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ABSTRACT 
 

FOXP1 and FOXP2 are members of the FOXP subfamily of transcription factors characterised by 

multiple domains, including a highly conserved C-terminal DNA binding domain (DBD). 

Additionally, the FOXP proteins are characterised by two functional dimerisation interfaces, 

comprising of the DBD, the forkhead domain (FHD) and an N-terminal leucine zipper domain. 

Sequence analysis also shows several regions of intrinsic disorder in the sequence, including the 

polyglutamine region, the domain linkers and a C-terminal acid rich region, conserved in FOXP1, 

FOXP2 and FOXP4. FOXP1 and FOXP2 are expressed in several organs including the lungs and 

brain and are important during embryonic development. FOXP1 is associated with cognition and 

retardation while FOXP2 has been implicated in language development. The similarities in 

structure and function between FOXP1 and FOXP2 and the partial overlap that has been reported 

in their expression patterns in brain regions important for language may indicate a possible 

interaction between them. More recently, disruptions in FOXP1 have been implicated in speech 

delay, intellectual disability, and autism, suggesting that just like FOXP2, FOXP1 has a significant 

involvement in speech and language development. Because of multiple domains, the expression 

and purification of the full length FOXP protein is relatively difficult to achieve in vitro. In this 

study, the structural and functional characteristics of FOXP1 and FOXP2 variants were 

determined using biophysical techniques. Four variants, two of FOXP1 and two of FOXP2 were 

constructed containing the FHD and the leucine zipper domain and differing in whether or not 

they additionally contained the C-terminal acid rich tail.  The four variants were expressed in the 

soluble Escherichia coli cell fraction and were purified to relative homogeneity using 

chromatography. Although it has been suggested that FOXP1 and FOXP2 regulate transcription 

as dimers, we cannot rule out the possibility of both proteins performing their functions as higher 

oligomers. Indeed, the formation of higher order oligomers was observed in this study through 

SEC, DLS and native PAGE measurements. Higher order oligomers-DNA complexes were 

observed in EMSA, therefore suggesting that formation of oligomers may also occur during DNA 

binding. The significance of the disordered C-terminal tail, ART, to structural stability was studied 

in the presence of a simple alcohol, ethanol. Simple alcohols are enough to destabilise the tertiary 

structure of a protein and to stabilise the helical structure, leading to a possible quaternary 

conformational state change. FOXP1 and FOXP2 variants exist in solution predominantly as 

higher order oligomers at different concentrations. However, for FOXP1 and FOXP2 LZ-FHD, 

decreases in solvent dielectric result in dissociation of the higher oligomers to form a mixture of 

monomer and dimer. Although there is also a decrease in quaternary state in the presence of 

ethanol for FOXP1 and FOXP2 LZ-End, the ART seem to be enough to maintain dimeric and higher 

oligomeric state. In agreement with other studies, the use of ethanol was able to destabilise the 
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tertiary structure, shown by a red shift in fluorescence emission for each variant, and to a 

characteristic increase in helical content. The folding of FOXP1 and FOXP2 LZ-End in mixtures of 

water with a simple alcohol directly relate to decrease in the dielectric constant of the solution. 

The hetero-association of FOXP1 with FOXP2 was defined using pull down assays on purified 

FOXP1 and FOXP2 truncated variants encompassing the leucine zipper, FHD and ART and 

fluorescence anisotropy to study the binding affinity of FOXP2 variants for FOXP1 variants in 

vitro. Size exclusion chromatography showed that the hetero-associated proteins exist mainly as 

dimers and fluorescence anisotropy revealed relatively weak association, both in the presence 

and absence of DNA in comparison to the isolated FHD of both proteins.  The loose assembly of 

FOXP1 and FOXP2 near full-length variants native structure suggest that this is a mechanism that 

is needed for both interaction with binding partners such as the other FOXP proteins during 

heterodimerisation and during DNA binding. These results also suggest a possibility of regulation 

by a dynamic equilibrium between different states which leads to a ‘partial occupancy’ upon DNA 

binding. The existence of different quaternary states and conformation suggests that both FOXP1 

and FOXP2 might also control transcription as components of supramolecular regulatory 

complexes stabilised by different subdomains, including the C-terminal acid rich region. This, 

therefore, suggests that local folding of the proteins must be frequently coupled to DNA binding. 

Consequently, hetero-oligomerisation of the full-length protein could be a transient event, that 

occurs for limited time.  
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CHAPTER 1 

INTRODUCTION 

Transcription is the initial step in gene expression and depends on the binding of transcription 

factors (TFs) to DNA response elements (RE) and chromatin-modifying enzymes within the 

promoter region (a region of DNA that initiates transcription of a particular gene) as well as 

the recruitment of the RNA Polymerase II complex to the transcription start site (located 3ʹ of 

the promoter) (Gao, Foat and Bussemaker, 2004; Pan et al., 2010). 

