAHAPERRLTLGGIYKFITERHPFYRD-—---- NPKKWONSTRHNLTLNDCFLKTIPREAGR---P-GKGNYWALD
FOXF1 KPPYSYTALIVMAIQSSPTKRLTLSEIYQFLOSRHPFFRG-—-—-— SYQGWKNSVRHNLSLNECFIKLPKGLGR---P-GKGHYWTID
FOXG1 KPPFSYNALIMMAIRQSPEKRLTLNGIYEFIMKNHPYYRE----- NKQGWONSTRHNLSLNKCEVKVPRHYDD---P-GKGNYWMLD
FOXH1 KPPYTYLAMIALVIQAAPSRRLKLAQIIRQVOAVHPFFRE----- DYEGWKDSTIRHNLS SNRCFRKVPKDPAK---PQAKGNFWAVD
FOXI1 RPPYSYSALIAMATHGAPDKRLTLSQIYQYVADNHPEFYNK----- SKAGWONSTRHNLSLNDCFKKVPRDEDD---P-GKGNYWTLD
FOXJ1 KPPYSYATLICMAMOASKATKITLSATIYKWITDNHCYFRH----- ADPTWONSTRHNLSLNKCFIKVPREKDE---P-GKGGFWRID
FOXK1 KPPFSYAQLIVOAISSAQDRQLTLSGIYAHITKHYPKYRT----— ADKGWONSTRHNLSLNRYFIKVPRSQEE---P-GKGSFWRID
FOXL1 KPPYSYTALIAMAIQDAPEQRVTLNGIYQFIMDRHPFYHD-—--- NROGWONSTRHNLSLNDCEFVKVPREKGR---P-GKGSYWTLD
FOXM1 RPPYSYMAMIQFAINSTERKRMTLKDIYTWIEDHHPYFKHI----AKPGWKNSTIRHNLSLHDMEVRETSAN-—--—~~-~- GKVSFWTTIH
FOXN1 KPIY¥SYSILIFMALKNSKTGSLPVSEIYNFMTEHHPYFKT----- APDGWKNSVRHNLSLNKCFEKVENKSGS---SSRKGCLWALN
FOX01l WGNLSYADLITKAIESSAEKRLTLSQIYEWMVKSV
FOXP1 RPPFTYASLIRQAILESPEKOLTLNEIYNWETRMH
FOXP2 RPPFTYATLIRQAIMESSDROLTLNEIYSWFTRTH
FOXP3 RPPFTYATLIRWAILEAPEKQRTLNEIYHWETRMH
FOXP4 RPPFTYASLIRQAILETPDROLTLNEIYNWETRMH
FOXQ1 KPPYSYIALIAMAIRDSAGGRLTLAEINEYLMGKH
FOXR1 RPPLNYFHLIALALRNSSPCGLNVQOQIYSFTRKHH
FOXS1 KPPYSYTALIAMATQSSPGORATLSGIYRYIMGRH

FRN----- HPATWKNAIRHNLSLHKCEFVRVE--S—-------EKGAVWTVD
FRR-—--- NTATWKNAVRHNLSLHKCEVRVE -—-N-———-—— VKGAVWTVD
BRG————- SYTGWRNSVRHNLSLNDCEVKVLRDPSR---PWGKDNYWMLN
- APEGWKNTVRHNLCFRDSEEKVPVSMOGGASTRPRSCLWKLT
YgH-——-- NRPGWONSTRHNLSLNECEVKVPRDDRK---P-GKGSYWTLD

| | | | I | |
510 520 530 540 550 560 570

Figure 1.10: Multiple sequence alignment of representative FOX DNA-binding forkhead domains. The FHD sequence of at
least one member of each FOX subfamily (A - S) is shown. Blue shading denotes identical amino acids, grey shading denotes
similar amino acids, no shading denotes different amino acids, and dashes denote gaps in the alignment. Pairwise alignments
of the sequences show a mean similarity of 65% and identity of 51%, and the global alighnment shows a mean similarity of
47%. The highly conserved proline residue of the hinge loop, which is replaced by alanine in the FOXP subfamily (boldface),
is boxed. Approximate locations of conserved secondary structural elements are indicated above the alignment. Amino acid
positions are numbered relative to full-length FOXP2 below the alignment. The multiple sequence alighment was generated

using the online T-Coffee server (Notredame et al., 2000).

The FOX FHD is a winged-HTH domain — a derivative of the typical HTH DBD (Clark et al., 1993). The
generalised FOX FHD is a monomer of approximately 70 - 100 amino acid residues, folded to form
three N-terminal a-helices and two C-terminal loops or wings, with wing 1 often forming two
anti-parallel B-strands (Figure 1.11) (Clark et al., 1993). Variations of this prototype arise from
differences in the loops between the a-helices, and occasionally in the wing region, with the formation
of additional secondary structures in these regions (Aravind et al., 2005; Clark et al., 1993). For
example, the FHDs of FOXC2, FOXD3, and FOXO1 form an additional short a-helix between helix 2 and
helix 3, the FHDs of FOXD3, FOXK1, and FOXP2 form an a-helix at the C-terminal end, in the wing
region, and the loop between helix 2 and helix 3 is extended in the FHDs of the FOXO proteins,
compared with other FOX proteins (Brent et al., 2008; Van Dongen et al., 2000; Jin and Liao, 1999;
Marsden et al., 1998; Obsil and Obsilova, 2011; Psenakova et al., 2019; Stroud et al., 2006; Tsai et al.,
2006). The FOX FHD binds to DNA by the insertion of helix 3, the recognition helix, into the major
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groove (Clark et al., 1993; Tsai et al., 2007). Wing 1 and wing 2 form additional major groove, minor

groove and DNA backbone contacts, further stabilising the FOX-DNA complex (Clark et al., 1993).

£, A N

Figure 1.11: FOXO3 forkhead domain-DNA complex. (A) The FOXO3 FHD presents helix 3, the recognition helix, to the DNA
major groove. a-Helices are blue, B-strands are green, loops and wings are orange, and DNA is pink. (B) Helix 3 forms
base-specific DNA-binding contacts at the major groove. Residues and bases involved in the interaction are shown as blue
and pink sticks, respectively (viewed posteriorly relative to A). In FOXO3, wing 1 (C) and wing 2 (D) form additional
DNA-binding contacts through interactions with the DNA backbone. Residues involved in the interactions are shown as

orange sticks. Images were rendered using PyMOL v 0.99 Schrodinger, LLC (PDB 2UZK) (Tsai et al., 2007).

Studies of the DNA-binding specificities of both human and non-human FOX TFS have shown that most
FOX TFs exhibit specificity for and bind to three DNA binding sites, or variants thereof (Badis et al.,
2009; Kaufmann et al., 1995; Luo et al., 2012; Overdier et al., 1994; Pierrou et al., 1994; Schlake et al.,
1997; Zhu et al., 2009, 2012). Based on these DNA binding sites, an analysis of the evolution of FOX
DNA-binding specificities was conducted and it was revealed that the DNA-binding specificities
evolved independently for each FOX subfamily (Nakagawa et al., 2013). Interestingly, it was observed
that several FOX TFs are able to recognise and bind to two or three of the DNA binding sites, and this
lead to the theory of multiple FOX DNA-binding “modes” (Nakagawa et al., 2013). According to this

theory, a single FHD is able to adopt multiple DNA-binding conformations, allowing for multiple
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DNA-binding specificities (Nakagawa et al., 2013). The evolution of FOX DNA-binding specificities has
been attributed to this proposed ability of the FOX FHD to adopt multiple DNA-binding conformations
(Nakagawa et al., 2013). Importantly, this theory also postulates that by adopting multiple
DNA-binding conformations, FOX TFs are able to allosterically expose otherwise inaccessible surfaces
and domains, thereby enabling differential protein-protein interactions through the controlled
exposure of protein-protein interfaces (Nakagawa et al., 2013). This would allow for an additional
regulatory point of FOX TF activity through the DNA binding site-dependent regulation of FOX protein
binding partners (Nakagawa et al., 2013).

The detrimental effects of the dysregulation of FOX TFs is evident, since FOX TF dysregulation has been
associated with numerous diseases including congenital heart disease, diabetes, and immunological
diseases (Hannenhalli and Kaestner, 2009; Jonsson and Peng, 2005; Zhu, 2016). Many FOX TFs have
also been associated with the cancers of various tissues and organs (Hannenhalli and Kaestner, 2009;
Jonsson and Peng, 2005; Laissue, 2019; Myatt and Lam, 2007). For example, FOXC2 and FOXM1 are
associated with several cancers, including cancers of the breast, lung, and colon, amongst others (Balli
et al., 2011; Hollier et al., 2013; Kim et al., 2006; Wang et al., 2009; Yoshida et al., 2007). Both FOXC2
and FOXM1 are involved in the epithelial-mesenchymal transition, the induction of cancer stem cell
properties, and metastasis (Hollier et al., 2013; Lam et al., 2013). In addition, FOXM1 has been
associated with cancer initiation and angiogenesis (Lam et al., 2013). Interestingly, a number of small
molecule inhibitors have exhibited the ability to specifically target and inhibit the effects of FOXC2 and
FOXM1 in cancer and, in some cases, result in cancer cell apoptosis (Bhat et al., 2009; Castaneda et
al., 2018; Hollier et al., 2013; Lam et al., 2013; Liu et al., 2014; Zhu, 2014). Thus, FOX TFs are promising

drug targets for the treatment of FOX-linked cancers and possibly other FOX-linked diseases.

1.6 FOXP suBFAMILY

The FOXP subfamily consists of four members, FOXP1 to FOXP4 (Jackson et al., 2010). Unlike most
other FOX TFs that are transcriptional activators, evidence suggests that FOXP subfamily members are
transcriptional repressors (Li et al., 2004; Roll et al., 2010; Shu et al., 2001; Zuo et al., 2007a). FOXP
TFs regulate genes involved in a variety of processes. FOXP1, FOXP2, and FOXP4 control gene
expression in tissues of the lung, brain, spleen, and gut, and play an important role in glucose
homeostasis (Lu et al., 2002; Shu et al., 2001; Spaeth et al., 2015). FOXP3 is specifically expressed and

involved in the control of autoimmune response by regulatory T cells (Fontenot et al., 2003).
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All members of the FOXP subfamily have been linked to disease. Loss of FOXP1, FOXP2, and FOXP4
functioning has been identified in several cancers (Banham et al., 2001; Cuiffo et al., 2014; Teufel et
al., 2003). FOXP1 mutations have been identified in patients with speech defects, intellectual
disabilities, emotional lability and symptoms of autism disorder (Hamdan et al., 2010; Urreizti et al.,
2018). Mutations in FOXP3 cause immune dysregulation, polyendocrinopathy, enteropathy and
X-linked inheritance (IPEX), an autoimmune disease (Bennett et al., 2001). IPEX is characterised by
diabetes, eczema, anaemia, hypothyroidism and enteropathy (Wildin et al., 2002). A FOXP4 mutation
has been associated with neurological disease symptoms such as congenital heart disease, defects of

the larynx and developmental delay (Charng et al., 2016).

FOXP2is a TFinvolved in the development of specific brain regions (Lai et al., 2001). A FOXP2 missense
mutation leading to the substitution of an arginine by a histidine (R553H) was detected in multiple
generations of a British family and in an unrelated individual and lead to the finding that FOXP2 is
linked to developmental verbal dyspraxia (DVD), a hereditary disorder that modifies speech and
language severely in affected individuals through the impairment of orofacial movements (Lai et al.,
2001). DVD also leads to impairments in language processing and grammatical skills (Gopnik and
Crago, 1991; Vargha-Khadem et al., 1995). Thus, FOXP2 is a key player in the development of speech
and language and the Foxp2 gene was the first gene to be linked to the development of neural
structures required for speech and language (Lai et al., 2001). FOXP2 has subsequently been
associated with several other neurological diseases, including autism disorder and schizophrenia

(Gong et al., 2004; Sanjuan et al., 2006).

The dysregulation of FOXP2 has been associated with numerous cancers, including breast cancer,
prostate cancer, gastric cancer, and colorectal cancer (Cuiffo and Karnoub, 2016; Cuiffo et al., 2014;
Jia et al.,, 2016; Stumm et al, 2013; Tang et al., 2010). However, the mechanism of FOXP2
dysregulation differs between cancer types, suggesting that FOXP2 has both tumour suppressive and
oncogenic functions, and alternations between the two could depend on the signalling pathway. For
example, malignant clinical breast cancer has been shown to display decreased FOXP2 expression
levels (Cuiffo and Karnoub, 2016). An investigation of the effects of decreased FOXP2 expression levels
in breast cancer cells has shown that FOXP2 knockdown is sufficient for cancer stem cell propagation,
secondary tumour initiation and metastasis (Cuiffo and Karnoub, 2016). Thus, FOXP2 appears to have
a tumour suppressive function in breast cancer. In 50% of prostate cancers, an androgen responsive
gene is fused to a member of the erythroblast transformation-specific (ETS) family of TFs, known as

the ETS-related gene (ERG) (Stumm et al., 2013). This leads to a high ERG expression, with the
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occurrence of downstream molecular changes in fusion-positive prostate cancers (Stumm et al.,
2013). Fusion-negative cancers, comprising the remaining 50% of prostate cancers, have a poorer
prognosis than fusion-positive cancers, and have shown adverse effects linked to increased FOXP2
expression levels (Hermans et al., 2009; Stumm et al., 2013). Thus, FOXP2 appears to have an
oncogenic function in prostate cancer, which could be counteracted by ERG in fusion-positive cancers

(Stumm et al., 2013).

1.6.1 FOXP STRUCTURE

FOXP subfamily members contain a glutamine-rich region, a zinc finger domain, a LeuZip domain and
a FHD from N- to C-terminal (Shu et al., 2001). The domain organisation of FOXP2, which typically

consists of 715 amino acid residues, is outlined in Figure 1.12 (Lai et al., 2001; Shu et al., 2001).

1 152 214 347 370 382 411 504 576 715

Q-rich ZnF LeuZip FHD

Figure 1.12: Domain organisation of FOXP2. FOXP2 contains a glutamine-rich region (Q-rich), zinc finger domain (ZnF), LeuZip
domain and DNA-binding FHD, from N- to C-terminal. Numbers indicate amino acid positions of each domain relative to the

full-length protein.

The FOXP glutamine-rich region may facilitate regulatory protein-protein interactions, and is the
longest poly-glutamine tract in the human genome, in healthy individuals (Butland et al., 2007,
Chamberlain etal., 1994; Lai et al., 2001; Wang et al., 2003). Zinc fingers have been found to play roles
in stabilising protein fold and in binding to DNA, RNA, protein, and lipid (Brown, 2005; Gamsjaeger et
al., 2007; Hall, 2005; Klug, 1999; Low et al., 2002; Matthews and Sunde, 2002; Miller et al., 2010).
Recent evidence suggests that, in the presence of the LeuZip, the FOXP2 zinc finger plays a role in
mediating homotypic protein-protein interactions (HduRermann et al., 2019). However, this has not
been confirmed in other FOXP subfamily members, and the possibility of additional roles for the FOXP
zinc finger have not been fully investigated. FOXP LeuZips are required for in vivo
homo-oligomerisation and hetero-oligomerisation between FOXP subfamily members (Chae et al.,
2006; Li et al., 2004; Wang et al., 2003). In addition, FOXP LeuZips could be involved in non-specific
interactions with DNA due to the requirement of an intact LeuZip domain for FOXP DNA binding (Chae
et al., 2006; Li et al., 2004). Evidence suggests that the zinc finger and LeuZip form an uninterrupted
a-helix which, during oligomerisation, assembles into an extended zinc finger-LeuZip coiled-coil (Song
et al., 2012). The FHD is the DBD and is linked to binding specificity (Koh et al., 2009; Stroud et al.,
2006; Wang et al., 2003; Webb et al., 2017). FOXP3 exhibits the most structural variation, as it is
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shorter than other FOXP subfamily members and the glutamine-rich region is replaced by a
proline-rich region in FOXP3. Deletion of the FOXP3 proline-rich region results in the loss of
FOXP3-mediated gene regulation, most likely due to the role of this region in the recruitment of FOXP3

binding partners such as histone deacetylases (Xie et al., 2015).

1.6.2 FOXP DNA BINDING

As with other FOX TFs, FOXP proteins bind DNA by interactions of the FHD with DNA (Bandukwala et
al., 2011; Chen et al., 2015; Stroud et al., 2006; Wu et al., 2006). The FOXP FHD binds specific DNA
sites via the recognition helix (helix 3), which inserts into the major groove and forms base-specific
contacts (Bandukwala et al., 2011; Chen et al., 2015; Stroud et al., 2006; Wu et al., 2006). Helix 1 and
the wing regions form additional DNA contacts, predominantly with the DNA backbone, which stabilise
the interaction (Bandukwala et al., 2011; Chen et al., 2015; Stroud et al., 2006; Wu et al., 2006). DNA
binding of the FOXP2 FHD has been studied in detail, and it was shown that electrostatic and polar
interactions of regions beyond H3, especially the wing regions, with the DNA backbone contribute to
DNA-binding specificity (Morris et al., 2018a). Furthermore, the flexibility of the loop between helix 2
and helix 3 is an important regulator of both DNA-binding specificity and affinity, through its effects
on electrostatic interactions with the DNA backbone and on the depth of insertion of helix 3 into the
major groove, respectively (Morris et al., 2018a). The formation of the DNA-protein complex reduces
the flexibility of the FOXP2 FHD through the formation of DNA-protein contacts which restrict the
motion of the FHD (Morris et al., 2018a).

1.7 OLIGOMERISATION IN THE FOXP SUBFAMILY

It is necessary that TF activity is tightly controlled. For FOXP TFs, this is achieved through a number of
mechanisms; for example, FOXP2 DNA binding is regulated by environmental factors such as pH, the
binding of cations to a conserved cation-binding site, and post-translational modifications such as
phosphorylation (Blane and Fanucchi, 2015; Blane et al., 2018; Morris et al., 2018b). The FHD
cation-binding site is conserved amongst FOX TFs across different subfamilies, and could serve as a
universal regulator of FOX activity (Morris et al., 2018b). A regulatory mechanism that appears to be
unique to the FOXP subfamily, however, is the formation of homo-oligomers (HauRermann et al.,
2019; Li et al., 2007; Song et al., 2012). In addition, although other FOX TFs have shown the ability to
form heterotypic oligomers, the formation of hetero-oligomers amongst members of the same
subfamily appears to be unique to the FOXP subfamily, and serves to regulate FOXP transcriptional
activity (Blount et al., 2009; Li et al., 2007, 2004; Lozano et al., 2017; Madureira et al., 2006; Ren et
al., 2019; Rudra et al., 2012; Seoane et al., 2004; Sin et al., 2014; van der Vos and Coffer, 2008).
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LeuZip motifs have been shown to facilitate the formation of TF dimers and higher order oligomers
(see 1.4 Leucine zippers in transcription factors). FOXP subfamily members all contain a conserved
LeuZip motif (Figure 1.12), and studies have shown that the LeuZip facilitates FOXP
homo-oligomerisation (Chae et al., 2006; HduBermann et al., 2019; Li et al., 2007, 2004; Lopes et al.,
2006; Song etal., 2012; Wang et al., 2003). In particular, the isolated mFoxp3 LeuZip homodimer forms
a transient dimer, resulting in a dimer of dimers and giving rise to a tetrameric or higher order
arrangement (Song et al., 2012). In full-length FOXP3, the LeuZip mediates the formation of a number
of homotypic quaternary structures, ranging from dimers to oligomers larger than tetramers (Li et al.,
2007). Indeed, there is evidence of the formation of homotypic tetramers amongst all FOXP TFs
(HauBermann et al., 2019; Li et al., 2007; Mendoza, 2011; Song et al., 2012). However, further work is
required to fully clarify the native oligomeric state of each FOXP protein, as well as the role of higher

order oligomers for FOXP DNA binding and hence function.

Hetero-oligomerisation between FOX proteins of different subfamilies, and of FOX TFs with other TFs,
is a common means of regulating transcriptional activity (Blount et al., 2009; Madureira et al., 2006;
Seoane et al., 2004; van der Vos and Coffer, 2008). For example, the associations of FOXO3 with both
FOXG1 and FOXM1 have been reported (Madureira et al., 2006; Seoane et al., 2004). However, in
addition to enabling homo-oligomerisation, the FOXP LeuZip enables the association of FOXP
subfamily members with each other, a phenomenon that is unique to the FOXP subfamily (Lam et al.,
2013; Li et al., 2004; Rousso et al., 2012; Shu et al., 2007). There is currently limited information
regarding the oligomeric state and configuration of heterotypic FOXP oligomers, but a recent study
has shown that FOXP1 and FOXP2 constructs associate to form a number of quaternary structures in
vitro (Thulo, 2019). In addition, associations of FOXP1 and FOXP2 with each other are relatively weak
compared with the homotypic associations of these proteins, suggesting a more transient

FOXP1-FOXP2 hetero-oligomeric association (Thulo, 2019).

Tissue-specific expression patterns of FOXP1, FOXP2, and FOXP4 share significant overlap, particularly
in the developing brain (Konopka et al., 2009; Takahashi et al., 2008a, 2008b, 2009; Teramitsu et al.,
2004). Interestingly, these members of the FOXP subfamily have been shown to co-localise
subcellularly (Sin et al., 2014). An investigation was conducted on 10 downstream FOXP2 gene targets
including genes involved in the Wnt signalling pathway, Notch signalling pathway, and nervous system
development (Sin et al., 2014). Wnt signalling is important for embryonic development and adult
homeostasis whilst Notch signalling plays roles in differentiation, proliferation, and apoptosis

(Artavanis-Tsakonas et al., 1999; Sin et al., 2014). It was discovered that FOXP1/2/4 homo- and
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hetero-oligomerisation have distinct effects on gene expression, with each homo- and
hetero-oligomer differentially activating and repressing the transcription of specific gene targets (Sin
et al., 2014). For example, FOXP1 and FOXP4 homo-oligomers both lead to the activation of the
nuclear receptor co-repressor 2 gene involved in the Notch signalling pathway, whereas the

FOXP1-FOXP4 hetero-oligomer causes transcriptional repression of this gene (Sin et al., 2014).

A study of FOXP3 revealed that the inhibition of FOXP3 homo-oligomerisation alone results in a loss
of function, in particular with respect to the control of regulatory T cells (Lozano et al., 2017). Studies
have also shown that FOXP1 and FOXP3 co-localise at many sites in the nuclei of regulatory T cells (Li
et al., 2007; Song et al., 2012). FOXP3-FOXP1 associations are crucial to the function of regulatory
Tcells; loss of FOXP1 results in a decrease in FOXP3 transcriptional activity and can lead to
autoimmune diseases due to a loss of suppressive immune activity (Li et al., 2007; Ren et al., 2019).
Interestingly, evidence has shown that FOXP3 controls FOXP1 expression levels in regulatory T cells,
suggestive of a regulatory FOXP1-FOXP3 feedback loop (Rudra et al., 2012). Thus, the formation of
homo- and heterotypic FOXP oligomers has been observed for all FOXP subfamily members, and is a
form of transcriptional regulation that could allow for the control of tissue-specific gene expression

(Li et al., 2007, 2004; Lozano et al., 2017; Ren et al., 2019; Rudra et al., 2012).

1.7.1 FOXP OLIGOMER INTERFACES

Most evidence suggests that the LeuZip is the key FOXP oligomer interface (Chae et al., 2006; Li et al.,
2004; Lopes et al., 2006; Wang et al., 2003). However, the FOXP DNA-binding FHD also exhibits unique
dimerisation abilities, which have not been observed in any other FOX protein (Bandukwala et al.,
2011; Chu et al., 2011; Stroud et al., 2006). Furthermore, a recent study comparing mutant and
truncated FOXP2 variants suggests that the FHD could contribute to the overall affinity of FOXP2
homo-oligomerisation interactions (HauRermann et al, 2019). The relative importance and
contribution of each interface to FOXP homo- and hetero-oligomerisation has not been fully

characterised.

In vitro studies have shown that the isolated FOXP1 and FOXP2 FHDs exist as a mixture of monomer
and dimer, and the isolated FOXP3 FHD is exclusively dimeric (Bandukwala et al., 2011; Chu et al.,
2011; Stroud et al., 2006). Crystal structures have revealed that FOXP FHD dimerisation occurs by
domain swapping (Bandukwala et al., 2011; Stroud et al., 2006). Domain swapping is a process
involving the exchange of equivalent parts between two identical proteins in the formation of an

oligomer (Bennett et al., 1994). In the FOXP FHD, domain swapping occurs by the exchange of helix 1
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and helix 2 between two monomers, resulting in an intertwined dimer as shown in Figure 1.13
(Bandukwala et al., 2011; Stroud et al., 2006). Several disease-linked mutations of the FOXP FHD,
including mutations linked to IPEX and autism disorder, have been shown to impair domain swapping,
emphasising the significance of FHD domain swapping for FOXP function (Bandukwala et al., 2011;
Siper et al., 2017). Although FOXP proteins are capable of forming hetero-oligomers with each other,
there is currently limited evidence of heterotypic interactions of the FHD (Thulo, 2019). Furthermore,
the domain-swapped FHD (Figure 1.13) is more intertwined than the coiled-coil LeuZip (Figure 1.6),
suggesting that heterotypic FOXP interactions occur via the LeuZip whereas FHD domain-swapping
occurs predominantly between monomers of the same FOXP protein (Bandukwala et al., 2011; Jones

and Thornton, 1996; Li et al., 2004; Stroud et al., 2006).

Monomer Domain-swapped dimer

Hinge loop Hinge loop 2
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Figure 1.13: The FOXP2 forkhead domain forms a domain-swapped dimer. FOXP2 Ala539 confers flexibility to the FHD hinge
loop, thereby allowing for dimerisation by domain swapping. Exchange of helix 1 and helix 2 between two monomers allows
for the formation of an intertwined dimer. A single monomer is shown on the left-hand side and a domain-swapped dimer
is shown on the right-hand side, with one monomer of the domain-swapped dimer in grey (structures are labelled for the
monomer shown in blue). In the FOXP2 FHD, wing 1 forms two anti-parallel B-strands and wing 2 forms an a-helix. a-Helices
are blue, B-strands are green, loops are orange, and Ala539 is grey and represented as spheres (left-hand side). Images were

rendered using The PyMOL Molecular Graphics System, Version 0.99, Schrodinger, LLC (PDB 2A07) (Stroud et al., 2006).

Formation of the FHD domain-swapped dimer requires flexibility of the turn or hinge loop connecting
helix 2 and helix 3 (Bandukwala et al., 2011; Stroud et al., 2006). As seen in Figure 1.10, a key proline
residue situated in the hinge loop is conserved amongst all other FOX proteins and replacement by
alanine in FOXP subfamily members (Ala539 in FOXP2) confers flexibility to this region (Bandukwala
et al., 2011; Stroud et al., 2006). Therefore, it is not surprising that mutation of Ala539 to a proline
reduces hinge loop flexibility and prevents formation of the FOXP2 FHD domain-swapped dimer
(Stroud et al., 2006). It is worth noting that the conserved hinge loop proline is replaced by cysteine
in FOXJ1 and alanine in FOXS1 (Figure 1.10), but no structural characterisation has been conducted on

the FHDs of these proteins.
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Specific interactions and residues involved in FOXP1/2/4 LeuZip oligomerisation have not been
studied. However, the M406T missense mutation of the FOXP2 LeuZip was detected in a patient and
associated with cognitive and language impairments, and epilepsy (Roll et al., 2010). In vitro analyses
showed that M406T FOXP2 retained partial transcriptional activity (Roll et al., 2010). Furthermore, a
parent and both siblings of the patient were carriers of the mutation but showed no phenotypical
effects or symptomes, so it is plausible that the effects of the M406T mutation, as seen in the patient,
are dependent on environmental or other factors, and on its own, the mutation may have little or no
effect on FOXP2 LeuZip oligomerisation, although it should be highlighted that no additional FOXP2

mutations were detected in the patient (Roll et al., 2010).

Mutations of the FOXP3 LeuZip eliminate homo- and hetero-oligomerisation of full-length FOXP3 (Li
et al., 2007). An extensive study of the mFoxp3 zinc finger-LeuZip coiled-coil conducted by Song et al.
(2012) found that this region facilitates the formation of anti-parallel dimers, and the resulting dimers
associate in an anti-parallel configuration to form a tetramer. Key residues for mFoxp3 oligomerisation
and oligomer stability were identified. Leu241 and Leu245 are located at core positions d and a,
respectively (corresponding with Leu242 and Leu246 in human FOXP3, refer to Figure 1.7A) and
contribute to the formation of a hydrophobic core at the dimer interface, as depicted in Figure 1.14A
(Songetal., 2012). Leu241 and Leu245 lie at the symmetric centre of the coiled-coil (Song et al., 2012).
The L242P mutation in human FOXP3 is an IPEX mutation and introducing the equivalent mutation
(L241P) leads to the disruption of mFoxp3 LeuZip homodimeric associations (Song et al., 2012). Lys249
is at position e (corresponding with Lys250 in human FOXP3) and forms an intersubunit hydrogen bond
with Glu242 at position e of the second monomer, which stabilises the mFoxp3 LeuZip dimer (Figure
1.14B) (Song et al., 2012). The deletion of Lys250 in human FOXP3 is another IPEX mutation and
introducing the equivalent mutation (deletion of Lys249) was also found to disrupt mFoxp3 LeuZip

homodimeric associations (Song et al., 2012).

Interestingly, the mFoxp3 zinc finger-LeuZip coiled-coil has a higher proportion of polar amino acid
residues at core positions (a and d) than is usual for LeuZips and other coiled-coil structures (Song et
al., 2012). The side chain edges of these polar amino acid residues are twisted out of the buried
hydrophobic core, a unique phenomenon that promotes higher order oligomerisation (Song et al.,
2012). It is worth noting that, in humans and mice, the core polar amino acid residues are conserved
amongst the FOXP subfamily (Figure 1.7A), which, like the unique alanine of the FHD hinge loop, could
promote oligomerisation in FOXP subfamily members. One such amino acid is GIn234 (core position

d) that forms an intersubunit hydrogen bond with Glu248 (position f). Lys251 (position g) is a key
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residue for this interaction, and initiates and stabilises the interaction by positioning the Glu248 side
chain optimally for bond formation (Figure 1.14C) (Song et al., 2012). Other FOXP subfamily members
have an arginine residue in the position equivalent to that of Lys251 (Figure 1.7A), and mutation of
mFoxp3 Lys251 to arginine had little effect on LeuZip oligomerisation (Song et al., 2012). Acetylation
is an important post-translational modification for the regulation of FOXP3 DNA binding and function
(Samanta et al., 2008; Tao et al., 2007). There is much evidence in support of the significance of FOXP3
acetylation for its function; for example, acetylation promotes regulatory T cell function and protects
FOXP3 from polyubiquitination and proteasomal degradation (van Loosdregt et al., 2010, 2011; Tao
et al., 2007). Through the use of mass spectrometry, it was found that human FOXP3 undergoes
regulatory acetylation at Lys250 and Lys252 (corresponding with Lys249 and Lys251 in mFoxp3),
resulting in the alteration of the charges at these positions (Song et al., 2012). Interestingly,
introducing the K251D mutation which alters the charge at this position was found to disrupt

homotypic mFoxp3 LeuZip associations, as well as FOXP3-FOXP1 interactions (Song et al., 2012).

Leu241

O gt

Figure 1.14: Key residues at the mFoxp3 leucine zipper dimer interface. (A) The hydrophobic leucine residues at positions

241 and 245 are located at the symmetric centre of the coiled-coil. (B) An intersubunit hydrogen bond between Lys249 and
Glu242 stabilises the LeuZip dimer. (C) Lys251 positions the Glu248 side chain correctly for formation of an intersubunit
hydrogen bond between Glu248 and GIn234, which stabilises the mFoxp3 LeuZip dimer. Carbon atoms are green, oxygen
atoms are pink, nitrogen atoms are blue, and hydrogen bonds are dashed lines (black). Images were rendered using The

PyMOL Molecular Graphics System, Version 0.99, Schrédinger, LLC (PDB 411L) (Song et al., 2012).

