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Abstract 

 

The FOXP proteins are classified amongst the forkhead box superfamily of transcription 

factors due to their highly conserved forkhead winged-helix domain (FHD). It is through this 

domain that FOX transcription factors are able to bind DNA in order to perform crucial roles 

in the regulation of gene transcription from development through adulthood. The FHD of 

FOXP1, FOXP2 and FOXP3 is remarkably unique in its ability to establish domain-swapped 

dimerization, postulated to drive interchromosomal interactions to regulate the transcription of 

distal genetic material. The FOXP1 and FOXP2 proteins are co-expressed and have also been 

demonstrated to directly interact in vivo and in vitro via a domain upstream of the FHD. 

Similarly, the FOXP1 and FOXP3 proteins have been established to form direct heterotypic 

interactions to function in regulatory T-cells (Treg). Provided that the FOXP FHD has the 

exceptional capability for dimerization, the study of the heterodimerization of the FHDs of 

these FOXP transcription factors may provide insight into the role of FHD-dimerization and 

its importance in the physiological roles of these proteins. Therefore, the aim of this work was 

to investigate whether a FOXP FHD heterodimerization event can occur between the FOXP1 

and FOXP2 FHDs as well as between the FOXP1 and FOXP3 FHDs. The three FHD proteins 

were expressed and isolated for downstream interaction studies. The activity of the purified 

FHDs was studied using basic electrophoretic mobility shift assay. Their secondary and tertiary 

structures were characterized with circular dichroism and intrinsic fluorescence spectroscopies. 

Concentration-dependent size exclusion chromatography was employed to study their 

propensity for dimerization and fluorescence anisotropy was used to investigate both the homo- 

and heterodimerization of the FHDs. It was revealed that FOXP3 FHD showed the highest 

propensity to homodimerize, whilst FOXP2 FHD showed the weakest propensity. Despite this, 

the homodimers of FOXP1 FHD appear to be less stable than that of the FOXP2 FHD. The 

heterodimerization studies suggest that FOXP1 FHD has preference in forming heterotypic 

associations with FOXP3 FHD rather than FOXP2 FHD. 
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Chapter 1 

Introduction 

 

1.1) Transcription Factors 

The up- and down-regulation of genes form the basis of gene regulation and is governed by a 

large group of diverse proteins known as transcription factors (TFs). Essentially, TFs regulate 

gene expression through their interactions with specific DNA sequences in the cis-regulatory 

regions and therefore all TFs contain a domain for DNA binding (Jacob and Monod, 1961; Zhu 

and Huq, 2011). Since these DNA binding domains are conserved in structure, TFs are 

classified into families based on the structure of their DNA binding domain (Latchman, 1993). 

These proteins contain additional domains for dimerization and transcriptional activation or 

repression, making them modular in nature (Yang, 1998). Since their discovery, over 1 600 

TFs have been identified in the mammalian genome (Lambert et al., 2018). When bound to 

DNA, these TFs may either promote or prevent the recruitment of the transcriptional machinery 

to the gene promoter region and thereby either activate or repress transcription (Castellanos et 

al., 2020). In turn, by regulating gene expression, TFs coordinate numerous critical biological 

processes including, but not limited to, reproduction, immunity, development, and tissue 

specificity (Villicaña et al., 2014; Zhou et al., 2017). Examples of common DNA-binding 

domain classes include the leucine zipper, zinc finger, helix-turn-helix (HTH) and helix-loop-

helix (Figure 1) (Pabo and Sauer, 1992). The leucine zipper motif encompasses two alpha 

helices that form a coiled-coil structure (Ma et al., 1994; Yesudhas et al., 2017). The zinc finger 

motif involves the coordination of a zinc ion by cysteine and histidine residues, which stabilizes 

the protein-DNA interaction (Pabo and Sauer, 1992). The basic helix-loop-helix motif 

comprises of two alpha helices separated by a loop whilst in the helix-turn-helix motif, a turn 

separates the two alpha-helices, which fits into the major groove of the DNA to facilitate 

hydrogen bonding with the base pairs (Ma et al., 1994; Yesudhas et al., 2017). Since the DNA 

in every cell of a multicellular organism is similar, tissue specificity is achieved through unique 

expression patterns of TFs (Sonawane et al., 2017). For instance, specific TFs may be 

expressed in a particular tissue and repressed in another. This regulation of TF activity through 

activation and repression is controlled either through specific stimuli, alterations in protein-

protein associations, the binding of a ligand or post-translational modifications such as 



phosphorylation (Latchman, 1993; Pabo and Sauer, 1992). In this way, the expression of a 

specific set of genes is controlled. 
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Figure 1: Common structural classes of DNA-binding domains. The DNA-binding domains of 

all transcription factors exhibit a particular motif used to classify them. A) The leucine zipper motif 

encompasses two alpha-helices that form a coiled-coil structure. Both alpha-helices interact with 

DNA via the major groove to regulate transcription. The leucine-zipper structure was rendered 

using PyMol (PDB: 1ysa). B) The general structure of a basic zinc finger domain, consisting of the 

coordination of zinc ions by cysteine and histidine residues, which stabilize the protein-DNA 

interaction. To interact with DNA, helix I, helix II and helix III bind to the major grooves of DNA. 

PyMol was used to render this structure (PDB: 4m9e). C) The basic structure of a helix-turn-helix 

domain, composed of a turn separating two alpha-helices. The recognition helix (helix II) interacts 

with the major groove of DNA to facilitate hydrogen bonding with the base pairs. The structure 

was rendered by PyMol (PDB: 5d5v). D) Structure representing a basic helix-loop-helix motif 

protein comprised of two alpha-helices separated by a loop. The recognition helix (helix I) interacts 

with the minor groove of DNA. This structure was rendered by PyMOL (PDB: 1mdy). Adapted 

from (Ma et al., 1994; Yesudhas et al., 2017) 



The regulation of gene expression presents a very complex process. For successful transcription 

to occur, TFs need to bind either to the promoter or enhancer regions of the target gene. In the 

case of transcriptional repression, TFs may bind to the silencer regions. In all these regions, the 

TFs recognize a short sequence of approximately 6-10 base-pairs in length (Badis et al., 2009; 

Bryne et al., 2008). Both specificity and affinity are important in the binding of TFs to specific 

DNA sequences (Rohs et al., 2010). When a TF recognizes and binds its specific site on the 

basis of the shape and charge complementarity between the bases of DNA and the amino acid 

side chains, this is referred to as specificity (Rohs et al., 2010). The strength and number of 

interactions occurring between them is linked to the affinity a TF has for a particular sequence 

such that a low-affinity or high-affinity between the TF and DNA suggests a weaker or greater 

attraction, respectively (Rohs et al., 2010). However mere binding of TFs to these target sites 

is insufficient (Latchman, 1993). These proteins are also required to interact with additional 

factors including other TFs, cofactors and RNA polymerase II itself, using their activation 

domains to mediate transcription (Latchman, 1993).  

Since numerous genes are required to be expressed simultaneously in each eukaryotic cell, a 

crucial feature required by all TFs is the ability to quickly recognize their target sequence 

(Bintu et al., 2005). This may be achieved by two distinct mechanisms of diffusion, functioning 

together to accelerate the process for a TF to locate its target site (Esadze et al., 2014). Firstly, 

due to the fact that TFs are able to bind with low affinity to any DNA sequence (von Hippel 

and Berg, 1989), this non-specificity allows the TFs to slide along the DNA in search for their 

high affinity target site (Berg et al., 1981; Tempestini et al., 2018). The second mechanism 

involves the transfer of the TFs from one region of DNA to another in transient spatial 

proximity (Gorman and Greene, 2008). In addition to DNA binding specificity and affinity, 

oligomerization of TFs also enhances accessibility of the TF target sites (Amoutzias et al., 

2008). Indeed, numerous eukaryotic TFs regulate gene expression through the fundamental 

process of oligomerization (Amoutzias et al., 2008). 

 

1.1.1 Transcription Factor Dimerization 

Dimerization is a form of oligomerization process that occurs when two monomers interact to 

form a functional protein complex (Klemm et al., 1998). Dimers formed between two identical 

and non-identical protein monomers are referred to as homo- and heterodimers, respectively. 

A number of transcriptional regulators consist of specialized domains for protein-protein 



oligomerization (Hu et al., 1990). The oligomerization process occurs either at the DNA-

binding domain or through adjacent domains such as a leucine zipper motif (Funnell and 

Crossley, 2012). Most TFs require the formation of active dimers to bind DNA and fulfil their 

functions (Funnell and Crossley, 2012). This is accomplished by specific DNA-binding 

structural classes that depend on specific homo- and heterodimer formation to generate a 

functional DNA recognition site (Hu et al., 1990). For instance, several DNA-binding 

structural classes including the leucine zipper and the helix-loop-helix domains require 

dimerization before the TFs are able to bind DNA (Figure 2) (Funnell and Crossley, 2012).  

The dimerization process may either have a positive (activation) or a negative (repression) 

effect on gene transcription. Indeed, many of the biological processes, including metabolism, 

the cell cycle, apoptosis and even development itself, rely on the formation of TF dimers 

(Amoutzias et al., 2008). Dimerization enhances the DNA-binding specificity of the TFs 

because it results in an increased surface area, providing greater potential for DNA-protein 

interactions (Klemm et al., 1998). Furthermore, since dimerization is mediated via highly 

conserved domains, dimers increase the stability of the TF (Marianayagam et al., 2004). A 

single TF monomer is able to interact with different protein partners to form dimers, and the 

different dimers exhibit different properties, thereby mediating differential gene regulation and 

functions (Amoutzias et al., 2008). 

The leucine zipper is an integral example of a dimerization motif that has been studied 

immensely (Kouzarides and Ziff, 1988; Landschulz et al., 1988; O’Shea et al., 1989). 

Structurally, this motif is alpha-helical and is identified by the presence of leucine residues at 

every seventh position (Hu et al., 1990). During homo- and heterodimerization, two leucine 

repeats form a coiled-coil conformation by aligning in a parallel fashion as observed in the 

GCN4 (Figure 2B) and Jun-Fos transcription factors (Kouzarides and Ziff, 1988; Landschulz 

et al., 1988; O’Shea et al., 1989). The Jun and Fos proto-oncogenes exhibit a role in signal 

transduction pathways and have a strong tendency to form heterodimers with each other, 

consequentially binding DNA with high affinity (Kouzarides and Ziff, 1988). These 

heterodimers therefore offer increased complexity which in turn offers increased stability as 

well as regulation of binding site accessibility (Kouzarides and Ziff, 1988).  

The helix-loop-helix motif has also been described for a class of DNA-binding TFs with a 

dimerization domain (Murre et al., 1989; Jones, 2004). A number of TFs involved in the 

regulation of cellular proliferation and differentiation contain the helix-loop-helix motif (Murre 



et al., 1989; Jones, 2004). The defining feature of proteins bearing this motif is the remarkable 

ability of the helix-loop-helix to form heteromeric associations with a variety of proteins 

similarly bearing the helix-loop-helix motif (Murre et al., 1989; Jones, 2004). For instance, the 

muscle-specific factors MyoD and myogenin, as well as the immunoglobulin gene enhancer 

binding proteins E12 and E47 are capable of forming heteromeric complexes with each other 

(Murre et al., 1989; Jones, 2004).  
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Figure 2: Dimerization of transcription factors. A) Representing the dimerization of 

the two helix-loop-helix motifs. Both the Myc (purple) and Max (blue) are monomeric 

TFs each containing two alpha-helices (helix I and helix II) separated by a loop. Since 

their helix II comprises of heptad repeats of leucine residues, these alpha-helices 

dimerize, forming a coiled-coil leuzine zipper. This dimerization is an example of a 

heterotypic interaction and mediates DNA binding via helices I (PDB: 1nkp). B) The 

structure of the monomeric general control transcription factors. Each alpha-helix 

comprises of heptad repeats of leucine residues, interacting to form an active leucine 

zipper dimer that binds to the major groove of DNA. This interaction is an example of 

homodimerization, whereby two similar monomers interact to form an active dimer that 

is essential for transcriptional regulation (PDB: 1ysa). Dimerization of transcription 

factors regulate the transcriptional activity of these proteins. Adapted from (Vinson et 

al., 2002; Yesudhas et al., 2017). 



1.2) Forkhead Box (FOX) Proteins 

The forkhead box (FOX) superfamily refers to one of the largest classes of transcriptional 

regulators (Clark et al., 1993; Thulo et al., 2021). Since their discovery in a wide variety of 

species ranging from yeast to human, hundreds of transcription factors have been identified 

(Benayoun et al., 2011; Golson and Kaestner, 2016; Weigel et al., 1989). In humans, 

approximately 50 FOX members have been reported (Benayoun et al., 2011). These proteins 

are unified by a highly conserved winged helix motif termed the forkhead domain (FHD), with 

which these transcription factors bind DNA to regulate transcription of numerous genes 

(Kaufmann and Knöchel, 1996; Mazet et al., 2003). While the presence of the FHD is 

distinctive of the FOX superfamily, comparison of the sequence of the TFs has further 

classified them into 19 subfamilies (FOXA-FOXS) on the basis of sequence similarity both in 

the FHD and the remaining sequence (Hannenhalli and Kaestner, 2009). The roles that these 

FOX proteins play extend beyond the development of various organs such as the heart, 

pancreas, lungs and brain (Hannenhalli and Kaestner, 2009). They have also been established 

to regulate key biological processes such as metabolism, cellular proliferation and 

differentiation, ageing, and immunity amongst many other processes (Friedman and Kaestner, 

2006; Kaufmann and Knöchel, 1996). Due to the diverse functions in which the FOX proteins 

partake, they are expressed ubiquitously during early development as well as throughout adult 

life (Lu et al., 2002), and it is therefore no surprise that these proteins are implicated in a variety 

of diseases including congenital disorders and cancer (Lam et al., 2013; Stroud et al., 2006). 