Transcription factors are DNA-binding, regulatory proteins that control the rate of 

transcriptional initiation. They bind to regulatory sequences, usually in the 5ʹ upstream 

promoter region of target genes (or they can bind to more distal control elements such as 

enhancers (Funnell and Crossley, 2012), in order to increase (or occasionally decrease) the rate 

of gene transcription (Barnes, 2006). They thus influence the fate of cells by interpreting the 

regulatory DNA within a genome. Transcription factors are recruited to transcription start sites 

by small segments of DNA- typically a few base pairs in length called enhancers- through 

short, specific DNA sequences (motifs) in order to regulate transcription (see review: Spitz and 

Furlong, 2012).  

Several factors and mechanisms influence the binding of transcription factors to DNA and 

thereby impact gene expression. The intricate three-dimensional interactions between 

transcription factors and gene promoters lead to the formation of large multicomponent 

complexes. Analysis of the structure and interactions of these complexes provides us with 

information on the specificity and regulation of transcription factor DNA binding. Specificity 

refers to the observation that many transcription factors preferentially bind to specific DNA 

sequences over other sequences. The preference that a transcription factor has for a given 

nucleotide at a specific position in the DNA sequence is mainly determined by the physical 

interactions between the amino acid side chains of the transcription factor and accessible edges 

of the base pairs that are contacted. These contacts include direct hydrogen bonds, water-

mediated hydrogen bonds and hydrophobic contacts (Slattery et al., 2014).   The location of a 

specific transcription factor on a specific DNA sequence, its interaction with other regulatory 
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proteins and the restriction of these interactions to a certain position in space and time 

contributes to the regulation of gene expression at the level of transcription. 

 

1.1. CLASSIFICATION OF TRANSCRIPTION FACTORS 

 

Transcription factors (TF) are categorised into two broad classes: ‘general’ TF, which are part 

of basal transcription machinery organised around RNA polymerases; and ‘specific’ TF that 

react to various biological stimuli and control the expression of appropriate target genes by 

binding to their cis-regulatory sequence in transcription activation or repression (Georges et 

al., 2010; Benayoun, Caburet and Veitia, 2011). 

Several families of TF exist, and members of each family may share structural characteristics, 

most commonly a highly conserved DNA binding domain and it is, therefore, common for TFs 

within a family to recognise either the same, or very similar, consensus DNA target sequences. 

Transcription factor families are classified into four predominant groups based on their DNA 

binding domains: helix-turn-helix, helix-loop-helix, zinc finger and basic protein/leucine 

zipper (Luscombe et al., 2000; Gray et al., 2004; Adcock and Caramori, 2009; Vaquerizas et 

al., 2009) as well as a less defined β-sheet motif (Barnes, 2006; Adcock and Caramori, 2009). 

The combination of one or more of these DNA-binding motifs in a transcription factor 

contributes to the specificity of transcription factor binding and its interactions. 

There are a number of advantages to combining multiple DNA-binding domains within a 

transcription factor. These include: (1) the chance for metabolite or substrate channelling; (2)  

the potential to protect unstable intermediates (3) the opportunity to allow interaction between 

sequential proteins leading to allosteric regulatory function and lastly, (4)  the potential for one- 

or two- dimensional diffusion of the proteins if they are attached to or are part of a cellular 

substructure (Hawkins and Lamb, 1995). 

Metabolite channelling is a process mostly defined in enzymatic reactions, where formation of 

multienzyme complexes allows the coordination and regulation of individual enzymes 

influencing the overall catalytic efficiency and specificity (Baker et al., 2012). Combinations 

of domains to form complexes can greatly impact the catalysis of successive reactions in 

metabolic pathways and can also influence the transfer of common intermediates from one 

active site to another without release to the surrounding environment (Nagradova, 2001). 
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Substrate channelling also influences the ability of multidomain proteins to protect unstable 

intermediates. Because of multiple reactions occurring sequentially, labile or toxic 

intermediates are easily separated and stabilised; therefore preventing formation of unwanted 

products from competing cellular reactions (Miles, Rhee and Davies, 1999; Huang, Holden and 

Raushel, 2001; Raushel, Thoden and Holden, 2003). For this to occur, products are not released 

until each functional domain (active site) has completed its reaction process (Nagradova, 

2001). 

Furthermore, combining multiple DNA-binding domains within a transcription factor provides 

the opportunity to allow interaction between sequential proteins leading to allosteric regulatory 

function (Hawkins and Lamb, 1995). Because of allosteric regulatory function, one site on a 

protein can modify the function at another spatially distinct site (Cui and Karplus, 2008; Smock 

and Gierasch, 2009; Reynolds, Mclaughlin and Ranganathan, 2011), a process important for 

information flow between functional surfaces (Reynolds, Mclaughlin and Ranganathan, 2011), 

known as cross-talk (Vuzman, Polonsky and Levy, 2010). 