The FOXP2 LeuZip is situated N-terminal to the FHD (Lai et al., 2001; Shu et al., 2001). The N-terminal
ends of the FOXP2 FHD monomers are in close proximity in the isolated FHD domain-swapped dimer
(Stroud et al., 2006). Thus, the FOXP2 FHD, upon dimerisation, adopts a configuration that would
enable simultaneous dimerisation of the LeuZip and FHD (Li et al., 2004). However, the possibility of
higher order oligomerisation should be considered since there is substantial evidence for the
formation of FOXP2 oligomers that are larger than dimers (HauBermann et al., 2019; Mendoza, 2011;

Thulo, 2019). Based on the mFoxp3 LeuZip, it is likely that the FOXP2 LeuZip forms an anti-parallel
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dimer of dimers. Figure 1.15 shows a plausible tetrameric arrangement for the LeuZip and FHD regions
of FOXP2, with the LeuZips forming an anti-parallel dimer of dimers. The FHDs of one copy of each
dimer could be in close proximity, depending on the flexibility of the regions connecting the LeuZips
to the FHDs. Thus, the proposed arrangement would allow for simultaneous dimerisation of the FHDs,

and could hold true for all FOXP proteins.

LeuZip /5\ FHD @ﬁ
&J FHD /K\ LeuZip
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w FHD \% LeuZip

Figure 1.15: Proposed tetrameric arrangement of the LeuZip and forkhead domain regions of FOXP2. In the proposed

= Dimer 1

= Dimer 2

model, two FOXP2 monomers dimerise in an anti-parallel configuration, via the LeuZip domains (dimer 1). Two dimers then
associate, again in an anti-parallel configuration via the LeuZip domains, resulting in a dimer of dimers or tetramer. The

flexibility of the regions connecting the LeuZip and FHD could allow for simultaneous dimerisation of the FHDs.

1.7.2 FOXP oLIGOMERS AND DNA BINDING

Crystal structures of the FOXP2 and FOXP3 DNA-binding FHDs reveal unique DNA-bound FHD dimers,
whereas the FHDs of other FOX proteins bind DNA exclusively as monomers (Bandukwala et al., 2011;
Chen et al., 2015; Clark et al., 1993; Li et al., 2004; Obsil and Obsilova, 2008; Stroud et al., 2006; Tsai
et al., 2007). As previously mentioned, this has been attributed to the increased flexibility of the FOXP
FHD hinge loop due to the replacement of a conserved proline residue by alanine in FOXP subfamily
members (Bandukwala et al., 2011; Morris and Fanucchi, 2016; Stroud et al., 2006). This confers
flexibility to the FOXP FHD in general, thereby predisposing the FOXP FHD to the formation of a larger
number of non-specific DNA interactions compared to the FHDs of other FOX TFs, and possibly
resulting in an increased DNA-binding affinity (Morris and Fanucchi, 2016; Morris et al., 2018a).
Interestingly, in the FOXP2 and FOXP3 FHD dimers, the recognition helices (helix 3) of each monomer
are separated and positioned in such a manner that would allow each monomer to simultaneously
bind a distinct DNA site, and the dimers display DNA interactions differing to those of the monomers
(Bandukwala et al., 2011; Chen et al., 2015; Stroud et al., 2006). Hence, FOXP2 and FOXP3 could play
roles in the assembly of large transcription complexes, organising genes, DNA looping or establishing

interchromosomal links (Bandukwala et al., 2011; Chen et al., 2015; Stroud et al., 2006). A regulatory
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equilibrium between monomeric and oligomeric forms could have significant in vivo functional

implications (Chen et al., 2015; Stroud et al., 2006).

In vivo studies have shown that deletion of the LeuZip regions of FOXP1, FOXP2, and FOXP4 disrupts
homo- and heterotypic associations amongst this group of proteins, and abolishes DNA binding and
hence function (Li et al., 2004). The requirement of oligomerisation for DNA binding in FOXP1/2/4 is
further supported by evidence suggesting that DNA binding can be restored by the addition of a
glutathione S-transferase (GST) tag, which is an obligate dimer in solution (Li et al., 2004). Similarly,
the LeuZip of FOXP3 is required for homo-oligomerisation and hetero-oligomerisation with FOXP1,
and mutations in this region disrupt both homo- and heterotypic associations (Chae et al., 2006; Song
et al., 2012; Wang et al., 2003). FOXP3 LeuZip mutations, and the resulting disruption of homo- and
hetero-oligomerisation, decreases FOXP3 DNA binding and function significantly in vivo (Chae et al.,
2006; Li et al, 2007; Lopes et al., 2006). Taken together, these discoveries indicate that

oligomerisation is a prerequisite for FOXP DNA binding.

It has been observed that the monomeric FOXP2 FHD is capable of binding DNA, which appears to
contradict studies showing that FOXP2 undergoes oligomerisation-dependent DNA binding (Li et al.,
2004; Morris and Fanucchi, 2016; Stroud et al., 2006). However, it is only in the absence of the LeuZip
that a FOXP2 monomer has exhibited DNA binding (Morris and Fanucchi, 2016; Stroud et al., 2006).
Therefore, it is likely that only the isolated FHD is capable of binding DNA as a monomer, whereas DNA
binding of full-length FOXP2 is oligomerisation-dependent. Nevertheless, even in the isolated FOXP2
FHD, the disruption of domain swapping decreases DNA-binding affinity and alters the DNA binding

mechanism significantly (Morris et al., 2018a).

Current findings are clear in emphasising the importance of homo- and hetero-oligomerisation as a
regulatory mechanism in the FOXP subfamily, with FOXP protein binding partners dictating the
downstream effects of FOXP transcriptional activity. Dysregulation of FOXP homo- and
hetero-oligomerisation could be the basis for many FOXP-linked diseases (Lozano et al., 2017; Ren et
al., 2019; Sin et al, 2014). Further investigation is required to fully understand the role of

oligomerisation in FOXP structure and function.
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1.8 PROBLEM STATEMENT

Homo-oligomerisation is a common phenomenon amongst TFs. For some TFs, homo-oligomerisation
is a prerequisite for DNA binding and hence function, whereas for other TFs the existence of multiple
oligomeric states enables regulation of TF activity through alternate DNA-protein, and sometimes
protein-protein, interactions for each oligomeric state (Vinkemeier et al., 1998; Wingelhofer et al.,
2018; Wingender et al., 2018). A number of motifs have been identified at TF oligomer interfaces. The
most common TF protein-protein interfaces are the HLH motif of bHLH TFs, the LeuZip motif of bZip
TFs, and both the zinc finger and ligand-binding domains of nuclear receptor TFs (Amoutzias et al.,
2008; Brownlie et al., 1997; Ellenberger, 1994; Glover and Harrison, 1995; Miller et al., 2003). The
LeuZip interface, particularly, is able to mediate TF oligomer formation for oligomers as large as

octamers (Aoki et al., 1999; Kasai et al., 1997).

FOX TFs are ubiquitously expressed throughout eukaryotes (Kaestner et al., 2000). In humans, FOX TFs
regulate a large number of diverse processes from embryonic development through to adulthood, and
the dysregulation of FOX TFs has been linked with an equally large number of diseases, emphasising
the important role of this TF family in gene regulation (Friedman and Kaestner, 2006; Hannenhalli and
Kaestner, 2009; Jonsson and Peng, 2005; Koon et al., 2007; Laissue, 2019; Lee et al., 2005; Ma et al.,
2014; Myatt and Lam, 2007; Wan et al., 2005; Zhu, 2016). Members of the FOXP subfamily exhibit the
unique ability to form dimers and higher order oligomers, a trait that has not been observed in any
other FOX subfamily (Bandukwala et al., 2011; Chen et al., 2015; Li et al., 2004; Sin et al., 2014; Stroud
et al., 2006). Homo- and heterotypic interactions amongst FOXP subfamily members regulate gene
expression, with different homo- and hetero-oligomer combinations each having distinct effects on
the activation or repression of transcriptional activity and gene expression (Li et al., 2007; Ren et al.,
2019; Sin et al, 2014). Both the FOXP LeuZip and the DNA-binding FHD exhibit
dimerisation/oligomerisation properties, though most evidence suggests that the LeuZip is the major
FOXP oligomerisation interface (Bandukwala et al., 2011; Chae et al., 2006; Chu et al., 2011; Li et al.,
2004; Lopes et al., 2006; Song et al., 2012; Stroud et al., 2006; Wang et al., 2003).

It is evident that oligomerisation is an important regulator of FOXP DNA binding and function.
However, there is currently limited information regarding the relative contributions of the LeuZip and
FHD to FOXP oligomerisation. The isolated LeuZip and FHD interfaces are well characterised, but the
combined effects of both interfaces on structure, homo-oligomerisation, and DNA binding are still
somewhat unclear. An understanding of the FOXP LeuZip and FHD could reveal important information

regarding FOXP protein-protein and protein-DNA interactions, as well as the mechanism of FOXP
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oligomerisation and DNA binding. This information could shed light on the essential roles of FOXP TFs
in regulating transcriptional activity. Importantly, a thorough understanding of FOXP proteins is
required in order to develop novel therapeutics, and to explore the possibility of diagnostics, targeting

FOXP proteins in FOXP-linked diseases such as cancer.

In this study of homotypic FOXP2 associations, a FOXP2 construct extending from the LeuZip to the
C-terminal end of the protein was used (LeuZip - end). The LeuZip and FHD interfaces were
investigated using point mutations of each interface. This was used to clarify the effects of disruptions
to each interface, as well as the combined effects of disrupting both interfaces, on the
homo-oligomerisation, structure, and DNA binding of FOXP2. The novel R401D mutation of the FOXP2
LeuZip was designed based on the equivalent K251D mutation of mFoxp3 (Song et al., 2012). The
FOXP2 R401D mutation was designed to disrupt homotypic FOXP2 LeuZip interactions, in order to
probe the role of the FOXP2 LeuZip interface in FOXP2 structure and DNA binding. The A539P mutation
is well-characterised in the isolated FHD and results in an exclusively monomeric FHD (Morris and
Fanucchi, 2016; Morris et al., 2018a; Stroud et al., 2006), but this mutation has not been investigated
when combined with the LeuZip. Therefore, the A539P mutation was used to create a novel FOXP2
construct for investigating the effects of an exclusively monomeric FHD on the overall quaternary
structure of the protein, in the presence of the LeuZip oligomer interface. The A539P mutant also
allowed for evaluating the importance of the FHD interface in FOXP2 structure and DNA binding. In
addition, the combined effects of both mutations were studied through the R401D/A539P mutant,
aimed to disrupt homotypic FOXP2 interactions at both the LeuZip and FHD interfaces. A thorough
comparison of the R401D, A539P and R401D/A539P mutants with each other, as well as with a
wild-type FOXP2 construct, was conducted. The findings of this study could improve our
understanding of FOXP oligomerisation through understanding the LeuZip and FHD interfaces, as well

as the importance of key residues (Argd401 and Ala539 in FOXP2) at each interface.
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1.9 Aim AND OBIJECTIVES

1.9.1 Aim

In order to fully understand a TF or any other protein, it is necessary that both the structure and
function of the protein is fully characterised. The unique ability of FOXP TFs to form higher order
oligomers could play a physiological role in enhancing DNA binding, and hence FOXP-mediated
transcriptional repression, and could therefore provide a critical means of regulating gene expression.
The aim of this research was to understand the importance of the LeuZip and FHD oligomer interfaces
for FOXP oligomerisation, by studying the effects of point mutations of the LeuZip and FHD on FOXP2.
A combination of in silico and in vitro methods was used for a thorough characterisation of wild-type

and mutant FOXP2 (LeuZip - end) structure, homo-oligomerisation, and DNA binding.

1.9.2 OBIJECTIVES

The aim of this study was achieved through specific objectives, which were to:
1. Use site-directed mutagenesis to produce the R401D, A539P and R401D/A539P mutants of
FOXP2 (LeuZip - end).

2. Overexpress and purify all FOXP2 (LeuZip - end) variants.

3. Confirm DNA binding and compare unbound and DNA-bound oligomeric states by

electrophoretic mobility shift assays.

4. Elucidate the roles of LeuZip and FHD associations in FOXP2 DNA binding by analysing
DNA-binding affinities of FOXP2 (LeuZip - end) variants using fluorescence anisotropy

DNA-binding assays.

5. Investigate the secondary and tertiary structure of the FOXP2 (LeuZip - end) construct, and
the effects of the LeuZip and FHD mutations on protein structure, using a combination of in

silico and spectroscopic techniques.
6. Evaluate the effects of the mutations on FOXP2 (LeuZip - end) oligomeric state using size

exclusion chromatography to determine the importance of the LeuZip and FHD for FOXP2

homo-oligomerisation.
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Compare the effects of the LeuZip and FHD mutations, and hence the effects of LeuZip- and
FHD-mediated associations of FOXP2, on the flexibility and fold of the unbound and
DNA-bound FOXP2 (LeuZip - end) variants by means of Stern-Volmer constants obtained from

acrylamide fluorescence quenching.
Examine the importance of LeuZip and FHD associations for protein stability, and compare the

stabilities of the various FOXP2 oligomeric states, through thermal unfolding of the FOXP2

(LeuZip - end) variants.
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Chapter 2: Experimental procedures

2.1 IN SiLICO PROTEIN STRUCTURE ANALYSES

2.1.1 PROTEIN SECONDARY STRUCTURE AND DISORDER PREDICTIONS

Computational methods of protein structure predictions are becoming increasingly common,
especially since the development of new prediction methods and algorithms allows for more accurate
predictions (Deng et al., 2018; Nielsen and Mulder, 2019; Yang et al., 2018). Knowledge of protein
secondary structures in particular is important, since secondary structures largely affect how proteins
fold and thus the resulting protein tertiary structures (Dai and Zhou, 2011; Murzin et al., 1995; Ozkan
etal.,2007; Zhou and Karplus, 1999). Furthermore, due to a protein structure being a key determinant
of its function, knowledge of protein secondary structures is useful for predicting the functions of
proteins (Godzik et al., 2007; Yang et al., 2018). Related to the prediction of protein secondary
structures is the prediction of unstructured or disordered regions (Nielsen and Mulder, 2019; Yang et
al., 2018). Disordered protein regions are significant since the lack of structure confers conformational
freedom to these regions, which increases the range of biological functions that disordered protein
regions are capable of assuming (Nielsen and Mulder, 2019). Indeed, disordered proteins or protein
regions are involved in a wide variety of biological processes and diseases (Buchan et al., 2010; Dyson

and Wright, 2005; Midic et al., 2009; Wright and Dyson, 2015).

The PSIPRED (PSI-BLAST based secondary structure prediction, where PSI-BLAST stands for
Position-Specific Iterative Basic Local Alignment Search Tool (Altschul et al., 1997)) server hosts a
range of online tools for the prediction and identification of different protein features based on
protein primary structures (Buchan and Jones, 2019). One such tool is the PSIPRED secondary
structure prediction tool, which predicts protein secondary structures in three stages (Jones, 1999). In
the first stage, PSI-BLAST is used to produce a multiple sequence alignment (Jones, 1999). PSI-BLAST
produces a position-specific scoring matrix (PSSM) based on the multiple sequence alignment, with
the elements of the matrix (scores) representing the likelihood of that amino acid substitution
occurring in the alignment (Jones, 1999). The PSSM is used to search for new sequences with each
iteration, and is updated after each iteration, allowing PSI-BLAST to detect distant evolutionary
relationships, which improves the accuracy of PSIPRED over that of alternative tools (Jones, 1999).
PSIPRED uses three iterations of PSI-BLAST (Jones, 1999). Since the iterative nature of PSI-BLAST can

lead to the inclusion of random sequences, PSIPRED employs its own unique sequence database
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containing non-identical sequences, and with regions of sequences lacking information removed
(Jones, 1999). In the second stage, the secondary structure is predicted using neural networking, as a
three-state prediction (a-helix, B-strand, or loop) (Jones, 1999). The third stage produces the final
three-state prediction by filtering the outputs from the second stage by an additional neural
networking step (Jones, 1999). Although the latest version of PSIPRED (PSIPRED 4.0) has not yet been
compared with other secondary structure prediction tools, previous versions (including PSIPRED 3.0)
have proven to have a high level of accuracy in comparison with most alternative available tools,
making PSIPRED the tool of choice for protein secondary structure prediction (Buchan et al., 2010;

Koswatta et al., 2011; Yang et al., 2018).

The DISOPRED (Disorder Prediction) method, also available on the PSIPRED server, predicts
intrinsically disordered regions within proteins (Jones and Cozzetto, 2015). Critical Assessment of
Structure Prediction (CASP) is a biennial experiment, during which independent assessors critically
evaluate and compare computational methods for protein structure prediction (Moult et al., 1995).
DISOPRED3 has been recognised as one of the most accurate tools for the prediction of disordered
protein regions, in the most recent CASP evaluation of disorder prediction tools, since it ranked as the
best or one of the best tools in all comparisons (Monastyrskyy et al., 2011, 2014). DISOPRED3 uses a
prediction method that is a combination of three modules; a support vector machine, neural
networking, and a nearest neighbour classifier. The support vector machine has a high accuracy for
predictions of short disordered regions, whereas the neural networking has a high accuracy for
predictions of long disordered regions (Jones and Cozzetto, 2015). Since both the support vector
machine and neural networking require training, which is time- and labour-intensive, the nearest
neighbour classifier was included to allow for DISOPRED to be easily updated, as this module does not

require training (Jones and Cozzetto, 2015).

Similarly to PSIPRED, DISOPRED3 predictions rely on a PSSM resulting from three iterations of
PSI-BLAST (Jones and Cozzetto, 2015; Jones and Ward, 2003). DISOPRED3 employs its own unique
sequence database containing non-identical sequences to generate the PSI-BLAST multiple sequence
alignment (Jones and Cozzetto, 2015; Jones and Ward, 2003). Disordered regions are identified based
on residues or regions that are missing, or have an occupancy of zero, from high resolution protein
structures solved through X-ray crystallography, as these regions are presumably missing due to
disorder (Jones and Cozzetto, 2015). Based on this, the support vector machine was trained to classify
a residue as either ordered or disordered, using the PSSM (Jones and Cozzetto, 2015). The neural

networking is similar to that of PSIPRED, but the prediction is a two-state prediction (either ordered
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or disordered), based on the PSSM (Jones and Ward, 2003). The nearest neighbour classifier compares
amino acid residues in the target sequence with those of the sequences in the multiple sequence
alignment generated by PSI-BLAST, on the basis of PSSM elements (scores) (Jones and Cozzetto, 2015).
Amino acid sequences from the alignment with the highest PSSM elements are used to classify the
amino acid residues of the target sequence as either ordered or disordered (Jones and Cozzetto,
2015). The results of all three modules (support vector machine, neural networking, and nearest
neighbour classifier) are used as the input for a final neural networking stage. DISOPRED3 annotates
each amino acid of the target sequence as either ordered or disordered, based on a confidence score
that indicates the difference between the confidence of the two possible outputs

(disordered - ordered) (Jones and Cozzetto, 2015).

Disordered protein regions are often involved in binding to either proteins or nucleic acids, and the
disorder allows these regions to adopt different conformations depending on the interactions
required for binding (Jones and Cozzetto, 2015; Ward et al., 2004). The DISOPRED3 method is able to
identify protein binding regions amongst the predicted disordered protein regions (Jones and
Cozzetto, 2015). Specifically, DISOPRED3 predicts protein binding regions based on proteins that are
disordered in solution, and fold upon binding (Jones and Cozzetto, 2015). This is achieved by a support
vector machine that has been trained to differentiate between peptides that are bound to either
proteins, nucleic acids, ligands, or metal ions, from peptides that are unbound (Jones and Cozzetto,
2015). As with the previously described prediction methods, the protein binding region predictions
are based on the PSSM elements generated from three iterations of PSI-BLAST (Jones and Cozzetto,
2015). DISOPRED3 annotates each disordered residue as either forming part of a protein binding
region or not, based on a confidence score that indicates the probability of that residue forming part

of a protein binding region (Jones and Cozzetto, 2015).

Due to the dependence of PSIPRED 4.0 and DISOPRED3 on multiple sequence alignments, a limitation
of these methods when studying the effects of mutations on a protein, is that the mutants could result
in the same multiple sequence alignment as that of the wild-type. This would reduce the sensitivity of
the predictions to the effects of the mutations. Nevertheless, predictions are useful in obtaining an
overview of the secondary structures, disorder, and any predicted binding regions of the proteins.
Furthermore, predictions could reveal any local changes in secondary structure or disorder, occurring

in close proximity to the sites of mutation.
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The amino acid sequence of each FOXP2 (LeuZip - end) protein was analysed online by PSIPRED 4.0
and DISOPRED3 (Jones, 1999; Jones and Cozzetto, 2015). PSIPRED 4.0 was used to predict the protein
secondary structures and DISOPRED3 was used to predict intrinsically disordered regions of each
protein. Each sequence was returned with each amino acid annotated by PSIPRED 4.0 according to
the secondary structural element that it was predicted to form part of (a-helix, B-strand, or loop). In
addition, each amino acid was annotated by DISOPRED3 with a confidence score indicating the
disorder (Jones and Cozzetto, 2015). Amino acid residues with confidence scores of 0.5 or higher were
considered disordered and, from this subset, residues that were predicted to form part of a binding

site were identified (Jones and Cozzetto, 2015).

2.1.2 THREE-DIMENSIONAL PROTEIN STRUCTURE PREDICTIONS

In order to fully understand the way a protein functions, as well as its protein-protein and protein-DNA
interactions, it is useful to determine the structure of the protein (Slabinski et al., 2007). There are
several methods for the in vitro determination of protein structure, the most common being X-ray
crystallography and nuclear magnetic resonance spectroscopy (Slabinski et al., 2007; Srivastava et al.,
2018). However, these methods pose challenges and have limitations. X-ray crystallography requires
successful crystallisation of the protein, which is affected by the length of the protein amino acid
sequence, its flexibility in solution, and its hydrophobicity (Slabinski et al., 2007). In addition, since
protein crystallisation hinders the dynamic motions of protein molecules, X-ray crystallography
provides only a single representation of protein structures (Slabinski et al., 2007). Although this
limitation is overcome in nuclear magnetic resonance spectroscopy, which allows for the examination
of dynamic protein molecules, nuclear magnetic resonance spectroscopy requires large quantities of
highly concentrated protein samples, which is not always feasible or possible (Slabinski et al., 2007).
Furthermore, the size limit of nuclear magnetic resonance spectroscopy does not usually allow for
determining the structures of proteins larger than 25 kDa (Frueh et al., 2013). Thus, in silico methods
of three-dimensional (3D) protein structure prediction are useful for estimating protein structures,
and the improvement in structure prediction tools over the years has allowed for predicting accurate

models of protein structures (Deng et al., 2018; Srivastava et al., 2018).

I-TASSER (Iterative Threading Assembly Refinement) is an online platform for predictions of global 3D
protein structure (Roy et al., 2010; Yang and Zhang, 2015; Yang et al., 2015). Since 2006, I-TASSER has
been recognised as the most accurate tool for 3D protein structure prediction in all CASP experiments
(Croll et al., 2019; Kryshtafovych et al., 2018; Roy et al., 2010; Yang and Zhang, 2015; Yang et al., 2015).

I-TASSER predicts protein structure using a three-step method. First, template proteins with similar
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super-secondary structures or homologous structure templates are identified from the Protein Data
Bank (PDB), based on the amino acid sequence submitted to I-TASSER (Yang and Zhang, 2015). The
identification is achieved using a meta-threading-server algorithm that combines multiple individual
threading servers (Wu and Zhang, 2007). In the second step, the relevant fragments from the
templates are used to create full-length models of the protein through the assembly of the fragments
based on alignments with segments of the amino acid sequence (Yang and Zhang, 2015). Any missing
segments are modelled ab initio by Monte Carlo simulations (Yang and Zhang, 2015; Zhang et al.,
2003). Theoretically, a protein adopts the fold corresponding with the lowest Gibbs free energy in its
native state (Zhang and Skolnick, 2004). However, during 3D protein structure prediction, the lowest
Gibbs free energy state is not necessarily the most similar to the native protein fold due to limitations
of the force field (Zhang and Skolnick, 2004). Nevertheless, the Gibbs free energy states most similar
to the native protein fold can be identified as these are usually the most populated (Zhang and
Skolnick, 2004). Based on this, in the third step, the optimal Gibbs free energy states are identified
and each of the highly populated Gibbs free energy states is clustered (Yang and Zhang, 2015). The

second step is then repeated on the clusters to refine the models (Yang and Zhang, 2015).

The resulting structures then undergo further refinement by two algorithms. The first refinement
method is the Fragment Guided Molecular Dynamics algorithm which improves local structural
distortions such as steric clashes or poor backbone torsion angles arising due to the assembly of
multiple template fragments (Zhang et al., 2011a). The second refinement method is the ModRefiner
algorithm which improves both local and global protein structure by first improving the backbone
topology and then improving side-chain conformations (Xu and Zhang, 2011). The five best clusters
with the lowest final Gibbs free energy states are selected and averaged, resulting in five predicted 3D

protein structures (Yang and Zhang, 2015).

Similarly to PSIPRED 4.0 and DISOPRED3, I-TASSER depends on multiple sequence alighments in order
to predict 3D protein structures. Therefore, a limitation of this method when studying the effects of
mutations on a protein, is that the mutants could result in the same multiple sequence alignment as
that of the wild-type. This would reduce the sensitivity of the predictions to the effects of the
mutations. Additionally, I-TASSER can only predict the 3D structures of monomeric proteins, therefore
I-TASSER predictions cannot be used to assess the oligomeric state of a protein, or the effects of a
mutation on oligomerisation. Nevertheless, predictions are useful in obtaining an overview of the 3D
structures of the proteins. Furthermore, predictions could reveal any local changes in structure,

occurring in close proximity to the sites of mutation.
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The online I-TASSER server was used to predict the 3D structures of the FOXP2 (LeuZip - end) proteins
based on the amino acid sequence of each protein (Roy et al., 2010; Yang and Zhang, 2015; Yang et
al., 2015). No restraints, templates, or secondary structures were specified. I-TASSER returned five
models for each of the FOXP2 (LeuZip - end) proteins. Each model was ranked with a C-score indicating
the confidence or quality of the model, based on the threading template alignments and assembly of

the structure (Roy et al., 2010; Yang and Zhang, 2015; Yang et al., 2015).

Although the I-TASSER prediction of 3D protein structures includes refinement steps, since |-TASSER
uses multiple templates rather than a single template, it is common for the final models to have
unfavourable backbone torsion angles or other local structural distortions, especially when the protein
does not have very similar homologous templates available (Roy et al., 2010; Yang and Zhang, 2015;
Yang et al., 2015). The local structural distortions can increase the overall Gibbs free energy of the
structures, which may be improved through energy minimisation. All five models of wild-type, R401D,
A539P and R401D/A539P FOXP2 (LeuZip - end) were energy minimised using Maestro 12.0 (Maestro,
Schrodinger, LLC, New York, NY, 2019). The Protein Preparation Wizard was used to prepare each
model prior to energy minimisation. Each model was preprocessed with all hydrogens displayed and
all other parameters set to default (Epik, Schrodinger, LLC, New York, NY, 2016; Madhavi Sastry et al.,
2013). The Protein Preparation Wizard was then used to optimise hydrogen bonds with hydrogen
minimisation of altered species (Madhavi Sastry et al., 2013). A preliminary restrained minimisation
was conducted using the Protein Preparation Wizard and the OPLS3e (Optimized Potential for Liquid
Simulations 3e) force field using default parameters (Harder et al., 2016; Jorgensen and Tirado-Rives,
1988; Jorgensen et al., 1996; Madhavi Sastry et al., 2013; Shivakumar et al., 2010). Thereafter, energy
minimisation was conducted using the Minimization MacroModel and the OPLS3e force field (Harder
et al., 2016; Jorgensen and Tirado-Rives, 1988; Jorgensen et al., 1996; MacroModel, Schrodinger, LLC,

New York, NY, 2019; Shivakumar et al., 2010). All default parameters were used.

MolProbity is a useful online server for validating protein and other macromolecular structures
(Williams et al., 2018). MolProbity evaluates both local and global protein structure with respect to
favourable rotamers, backbone torsion angles, the geometry of the amino acid side chains relative to
the protein backbone and other covalent geometries, and the positions of all atoms in the structure
(Williams et al., 2018). The energy minimised models were analysed and validated using the
MolProbity server (Williams et al., 2018). Structure files were uploaded and analyses were conducted
on the trimmed files with hydrogens added, using nuclear bond lengths (Williams et al., 2018). Any

suggested Asn/GIn/His flips were accepted and programs to analyse local and global protein structure
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were run (Williams et al., 2018). Taking the I-TASSER C-scores into consideration, the results of the
MolProbity analyses were used to select the best of the five models for each FOXP2 (LeuZip - end)
protein. The best model of each FOXP2 (LeuZip - end) variant (wild-type, R401D, A539P and
R401D/A539P FOXP2 (LeuZip - end)) was used for comparisons of the FOXP2 (LeuZip - end) variants to

each other. These models were also used for comparisons to data from in vitro experiments.

2.2 PROTEIN PREPARATION

2.2.1 PLASMID

The FOXP2 (LeuZip - end) proteins used in this study comprise position 372 to position 715 of the
full-length FOXP2 amino acid sequence, and includes the LeuZip and FHD (Figure 2.1). The
glutamine-rich region and zinc finger domain were excluded since glutamine-rich regions cause
protein aggregation, and zinc finger proteins require the addition of zinc to the growth medium during
overexpression, resulting in lowered protein yields due to the toxic effect of zinc on Escherichia coli
(E. coli) cells (Barton et al., 2007; Perutz et al., 1994; Yao et al., 2005). A poly-histidine tag (His-tag)
was incorporated at the C-terminal end of the FOXP2 (LeuZip - end) amino acid sequence, to facilitate

downstream protein purification.

HMASMTGGQQ
372 ALDDRSTAQCRVOMOVVOOLEIQLSKERERLOAMMTHLHMRPS
415 EPKPSPKPLNLVSSVTMSKNMLETSPQOSLPQTPTTPTAPVTPI
458 TOQGPSVITPASVPNVGAIRRRHSDKYNIPMSSEIAPNYEFYKN
501 ADVRPPFTYATLIRQAIMESSDROQLTLNEIYSWETRTFAYFRR
544 NAATWKNAVRHNLSLHKCEVRVENVKGAVWTVDEVEYQKRRSQ
587 KITGSPTLVKNIPTSLGYGAALNASLOAALAESSLPLLSNPGL
630 INNASSGLLOQAVHEDLNGSLDHIDSNGNSSPGCSPQPHIHSTH
673 VKEEPVIAEDEDCPMSLVTTANHSPELEDDREIEEEPLSEDLE

SGLVPR | GSHHHHHH

Figure 2.1: Wild-type FOXP2 (LeuZip - end) amino acid sequence. The FOXP2 (LeuZip - end) sequence comprises position
372 to position 715 of the full-length FOXP2 amino acid sequence. Amino acid positions are numbered relative to the
full-length protein (left-hand side). Sites of mutation for this study (Arg401 and Ala539) are indicated in boldface. Regions
are indicated as highlighted: residues in grey are additional residues for improved protein expression, residues in rose
comprise the LeuZip domain, residues in green comprise the FHD, residues in yellow are the thrombin cleavage site for

removal of the His-tag if necessary, with the vertical line indicating the point of cleavage, and residues in blue are the His-tag.

44



The gene sequence encoding FOXP2 (LeuZip - end) was cloned into a pET-11a plasmid, with sequence
codons optimised for expression in E. coli cells (GenScript Biotech Corporation, USA). The pET-11a
plasmid multiple cloning site was under the control of a T7 promoter. An ampicillin resistance gene

allowed for selection of positive transformants.

2.2.2 MUTAGENESIS

Appropriate primers were designed for the R401D, A539P and R401D/A539P FOXP2 (LeuZip - end)
mutations (Table 2.1), with the lowest number of base changes possible, and synthesised by Ingaba
Biotechnical Industries (ZA). The R401D, A539P and R401D/A539P FOXP2 (LeuZip - end) mutants were
generated from wild-type FOXP2 (LeuZip - end) using the QuikChange Lightning Site-Directed
Mutagenesis Kit, according to the manual (Agilent Technologies, USA). Briefly, 50 ng of template DNA
was combined with 100 ng each of the forward and reverse primers and a small amount of a
deoxyribonucleotide triphosphate (dNTP) mix. QuikChange Lightning Enzyme, QuikChange Lightning
Buffer and QuikSolution reagent were added according to the manual. After the polymerase chain
reaction (PCR) was complete, the PCR product was incubated with Dpn | restriction enzyme for 45
minutes at 37 °C, for digestion of remaining parental template DNA. Sanger DNA sequencing

confirmed successful mutagenesis (Ingaba Biotechnical Industries, ZA).