 

1.2.1 The FOXP Subfamily 

1.2.1.1 Structure  

The FOXP subfamily encompasses four transcription factors (FOXP1-FOXP4), all of which 

contain multiple domains, particularly unique to their subfamily. These proteins share a 

conserved leucine zipper domain and zinc finger motif in addition to the FHD (Figure 3) (Li, 

C. and Tucker, 1993). Furthermore, with the exception of FOXP3, the other FOXP members 

contain a highly acidic region of 70 amino acid residues at the C-terminus while a poly-

glutamine tract is evident at the N-terminus consisting of approximately 37 to 40 residues (Li, 

S. et al., 2004). In the FOXP3 protein, the N-terminal poly-glutamine tract is replaced by a 

poly-proline stretch (Xie et al., 2015), and the protein is truncated at the C-terminus compared 

to the other FOXP proteins where it ends with approximately 11 amino acid residues after the 



FHD (Schubert et al., 2001). The role of each structural element of the FOXP proteins has been 

well studied, indicating that while the leucine zipper is required for homo- and heterotypic 

dimerization, the role of mediating protein-protein associations has been linked to the Cys2/His2 

zinc finger and poly-glutamine tract, whereby this tract is crucial for the activity of repression 

by these FOXP proteins (Monaghan et al., 1993). Indeed, disruption of the poly-glutamine 

stretch inhibits the repression of target gene transcription (Koon et al., 2007). Interestingly, the 

zinc finger has also been implicated in non-direct dimerization, and this may be linked to the 

fact that there is a direct link between the α-helices of the zinc finger and the leucine zipper 

motifs (Song et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to the fact that the abovementioned structural elements are particularly unique to 

the FOXP proteins, there are also slight differences in FHD structure of the FOXP transcription 

factors compared to that of the other FOX proteins. Firstly, the FHDs of FOXP proteins consist 

Figure 3: Schematic diagram showing the general architecture of FOXP transcription 

factors. The FOXP proteins consist of multiple domains including the highly conserved C 

terminus Forkhead domain which binds DNA, a C2H2 zinc finger and leucine zipper motif. 

While FOXP3 exhibits an N-terminal polyproline region, this is replaced by a poly-glutamine 

region in the other FOXP transcription factors. FOXP1, FOXP2 and FOXP4 also exhibit a C-

terminal acidic tail which is absent in FOXP3. (Image constructed using Microsoft 

PowerPoint). 



of a 310 helix, termed helix 4 (H4), which occurs in the turn between H2 and H3 (Figure 4) 

(Stroud et al., 2006). Secondly, the wing regions W1 and W2 have been shown to be truncated 

and shortened, respectively (Figure 4 and 5) (Stroud et al., 2006). Indeed, in conventional FOX 

proteins, a 5-7 amino acid insert (W1) occurs between strands S2 and S3 whereas these strands 

are joined closely by a simple type I turn in the FOXP proteins (Stroud et al., 2006). 

Additionally, unlike the other FOX proteins, which contain an extended loop (W2) that is used 

to extensively contact the DNA, this region is replaced by a shortened helix 5 (H5) in the FOXP 

members, resulting in fewer contacts between H5 and DNA (Figure 4) (Stroud et al., 2006). 

Interestingly, the FHD of most FOX transcription factors is located at the N-terminal side of 

the protein, but this is not the case with the FOXP proteins which exhibit their FHD at the C-

terminus (Clark et al., 1993). Within this canonical FHD of the P subfamily, FOXP1 shares a 

very high protein identity of 88% and 89% with FOXP2 and FOXP4, respectively, and a protein 

identity of 76% with FOXP3 (Figure 5) (Chu et al., 2011) .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Comparison of the forkhead domains of FOX proteins folded into the winged 

helix motif. A) Forkhead domain structure of FOXO3 showing the typical architecture of FOX 

proteins consisting of 3 α-helices (H1, H2, H3), 3 β-strands (S1, S2, S3) and two flexible loops 

or “wings” (W1, W2). B) FOXP proteins however exhibit slight structural differences such that 

the stretch occurring between H2 and H3 is replaced with a 310 helix (H4) in FOXP proteins, and 

W1 and W2 are truncated and shortened, respectively. PDB codes: 2UZK (FOXO3) and 2A07 

(FOXP2). Structures were rendered employing PyMOL. 
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1.2.2.2 Physiological Roles 

Approximately 55-65% sequence similarity is observed in the full length FOXP1, FOXP2 and 

FOXP4 transcription factors while their FOXP3 counterpart shows structural divergence 

(Teufel et al., 2003). The sequence of a protein determines its final structure and the functions 

in which it will participate. Indeed, while the FOXP1, FOXP2 and FOXP4 proteins are highly 

expressed and exhibit overlapping developmental roles in the gut, lung and brain (Shu et al., 

2001), the expression of FOXP3 is limited to regulatory T cells where it participates in the 

immune response (Fontenot et al., 2003). Rather than activating transcription, the members of 

the FOXP subfamily have been suggested to act as transcriptional repressors, and mutations 

introduced particularly in the FHD of these proteins result in disease (Li, S. et al., 2004).  

The FOXP1 protein was first discovered in B-cells during a transcription factor-detection 

screening test (Li, C. and Tucker, 1993). Since then, this protein has been established to 

participate in a plethora of functions including the development and differentiation of B-cells 

and monocytes, respectively (Hu et al., 2006; Shi et al., 2004). In the heart, FOXP1 has been 

observed to facilitate the development of the cardiac valves (Wang et al., 2004), and participate 

in lung development (Shu et al., 2001). This TF is extensively expressed in the brain where it 

regulates neural connectivity and also plays a major role in cognition (Wang et al., 2003). 

Dysregulation of FOXP1 has been greatly associated with autism (Co et al., 2020). 

Furthermore, FOXP1 has been linked to a variety of cancers, where it is considered as a tumour 

suppressor gene (Huebner, 2001; Zabarovsky et al., 2002). This is because FOXP1 is situated 

in the chromosome 3p14.1 region that often facilitates loss of heterozygosity in distinct 

tumours (Huebner, 2001; Zabarovsky et al., 2002). Therefore the inhibition of transcriptional 

activities of this TF, due to decreased FOXP1 mRNA or protein levels, causes the development 

and progression of cancer (Banham et al., 2001).  

Similarly, the FOXP2 protein is extensively expressed in the brain. Particularly, this TF is 

expressed in regions of the brain that are greatly associated with speech and language function 

and include the cerebellar Purkinje cells as well as the striatum medium spiny and cortical 

neurons (Enard et al., 2002; Lang et al., 2019). The FOXP2 gene is situated on chromosome 

7q31 (Lang et al., 2019). Through genome-wide studies, this locus has been established to be 

susceptible to mental disorders (Lang et al., 2019). Indeed, mutations in FOXP2 lead to 

schizophrenia (Co et al., 2020; Lang et al., 2019). Additionally, like most FOX proteins, 

FOXP2 has a diverse repertoire of functions in signal transduction pathways as well as in the 



development of distinct tissues such as the kidneys, intestines, skeletal muscles, and the distal 

epithelia of the lungs (Bowers and Konopka, 2012; Kurt et al., 2012; Shu et al., 2001). 

The major difference between FOXP3 and the other FOXP proteins is its ability to regulate 

transcription by acting both as an activator and a repressor (Li, S. et al., 2004). This protein 

serves as the marker for the differentiation of regulatory T cells in the immune system 

(Fontenot et al., 2003), and interruption of the FOXP3 function results in a rare immunological 

syndrome known as IPEX syndrome (Immune dysregulation, polyendocrinopathy, 

enteropathy, X-linked syndrome) (Estruch et al., 2018). 

FOXP4, the least studied member, functions within the kidneys, lungs, liver, heart and brain 

where it is co-expressed with FOXP1 and FOXP2 (Teufel et al., 2003). A recent study has 

shown that FOXP4 is expressed at high levels in adipocytes where it regulates thermogenic 

gene expression and function (Perie et al., 2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Sequence alignment of the forkhead domain of the FOXP proteins and their selected 

siblings. The FHD of FOXP transcription factors show slight differences in their sequences compared to 

the other FOX proteins. FOXP proteins contain a helix 4 (H4) between helices H2 and H3. Furthermore, 

the wing region (W1) is truncated (blue box) and (W2) is shortened, creating a helix (H5) (green box). 

Additionally, the sequence in the hinge loop region indicate a base substitution from proline to alanine 

amino acid residue in FOXP proteins (red box). The figure was adapted from Stroud et al., 2006. 

 

  



1.2.2 DNA Binding by FOXP Proteins 
 

In order to carry out their transcriptional regulatory roles, transcription factors are required to 

interact with their target DNA sequences through their DNA-binding domain. For the FOX 

proteins, this domain is referred to as the canonical FHD (Kaufmann and Knöchel, 1996), and 

upon binding, the recognition helix (H3), contacts the major groove of the DNA in a distinct 

sequence-specific manner (Webb et al., 2017). For instance, the FOXP proteins are capable of 

binding the same DNA sequence, though with varying affinities (Li, S. et al., 2004; Webb et 

al., 2017). Although, non-specific contacts between the DNA and FHD of the FOXP proteins 

drive DNA binding, there are also specific interactions including hydrogen bonding and ionic 

interactions that serve a crucial role in DNA binding (Morris et al., 2018). In vitro studies 

suggest that the binding of FOXP proteins, such as FOXP2, to DNA is both greatly 

enthalpically driven and entropically favourable which has confirmed that FOXP FHD 

recognises and binds specifically to the major groove of DNA (Morris and Fanucchi, 2016). 

These studies indicate that upon DNA binding, the FOXP2 FHD changes conformation as a 

result of the increased entropy (Morris and Fanucchi, 2016). Essentially, these FHD proteins 

lose their flexibility upon DNA binding and their backbone becomes less solvent exposed 

(Morris et al., 2018). This is supported by the fact that ionic contacts are the major factors 

contributing largely to DNA-FOXP2 FHD interactions, facilitating high affinity (Morris et al., 

2018). 

The FOX transcription factors are said to interact with DNA in the monomeric form (Li, S. et 

al., 2004). However, although this holds true for most FOX proteins, those belonging to the 

FOXP subfamily differ in that these proteins exhibit the ability to form homo- and heterodimers 

(Li, S. et al., 2004). Studies suggest that in order for the FOXP members to bind to DNA in 

vivo, it is crucial that they dimerize via their leucine zipper motif (Li, S. et al., 2004). This may 

be supported by the fact that gene regulation is controlled by a crucial mechanism where 

transcriptional regulators perform in a combinatorial manner to generate complexes specific to 

their roles such as the development of organs (Silbereis et al., 2016; Smith and Matthews, 

2016). Therefore, transcription factors rely on the co-expression of other transcription factors 

such as the case with FOXP1, FOXP2 and FOXP4 (Estruch et al., 2018). Although, leucine-

zipper associations are a requirement for DNA binding by FOXP proteins in vivo, this necessity 

is annulled by the fact that isolated FHDs maintain their ability to bind DNA in vitro (Morris 

and Fanucchi, 2016; Stroud et al., 2006).  



1.2.3 FOXP Dimerization 
 

There are two dimerization interfaces described in the FOXP proteins. As stated above, one of 

these interfaces is the leucine zipper, and the second interface described is the canonical FOXP 

FHD. The leucine zipper interface has been shown to facilitate both homo- and heterotypic 

associations of the full-length protein, resulting in dimers and higher order oligomers (Song et 

al., 2012; Thulo et al., 2020). Associations via the leucine zipper domain mediate DNA binding 

of FOXP proteins and are crucial for transcriptional regulation (Sin et al., 2015). Indeed, 

specific regulation of gene transcription has been shown to be mediated by homo- and 

heterodimerization of FOXP1, FOXP2 and FOXP4 (Sin et al., 2015). Furthermore, studies 

suggest that the FOXP3 leucine zipper is both pivotal and sufficient to mediate 

heterodimerization with FOXP1 (Wang et al., 2003), but there has been nothing discovered 

about FOXP3 heterodimerization with FOXP2 and FOXP4. The leucine zipper of FOXP3 has 

been solved by crystallography and shows that the motif exhibits an anti-parallel coiled coil 

structure that is loosely packed (Song et al., 2012). Oligomerization via the FOXP3 leucine 

zipper is achieved by high order packing between dimers (Figure 6) (Song et al., 2012). Since 

a high protein similarity between the members of the P subfamily is observed, the mechanisms 

of oligomerization may be similar, indicating that FOXP1, FOXP2 and FOXP4 may exhibit 

capabilities of forming oligomers through their leucine zipper.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: FOXP3 homodimerization and oligomerization via the leucine zipper 

motif. The FOXP3 protein has the ability to form dimers through the interactions of 

its leucine zipper. This protein may also form oligomers via the leucine zipper through 

the interactions of FOXP3 dimers. Adapted from Song et al., 2012. 

 



The FOXP FHDs have been suggested to form homodimers in solution (Li, S. et al., 2004). 

Indeed, crystal structures have shown that the FHD of the FOXP proteins exist in two forms 

including the monomeric form which is alike the FHDs of the other superfamily members, and 

the dimeric form which is a characteristic unique to the FOXP members (Stroud et al., 2006). 