Table 2.1: Primers for R401D and A539P mutations of FOXP2 (LeuZip - end). Incorporation of the
R401D mutation required a double base change, which was achieved by mutation of one base at a

time. The A539P mutation was introduced to R401D FOXP2 (LeuZip - end) to create the R401D/A539P

mutant.
Mutation Primer sequence Original base at site
(mismatched base underlined) of mutation
R401D 5’-GTAAAGAACGCGAAGGCCTGCAGGCAATGATG-3' C
(first mutation)
R401D 5’-GTAAAGAACGCGAAGACCTGCAGGCAATGATG-3’ G
(second mutation)
A539P 5’-GGTTTACCCGTACGTTTCCGTACTTCCGCCGTAATG-3' G
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2.2.3 TRANSFORMATION

The pET-11a plasmids encoding all FOXP2 (LeuZip - end) variants were used to transform competent
E. coli cells for heterologous protein expression. Plasmids encoding wild-type and R401D FOXP2
(LeuZip - end) were used to transform T7 Express pLysS Competent E. coli cells, and plasmids encoding
A539P and R401D/A539P FOXP2 (LeuZip - end) were used to transform BL21 (DE3) Competent E. coli
cells. The E. coli cell strains were chosen based on trials that produced the highest yields of soluble

proteins in these respective strains.

Transformation was initiated by incubating 300 ng of each plasmid with 100 ul of competent E. coli
cells on ice for 30 minutes. Thereafter, the cells were heat shocked for 42 seconds at 42 °C and
immediately incubated on ice for 5 minutes. Sterile Super Optimal broth with Catabolite repression
(SOC) (2% tryptone, 0.5% yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM MgCl,, and 20 mM glucose)
was added to the cells, which were then incubated for 1 hour at 37 °C with shaking. The transformation
reactions were spread onto sterile LB (lysogeny broth) agar spread plates consisting of LB
(1% tryptone, 0.5% yeast extract, and 1% NaCl) with 2% bacteriological agar and 100 pg/ml ampicillin
for selection of positive transformants. Spread plates lacking ampicillin, of SOC without cells, and of
cells lacking plasmids were prepared as controls. All plates including control plates were incubated for
16 hours at 37 °C. Single colonies were selected and incubated in fresh LB with 100 pg/ml ampicillin
at 37 °C, and grown with shaking to an optical density at 600 nm (ODego) of 0.6. The cultures were used

to prepare stocks by adding 50% sterile glycerol, and stocks were stored at - 80 °C.

2.2.4 PROTEIN EXPRESSION

One of the most popular methods of recombinant protein expression is by means of the E. coli
bacterium. This Gram-negative bacterium can be easily transformed with plasmid DNA and cultured
to reproduce in a short period of time, on inexpensive media with good protein yields, making it ideal
for heterologous protein expression (Baneyx, 1999). In this manner, any protein can be produced

specifically for a study in the form required, and isolation from organic sources is not necessary.

Following transformation of competent E. coli cells (see 2.2.3 Transformation) the FOXP2
(LeuZip - end) proteins were produced by heterologous protein expression. Stocks containing
transformed cells in 50% sterile glycerol were used to inoculate 50 ml sterile 2 x yeast extract-tryptone
(YT) medium (1.6% tryptone, 1% yeast extract, and 0.5% NaCl) with 100 ug/ml ampicillin. The cells

were grown for 16 hours at 37 °C with shaking. This was used to inoculate 1.5 - 2 L fresh sterile 2 x YT
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medium at a 1:50 dilution. The cells were grown in batches of 100 ml each at 37 °C with shaking to an

ODggo of 0.6.

Protein overexpression was induced using isopropyl-1-thio-p-D-galactopyranoside (IPTG).
Overexpression of wild-type FOXP2 (LeuZip - end) was conducted as previously optimised (Thulo,
2019). Trials were conducted to determine the optimal IPTG concentrations, temperatures and
durations of overexpression of R401D, A539P and R401D/A539P FOXP2 (LeuZip - end), to produce the

highest yields of soluble proteins (Table 2.2).

Table 2.2: Optimal overexpression conditions of R401D, A539P and R401D/A539P FOXP2
(LeuZip - end). Trials were conducted to determine the optimal IPTG concentration, temperature and
duration of overexpression of each FOXP2 (LeuZip - end) mutant, to produce the highest yield of
soluble protein.

[IPTG] (mM) Temperature (°C) Duration (hours)

R401D FOXP2 (LeuZip - end) 0.2 20 5
A539P FOXP2 (LeuZip - end) 0.2 20 22
R401D/A539P FOXP2 (LeuZip - end) 0.2 20 22

Cells were harvested by centrifugation for 15 minutes at 5000 x g and 4 °C, and pellets were
resuspended in immobilised metal-affinity chromatography (IMAC) equilibration buffer
(20 mM tris(hydroxymethyl)aminomethane hydrochloride (Tris-Cl), pH 7.5, 500 mM NaCl, and
50 mM imidazole) containing 1 mg/ml chicken egg white Iysozyme for lysis and
1 mM phenylmethylsulfonyl fluoride (PMSF) for the prevention of proteolytic degradation. Cell lysates

were stored at - 20 °C.

2.2.5 PROTEIN PURIFICATION

Protein chromatographic techniques employ the use of a column that is packed with an insoluble
packing material or resin, to separate components of a protein mixture based on a characteristic
property (Leonard, 1997). The protein sample mixture is dissolved in a liquid solvent and migrates
through the column (Leonard, 1997). A detector measures a quantitative signal upon elution (Leonard,
1997). The properties of the packing material or resin determine the basis of separation; for example,
protein mixtures can be separated based on net charge, size, or the affinity for a specific ligand or
compound (Leonard, 1997). Protein chromatographic techniques are thus useful analytical techniques

for the separation and quantification of proteins of a mixture (Leonard, 1997).
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Affinity chromatography is a high-precision isolation procedure that relies on the specific binding of a
ligand to a protein. The ligand is fixed to the stationary phase matrix (Cuatrecasas et al., 1968).
Therefore, the protein binds to the ligand and is adsorbed to the stationary phase, while all other
components of the mixture elute through the column (Cuatrecasas et al., 1968). The column, with the
target protein bound to the resin, is then subjected to a change (such as a change in pH or ionic
strength) that decreases the affinity of the protein for the ligand, facilitating elution and collection of

the isolated protein (Cuatrecasas et al., 1968).

Histidine residues are able to form coordination complexes with divalent cations, particularly nickel (l1)
and cobalt (1), due to the aromatic imidazole histidine side chain which has a strong affinity for
transition metal ions (Sundberg and Martin, 1974). The incorporation of a His-tag on a protein of
interest allows for the divalent-cation affinity of histidine to be manipulated for protein isolation and
purification. The divalent cation is immobilised on the column stationary phase, thus protein
molecules bind to the divalent cation via His-tags (Porath et al., 1975). This is referred to as IMAC. The
protein of interest is then eluted by a change in environment or the addition of a competitive metal

ion-binder (Porath et al., 1975).

In order to isolate protein following heterologous expression it is necessary to ensure that complete
cell lysis has been achieved. Freezing and subsequent thawing of cell lysates as well as the addition of
chicken egg white lysozyme all contributed to cell lysis. Once the cell lysates were thawed completely,
a sonication step was included to further lyse the cells. Sonication was conducted using 5 - 10 rounds
of 20 second pulses, with a 20 second incubation on ice following each pulse to protect proteins from
denaturation due to heat build-up. Prior to purification, 1 mM DNase was added to the lysates to
remove unwanted DNA contamination and improve lysate viscosities. Insoluble cell debris was

separated from soluble fractions by centrifugation for 20 minutes at 18 000 x g and 4 °C.

The FOXP2 (LeuZip - end) proteins were isolated from the soluble fractions by IMAC using an AKTA
Fast Protein Liquid Chromatography (FPLC) system (GE Healthcare Life Sciences, UK) which was
possible due to the incorporation of C-terminal protein His-tags (Figure 2.1). IMAC was conducted
using 5 ml HisTrap™ HP columns (GE Healthcare Life Sciences, UK). Columns used for purification of
wild-type and R401D/A539P FOXP2 (LeuZip - end) were pre-charged with cobalt (II) and columns used
for purification of R401D and A539P FOXP2 (LeuZip - end) were pre-charged with nickel (Il). The metal
ions were chosen based on trials that optimised for the largest protein yields and highest levels of

protein purity.
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All steps were conducted at a flow rate of 5 ml/minute. Soluble lysate fractions were loaded onto the
columns that were pre-equilibrated with IMAC equilibration buffer (previously described). Purification
of all FOXP2 (LeuZip - end) variants required a wash step with a high concentration of salt to remove
DNA contamination, and a wash step with detergent to remove the high levels of unwanted protein
contaminants. This was performed as a combined salt/detergent wash step. Therefore, once unbound
contaminant proteins had eluted completely, 10 column volumes of a salt/detergent wash (20 mM
Tris-Cl, pH 7.5, 1.5 M NaCl, 50 mM imidazole, 1% Triton™ X-100, and 0.5% Tween® 20) were used. The
column was washed extensively with IMAC equilibration buffer to remove all traces of detergent, then
washed with 10 column volumes of an imidazole wash (20 mM Tris-Cl, pH 7.5, 500 mM Nacl, and
100 mM imidazole) to further remove protein contaminants. During the imidazole wash step, the
concentration of imidazole was maintained below the required concentration for elution, to avoid
decreases in protein yields. The imidazole wash step was not included for purification of R401D/A539P
FOXP2 (LeuZip - end) to avoid lowered protein yields, since this mutant bound to the column more
weakly than the other FOXP2 (LeuZip - end) variants. Finally, the FOXP2 (LeuZip - end) proteins were
eluted using elution buffer containing a high concentration of imidazole (20 mM Tris-Cl, pH 7.5,

500 mM NaCl, and 500 mM imidazole). Pure protein solutions were stored at 4 °C.

2.2.6 ASSESSMENT OF PROTEIN PURITY AND CONCENTRATION

In order to obtain reliable information and ensure that all conclusions pertain to the protein of
interest, it is important to ensure that a protein sample is pure prior to conducting downstream
studies. One of the most widely used methods for assessing protein purity is sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE separates individual proteins of a mixture
under the influence of an electric field on a polyacrylamide gel (Laemmli, 1970). The polyacrylamide
gel matrix has a sieving effect which enables the separation of the protein molecules (Laemmli, 1970).
The anionic detergent, SDS, is added to the polyacrylamide gel and protein samples, to denature and
linearise each protein molecule, and confer a negative charge to the linearised protein molecule
(Laemmli, 1970; Roy and Kumar, 2014). The negative charge is proportional to the length of the
protein molecule, therefore the speed of migration through the gel is influenced by the size of the
molecule (Roy and Kumar, 2014). Once the samples have been resolved, protein bands are visualised
typically by staining with Coomassie dyes (Laemmli, 1970). If a pure protein sample was applied to the

gel, it is expected to appear as a single band once stained.
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The purity of each FOXP2 (LeuZip - end) protein was assessed by glycine SDS-PAGE (Laemmli, 1970).
Protein samples were resolved under reducing conditions, using discontinuous electrophoresis with a
4% stacking gel and a 12.5% resolving gel. Protein molecular weights were determined relative to the
migration of the proteins in the 3-Color Prestained Protein Marker (BLIRT, Poland). Gels were stained
with Coomassie Brilliant Blue R-250. A Molecular Imager® Gel Doc™ XR System (Bio-Rad Laboratories,
USA) was used to conduct densitometric evaluations of the gels for a quantitative assessment of

protein purity.

In solution, proteins absorb ultraviolet (UV) light at 280 nm (Schmid, 2001). Protein absorbance at
280 nm (Aas0) is due to tryptophan, tyrosine and, to a lesser extent, cystines (Schmid, 2001). DNA and
RNA absorb UV light at 260 nm (A2s0), due to the pyrimidine and purine rings of the nucleic acid bases
(Schmid, 2001). Protonation of DNA and RNA bases affects the absorbance of the nucleic acids,
therefore the absorbance is pH-sensitive (Schmid, 2001). Disulfide bonds between cysteine residues
are also able to absorb light at 260 nm, which should be taken into consideration when interpreting

protein absorbance spectra (Schmid, 2001).

Protein purity with respect to DNA and RNA contamination was assessed using a NanoDrop™ One
(Thermo Fisher Scientific, USA) for absorbance spectroscopy, with the aim of obtaining the highest
Azso/Aze0 ratio. This was used to ensure that the samples were sufficiently free of nucleic acid

contamination, which was especially important for DNA-binding studies.

Protein sample concentrations were assessed by absorbance spectroscopy, specifically at a
wavelength of 280 nm. Absorbance data obtained using a Jasco V-630 Spectrophotometer (JASCO,
USA) were compared to those obtained using a NanoDrop™ One (Thermo Fisher Scientific, USA) for
each FOXP2 (LeuZip - end) variant and showed good agreement. Protein yields were low, especially
for R401D/A539P FOXP2 (LeuZip - end). Therefore, subsequent absorbance measurements were
conducted using the NanoDrop™ One (Thermo Fisher Scientific, USA) due to the smaller quantity of
sample required to conduct measurements on this instrument. All measurements were conducted in
triplicate and averages were used to determine the final molar concentrations based on the
Beer-Lambert law. The molar absorptivity coefficients used were 28 670 M*-cm™ under non-reducing
conditions or 28 420 M'.cm™ under reducing conditions, for all FOXP2 (LeuZip - end) variants, as
predicted by the Expert Protein Analysis System (ExPASy) ProtParam tool (Gasteiger et al., 2005).
Absorbance spectroscopy at a wavelength of 340 nm was used to ensure that no protein aggregates

were present in any samples, and to correct for the baseline of absorbance spectra.
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2.3 DNA-BINDING STUDIES

2.3.1 CoGNATE DNA SEQUENCE

The DNA sequence to which the FOXP2 DNA-binding FHD binds most favourably is 5’-TGTTTAC-3’
(Nelson et al., 2013; Webb et al., 2017). All experiments involving DNA binding were conducted using
12.23 kDa double-stranded oligonucleotides containing this binding sequence flanked by random
sequences. The exact DNA sequence used was 5’-TTAGGTGTTTACTTTCATAG-3’ (with the region to
which the FOXP2 FHD binds most favourably underlined). Binding of the isolated FOXP2 FHD to this
DNA sequence has been well characterised (Morris and Fanucchi, 2016). DNA oligonucleotides were
synthesised by Integrated DNA Technologies (USA). Lyophilised DNA was solubilised in ultrapure
deionised distilled water and stored at - 20 °C. DNA stock concentrations were assessed by absorbance
spectroscopy at a wavelength of 260 nm, using a NanoDrop™ One (Thermo Fisher Scientific, USA).
Measurements were conducted in triplicate and final molar concentrations were determined from the
average. Absorbance spectroscopy at a wavelength of 280 nm was used to ensure that no protein

contaminants were present in any DNA stocks.

2.3.2 ELECTROPHORETIC MOBILITY SHIFT ASSAYS

An electrophoretic mobility shift assay (EMSA) is the separation of a DNA-protein mixture under the
influence of an electric field on a polyacrylamide or agarose gel (Fried, 1989). The speed of migration
through the gel is predominantly influenced by the size of the molecule, so DNA-protein complexes
migrate more slowly than either free DNA or free protein (Fried, 1989). Thus, bands representing
DNA-protein complexes appear ‘shifted’ compared to bands representing unbound DNA or unbound
protein (Fried, 1989). The charge of the molecule affects its migration, so all molecules are typically
given an even charge-to-mass distribution. Due to hydrodynamic effects, the shape of the molecule
can also influence its migration through the gel, albeit to a lesser extent (Fried, 1989). Compact

structures are expected to migrate through the gel more quickly than relaxed structures.

EMSAs conducted using the Bio-Rad Mini-PROTEAN® Tetra Vertical Cell (Bio-Rad Laboratories, USA)
were used routinely to confirm that wild-type, R401D, A539P and R401D/A539P FOXP2 (LeuZip - end)
were all folded correctly, and hence able to bind DNA. DNA binding was observed from these EMSAs
but the EMSAs were not large enough to resolve more than one DNA-protein complex. Therefore, the
larger Bio-Rad PROTEANZ® Il xi Cell (Bio-Rad Laboratories, USA) was used to conduct EMSAs to compare
the number of DNA-protein complexes formed for each FOXP2 (LeuZip - end) variant. This, combined

with size exclusion chromatography data (see 2.4.3 Size Exclusion Chromatography), gave an
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indication of the number of oligomeric species present for each of the FOXP2 (LeuZip - end) proteins

and whether the number of species differed between the DNA-bound and unbound states.

Tris-Cl/borate/ethylenediaminetetraacetic acid (EDTA) buffer, or TBE buffer, was prepared (89 mM
Tris-Cl, pH 8, 89 mM boric acid, and 2 mM Na,EDTA-H,0). Samples containing DNA and protein were
resolved on a 20% triethylene glycol/8% acrylamide/1 x TBE gel. Samples were prepared in EMSA
buffer (10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.5, 100 mM KCl,
1 mM MgCl,, 10% glycerol, and 0.1 mg/ml bovine serum albumin). Samples included free DNA and
mixtures of DNA and protein at varying concentrations (Table 2.3). Experiments were conducted in
TBE buffer at 160 V and 4 °C using gels, samples, and TBE buffer that were all pre-equilibrated to 4 °C.
Durations of the EMSAs were optimised for each protein, and were varied (Table 2.3). Gels were
stained with SYBR® Gold Nucleic Acid Gel Stain (Thermo Fisher Scientific, USA) and visualised
immediately under a UV lamp using a Molecular Imager® Gel Doc™ XR System (Bio-Rad Laboratories,

USA).

EMSAs comparing non-reducing and reducing conditions were only conducted for those FOXP2
(LeuZip - end) variants that showed differences in the numbers or sizes of oligomers present between
non-reducing and reducing conditions in size exclusion chromatography. EMSAs conducted under
reducing conditions followed the same protocol outlined above but samples were prepared at 2 mM

dithiothreitol (DTT).

52



Table 2.3: Comparison of sample compositions and durations of EMSAs conducted using the Bio-Rad
Mini-PROTEAN® Tetra Vertical Cell and the Bio-Rad PROTEANZ® Il xi Cell. Due to the difference in size
between the two cells, the Bio-Rad Mini-PROTEAN® Tetra Vertical Cell (Bio-Rad Laboratories, USA)
was used to conduct routine EMSAs confirming that the proteins were able to bind to DNA, whereas
the Bio-Rad PROTEANZ® Il xi Cell (Bio-Rad Laboratories, USA) was used to conduct EMSAs assessing the
number of DNA-protein complexes formed for each protein.

Bio-Rad Mini-PROTEAN® Bio-Rad PROTEAN® Il xi

Tetra Vertical Cell Cell
Concentration of DNA (uM) 0.2 0.5
Range of DNA:protein ratios 3:1to0 1:30 3:1to01:35
Duration Wild-type FOXP2 03:00 08:05
(hours:minutes) (LeuZip - end)
R401D FOXP2 02:45 10:00
(LeuZip - end) (non-reducing conditions)
07:37

(reducing conditions)
A539P FOXP2 02:00 06:34
(LeuZip - end)

R401D/A539P FOXP2 | 02:00 07:24
(LeuZip - end) (non-reducing conditions)
08:13

(reducing conditions)

2.3.3 FLUORESCENCE ANISOTROPY DNA-BINDING ASSAYS

Fluorescence is the phenomenon of the emission of light by a molecule (referred to as the
fluorochrome) after excitation by electromagnetic radiation (Lakowicz, 2006a). The fluorochrome
absorbs light or electromagnetic radiation, causing excitation of electrons (Lakowicz, 2006a). Excited
electrons then return to the ground state, releasing electromagnetic radiation of a longer wavelength
(or lower energy) than that of the absorbed radiation (Lakowicz, 2006a). The emission is influenced
by both the fluorochrome itself and the environment of the fluorochrome (Lakowicz, 2006a).
Additionally, the emission is influenced by the polarisation of the excitation light (Favicchio et al.,
2009). Thus, if a fluorochrome is excited with plane polarised light, it typically emits light of a longer

wavelength that is also plane polarised (Favicchio et al., 2009).
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Molecules or particles are constantly in motion, due to interactions with each other and with the
environment (Jovin et al., 1981). One such motion is rotational diffusion, in which the orientation of
molecules constantly fluctuates, in order to maintain an overall equilibrium of the orientation of all
molecules in the system (Bashardanesh et al., 2019; Favicchio et al., 2009; Jovin et al., 1981). The
smaller the molecule, the more quickly it reorients itself and therefore the more quickly it rotates

(Favicchio et al., 2009; Lakowicz, 2006a; Mukherjee and Bagchi, 2006).

Due to rotational diffusion, fluorochromes have the inherent ability to emit plane polarised light in a
different plane from the plane of absorbed light (Favicchio et al., 2009). This is a phenomenon known
as fluorescence anisotropy (Favicchio et al., 2009). Fluorescence anisotropy can be detected by the
use of a polarised filter placed before the detector (Lakowicz, 2006a). If a fluorochrome is excited with
vertically polarised light the extent or degree of depolarisation may be determined relative to the

incident light according to the equation;

_ =1y
T I-21y

where r is the anisotropy, and /, and I, are the intensities of vertically and horizontally polarised light,
respectively (Chen and Van Der Meer, 1993; Favicchio et al,, 2009). As an excited fluorochrome
undergoes rotational diffusion, the emission is depolarised (Favicchio et al., 2009). The faster the
rotational diffusion, the greater the depolarisation and hence the lower the anisotropy (Favicchio et
al., 2009). It follows that a smaller fluorochrome causes a lower anisotropy, whereas a larger
fluorochrome causes a higher anisotropy (Favicchio et al., 2009). This is useful when studying
DNA-protein interactions since the DNA-protein complex is larger than either the unbound DNA or
protein, resulting in an increased anisotropy upon DNA binding (Favicchio et al., 2009). Usually, when
conducting DNA-binding assays using fluorescence anisotropy, fluorescently labelled DNA is used to
enhance the signal between bound and unbound states since the DNA is smaller than the protein
(Favicchio et al., 2009). The fluorescence anisotropy of the DNA is then monitored at increasing
protein concentrations, and as the concentration of protein increases, the fluorescence anisotropy

increases (Favicchio et al., 2009).

Fluorescence anisotropy assays were used to obtain a dissociation constant (Kp) for the interaction of
each FOXP2 (LeuZip - end) protein with DNA, to study the effects of the R401D, A539P and
R401D/A539P mutations on DNA-binding affinity. This was especially relevant since previous studies
have shown that homo-oligomerisation is a regulator of FOXP2 DNA binding, therefore the individual

and combined contributions of the LeuZip and FHD interfaces to DNA binding were assessed (Li et al.,
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2007, 2004). The cognate DNA sequence (see 2.3.1 Cognate DNA sequence) was labelled with
5-carboxy-X-rhodamine at the 5’ end. Fluorescence anisotropy was conducted using a Perkin Elmer
LS-50B Luminescence Spectrometer (Perkin Elmer, USA). Samples were prepared in DNA-binding
buffer (10 mM HEPES, pH 7.5, and 100 mM NacCl). Samples included free DNA, and mixtures of DNA
and protein at DNA:protein ratios ranging from 2:1 to 1:30, at a constant DNA concentration of
200 nM. Experiments were conducted at 20 °C with an excitation wavelength of 580 nm, an emission
wavelength of 605 nm, an integration time of 3 seconds, and 5 nm slits. All samples were prepared in
triplicate and data points were averaged for 10 accumulations. Final averaged data points were
corrected relative to the final averaged anisotropy value for free DNA, and used to plot DNA-binding
isotherms. Errors were calculated as the standard deviations of the averages. DNA-binding isotherms
were fit using the equation for a single site saturation, and dissociation constants were determined
based on the equations of the fits. Dissociation constants were analysed using two-sample t-tests to

determine the significance of observed differences.

Dissociation constants from the DNA-binding assays were compared with those obtained previously
for the isolated FOXP2 DNA-binding FHD (Morris and Fanucchi, 2016). Therefore, the assays were
conducted under the same conditions for an accurate comparison. The assays were then repeated
under reducing conditions to compare to those conducted under non-reducing conditions, since other
experimental work was conducted under reducing conditions. This was used to ensure that the
affinities of R401D, A539P and R401D/A539P FOXP2 (LeuZip - end) for DNA relative to the affinity of
wild-type FOXP2 (LeuZip - end) for DNA were comparable under non-reducing and reducing
conditions. Fluorescence anisotropy DNA-binding assays conducted under reducing conditions
followed the same protocol outlined above, but samples were prepared at 2 mM DTT. Data points
were averaged for 10 accumulations. Final averaged data points were corrected relative to the final
averaged anisotropy value for free DNA, and used to plot DNA-binding isotherms. DNA-binding
isotherms were fit using the equation for a single site saturation, and dissociation constants were

determined based on the equations of the fits.

55



2.4 CHARACTERISATION OF PROTEIN STRUCTURE AND STABILITY

2.4.1 CIRCULAR DICHROISM SPECTROPOLARIMETRY

Circular dichroism (CD) is the difference in absorption of left- and right-handed circularly polarised
light by a molecule containing a chiral centre. CD spectropolarimetry measures the CD of molecules
over a range of wavelengths. This is particularly useful when studying protein structure, since the
twenty standard amino acids are chiral molecules (all except glycine) and confer chirality to the
peptide bonds of protein backbones. In the far-UV range of wavelengths, there are two electronic
transitions of peptide bonds when interacting with circularly polarised light; the n to n* transition
which occurs at longer wavelengths (215 - 230 nm) and the 7t to 7t* transition which occurs at shorter
wavelengths (185 - 200 nm) (Woody and Koslowski, 2002). The alignment of peptide bonds in regular
arrangements produces distinct bands and, in some cases, the bands are split due to exciton
interactions (Greenfield, 2006a; Woody and Koslowski, 2002). As a result, CD spectra in the far-Uv
range of wavelengths produce patterns specific to protein secondary structures, such as a-helices
(Hashizume et al., 1967). The typical far-UV CD spectrum of a predominantly a-helical protein displays
negative bands at approximately 208 nm and 222 nm, and a positive band near 190 nm (Greenfield,
2006a; Woody and Koslowski, 2002). The typical far-UV CD spectrum of a predominantly B-stranded
protein displays a negative band at around 218 nm and a positive band close to 195 nm (Greenfield,
2006a; Woody and Koslowski, 2002). Disordered proteins usually exhibit negative bands at
approximately 195 nm, though there is variation in the far-UV CD spectra of disordered proteins
(Greenfield, 2006a; Uversky, 2002a). A combination of these secondary structural elements results in
a CD spectrum that is a cross between these characteristic spectra. The measured signal is recorded

in millidegrees and normalised to mean residue ellipticity (MRE) in deg-cm?-dmol™ using the equation;

0 (mdeg) x 10°
pathlength (mm) X [protein] (uM) x n

eMRE =

where n is the number of peptide bonds in the protein chain.

Far-UV CD spectropolarimetry was used to evaluate the secondary structures of the FOXP2
(LeuZip - end) proteins, in the absence and presence of DNA. This was used to determine if DNA
binding or if the R401D, A539P or R401D/A539P mutations caused any changes to the secondary
structure of FOXP2 (LeuZip - end). Spectra were recorded on a Jasco J-810 Spectropolarimeter (JASCO,
USA). The FOXP2 (LeuZip - end) variants were dialysed against spectroscopy buffer (10 mM HEPES,
pH 7.5, 50 mM Na,SO,4). Samples consisted of 5uM protein, with 2 mM DTT for experiments

conducted under reducing conditions. Samples with DNA were of the same composition with the
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addition of 2.5 uM DNA. Samples were prepared at a DNA:protein concentration ratio that was
determined based on the dissociation constants (see 2.3.3 Fluorescence anisotropy DNA-binding
assays), with higher concentrations of DNA-protein complexes than the concentrations of free
proteins (or free DNA) at this ratio. Samples were prepared immediately before recording spectra by
diluting high concentration protein and DNA stocks with ultrapure deionised distilled water at a ratio
of 1:10, to reduce noise due to buffer components. Spectra were recorded from 180 nm to 250 nm
using bandwidths of 1 nm, a speed of 200 nm/minute, and a pathlength of 2 mm, at 20 °C. All samples
were prepared in triplicate and spectra were averaged for 5 accumulations. Final averaged spectra
were corrected using blanks consisting of buffer only or buffer with 2.5 uM DNA for samples
containing DNA, and with 2 mM DTT for samples prepared under reducing conditions. Noisy data

points with a high tension (voltage) of over 600 V were removed.

The CD spectra were analysed using the online DichroWeb server (Whitmore and Wallace, 2004,
2008). The CONTINLL analysis algorithm was used to provide quantitative information regarding the
protein secondary structures with respect to the content of specific structural elements (Provencher
and Glockner, 1981; van Stokkum et al., 1990). Reference set 7 was used, which is optimised for the
190 nm to 240 nm range of wavelengths (Sreerama and Woody, 2000). The secondary structural
elements of the FOXP2 (LeuZip - end) variants were analysed using two-sample t-tests to determine
the significance of differences observed between the variants, and using paired t-tests to determine

the significance of differences observed upon DNA binding of each variant.

Data from CD spectropolarimetry was compared with that obtained from protein secondary structure
predictions (see 2.1.1 Protein secondary structure and disorder predictions) and from global protein

structure predictions (see 2.1.2 Three-dimensional protein structure predictions).

2.4.2 INTRINSIC TRYPTOPHAN FLUORESCENCE SPECTROSCOPY

Protein molecules exhibit intrinsic fluorescence, predominantly due to tryptophan residues
(see 2.3.3 Fluorescence anisotropy DNA-binding assays for a description of fluorescence)
(Ostashevskii, 1972). Tryptophan absorbs electromagnetic radiation at a wavelength of 295 nm, and
tryptophan emission is solvatochromic (Ostashevskii, 1972). Thus, as the polarity of the tryptophan
environment or solvent increases, the emission shifts to a longer wavelength, and as the polarity of
the solvent decreases, the emission shifts to a shorter wavelength (Lakowicz, 2006b). In addition,
interactions of fluorochromes with each other and with molecules in the environment can affect the

intensity of the emitted fluorescence (Lakowicz, 2006a). Tryptophan emission, in particular, can be
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guenched by protonated amino acid residues, disulfide groups, amide groups, energy transfer with
other tryptophan residues, and even the peptide bonds of the protein backbone (Lakowicz, 2006b).
The interactions resulting in the quenching of tryptophan fluorescence are largely affected by the
distance between the tryptophan residue and the quencher (Lakowicz, 2006b). As a result, tryptophan
fluorescence spectroscopy is a good probe of the environment of tryptophan residues, and hence of
protein fold or tertiary structure. In the case of there being too few or no tryptophan residues in a
protein, fluorescence spectroscopy at an excitation wavelength of 280 nm detects tryptophan,
tyrosine and, to a lesser extent, cysteine residues (Ostashevskii, 1972). However, tryptophan residues

make the largest contribution to the emission spectra (Ostashevskii, 1972).