Despite the fact that the FOXP proteins are able to dimerize via their FHD, it has been shown 

that, in solution, the FHDs of each FOXP protein show varying dimerization propensities 

(Medina et al., 2016; Stroud et al., 2006). For instance, under similar conditions, the FHDs of 

FOXP2 and FOXP1 exist as a combination of monomers and dimers, while FOXP3 tends to 

exist solely as a homodimer (Medina et al., 2016; Stroud et al., 2006). Indeed, the FOXP3 

homodimer is the most stable dimer compared to that of FOXP2 and FOXP1 (Figure 7B) 

(Stroud et al., 2006). The differences in stability between the FOXP3 homodimer and the other 

FOXP homodimers is suggested to be the result of the orientation of the H1 helices. In the 

FOXP2 homodimer, the H1 helical elements are turned away from each other whereas in the 

FOXP3 homodimer, these helices generate a stabilising secondary interface (Bandukwala et 

al., 2011).   

A network of core hydrophobic amino acid residues stabilizes the FHD homodimers of all 

FOXP proteins. Particularly, in the FOXP3 FHD, this hydrophobic interface is strongest and 

includes tyrosine (Tyr364), tryptophan (Trp366, Trp381) and phenylalanine (Phe367, Phe371, 

Phe373, Phe374) residues, which are responsible for the increased stability of the FOXP3 FHD 

dimer (Stroud et al., 2006; Bandukwala et al., 2011). Unlike FOXP3, studies suggest that at 

physiological concentrations, the FHD of FOXP2 exists predominantly as a monomer (Perumal 

et al., 2015). In accordance with the notion that the dimer is stabilised by a hydrophobic 

interface, a residue substitution has been suggested to be associated with FOXP3 FHD’s 

increased propensity for dimerization (Perumal et al., 2015). In the FHD of FOXP2, the 

tyrosine amino acid residue substitution to a phenylalanine (Y540F), resembling the residue 

found in FHD of FOXP3 at a similar position, has been shown to significantly increase the 

propensity of FOXP2 FHD to dimerize (Perumal et al., 2015).  

The ability of the FOXP transcription factors to dimerize through their FHDs occurs through a 

specialized process known as three-dimensional domain swapping (Figure 7A) (Stroud et al., 

2006; Bandukwala et al., 2011; Medina et al., 2016).  

 



1.2.4 Domain Swapping  
 

Domain swapping is an oligomerization process whereby specific, yet identical, structural 

elements of associated monomers are exchanged to form intertwined dimers and oligomers 

(Figure 7) (Rousseau et al., 2003). The structural elements that are exchanged may vary 

considerably with reference to size. That is, domain swapping can occur simply between 

secondary structural elements such as α-helices and β-strands or even between entire domains 

(Rousseau et al., 2003). The exact mechanism of domain swapping is yet to be discovered. 

However, it appears that domain-swapping proteins do not all follow the same mechanism (Liu, 

Y. and Eisenberg, 2002). Although approximately 40 proteins that undergo this 

oligomerization process have been studied (Kundu and Jernigan, 2004), only a few researchers 

have investigated the domain-swapping mechanisms (Hayes et al., 1999; Kuhlman et al., 2001; 

Rousseau et al., 2003; Xu et al., 1998). Some of these researchers have particularly focused on 

the theory underlying the monomer-to-dimer transition mechanism (Gouldson et al., 1998; Xu 

et al., 1998). There is still so much that remains unknown, however, it is clear that the compact 

monomers must unfold, breaking the intramolecular interactions between the protein and the 

region of domain swapping, to achieve an open monomeric state before they are able to 

intertwine by regaining intermolecular interactions that are similar to those of the monomer 

(Bennett et al., 1995; Kundu and Jernigan, 2004; Liu, L. et al., 2012; Rousseau et al., 2003). 

In all cases of domain swapping, it is also clear that the hinge loop is pivotal for the 

manifestation of this oligomeric state (Liu, Y. and Eisenberg, 2002). Several domain-swapping 

proteins are functional only when they reach this oligomeric state (Kundu and Jernigan, 2004). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: The domain swapping process and domain-swapped dimers of FOXP3 and 

FOXP3 forkhead domains. A) Schematic diagram showing the basic principles of domain 

swapping. 1) Representation of monomers consisting of motifs (blue circle and yellow square), 

separated by the hinge loop 2, 3 and 4) During domain swapping, certain elements are 

exchanged. 2) Domain-swapped dimer. 3) Higher order oligomers are able to arrange 

themselves in a cyclic conformation or 4) in an extended linear conformation. (Adapted from 

Rousseau et al., 2003). B) Comparison of the domain-swapped dimers of FOXP2 (each 

monomer of the domain-swapped dimer is distinguished either by orange or blue) and FOXP3 

(each monomer of the domain-swapped dimer is distinguished either by red or green). The 

elements that are exchanged include a helix (H3) and two adjacent strands (S2 and S3). The 

FOXP3 FHD homodimer appears more compact and globular than FOXP2 FHD dimer. 

Compared to that of FOXP2, the hinge loop region in FOXP3 is longer. While the H1 helical 

elements are turned away from each other in FOXP2, those in FOXP3 present an additional 

stabilising interface (Bandukwala et al., 2011). PDB codes: 3QRF (FOXP3) and 2A07 

(FOXP2). Structures were rendered employing PyMOL. 
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1.2.5 Domain Swapping of the FOXP FHDs  
 

The FOXP proteins exhibit the ability to form domain-swapped dimers via their FHDs. The 

FHD regions of exchange include a helix (H3), and two adjacent strands (S2 and S3) (Figure 

7B) (Stroud et al., 2006). Domain swapping in the FOXP subfamily is mediated predominantly 

when helix 2 is extended into this hinge loop (Bennett et al., 1995; Stroud et al., 2006). A 

highly conserved region in helix 2 consisting of a critical sequence, FPYF, is a feature of the 

FOX family with the exception of the FOXP proteins (Figure 5) (Morris and Fanucchi, 2016). 

Studies suggest that the members of the FOXP subfamily exhibit an alanine residue instead of 

the proline which is essentially responsible for extension of helix 2 (Stroud et al., 2006; Morris 

and Fanucchi, 2016). Indeed, evidence has shown that a residue substitution of alanine 

(Ala539) in the FHD of FOXP2 to proline (as is highly conserved in other members of the FOX 

superfamily) does indeed prevent extension into hinge loop and, in turn, prevents domain 

swapping (Stroud et al., 2006). Recently, it has been established that a conserved histidine 

residue in the FOXP proteins (His59 in FOXP1) demonstrates pH-dependence of dimer 

stability. The deprotonation of this specific histidine residue favours the dimer state as a result 

of increased rates of association (Medina et al., 2019).  

It is still unclear what the physiological relevance of domain swapping is. However, this event 

has been suggested to assist in bridging two DNA molecules in order to facilitate long range 

chromosomal interactions that are required for the functions of these proteins (Figure 8) (Chen, 

Yongheng et al., 2015; Webb et al., 2017).  

 

 

 

 

 

  

 
Figure 8: Structure of FOXP2 and FOXP3 domain-swapped dimers bound to DNA. The formation 

of the FOXP2 and FOXP3 dimers through the mechanism of domain-swapping involves the exchange of 

helix 3 (H3) and beta strands S2 and S3 through the extension of helix 2 (H2). A) FOXP3 FHDs exists 

predominantly as domain-swapped dimers. The interaction of two monomers in this manner is crucial for 

FOXP3 for its transcriptional activities by bridging two segments of DNA in order to facilitate long range 

chromosomal interactions. B) FOXP2 FHDs exists as a combination of monomers (orange) and dimers 

(blue and orange). Unlike the FOXP3 FHD, the FOXP2 domain-swapped dimer binds weakly to one DNA 

strand only. Adapted from (Lalmansingh et al., 2012; Stroud et al., 2006). 
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1.3) Rationale 

 

The forkhead domains of the FOXP subfamily exhibit the remarkable ability to form domain-

swapped homodimers, which is not evident in other FOX transcription factors. This implies 

that these homodimers may have an impact in the manner in which these proteins bind DNA 

and regulate transcription. Indeed, the FHD dimers have been suggested to have physiological 

relevance by binding DNA with both dimer subunits and mediating interchromosomal 

associations (Chen et al., 2015). To date, domain-swapped homodimerization has only been 

documented for the FOXP1, FOXP2 and FOXP3 FHDs (Chu et al., 2011; Stroud et al., 2006; 

Medina et al., 2016). The ability of the FOXP4 FHD to homodimerize is yet to be elucidated. 

For this reason, along with the fact that FOXP4 is the least studied member of the subfamily, 

FOXP4 was excluded from this study.  

While the FHDs of the FOXP1, FOXP2 and FOXP3 proteins are able to undergo 

homodimerization, each exhibits a unique propensity to dimerize. The FOXP2 FHD is 

predominantly monomeric in solution (Stroud et al., 2006) whilst FOXP3 FHD remains 

exclusively dimeric (Bandukwala et al., 2011). The FOXP1 FHD is suggested to exhibit the 

best of both worlds, existing as both monomeric and dimeric species at equilibrium (Chu et al., 

2011; Medina et al., 2019). This is remarkable because, in vivo, the FOXP1 and FOXP2 

transcription factors are co-expressed in several tissues and share overlapping roles in those 

tissues (Wang et al., 2003). Additionally, FOXP1 shares binding sites with FOXP3 in 

regulatory T cells and therefore both are likely to share overlapping roles in immunity 

(Konopacki et al., 2019).  

The fact that the FHD of these FOXP proteins possess the ability to dimerization, only 

homodimerization of the FHDs have been considered. To date, there is no work pertaining to 

probable heterodimerization of these FHDs, which poses as the gap in research. Therefore, this 

study aims to probe the protein-protein interactions of these FHDs to investigate whether 

heterodimerization is able to occur between the FOXP1 and FOXP2 FHDs as well as the 

FOXP1 and FOXP3 FHDs. This is important because if these FHD proteins do heterodimerize, 

this will provide insight into whether these heterodimers function in the same way as the 

homodimers and how these heterodimers regulate transcription. Given that FOXP2 does not 

appear to share physiological roles with FOXP3 and the fact that their propensities of their 

FHDs to dimerize do not overlap, the heterodimerization studies of their FHDs were excluded. 



Chapter 2 

Aims and Objectives 
 

 

2.1) Main Aim: 

 

To investigate whether a homo- and heterotypic interactions can be established between the 

monomeric forkhead domains of FOXP1 and FOXP2 as well as FOXP1 and FOXP3. 

 

2.2) Objectives: 

 

1. Overexpress the FOXP1, FOXP2 and FOXP3 forkhead domains (FHD) utilising an 

E.coli expression system, and then purify each FHD protein employing immobilised 

metal affinity chromatography. 

2. Assess the purity of the FHDs both qualitatively and quantitatively using sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis and absorbance spectroscopy, 

respectively.  

3. Confirm the functional integrity of the FHD proteins by investigating the interaction of 

these FHDs with their cognate DNA sequences using electrophoretic mobility shift 

assay. 

4. Characterize the secondary and tertiary structures of the FHDs using circular dichroism 

and intrinsic fluorescence spectroscopies, respectively. 

5. Determine the oligomeric states of the FHDs using concentration-dependent size 

exclusion-high performance liquid chromatography and determine the dissociation 

constant for each FHD protein. 

6. Monitor the homotypic associations of the FOXP1, FOXP2 and FOXP3 FHDs using 

fluorescence anisotropy and determine dissociation constants of the interactions. 

7. Determine whether a heterodimerization can be established between FOXP1 FHD and 

FOXP2 FHD as well as FOXP1 FHD and FOXP3 FHD utilising fluorescence 

anisotropy and determine dissociation constants of the interactions. 

 

  



Chapter 3                                                                           

Materials and Methods 

 

Materials: 

The competent cells were purchased from New England Biolabs (Canada). Both the ampicillin 

salt and isopropyl β-D-1-thiogalactopyranoside (IPTG) were purchased from Melford (USA). 

DNase and lysozyme were obtained from Merck (Germany) and Sigma Aldrich (USA), 

respectively. Thrombin was purchased from Sigma Aldrich (USA). From Inqaba Biotechnical 

Industries (South Africa), dithiothreitol (DTT) was purchased and the Nelson DNA was 

obtained from IDT, Whitehead Scientific (South Africa). All other reagents and chemicals were 

standard analytical grade. 

 

Methods: 

3.1) DNA Plasmids Encompassing Sequences Encoding the FOXP1, FOXP2 and FOXP3 

FHDs and DNA Plasmid Transformation: 

 

3.1.1 DNA Plasmids bearing sequences encoding the FOXP1, FOXP2 and FOXP3 FHDs: 

In order to carry out the objectives stated in this study, it was crucial to obtain plasmid vector 

bearing sequences encoding the FOXP1, FOXP2 and FOXP3 FHD proteins for transformation 

and expression. Therefore, the coding sequences of these proteins were codon-optimized 

(Genscript, USA). Codon optimization is a key step in recombinant protein expression and 

refers to the establishment of synonymous substitutions in the sequence encoding a protein of 

interest to ensure that there are no restriction sites entrenched in the sequence whilst 

manipulating its level of expression based on the expression system that will be used 

(Gustafsson et al., 2004). In the case of this study, the coding sequences of the FHD proteins 

were codon-optimised specifically for expression in an Escherichia coli bacterial expression 

system and involved looking at codons that are frequently used in bacteria and thereafter 

utilizing redundancy of the genetic code to mimic those specific E. coli codons.  For each FHD 

sequence, a hexahistidine tag (6XHis-tag) followed by a thrombin restriction site were 



introduced to the N-terminus of the coding sequences in order to assist with downstream 

purification of the proteins (Genscript, USA). For DNA plasmid preparation, each codon-

optimised sequence was inserted into the multiple cloning site of separate pET-11a plasmids 

(Novagen, Germany), under the control of a T7 promoter.  

 

3.1.2 Transformation of E.coli Bacterial Cells: 

T7 Express pLysS E.coli cells were transformed with synthesized FOXP1, FOXP2 and FOXP3 

FHD plasmids. These cells were selected as host due to their robustness and dependability in 

addition to their ability to offer high expression yields of proteins encoded by genes that are 

under control of the T7 promoter.  

Initially, 5 µl DNA plasmid was incorporated with 50 µl thawed E.coli cells. The uptake of the 

plasmids by the cells was facilitated through heat-shock (42°C) over 45 seconds. This is 

because the high temperature subjected to the cells causes changes in the state of fluidity, and 

therefore permeability, of their cellular membrane. After heat-shock, the newly-transformed 

cells were returned to 4°C for 5 minutes. The cells were then subjected to 950 µl pre-warmed 

SOC (Super Optimal broth with Catabolite repression) media and incubated at 37°C for 1 hour 

with shaking at 230 rpm. The constituents making up the SOC medium included tryptone (1%, 

w/v), yeast extract (0.5%, w/v), NaCl (10%, w/v) and 0.02 M glucose which facilitated the 

recovery of the cells from heat-shock, ensured that transformation was retained, and, lastly, 

enhanced cell growth by providing nutrients whilst maintaining constant pH and osmolarity.  

The cells were then spread on LB (lysogeny broth) agar plates, prepared with 1.5% agar, NaCl 

(1%), tryptone (1%) and yeast extract (0.5%). The aim was to solely select for pET-11a-

positive transformants whilst prohibiting growth of cells that were not transformed with DNA 

plasmid. Therefore, given that the pET-11a plasmids contain an ampicillin-resistant gene, the 

broth was supplemented with 100 µg/ml ampicillin for selection. Growth of colonies was 

enabled over 16 hours at 37°C.  

After incubation, single colonies were selected and transferred into flasks containing 100 ml 

2X YT media [1% yeast extract, 1.6% tryptone, 0.5% NaCl and 100 µg/ml ampicillin]. These 

flasks were then incubated overnight at 37°C on the 230 rpm shaker. Following incubation, 

glycerol stocks of the cultured cells were prepared in eppendorf tubes with 500 µL cultured 

cells and 500 µL sterile glycerol (80%) and then frozen at -80°C until required for expression. 



By creating glycerol stocks of transformed bacterial cells, these cells could be stored for 

lengthy periods of time. This is because glycerol prevents bacterial cell damage and keeps the 

cells alive by stabilising the frozen bacteria 

 

3.2) Expression of the FOXP1, FOXP2 and FOXP3 FHDs: 

For this study, it was necessary to conduct expression trials on FOXP1 and FOXP3 FHDs to 

determine optimal conditions for expression particularly in T7 Express pLysS E.coli cells. 

Since these proteins are very similar to the FOXP2 FHD (which has been previously studied 

extensively in our laboratory), expression trials for FOXP1 and FOXP3 FHDs were initially 

conducted utilising a 0.5 mM IPTG (isopropyl-1-thio-β-D-galactopyranoside) induction 

concentration at 20°C for 2 – 22 hours to examine whether these proteins could express at 

similar conditions as their FOXP2 FHD counterpart. Whilst FOXP1 FHD showed expression 

under these conditions, there was no expression observed for FOXP3 FHD (see section 4.1). 

Therefore additional expression trials for FOXP3 FHD were conducted utilising 0.2 mM and 

0.5 mM IPTG concentrations at 30°C for 2 – 22 hours to determine optimal conditions for 

overexpression.  

Once optimal conditions were determined for these FHDs, 1 ml glycerol stocks (prepared in 

section 3.1.2) of FOXP1, FOXP2 and FOXP3 FHDs were thawed and inoculated into separate 

flasks containing 100 ml 2X YT media, supplemented with 100 µg/ml ampicillin. These flasks 

were incubated for 16 hours at 37°C while shaking at 230 rpm to promote the growth of the 

cells.  

The aim was to overexpress sufficient amounts of protein for downstream applications. 

Therefore FOXP1, FOXP2 and FOXP3 FHDs were expressed in 3 L batches as follows: the 

overnight cultures were transferred into fresh 3 L 2X YT media, supplemented with 100 µg/ml 

ampicillin, in a 1:50 dilution. These bacterial cells were allowed to grow at 37°C with 220 rpm 

shaking until an optical density (OD600) between 0.6 and 1.0 was reached. Thereafter, 

expression of FOXP1 and FOXP2 FHDs was induced with 0.5 mM IPTG and 0.2 mM IPTG 

was used for FOXP3 FHD. Cells expressing FOXP1 and FOXP2 FHDs were incubated at 20°C 

for 22 hours stirring at 220 rpm whilst FOXP3 FHD was allowed to overexpress at a shaking 

speed of 150 rpm for 4 hours at 30°C . 



When the incubation period was complete, the bacterial cells with overexpressed proteins were 

harvested at 4°C, where centrifugation was performed at 5000 xg for 15 minutes, resulting in 

the production of a pellet which, in turn, was re-suspended in HisTrapTM Equilibration Buffer 

[20 mM Tris-HCl, pH 7.5, 500 mM NaCl, and 30 mM imidazole] and stored at -20 °C until 

required for purification. 

 

3.3) Purification of the FOXP1, FOXP2 and FOXP3 FHD proteins 

 

3.3.1 Protein Extraction of FOXP1, FOXP2 and FOXP3 FHDs in Preparation for 

Purification: 

Cell lysis is a key step in enabling the isolation of proteins from bacterial and mammalian cells. 

The major difference between these cell types is that the bacterial cells have a sturdy cell wall 

and thus isolation of the expressed proteins from these cells required both enzymatic and 

mechanical means of cell lysis.  

Initially, the cells that were re-suspended in equilibration buffer were thawed to room 

temperature. Thereafter, 10 µg/ml lysozyme, 10 µg/ml PMSF (phenylmethylsulfonyl fluoride) 

and 1 µg/ml DNase were added to the re-suspensions which were left rotating at room 

temperature for 20 minutes. The use of the lysozyme was to assist with bacterial cell lysis by 

destabilizing the cell wall, whilst the use of PMSF and DNase was to maintain the integrity of 

the protein by inhibiting protease activity and disintegrating the bacterial DNA, respectively, 

thereby significantly reducing DNA contamination. This was followed by the sonication of the 

cells which was performed at 4°C to completely lyse the cells whilst preventing protein 

denaturation caused by heat. The sonication process involved 5 rounds of 30 second pulses 

whereby a sonicator probe was inserted into the solution of re-suspended cells and sound waves 

of high frequencies were generated, breaking the cell via shearing forces. Upon successful cell 

lysis, the cell lysates were centrifuged (18 000 xg) for 20 minutes at 4°C to separate cellular 

debris from the soluble proteins in the supernatant.  

 

 

 



3.3.2 Purification of the FHDs by immobilised metal-affinity chromatography (IMAC): 

Recombinant protein purification following expression is a crucial procedure in biochemical 

studies. The fusion of a peptide affinity tag, such as His-tag, to a protein of interest facilitates 

protein purification with the use of affinity chromatography (Bornhorst and Falke, 2000). As 

mentioned earlier, the FOXP1, FOXP2 and FOXP3 FHDs were fused with an N-terminal 6X 

His-tag, essentially allowing these proteins to be purified using immobilized metal-affinity 

chromatography (IMAC).  

IMAC, a type of affinity chromatography, is a versatile technique widely-used to purify 

polyhistidine affinity-tagged proteins. In IMAC, transition metal ions such as cobalt (II), zinc 

(II), copper (II) and nickel (II) are immobilized on a stationary matrix in order to bind the side 

chains of specific amino acids (Bornhorst and Falke, 2000). Histidine residues have an 

extremely high affinity for transition metals, particularly nickel (II), due to the aromatic 

imidazole ring of the amino acid whose electron donor groups readily form coordination bonds 

with the metals (Bornhorst and Falke, 2000). In this way, only the protein of interest should be 

retained in the column, thereby resulting in purification of these proteins. The protein of interest 

is then eluted either by altering the pH of the column buffer or introducing a metal ion-binding 

competitor.  

In this study, the FOXP1, FOXP2 and FOXP3 FHDs were purified separately by IMAC 

utilising an ÄKTA Fast Protein Liquid Chromatography (FPLC) system. Pre-charged 5 ml 

HisTrapTM Ni2+ columns (GE Healthcare Bio-Sciences, Sweden) were used for the IMAC 

procedure. Initially, these columns were equilibrated with HisTrap Equilibration Buffer 

consisting of 20 mM Tris-Cl, pH 7.5, 30 mM imidazole and 500 mM NaCl. Following 

equilibration of the column, the soluble proteins that were collected from the supernatant after 

centrifugation of the cell lysate were filtered with 0.45 µm filters and then loaded onto the Ni2+-

charged columns, reinforcing the binding of the 6xHis-tag to the nickel ions. Subsequently, a 

high salt wash of 1.5 M NaCl was performed on the columns in order to remove any cellular 

DNA fragments that may be bound to the FOXP1, FOXP2 or FOXP3 FHDs. Lastly, the FHD 

proteins were eluted from their respective columns with a HisTrap Elution Buffer [300 mM 

imidazole, 20 mM Tris-Cl, pH 7.5 and 500 mM NaCl] and were subsequently collected as 

fractions of 2 ml. The importance of containing a high concentration of imidazole in the elution 

buffer was to assist eluting the histidine-tag fused proteins as the imidazole competes with the 

6XHis-tag for the nickel ions.  



3.4) Thrombin cleavage of the 6XHis-tag of FOXP1 and FOXP2 FHDs: 

Thrombin cleavage is a procedure that involves the removal of purification protein tags that 

were added to a recombinant protein (Liu et al., 2008). Thrombin, a serine protease, is often 

used to cleave the tags and specifically recognises the amino acid sequence Leucine-Valine-

Proline-Arginine-Glycine-Serine and cleaves between the arginine and serine residues 

(Waugh, 2011). Initially, the sample containing the protein tag is incubated with thrombin 

(Waugh, 2011). Thereafter, both the cleaved tag and thrombin are removed from the protein 

sample. A variety of methods may be used to achieve this and include IMAC and benzamidine 

chromatography. 

Benzamidine chromatography is an affinity chromatography that is specifically useful for 

purifying serine proteases such as thrombin (Owens et al., 1992; Zhang et al., 2013). A column 

is charged with benzamidine molecules and the proteins containing benzamidine-binding sites 

are loaded (Owens et al., 1992; Zhang et al., 2013). These proteins are retained in the column. 

In this way, thrombin may be removed from recombinant proteins after thrombin cleavage.  

The 6XHis-tags of the FOXP1 and FOXP2 FHDs were cleaved using thrombin. Initially, the 

FHDs were dialysed against thrombin cleavage buffer consisting of Tris-HCl (20 mM) of pH 

8.0, NaCl (100 mM) and KCl (2 mM). Following the overnight dialysis, the FHD proteins were 

subjected to centrifugation at 12 000 xg for 12 minutes to remove aggregation. Thereafter, 

these proteins were incubated at 20°C with 1 unit of thrombin per mg of protein for 4 hours to 

mediate the cleavage of their N-terminal 6XHis-tags. Following incubation with thrombin, 

these proteins were centrifuged at 12 000 xg for 12 minutes, again removing aggregation. The 

FHD proteins were then purified by IMAC and benzamidine chromatography. 

Initially, the benzamidine column was set up above the Ni2+-charged IMAC column, and both 

columns were equilibrated with the HisTrapTM equilibration buffer. The FHDs were loaded 

onto their respective columns to separate digested FHDs from undigested proteins, 

simultaneously removing thrombin from the proteins. After collecting the digested FHDs, the 

IMAC columns were subjected to HisTrap Elution Buffer and the undigested FHDs were 

collected. Fractions of the cleaved FHDs that were collected from the purifications were 

resolved on SDS-PAGE alongside the undigested fractions for comparison and to assess the 

purity of the cleaved FHD proteins. 

 



3.5) Evaluation of Protein Purity and Concentration Determination: 

 

3.5.1 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE): 

The fractions that were collected from IMAC were resolved on SDS-PAGE (sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis) gels. These were conducted so as to qualitatively 

assess the purity of the isolated FOXP1, FOXP2 and FOXP3 FHD monomers as well as to 

ensure that the desired protein was expressed by sizing them according to the molecular weight 

marker. This is a crucial technique which confirms that any information that is obtained in 

downstream studies is reliable.  

First established in 1970, discontinuous SDS-PAGE refers to an electrophoretic technique that 

separates proteins solely on the basis of their size.  That is, proteins of higher molecular weights 

migrate slower in the gel than proteins of smaller molecular weights. Initially, the protein 

samples to be resolved are reduced of cystines with either DTT (dithiothreitol) or β-

mercaptoethanol. The samples are further denatured by heat in the presence of SDS. This 

anionic detergent functions by adhering uniformly to the proteins, causing the proteins to 

linearize and exhibit an overall negative charge. By doing so, proteins migrate from the cathode 

to the anode under the influence of an electric field, and are separated solely based on their size 

whilst excluding separation caused by other factors such as the charge and shape of proteins 

(Laemmli, 1970). 

The denatured samples are then resolved through a discontinuous gel consisting of a stacking 

gel polymerized atop a separating gel. Both polyacrylamide gels are prepared differently, 

consisting of varying properties including the acrylamide concentration, pore size and pH. This 

allows electrophoresis to occur in two stages. The first stage occurs in the stacking gel whereby 

samples migrate and gradually form a tightly compacted protein layer at the interface between 

the stacking and separating gels. At the second stage of electrophoresis, protein samples enter 

the separating gel simultaneously and are resolved until the dye front approaches the bottom 

of the gel. A molecular weight marker which is run alongside the samples is used to identify 

the protein of interest based on its molecular weight.  