The FOXP2 (LeuZip - end) proteins each contain three tryptophan residues, all located within the
DNA-binding FHD. Intrinsic tryptophan fluorescence spectroscopy was conducted to compare the
folds of the FOXP2 (LeuZip - end) variants, and assess the effects of the R401D, A539P and
R401D/A539P mutations on the protein fold, using the tryptophan residues as probes. Intrinsic
tryptophan fluorescence spectra were recorded for each FOXP2 (LeuZip - end) protein in the absence
and presence of DNA, to study the effects of DNA binding on the environments of the tryptophan
residues, and hence on the folds of the proteins. An excitation wavelength of 295 nm was used, and
spectra were recorded over an emission range of 280 nm to 500 nm. Experiments were conducted
using a Jasco FP-6300 Spectrofluorometer (JASCO, USA) with bandwidths of 5 nm and a speed of
500 nm/minute, at 20 °C. Samples consisted of 5 UM protein, prepared in spectroscopy buffer
(previously described) with 2 mM DTT for spectra measured under reducing conditions. Samples with
DNA were of the same composition with the addition of 2.5 uM DNA (for an explanation of the
DNA:protein concentration ratio, see 2.4.1 Circular dichroism spectropolarimetry). All samples were
prepared in triplicate. Final averaged spectra were corrected using blanks consisting of buffer only or
buffer with 2.5 uM DNA for samples containing DNA, and with 2 mM DTT for samples prepared under
reducing conditions. Normalised emission maxima at 339 nm measured in the presence of DNA were
analysed using two-sample t-tests, to determine the significance of differences observed between the

DNA-bound FOXP2 (LeuZip - end) proteins.
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2.4.3 SIZE EXCLUSION CHROMATOGRAPHY

There are various protein chromatographic techniques for the separation and quantification of
proteins of a mixture (see 2.2.5 Protein purification). Size exclusion chromatography is one such
technique in which proteins are distinguished and separated based on size (Barth et al., 1994). The
column resin consists of pores of a specified size; large molecules pass freely without entering pores
whereas smaller molecules travel a longer distance through the column pores, hence larger molecules

elute more quickly (Barth et al., 1994).

Size exclusion chromatography is useful for analysing protein quaternary structure since
oligomerisation leads to an increase in size. Large protein oligomers elute quickly whereas monomeric
or small protein complexes elute more slowly (Barth et al., 1994). Inaccuracies may arise in size
exclusion chromatography data, especially with non-globular proteins, since the hydrodynamic
volume may lead to a larger apparent size. However, data obtained from non-globular proteins is still
useful for comparative purposes, especially with respect to oligomeric state. An alternative technique
for the evaluation of protein quaternary structures is native polyacrylamide gel electrophoresis
(Niepmann and Zheng, 2006). However, the hydrodynamic volume of a protein influences its
migration, and hence its apparent size, during gel electrophoresis (Tanase et al., 2015). Furthermore,
size exclusion chromatography is of a higher resolution, and allows for a quicker and simpler recovery
of protein samples following elution (Niepmann and Zheng, 2006; Tacal and Ozer, 2002; Tanase et al.,
2015). Although the effects of hydrodynamic volume are overcome in mass spectrometry, which can
be used to determine protein size, mass spectrometry usually depends on successful cross-linking of
monomers when studying homo-oligomers, which requires extensive optimisation (Titeca et al.,
2019). Furthermore, the choice of cross-linker can result in either an under- or overestimation of the
size of the oligomer, since cross-linkers differ with respect to their reactivities and specificities (Titeca
et al., 2019). Thus, size exclusion chromatography was the preferred method for analysing the

guaternary structures of the FOXP2 (LeuZip - end) proteins.

The quaternary structures of the FOXP2 (LeuZip - end) proteins were investigated using size exclusion
chromatography. This was used to shed light on the relative oligomeric status of each FOXP2
(LeuZip - end) protein, and the effects of the R401D, A539P and R401D/A539P mutations on FOXP2
(LeuZip - end) oligomerisation. Therefore, through size exclusion chromatography, the relative
contributions of the LeuZip and the FHD to FOXP2 (LeuZip - end) oligomerisation were investigated.
Size exclusion chromatography was conducted using a HiLoad® 16/600 Superdex® 200 pg column and

an AKTA FPLC system (GE Healthcare Life Sciences, UK). All analyses were conducted at a flow rate of
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1 ml/minute at 20 °C. The column was pre-equilibrated with IMAC equilibration buffer (previously
described) and calibrated using the Gel Filtration Markers Kit for Protein (Sigma-Aldrich, USA)
prepared in IMAC equilibration buffer. Samples consisted of between 25 and 35 uM protein in IMAC
equilibration buffer. The numbers and sizes of FOXP2 (LeuZip - end) oligomers present under
non-reducing and reducing conditions were compared by preparing samples at 0 mM or 2 mM DTT.

All samples were prepared in duplicate.

2.4.4 ACRYLAMIDE FLUORESCENCE QUENCHING

Protein molecules are able to fluoresce, predominantly due to tryptophan residues (see 2.4.2 Intrinsic
tryptophan fluorescence spectroscopy). Various small molecules such as acrylamide, potassium
iodide, caesium chloride, and succinimide, are able to quench tryptophan fluorescence (Eftink and
Ghiron, 1981). Acrylamide, in particular, quenches tryptophan fluorescence by photoinduced electron
transfer (Eftink et al., 1987; Evans et al., 1978; Zelent et al., 1998). During the transfer, acrylamide is
able to accept electrons from tryptophan, since acrylamide is a good electron scavenger (Eftink et al.,
1987). Quenching of tryptophan fluorescence by a quencher (Q) depends on the accessibility of the
tryptophan residues to the quencher, which depends on the fold and flexibility/dynamics of the
protein (Eftink and Ghiron, 1981). Measuring the intrinsic tryptophan fluorescence at increasing

concentrations of Q can be used to calculate the Stern-Volmer constant (Ksy) from the relationship;
F
714k [Q)
where Fo and F are the fluorescence intensities in the absence and presence of Q, respectively (Eftink
and Ghiron, 1981). Comparisons of Stern-Volmer constants between different proteins, or for the

same protein in different environments, could provide insight into the relative flexibilities/dynamics

of each protein or for each environment.

Acrylamide fluorescence quenching of the FOXP2 (LeuZip - end) proteins was used to determine the
Stern-Volmer constant for each protein. This was used to provide insight into the effects, if any, of the
R401D, A539P and R401D/A539P mutations on the fold and flexibility of FOXP2 (LeuZip - end).
Stern-Volmer constants were also determined in the presence of DNA to observe the effects of DNA
binding on the flexibilities and dynamics of the FOXP2 (LeuZip - end) proteins, and to probe any
conformational changes occurring upon DNA binding. Emission maxima at 339 nm were recorded on
a Jasco FP-6300 Spectrofluorometer (JASCO, USA) at an excitation wavelength of 295 nm with
bandwidths of 5 nm at 20 °C. Samples consisted of 5 uM protein prepared in spectroscopy buffer

(previously described) at acrylamide concentrations of 0 mM, 50 mM, 100 mM, 150 mM and 250 mM.
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Samples with DNA were of the same composition with the addition of 2.5 uM DNA (for an explanation
of the DNA:protein concentration ratio, see 2.4.1 Circular dichroism spectropolarimetry). All samples
and blanks were prepared under reducing conditions at 2 mM DTT and all samples were prepared in
triplicate. Final averaged measurements were corrected using blanks consisting of buffer only, or
buffer with 2.5 uM DNA for samples containing DNA, at each acrylamide concentration. Errors were
calculated as the standard deviations of the averages. Stern-Volmer constants were analysed using
two-sample t-tests to determine the significance of differences observed between the FOXP2
(LeuZip - end) proteins, and using paired t-tests to determine the significance of differences observed

upon DNA binding of each protein.

2.4.5 PROTEIN THERMAL UNFOLDING

Protein unfolding can be achieved by different methods including chemical methods, changes in
temperature, or the use of pressure or force (for a review of protein unfolding methods see Lapidus,
2017). Proteins unfold at both high and low temperatures, but the low temperature denaturation
midpoint is typically below 0 °C, resulting in difficulties when trying to study protein unfolding due to
the freezing of aqueous solvents at temperatures above the denaturation midpoint (Lapidus, 2017;
Pastore et al., 2007; Privalov et al., 1986; Yoshidome and Kinoshita, 2009). Elevated temperatures,
however, are useful for studying protein unfolding, and data obtained from protein thermal unfolding
can be interpreted relatively easily since the effects of temperature on proteins are well-understood

(Lapidus, 2017).

A protein produces a distinct spectrum when studied by CD spectropolarimetry in the far-UV range of
wavelengths, depending on the secondary structural content of the protein (see 2.4.1 Circular
dichroism spectropolarimetry). As a protein unfolds, ordered secondary structures disintegrate and
become disordered (Greenfield, 2006b). The loss of secondary structure is accompanied by a
distortion to the CD spectrum of the protein, therefore protein unfolding can be easily monitored
using CD spectropolarimetry, resulting in an unfolding curve (Greenfield, 2006b). Unfolding curves can
be used to identify any thermodynamically stable intermediates in the pathway between native and
unfolded states, and therefore provide important clues as to the folding pathway of the protein (Seelig
and Schonfeld, 2016). The effects of mutations on protein folding/unfolding and stability can be
determined by comparing the unfolding curves of mutant proteins with that of the wild-type
(Greenfield, 1999). Furthermore, protein unfolding curves obtained under different conditions can
reveal the effects of environmental factors such as pH or ionic strength on the stability of a protein

(Kishore et al., 2012; Mao et al., 2007; Metrick et al., 2013).
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Thermal unfolding of the FOXP2 (LeuZip - end) variants was monitored using far-UV CD
spectropolarimetry. This was used to study the effects of the R401D, A539P and R401D/A539P
mutations on the thermal stability of FOXP2 (LeuZip - end). Based on the oligomeric states observed
through size exclusion chromatography, thermal unfolding was used to compare the thermal
stabilities of the FOXP2 (LeuZip - end) oligomers. The signal at 222 nm was monitored using a Jasco
J-810 Spectropolarimeter (JASCO, USA). Samples consisted of protein prepared in spectroscopy buffer
(previously described). Measurements were recorded at 5 uM and 15 UM protein over a range of
20- 80 °C with a temperature slope of 1 °C/minute, using bandwidths of 5 nm. The high tension

(voltage) was monitored and kept below 600 V to ensure that no noisy data was included.
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Chapter 3: Results

Evidence suggests that oligomerisation is a prerequisite for FOXP2 functioning, and that both the
LeuZip and the DNA-binding FHD of FOXP2 are able to interact to facilitate the formation of dimers or
higher order oligomers (Li et al., 2004; Stroud et al., 2006). What is currently unclear, however, is
whether both interfaces are required simultaneously for FOXP2 oligomerisation, whether the LeuZip
and FHD function independently with different strengths, and the effects that LeuZip and FHD
associations have on the protein structure and DNA binding. In this study of FOXP2 (LeuZip - end), the
contribution of each interface to FOXP2 oligomerisation, and any effects of disrupting each interface
on FOXP2 structure and DNA binding were investigated. Each of the R401D and A539P mutants were
used to disrupt one of the two interfaces, while the R401D/A539P mutant was used to disrupt both
interfaces. A comparative study of wild-type, R401D, A539P and R401D/A539P FOXP2 (LeuZip - end)
was conducted. /n silico and in vitro methods were combined to predict the 3D protein structures, to
structurally characterise the FOXP2 (LeuZip - end) variants, to evaluate changes to the protein

guaternary structure as a result of each mutation, and to assess DNA-binding affinities.

3.1 IN SILICO PROTEIN STRUCTURE ANALYSES

Knowledge of the structure of a protein is integral to understanding its function, and hence forms an
essential component of the study of any protein. In order to gain a thorough understanding of the
structures of all FOXP2 (LeuZip - end) variants, in silico methods were used to predict the protein
secondary and 3D structures, as well as the disorder, of each FOXP2 (LeuZip - end) variant. This
provided insight into the structure of the wild-type FOXP2 (LeuZip - end) protein. Furthermore,
comparisons between the wild-type and mutants allowed for investigating the effects of the R401D,
A539P and R401D/A539P mutations on protein structure, and hence the importance of an intact
LeuZip and a flexible FHD (due to a flexible hinge loop) for the folding of the protein into its native

structure.

3.1.1 PROTEIN SECONDARY STRUCTURE AND DISORDER PREDICTIONS

The secondary structure of a protein represents the first level of protein folding. Protein secondary
structures often dictate the global protein fold, and hence protein function (Dai and Zhou, 2011;
Godzik et al., 2007; Murzin et al., 1995; Ozkan et al., 2007; Yang et al., 2018; Zhou and Karplus, 1999).
Thus, PSIPRED 4.0 was used to predict the secondary structures of the FOXP2 (LeuZip - end) proteins

based on the primary structures (Jones, 1999). In addition, this was used to compare the secondary
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structures of the mutants with the wild-type FOXP2 (LeuZip - end) protein, to observe the effects of
the mutations on the secondary structure of the protein. PSIPRED 4.0 annotated each amino acid
residue according to the secondary structural element that it was predicted to form part of. The results
of the prediction are summarised in Figure 3.1. All FOXP2 (LeuZip - end) variants exhibited a large
proportion of predicted loops, with a-helices and B-strands mostly occurring within the LeuZip which
spans the region between Arg382 and Met411, and the FHD which spans the region between Arg504
and Asp576. Only a few interspersed a-helices were predicted in the regions extending from the FHDs
to the C-terminal ends of the proteins. There were no differences in the arrangement of the secondary
structural elements between the FOXP2 (LeuZip - end) proteins, with only minor differences in the
predicted lengths of a few a-helices. The sensitivity of PSIPRED 4.0 to the effects of mutations could
be reduced, due to the likelihood of PSIPRED 4.0 generating the same multiple sequence alignment
for both wild-type and mutant proteins. Therefore, the similarity between the proteins could be as a
result of this limitation. However, data obtained provided a useful overview of the secondary

structures of the FOXP2 (LeuZip - end) proteins.
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Figure 3.1: Schematic representation of secondary structure predictions of wild-type (A), R401D (B), A539P (C) and
R401D/A539P (D) FOXP2 (LeuZip - end). The approximate arrangements of a-helices, B-strands, and loops are shown based
on protein secondary structure predictions. Residues are numbered relative to the full-length protein. All FOXP2
(LeuZip - end) variants showed the same secondary structural arrangement, with only minor differences in the lengths of
three a-helices (indicated by * above the a-helices). The proteins consisted predominantly of loops (almost 70%), with ~ 30%
a-helical content and a small proportion (~ 3%) of B-strands. a-Helical and B-stranded regions corresponded approximately
with the LeuZip (Arg382 to Met411) and FHD (Arg504 to Asp576). Secondary structure predictions were obtained using
PSIPRED 4.0 (Jones, 1999).
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Protein regions that lack secondary structures are said to be disordered. Knowledge of protein
disorder is useful since disordered protein regions are involved in many biological functions, due to
the conformational freedom of these regions, arising on account of the disorder (Nielsen and Mulder,
2019). The online DISOPRED3 tool was used to predict regions of intrinsic disorder within the proteins,
based on the protein primary structures (Jones, 1999; Jones and Cozzetto, 2015). Each amino acid
residue was annotated with a confidence score based on the difference in the probabilities of that
residue forming part of a disordered or ordered region (Basu et al., 2017; Jones and Cozzetto, 2015).
All DISOPRED3 confidence scores fall between 0 and 1, and any amino acid with a confidence score of
0.5 or higher was considered to form part of a disordered region (Basu et al., 2017; Jones and Cozzetto,
2015). Figure 3.2 shows the results of the predictions. All FOXP2 (LeuZip - end) variants were predicted
to be more than 60% disordered, and regions predicted to be disordered coincided with the loops
predicted by PSIPRED 4.0. Wild-type FOXP2 (LeuZip - end) was 64% disordered, R401D FOXP2
(LeuZip - end) was 62% disordered, A539P FOXP2 (LeuZip - end) was 66% disordered and
R401D/A539P FOXP2 (LeuZip - end) was 63% disordered. The ordered regions of the proteins
corresponded approximately with the LeuZip and the FHD, and the remaining regions were predicted
to be intrinsically disordered. As with the secondary structure predictions, similarities between the
proteins, with respect to predicted regions of intrinsic disorder, could be due to DISOPRED3 generating
the same multiple sequence alighnment for all the FOXP2 (LeuZip - end) variants. Nevertheless, the

data provided a useful overview of the disorder of the FOXP2 (LeuZip - end) proteins.

In addition to predicting intrinsically disordered regions, DISOPRED3 provided predictions of binding
sites amongst these regions (Jones, 1999; Jones and Cozzetto, 2015). For all FOXP2 (LeuZip - end)
variants, only the first 10 or 11 amino acid residues of each protein, comprising of the additional
residues which are not derived from the FOXP2 sequence (Figure 2.1), were predicted to form part of
a binding site (data not shown). DISOPRED3 predicts protein binding sites using a support vector
machine that annotates amino acid residues based on evolutionary patterns and based on the amino
acid compositions of putative binding sites (Jones and Cozzetto, 2015). A region is predicted to form
a binding site only if it is disordered and it is shown to fold upon binding, and hence able to transition
from disordered to ordered (Jones and Cozzetto, 2015). Based on this data, there are no such binding

sites found within the disordered protein regions of FOXP2 (LeuZip - end).
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Figure 3.2: Disorder predictions of wild-type (A), R401D (B), A539P (C) and R401D/A539P (D) FOXP2 (LeuZip - end). Regions
with confidence scores of 0.5 (dashed line) or greater are disordered. Residues are numbered relative to the full-length
protein. All FOXP2 (LeuZip - end) proteins showed large proportions of disorder, and showed approximately the same
disorder pattern with respect to the amino acid sequences. Wild-type FOXP2 (LeuZip - end) (A) was predicted to be 64%
disordered, R401D FOXP2 (LeuZip - end) (B) was predicted to be 62% disordered, A539P FOXP2 (LeuZip - end) (C) was
predicted to be 66% disordered and R401D/A539P FOXP2 (LeuZip - end) (D) was predicted to be 63% disordered. Ordered

regions correspond approximately with the LeuZip (Arg382 to Met411) and FHD (Arg504 to Asp576). Disorder predictions
were obtained using DISOPRED3 (Jones and Cozzetto, 2015).

3.1.2 THREE-DIMENSIONAL PROTEIN STRUCTURE PREDICTIONS

The 3D or tertiary structure of a protein represents the next level of protein folding, after the
secondary structure. Therefore, following secondary structure and disorder predictions, the 3D
protein structures were investigated. The online I-TASSER server was used to predict the monomeric
3D structures of the FOXP2 (LeuZip - end) variants (Roy et al., 2010; Yang and Zhang, 2015; Yang et al.,
2015). I-TASSER produced five models of each protein based on the amino acid sequences of the

proteins. I-TASSER ranked each model with a C-score, which estimates the quality of the model based
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on the threading template alignments and the parameters of the structure assembly during
convergence (Roy et al., 2010; Yang and Zhang, 2015; Yang et al., 2015). C-scores of acceptable models
fall between - 5 and 2, with a higher C-score indicating a higher confidence (Roy et al., 2010; Yang and
Zhang, 2015; Yang et al., 2015). C-scores of all predicted models of all proteins were between - 3.90
and - 2.66, thus all predicted models were of acceptable quality. The models were energy minimised
and the final energy minimised models were analysed with respect to the favourability of rotamers,
backbone torsion angles, and covalent geometries using the online MolProbity application (Williams
et al., 2018). Based on a combination of the C-scores and MolProbity analyses, the best model was
selected for each protein. C-scores of the selected wild-type, R401D, A539P and R401D/A539P FOXP2

(LeuZip - end) models were - 2.75, - 2.9, - 2.91, and - 2.83, respectively.

The MolProbity analyses of the selected models are shown in Table 3.1, with values indicated as good,
acceptable, or unideal based on the MolProbity guidelines (Williams et al., 2018). The clashscore is
the number of steric clashes per 1000 atoms. Clashscores of wild-type and R401D FOXP2 (LeuZip - end)
models were in the 98" percentile, the clashscore of the A539P FOXP2 (LeuZip - end) model was in
the 97" percentile and the clashscore of the R401D/A539P FOXP2 (LeuZip - end) model was in the 99t
percentile, with the best clashscores constituting the 100" percentile. Therefore, the clashscores of
the protein models were good. Rotamers refer to conformational isomers of amino acids with flexible
side chains. Arotamer is favoured when it is in the lowest possible energy conformation. Ideally, there
should be more than 98% favoured rotamers and less than 0.3% poor rotamers. Models of the FOXP2
(LeuZip - end) proteins all had fewer favoured rotamers and more poor rotamers than ideal.
Ramachandran outliers and Ramachandran favoured torsional angles were not within the ideal
contours, as these should be less than 0.05% and greater than 98%, respectively. The FOXP2
(LeuZip - end) structures were based on computational predictions and not from experimentally
derived data, therefore the poor rotamers and Ramachandran outliers could not be improved further
since there was no experimental data to fit the structures to, so attempts to improve these parameters
would have introduced bias into the structures. A MolProbity score is a single score describing the
clashscore, rotamers and Ramachandran analysis, and it is normalised to the same scale that is used
to describe the resolution of structures solved by X-ray crystallography. Ideally, MolProbity scores
should lie in the 66™ percentile or higher, with scores falling below the 33™ percentile being unideal.
The MolProbity scores of the FOXP2 (LeuZip - end) variants were within the acceptable range (between

the 33" and 66" percentiles).
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Table 3.1: Analyses of best models of FOXP2 (LeuZip - end) variants. I-TASSER was used to predict 3D
models of the FOXP2 (LeuZip - end) variants (Roy et al., 2010; Yang and Zhang, 2015; Yang et al., 2015).
After energy minimisation, the models were analysed using MolProbity (Williams et al., 2018).
Together with the I-TASSER C-scores, the results of the analyses were used to select the best models,
and the analyses for the best models are shown here. Values highlighted in green are good, values
highlighted in yellow are acceptable if justified, and values highlighted in rose are unideal, according
to the MolProbity guidelines.
Wild-type R401D A539P R401D/A539P
FOXP2 FOXP2 FOXP2 FOXP2

(LeuZip -end) (LeuZip-end) (LeuZip-end) (LeuZip -end)

Clashscore 3 2.83 3.35 2.29
Poor rotamers (%) 3.67 8.87 7.01 7.62
Favoured rotamers (%) 87.16 80.73 78.35 78.05
Ramachandran outliers 3.01 9.56 6.56 6.83
(%)

Ramachandran favoured = 79.51 70.22 69.40 69.95
(%)

MolProbity score 2.26 2.63 2.61 2.52
CB deviations > 0.25 A 1.42 3.68 2.83 3.97
(%)

Bad bonds (%) 0 0 0 0
Bad angles (%) 1.25 1.48 1.43 1.60
Twisted peptides (%) 0.54 4.36 3.27 3.81
CaBLAM outliers (%) 14.3 17.3 14 13.2
CA geometry outliers (%) @ 3.85 4,95 6.32 7.69

CPB describes the conformation of amino acid side chains relative to the protein backbone. A Cj
deviation occurs when a clash arises between a side chain and the backbone. There should ideally be
no CB deviations in a protein structure, but deviations of less than 5% are acceptable, so the CB
deviations of the proteins were within the acceptable range. There were no bad bonds in any of the
FOXP2 (LeuZip - end) structures. Bad angles were greater than 0.5% for all FOXP2 (LeuZip - end)
structures, which is unideal, as there should be less than 0.1% bad angles with up to 0.5% being
acceptable. Attempts to correct bad angles were unsuccessful and resulted in increases in the

clashscores and MolProbity scores of all structures. An ideal protein structure has no twisted peptides
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and twisted peptides of up to 0.1% are acceptable. Twisted peptides were not within the acceptable
range for any of the proteins. CaBLAM (Ca Based Low-resolution Annotation Method) describes
expected secondary structures based on Ca coordinates, and outliers should ideally be less than 1%.
CaBLAM outliers of up to 5% are acceptable, therefore CaBLAM outliers of all FOXP2 (LeuZip - end)
structures were higher than the acceptable limit. CA geometry refers to the geometry of the protein
backbone with respect to Ca. There should be less than 0.5% CA geometry outliers, and values of up
to 1% are acceptable. All FOXP2 (LeuZip - end) structures had a higher proportion of outliers than is
generally allowed. Twisted peptides, CaBLAM outliers and CA geometry outliers could not be
improved without introducing bias into the structures, due to a lack of experimentally derived

structure data.

Although the FOXP2 (LeuZip - end) models did not meet a number of criteria, according to the
MolProbity analyses, this was expected due to I-TASSER predicting 3D protein structures using
fragments from multiple templates, rather than a single template (Roy et al., 2010; Yang and Zhang,
2015; Yang et al., 2015). The use of multiple templates can result in unfavourable local topologies,
especially for targets that do not have similar homologous templates available, but this improves the
accuracy over models based on single templates (Roy et al., 2010; Yang and Zhang, 2015; Yang et al.,
2015). Indeed, I-TASSER is widely recognised as the most accurate tool for 3D protein structure
prediction (Croll et al., 2019; Kryshtafovych et al., 2018; Roy et al., 2010; Yang and Zhang, 2015; Yang
et al., 2015). Furthermore, the MolProbity score, which combines the clashscore, rotamer analysis,

and Ramachandran analysis, was acceptable for all FOXP2 (LeuZip - end) models.

The R401D mutation of the LeuZip was designed based on the equivalent K251D mutation of the
mFoxp3 LeuZip (Song et al., 2012). In mFoxp3, Lys251 (equivalent to FOXP2 Arg401) forms a hydrogen
bond with Glu248 of the same monomer (equivalent to FOXP2 Glu398), which positions Glu248 to
form an intersubunit hydrogen bond with GIn234 of another mFoxp3 monomer (equivalent to FOXP2
GIn384) (Figure 1.14C) (Song et al., 2012). Thus, the effect of the R401D mutation on this hydrogen
bond network in the models was investigated. Since the models were monomeric, the intersubunit
hydrogen bond between Glu398 and GIn384 could not be investigated directly. However, based on
the mFoxp3 LeuZip, the hydrogen bond between Arg401 and Glu398 of a single monomer would form
a key component of the hydrogen bond network, so this hydrogen bond was assessed (Song et al.,
2012). The models of the FOXP2 (LeuZip - end) structures showed that Arg401 formed hydrogen bonds
with Glu398 in both wild-type and A539P FOXP2 (LeuZip - end) (Figure 3.3A and 3.3C). Mutation of

Argd01 to aspartic acid disrupted this hydrogen bond and altered the position of the Glu398 side chain
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(Figure 3.3B and 3.3D), which would be sufficient to disrupt the intersubunit hydrogen bond between
Glu398 and GIn384.

A Wild-type B R401D

Glu398

Asp401

Figure 3.3: Effects of R401D (B), A539P (C) and R401D/A539P (D) mutations on LeuZip hydrogen bond network in predicted
FOXP2 (LeuZip - end) protein structures. The Arg401 interaction of wild-type FOXP2 (LeuZip - end) is shown in (A) for
comparison. Arg401 positions Glu398 correctly by hydrogen bonding (A and C), to facilitate the formation of an intersubunit
hydrogen bond between Glu398 and GIn384 (not shown) which stabilises the LeuZip dimer. Incorporation of the R401D
mutation is predicted to disrupt the intersubunit hydrogen bond, since the position of Glu398 is disrupted by the aspartic
acid (B and D). Carbon atoms are green, oxygen atoms are pink, nitrogen atoms are blue, and hydrogen bonds are black
dashed lines. Three-dimensional protein structure predictions were obtained using I-TASSER (Roy et al., 2010; Yang and
Zhang, 2015; Yang et al., 2015). Images were rendered using The PyMOL Molecular Graphics System, Version 0.99,
Schrédinger, LLC.

Based on the hydrogen bond networks of mFoxp3, formation of the intersubunit hydrogen bond
required for FOXP2 oligomerisation would depend on the accessibility of GIn384 (Song et al., 2012).
Therefore, SwissPdb Viewer v4.1.0 was used to assess the solvent-accessibility of GIn384 in the FOXP2
(LeuZip - end) models (Guex and Peitsch, 1997). Solvent-accessible amino acid residues were defined
as residues with a minimum of 30% solvent-accessible surface area. The results showed that GIn384
was predicted to be solvent-accessible only in A539P FOXP2 (LeuZip - end), and buried in the other
variants (Figure 3.4). However, inaccuracies could arise in the structures of the FOXP2 (LeuZip - end)
variants since they are based on predictions. Additionally, proteins are dynamic and since the FOXP2

(LeuZip - end) proteins are predicted to be highly disordered, this would confer conformational
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freedom to the proteins, enabling them to sample many conformations (Dunker et al., 2008; Fisher
and Stultz, 2011). The predicted structures represent only a single proposed conformation of each
protein. Thus, the solvent-accessibility of GIn384 could fluctuate in a conformation-dependent

manner.
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Figure 3.4: Solvent-accessibility of GIn384 in predicted structures of wild-type (A), R401D (B), A539P (C) and
R401D/A539P (D) FOXP2 (LeuZip - end). The FOXP2 (LeuZip - end) proteins are shown in surface mesh representation and
GIn384 is shown in stick representation. Solvent-accessibility was defined as residues with a minimum of 30%
solvent-accessible surface area. GIn384 is buried in wild-type, R401D and R401D/A539P FOXP2 (LeuZip - end) (dark grey),
and solvent-accessible in A539P FOXP2 (LeuZip - end) (green). Three-dimensional protein structure predictions were
obtained using I-TASSER (Roy et al., 2010; Yang and Zhang, 2015; Yang et al., 2015). Images were rendered using The PyMOL

Molecular Graphics System, Version 0.99, Schrodinger, LLC.

The effect of the R401D mutation on the overall structure of the LeuZip was then analysed. As seen in
Figure 3.5A, although the wild-type FOXP2 (LeuZip - end) LeuZip was predominantly helical (80%), the
LeuZip a-helix was segmented with a loop occurring between the two helical portions. This was
surprising since LeuZip motifs usually form stable a-helices, and the A539P FOXP2 (LeuZip - end) LeuZip
formed a single a-helix spanning the length of the region, as expected (Figure 3.5C) (Ellenberger, 1994;
Landschulz et al., 1988). In addition, the wild-type FOXP2 (LeuZip - end) LeuZip did not form a complete
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a-helix in any of the five proposed models (data is only shown for the best model that was selected
and not for the remaining four models). However, as with the solvent-accessibility of GIn384,
inaccuracies could arise in these structures since they are based on predictions. Nevertheless, the
R401D mutation caused a decrease in LeuZip helicity of ~ 15%, since the R401D and R401D/A539P
LeuZips were 63% and 67% helical, respectively (Figure 3.5B and 3.5D). Although only monomeric 3D
protein structures could be predicted, it is expected that the decreased helicity occurring as a result

of the R401D mutation would affect oligomeric protein-protein interactions at the LeuZip interface.

A
S\ ey S

Figure 3.5: Comparison of predicted LeuZip structures of wild-type (A), R401D (B), A539P (C) and R401D/A539P (D) FOXP2
(LeuZip - end). Although the wild-type FOXP2 (LeuZip - end) LeuZip did not form a complete a-helix, the LeuZips of wild-type
and A539P FOXP2 (LeuZip - end) have high a-helical contents (80% and 87%, respectively). The R401D mutation of the LeuZip
reduces the a-helical content of the LeuZips of both R401D and R401D/A539P FOXP2 (LeuZip - end) (63% and 67% a-helical,
respectively). Arg401 and Asp401 are shown in stick representation (black). Three-dimensional protein structure predictions
were obtained using I-TASSER (Roy et al., 2010; Yang and Zhang, 2015; Yang et al., 2015). Images were rendered using The
PyMOL Molecular Graphics System, Version 0.99, Schrodinger, LLC.