Samples obtained from the purification of the FOXP1, FOXP2 and FOXP3 FHDs were 

prepared for electrophoresis. SDS reducing buffer was added to the samples achieving a 1:2 

dilution of samples. The SDS reducing buffer used in the samples was prepared with 150 mM 

Tris-HCl, pH 7.0, 12% (w/v) SDS, 30% (v/v) glycerol, 6% (v/v) β-mercaptoethanol, and 0.05% 



(w/v) Coomassie Brilliant Blue G-250. The samples were thereafter incubated on a heating 

block at 95°C for 5 minutes before they were loaded into the wells of a 4% stacking gel and 

resolved through a 16% tricine separating gel. Electrophoresis was conducted at 160 V for 1.5 

hours. The resolved proteins were then detected by staining the gel for an hour with Coomassie 

stain solution prepared with 0.1 g Coomassie Brilliant Blue R-250 in 100 ml of acetic acid-

methanol-water (1:5:4) solution and then left in de-stain solution overnight. The molecular 

weight of the FHDs were determined relative to a 3-colour pre-stained protein molecular 

weight marker which confirmed whether the desired protein had been isolated.  

 

3.5.2 Absorbance Spectroscopy 

The JASCO V-630 UV/Vis absorbance spectrophotometer was employed to obtain absorbance 

spectra for each FHD protein within the wavelength range of 240 nm and 340 nm. 

Subsequently, the values at 260 nm and 280 nm were substituted into the A280/A260 ratio to 

verify that the proteins were free of DNA contamination. Absorbance spectrophotometry was 

also performed to determine the concentrations of the FHD proteins whereby five serial 

dilutions were prepared and their measurements were recorded at 280 nm and 340 nm. 

Thereafter, the measurements at 340 nm were subtracted from the 280 nm values to account 

for aggregation. After taking aggregation into account, the concentrations were calculated as 

per the Beer Lambert Law:  

 

𝑐 =
𝐴

ԑ .  𝑙
 

 

where c defines the concentration of protein (M), A presents the absorbance at 280 nm 

wavelength (A.U), ԑ is the extinction coefficient (M-1.cm-1) and l is the path length (cm). The 

Expert Protein Analysis System (ExPASy) ProtParam tool (http://web.expasy.org/protparam/) 

was used to obtain the extinction coefficient for each FHD and were determined as 22460 M-

1.cm-1, 22460 M-1.cm-1 and 24980 M-1.cm-1 for FOXP1, FOXP2 and FOXP3, respectively. 

 

 

http://web.expasy.org/protparam/


3.6) DNA-binding studies of the FHDs with their cognate DNA sequence: 

The electrophoretic mobility shift assay (EMSA) is a rapid technique used in studies of DNA-

protein interactions. The method was first described approximately two decades ago, and is at 

present the widely-used method to study transcription factors (Laniel et al., 2001; Hellman and 

Fried, 2007). Although the EMSA is primarily qualitative, under appropriate conditions it may 

additionally provide quantitative data that may be exploited to determine binding affinities 

(Hellman and Fried, 2007).  

Important components involved in this procedure include a non-denaturing gel matrix, buffers, 

DNA probes and the proteins of interest (Laniel et al., 2001). The principle of EMSA is based 

on the fact that free DNA possesses a smaller molecular weight than protein-bound DNA, and 

is therefore separated from the complex during electrophoresis due to the greater 

electrophoretic mobility it exhibits through the gel matrix (Hellman and Fried, 2007). The 

resulting shift in DNA may then be detected. In classical EMSA techniques, the shifts in DNA 

are detected using DNA end-labelling radioisotopes such as 32P (Hellman and Fried, 2007). 

However, due to the dangers involved in the use of radioisotopes and the need for expensive 

laboratory equipment, the use of fluorophores or biotin as detection agents has been used over 

the years (Hellman and Fried, 2007).  

In this study, EMSAs were conducted to assess the structural integrity of the FOXP1, FOXP2 

and FOXP3 FHDs, ensuring that their correct folded, native three-dimensional structure was 

maintained following purification. Since the structure and function of proteins are closely 

linked, the detection of DNA-protein complex bands in EMSA is an indication of native, 

functional proteins. The EMSAs were conducted utilising the Nelson DNA duplex sequence: 

5’-TTAGGTGTTTACTTTCATAG-3’ (Nelson et al., 2013). This sequence is important in the 

study of FHDs of the FOXP subfamily because studies have shown the DNA sequence to bind 

effectively to the FOXP2 FHD with a fairly high affinity (Webb et al., 2017).  

Initially, FOXP1, FOXP2 and FOXP3 FHDs were dialysed separately against 10 mM HEPES 

buffer, pH 7.5, containing 100 mM NaCl. Thereafter, binding reactions of each protein were 

prepared by incubating increasing concentrations (0 µM – 2.5 µM) of protein with 500 nM 

cognate DNA in binding buffer [10 mM HEPES (pH 7.5), 100 mM KCl, 1 mM MgCl2, glycerol 

(10%, w/v), and 0.1 mg/ml BSA]. The addition of the binding buffer to the samples ensured 

that optimal and physiological conditions of salt concentration and pH were achieved. 

Additionally, the glycerol in the buffer served the purpose of stabilizing labile proteins and 



enhancing the interactions between the monomers and cognate sequence, whilst the BSA 

(bovine serum albumin) protein minimised the non-specific losses of the binding FHD 

monomers throughout sample handling. Once samples were prepared, samples were incubated 

for a period of 30 minutes at 4 °C to ensure DNA-protein complexes were formed prior to gel 

loading. 

The DNA-protein complexes were resolved through continuous polyacrylamide gels. The 

FOXP1 and FOXP2 FHD samples were resolved on a 10% polyacrylamide gel and the FOXP3 

FHD samples were resolved on an 8% gel. These gels were initially subjected to an 

electrophoresis pre-run (100 V for 1 hour) in order to prevent smearing in the gels caused by 

the inevitable dissociation of DNA-protein complexes during electrophoresis. Thereafter, 10 

µl samples were loaded into the wells and the electrophoresis was performed at 160 V for 1.5 

hours at 4°C. Following, electrophoresis, gels were stained using GelRed® Nucleic Acid Gel 

Stain and the bands were detected under UV-light using a ChemiDoc™ XRS+ Imaging System 

(Bio-Rad, USA).  

 

3.7) Structural Characterisation of the FOXP1, FOXP2 and FOXP3 FHDs: 

 

3.7.1 Circular Dichroism Spectroscopy: 

Circular Dichroism (CD) is a form of spectrophotometric technique utilised for various 

applications including the determination of protein secondary structure. The backbone of a 

protein has optical activity due to the fact that amino acid residues are chiral molecules (Wei 

et al., 2014). This suggests that the polypeptide backbone can potentially interact with polarised 

light. CD involves the differential absorption of left- and right-handed circularly polarised light 

by a chiral molecule (Wei et al., 2014). In the far-UV region (170 - 250 nm), peptide bonds 

exhibit two electronic transitions including the π to π* transition occurring at wavelengths 

between 185 – 200 nm, and the n to π* transition which occurs at wavelengths ranging between 

215 – 230 nm (Wei et al., 2014). Therefore, depending on the secondary structural elements 

exhibited by proteins, these proteins will show a specific characteristic behaviour which can 

be observed on a CD spectrum (Wei et al., 2014). Typically, the CD spectrum of a protein that 

is predominantly α-helical will show two negative troughs (bands) at about 208 nm and 222 

nm with a positive peak (band) near a wavelength of 190 nm (Wei et al., 2014). The β-sheet 



CD spectrum however will show one negative band at approximately 218 nm and a positive 

band at a wavelength that is near 195 nm (Wei et al., 2014).  

For the FHDs of FOXP1, FOXP2 and FOXP3, far-UV CD was performed at 20 °C to assess 

their secondary structures and confirm that the FHDs were folded in their characteristic 

secondary structure consisting of a predominantly α-helical conformation. These experiments 

were conducted on 10 µM protein [10 mM sodium phosphate, 50 mM Na2SO4, 2 mM DTT]. 

The measurements were obtained by making use of the JASCO J-810 Spectrophotometer with 

a 1.00 nm band width, 200 nm/min scanning speed and 0.2 nm data pitch, and were then 

converted from millidegrees (mdeg) to mean residue ellipticity (deg.cm2.dmol-1) using the 

following equation (where n is the number of amino acids in the protein): 

 

𝜃𝑀𝑅𝐸 =
100 × 𝜃

[𝑝𝑟𝑜𝑡𝑒𝑖𝑛](𝑚𝑚𝑜𝑙) × 𝑝𝑎𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ(𝑐𝑚) × 𝑛
 

 

3.7.2 Intrinsic Fluorescence Spectroscopy:  

Fluorescence is based on excitation and emission of electromagnetic radiation (EMR) whereby 

electrons of a fluorophore are excited to higher energy levels by EMR of specific wavelength 

and then as they return to their ground state emit EMR of longer wavelength. In intrinsic 

fluorescence spectroscopy of proteins, amino acids such as tryptophan and tyrosine act as 

fluorophores as they produce good fluorescence signals due to their aromatic groups, allowing 

them to be excited at 280 nm wavelength. Tryptophan has the additional ability to be excited 

at 295 nm (Chen, Yu and Barkley, 1998), and these properties allow the tertiary structure of 

proteins to be assessed as these fluorophores are sensitive to the polarity of their environment. 

That is, fluorophores that are buried within the core of a protein in the nonpolar environment 

cause a blue (hyposochromic) shift in the fluorescence spectrum and those that contact the 

polar environment, residing on the surface of the protein, cause a red (bathochromic) shift in 

the fluorescence spectrum (Chen, Yu and Barkley, 1998).  

Intrinsic fluorescence of all FHDs was performed using the JASCO FP-6300 

spectrofluorometer with a 0.5 nm data pitch, excitation and emission bandwidths of 5 nm, and 

1 cm path length quartz cuvettes. The FHDs were diluted to a final concentration of 4 µM and 

were excited at a wavelength of 295 nm. Spectra were recorded from 280 nm to 500 nm. 



3.7.3 Analytical Size Exclusion Chromatography: 

Size exclusion chromatography is a rapid and reproducible technique providing a means of 

quantitatively analysing the quaternary structure of active proteins (Hong et al., 2012). SEC 

separates proteins of a heterogeneous solution according to their hydrodynamic volume (Hong 

et al., 2012). The column which is used to characteristically separate these proteins is fixed 

with pores of particular size (Mojsiewicz-Pieńkowska, 2014). Essentially, separation of the 

protein molecules is established due to the differences in flow delays of the proteins of varying 

hydrodynamic volumes (Mojsiewicz-Pieńkowska, 2014). The flow delays are caused by the 

ability of molecules to diffuse into the pores. Therefore proteins that are smaller than the size 

of the pores will diffuse into these pores and thereby experience a greater flow delay and 

consequently elute at a slower rate (Mojsiewicz-Pieńkowska, 2014). Conversely, proteins 

larger than the size of the pore will elute rapidly from the column because they are unable to 

enter the pore but rather flow in the spaces between them (Mojsiewicz-Pieńkowska, 2014). 

Therefore SEC can be performed to analyse the quaternary structure of proteins. The 

oligomerization of the proteins results in larger hydrodynamic volumes which distinguishes 

oligomers from monomers. While the analysis of hydrodynamic volume of a protein may 

provide information about the oligomeric state of a protein, analysis may be used to further 

measure the dissociation constant (KD) of the oligomers at equilibrium to evaluate the stability 

of the quaternary structures under varying conditions such as protein concentration.  

The oligomeric states of the FOXP1, FOXP2 and FOXP3 FHDs were investigated, 

qualitatively and quantitatively, by the Size Exclusion-High Performance Liquid 

Chromatography procedure. Studies have shown that FOXP2 and FOXP1 FHDs exist as both 

monomers and homodimers at physiological conditions while FOXP3 exists solely as 

homodimers (Medina et al., 2016; Stroud et al., 2006). At concentrations up to 300 µM, the 

FHD of FOXP2 has been established to exist almost entirely as a monomer (Blane and 

Fanucchi, 2015; Morris and Fanucchi, 2016; Perumal et al., 2015). Therefore the proportions 

of native dimeric and monomeric species were analysed by separating increasing 

concentrations of the FHD proteins (5 – 100 µM). First, the YarraTM 3U SEC-3000 LC column 

was fitted into the SHIMADZU SPD20A HPLC machine and then pre-equilibrated for an hour 

with HPLC Equilibration Buffer composed of sodium phosphate (10 mM), pH 6.5, DTT (2 

mM) and NaCl (500 mM). The use of DTT in the buffer was to ensure that intra- and 

intermolecular disulphide bonds between the protein cysteine residues were not established. 

Thereafter, calibration of the column was performed employing 6.5 kDa – 75 kDa Bio-Rad 



Standards. Varying concentrations of each FHD protein (20 µl) was loaded onto the column 

and the experiments were conducted at a flow rate of 1 ml/minute at 20°C. The dissociation 

constant (KD) for each FHD was then measured from the elution profile. This was achieved by 

utilizing the areas of each peak and subsequently constructing a graph of monomer 

concentration ([monomer]2) against dimer concentration ([dimer]) (Perumal et al ., 2015). 

Thereafter the gradient of the graph was used to determine KD using the KD = 

[monomer]2/[dimer] equation (Perumal et al., 2015). 

 

3.8) Fluorescence Anisotropy (FA): 

Fluorescence anisotropy measures the changes in orientation of a fluorescently-labelled 

molecule in a solution with reference to the time between the absorption and emissions events 

by using the phenomenon of fluorescence (Zhang et al., 2015). The fluorescence phenomenon 

involves the emission of light by a fluorescence molecule after it has been excited by 

electromagnetic radiation. In terms of FA, the fluorescence molecule, which is referred to as a 

fluorophore, is excited with vertically polarized light, in turn resulting in the emission of 

polarised light, by the insertion of a polarisation filter in front of the detector, oriented either 

perpendicular or parallel to the polarised light (Zhang et al., 2015). Therefore, the degree of 

polarisation of the emission, including both the vertical and horizontal emission components, 

may be described in terms of the anisotropy (Zhang et al., 2015). The emission of polarised 

light is affected by a number of factors, including rotational diffusion (Bashardanesh et al., 

2019). 

In solution, molecules constantly experience rotational diffusion due to molecule-molecule 

interactions and interactions that occur between the molecules and their environment, thereby 

causing changes in the orientation of the molecules (Bashardanesh et al., 2019). Rotational 

diffusion ensures that an overall equilibrium of the orientation of all the molecules in solution 

is maintained (Bashardanesh et al., 2019). Typically, a smaller molecule will orientate more 

quickly than a larger molecule and thus results in the emission of light that is significantly 

depolarised (Jameson and Ross, 2010). Therefore FA is a widely used tool for studies related 

to protein-protein and DNA-protein interactions, providing quantitative analysis. Accordingly, 

free fluorescently-labelled DNA or protein will orientate faster. However, DNA-protein or 

protein-protein complexes reduce the rate of orientation, resulting in reduced depolarisation 

and in turn resulting in an increased anisotropy.  



In this study, FA assays were performed to obtain dissociation constants (KD) for (1) the 

homodimerization of FOXP1 FHD, FOXP2 FHD and FOXP3 FHD, and (2) the 

heterodimerization of FOXP1 FHD with FOXP2 FHD, and FOXP1 FHD with FOXP3 FHD, 

depending on whether these heterotypic associations occur. 

 

3.8.1 Homodimerization of the FOXP1, FOXP2 and FOXP3 FHDs: 

For the homotypic association studies, 5 µM of each FHD protein was labelled with Alexa 

Fluor 555 dye. Alexa Fluor 555 is a fluorescent dye with a propensity to bind cysteine amino 

acid residues. The FHD proteins were incubated with dye 3X the protein concentration for 1 

hour at 20°C to allow the dye to bind to the proteins accordingly. Thereafter, these samples 

were incubated overnight at 4°C. Upon incubation, excess dye was removed utilising dye 

removal columns.  

Increasing concentrations of unlabelled FOXP1, FOXP2 and FOXP3 FHD (0 µM – 40 µM) 

were incubated with 0.6 µM of their corresponding labelled counterpart at 20°C. The 

fluorescence anisotropy experiments were conducted employing the PerkinElmer LS-50B 

fluorescence spectrophotometer at 20°C in buffer consisting of 10 mM sodium phosphate, pH 

7.5, 100 mM NaCl and 2 mM TCEP (Tris(-carboxyethyl)phosphine hydrochloride). These 

samples were excited at a wavelength of 556 nm and the measurements of fluorescence 

anisotropy were recorded at 572 nm wavelength. These sets of data were used as controls for 

the heterotypic association experiments. Therefore, the KD values for these experiments were 

determined and used to compare with the KD values of the heterodimerization studies.  

 

3.8.2 Heterodimerization of the FOXP1, FOXP2 and FOXP3 FHDs: 

In order to determine whether the FOXP1 FHD can form domain-swapped dimers with FOXP2 

FHD as well as FOXP3 FHDs, fluorescence anisotropy of each heterotypic association was 

conducted. FOXP1 and FOXP3 FHDs were labelled with Alexa Fluor 555. These proteins were 

left at 20°C for 1 hour to allow labelling to occur. Thereafter, an overnight incubation of the 

FHD proteins was implemented at 4°C. Excess dye was removed using dye removal columns. 

The heterotypic association fluorescence anisotropies were performed in buffer consisting of 

10 mM sodium phosphate, pH 7.5, 100 NaCl and 2 mM TCEP at 20°C. For the FOXP1-FOXP2 



FHD experiment, increasing concentrations of unlabelled FOXP2 FHD were titrated into 0.6 

µM labelled FOXP1 FHD. Similarly, for the FOXP1-FOXP3 FHD experiment, increasing 

concentrations of unlabelled FOXP1 FHD were titrated into 0.6 µM labelled FOXP3 FHD. The 

samples were excited at a wavelength of 556 nm and the measurements of fluorescence 

anisotropy were recorded at 572 nm wavelength. These assays were used to determine the KD 

for the heterodimerization between these FHDs.  



Chapter 4 

Results 
 

 

Many studies pertaining to the forkhead domain of the FOXP transcription factors have focused 

particularly on their homodimerization. There is no research thus far pertaining to the possible 

heterodimerization of these FHDs despite the fact that it has been established that the 

homodimers are important for their function. Therefore, in this research study, the possible 

heterotypic interactions between the FOXP1 FHD with FOXP2 FHD and FOXP1 FHD with 

FOXP3 FHD were studied. The FOXP1 and FOXP2 proteins are co-expressed in certain 

regions of the brain, and FOXP1 and FOXP3 TFs have been shown to interact via an upstream 

domain. Analytical size exclusion chromatography and fluorescence anisotropy were 

conducted to gain insight and essentially obtain the dissociation constants for their propensities 

for homodimerization as well as binding affinities for their homo- and heterotypic associations. 

 

4.1) Transformation: 

Initially, the coding sequences of the FOXP1, FOXP2 and FOXP3 FHDs were incorporated 

into pET-11A plasmids and thereafter, these plasmids were used to transform T7 PLysS E.Coli 

cells. It was crucial to perform induction trials to determine optimal conditions for the 

expression of FOXP1 and FOXP3 FHDs. Although these proteins have a high similarity to 

FOXP2 FHD, only the FOXP1 FHD showed expression (Figure 9A) under similar expression 

conditions as FOXP2 FHD (0.5 mM IPTG at 20°C for 22 hours). In regards to FOXP3 FHD, 

expression failed to occur under these conditions (Figure 9B). Therefore, this prompted 

additional trials to be conducted. Since FOXP3 FHD has been previously shown to express in 

Rosetta Cells in our laboratory, the conditions investigated for the trials in T7 Express pLysS 

E.coli cells included 0.2 mM and 0.5 mM IPTG concentrations under 30°C. Essentially, 

optimal conditions for FOXP3 FHD expression were achieved with 0.2 mM IPTG for 4 hours 

at 30°C (Figure 9C), and although expression also occurred with induction of 0.5 mM IPTG 

concentration (Figure 9D), expression was reduced in the supernatant and mostly occurred in 

the pellet. 
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0.5 mM IPTG 

B) FOXP3 FHD 

C) 
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0.5 mM IPTG 

D) FOXP3 FHD 

Figure 9: SDS-PAGE gels (16%) showing the induction trials of FOXP1 and FOXP3 FHDs. In 

each case, 1 ml of cells were collected at four time points and were immediately centrifuged. The 

pellets were re-suspended in HisTrapTM Equilibration buffer and subjected to sonication. Following 

sonication, cells were centrifuged and both the supernatant (S) and pellet (P) were resolved through 

SDS-PAGE gels. A) Induction trials were conducted for FOXP1 FHD (expected size 15.6 kDa) with 

0.5 mM IPTG at 20°C between 2 – 22 hours. Optimal soluble expression occurred at 22 hours as 

indicated by the arrow. B) Induction trials for FOXP3 FHD (expected size 12.9 kDa) conducted with 

0.5 mM IPTG at 20°C between 2 – 22 hours. No expression occurred under these conditions which 

is indicated by an arrow. C) FOXP3 FHD induction trials employing 0.2 mM IPTG at 30°C between 

2 – 22 hours. Optimal soluble expression occurred at 4 hours as indicated by the box. D) Induction 

trials conducted for FOXP3 FHD 0.5 mM IPTG at 30°C between 2 – 22 hours. Very small amount 

of expression observed with most of the expression occurring in the pellet as indicated by the arrow. 

 



4.2) The FOXP1, FOXP2 and FOXP3 FHDs were purified by IMAC: 

FOXP1, FOXP2 and FOXP3 FHDs were expressed under their respective optimal conditions. 

Following expression, the supernatants of each FHD, collected from cell lysates, were loaded 

separately onto their corresponding Ni2+-charged IMAC columns. Binding of these proteins to 

the nickel ions via their 6XHis-tags ensured that the FHD proteins would separate from the 

bulk contamination. Furthermore, a 1.5 M NaCl wash step was performed to ensure that DNA 

contamination was eliminated. Eluents from each step of the purification were collected as 

fractions and resolved through tricine SDS-PAGE gels to assess the degree of purity of each of 

the FHDs (Figure 10). It was observed that the FHD proteins effectively bound to the IMAC 

columns as these proteins did not appear in the flow through (FT) eluent. However, both 

FOXP1 and FOXP2 FHD gels showed that some of the protein eluent fractions contained a 

considerable amount of contaminants. Therefore, the contaminated fractions for each FHD 

were pooled and the 6XHis-tag was cleaved so as to further purify the proteins separately. 

Successful purification of each FHD was achieved (Figure 12). This is because the dialysis 

buffer at pH 8 aggregates the contaminants from each FHD sample. Additionally, any 

contaminants that did not separate from the FHDs as aggregates bind to the IMAC column 

during purification, thereby separating from the cleaved proteins.  

A molecular weight marker of known protein sizes was resolved alongside the samples in order 

to determine the molecular weights of the FHD proteins and in turn confirm whether they 

correspond to the theoretical molecular weights obtained from ExPASy Molecular weight 

determination was accomplished by constructing standard curves (Figure 11). The molecular 

weights of the FOXP1, FOXP2 and FOXP3 FHDs were calculated to be 15.6 kDa, 13.2 kDa 

and 12.2 kDa, respectively (Figure 11D). Comparing these values with their theoretical 

molecular weights, which are 15.6 kDa, 13.0 kDa and 12.9 kDa, respectively, confirms that the 

desired FHD proteins were successfully expressed and collected from purification. 

 

  



  

Figure 10: Purification of the forkhead domains of FOXP1, FOXP2 and FOXP3 by 

immobilised metal-affinity chromatography. Soluble cell lysate of each protein was loaded 

onto their respective nickel (II) ion-charged column and the course of purification was recorded 

in the form of elution profiles. (A, C and E) Elution profiles of FOXP1, FOXP2 and FOXP3 

FHDs, respectively. In each elution profile, the blue line presents the absorbance recorded at a 

wavelength of 280 nm, and the orange line presents the conductance, which is affected by the 

concentration of NaCl in the buffers. (B, D and F) 16% SDS-PAGE gels of FOXP1, FOXP2 and 

FOXP3 FHDs, respectively, indicate that the proteins were each successfully purified. MW 

represents the molecular weight marker, FT is the flow through, HSW is the high salt wash, W is 

the wash and E presents the eluted protein fractions. 
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The 6XHis-Tags of the FOXP1 and FOXP2 FHDs were cleaved so as to further purify these 

proteins from the contaminants that were observed in Figure 10. Additionally, since interaction 

studies were going to be conducted, cleavage of the 6XHis-tags was important in ensuring that 

the tags were not going to interfere with domain swapping. Initially, each FHD was incubated 

separately with thrombin for 4 hours. Following incubation with thrombin, the FOXP1 and 

FOXP2 FHDs were purified separately employing IMAC and benzamidine chromatography 

(Figure 12A and C). Fractions from the purification procedure were collected and resolved on 

16% polyacrylamide gels (Figure 12B and D). It was observed that the cleavage was successful. 

Furthermore, successful purification was achieved for both proteins. 

A) B) 

C) D) 

Figure 11: Molecular weight determination of the forkhead domains of FOXP1, FOXP2 and 

FOXP3 proteins. Standard curves were constructed from the SDS-PAGE gels of the resolved 

proteins. The molecular weights of FOXP1, FOXP2 and FOXP3 FHDs were calculated as 15.6 kDa, 

13.2 kDa and 12.8 kDa, respectively. A) FOXP1 FHD standard curve with R-squared value 

calculated as 0.9746. B) Standard curve of FOXP2 FHD with an R-squared correlation of 0.9813. 

C) FOXP3 FHD standard curve with R-squared correlation of 0.9723. D) A table comparing the 

molecular weights of the FHD proteins determined from the standard curve to their theoretical 

molecular sizes. 
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4.3) Determining protein purity: 

Absorbance spectra of the FOXP1, FOXP2 and FOXP3 FHDs were captured between 240 nm 

and 340 nm at 20°C. The spectra were utilised to assess the quality and purity of the proteins. 

At wavelengths of 280 nm and 295 nm, two distinct peaks were observed, representing the 

absorbance of the tryptophan and tyrosine residues (Figure 13). There was no peak observed 

at 340 nm wavelength, indicating absence of aggregation and in turn stable proteins. The 

Cleaved 
Uncleaved 

Cleaved 

Uncleaved 

13.86 kDa 

Figure 12: Cleavage of the 6XHis-tags of the FOXP1 and FOXP2 FHDs. The 6XHis-tag of 

each FHD protein was cleaved employing thrombin and the proteins were subsequently purified 

by benzamidine and immobilised metal affinity chromatography. A and C) Elution profiles of 

the FOXP1 and FOXP2 FHDs, respectively. Cleaved FHDs were eluted with equilibration 

buffer and the uncleaved counterparts were eluted using elution buffer. B and D) SDS-PAGE 

gels of FOXP1 and FOXP2 FHDs, respectively displaying both the cleaved and uncleaved 

fractions. Cleaved fractions of both the FOXP1 and FOXP2 FHDs were successfully purified 

as no contaminations were observed. 