The A539P mutation of the FHD was designed based on the fact that the FHDs of FOXP proteins exhibit
the unique ability to form domain-swapped dimers (Chen et al., 2015; Chu et al., 2011; Stroud et al.,
2006). FHD dimerisation has not been seen in any FOX protein outside the FOXP subfamily and has
been attributed to the replacement of a conserved proline of the hinge loop by alanine (Ala539 in
FOXP2) in FOXP subfamily members (Figure 1.10) (Chen et al., 2015; Chu et al., 2011; Stroud et al.,
2006). Mutation of Ala539 to a proline has previously been shown to prevent the formation of the
FOXP2 FHD domain-swapped dimer (Morris and Fanucchi, 2016; Stroud et al., 2006). A crystal
structure of the isolated wild-type FOXP2 FHD has been solved, with FOXP2 bound to DNA in both

monomeric and dimeric forms (Stroud et al., 2006). Thus, the FHDs of the monomeric FOXP2

72



(LeuZip - end) models were compared to the monomeric FOXP2 FHD crystal structure, firstly to
evaluate the similarity of the FHDs of the models to the crystal structure, and secondly to evaluate the
effects, if any, of the A539P mutation on the structure of the FHD (Figure 3.6). Structures of the
wild-type and R401D FOXP2 (LeuZip - end) FHDs were missing the short a-helix of wing 2, most likely
due to an inaccuracy of the prediction, but aligned well with the crystal structure otherwise. The
A539P mutation had no apparent effect on the fold of the FHD, since the FHDs of A539P and
R401D/A539P FOXP2 (LeuZip - end) showed good alignments with that of the monomeric FOXP2 FHD
crystal structure (root-mean-square deviation or RMSD of 0.388 A and 0.374 A, respectively). Due to
the models being monomeric, the effects of the A539P mutation on domain swapping of the FHD

could not be assessed.
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Figure 3.6: Alignment of predicted forkhead domain structures of FOXP2 (LeuZip - end) variants with the solved FOXP2
forkhead domain crystal structure. The solved FOXP2 FHD crystal structure (PDB 2A07) (Stroud et al., 2006) is shown in light
grey, and the FOXP2 (LeuZip - end) variants are shown in pink, orange, green, and blue as labelled. The DNA-binding FHD of
R401D/A539P FOXP2 (LeuZip - end) (D) was the most similar to the solved FOXP2 FHD structure, and aligned with a RMSD of
0.374 A. The FHD of wild-type FOXP2 (LeuZip - end) (A) was the least similar, and aligned with a RMSD of 1.089 A. The FHDs
of R401D (B) and A539P (C) FOXP2 (LeuZip - end) aligned with the solved FOXP2 FHD structure with RMSDs of 0.793 A and
0.388 A, respectively. The poorer fits of wild-type and R401D FOXP2 (LeuZip - end) are due to the structures missing the short
a-helix of wing 2. Ala539 and Pro539 are shown in sphere representation (dark grey). The A539P mutation had no apparent
effect on the fold of the FHD. Three-dimensional protein structure predictions were obtained using I-TASSER (Roy et al.,
2010; Yang and Zhang, 2015; Yang et al., 2015). Alignments and images were rendered using The PyMOL Molecular Graphics
System, Version 0.99, Schrodinger, LLC.
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The overall folds of the FOXP2 (LeuZip - end) variants were then assessed. The monomeric models are
shown in Figure 3.7. Upon visual inspection it was clear that all FOXP2 (LeuZip - end) variants were
predicted to have a high proportion of looped/disordered regions. This agreed well with data obtained
from secondary structure and disorder predictions, and was confirmed upon quantification, with the
proportion of looped regions predicted to be more than 65% for all FOXP2 (LeuZip - end) variants.
Wild-type and A539P FOXP2 (LeuZip - end) were 66% looped, R401D FOXP2 (LeuZip - end) was 76%
looped and R401D/A539P FOXP2 (LeuZip - end) was 68% looped. According to disorder predictions,
the ordered regions of the FOXP2 (LeuZip - end) proteins corresponded approximately with the LeuZip
and FHD, and all other regions were unstructured (Figure 3.2). An assessment of the 3D protein
structure models confirmed that most ordered regions occurred within the extended LeuZip a-helix
and FHD. Although a few interspersed a-helices were observed, as with the disorder predictions,
regions excluding the LeuZip and FHD were predominantly disordered (81% - 94% disorder in these
regions for all FOXP2 (LeuZip - end) variants). The flexibility of the region between the LeuZip and FHD
would allow for simultaneous protein-protein interactions of both interfaces during FOXP2
oligomerisation. Evidence suggests that the FOXP zinc finger and LeuZip form a single extended a-helix
(Songetal., 2012). The zinc finger is located N-terminal to the LeuZip, and the zinc finger-LeuZip region
formed a continuous a-helix for all FOXP2 (LeuZip - end) variants. The solvent-accessible surface areas
of the models were fairly similar, with wild-type FOXP2 (LeuZip - end) having the smallest surface area
of 43 257 A> and R401D/A539P FOXP2 (LeuZip - end) having the largest surface area of 43 404 A%. Thus,
the R401D mutation of the LeuZip resulted in an increase in disorder and a small increase in surface
area, the effects of which were seen in R401D/A539P FOXP2 (LeuZip - end) too. There are multiple
FHD-DNA interactions that occur upon FOXP2 DNA binding, but the most noteworthy is the insertion
of helix 3, the recognition helix, into the DNA major groove which relies on accessibility of helix 3
(Stroud et al., 2006). Based on the solvent-accessible surface areas, most residues of helix 3 were
buried in all FOXP2 (LeuZip - end) models. Helix 3 appeared to be obstructed by disordered loops,
therefore FOXP2 DNA binding would require structural rearrangements of the flexible loops to enable

insertion of helix 3 into the DNA major groove.
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Figure 3.7: Predicted three-dimensional structures of wild-type (A), R401D (B), A539P (C) and R401D/A539P FOXP2 (D)
(LeuZip - end). Structures of the monomeric FOXP2 (LeuZip - end) variants are depicted with LeuZips in orange and
DNA-binding FHDs in green. Zinc fingers, located N-terminal to the LeuZips (grey arrows), formed uninterrupted a-helices
with the LeuZips. All variants displayed large proportions of disordered loops (at least 65%), and regions excluding the LeuZip
and FHD (grey) were predominantly looped (> 81% for all variants), with the exception of a few interspersed a-helices. The
solvent-accessible surface areas of wild-type, R401D, A539P and R401D/A539P FOXP2 (LeuZip - end) were 43 257 A,
43 375 A2, 43 366 A2, and 43 404 A2, respectively. The R401D mutation appeared to cause an increase in disorder, and a small
increase in surface area, the effects of which were observed in R401D/A539P FOXP2 (LeuZip - end) too. Helix 3 was
obstructed in all FOXP2 (LeuZip - end) variants, predominantly by flexible loops, necessitating structural rearrangements for
DNA binding. Three-dimensional protein structure predictions were obtained using I-TASSER (Roy et al., 2010; Yang and
Zhang, 2015; Yang et al., 2015). Images were rendered using The PyMOL Molecular Graphics System, Version 0.99,
Schrédinger, LLC.
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The folds of the FOXP2 (LeuZip - end) variants were compared, and models of R401D, A539P and
R401D/A539P FOXP2 (LeuZip - end) were aligned with that of the wild-type. The alignments are
depicted in Figure 3.8. The mutants showed poor alignment to the wild-type, with RMSDs of greater
than 17 A for all alignments. The R401D mutation of the LeuZip appeared to cause the largest
structural rearrangements to the protein, the effects of which were seen in R401D/A539P FOXP2
(LeuZip - end) too. However, poor alignments of all mutants with the wild-type could be attributed to
the large proportion of disordered regions observed in all variants, since these regions lack identifiable

structures and would therefore not align.

Figure 3.8: Alignment of predicted R401D (A), A539P (B) and R401D/A539P (C) FOXP2 (LeuZip - end) structures with the
predicted structure of wild-type FOXP2 (LeuZip - end). Wild-type FOXP2 (LeuZip - end) is shown in pink, and the FOXP2
(LeuZip - end) mutants are shown in orange, green, and blue as labelled. Structures of the FOXP2 (LeuZip - end) mutants
aligned poorly with that of the wild-type, presumably due to the large proportions of disordered regions present in all
variants. A539P FOXP2 (LeuZip - end) was most similar to wild-type FOXP2 (LeuZip - end) and aligned with a RMSD of 17.6 A.
R401D and R401D/A539P FOXP2 (LeuZip - end) aligned with RMSDs of 20.9 A and 20.3 A, respectively. Three-dimensional
protein structure predictions were obtained using I-TASSER (Roy et al., 2010; Yang and Zhang, 2015; Yang et al., 2015).

Alignments and images were rendered using The PyMOL Molecular Graphics System, Version 0.99, Schrédinger, LLC.
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3.2 PROTEIN PREPARATION

In silico methods provided insight pertaining to the secondary and tertiary structures of the FOXP2
(LeuZip - end) proteins. However, further experimentation was required to fully investigate the LeuZip
and FHD interfaces, and the role of each interface in the structure and DNA binding of FOXP2
(LeuZip - end). Therefore, in vitro methods were used to obtain a thorough characterisation of the
structure and DNA binding of the FOXP2 (LeuZip - end) proteins. In order to conduct downstream
studies on the FOXP2 (LeuZip - end) proteins, it was first necessary to isolate a pure, soluble sample

of each protein.

3.2.1 MIUTAGENESIS

Since the R401D, A539P and R401D/A539P FOXP2 (LeuZip - end) were novel constructs, preparation
of these three mutants required site-directed mutagenesis of a FOXP2 (LeuZip - end)-encoding
plasmid, to create the mutants. A pET-11a-wild-type FOXP2 (LeuZip - end) plasmid was used as the
template to create the R401D, A539P and R401D/A539P FOXP2 (LeuZip - end) mutants. Following
mutagenesis, Sanger DNA sequencing confirmed the incorporation of the mutations (Figure 3.9). All

mutations were successful.
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A R401D

R401D 1  HMASMTXXQQALDDRSTAQCRVQMQVVQQLEIQLSKEREDLDAMMTHLHMRPSEPKPSPK 60 GangaccTg
HMASMT  QQALDDRSTAQCRVQMQVVQQLEIQLSKERE LDAMMTHLHMRPSEPKPSPK oo
wild-type 1  HMASMTGGQQALDDRSTAQCRVQMQVVQQLEIQLSKERERLDAMMTHLHMRPSEPKPSPK 60

R401D 61  PLNLVSSVTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSD 120
PLNLVSSVTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSD
Wild-type 61  PLNLVSSVTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSD 120

R401D 121 KYNIPMSSEIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTRTFAYF 180
. KYNIPMSSEIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTRTFAYF
Wild-type 121 KYNIPMSSEIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTRTFAYF 180

=

R401D 181 RRNAATWKNAVRHNLSLHKCFVRVENVKGAVWTVDEVEYQKRRSQKITGSPTLVKNIPTS 240
RRNAATWKNAVRHNLSLHKCFVRVENVKGAVWTVDEVEYQKRRSQKITGSPTLVKNIPTS
Wild-type 181 RRNAATWKNAVRHNLSLHKCFVRVENVKGAVWTVDEVEYQKRRSQKITGSPTLVKNIPTS 240

R401D 241 LGYGAALNASLQAALAESSLPLLSNPGLINNASSGLLQAVHEDLNGSLDHIDSNGNSSPG 300
LGYGAALNASLQAALAESSLPLLSNPGLINNASSGLLQAVHEDLNGSLDHIDSNGNSSPG
Wwild-type 241 LGYGAALNASLQAALAESSLPLLSNPGLINNASSGLLQAVHEDLNGSLDHIDSNGNSSPG 300

R401D 301 CSPQPHIHSIHVKEEPVIAEDEDCPMSLVTTANHSPELEDDREIEEEPLSEDLESG 356
CSPQPHIHSIHVKEEPVIAEDEDCPMSLVTTANHSPELEDDREIEEEPLSEDLESG
Wild-type 301 CSPQPHIHSIHVKEEPVIAEDEDCPMSLVTTANHSPELEDDREIEEEPLSEDLESG 356

B As39pP

AS39P 1 GQQALDDRSTAQCRVQMQVVQQLEIQLSKERERLQAMMTHLHMRPSEPKPSPKPLNLVSS 60 TTTCCGTAC
4 GQOALDDRS TAQCRVOMQWQOL EIQL SKERERLQAMMTHLHMRPSEPKPSPKPLNLVSS o
wild-type 7 GOOALDDRSTAQCRVQMQVVQQLEIQLSKERERLQAMMTHLHMRPSEPKPSPKPLNLVSS 66

A5392 g1  VTMSKNMLETSPQSLPQTPTTPTAPVIPITQGPSVITPASVPNVGAIRRRHSDKYNIPMS 120
: VTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSDKYNIPMS
wild-type g7  VTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSDKYNIPMS 126

AS539P 121 SEIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTR RRNAATW 180
. SEIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTR RRNAATW
Wild-type 127 SEIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTR RRNAATW 186

A539P 181 KNAVRHNLSLHKCFVRVENVKGAVWTVDEVEYQKRRSQKITGSPTLVKNIPTSLGYGAAL 240
. KNAVRHNLSLHKCFVRVENVKGAVWTVDEVEYQKRRSQKITGSPTLVKNIPTSLGYGAAL
wild-type 187 KNAVRHNLSLHKCFVRVENVKGAVWTVDEVEYQKRRSQKITGSPTLVKNIPTSLGYGAAL 246

A539P 241 NASLQAALAESSLPLLSNPGLINNASSGLLQAVHEDLNGSLDHIDSNNGNSSPGCSPQPH 300
NASLQAALAESSLPLLSNPGLINNASSGLLQAVHEDLNGSLDHIDS NGNSSPGCSPQPH
Wild-type 247 NASLQAALAESSLPLLSNPGLINNASSGLLQAVHEDLNGSLDHIDS-NGNSSPGCSPQPH 305

as3gp 301 IHSIHVKEEPVIAEDEDCPMSLVTTANHSPELEDDREIEEEPLSEDLESGL 351
IHSIHVKEEPVIAEDEDCPMSLVTTANHSPELEDDREIEEEPLSEDLESGL
Wild-type 306 IHSIHVKEEPVIAEDEDCPMSLVTTANHSPELEDDREIEEEPLSEDLESGL 356

—

C R401D/A539P

R401D/AS53%P 1 GggALDDRSTAQCRVQMQWQQLEI LSKER QAMMTHLHMRPSEPKPSPKPLNLVSS 60 GAAGACCTG
GQQALDDRSTAQCRVOMQVVQQLEIQLSKER DAMMTHLHMRPSEPKPSPKPLNLVSS

Wild-type 7 GQQALDDRSTAQCRVOQMQVVQQLEIQLSKER DAMMTHLHMRPSEPKPSPKPLNLVSS 66

R401D/A539P 61  VTIMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASXPNVGAIXRRHSDKYNIPMS 120
VTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPAS PNVGAI RRHSDKYNIPMS
Wild-type 67  VTMSKNMLETSPQSLPQTPTTPTAPVTPITQGPSVITPASVPNVGAIRRRHSDKYNIPMS 126

R401D/a539p 121 SEIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTR RRNAATW 180
SEIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTR RRNAATW
Wild-type 127 SEIAPNYEFYKNADVRPPFTYATLIRQAIMESSDRQLTLNEIYSWFTR RRNAATW 186

R401D/A539P 181 KNAVRHNLSLHKCFVRVEXVKGAVWTVDEVEYQKRRSQKITGSPTLVKNIPTSLGYGAAL 240
KNAVRHNLSLHKCFVRVE VKGAVWTVDEVEYQKRRSQKITGSPTLVKNIPTSLGYGAAL
wild-type 187 KNAVRHNLSLHKCFVRVENVKGAVWTVDEVEYQKRRSQKITGSPTLVKNIPTSLGYGAAL 246 TTTCCGTAC

R401D/AS39P 241 NASLQAALAESSLPLLSNPGLINNASSGLLQAVHEDLNGSLDHIDSNGNSSPGCSPQPHI 300
) NASLQAALAESSLPLLSNPGLINNASSGLLQAVHEDLNGSLDHIDSNGNSSPGCSPQPHI
Wild-type 247 NASLQAALAESSLPLLSNPGLINNASSGLLQAVHEDLNGSLDHIDSNGNSSPGCSPQPHI 306

R401D/A539P 301 HSIHVKEEPVIAEDEDCPMSLVTTANHSPELEDDREIEEEPLSEDLESGXXXRGSHHHHH 360
) HSIHVKEEPVIAEDEDCPMSLVTTANHSPELEDDREIEEEPLSEDLESG =~ RGSHHHHH
Wild-type 307 HSIHVKEEPVIAEDEDCPMSLVTTANHSPELEDDREIEEEPLSEDLESGLVPRGSHHHHH 366

%z

R401D/A539P 361 H 361
H

=

Wild-type 367 H 367

Figure 3.9: Confirmation of incorporation of R401D (A), A539P (B) and R401D/A539P (C) mutations of FOXP2 (LeuZip - end)
by Sanger DNA sequencing. Sequence traces are shown (right-hand side) with the sites of mutation indicated by circles
located above the traces and below the corresponding sequences. The R401D mutation required a double base change

whereas the A539P mutation required a single base change. DNA sequences were translated to protein sequences using the
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ExPASy translate tool (Gasteiger et al., 2005) and aligned with the wild-type FOXP2 (LeuZip - end) sequence using Protein
BLAST (Altschul et al., 1990) (left-hand side). The boxes indicate the presence of the R401D, A539P and R401D/A539P
mutations. Sequence numbering is relative to FOXP2 (LeuZip - end). Regions with poor signal (X) occurred at the ends of the

sequences.

3.2.2 PROTEIN EXPRESSION TRIALS

In order to obtain sufficient protein to conduct downstream studies protein expression trials were
conducted on R401D, A539P and R401D/A539P FOXP2 (LeuZip - end). The trials were used to screen
different temperatures and durations of overexpression, and IPTG (inducer of overexpression)
concentrations, to identify conditions for optimal overexpression of soluble proteins. As seen in Figure
3.10, the highest yields of soluble proteins were observed at 20 °C and 0.2 mM IPTG for all three
mutants. R401D FOXP2 (LeuZip - end) overexpression peaked after 5 hours, while overexpression of
A539P and R401D/A539P FOXP2 (LeuZip - end) peaked after 22 hours. R401D FOXP2 (LeuZip - end)
overexpression was soluble in T7 Express plLysS Competent E. coli cells, whereas A539P and
R401D/A539P FOXP2 (LeuZip - end) overexpression was soluble in BL21 (DE3) Competent E. coli cells.
Although significant amounts of protein were observed in the insoluble fractions, purification from
the soluble fractions yielded sufficient protein to conduct downstream studies so recovering protein
from the insoluble fractions was not necessary. Wild-type FOXP2 (LeuZip - end) overexpression was
conducted according to the conditions that were previously optimised (30 °C, 0.5 mM IPTG, 4 hours)
(Thulo, 2019). All mutants were overexpressed at a lower IPTG concentration and lower temperature

than the wild-type.
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Figure 3.10: R401D (A), A539P (B) and R401D/A539P (C) FOXP2 (LeuZip - end) expression trials. Expression trials were
conducted to optimise expression conditions in order to achieve the highest yields of soluble proteins. Trials were conducted
at 0.2 mM and 0.5 mM IPTG, with samples collected at different time points (up to 22 hours) as indicated above the images.
Results shown are for trials conducted at 20 °C. Soluble (S) and insoluble (I) fractions of each sample were separated as
indicated below the images. The molecular weight markers (MW) are labelled according to the band sizes (left-hand side of

each image). Ideal expression conditions are indicated in the circles (refer to Table 2.2).
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3.2.3 PROTEIN PURIFICATION

All FOXP2 (LeuZip - end) variants were overexpressed with C-terminal His-tags. The presence of the
His-tags allowed for simple purification from soluble cell lysate fractions by IMAC. The IMAC elution
profiles are shown in Figure 3.11. Following the flow-through of unbound contaminant proteins, the
salt/detergent wash step resulted in an increase in conductance and absorbance. Elution of the
proteins with a high concentration of imidazole resulted in the final peaks, which were the sharpest
peaks observed on all elution profiles. Protein yields were typically the highest for A539P FOXP2
(LeuZip - end) and the lowest for R401D/A539P FOXP2 (LeuZip - end). On average, the protein yields
per litre of E. coli cell culture were approximately 12 mg for wild-type and R401D FOXP2 (LeuZip - end),
47 mg for A539P FOXP2 (LeuZip - end) and 6.5 mg for R401D/A539P FOXP2 (LeuZip - end).
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Figure 3.11: Immobilised metal-affinity chromatography purification of wild-type (A), R401D (B), A539P (C) and
R401D/A539P (D) FOXP2 (LeuZip - end). The absorbance at 280 nm is shown in pink, orange, green, and blue for each variant
as labelled, and the conductance is shown in black. The initial peaks in absorbance corresponding with drops in conductance
are due to the flow-through of unbound contaminant proteins. The second peaks in conductance and absorbance
(£ 15 minutes) are due to the conductance of NaCl and the absorbance of Triton™ X-100 in the salt/detergent wash. The
imidazole wash step is most visible in the absorbance elution profile of A539P FOXP2 (LeuZip - end) (C), appearing as a flat

peak (+ 40 minutes). The proteins were eluted using 500 mM imidazole, resulting in the final peaks (= 40 minutes).

82



3.2.4 ASSESSMENT OF PROTEIN PURITY AND CONCENTRATION

Various quality control measures were taken to ensure that data obtained was reliable and
reproducible. One such measure was the assessment of protein purity. Samples of the IMAC
purification steps, including the eluted protein fractions, were collected and resolved using SDS-PAGE
(Figure 3.12). Overexpression of the FOXP2 (LeuZip - end) variants was observed in both insoluble and
soluble fractions of the cell lysates. Resolved samples of unbound proteins which eluted through the
columns immediately (flow-through) showed that all FOXP2 (LeuZip - end) proteins that were loaded
onto the columns bound to the columns, since no bands are seen corresponding with the FOXP2
(LeuZip - end) proteins. The identities of the pure protein bands were confirmed by sequencing using
liquid chromatography-mass spectrometry. Protein bands of wild-type, R401D, AS539P and
R401D/A539P FOXP2 (LeuZip - end) corresponded with 50 kDa, 47 kDa, 48 kDa and 47 kDa,
respectively. The molecular weights calculated using the online ExPASy ProtParam tool (Gasteiger et
al., 2005) based on the amino acid sequences were ~ 41 kDa for all FOXP2 (LeuZip - end) variants.
Thus, the FOXP2 (LeuZip - end) variants all migrated as larger proteins than expected. This could be
attributed to the FOXP2 (LeuZip - end) proteins having a higher proportion of basic amino acid
residues in comparison with the proteins of the molecular weight marker, resulting in an increased
apparent molecular weight, or to post-translational modifications of the FOXP2 (LeuZip - end)

proteins, resulting in increased molecular weights compared to the expected molecular weights.

Protein concentration and purity with respect to DNA and RNA contamination were assessed by
absorbance spectroscopy. An absorbance spectrum of each protein was measured between 240 nm
and 350 nm (Figure 3.13). The maximum absorbance of all FOXP2 (LeuZip - end) variants occurred at
280 nm, which correlates with the maximum absorbance of tryptophan and tyrosine residues, and
confirms the presence of protein in the samples. The absorbance measurements at 280 nm were used
to calculate the protein concentrations based on the Beer-Lambert law. DNA and RNA absorb UV light
at 260 nm, therefore the absorbance at 260 nm was used to ensure that samples were sufficiently
free of nucleic acid contamination. All FOXP2 (LeuZip - end) variants had an Ajso/Aze0 of 1.6 - 1.7.
Absorbance spectra showed no turbidity at 340 nm indicating that the samples were sufficiently free

of protein aggregates.
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Figure 3.12: Glycine SDS-PAGE analyses of wild-type (A), R401D (B), A539P (C) and R401D/A539P (D) FOXP2 (LeuZip - end)
purifications. Samples were resolved using 12.5% resolving gels (left-hand side). Bands of interest corresponding with the
FOXP2 (LeuZip - end) proteins are indicated with triangles (left-hand side of the gels). Samples included unbound
contaminant proteins (FT or flow-through), the salt/detergent wash (SDW) and the imidazole wash (IW). Protein
overexpression was observed in both soluble (S) and insoluble (I) cell lysate fractions. All target proteins bound to the
columns efficiently since no FOXP2 (LeuZip - end) proteins were detected in the FTs. Contaminant proteins were removed
by the SDW and IW, as seen in samples of the SDW and IW. Eluted protein fractions were at least 90% pure when quantified
by densitometry. The identities of the protein fractions were confirmed by sequencing using liquid chromatography-mass
spectrometry. The molecular weight markers (MW) are labelled according to the band sizes (left-hand side of each gel image).
Molecular weight markers were used to construct standard curves (right-hand side) by plotting the logarithm of each
molecular weight against the relative mobility (Rs) for that band. Points representing the FOXP2 (LeuZip - end) variants are

shown in black and labelled according to the calculated molecular weights.
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Figure 3.13: Absorbance spectra of wild-type, R401D, A539P and R401D/A539P FOXP2 (LeuZip - end). Data points were
normalised between 0 and 1. Absorbance maxima are observed at 280 nm for all variants, predominantly due to tryptophan
residues in the protein samples. Noise in the absorbance spectrum of R401D/A539P FOXP2 (LeuZip - end) is due to a low
protein concentration resulting in a weak signal. The purity of the protein samples with respect to DNA and RNA
contamination was sufficiently high, with A,s0/A2eo ratios of 1.6 - 1.7. Turbidity at 340 nm was negligible indicating that there

were no detectable protein aggregates present in any samples.

3.2.5 CONFIRMATION OF DNA BINDING

In order for FOXP2 to function as a TF it needs to bind to DNA. The cognate DNA sequence to which
the FOXP2 DNA-binding FHD binds specifically and with high affinity has been previously identified
(Nelson et al., 2013; Webb et al., 2017). After assessing protein purity and concentration, a further

quality control measure was required to ensure that all FOXP2 (LeuZip - end) proteins were correctly
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folded. This was achieved by testing the ability of the proteins to bind the cognate DNA sequence. The
DNA sequence was synthesised as double-stranded oligonucleotides by Integrated DNA Technologies
(USA) with random flanking sequences (see 2.3.1 Cognate DNA sequence). EMSAs are a quick and easy
way of observing DNA binding in proteins, and were used to confirm the DNA binding of the FOXP2
(LeuZip - end) variants (Figure 3.14). All FOXP2 (LeuZip - end) variants were able to bind DNA which
was confirmed by the appearance of DNA-protein complex bands that were shifted relative to free

DNA bands, and all variants were therefore correctly folded.
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Figure 3.14: Electrophoretic mobility shift assays confirming DNA binding of wild-type (A), R401D (B), A539P (C) and
R401D/A539P (D) FOXP2 (LeuZip - end). A DNA concentration of 0.2 uM was used. The first lane of each assay contained
free DNA, and the concentration ratio of protein to DNA was subsequently increased in each lane from 3:1 to 1:30. Sample
compositions are indicated below each lane. Lower bands represent unbound DNA. The presence of the upper bands which
represent DNA-protein complexes confirms that the FOXP2 (LeuZip - end) variants were all folded correctly, and hence able
to bind DNA. The R401D FOXP2 (LeuZip - end) EMSA was slightly overrun, but DNA-protein complexes were visible,

confirming that the protein was folded correctly.
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3.3 CHARACTERISATION OF PROTEIN STRUCTURE AND STABILITY

According to the in silico studies, there were no major differences in the secondary structures of the
proteins overall, and only minor differences in the folds of the proteins. However, inaccuracies may
arise in the results of these studies, since they are based on predictions, and since the predictions rely
on multiple sequence alighments which could reduce the sensitivity of these methods to the effects
of mutations, due to the likelihood of similarities between the multiple sequence alignments of the
wild-type and mutant proteins. Furthermore, the predictions could not assess any changes occurring
upon DNA binding. Therefore, the protein structures were examined using in vitro techniques. The
results of the in vitro structural characterisations were compared with those obtained from in silico
studies, for a thorough characterisation of the structure of each FOXP2 (LeuZip - end) variant.
Additionally, the in vitro experiments allowed for the examination of the oligomeric states, thermal

stabilities, and dynamics of the proteins.

Solvent-accessible cysteine residues could allow for the formation of intra- or intermolecular disulfide
bonds, which are capable of altering the tertiary and quaternary structures of proteins (Song et al.,
2007). The FOXP2 (LeuZip - end) proteins each contain four cysteine residues. Therefore, prior to
conducting downstream studies, SwissPdb Viewer v4.1.0 was used to assess the solvent-accessibility
of the cysteine residues in the FOXP2 (LeuZip - end) models (Guex and Peitsch, 1997).
Solvent-accessible cysteine residues were defined as residues with a minimum of 30%
solvent-accessible surface area. The results are shown in Figure 3.15. Based on the 3D protein
structure predictions, Cys685 of wild-type FOXP2 (LeuZip - end), Cys381 of A539P and R401D/A539P
FOXP2 (LeuZip - end), and Cys662 of R401D/A539P FOXP2 (LeuZip - end) were solvent-accessible.
However, as with the solvent-accessibility of GIn384, it should be noted that due to the dynamic
nature of proteins, the FOXP2 (LeuZip - end) proteins are likely to sample many conformations,
especially since the high proportions of disordered regions would confer conformational freedom to
the FOXP2 (LeuZip - end) proteins (Dunker et al., 2008; Fisher and Stultz, 2011). The predicted
structures represent only a single proposed monomeric conformation of each protein. Thus, the
solvent-accessibility of the cysteine residues could fluctuate in a conformation-dependent manner.
Nevertheless, based on the predicted structures, the FOXP2 (LeuZip - end) proteins could form intra-
or intermolecular disulfide bonds. In order to investigate the effects of any disulfide bond formation,

in vitro studies were conducted under both non-reducing and reducing conditions where relevant.
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Figure 3.15: Solvent-accessibility of cysteine residues in predicted structures of wild-type (A), R401D (B), A539P (C) and
R401D/A539P (D) FOXP2 (LeuZip - end). The FOXP2 (LeuZip - end) proteins are shown in surface mesh representation and
cysteine residues are shown in stick representations. Solvent-accessibility was defined as residues with a minimum of 30%
solvent-accessible surface area. Cys685 is solvent-accessible in wild-type FOXP2 (LeuZip - end) (pink), Cys381 is
solvent-accessible in A539P FOXP2 (LeuZip - end) (green) and R401D/A539P FOXP2 (LeuZip - end) (blue), and Cys662 is
solvent-accessible in R401D/A539P FOXP2 (LeuZip - end) (blue). All other cysteine residues of all FOXP2 (LeuZip - end) variants
are buried (dark grey). Three-dimensional protein structure predictions were obtained using I-TASSER (Roy et al., 2010; Yang
and Zhang, 2015; Yang et al., 2015). Images were rendered using The PyMOL Molecular Graphics System, Version 0.99,
Schrodinger, LLC.

3.3.1 CIRCULAR DICHROISM SPECTROPOLARIMETRY

The secondary structure predictions and 3D structure predictions provided insight into probable
protein secondary structures, but the accuracy of the results obtained depends on the accuracy of the
predictions. Therefore, far-UV CD spectropolarimetry was used as an additional method to assess the
secondary structures of the FOXP2 (LeuZip - end) proteins. Spectra were recorded on 5 uM protein in
the absence and presence of 2.5 uM DNA, under reducing conditions (for non-reducing conditions see

Appendix A in Chapter 5 Appendices).

The typical spectrum of an a-helical protein has a double negative band at 208 nm and 222 nm, and a
positive band near 190 nm (Greenfield, 2006a). The typical spectrum of a disordered protein has low
ellipticities at most wavelengths, with a negative band at approximately 195 nm (Greenfield, 2006a).

All spectra had clear negative bands at 222 nm, both in the absence and presence of DNA (Figure 3.16).
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Although the spectra were unlike the typical spectrum of an a-helical protein, the negative bands at
222 nm can only be attributed to a-helices since no other secondary structure produces this band
(Greenfield, 2006a). At wavelengths below and above 222 nm, the spectra had low ellipticities and
were close to 0 deg-cm?-dmol?, which is typical of disordered proteins (Greenfield, 2006a). The bands
at 208 nm and 190 nm that are typical of a-helical proteins did not occur in any of the spectra,
suggesting that the FOXP2 (LeuZip - end) proteins had a large proportion of disordered regions, which
presumably masked the appearance of these bands. Thus, for each protein, the combination of
secondary structural elements (a-helices and loops) produced a CD spectrum that is a cross between

the characteristic spectrum of each element.

Therefore, based on a visual assessment of the spectra, the proteins consisted predominantly of
disordered regions, with a small proportion of a-helices, both in the absence and presence of DNA,
and DNA binding did not appear to have any substantial effect on the secondary structures of the
proteins. The results obtained were in agreement with secondary and 3D protein structure
predictions, which predicted the proteins to be predominantly disordered with a few a-helical regions,
most of which occurred within the LeuZip and FHD (Figure 3.1, 3.2, and 3.7). Although secondary
structure predictions and 3D structure predictions of all FOXP2 (LeuZip - end) proteins predicted two
or three B-strands within the FHD, according to the predictions the B-strand content was low (~ 3%
for all FOXP2 (LeuZip - end) variants) and was therefore not expected to contribute to the far-Uv CD

spectra.