A) B) 

C) D) 
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FOXP1 FHD 

FOXP2 FHD 



A280/A260 ratio determined for each FHD protein was approximately 1.7, confirming that the 

protein samples were free from DNA contamination.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4) FOXP1, FOXP2 and FOXP3 FHDs bind Nelson DNA: 

The functional integrities of the FOXP1, FOXP2 and FOXP3 FHDs were investigated. Since 

the FHD is the DNA-binding domain of these transcription factors, DNA-binding studies, in 

the form of EMSAs, were conducted. As previously mentioned in section 3.6, the Nelson DNA 

sequence was employed in these assays as this duplex sequence has been reported to effectively 

interact with the FHD of FOXP proteins (Webb et al., 2017). As anticipated, all three FHD 

proteins showed interaction with the cognate sequence (Figure 14). However, it was observed 

that FOXP1 FHD established a DNA-protein complex from a 2:1 DNA:protein ratio (lane 2), 

Figure 13: Absorbance spectra of the FOXP1, FOXP2 and FOXP3 FHDs. 

The spectra were obtained from 240 nm to 340 nm and showed peaks at 280 

nm and 295 nm. Furthermore, analysis of the A280/A260 ratio showed a value 

of 1.7, indicating samples that were free of DNA contamination. 



whilst FOXP2 and FOXP3 FHDs formed DNA-protein complexes from DNA:protein ratios of  

1:1 (lane 3) and 1:2 (lane 4), respectively 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1      2       3       4       5      6    

FOXP1 

FHD 
1      2       3       4       5      6    

FOXP3 

FHD 

Figure 14: Electrophoretic Mobility Shift Assay gels of FOXP1, FOXP2 and FOXP3 FHDs. 

(A) FOXP1 FHD EMSA gel indicating DNA-protein complex formation from a DNA:Protein 

ratio of 2:1 (lane 2). (B) FOXP2 FHD EMSA gel indicating DNA-protein complex formation from 

a DNA:Protein ratio of 1:1 (lane 3). (C) FOXP3 FHD EMSA gel indicating DNA-protein complex 

formation from a DNA:Protein ratio of 1:3 (lane 4) (D) Table presenting the lanes of the EMSA 

gels and the corresponding DNA and protein concentrations. 
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4.5) Structural Characterisation of FOXP1, FOXP2 and FOXP3 FHDs: 

 

4.5.1 Circular Dichroism Spectroscopy: 

CD spectra of 10 µM monomeric FOXP1, FOXP2 and FOXP3 FHDs were obtained to assess 

and compare the secondary structure of the proteins. As anticipated, the FHDs assumed a 

predominantly alpha-helical CD spectrum with distinct troughs at 208 nm and 222 nm (Figure 

15), corresponding to their crystal structures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5.2 Intrinsic Fluorescence Spectroscopy: 

The tertiary structure of each FHD protein was monitored using intrinsic fluorescence 

spectroscopy as a result of the fluorescence signal emitted by tryptophan residues. This was 

done so as to confirm that the proteins were structurally intact. The signal emitted by these 

amino acid residues depends on the location of the tryptophan residues in the protein. Both the 

FOXP1 and FOXP2 FHDs comprise of three tryptophan residues and based on their crystal 

structures, two of these residues are exposed to the solvent polar environment with the third 

Figure 15: Far-UV circular dichroism spectra of FOXP1 (green), 

FOXP2 (blue) and FOXP3 (red) forkhead domains (FHD). The spectra 

were recorded for 10 µM monomeric FHD at 20 °C. All spectra contain 

troughs at 208 nm and 222 nm, indicating a predominantly alpha-helical 

characteristic as expected for the FHDs. 



one buried in the hydrophobic pocket of the FHDs (Figure 16A and 16B). Conversely, FOXP3 

FHD comprises of four tryptophan residues. The crystal structure of the FOXP3 FHD shows 

two tryptophan residues buried in the hydrophobic environment of the protein whilst the third 

and fourth tryptophan residue experiences partial and complete exposure to the solvent polar 

environment, respectively (Figure 16C).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) B) 

Figure 16: NMR and Crystal structures of the FOXP1, FOXP2 and FOXP3 FHDs, indicating 

the location of their tryptophan residues. A) NMR structure of FOXP1 FHD. The FOXP1 FHD 

comprises of three tryptophan residues. Trp494 and Trp534 are located such that they are exposed to 

the solvent, and Trp509 is buried in the hydrophobic pocket of the protein (PDB: 2KIU). B) FOXP2 

FHD crystal structure comprises of three tryptophan residues. Trp533 and Trp573 are located such 

that they are exposed to the solvent, and Trp548 is buried in the hydrophobic core of the protein 

(PDB: 2A07). C) FOXP3 FHD crystal structure exhibiting four tryptophan residues. Trp406 is fully 

exposed to the solvent, Trp381 exhibits partial exposure to the solvent, and both Trp348 and Trp366 

are buried in the hydrophobic core of the protein (3QRF). All structures were rendered by PyMol. 

C) 



As mentioned in section 3.7.2, the tryptophan amino acid residues produce a strong 

fluorescence signal when excited at 295 nm. Therefore, the FHDs were excited at 295 nm, and 

emission spectra were captured over a wavelength range of 300 nm and 500 nm (Figure 17). 

Two emission maxima of 330 nm and 336 nm were observed for FOXP1 and FOXP2 FHDs. 

FOXP3 FHD showed an emission maximum of 342 nm with a shoulder at 330 nm. Observation 

of two peaks in a fluorescence spectrum indicates that the tryptophan residues are positioned 

in different polar environments within the native structure of these proteins. This data is 

consistent with the NMR structure of FOXP1 FHD and the crystal structures of FOXP2 and 

FOXP3 FHDs.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.6) Analytical Size Exclusion Chromatography: 

The proportion of monomeric and dimeric species was investigated for FOXP1, FOXP2 and 

FOXP3 FHDs using concentration-dependent SE-HPLC. For each FHD, varying 

Figure 17: Fluorescence spectra of the FOXP1, FOXP2 and FOXP3 FHDs at 4 µM 

monomer concentration. For the emission spectra of the FHDs following excitation at 

295 nm, both FOXP1 and FOXP2 FHDs exhibit emission maxima of 330 nm and 336 nm, 

and FOXP3 FHD exhibits emission maxima at 330 nm and 342 nm. The observation of 

two peaks indicates that they have tryptophan residues that are buried within the core of 

the protein and exposed to the solvent.  



concentrations (5 µM – 100 µM) of the FHD protein were loaded onto the column in order to 

observe the effect of concentration on oligomeric state. Moreover, KD values were determined 

and compared. 

It was observed that at all concentrations, the FOXP1 FHD eluted as two peaks (Figure 18A), 

corresponding to the monomeric and dimeric species. The FOXP2 FHD was observed to be 

predominantly monomeric at all concentrations (Figure 18B). However, a FOXP2 FHD dimer 

peak was observed at the 100 µM. Although, studies have shown that FOXP3 FHD exists solely 

as a homodimer, two peaks were observed for the FOXP3 FHD protein (Figure 18C). However, 

unlike FOXP1 FHD, the FOXP3 FHD is primarily homodimeric at all concentrations and 

shows smaller proportions of monomeric species. 

From the chromatograms, graphs of squared monomer concentration ([monomer]2) as a 

function of dimer concentration ([dimer]) (Perumal et al., 2015)  were constructed (Figure 19). 

The KD was determined as the gradient of the graph. The KD values of the FOXP1, FOXP2 and 

FOXP3 FHDs were determined as 619 µM, 2.8 mM and 11 µM, respectively, suggesting that 

the FOXP3 FHD indeed exhibits the greatest propensity for dimerization compared to the other 

FHDs whereas the FOXP2 FHD exhibits the lowest propensity for dimerization.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FOXP1 FHD 

FOXP2 FHD 

FOXP3 FHD 

Figure 18: The characterisation of the oligomeric states of the FOXP1, FOXP2 and FOXP3 FHDs. 

The FHDs of FOXP1, FOXP2 and FOXP3 were run through the SE-HPLC at various concentrations in 

order to determine their dissociation constants. A) Analytical SEC profile of FOXP1 FHD at 5 – 100 µM 

concentrations. B) FOXP2 FHD SEC profile at 5 – 100 µM concentrations. The red arrow observed in 

the graph indicates the dimer peak observed for FOXP2 FHD at 100 µM. C) SEC profile of FOXP3 FHD 

at 5 – 75 µM concentrations.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.7) Fluorescence Anisotropy: 

Since it was established from analytical SEC that all the FHDs are able to form homodimers, 

fluorescence anisotropies were performed to establish whether these FHDs are capable of 

heterodimerization. Firstly, fluorescence anisotropies were conducted in triplicate to obtain 

binding affinities for the homotypic interactions of FOXP1, FOXP2 and FOXP3 FHDs. 

Thereafter, binding affinities for the heterotypic interactions between FOXP1 FHD and FOXP2 

FHD as well as FOXP1 FHD and FOXP3 FHD were investigated. SigmaPlot 15 was used to 

fit the curves to a single site ligand binding model. Both the homo- and heterotypic interaction 

data were analysed and compared. For the homodimerization of the FOXP1, FOXP2 and 

FOXP3 FHDs, the KD values were determined to be 27.4 ± 1.25 µM, 4.9 ± 0.4 µM and 1.1 ± 

0.04 µM, respectively (Figure 20). The KD for the heterodimerization studies was determined 

Figure 19: Graph of [monomer]2 against [dimer] constructed to obtain KD for the homotypic 

association of the FOXP1, FOXP2 and FOXP3 FHDs. From the analytical size exclusion 

chromatography experiments, the areas of the monomer and dimer peaks were employed to obtain 

the graph of [monomer]2 against [dimer]. In turn, the values of KD for FOXP1, FOXP2 and FOXP3 

FHDs were determined to be 619 µM, 2 826 µM and 11 µM, respectively. 



as 34.0 ± 3.5 µM for the interaction between FOXP1 FHD and FOXP2 FHD and 13.0 ± 1.3 

µM for the interaction between FOXP1 FHD and FOXP3 FHD (Figure 21). 

 

  

Figure 20: Fluorescence anisotropy assays of the homodimerization of the FHDs. A) 

Fluorescence anisotropy was performed to determine the binding affinities of the 

homodimerization of FOXP1, FOXP2 and FOXP3 FHDs. Each protein was labelled with Alexa 

Fluor 555. Increasing concentration (0 µM – 50 µM) of the unlabelled FHD protein was titrated 

into 0.6 µM labelled protein. These experiments were performed in triplicates. B) Table showing 

the KD values for the homodimerization of the FHDs.  

A) 

B) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Fluorescence anisotropy assays of the heterodimerization of the FHDs. A) 

Fluorescence anisotropy was performed to determine the binding affinities of the 

heterodimerization between FOXP1 FHD and FOXP2 FHD as well as between FOXP1 and 

FOXP3 FHDs. FOXP1 and FOXP3 FHD protein were labelled with Alexa Fluor 555. Increasing 

concentration (0 µM – 40 µM) of the unlabelled FHD protein was titrated into 0.6 µM labelled 

protein. These experiments were performed in triplicates. B) Table showing KD values obtained 

from the heterodimerization studies where 34 µM was determined for the FOXP1-FOXP2 FHD 

interaction, and 13 µM was obtained for the FOXP1-FOXP3 FHD interaction.  

A) 

B) 



Chapter 5 

Discussion 

 

A unique feature of the forkhead domain of the FOXP transcription factors is their potential to 

establish domain-swapped dimers through the process of domain swapping. This is evident in 

the FOXP2 and FOXP3 FHD crystal structures. Research suggests that this feature may have 

functional relevance due to the fact that there are various mutations that are associated with the 

collapse of domain swapping, leading to deregulations of transcription (Bandukwala et al., 

2011). In fact, homodimerization of the FOXP FHD has been suggested to enable regulation 

of transcription of distal genetic material by promoting interchromosomal associations (Chen 

et al., 2015). Although, only homodimerization of the FOXP FHD has been studied, research 

shows that these proteins are able to form hetero-oligomers via an upstream domain. Since the 

FOXP1 and FOXP2 proteins are co-expressed in various regions of the brain and have been 

suggested to play overlapping roles, and FOXP1 and FOXP3 share genomic binding sites in 

regulatory T-cells, this study therefore pursued the investigation of probable heterotypic 

association of their FHDs. The FOXP1 FHD shares both 89% and 76% similarities with the 

FHDs of FOXP2 and FOXP3, respectively (Chu et al., 2011). Despite this, these FHDs contrast 

in the way they interact with DNA, the functions in which they partake and the genes that they 

regulate. Additionally, these FHDs display varying propensities and binding affinities of 

homodimerization.  

 

FOXP1, FOXP2 and FOXP3 FHD Structural Characterization and DNA binding: 

To investigate the possibility of the FOXP1-FOXP2 and FOXP1-FOXP3 FHDs to 

heterodimerize, these proteins were expressed and purified. Since, the function of a protein is 

closely linked to its structure, it was crucial to ensure that the purified FHDs were folded into 

their native structures and that they bound DNA. This would ensure that the conclusions 

derived from the results obtained from downstream experiments pertaining to the homo- and 

heterodimerization of the FHDs would provide a fairly accurate understanding of what occurs 

physiologically. Therefore, circular dichroism and intrinsic fluorescence spectroscopies as well 



as EMSAs were conducted to ensure that the FHDs were folded correctly and were functional, 

respectively.  