89



w
8

A o]

-1000 -1000

-2000 -

-2000 A

-3000 A -3000 -

MRE (deg-cm?-dmol?)
MRE (deg-cm2-dmol?)

Without ONA _1000 4 - Without DNA
With DNA *+ With DNA

-4000 A

T T T T T T
200 220 240 200 220 240

Wavelength (nm) Wavelength (nm)

C 1000 4 Dmm-

-1000 - -1000 4

-2000

-3000 - -3000 -

MRE (deg-cm?-dmol?)
g
MRE (deg-cm2-dmol?)

4000 4 Without DNA 4000 4 w’frhmn DNA
With DNA With DNA

200 220 240 200 220 240

Wavelength (nm) Wavelength (nm)

Figure 3.16: Circular dichroism spectra of wild-type (A), R401D (B), A539P (C) and R401D/A539P (D) FOXP2 (LeuZip - end).
Spectra were measured on 5 UM protein, in the absence (solid lines) and presence (dotted lines) of 2.5 uM DNA at 2 mM DTT.
Data points with a high tension of over 600 V were removed. Based on DichroWeb analyses, wild-type FOXP2 (LeuZip - end)
showed a small decrease in B-strands (p < 0.05) and a small increase in unordered regions (p < 0.01) upon DNA binding

(Whitmore and Wallace, 2004, 2008). No other significant changes occurred upon DNA binding of all FOXP2 (LeuZip - end)

variants.

The CD spectra were dissected using DichroWeb to quantify the proportion of each secondary
structural element present in each protein (Whitmore and Wallace, 2004, 2008). A summary of the
DichroWeb data is shown in Figure 3.17. The DichroWeb data showed a very low a-helical content
(~4%), with a B-strand content of ~ 34% and a combined content of turns and unordered regions
(loops) of ~ 64% for the FOXP2 (LeuZip - end) proteins. It is likely that the DichroWeb algorithm
underestimated the proportion of a-helices in the FOXP2 (LeuZip - end) proteins, as a consequence of
the missing positive band near 190 nm that is typical of a-helical proteins. However, overlooking the
discrepancy, according to the DichroWeb analyses there were no significant changes to the secondary
structures of R401D, A539P and R401D/A539P FOXP2 (LeuZip - end) upon DNA binding. DNA binding

resulted in a minor loss of B-strands and minor increase in disorder in wild-type FOXP2 (LeuZip - end),
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which can be attributed to structural rearrangements occurring upon DNA binding. In the absence of
DNA, R401D and A539P FOXP2 (LeuZip - end) each had a slightly higher proportion of a-helices and a
slightly lower proportion of B-strands than the wild-type. In addition, the A539P mutant was more
disordered than wild-type FOXP2 (LeuZip - end), in the absence of DNA. R401D/A539P FOXP2
(LeuZip - end) showed no significant differences to the wild-type in the absence of DNA and a slightly

higher proportion of B-strands in the presence of DNA.
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Figure 3.17: Analyses of secondary structural elements of FOXP2 (LeuZip - end) variants in the absence (A) and presence
(B) of DNA. Quantitative analyses of data obtained from far-UV CD spectropolarimetry at 2 mM DTT indicating the proportion
of a-helices, B-strands, turns, and unordered regions in each FOXP2 (LeuZip - end) variant. Statistical significance of
differences between the proportions of secondary structural elements are indicated by two-sample t-tests (*p < 0.05,

** p <0.01, and *** p < 0.001). Analyses were computed using DichroWeb (Whitmore and Wallace, 2004, 2008).

A summary of the DichroWeb data is shown in Table 3.2. Summaries of data obtained from secondary
structure predictions and 3D protein structure predictions (with respect to secondary structural
content) are included for comparison. Results of secondary and 3D structure predictions were fairly
similar, predicting an a-helical content of ~ 30% and loop content of ~ 70% for all FOXP2 (LeuZip - end)
variants, with a small proportion of B-strands (~ 3%). The predicted 3D structure of A539P FOXP2
(LeuZip - end) was an exception as it was less a-helical (21%) and more looped (76%). DichroWeb data
showed a similar proportion of loops (~ 63%) compared with secondary and 3D structure predictions.
However, DichroWeb appeared to underestimate a-helical content and overestimate B-strand

content.
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Table 3.2: Comparison of secondary structural evaluations of FOXP2 (LeuZip - end) proteins. The
results of DichroWeb analyses of far-UV CD spectropolarimetry data (in the absence of DNA, under
reducing conditions), PSIPRED 4.0 protein secondary structure predictions, and I-TASSER predictions

of 3D protein structures, with respect to secondary structural content, are summarised for

comparison.
DichroWeb ' PSIPRED 2 I-TASSER 3
Wild-type FOXP2 a-Helix (%) 3 29 32
(LeuZip - end) B-strand (%) 35 3 2
Loop (%) 62* 68 66
A539P FOXP2 a-Helix (%) 4 30 21
(LeuZip - end) B-strand (%) 33 3 3
Loop (%) 63* 67 76
R401D FOXP2 a-Helix (%) 4 29 31
(LeuZip - end) B-strand (%) 32 3 3
Loop (%) 64* 69 66
R401D/A539P FOXP2  a-Helix (%) 3 30 29
(LeuZip - end) B-strand (%) 35 3 3
Loop (%) 62* 67 68

* DichroWeb classifies turns and unordered regions as distinct secondary structures. These are combined as “loop”.

[1] Whitmore and Wallace, 2004, 2008; [2] Jones, 1999 ; [3] Roy et al., 2010; Yang and Zhang, 2015; Yang et al., 2015

3.3.2 INTRINSIC TRYPTOPHAN FLUORESCENCE SPECTROSCOPY

The folds or tertiary structures of the FOXP2 (LeuZip - end) proteins were studied by intrinsic
tryptophan fluorescence spectroscopy. This allowed for assessing the effects of the R401D, A539P and
R401D/A539P mutations on the global protein structure, and hence the contributions of the LeuZip
and FHD interfaces to the protein fold. Furthermore, intrinsic tryptophan fluorescence spectroscopy
was used to assess any changes to the protein tertiary structures occurring upon DNA binding,

specifically with regards to the environments of the tryptophan residues.

The FOXP2 (LeuZip - end) proteins each contain three tryptophan residues. Although all three FOXP2
(LeuZip - end) tryptophan residues are located within the FHD, regions outside of the FHD could come
in close proximity to the tryptophan residues depending on the 3D folds of the proteins, especially
when not bound to DNA. Therefore, intrinsic tryptophan fluorescence could be affected by global
changes in protein fold, which can affect the local environments of the tryptophan residues. Based on

the 3D protein structure predictions, the tryptophan residues of the FOXP2 (LeuZip - end) proteins
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interact with regions outside of the FHD. Since charged amino acid residues are known to quench
intrinsic tryptophan fluorescence, some instances of charged amino acid residues that are not within
the FHD but are in close proximity to the FOXP2 (LeuZip - end) tryptophan residues are shown in
Figure 3.18 (Lakowicz, 2006b).

Glu496

D RrRa01D/AS539P

C As39P

Figure 3.18: Charged residues not located within the forkhead domain could affect intrinsic tryptophan fluorescence.
(A) Trp548 of wild-type FOXP2 (LeuZip - end) (pink) comes in close proximity to the region between the LeuZip and FHD.
Glu496 is located in this region. (B) Trp548 of R401D FOXP2 (LeuZip - end) (orange) comes in close proximity to the region
N-terminal to the FHD. Arg504 is located in this region, immediately N-terminal of helix 1. (C) Trp573 of A539P FOXP2
(LeuZip - end) (green) comes in close proximity to the LeuZip. Arg376 is located immediately N-terminal of the LeuZip.
(D) Trp533 of R401D/A539P (blue) FOXP2 (LeuZip - end) comes in close proximity to the region between the LeuZip and FHD.
Lys433 and Glu437 are located in this region. All charged residues are shown in sphere representation (dark grey).
Three-dimensional protein structure predictions were obtained using I-TASSER (Roy et al., 2010; Yang and Zhang, 2015; Yang
et al., 2015). Images were rendered using The PyMOL Molecular Graphics System, Version 0.99, Schrodinger, LLC.

Intrinsic tryptophan fluorescence spectroscopy was conducted using 5 UM protein in the absence and
presence of 2.5 uM DNA, under reducing conditions (for non-reducing conditions see Appendix B in
Chapter 5 Appendices). The spectrum of each protein had a double peak both in the absence and
presence of DNA (Figure 3.19A). The characteristic double peak can be attributed to differences in the

environments of the individual tryptophan residues. Peaks at lower wavelengths (~ 329 nm) imply a
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more hydrophobic environment such as a hydrophobic pocket on the protein interior, whereas peaks
at higher wavelengths (~ 339 nm) imply a more hydrophilic environment and could occur due to
fluorescence of tryptophan residues that are solvent-exposed (Vivian and Callis, 2001). Since the peaks
were similar for all FOXP2 (LeuZip - end) variants, there were no major differences in the environments
of the tryptophan residues between the variants. Therefore, the FOXP2 (LeuZip - end) proteins all

exhibited similar folds, in the absence of DNA.

Fluorescence quenching occurred upon DNA binding of all FOXP2 (LeuZip - end) proteins
(Figure 3.19A). This was expected since DNA is known to quench fluorescence through photoinduced
electron transfer (Lakowicz, 2006a). During the transfer, DNA donates electrons to tryptophan
residues, especially via guanine bases which are good electron donors (Lakowicz, 2006a). Comparisons
between the maximum intensities at 339 nm of the DNA-bound proteins normalised relative to the
unbound proteins were plotted as a bar graph (Figure 3.19B). In the presence of DNA, the normalised
fluorescence intensities of R401D and A539P FOXP2 (LeuZip - end) were significantly higher than that
of the wild-type. Therefore, differences were observed in the environments of the tryptophan
residues between the DNA-bound proteins, possibly due to differences in the DNA-protein contacts

formed for each protein.
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Figure 3.19: Intrinsic tryptophan fluorescence spectra of FOXP2 (LeuZip - end) variants (A) and comparison of the emission
maxima in the presence of DNA (B). Spectra were measured on 5 uM protein, in the absence (solid lines) and presence
(dotted lines) of 2.5 UM DNA at 2 mM DTT (A). Spectra showed no differences in the absence of DNA. Fluorescence intensities
of all FOXP2 (LeuZip - end) variants were quenched significantly upon DNA binding (p < 0.01 for R401D FOXP2 (LeuZip - end),
and p < 0.001 for all other variants). Data points were normalised between 0 and 1 relative to the unbound proteins, and the
emission maxima at 339 nm were compared in the presence of DNA (B). Statistical significance of differences between the

normalised emission maxima are indicated by two-sample t-tests (*p < 0.05, ** p < 0.01, and *** p < 0.001).
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3.3.3 SIZE EXCLUSION CHROMATOGRAPHY

Since the R401D and A539P mutations were designed to disrupt homotypic associations of the LeuZip
and FHD, respectively, it was necessary to probe the effects that these mutations had on the
guaternary structure of FOXP2 (LeuZip - end). Wild-type and A539P FOXP2 (LeuZip - end) were each
predicted to have one solvent-accessible cysteine residue while R401D/A539P FOXP2 (LeuZip - end)
was predicted to have two solvent-accessible cysteine residues (Figure 3.15). The presence of exposed
cysteine residues could allow for the formation of intermolecular disulfide bonds, thereby affecting
the apparent protein quaternary structure. Therefore, experiments were conducted at 0 mM and
2 mM DTT to observe the effects, if any, of disulfide bonding on the protein quaternary structures (for

non-reducing conditions see Appendix C in Chapter 5 Appendices).

The size exclusion chromatography column was calibrated with standards of known molecular weights
(Figure 3.20). Standards were prepared and used in mixtures according the manufacturer’s
recommendations. The elution volume (V.) of each standard was determined and the column void
volume (V,) was determined using Blue Dextran. The logarithm of the molecular weight of each
standard was plotted against the ratio of V. to V, to produce a calibration curve. This allowed for the
sizes of the FOXP2 (LeuZip - end) proteins to be estimated relative to the sizes of the standards, using

the equation of the calibration curve. The equation was y = - 1.5821x + 4.4606 and the R* was 0.9905.
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Figure 3.20: Size exclusion chromatography calibration using the Gel Filtration Markers Kit for Protein (Sigma-Aldrich,
USA). (A) Elution profiles of the standards: Data points were normalised between 0 and 1. The void volume (V,) of the size
exclusion chromatography column was found to be 46.05 ml using Blue Dextran. The column was calibrated with standards
at 12.4 kDa (cytochrome C), 29 kDa (carbonic anhydrase), 150 kDa (alcohol dehydrogenase), and 200 kDa (B-amylase). Elution
profiles (A) were used to construct a calibration curve (B) by plotting the logarithms of the molecular weights against the

ratios of the elution volumes (Ve) to V,. The curve was fit with an R2 of 0.9905 to the equationy = - 1.5821 x + 4.4606.
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The quaternary structures of the FOXP2 (LeuZip - end) variants were assessed by size exclusion
chromatography, to determine the relative sizes and numbers of species present. It is expected that
the hydrodynamic volumes of the FOXP2 (LeuZip - end) proteins would be larger than globular proteins
of the same molecular weights, on account of the large proportions of disordered regions observed.
Although this could lead to overestimates of the protein sizes, data obtained from size exclusion
chromatography would be useful for comparative purposes, especially with respect to oligomeric
states. Furthermore, since all FOXP2 (LeuZip - end) proteins exhibited similar proportions of
disordered regions, the effects of hydrodynamic volume would be similar for all variants. Therefore,
the effects of the LeuZip and FHD mutations on the oligomeric state of FOXP2 (LeuZip - end), and
hence the contribution of each interface to the protein quaternary structure, could be evaluated

through size exclusion chromatography.

Samples of each protein were prepared, under reducing conditions, and loaded onto the column. The
elution volume was determined for each peak and the equation of the calibration curve was used to
calculate the corresponding sizes (Figure 3.21). A peak was seen in the void volume for all FOXP2
(LeuZip - end) variants, which was much more pronounced for R401D and R401D/A539P FOXP2
(LeuZip - end). This peak could appear due to the formation of a super-oligomer or large protein
masses, which form more readily upon the exposure of buried LeuZip hydrophobic patches caused by
incorporation of the R401D mutation. Furthermore, although it is a single peak it could represent a
number of super-oligomers or protein masses of different sizes, which elute as a single peak in the
void volume because each of the super-oligomers or protein masses is too large to enter the porous
column resin. The peak was not due to amorphous aggregation or precipitation, since the peak was

assessed using absorbance spectroscopy and there was no evidence of turbidity at 340 nm.

Ignoring the peak in the void volume, wild-type FOXP2 (LeuZip - end) consisted of a single peak at
248 kDa. The R401D mutation of the LeuZip caused a shift to 125 kDa, therefore homotypic LeuZip
associations were disrupted by the R401D mutation. A539P FOXP2 (LeuZip - end) was fairly similar to
wild-type FOXP2 (LeuZip - end), with a major peak at 266 kDa, therefore disrupting the FHD dimer
interface alone was insufficient to cause any substantial change to the quaternary structure of the
protein overall. However, a small peak was observed at 96 kDa, which increased in proportion
substantially when the A539P mutation was combined with the R401D mutation in R401D/A539P
FOXP2 (LeuZip - end). R401D/A539P FOXP2 (LeuZip - end) thus consisted of two peaks at 137 kDa and
97 kDa. The small peak observed at ~ 86 ml for R401D/A539P FOXP2 (LeuZip - end) was an artefact of
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the column, since tests on the peak including SDS-PAGE and absorbance spectroscopy showed no

evidence of there being protein in the peak.
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Figure 3.21: Size exclusion chromatography elution profiles of wild-type (A), R401D (B), A539P (C) and R401D/A539P (D)
FOXP2 (LeuZip - end). Samples were prepared with 25 - 35 uM protein at 2 mM DTT. Data points were normalised between
0 and 1. Wild-type FOXP2 (LeuZip - end) (A) consisted of a single major peak at 248 kDa. The R401D mutation (B) caused a
shift to 125 kDa. The A539P mutation (C) did not cause any substantial changes on its own, with the major peak of A539P
FOXP2 (LeuZip - end) corresponding to 266 kDa. However, combined with the R401D mutation (D), the effects of the A539P
mutation were observed with the appearance of a pronounced smaller species at 97 kDa. The peaks in the void volume (V,)
could be due to large protein masses, since these peaks are much more pronounced in R401D and R401D/A539P FOXP2
(LeuZip - end), which could be on account of incorporation of the R401D mutation enhancing the formation of large protein

masses by the exposure of buried LeuZip hydrophobic patches.

Due to the FOXP2 (LeuZip - end) variants being disordered and flexible proteins, it is assumed that
these proteins adopt extended, relatively unstructured folds. The apparent sizes of the various FOXP2
(LeuZip - end) oligomers as determined by size exclusion chromatography may be larger than the
actual sizes, since the size exclusion chromatography column was calibrated using globular protein

standards and the FOXP2 (LeuZip - end) variants are non-globular. In addition, the formation of a
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higher order oligomer could magnify the effects of the disorder and flexibility from each monomer,
and further increase the apparent size due to an increase in the hydrodynamic radius. As a result, a
description of the oligomeric state of each species observed is speculative. Nevertheless, if one were
to use the calculated molecular weights based on the amino acid sequences, and the apparent sizes
of the proteins derived from SDS-PAGE, there is a possibility that wild-type FOXP2 (LeuZip - end) exists
as a hexamer. The R401D mutation caused the disruption of the hexamer into trimers and the A539P
mutation, especially when combined with the R401D mutation, resulted in the formation of FOXP2
(LeuZip - end) dimers. Therefore, A539P FOXP2 (LeuZip - end) consisted predominantly of a hexameric
species (with an insignificant proportion of dimer), and R401D/A539P FOXP2 (LeuZip - end) consisted
of a mixture of trimers and dimers. Thus, the R401D mutation of the LeuZip did not result in a
monomeric species, despite the equivalent K251D mutation of mFoxp3 resulting in a monomeric
species (Song et al., 2012). Although this may seem surprising, it can be explained by the position of
Argd01 in the LeuZip helix — Arg401 occurs at position g (Figure 1.7), a non-core position. This finding
reveals that although the Arg401-Glu398-GIn384 hydrogen bond network is important for FOXP2
homo-oligomerisation, it contributes to the formation of higher order oligomers rather than the
association of monomers. The fact that R401D FOXP2 (LeuZip - end) was not exclusively monomeric
was useful, since this allowed for the effects of the A539P mutation to be apparent in R401D/A539P
FOXP2 (LeuZip - end).

Attempts to separate the species by collecting the size exclusion chromatography peaks separately
were unsuccessful. This was the case particularly for the 125 kDa species of R401D FOXP2
(LeuZip - end) and the 137 kDa and 97 kDa species of R401D/A539P FOXP2 (LeuZip - end), as the peak
in the void volume re-appeared immediately (data not shown). Separation attempts were complicated
further by an inconsistency in the resolution of the 137 kDa and 97 kDa R401D/A539P FOXP2

(LeuZip - end) peaks, causing difficulties in the separation of the species.

3.3.4 ACRYLAMIDE FLUORESCENCE QUENCHING

Acrylamide fluorescence quenching was used to study the folds and flexibilities of the FOXP2
(LeuZip - end) proteins. This allowed for the analysis of the effects of the R401D, A539P and
R401D/A539P mutations on the flexibility of the FOXP2 (LeuZip - end) protein. In addition, quenching
studies conducted in the absence and presence of DNA allowed for the analysis of the effects of DNA
binding on the flexibility of each FOXP2 (LeuZip - end) variant. Acrylamide fluorescence quenching
depends on the solvent-accessibility of the tryptophan residues (Eftink and Ghiron, 1981). Therefore,

prior to conducting the experiment, SwissPdb Viewerv4.1.0 was used to assess the
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solvent-accessibility of the tryptophan residues in the FOXP2 (LeuZip - end) models (Guex and Peitsch,
1997). Solvent-accessible tryptophan residues were defined as residues with a minimum of 30%
solvent-accessible surface area. The results are shown in Figure 3.22. When not bound to DNA, Trp533
of wild-type FOXP2 (LeuZip - end) is predicted to be solvent-accessible. All tryptophan residues of
R401D, A539P and R401D/A539P FOXP2 (LeuZip - end) were predicted to be buried. As previously
mentioned, it is worth noting that intrinsically disordered proteins are dynamic and are able to sample
many conformations (Dunker et al., 2008; Fisher and Stultz, 2011). Therefore, the FOXP2 (LeuZip - end)
proteins would constitute an ensemble of structures, and the predicted structures represent only a
single proposed conformation of each protein. Thus, the true solvent-accessibility of the tryptophan

residues could differ from the predicted solvent-accessibility based on the models.
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Figure 3.22: Solvent-accessibility of tryptophan residues in predicted structures of wild-type (A), R401D (B), A539P (C) and
R401D/A539P (D) FOXP2 (LeuZip - end). The FOXP2 (LeuZip - end) proteins are shown in surface mesh representation and
tryptophan residues are shown in stick representation. Solvent-accessibility was defined as residues with a minimum of 30%
solvent-accessible surface area. All three FOXP2 (LeuZip - end) tryptophan residues are located within the DNA-binding FHD.
Trp533is solvent-accessible in wild-type FOXP2 (LeuZip - end) (pink). All other tryptophan residues of all FOXP2 (LeuZip - end)
variants are buried (dark grey). Three-dimensional protein structure predictions were obtained using I-TASSER (Roy et al.,
2010; Yang and Zhang, 2015; Yang et al., 2015). Images were rendered using The PyMOL Molecular Graphics System, Version
0.99, Schrodinger, LLC.

Stern-Volmer plots (Figure 3.23) were produced by measuring the fluorescence of 5 uM protein while
increasing the concentration of acrylamide from 0 M to 0.25 M. Fluorescence was monitored at an
emission wavelength of 339 nm since this was the wavelength of maximum fluorescence intensity for
all FOXP2 (LeuZip - end) proteins (see 3.3.2 Intrinsic tryptophan fluorescence spectroscopy).
Fluorescence quenching was studied in the absence and presence of 2.5 uM DNA, under reducing

conditions. In its DNA-bound form, a protein is typically less flexible and more shielded from the
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solvent than in its unbound form due to the formation of DNA-protein contacts which restrict the
motion of the protein and exclude the solvent (Hauser et al., 2016; Huang et al., 2019; Jones et al.,
1999; Lee et al., 2008; Mathiasen et al., 2016; Morris et al.,, 2018a; Prabakaran et al., 2006;
Zandarashvili et al., 2012). The effects of the reduced flexibility and shielding were evident as DNA
binding reduced the fluorescence quenching for all FOXP2 (LeuZip - end) variants. However, the
decrease in quenching observed in R401D/A539P FOXP2 (LeuZip - end) was not statistically significant.
This suggests that the tryptophan residues of R401D/A539P FOXP2 (LeuZip - end) are less shielded
when the protein is in its DNA-bound form relative to its unbound form, in comparison with the other
variants. Furthermore, the normalised fluorescence intensity of DNA-bound R401D/A539P FOXP2
(LeuZip - end) was lower than the other FOXP2 (LeuZip - end) proteins, according to intrinsic
tryptophan fluorescence spectroscopy (Figure 3.19). Typically, the quantum yield of tryptophan
fluorescence decreases in a more polar environment, implying that the tryptophan residues of the
DNA-bound R401D/A539P FOXP2 (LeuZip - end) were, indeed, less shielded and more solvent-exposed
in comparison with the other proteins (Lotte et al., 2004). Taken together, these results show that
R401D/A539P FOXP2 (LeuZip - end) could differ with respect to the DNA-protein contacts formed upon
DNA binding, or with respect to DNA-binding affinity.
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Figure 3.23: Stern-Volmer plots for acrylamide fluorescence quenching of wild-type (A), R401D (B), A539P (C) and
R401D/A539P (D) FOXP2 (LeuZip - end). Each protein was maintained at a concentration of 5 uM, and fluorescence
quenching at 339 nm was monitored between 0 M and 0.25 M acrylamide, in the absence (solid lines) and presence (dotted
lines) of 2.5 uM DNA at 2 mM DTT. Stern-Volmer plots were used to calculate Stern-Volmer constants. The Stern-Volmer
constant of R401D/A539P FOXP2 (LeuZip - end) did not change significantly upon DNA binding (p > 0.05). The Stern-Volmer
constants of all other FOXP2 (LeuZip - end) variants decreased significantly upon DNA binding (p < 0.001 for wild-type FOXP2
(LeuZip - end), p < 0.05 for R401D FOXP2 (LeuZip - end), and p < 0.01 for A539P FOXP2 (LeuZip - end)).

The Stern-Volmer plots were used to calculate a Stern-Volmer constant for each protein in its unbound
and DNA-bound state (Figure 3.24). The Stern-Volmer constants of A539P FOXP2 (LeuZip - end) was
significantly lower than those of the wild-type in the unbound and DNA-bound forms, so the
tryptophan residues of A539P FOXP2 (LeuZip - end) were less solvent-accessible than those of the
wild-type. This could be due to a difference in the conformation of A539P FOXP2 (LeuZip - end) in
comparison with the wild-type, which resulted in the increased surface area predicted by the 3D
protein models (Figure 3.7) and increased hydrodynamic radius observed by size exclusion
chromatography (Figure 3.21). In the absence of DNA, the Stern-Volmer constant of R401D/A539P
FOXP2 (LeuZip - end) was significantly higher than that of the wild-type, suggesting that the

tryptophan residues of this mutant were more solvent-accessible than those of the wild-type.
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Wild-type and R401D/A539P FOXP2 (LeuZip - end) adopt different quaternary structures (Figure 3.21),
which could account for the increased Stern-Volmer constant of the mutant. Despite differences in
quaternary structures, the Stern-Volmer constants of R401D FOXP2 (LeuZip - end) did not differ
significantly from those of the wild-type in both unbound and DNA-bound states. Thus, although the
tryptophan residues of wild-type FOXP2 (LeuZip - end), according to 3D protein structure predictions,
were more solvent-accessible than those of the mutants (Figure 3.22), Stern-Volmer constants
revealed that the tryptophan residues of R401D/A539P FOXP2 (LeuZip - end) were the most
solvent-accessible. However, the solvent-accessibility of the tryptophan residues could differ between
monomeric and oligomeric states, and the models represent only a single proposed monomeric

conformation for each protein.
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Figure 3.24: Comparison of Stern-Volmer constants for fluorescence quenching of FOXP2 (LeuZip - end) variants in the
absence (A) and presence (B) of DNA. Stern-Volmer constants were 3.98 + 0.11 M, 3.57 £ 0.13 M'%, 3.40 + 0.09 M! and
4.40 +0.18 M, for wild-type, R401D, A539P and R401D/A539P FOXP2 (LeuZip - end) in the absence of DNA, respectively.
The Stern-Volmer constants in the presence of DNA were 2.68+0.11 M1, 2.54 +0.15 M1, 2.25+0.10 M-1and 3.35+ 0.23 M,
for wild-type, R401D, A539P and R401D/A539P FOXP2 (LeuZip - end), respectively. Statistical significance of differences

between Stern-Volmer constants are indicated by two-sample t-tests (*p < 0.05, ** p < 0.01, and *** p < 0.001).

3.3.5 PROTEIN THERMAL UNFOLDING

The relative stabilities of the FOXP2 (LeuZip - end) proteins were evaluated using far-UV CD
spectropolarimetry to monitor thermal unfolding. This was used to probe the effects of the R401D,
A539P and R401D/A539P mutations on the thermal stability of FOXP2 (LeuZip - end). A comparison of
the thermal stabilities of the proteins allowed for evaluating the importance of the LeuZip and FHD
interfaces for structural stability. Furthermore, this enabled a comparison of the thermal stabilities of
the different oligomers observed for each FOXP2 (LeuZip - end) variant by size exclusion
chromatography, and hence the stabilities of the interactions involved in the formation of each

oligomer. The CD spectrum of each FOXP2 (LeuZip - end) protein had a negative band at 222 nm
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(Figure 3.16). CD spectropolarimetry was monitored on 5 uM (Figure 3.25A) and 15 uM (Figure 3.25B)
protein at 222 nm from 20 °C to 80 °C. Two protein concentrations were used to investigate the
effects, if any, of concentration on thermal stability. Thermal unfolding was conducted under
non-reducing conditions due to the thermal instability of DTT, thus reference is made to the structural
characterisations of the proteins under non-reducing conditions (see Appendices A, B, and C in

Chapter 5 Appendices).
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Figure 3.25: Thermal unfolding of wild-type, R401D, A539P and R401D/A539P FOXP2 (LeuZip - end). Circular dichroism was
monitored at 222 nm from 20 °C to 80 °C, on 5 uM (A) and 15 uM (B) protein. Data points were normalised between 0 and
1 deg:cm2-dmoll. A high tension of below 600 V was ensured. The unfolding curves were fairly similar at a protein
concentration of 5 uM. At 15 uM protein, wild-type FOXP2 (LeuZip - end) was the least thermally stable, since unfolding of
the wild-type commenced immediately at 20 °C. At the same concentration, R401D/A539P FOXP2 (LeuZip - end) was the
most thermally stable, since unfolding of this mutant was initiated at a high temperature (~ 50 °C). The differences in thermal
stability could be on account of differences in the oligomeric states of the variants, since wild-type FOXP2 (LeuZip - end)
forms a large species of approximately hexameric size, whereas R401D/A539P FOXP2 (LeuZip - end) is predominantly an

approximately dimeric species.

At a protein concentration of 5 uM, the unfolding curves were fairly similar. At a protein concentration
of 15 uM, there was more variation in the unfolding curves. Unfolding of wild-type FOXP2
(LeuZip - end) commenced immediately at 20 °C, and the wild-type exhibited the lowest thermal
stability. Unfolding of R401D/A539P FOXP2 (LeuZip - end), on the other hand, was initiated close to
50 °C, and this mutant exhibited the highest thermal stability. Furthermore, unfolding of R401D/A539P
FOXP2 (LeuZip - end) exhibited the most cooperativity, with a more distinct pre-transition region
relative to the other FOXP2 (LeuZip - end) variants. Overall, the order of stabilities was
R401D/A539P > A539P > R401D > wild-type, arranged from most to least stable. Since there were only
minor differences in the protein secondary structures (see Figure A1 and A2 in Chapter 5 Appendices),

and no apparent differences in the protein tertiary structures (see Figure B1 in Chapter 5 Appendices),
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differences in stability are most likely attributable to differences in the oligomeric states of the FOXP2
(LeuZip - end) proteins (see Figure C1 in Chapter 5 Appendices). Thus, it is plausible that the large
FOXP2 (LeuZip - end) hexamer is less thermally stable than the smaller oligomers. Unfolding of the
wild-type hexamer is initiated at lower temperatures, as the hexamer is first broken down into smaller
oligomers, finally resulting in a dimer and perhaps eventually a monomer which then unfolds
completely and loses all secondary structure. R401D/A539P FOXP2 (LeuZip - end) already exists
predominantly as dimers which are more thermally stable. The unfolding of dimers, perhaps first to
monomers which then undergo further unfolding, is only initiated at higher temperatures (~ 50 °C).
Furthermore, the unfolding of dimers is more cooperative than the unfolding of higher order
oligomers, which could be attributed to the interactions involved in the folding of the monomer and
formation of the dimer being stronger than those involved in the formation of higher order oligomers
(van Holde et al., 1998). Although predominantly hexameric, A539P FOXP2 (LeuZip - end) has a small
proportion of dimer which is not present in R401D FOXP2 (LeuZip - end) and could contribute to the
slightly higher thermal stability seen in A539P FOXP2 (LeuZip - end). Thermal unfolding resulted in

complete protein aggregation at both 5 uM and 15 uM protein concentrations.