Structurally, the FHD is predominantly alpha-helical, and unlike the FHDs of FOXP1 and 

FOXP2 which contain three tryptophan residues, the FOXP3 FHD contains four tryptophan 

residues. Analysis of the data obtained from both the circular dichroism and intrinsic 

fluorescence spectroscopies indicated that all the FHDs were characteristically folded into their 

native structures. The IFS further revealed that the fluorescence spectra of the FOXP1 and 

FOXP2 FHDs are superimposable. The tertiary structure of the proteins is probed by 

identifying the locations of tryptophan residues around the proteins. This suggests that the 

tryptophan residues in each FHD of FOXP1 and FOXP2 are in the same degree of solvent 

exposure. Analysis of the NMR and crystal structures of the FOXP1 and FOXP2, respectively, 

indicates that it is highly likely that their tryptophan residues are indeed located in similar 

positions in the proteins. Unlike both these FHDs, the spectrum of the FOXP3 FHD showed an 

increased fluorescence intensity. This is no surprise since the FHD of FOXP3 comprises of 

four tryptophan residues.  

In addition to being folded correctly, the FHDs of FOXP1, FOXP2 and FOXP3 were observed 

to be functional as shown in the EMSA studies, indicating that the isolated FHD is indeed able 

to function without the full-length protein. The Nelson DNA sequence was employed in this 

study (Nelson et al., 2013). This sequence is crucial in binding studies with FOXP FHDs as it 

has been suggested to have a fairly high affinity for the FOXP2 FHD (Webb et al., 2017). Since 

the FOXP1 and FOXP3 FHDs are closely similar to the FOXP2 FHD, this implies that these 

proteins may also bind the Nelson DNA with a fairly high affinity as well. As conjectured, all 

the FHDs bound to the Nelson sequence. However, rather than binding with similar strengths, 

it was observed that the proteins experienced varying binding affinities. That is, the FHD of 

FOXP1 showed the greatest binding affinity as it bound DNA already at a 2:1 (DNA:protein) 

ratio. This is different from both the FOXP2 and FOXP3 FHDs which bound the DNA at ratios 

of 1:2 and 1:3 (DNA:protein), respectively. The difference in binding strength may be 

attributed to the fact that although these FHDs are highly conserved, they exhibit subtle 

variations in their amino acid sequences that may be causing these differences in affinity. As 

mentioned previously, DNA-binding by TFs is governed by both specificity and affinity (Rohs 

et al., 2010). Affinity refers to the strength and number of interactions occurring between the 

protein side chains and the DNA bases (Rohs et al., 2010). It can therefore be suggested that 

the FOXP1 FHD is able to form large number of strong interactions with the DNA than FOXP2 



FHD, thereby binding with higher affinity than FOXP2 FHD. Additionally, when comparing 

the EMSAs of the FOXP1 and FOXP2, it is observed that the bands of FOXP2 FHD are 

profoundly smeared. Such smearing is indicative of a DNA-protein interaction that dissociates 

due to instability (Hellman and Fried, 2007), indicating that the FHD of FOXP2 does indeed 

have lower affinity than FOXP1 FHD to bind the Nelson DNA. Specificity refers the shape 

and charge complementarity between the DNA and protein (Rohs et al., 2010). Since the 

FOXP3 FHD exists exclusively as homodimers in solution, these dimers are compact and rigid, 

which may cause particular amino acids of FOXP3 FHD to interact weakly, thereby binding 

with low affinity. 

 

The propensities of FOXP1, FOXP2 and FOXP3 FHD to homodimerize: 

Although the FOXP1, FOXP2 and FOXP3 FHDs share high similarity scores, each FHD is 

unique in that each demonstrates a propensity for dimerization that differs from the next. 

Indeed, previous studies have revealed that the FOXP1 FHD exists as both monomeric and 

dimeric species in solution (Chu et al., 2011; Medina et al., 2016) and that the FOXP2 FHD is 

predominantly monomeric (Perumal et al., 2015; Morris and Fanucchi, 2016) while FOXP3 

FHD is exclusively dimeric (Medina et al., 2016; Stroud et al., 2006).  

As anticipated, analytical SEC data from this present study showed FOXP1 FHD to occur as a 

mixture of monomeric and dimeric species in solution. The KD that was obtained from these 

concentration-dependent SEC experiments was 619 µM, suggesting that FOXP1 FHD exhibits 

a low propensity for dimerization. However, this is not concurrent with previous studies, which 

have suggested FOXP1 FHD to only exhibit high propensities for dimerization, with KD values 

ranging between 1 and 30 µM from 17°C to 37°C (Chu et al., 2011; Medina et al., 2016). It is 

evident that the dissociation constants for FOXP1 FHD are particularly temperature dependent 

(Medina et al., 2016). These KD values are also pH dependent (Medina et al., 2019). That is, 

an increase in temperature decreases the propensity of the FHD to dimerize (increases KD), and 

an increase in pH increases its propensity to dimerize (decreases KD). Accordingly, this 

suggests that, since the analytical SEC experiments in this study were conducted at pH 6.5 at a 

temperature of 20°C, the expected dissociation constant ranges between 1.30 µM and 3.10 µM 

(Medina et al., 2016; Medina et al., 2019). The KD value obtained in this study is large and falls 

out of this range. It is therefore evident that the divergence in the dissociation constant is 

attributable to experimental inaccuracies. That is, the monomeric peaks of the FOXP1 FHD in 



the SEC experiment encountered tailing as well as significant drifting, therefore failing to re-

establish baseline and in turn yielding incorrect peak area values. Since the graph of 

[monomer]2 with respect to [dimer] was constructed from such values, it is no surprise that the 

R2-value obtained for the graph was 0.902 which is moderately low.  

In the case of FOXP2 FHD, the analytical SEC data in this study were also concurrent with 

previous studies which indicated that the protein is predominantly monomeric, however 

exhibiting small proportions of dimeric species. The dimeric species are particularly observed 

at a FOXP2 FHD protein concentration of 100 µM (Figure 18B). Therefore it is expected that 

the FHD displays an extremely low propensity for dimerization. Indeed, the KD that was 

obtained was 2.8 mM. This KD is relatively similar to a study by Perumal et al., 2015 that 

showed a KD of 2.4 mM for FOXP2 FHD. Additionally, the R2-value from the [monomer]2 

against [dimer] graph shows tight correlation (0.9856), which is indicative of accuracy in the 

data.  

Unlike FOXP1 and FOXP2 FHDs, the FHD of FOXP3 exhibits a strong propensity to form 

homodimers. This is shown in the data obtained from the analytical SEC experiments with KD 

of 11 µM. Studies have suggested that homodimerization of the isolated FHD of FOXP3 

appears to be exclusive (Bandukwala et al., 2011; Medina et al., 2016; Stroud et al., 2006). 

However, monomeric species of the FOXP3 FHD were detected by SEC (Figure 18C). It is 

unlikely that the monomer peak is contamination as the purity of this protein was assessed by 

SDS-PAGE. Therefore, it is likely that the cause of the monomeric peak is a result of 

denaturation of the FOXP3 FHD. Although the isolated FOXP3 FHD is able to function 

without the full-length protein, it appears that the FHD becomes unstable when exposed to 

20°C for periods as long as thirty minutes.  

The fact that strong propensities for dimerization are assumed by the FOXP3 FHD 

complements previous studies that have suggested these homodimers to have physiological 

relevance, which involve the regulation of homeostasis of the immune system (Bandukwala et 

al., 2011). Indeed, mutations that disrupt domain swapping result in the IPEX syndrome 

(Bandukwala et al., 2011). In regards to the FOXP2 FHD, since a very low propensity for 

dimerization was observed, it is postulated that homodimerization of the FHD may be a 

transient event which assists in the binding of the protein to DNA before the dimer dissociates. 

This postulation is supported by a previous study that suggested that the FHD homodimer binds 

DNA with a higher affinity than its monomeric form (Morris and Fanucchi, 2016), alongside 



the fact that the FOXP2 FHD crystal structure shows the dimer bound to only one strand of 

DNA and not two strands as observed in the crystal structure of FOXP3 FHD. Given that the 

monomeric form of the FHD is also able to bind DNA, its homodimeric form may function in 

cases in which demanding regulation of gene transcription is required.  

There is no crystal structure of the FHD of FOXP1. However, this protein exhibits 

characteristics of both the FOXP2 and FOXP3 FHDs. That is, the FOXP1 FHD is both 

monomeric and dimeric. Furthermore, physiologically, this protein is co-expressed with both 

FOXP2 and FOXP3, sharing similar functions with both proteins. Therefore, it can be expected 

that its interaction with DNA would be similar to that of both FOXP2 and FOXP3 FHDs. That 

is, FOXP1 FHD binds DNA in its monomeric and dimeric forms. Furthermore, it is likely that 

each monomer of the dimer binds DNA simultaneously. 

 

FOXP1, FOXP2 and FOXP3 FHD homotypic associations: 

The main aim of this study was to identify whether FOXP1-FOXP2 FHD and FOXP1-FOXP3 

FHD heterodimerization could occur. If so, it may be possible that these heterotypic 

associations are involved in transcriptional regulation by these proteins. This would also imply 

that the heterotypic associations of the full-length protein that have already been established 

may contribute to the associations between the FHDs (Thulo et al., 2020). Homodimerization 

studies were also conducted and compared to the heterodimerization studies. The binding 

affinity of protein-protein interactions are classified according to whether they are low affinity 

(KD > 10-6 M), high affinity (KD < 10-10 M) or average affinity (KD = 10–6 to 10–10 M) which is 

also attributed to the functions or roles they play physiologically (Kastritis et al., 2011). 

Fluorescence anisotropy revealed that there is a homotypic interaction of FOXP3 FHD, even 

though FOXP3 FHD is exclusively dimeric (Bandukwala et al., 2011; Medina et al., 2016; 

Stroud et al., 2006). The KD obtained from these experiments was 1.1 µM, indicating that the 

binding affinity is moderate. However, since the FOXP3 FHD homodimer has been postulated 

to be important for its physiological function, the KD  value is expected to show high affinity of 

binding instead of moderate (Bandukwala et al., 2011). Therefore these results could suggest 

that FOXP3 FHD is likely forming higher order complexes which would not be uncommon for 

FOXP3. That is, the FOXP3 protein has been suggested to have the capability of forming higher 

order oligomers via a domain that adjacent to the FHD (Song et al., 2012), and therefore it 

would be no surprise if this behaviour was also assumed by the FOXP3 FHD. 



Unexpectedly, the FOXP1 FHD homotypic association exhibits a weaker binding affinity than 

that of FOXP2 FHD, despite the fact that FOXP1 FHD shows a greater propensity to dimerize. 

It was observed that the FOXP1 FHD exhibits a low affinity to bind whilst a moderate binding 

affinity was observed for FOXP2 FHD. This implies that although the FHD of FOXP1 is prone 

to form homodimers, these dimers are less stable than those of the FOXP2 FHD. However, it 

may be argued that the lack of sufficient data points in the FOXP2 FHD fluorescence 

anisotropy experiments may have contributed to the lower KD and therefore additional data 

points are required for these experiments. 

 

FOXP1, FOXP2 and FOXP3 FHD heterotypic associations: 

To date, research has only been attentive to homotypic associations of the FOXP FHD 

(Bandukwala et al., 2011; Chu et al., 2011; Stroud et al., 2006). Little to no work has been 

done on heterodimerization of the FHDs even though the FOXP proteins have been observed 

to form heterotypic associations with each other. Work on possible heterotypic association of 

the FHDs has only implied indirect interaction of the FHDs, specifically, in the case of FOXP1 

and FOXP3 FHDs (Bandukwala et al., 2011). Therefore, this study aimed to investigate the 

direct heterotypic interactions between these FHDs. 

In this study, the heterotypic association between the FOXP1 and FOXP2 FHDs were studied. 

Similarly, the heterotypic association between the FOXP1 and FOXP3 FHDs were 

investigated. In both cases, a low affinity interaction (KD > 10-6 M) was observed with the 

FOXP1-FOXP3 FHD heterodimer showing the stronger binding affinity. A low binding 

affinity is a typical characteristic of transcription factors that establish transient complexes 

(Erijman et al., 2014). Therefore, this indicates that these FOXP1-FOXP2 and FOXP1-FOXP3 

FHD heterodimers are likely able to bind other proteins to form various multimolecular 

complexes that allow them to regulate transcription differentially. This feature is observed with 

FOXP3 whereby, depending on whether it establishes a protein complex with YY1 and RZH2 

or with KAT5, RELA and IKF2, it acts either as an activator or repressor of transcription 

(Kwon et al., 2017). 

 

 



Conclusion  

Dimerization is a property of the FOXP1, FOXP2 and FOXP3 FHDs. In this study, both the 

homo- and heterotypic associations of these FHDs were investigated. Since this work has never 

been established the main aim was to determine whether heterodimerization can occur between 

FOXP1 FHD with FOXP2 FHD and FOXP1 FHD and FOXP3 FHD. From this study, it was 

established that FOXP3 FHD exhibits the highest propensity for homodimerization, followed 

by FOXP1 FHD. FOXP2 FHD showed an extremely weak propensity for homodimerization 

but despite this, its homodimers are more stable than FOXP1 FHD which could be due to the 

strength of interaction of its hydrophobic amino acids residues at the dimer interface. Although 

the heterodimerization of these proteins occurs, these heterotypic interactions exhibit low 

binding affinities, suggesting that these heterodimers allow the flexibility to form various 

multimolecular complexes in order to differentially regulate transcription. For future work, 

these established heterodimers will be investigated in the presence of DNA. This would assist 

in determining how these associations affect DNA-binding and therefore assist in depicting 

how transcription is regulated by these heterodimers.  



Chapter 6 
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