An increase in protein concentration increases macromolecular crowding, a phenomenon that has
opposing effects on proteins. Macromolecular crowding can result in the destabilisation of proteins
as a consequence of excluded-volume effects, resulting in aggregation (Jarrett and Lansbury Jr, 1993;
Minton, 1981, 2000; Wang et al., 2012; Zimmerman and Minton, 1993). In other instances,
macromolecular crowding can increase protein chemical and thermal stability since the unfolded state
occupies a larger volume than the folded state, therefore macromolecular crowding enhances the
stability of the native state (Christiansen et al., 2010; Homouz et al., 2008, 2009; Perham et al., 2007).
The effect that macromolecular crowding has on a protein is affected by the size of the protein and
the magnitude of conformational changes required to transition between unfolded and native states
(Christiansen et al., 2010; Dong et al., 2010). Interestingly, the stabilisation or destabilisation of
proteins under crowded conditions also depends on protein-protein and protein-DNA interactions of
the unfolded state, in comparison with the native state (Danielsson et al., 2015). It was observed that
the thermal stabilities of wild-type, R401D and A539P FOXP2 (LeuZip - end) decreased with an increase
in protein concentration, whereas the thermal stability of R401D/A539P FOXP2 (LeuZip - end)
increased with an increase in protein concentration. The opposing effects could be explained by the
sizes of species formed for each FOXP2 (LeuZip - end) variant. The initial breakdown of the larger
oligomers (wild-type, R401D and A539P FOXP2 (LeuZip - end)), presumably into smaller oligomers

which eventually form a monomer before unfolding completely, could entail smaller conformational
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changes in comparison with the complete unfolding and loss of secondary structure of the monomer
itself. Furthermore, a shift was observed in the thermal stability of R401D FOXP2 (LeuZip - end) relative
to the other variants between 5 uM and 15 uM, since this variant was the most thermally stable
protein at 5 uM and the third most thermally stable protein at 15 uM. This could be due to the
protein-protein interactions of the unfolded and native state differing for R401D FOXP2 (LeuZip - end)
compared to the other FOXP2 (LeuZip - end) variants. The observation that the R401D mutant differs
in its protein-protein interactions in its native state, since it readily forms large protein masses to a
greater extent than any of the other variants (see Figure C1 in Chapter 5 Appendices), could hint at

different protein-protein interactions for this mutant in the unfolded state as well.

3.4 DNA-BINDING STUDIES

Like other TFs, FOXP2 exerts its function of controlling gene expression through interacting with and
binding to DNA. Based on structural characterisations, DNA binding appeared to influence some
aspects of secondary and tertiary structure, as well as the dynamics, of the FOXP2 (LeuZip - end)
variants. Furthermore, differences were observed between the wild-type and mutant FOXP2
(LeuZip - end) proteins when bound to DNA. These findings suggest that FOXP2 homo-oligomerisation
mediated via the LeuZip and FHD interfaces could influence DNA binding. Therefore, DNA-binding
studies were conducted to assess the effects of the R401D, A539P and R401D/A539P mutations on
the interactions of FOXP2 (LeuZip - end) with DNA.

3.4.1 ELECTROPHORETIC MOBILITY SHIFT ASSAYS

Size exclusion chromatography was used to study the quaternary structures of the FOXP2
(LeuZip - end) proteins, and showed differences between the proteins, especially in the R401D and
R401D/A539P mutants compared to the wild-type (Figure 3.21). Since size exclusion chromatography
could only be used to evaluate the oligomeric states of the unbound proteins, EMSAs were used to
probe the oligomeric states of the proteins when bound to DNA. This was used to compare the number
of DNA-bound species present for each protein with the number of unbound species observed through
size exclusion chromatography. Samples containing mixtures of DNA and protein were prepared and
resolved by electrophoresis. Unbound DNA migrated more quickly than bound DNA, and bound DNA
migrated at different speeds depending on the overall size of the DNA-protein complex. This allowed
for the separation of DNA-protein complexes of different sizes representing DNA bound by protein in
different oligomeric states. EMSAs of wild-type and A539P FOXP2 (LeuZip - end) were conducted
under non-reducing conditions. EMSAs of R401D and R401D/A539P FOXP2 (LeuZip - end) were

conducted under both non-reducing and reducing conditions, since the quaternary structures of these
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proteins differed substantially under non-reducing and reducing conditions when studied by size

exclusion chromatography (for non-reducing conditions see Appendix D in Chapter 5 Appendices).

Images of the EMSAs are shown in Figure 3.26. EMSAs of wild-type, R401D and A539P FOXP2
(LeuZip - end) showed only two band positions; a single position representing a single species of
protein in complex with DNA and a second position representing free DNA, which migrated more
quickly and was therefore lower on each gel. The DNA-protein complexes of R401D/A539P FOXP2
(LeuZip - end) resolved as double bands, which indicated the presence of two DNA-bound protein
species. Bands representing free DNA occurred lower on the gel. EMSA results were in agreement with
size exclusion chromatography results, since both techniques showed a single major species for
wild-type, R401D and A539P FOXP2 (LeuZip - end), and two major species for R401D/A539P FOXP2
(LeuZip - end). Although the sizes of the species observed by the EMSAs could not be determined, it is

plausible that the same protein species form in both unbound and DNA-bound configurations.

There was no evidence of the size exclusion chromatography peaks that occurred in the void volume,
and represented large protein masses, on the EMSAs. This could be due to a number of reasons. The
first possibility is that the peaks occurring in the void volume could represent the sum of many small
peaks representing a myriad of super-oligomers or protein masses of different sizes that were each
too large to be resolved by size exclusion chromatography. In this instance, the protein masses would
have separated on the EMSAs and if there were only very small amounts of each protein mass present,
the signal from each protein mass would be too low and undetectable. The second possibility is that
the protein masses were simply too large to enter the pores of the gels. The third possibility is that, in
the presence of DNA, the super-oligomers or protein masses dissociate into smaller species such as
dimers, trimers, and hexamers, and therefore form part of the DNA-protein complexes that were

visualised on the EMSAs.
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Figure 3.26: Electrophoretic mobility shift assays comparing the number of DNA-bound species present of wild-type (A),
R401D (B), A539P (C) and R401D/A539P (D) FOXP2 (LeuZip - end). A DNA concentration of 0.5 uM was used. The first and
last lanes of each assay contained free DNA, and the concentration ratio of protein to DNA was increased in the remaining
lanes from 3:1 to 1:35. Sample compositions are indicated below each lane. Wild-type and A539P FOXP2 (LeuZip - end)
samples were prepared at 0 mM DTT, while R401D and R401D/A539P FOXP2 (LeuZip - end) samples were prepared at
2 mM DTT. Lower bands represent unbound DNA and upper bands represent DNA-protein complexes. Wild-type, R401D and
A539P FOXP2 (LeuZip - end) each bound DNA as a single species, whereas the double bands seen for R401D/A539P FOXP2

(LeuZip - end) were indicative of two species.

Under non-reducing conditions, the DNA-protein complex was seen at a DNA:protein ratio of 1:1 for
wild-type, 1:2 for R401D, 1:3 for A539P and 1:5 for R401D/A539P FOXP2 (LeuZip - end) (see Figure D1
in Chapter 5 Appendices for R401D and R401D/A539P FOXP2 (LeuZip - end)). Therefore, the
DNA-binding affinities can be estimated to be wild-type > R401D > A539P > R401D/A539P, arranged
from strongest to weakest affinity. However, although an EMSA can be used to investigate and
quantify DNA-binding affinity (Heffler et al., 2012; Perumal et al., 2015), it is a low resolution
technique, so a higher resolution fluorescence anisotropy DNA-binding assay was used to quantify the

DNA-binding affinities of the proteins.
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3.4.2 FLUORESCENCE ANISOTROPY DNA-BINDING ASSAYS

The results of EMSAs and size exclusion chromatography confirmed that although the R401D, A539P
and R401D/A539P mutations had effects on the quaternary structure of FOXP2 (LeuZip - end), the
FOXP2 (LeuZip - end) variants were all able to bind DNA. EMSAs suggested that the mutations could
affect the DNA-binding affinity of FOXP2 (LeuZip - end), so fluorescence anisotropy assays were
conducted to quantify the DNA-binding affinities of the proteins. DNA-binding assays were conducted
under non-reducing conditions, to allow for comparison with previous assays conducted on the
isolated FOXP2 FHD in the same environment (for reducing conditions see Appendix E in Chapter 5

Appendices).

Labelled DNA (with a 5-carboxy-X-rhodamine fluorescent marker at the 5’ end) at a concentration of
200 nM was combined with the proteins at concentrations of up to 6000 nM. The resulting
fluorescence anisotropy signals were measured and used to plot DNA-binding isotherms (Figure 3.27).
The Kps for DNA binding were 347 + 31.6 nM, 460 + 30.0 nM, 611 + 45.4 nM and 778 + 33.3 nM, for
wild-type, R401D, A539P and R401D/A539P FOXP2 (LeuZip - end), respectively. Therefore, the
arrangement of the DNA-binding affinities is wild-type > R401D > A539P > R401D/A539P, from
strongest to weakest affinity. This was in agreement with EMSA results. Statistical analyses showed
that the decrease in DNA-binding affinity due to the R401D mutation was less significant than the
decrease in DNA-binding affinity observed for A539P and R401D/A539P FOXP2 (LeuZip - end), relative
to the wild-type. Therefore, disrupted hexameric LeuZip associations had a less significant effect on
DNA-binding affinity, whereas the prevention of domain swapping of the DNA-binding FHD decreased
DNA-binding affinity more significantly. The combined effects of both mutations had the most
significant effect on DNA-binding affinity, since R401D/A539P FOXP2 (LeuZip - end) had the weakest
affinity for DNA.
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Figure 3.27: Fluorescence anisotropy DNA-binding assays of wild-type, R401D, A539P and R401D/A539P FOXP2
(LeuZip - end). (A) DNA-binding isotherms: The concentration of DNA was maintained at 200 nM, and the protein
concentration was increased from 0 nM to 6000 nM. Data points were normalised relative to the anisotropy of free DNA.
Isotherms were fit with a single-site model. (B) Dissociation constants derived from the isotherms showed that wild-type
FOXP2 (LeuZip - end) bound DNA with the highest affinity (Kp = 347 + 31.6 nM) and R401D/A539P FOXP2 (LeuZip - end) bound
DNA with the lowest affinity (Kp = 778 + 33.3 nM). DNA-binding affinities of R401D FOXP2 (LeuZip - end) (Kp = 460 + 30.0 nM)
and A539P FOXP2 (LeuZip - end) (Kp = 611 + 45.4 nM) were intermediate to that of wild-type and R401D/A539P FOXP2
(LeuZip - end). Statistical significance of differences between Kps are indicated by two-sample t-tests (*p < 0.05, ** p < 0.01,

and *** p < 0.001).
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Chapter 4: Discussion

Oligomerisation is a common means of regulating TF activity, and hence downstream gene expression
(Funnell and Crossley, 2012). TFs associate to form both homo- and hetero-oligomers (Funnell and
Crossley, 2012). The simplest TF oligomer is a dimer, but large TF oligomers do exist; a TF octamer has
been observed through X-ray crystallography and a TF hexadecamer has been detected in vitro (Chen
et al., 2001; Eliahoo et al., 2015; Funnell and Crossley, 2012). TF oligomerisation has diverse effects;
for example, oligomerisation is often a prerequisite for DNA binding and hence activity or, in some
cases, each TF binding partner dictates binding specificity or controls the switch between
transcriptional activation and repression or, in other cases still, oligomer formation regulates nuclear
trafficking (Bujalka et al., 2013; Grandori et al., 2000; Hinde et al., 2016; Kim et al., 2017; Li et al.,
2013b; Luscher, 2001; Vitelli et al., 2000). For FOXP TFs in particular, oligomerisation regulates the
downstream effects of transcriptional activity and the inhibition of oligomerisation has been shown
to prevent FOXP function (Chae et al., 2006; Li et al., 2007, 2004; Lopes et al., 2006; Lozano et al.,
2017; Ren et al., 2019; Rudra et al., 2012). There is evidence of the existence of oligomers as large as

tetramers for all FOXP proteins (Li et al., 2007; Mendoza, 2011; Song et al., 2012).

The focus of this research was to explore the oligomerisation interfaces of FOXP2, and hence of the
FOXP proteins. Previous studies have emphasised the importance of the FOXP LeuZip for
homo-oligomerisation, and for hetero-oligomerisation amongst FOXP subfamily members (Chae et al.,
2006; Li et al., 2004; Wang et al., 2003). However, the propensity of the FOXP FHD to form
domain-swapped dimers, which is unique to the FOXP subfamily of FOX TFs, could further contribute
to FOXP oligomerisation (Bandukwala et al., 2011; Chu et al., 2011; Stroud et al., 2006). Key residues
for FOXP3 LeuZip oligomerisation and FOXP2 FHD dimerisation have previously been identified (Morris
and Fanucchi, 2016; Perumal et al., 2015; Song et al., 2012; Stroud et al., 2006). Based on these
residues, this research aimed to use point mutations at each interface, to investigate the relative
contributions of the LeuZip and FHD to the oligomerisation of FOXP2. The R401D, A539P and
R401D/A539P FOXP2 (LeuZip - end) variants used in this study are novel constructs, and allowed for a

thorough characterisation of FOXP2 homo-oligomerisation.

There are different factors that determine the propensity for oligomerisation, and a number of forces
that drive oligomerisation. Large, multi-domain proteins have evolved due to the biological need for
a small number of proteins to be able to fulfil a large number of cellular functions (Jelesarov and

Karshikoff, 2008). However, with increasing protein size comes an increasing probability of
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translational errors, since estimates of translational errors are as frequent as one error every
1000 - 10 000 codons (Ogle and Ramakrishnan, 2005; Parker, 1989). The formation of oligomers from
smaller monomers decreases translational errors whilst enabling the same number of proteins to
perform many more cellular functions (Jelesarov and Karshikoff, 2008). Other factors that often, but
not always, drive oligomerisation are increased thermodynamic stability of the oligomer compared to
monomers, and macromolecular crowding since the oligomer occupies a smaller volume than isolated
monomers (Bookchin et al., 1999; Hashimoto et al., 2011; Lindner and Ralston, 1997; Marianayagam
etal., 2004; Rivas et al., 2001; Snoussi and Halle, 2005; Wilf and Minton, 1981; Zimmerman and Trach,
1988). However, depending on the size of the oligomer, macromolecular crowding can result in
decreased oligomer stability and protein aggregation due to excluded-volume effects (Christiansen et
al., 2010; Dong et al., 2010; Jarrett and Lansbury Jr, 1993; Minton, 2000; Wang et al., 2012; Wilf and
Minton, 1981; Zimmerman and Minton, 1993).

4.1 OLIGOMERISATION OF FOXP2

Wild-type FOXP2 (LeuZip - end) readily formed an oligomer of approximately hexameric size, with no
monomeric species present (Figure 3.21). The R401D mutation of the LeuZip disrupted the formation
of the large hexamer, resulting in smaller oligomers of approximately trimeric size. The A539P
mutation of the FHD, when combined with the R401D LeuZip mutation, partially disrupted formation
of the trimer, resulting in a mixture of species of approximately trimeric and dimeric sizes. It cannot
be stated with certainty which of the LeuZip and FHD interfaces was involved in the formation of each
oligomer (dimer, trimer, and hexamer), since mixtures of oligomeric states were observed, hence the
oligomerisation of each FOXP2 (LeuZip - end) variant could occur due to a single interface or due to
the combined effects of LeuZip and FHD interactions. Furthermore, dimeric, trimeric, and hexameric
interactions may occur via LeuZips or via domain swapping (Anckar and Sistonen, 2011; Gotte et al.,
1999; Grandori et al., 2000; Hai and Curran, 1991; Hirota et al., 2010; Li et al., 2013b; Liu et al., 2001,
2002; Lischer, 2001; Nair and Burley, 2003; Rabindran et al., 1993; Sawaya et al., 1999; Singleton et
al., 2000).

The opposing effects of macromolecular crowding on oligomerisation were apparent, since the
thermal stability of R401D/A539P increased with an increasing protein concentration, due to the
presence of a dimer (Figure 3.25). In contrast, the thermal stabilities of wild-type, R401D and A539P
FOXP2 (LeuZip - end) decreased with an increasing protein concentration, due to the presence of the
larger trimer and hexamer, in the non-reducing environment (see Figure C1 in Chapter 5 Appendices).

The low stability of the wild-type hexamer suggests a transient rather than permanent association
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(Nooren and Thornton, 2003). In contrast, the relatively high stability of the dimer implies that the
dimer could be a stable and more permanent intermediate in the formation and dissociation of the

hexamer (Nooren and Thornton, 2003).

The thermal stability of R401D/A539P FOXP2 (LeuZip - end) was particularly high, with an estimated
denaturation midpoint of approximately 60 °C at a protein concentration of 15 uM (Figure 3.25). In a
previous study, thermal unfolding of the wild-type FOXP2 FHD begins at temperatures below 20 °C,
whereas the A539P FOXP2 FHD unfolds at higher temperatures, with a denaturation midpoint of
approximately 50 °C (Morris and Fanucchi, 2016). As evident from the crystal structure, the FOXP2
FHD itself is highly structured and predominantly a-helical, whereas the FOXP2 (LeuZip - end) variants
were largely disordered, based on far-UV circular dichroism spectropolarimetry (Figure 3.16 and Al in
Chapter 5 Appendices), as well as disorder predictions (Figure 3.2) and 3D protein structure
predictions (Figure 3.7). Disordered proteins typically have a high proportion of polar and charged
amino acid residues, which contribute to enhanced protein solubility and result in disordered proteins
exhibiting resilience to both elevated and lowered temperatures (Tantos et al., 2009; Uversky, 2002b).
Indeed, all FOXP2 (LeuZip - end) proteins had a combined proportion of polar and charged amino acid
residues of over 50% (Figure 2.1). Therefore, the increased thermal stability of the FOXP2
(LeuZip - end) dimer compared to the isolated FHD can be attributed to the high proportion of intrinsic

disorder.

Often, intrinsically disordered protein regions adopt a partially folded conformation upon
oligomerisation, a process that is necessary for protein function and lowers the folding free energy
barrier through the coupling of folding with thermodynamically favourable protein-protein
interactions (Huang and Liu, 2009; Uversky, 2002a). This was not observed for FOXP2 (LeuZip - end)
homo-oligomerisation since disorder predictions and 3D protein structure predictions of the
monomer, and far-UV circular dichroism spectropolarimetric evaluations of the dimer, trimer, and
hexamer, showed essentially equal proportions of disordered regions for the monomer in comparison
with the oligomers (Figure 3.2 and Table 3.2). Furthermore, there were no significant differences in
the proportion of disordered regions between the dimer and higher order oligomers (Figure 3.17).
Intrinsically disordered proteins often form the hubs of protein interaction networks by forming
transient oligomers with multiple binding partners (Dunker et al., 2005; Kim et al., 2008; Stein et al.,
2009). Thus, although there was no decrease in disorder upon homo-oligomerisation, the folding or
partial folding of FOXP2 (LeuZip - end) disordered regions could occur upon hetero-oligomerisation,

since the high proportion of intrinsic disorder observed in FOXP2 (LeuZip - end) is ideal for
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hetero-oligomerisation and would enable binding to multiple binding partners. Indeed, in addition to
interactions with FOXP subfamily members, FOXP2 interacts with many TFs, cofactors, and other
proteins, and there are likely many more FOXP2 binding partners that are yet to be identified (Chokas
et al., 2010; Deriziotis et al., 2014; Estruch et al., 2016, 2018; Li et al., 2004; Tanabe et al., 2011; Wu
et al., 2006; Zhou et al., 2008). The multitude of FOXP2 protein binding partners, together with a high
proportion of intrinsically disordered regions, is suggestive of a “fly-casting” binding mechanism; the
conformational freedom of FOXP2 would lower the free energy barrier — and thus reduce the number
of interactions required with the binding partner, and increase the rate — of oligomerisation (Huang

and Liu, 2009).

DISOPRED3 was used to predict intrinsically disordered regions in the FOXP2 (LeuZip - end) variants,
and to detect protein binding sites within the disordered regions (Jones and Cozzetto, 2015).
DISOPRED3 detects protein binding sites based on regions that are able to transition from disordered
to ordered, and hence fold, upon binding (Jones and Cozzetto, 2015). The predictions showed that
only the LeuZip and FHD regions are ordered (Figure 3.2), and there were no predicted binding sites
within the disordered protein regions (data not shown). The disorder predictions agreed well with
data obtained from far-UV circular dichroism spectropolarimetry, as well as 3D structure predictions,
with respect to the overall proportion of disordered regions (Table 3.2). Although binding sites that
do not fold upon binding could exist amongst the disordered regions of FOXP2 (LeuZip - end), there is
currently no evidence of such binding sites. Therefore, the LeuZip and FHD are the only regions known
to form the stable interfaces of protein-protein and protein-DNA interactions in FOXP2 (LeuZip - end).

These interfaces shall be discussed further.

4.2 THE LEUCINE ZIPPER INTERFACE

A number of FOXP disease-linked mutations have been mapped to the zinc finger-LeuZip coiled-coil,
emphasising the importance of this region for FOXP function. A FOXP1 mutation resulting in deletion
of the zinc finger-LeuZip region was detected in a patient diagnosed with nonsyndromic intellectual
disability, resulting in global developmental delays and language impairments (Hamdan et al., 2010).
Numerous FOXP3 LeuZip mutations have been identified in IPEX patients. These include L242P, and
deletion mutations of Glu251 and Lys250 — equivalent to Arg401 that was mutated for this study
(Chatila et al., 2000; Gambineri et al., 2008; Song et al., 2012; Wildin et al., 2002; Zuo et al., 2007b).

The FOXP2 LeuZip is crucial for homo-oligomerisation, since the R401D mutation of the LeuZip was

sufficient to alter the oligomeric state significantly (Figure 3.21). The FOXP LeuZip is required not only
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for homo-oligomerisation but for hetero-oligomerisation amongst FOXP subfamily members as well
(Chae et al., 2006; Li et al., 2004; Wang et al., 2003). Generally, homo-oligomerisation interfaces have
a high proportion of hydrophobic residues, and homo-oligomers are more permanent, whereas
hetero-oligomer interfaces typically have a high proportion of polar residues which interact through
hydrogen bonding, and hetero-oligomers are more transient (Jones and Thornton, 1996). As
previously mentioned, the increased thermal stability of R401D/A539P FOXP2 (LeuZip - end) relative
to the wild-type suggests a more permanent nature of the FOXP2 (LeuZip - end) dimer, and implies
that the dimer interface is predominantly hydrophobic since elevated temperatures increase the
strength and stability of hydrophobic interactions (Uversky, 2002b). Indeed, an analysis of the FOXP2
LeuZip reveals that the core positions (a and d), which would form the dimer interface, are occupied
by predominantly hydrophobic residues whereas positions e and g, which would be involved in the
formation of oligomers larger than dimers, are occupied by predominantly polar and charged residues

(Figure 1.7A).

Based on monomeric 3D structure predictions, the R401D mutation disrupted hydrogen bonding
between Arg401 and Glu398 (Figure 3.3), and thus had the equivalent effect as the K251D mutation
of mFoxp3 on this key component of the LeuZip hydrogen bond network (Song et al., 2012).
Furthermore, incorporation of the R401D mutation decreased the helicity of the LeuZip (Figure 3.5)
and increased the overall disorder of FOXP2 (LeuZip - end) (Figure 3.7). However, although the R401D
mutation had a significant effect on the oligomeric state of FOXP2 (LeuZip - end), R401D FOXP2
(LeuZip - end) associated to form a trimer (Figure 3.21) and was not monomeric. Based on these
findings, it is clear that Arg401 is not as crucial to FOXP2 homo-oligomerisation as the equivalent
Lys252 is to FOXP3 homo-oligomerisation (Song et al., 2012). However, previous studies have shown
that mutations of the FOXP2 LeuZip alone can result in a monomer, emphasising the significance of
the LeuZip for FOXP2 homo-oligomerisation (HauBermann et al., 2019; Li et al., 2007, 2004).
Therefore, Argd01 could be more pertinent to the formation of FOXP2 hetero-oligomers, or higher
order homo-oligomers, especially since it is located at position g (Figure 1.7), a non-core position.
FOXP3 Lys252, equivalent to FOXP2 Arg401, is subjected to acetylation which has been suggested to
play a role in regulating the oligomerisation of FOXP3 (Song et al., 2012). Modification of arginine
residues usually occurs by methylation and not acetylation, since the arginine guanidinium group is
strongly basic with a pK, of 13.8 and is therefore not susceptible to substitution by an acetyl group
(Fitch et al., 2015). Arginine methylation is a common post-translational modification identified in the
regulation of many cellular processes, the inhibition of which has been associated with many diseases

such as cancer (Blanc and Richard, 2017). Although arginine methylation does not affect its positive
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charge, the addition of a methyl group removes a hydrogen atom, thereby interrupting hydrogen
bonding, and increases the hydrophobic character of the arginine side chain (Guccione and Richard,
2019). Therefore, in addition to other regulatory pathways, FOXP1/2/4 could employ methylation of
the conserved LeuZip arginine residue (Arg401 in FOXP2) as a physiological means of regulating the
formation of FOXP hetero-oligomers or higher order homo-oligomers, though further investigation is

required to confirm this.

Previous studies have suggested that homo- and hetero-oligomerisation mediated by the FOXP LeuZip
is necessary for DNA binding and transcriptional activity (Chae et al., 2006; Li et al., 2004). Indeed,
despite the R401D mutation not disrupting homo-oligomerisation completely, since R401D FOXP2
(LeuZip - end) was not monomeric, this mutation resulted in a decrease in DNA-binding affinity
(Figure 3.27), emphasising the importance of LeuZip-mediated associations for DNA binding.
However, the decrease was less significant than the decrease observed due to the A539P mutation of

the FHD.

4.3 THE FORKHEAD DOMAIN INTERFACE AND DNA BINDING

The importance of the FOXP FHD is clear given that it is the DBD. Furthermore, a number of FOXP
disease-linked mutations have been mapped to the FHD. Patients with the R525Q mutation of the
FOXP1 FHD show symptoms of relapsing-remitting fevers, urinary tract defects, global developmental
delays, language impairments, macrocephaly, and autism (Bekheirnia et al., 2017; Johnson et al.,
2018; Myers et al., 2017). The FOXP2 R553H mutation linked to DVD occurs within the FHD (Lai et al.,
2001). FOXP3 mutations of the FHD are associated with IPEX; for example the FOXP3 A384T mutation
has been detected in IPEX patients (Wildin et al., 2001).

According to 3D protein structure predictions, the FHD DNA recognition helix (helix 3) is buried in all
FOXP2 (LeuZip - end) variants (Figure 3.7), necessitating conformational changes to expose helix 3 and
allow insertion of helix 3 into the major groove for DNA binding. Since the predicted protein structures
are for monomers, the possibility exists that conformational changes occurring during homo- and
hetero-oligomerisation could result in the exposure of helix 3. Nevertheless, the large proportion of
intrinsically disordered protein regions could be influential in FOXP2 (LeuZip - end) DNA binding,
through lowering the free energy barrier for structural rearrangements and conferring conformational
freedom to the protein, allowing for the exposure of helix 3. Furthermore, the intrinsically disordered
regions could allow for the “fly-casting” mechanism of DNA binding, thus increasing the rate of DNA

binding (Shoemaker et al., 2000).
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Based on the FHD crystal structure, upon domain swapping, the relatively exposed Trp533 becomes
buried and Trp548 forms part of the core of the FHD dimer interface (Stroud et al., 2006). Additionally,
3D protein structure predictions show that the FOXP2 (LeuZip - end) tryptophan residues are able to
interact with regions outside of the FHD in the absence of DNA (Figure 3.18). Thus, intrinsic tryptophan
fluorescence could be affected by domain swapping and by the global protein fold when FOXP2
(LeuZip - end) is unbound. However, intrinsic tryptophan fluorescence is expected to predominantly
be influenced by DNA-protein interactions when FOXP2 (LeuZip - end) is bound since the FHD interacts
closely with DNA. Trp573, in particular, interacts directly with the DNA backbone (Stroud et al., 2006).
Stern-Volmer constants indicate that the solvent-accessibility of the FOXP2 (LeuZip - end) tryptophan
residues decreases upon DNA binding (Figure 3.23 and 3.24). Therefore, the FHD itself appears to be
restricted rather than flexible when bound to DNA. This is consistent with a previous study of the
isolated FHD which found a decrease in disordered regions and an increase in a-helical content upon
DNA binding (Webb et al., 2017). The decrease in the Stern-Volmer constant of R401D/A539P FOXP2
(LeuZip - end) upon DNA binding was not significant, which could be due to the significantly weaker
DNA-binding interactions of this variant in comparison with the other variants (Figure 3.27), since a
decreased FHD flexibility is associated with a high DNA-binding affinity (Webb et al., 2017). However,
despite the increased order of the FHD upon DNA binding, the FOXP2 (LeuZip - end) variants,
particularly the wild-type, appear to undergo a slight increase in global disorder upon DNA binding
(Figure 3.16 and A1l in Chapter 5 Appendices). Although the decreased FHD flexibility upon DNA
binding would result in an entropic loss, the global increase in disorder would result in an increase in
entropy, therefore the DNA binding process would still be entropically favourable. Furthermore, the
global increase in disorder could increase the propensity for oligomerisation, implying a sequential
mechanism whereby the binding of FOXP2 to a cis-regulatory element results in the subsequent

recruitment and binding of binding partners.

Intrinsic tryptophan fluorescence spectra of wild-type and A539P FOXP2 (LeuZip - end) showed no
significant differences in the absence of DNA (Figure 3.19). Since all FOXP2 (LeuZip - end) tryptophan
residues are located within the FHD, this suggests that the A539P mutation of the FHD had no
significant effect on the structure of the FHD itself. Predicted monomeric 3D structures of wild-type
and A539P FOXP2 (LeuZip - end) showed similar folds in the FHD, and both FHDs aligned well with the
monomeric FHD crystal structure (Figure 3.6). Therefore, any differences observed between A539P
FOXP2 (LeuZip - end) and the wild-type were due to prevented domain swapping of the FHD. Despite
the prevention of FHD domain swapping, A539P FOXP2 (LeuZip - end) still existed predominantly as a

hexamer and the A539P mutation only had an effect on the oligomeric state of the protein when
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present with the R401D mutation of the LeuZip, in which case the A539P mutation resulted in a partial
shift from trimer to dimer (Figure 3.21). Therefore, although domain swapping of the FHD does affect
the overall oligomeric state of FOXP2 (LeuZip - end), the effect of FHD domain swapping is not as
significant as interactions of the LeuZip. Despite A539P FOXP2 (LeuZip - end) adopting the same
hexameric quaternary structure as the wild-type, the prevention of FHD domain swapping affected
DNA binding and resulted in a significant loss in DNA-binding affinity (Figure 3.27). This indicated that
the formation of the FOXP2 (LeuZip - end) hexamer specifically is not significant for DNA binding and

other oligomeric states could be allowed.

A previous study suggested that the unique flexibility of the FOXP FHD and propensity for dimerisation
through domain swapping, arising due to the substitution of the conserved FOX hinge loop proline
with alanine (Ala539 in FOXP2), is an evolutionary mutation that conferred increased DNA-binding
affinity and decreased specificity to FOXP subfamily members (Morris and Fanucchi, 2016). However,
a comparison of FOX DNA-binding affinities suggests that FOXP subfamily members have a lower
DNA-binding affinity compared with other FOX proteins (Table 4.1), including FOXA and FOXO
proteins. The FOXM1 FHD has a weaker affinity for DNA than all FOX proteins listed in Table 4.1,
including all FOXP2 variants (Littler et al., 2010). However, full-length FOXM1 has a high affinity for
DNA with a Kp of 214.5 nM (Xiang et al., 2017). Furthermore, DNA-binding assays for both the FOXM1
FHD and full-length FOXM1 were conducted under reducing conditions, which could decrease the
apparent affinity for DNA, as seen in this study (Figure 3.27 and E1 in Chapter 5 Appendices). It is
worth noting that all FOXA, FOXO and FOXM proteins listed in Table 4.1 have the conserved hinge loop
proline residue. In the isolated FOXP2 FHD, fluorescence anisotropy DNA-binding assays suggest that
the A539P mutation does not affect DNA binding (Morris and Fanucchi, 2016). However, Kps obtained
through isothermal titration calorimetry, which is a more sensitive technique, have shown that even
inthe isolated FHD the A539P mutation results in a significant decrease in DNA-binding affinity (Morris
and Fanucchi, 2016). Interestingly, for all FOX proteins, the isolated FHDs appear to bind DNA more
weakly than longer constructs, emphasising the importance of regions outside of the FHD for

enhancing FOX DNA binding.
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Table 4.1: Comparison of dissociation constants (Kps) of FOX DNA binding obtained from
fluorescence anisotropy assays. The table is arranged from highest to lowest DNA-binding affinity.
Protein constructs that were used in this study are indicated in boldface. Identifiable domain(s)
included in non-full-length constructs are listed (NLS is nuclear localisation signal). For some FOX
proteins, the DNA-binding affinity has been quantified for the isolated FHD, as well as for a longer
construct including other domains in addition to the FHD. This is indicated with triangles of the same
colour (rose coloured triangles () for FOXO4, blue coloured triangles (») for FOXM1, pink coloured
triangles () for FOXP2, and green coloured triangles (') for A539P FOXP2). Assays that were
conducted under reducing conditions are indicated, due to the differences observed in DNA-binding

affinities between non-reducing and reducing conditions in this study.

Protein Domain(s) Ko (nM)
FOXA1 Full-length 33.48+10.76*
FOX04 FHD; NLS 34+6.0°
FOX01 FHD 93+9.0°3
(Reducing)
FOX0O4 FHD 188 £ 10.0*
FOXM1 Full-length 214.5+248.9°
(Reducing)
FOX03 FHD; NLS 295+26.0°
(Reducing) (partial)
FOXP2 LeuZip; FHD 347 £31.6
R401D FOXP2 LeuZip; FHD 460 +30.0
A539P FOXP2 LeuZip; FHD 611 +45.4
R401D/A539P FOXP2 LeuZip; FHD 778 £33.3
A539P FOXP2 FHD 878 £66.27
FOXP2 FHD 892 +49.97
FOXM1 FHD 7000 + 300 ®
(Reducing)

[1] Aung et al., 2014; [2] Silhan et al., 2009; [3] Zhang et al., 2002; [4] Boura et al., 2007; [5] Xiang et al., 2017; [6] Tsai et al.,
2007; [7] Morris and Fanucchi, 2016; [8] Littler et al., 2010
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4.4 OLIGOMERISATION AND DNA BINDING PATHWAY

The oligomerisation and DNA binding of oligomeric TFs typically proceeds by one of two classical
recognised pathways (Figure 4.1). The “monomer pathway”, based on the General Control
Nondepressible 4 (GCN4) TF, proceeds by DNA binding of a monomer, followed by protein-protein
interactions with additional monomers to form an oligomer. In some scenarios, binding of the first TF
enables the recruitment and binding of a second TF to the adjacent cis-regulatory element (Ma and
Ptashne, 1988; Ptashne and Gann, 1997). The “dimer pathway”, or in the case of FOXP2 the “oligomer
pathway”, is based on A-repressor and proceeds by DNA binding of a pre-assembled oligomer (Berger
etal., 1998; Ptashne et al., 1980). Evaluations of the monomer pathway have shown that this pathway
improves DNA-binding specificity by reducing non-specific protein-protein interactions and increasing
the rate at which the TF is able to scan DNA and locate the appropriate cis-regulatory element (Kohler
et al., 1999). On the other hand, the dimer pathway is favourable for controlling the number of TF
monomers, since this number fluctuates drastically in the monomer pathway, so implementation of
the dimer pathway is a mechanism of regulating genetic noise, which applies not only to TF dimers

but to higher order oligomers as well (Bandukwala et al., 2011; Ghim and Almaas, 2008).

As shown in previous studies, LeuZip-mediated associations are essential for FOXP DNA binding,
therefore it is unlikely that the FOXP TFs bind DNA as monomers (Li et al., 2007, 2004). In addition,
based on the results of this study, it is evident that FOXP2 (LeuZip - end) forms a homo-oligomer in
the absence of DNA in vitro, therefore the presence of DNA is not essential to oligomer formation.
However, the increased proportion of intrinsically disordered regions upon DNA binding suggests that
DNA binding has an allosteric effect and increases the propensity for protein-protein interactions,
specifically through the “fly-casting” mechanism. Furthermore, although very similar proportions of
the R401D/A539P FOXP2 (LeuZip - end) dimer and trimer were observed in the absence of DNA by size
exclusion chromatography (Figure 3.21), the equilibrium appeared to shift in favour of the larger
trimer when bound to DNA on an EMSA (Figure 3.26), particularly at higher protein concentrations
that were more similar to the concentration used for size exclusion chromatography (the highest
protein concentration used for the EMSA was 17.5 uM, whereas the concentration used for size
exclusion chromatography was 30 uM). Thus it remains somewhat unclear as to whether FOXP2

follows the monomer or dimer/oligomer pathway.
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Figure 4.1: Assembly and DNA binding pathways of oligomeric transcription factors. In the monomer pathway (A), a TF
monomer binds to the cis-regulatory element. Additional monomers then associate with the DNA-bound monomer to form
a functional oligomer. In some cases, binding of the monomer enables the recruitment and binding of a second TF to the
adjacent cis-regulatory element. In the oligomer (or dimer) pathway (B), TF monomers first assemble to form an oligomer,

which then binds to the cis-regulatory element.

For some TFs, oligomerisation and DNA binding appear to deviate from the classical monomer and
dimer/oligomer pathways. An example is the hypochlorite-responsive TF that undergoes
oligomerisation in the absence of DNA to form a dodecamer, suggesting that DNA binding proceeds
via the dimer/oligomer pathway (Gebendorfer et al., 2012). However, the dodecamer is unable to

bind DNA and dissociates into smaller DNA-binding oligomers in the presence of DNA (Gebendorfer et
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al., 2012). Interestingly, the dissociation of the dodecamer does not depend on the presence of the
target site and occurs even in the presence of random DNA sequences, indicating that dissociation is
required to scan DNA and locate the target site (Gebendorfer et al., 2012). Another example is TFEB
that binds DNA as a homo- or heterodimer, but associates with another TFEB dimer to form a tetramer
in its unbound form (Fisher et al., 1991). Thus, for both the hypochlorite-responsive TF and TFEB, the
higher order oligomers appear to exist as a storage form when not bound to DNA. On the other hand,
reports regarding the oligomerisation and DNA binding of the well-studied p53 TF are contradictory.
In solution, p53 readily forms a tightly bound dimer of dimers (Brandt et al., 2009; Nicholls et al.,
2002). The formation of the p53 oligomer is necessary for DNA binding, and the binding of the p53
oligomer to DNA results in the recruitment of other TFs and proteins (Beckerman and Prives, 2010;
Halazonetis and Kandil, 1993; Shaulian et al., 1993). Based on these findings it would appear that p53
follows a dimer/oligomer pathway, but there is evidence to suggest that the formation of the tetramer
is induced by DNA binding (Weinberg et al., 2004). In addition, the protein-protein interactions differ
between the unbound and DNA-bound homotetramers (Veprintsev et al., 2006). Thus, it is plausible
that p53 exists as a tetramer when not bound to DNA, as a storage form, which then dissociates into
a smaller species (dimer or monomer) in order to scan DNA and locate the target site more efficiently,
and then reassociates to form a tetramer of a different configuration upon binding DNA. Therefore,
the possibility exists that, like the examples of the hypochlorite-responsive TF, TFEB, and p53, the
oligomerisation and DNA binding of FOXP2 deviates from the classical monomer and oligomer

pathways.

Itis possible that FOXP2 forms a large oligomer (such as a hexamer) in the absence of DNA as a storage
form. The large FOXP2 oligomer could dissociate into a smaller oligomer in the presence of DNA, in
order to scan DNA and locate the target site. Upon binding DNA, FOXP2 rapidly recruits and associates
with the appropriate binding partners to form either homotypic or heterotypic oligomers, or both.
This would allow for simultaneous domain swapping of the FHD, only when bound to the appropriate
partner since not all heterotypic binding partners are compatible with the FHD for domain swapping.
The formation of heterotypic protein-protein interactions after rather than before DNA binding would
increase the rate of recruitment and binding through limiting the search space to the DNA backbone.
In the absence of heterotypic binding partners, DNA-bound FOXP2 (LeuZip - end) could only form
homo-oligomers which were observed by EMSAs (Figure 3.26). The DNA-scanning oligomer could be
a dimer, based on the stability of the R401D/A539P FOXP2 (LeuZip - end) mutant. Furthermore, based
on Stern-Volmer constants, wild-type FOXP2 (LeuZip - end) experienced the largest conformational

change upon DNA binding, followed by the A539P mutant and then the R401D mutant. The
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R401D/A539P mutant did not experience a significant conformational change upon DNA binding. This
could be explained by the quaternary structure of each FOXP2 (LeuZip - end) variant, with wild-type
and A539P FOXP2 (LeuZip - end) existing as large oligomers of approximately hexameric size that
would require large conformational changes to enable dissociation for DNA binding. Conversely, the
R401D/A539P mutant exists predominantly as oligomers of dimeric and trimeric size, and only the

trimers would require small conformational changes to facilitate DNA binding.

4.5 PHYSIOLOGICAL ROLE OF FOXP2 OLIGOMERISATION

Apart from enabling interactions with multiple binding partners in heterotypic associations,
oligomerisation could enhance FOXP2 function in a number of ways. Homo-oligomerisation of FOXP2
could play a physiological role in enhancing DNA-binding affinity, since wild-type FOXP2 (LeuZip - end)
had the strongest affinity for DNA (Figure 3.27). DNA-binding assays were conducted under
non-reducing conditions and in the same environment, DNA binding quenched the intrinsic
tryptophan fluorescence of wild-type FOXP2 (LeuZip - end) the most (see Figure B1 in Chapter 5
Appendices). This could be due to the high affinity of the wild-type for DNA resulting in more protein
molecules being bound in comparison with the mutants, giving rise to more quenching, since the
extent of intrinsic tryptophan fluorescence quenching can be proportional to the quantity of
DNA-bound protein (Carpenter et al., 2001). Alternatively, the quenching of wild-type FOXP2
(LeuZip - end) could be due to stabilising DNA-protein interactions that were unable to form in the
mutants. TF oligomerisation often contributes to DNA bending or looping, or to the formation of the
transcription-initiation complex through augmenting the wrapping of DNA around the complex
(Vamosi and Rueda, 2018). This is possible since TF oligomerisation mediates simultaneous
interactions with distal DNA sites (Vamosi and Rueda, 2018). Thus, in addition to enhanced
DNA-binding affinity, FOXP2 oligomerisation could contribute to these processes. Crystal structures of
the FOXP2 and FOXP3 FHD domain-swapped dimers support this hypothesis by showing that the FHD
dimer is unable to simultaneously bind two adjacent DNA sites due to the positioning of the DNA
recognition helices (Bandukwala et al., 2011; Stroud et al., 2006). As seen in Figure 4.2, the FOXP3
domain-swapped dimer is capable of binding two non-adjacent DNA sites simultaneously. Even in the
absence of domain swapping, for example in heterotypic oligomers that do not allow for domain
swapping to occur, or if domain swapping is dependent on the cis-regulatory element, FOXP2, and
hence FOXP, oligomerisation could play a physiological role in enabling simultaneous interactions with
distal DNA sites. Finally, hetero-oligomerisation of FOXP2 could improve DNA-binding affinity and
specificity relative to homo-oligomers of FOXP2, like the Jun-ATF2 heterodimer which has improved

specificity relative to the promiscuous Jun homodimer (Pan and Nussinov, 2011).
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Figure 4.2: Domain swapping of the FOXP forkhead domain allows for simultaneous binding at distal DNA sites. Each
monomer of the dimer is able to interact with DNA through insertion of the recognition helix (helix 3) at the major groove,
at distal DNA sites due to the relative positions of helix 3 (one monomer is depicted in grey). Simultaneous binding at distal
DNA sites could contribute to DNA bending or looping, or to the formation of the transcription-initiation complex through
augmenting the wrapping of DNA around the complex. a-Helices are blue, B-strands are green, loops are orange, and DNA
is pink. The image was rendered on The PyMOL Molecular Graphics System, Version 0.99, Schrodinger, LLC (PDB 3QRF)
(Bandukwala et al., 2011).

Thus, there is sufficient evidence that FOXP homo- and hetero-oligomerisation is an important
regulator of FOXP transcriptional activity. The extent to which FOXP oligomerisation affects gene
expression could be more far-reaching than current evidence suggests, and further studies are
necessary to gain a full understanding of FOXP protein-protein interactions. The possibility of the
existence of multiple FOXP oligomeric states, as observed for homotypic FOXP3 associations and
which could exist for heterotypic FOXP interactions, would permit multidimensional control of FOXP
function (Li et al., 2007). Furthermore, the control of FOXP oligomeric states through
post-translational modifications could provide a neat mechanism of fine-tuning the regulation of

FOXP-controlled gene expression.

According to the most recent cancer statistics, breast cancer is the most common cancer in women

both locally and globally, and prostate cancer is the most common cancer in South African men and
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the second most common cancer in all men (Bray et al., 2018; Cancer Association of South Africa,
2014). FOXP2 has been associated with both breast cancer and prostate cancer, and many other
diseases, and is thus a promising target for the development of novel diagnostics and therapeutics
(Cuiffo and Karnoub, 2016; Cuiffo et al., 2014; Stumm et al., 2013). However, it is only with a thorough
understanding of FOXP2, how it interacts with other proteins and with DNA, and how it functions, and
with the identification of key residues for FOXP2 protein-protein and protein-DNA interactions, that
new strategies can be designed and implemented to effectively and specifically detect and target

dysregulated FOXP2 in diseased states.
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CONCLUSION

FOX TFs are a large TF family that regulate a diverse range of processes throughout the human body.
The FOXP subfamily exhibit the unique ability to form homotypic dimers and higher order oligomers,
a phenomenon that has not been observed in any other FOX subfamily. FOXP oligomerisation occurs
via two interfaces, the LeuZip and DNA-binding FHD. Although most previous studies have emphasised
the LeuZip as the key protein-protein interface, the contribution of the FOXP FHD to oligomerisation
has not been thoroughly investigated. In this study of FOXP2 (LeuZip - end), by use of the R401D LeuZip
mutation and A539P FHD mutation, the homo-oligomerisation interfaces were investigated and the
effects of the mutations on the structure and DNA binding of FOXP2 were evaluated. The R401D
LeuZip mutation is a novel mutation. The A539P mutation has previously only been studied in the FHD,
so this was the first study evaluating the effects of prevented FHD domain swapping on FOXP2

oligomerisation, in the presence of the LeuZip interface.

On its own, the A539P FHD mutation did not alter the oligomeric state of FOXP2 (LeuZip - end)
substantially. Although the R401D LeuZip mutation altered the FOXP2 (LeuZip - end) oligomeric state
significantly, it did not result in a monomeric species. This allowed for the effects of the A539P
mutation to be evident in the R401D/A539P mutant, where the A539P mutation further disrupted
FOXP2 (LeuZip - end) homo-oligomerisation. The R401D/A539P mutant was resilient to elevated
temperatures, which could be due to the stability of the R401D/A539P FOXP2 (LeuZip - end) dimer
relative to the larger R401D FOXP2 (LeuZip - end) trimer, and wild-type and A539P FOXP2
(LeuZip - end) hexamer, suggesting that the dimer is a more stable intermediate in the formation of
higher order oligomers. Disrupting FHD domain swapping resulted in a more significant decrease in
DNA-binding affinity than the R401D mutation of the LeuZip, perhaps because the R401D mutation
did not completely eliminate LeuZip interactions. Interestingly, the formation of a hexameric species
specifically did not appear to contribute to DNA binding, since although wild-type and A539P FOXP2
(LeuZip - end) were both predominantly hexameric, the DNA-binding affinity of the A539P mutant was
significantly lower than that of the wild-type. Furthermore, wild-type and A539P FOXP2 (LeuZip - end)
appeared to experience the largest conformational changes upon DNA binding, and the DNA
binding-induced conformational changes of R401D/A539P FOXP2 (LeuZip - end) were not significant.
Taken together, the findings of this study suggest that FOXP2 higher order oligomers could dissociate
in the presence of DNA, possibly into dimers, to scan DNA and locate the appropriate cis-regulatory
element. Subsequent to DNA binding, FOXP2 re-associates to form higher order homo- and/or

hetero-oligomers. This work shows that although the LeuZip is crucial for FOXP2
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homo-oligomerisation, the FHD also contributes to the association of FOXP2 monomers. The possible

existence of multiple oligomeric states could regulate FOXP2 DNA binding and transcriptional activity.
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Chapter 5: Appendices

APPENDIX A: CIRCULAR DICHROISM SPECTROPOLARIMETRY (NON-REDUCING CONDITIONS)

Far-UV CD spectropolarimetry was conducted under non-reducing conditions (see 3.3.1 Circular
dichroism spectropolarimetry for reducing conditions). This was useful for gaining insight into the
protein secondary structures under non-reducing conditions, to aid interpretation of protein thermal
unfolding and fluorescence anisotropy DNA-binding assays, which were conducted under
non-reducing conditions. Spectra were recorded on 5 uM protein in the absence and presence of
2.5 uM DNA, without DTT. All spectra (Figure Al) were similar to those observed under reducing
conditions, with the occurrence of slight negative bands at ~ 208 nm, especially in the absence of DNA.
DNA binding had more significant effects on the protein secondary structures under non-reducing
conditions, since the spectra differed more between unbound and DNA-bound states. As with data
obtained under reducing conditions, a visual assessment of the spectra suggests that the proteins
consisted predominantly of disordered regions, with a small proportion of a-helices, both in the

absence and presence of DNA.
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Figure Al: Circular dichroism spectra of wild-type (A), R401D (B), A539P (C) and R401D/A539P (D) FOXP2 (LeuZip - end),
measured under non-reducing conditions. Spectra were measured on 5 UM protein, in the absence (solid lines) and presence
(dotted lines) of 2.5 uM DNA at 0 mM DTT. Data points with a high tension of over 600V were removed. Based on DichroWeb
analyses, wild-type FOXP2 (LeuZip - end) showed a decrease in a-helical content (p < 0.05) upon DNA binding. R401D
(p <0.05), A539P (p < 0.01) and R401D/A539P (p < 0.01) FOXP2 (LeuZip - end) decreased in B-strands upon DNA binding. All
FOXP2 (LeuZip - end) variants decreased significantly in turns and increased significantly in unordered regions upon DNA
binding (p < 0.05 for wild-type FOXP2 (LeuZip - end); p < 0.01 for R401D FOXP2 (LeuZip - end), for A539P FOXP2 (LeuZip - end)
turns and for R401D/A539P FOXP2 (LeuZip - end) unordered regions; p < 0.001 for A539P FOXP2 (LeuZip - end) unordered
regions and for R401D/A539P FOXP2 (LeuZip - end) turns).

The CD spectra were dissected using DichroWeb to quantify the proportion of each secondary
structural element present in each protein (Whitmore and Wallace, 2004, 2008). A summary of the
DichroWeb data is shown in Figure A2. As previously explained (see 3.3.1 Circular dichroism
spectropolarimetry), it is likely that the DichroWeb algorithm underestimated the proportion of
a-helices in the FOXP2 (LeuZip - end) proteins. The DichroWeb data was very similar to that obtained
under reducing conditions (a-helical content of ~ 4%, B-strand content of ~ 34%, and content of
turns/unordered regions of ~ 61%). Under non-reducing conditions, DNA binding caused a decrease
in a-helical content in wild-type FOXP2 (LeuZip - end), a decrease in B-strands in R401D, A539P and

R401D/A539P FOXP2 (LeuZip - end), and a decrease in turns and increase in unordered regions in all
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FOXP2 (LeuZip - end) variants. These changes can be attributed to structural rearrangements occurring
upon DNA binding. The R401D mutation of the LeuZip caused a decrease in a-helical content in the
absence of DNA, a decrease in disorder in the absence of DNA, and an increase in turns both in the
absence and presence of DNA. A539P FOXP2 (LeuZip - end) had a lower proportion of a-helices in the
absence of DNA, and a lower proportion of B-strands in the presence of DNA, compared to the
wild-type. In the absence of DNA, R401D/A539P FOXP2 (LeuZip - end) had a lower proportion of
a-helices and disorder, and a higher proportion of B-strands than the wild-type, with no significant
differences observed in the presence of DNA. Overall, the secondary structures of the proteins were

similar under non-reducing and reducing conditions.
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Figure A2: Analyses of secondary structural elements of FOXP2 (LeuZip - end) variants in the absence (A) and presence (B)
of DNA, under non-reducing conditions. Quantitative analyses of data obtained from far-UV CD spectropolarimetry at 0 mM
DTT indicating the proportion of a-helices, B-strands, turns, and unordered regions in each FOXP2 (LeuZip - end) variant.
Statistical significance of differences between the proportions of secondary structural elements are indicated by two-sample

t-tests (*p < 0.05, ** p <0.01, and *** p < 0.001). Analyses were computed using DichroWeb (Whitmore and Wallace, 2004,
2008).
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APPENDIX B: INTRINSIC TRYPTOPHAN FLUORESCENCE SPECTROSCOPY (NON-REDUCING

CONDITIONS)

Intrinsic tryptophan fluorescence spectroscopy was conducted under non-reducing conditions (see
3.3.2 Intrinsic tryptophan fluorescence spectroscopy for reducing conditions). This was useful for
gaining insight into the protein folds under non-reducing conditions, to aid interpretation of protein
thermal unfolding and fluorescence anisotropy DNA-binding assays, which were conducted under
non-reducing conditions. Spectra were measured on 5 uM protein in the absence and presence of
2.5 uM DNA, without DTT. Much like under reducing conditions, the spectrum of each protein had a
double peak both in the absence and presence of DNA (Figure B1A), and fluorescence quenching
occurred upon DNA binding of all FOXP2 (LeuZip - end) proteins (Figure B1A). Comparisons between
the maximum intensities at 339 nm of the DNA-bound proteins normalised relative to the unbound
proteins were plotted as a bar graph (Figure B1B). In the presence of DNA, the normalised fluorescence
intensities of R401D, A539P and R401D/A539P FOXP2 (LeuZip - end) were significantly higher than
that of the wild-type. Therefore, the environments of the tryptophan residues differed, possibly due

to differences in the DNA-protein contacts formed for each protein.
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Figure B1: Intrinsic tryptophan fluorescence spectra of FOXP2 (LeuZip - end) variants (A) and comparison of the emission
maxima in the presence of DNA (B), measured under non-reducing conditions. Spectra were measured on 5 uM protein, in
the absence (solid lines) and presence (dotted lines) of 2.5 uM DNA at 0 mM DTT (A). Spectra showed no differences in the
absence of DNA. Fluorescence intensities of all FOXP2 (LeuZip - end) variants were quenched significantly upon DNA binding
(p < 0.01 for wild-type and R401D FOXP2 (LeuZip - end), and p < 0.001 for A539P and R401D/A539P FOXP2 (LeuZip - end)).
Data points were normalised between 0 and 1 relative to the unbound proteins, and the emission maxima at 339 nm were
compared in the presence of DNA (B). Statistical significance of differences between the normalised emission maxima are

indicated by two-sample t-tests (*p < 0.05, ** p < 0.01, and *** p < 0.001).
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Overall, the intrinsic tryptophan fluorescence of the proteins was similar under non-reducing and
reducing conditions with the exception of R401D/A539P FOXP2 (LeuZip - end). Under non-reducing
conditions, the normalised fluorescence intensity of DNA-bound R401D/A539P FOXP2 (LeuZip - end)
was higher than that of the wild-type whereas under reducing conditions, the normalised fluorescence
intensity of DNA-bound R401D/A539P FOXP2 (LeuZip - end) was lower than that of the wild-type. This
could be due to a difference in protein fold between the two environments, especially since
R401D/A539P FOXP2 (LeuZip - end) was predicted to have a solvent-accessible cysteine residue
(Figure 3.15). R401D and A539P FOXP2 (LeuZip - end) showed a higher normalised fluorescence
intensity relative to the wild-type when bound to DNA, under both non-reducing and reducing

conditions.
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APPENDIX C: SIZE EXCLUSION CHROMATOGRAPHY (NON-REDUCING CONDITIONS)

Size exclusion chromatography was conducted under non-reducing conditions (see 3.3.3 Size
exclusion chromatography for reducing conditions). This was useful for gaining insight into the protein
oligomeric states under non-reducing conditions, to aid interpretation of protein thermal unfolding
and fluorescence anisotropy DNA-binding assays, which were conducted under non-reducing
conditions. Samples of each protein were prepared and loaded onto the column. The elution volume
was determined for each peak and the equation of the calibration curve (Figure 3.20) was used to

calculate the corresponding sizes. The elution profiles are shown in Figure C1.

A small shoulder appeared in the peak of wild-type FOXP2 (LeuZip - end) that did not occur under
reducing conditions. Based on the oligomeric states assigned to the peaks under reducing conditions,
this shoulder could represent a small proportion of a disulfide linked octamer. There were no major
differences in the quaternary structure of A539P FOXP2 (LeuZip - end) between reducing and
non-reducing conditions. Ignoring the peak in the void volume, R401D FOXP2 (LeuZip - end) was
predominantly trimeric, which was observed under reducing conditions, but a hexameric species
formed that was not present under reducing conditions. R401D/A539P FOXP2 (LeuZip - end) consisted
predominantly of a dimeric species with a small proportion of hexamer. Under reducing conditions, a
trimeric species was seen instead of the R401D/A539P FOXP2 (LeuZip - end) hexamer, so the

formation of the hexamer was due to disulfide bonding.

Therefore, under non-reducing conditions disulfide bonding contributed to the formation of higher
order oligomers that were not observed under reducing conditions. The differences were most
significant for R401D and R401D/A539P FOXP2 (LeuZip - end). Thus, the R401D mutation appears to
expose buried cysteine residues, the effects of which were apparent in R401D/A539P FOXP2
(LeuZip - end). This was unexpected since R401D FOXP2 (LeuZip - end) was not predicted to have any
solvent-accessible cysteine residues, whereas wild-type, A539P and R401D/A539P FOXP2
(LeuZip - end) were predicted to have solvent-accessible cysteine residues (Figure 3.15). However, as
previously mentioned, inaccuracies could arise in the structures of the FOXP2 (LeuZip - end) variants
since they are based on predictions. In addition, the structures represent only a single proposed
conformation adopted by each protein, but experimentally derived data such as size exclusion
chromatography data applies to the average of a multitude of conformations adopted by each protein
(Bernadd and Blackledge, 2010). The solvent-accessibility of the cysteine residues could fluctuate

depending on the conformation of each protein.
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Figure C1: Size exclusion chromatography elution profiles of wild-type (A), R401D (B), A539P (C) and R401D/A539P (D)

FOXP2 (LeuZip - end), under non-reducing conditions. Samples were prepared with 25 - 35 uM protein at 0 mM DTT. Data

points were normalised between 0 and 1. Wild-type FOXP2 (LeuZip - end) (A) consisted of a single major peak at 246 kDa.

The R401D mutation caused a new peak to appear at 124 kDa (B). The A539P mutation did not cause any substantial changes

on its own, with the major peak of A539P FOXP2 (LeuZip - end) corresponding to 261 kDa (C). However, combined with the

R401D mutation, the effects of the A539P mutation were observed with the appearance of a smaller species at 99 kDa (D).

The peaks in the void volume (V,) could be due to large protein masses, since these peaks are much more pronounced in

R401D and R401D/A539P FOXP2 (LeuZip - end), which could be on account of incorporation of the R401D mutation

enhancing the formation of large protein masses by the exposure of buried LeuZip hydrophobic patches.
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APPENDIX D: ELECTROPHORETIC MOBILITY SHIFT ASSAYS (NON-REDUCING CONDITIONS)

EMSAs of R401D and R401D/A539P FOXP2 (LeuZip - end) were conducted under non-reducing
conditions (see 3.4.1 Electrophoretic mobility shift assays for reducing conditions). This enabled
comparison with size exclusion chromatography data obtained under non-reducing conditions.
Images of the EMSAs are shown in Figure D1. For both proteins, the DNA-protein complexes resolved
as double bands, which indicated the presence of two DNA-bound protein species. Bands representing
free DNA occurred lower on the gel. EMSA results were in agreement with size exclusion
chromatography results (Figure C1), since both techniques showed two major species for R401D and
R401D/A539P FOXP2 (LeuZip - end) under non-reducing conditions. As with EMSAs conducted under
reducing conditions, there was no evidence of the size exclusion chromatography peaks that occurred

in the void volume on the EMSAs.
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Figure D1: Electrophoretic mobility shift assays comparing the number of DNA-bound species present of R401D (A) and
R401D/A539P (B) FOXP2 (LeuZip - end), under non-reducing conditions. A DNA concentration of 0.5 uM was used. The first
and last lanes of each assay contained free DNA, and the concentration ratio of protein to DNA was increased in the
remaining lanes from 3:1 to 1:35. Sample compositions are indicated below each lane. Samples were prepared at 0 mM DTT.
Lower bands represent unbound DNA and upper bands represent DNA-protein complexes. R401D and R401D/A539P FOXP2

(LeuZip - end) both bound DNA as two species, as seen from the double bands.
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APPENDIX E: FLUORESCENCE ANISOTROPY DNA-BINDING ASSAYS (REDUCING CONDITIONS)

Fluorescence anisotropy assays were conducted to assess the DNA-binding affinities of the proteins
under reducing conditions, since structural characterisations and acrylamide fluorescence quenching
— which evaluated the effects of DNA binding on the proteins with respect to structure and dynamics
— were conducted under reducing conditions. Thus, DNA-binding affinities were compared in both
environments, and it was ensured that the relative affinities of the FOXP2 (LeuZip - end) proteins for
DNA were equivalent under non-reducing and reducing conditions (see 3.4.2 Fluorescence anisotropy

DNA-binding assays for non-reducing conditions).

Labelled DNA (with a 5-carboxy-X-rhodamine fluorescent marker) at a concentration of 200 nM was
combined with the proteins at concentrations of up to 6000 nM. The resulting fluorescence anisotropy
signals were measured and used to plot DNA-binding isotherms (Figure E1). The Kps for DNA binding
were 591 + 78.5 nM, 815 + 113 nM, 890 + 71.3 nM and 1065 * 126 nM, for wild-type, R401D, A539P
and R401D/A539P FOXP2 (LeuZip - end), respectively. Therefore, the DNA-binding affinities were
wild-type > R401D > A539P > R401D/A539P, arranged from strongest to weakest affinity. This was in

agreement with results obtained under non-reducing conditions (Figure 3.27).

Although the DNA-binding affinities of the FOXP2 (LeuZip - end) variants relative to each other were
equivalent under non-reducing and reducing conditions, the addition of DTT resulted in an
approximate 1.4 - 1.8 fold decrease in DNA-binding affinity for all proteins. Like other thiols, DTT is
capable of generating hydroxyl radicals and other oxidative species, which can create DNA nicks and
cause damage to DNA bases (Aruoma et al., 1991; Hanna and Mason, 1992; Misra and Fridovich, 1971,
Reed and Douglas, 1989, 1991). While previous studies suggested that the effects of DTT on DNA are
copper-dependent, a more recent study showed that DTT is capable of creating DNA nicks in
double-stranded DNA without any added copper, at concentrations of 0.1 - 10 mM DTT (Fjelstrup et
al., 2017; Misra and Fridovich, 1971; Reed and Douglas, 1991). Thus, the decreased DNA-binding
affinity observed under reducing conditions could be due to DTT-induced DNA damage, resulting in a

loss of FOXP2 DNA binding.
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Figure E1l: Fluorescence anisotropy DNA-binding assays of wild-type, R401D, A539P and R401D/A539P FOXP2

(LeuZip - end), under reducing conditions. The concentration of DNA was maintained at 200 nM, and the protein

concentration was increased from 0 nM to 6000 nM. Samples were prepared at 2 mM DTT. Data points were normalised

relative to the anisotropy of free DNA. DNA-binding isotherms were fit with a single-site model. Dissociation constants

derived from the isotherms showed that wild-type FOXP2 (LeuZip - end) bound DNA with the highest affinity

(Ko = 591 + 78.5 nM) and R401D/A539P FOXP2 (LeuZip - end) bound DNA with the lowest affinity (Ko = 1065 + 126 nM).

DNA-binding affinities of R401D FOXP2 (LeuZip - end) (Kp = 815 + 113 nM) and A539P FOXP2 (LeuZip - end)

(Ko =890 + 71.3 nM) were intermediate to that of wild-type and R401D/A539P FOXP2 (LeuZip - end).
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