Lastly, the combination of multiple domains is important for the one- or two- dimensional 

diffusion of the proteins if they are attached to or are part of a cellular substructure (Hawkins 

and Lamb, 1995). Diffusion of proteins is essential during DNA binding and is a mechanism 

used to search for the correct sequence on DNA (Berg, Winter and von Hippel, 1981; Slutsky 

and Mirny, 2004; Givaty and Levy, 2009; Vuzman, Polonsky and Levy, 2010; Vuzman and 

Levy, 2012). The search for a target sequence on DNA is facilitated by a combination of 3D 

diffusion and other search modes including sliding, hopping and jumping, which are performed 

at both one- and two-dimensional space (Vuzman and Levy, 2012). Initially, the protein is 

bound non-specifically to DNA through a single domain, while the other domain search DNA 

using the different modes of diffusion (Givaty and Levy, 2009; Vuzman, Polonsky and Levy, 

2010). 

 

1.1.1.Helix-turn-helix transcription factors 

The helix-turn-helix (HTH) motif (Figure 1) is a simple fold comprising of three core helices 

that form a right handed helical bundle with a partly open configuration interconnected by  

short random coils (Aravind et al., 2005). Variants of the HTH motif may contain two α-helices 

that are separated by a β-turn (Struhl, 1989). The loop between the 1st helix and the 2nd helix 

accounts for the most variability in the structure and may accommodate modifications in the 
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different classes of the helix-turn-helix motif (Aravind et al., 2005). The characteristic sharp 

turn (Figure 1B), which is a defining feature of this motif is situated between the 2nd and 3rd 

helix and is typically well conserved in all variations of the HTH motif (Struhl, 1989; Aravind 

et al., 2005).  

The 3rd helix, termed the recognition helix (figure 1), forms the primary DNA-protein contacts 

by inserting into the major groove of DNA (Brennan and Matthews, 1989; Otting et al., 1990). 

The helix turn helix motif binds to a palindromic sequence of DNA as a symmetric dimer that 

uses both the two fold symmetry of the DNA helical backbone as well as the nucleotide 

sequence to facilitate binding  (Struhl, 1989; Khare et al., 2004; Klug, 2010). Furthermore a 

basic patch at the N-terminus of helix 1 may form secondary contacts with DNA (Otting et al., 

1990) and additionally, the other α-helices can lie across the major groove and also non-

specifically interact with DNA (Struhl, 1989).  

 

Figure 1:The helix-turn-helix motif. A) A representative HTH motif of HFH-1 (PDB: 

1kq8). B) A schematic representation of the helix-turn helix motif (Cooper, 2000). C) The 

HTH motif binds to DNA as a dimer shown here by the HTH of lambda repressor-

operator complex (PDB: 1lmb). Helix 3 forms contacts with the major groove of DNA. 

Model was rendered in USCF, Chimera, alpha version 1.13 (Build 41666) (Pettersen et 

al., 2004). 
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An example of a transcription factor domain that contains the HTH motif is the winged helix 

domain (Figure 2) (Clark et al, 1993). The winged helix domain is a compact α/β structure 

(Figure 2A) consisting of two wings (W1 and W2), three α helices (H1, H2 and H3) and three 

β strands (S1, S2 and S3) (Barnes et al., 2000). In the conventional HTH, the helices are 

connected by short random coils or β-turns, while in the winged helix motif, the loops 

connecting the helices are extended to form large random coils or 2 stranded β-sheet wings 

(Aravind et al., 2005). The winged helix motif of the FOX transcription factors is characterised 

by a ~100 amino acid long, monomeric DNA binding domain (Kaestner et al., 2000) called the 

forkhead domain (FHD), first identified in the Drosophila melanogaster Forkhead gene 

mutants and in the mammalian HNF-3α TF (FOXA1) (Weigel and Jäckle, 1990). Like all other 

HTH domains, the forkhead domain makes contact with DNA via helix 3, by inserting into the 

major groove of DNA. This interaction allows not only helix 3 to form interactions via the 

major groove but the loop, wing 1 and wing2 regions are also able to interact with the more 

distal parts of the DNA target site (Brennan, 1993). 

 

Figure 2: The winged helix/forkhead domain. A) The winged helix/forkhead domain of 

HNF-3 (PDB: 1vtn) was one of the first modified HTH domains to be described. As with 

all HTH domains, helix 3 insets into the major groove of DNA. B) Winged helix-turn-

helix  consists of two wings: W1 and W2, three α-helices (H1, H2 and H3) and three ß-

strands (S1, S2 and S3) (Al-khayyat, 2015). Models were rendered in USCF, Chimera, 

alpha version 1.13 (Build 41666) (Pettersen et al., 2004).  

 

H1 
H2 
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1.1.2.Leucine zipper transcription factors 

The leucine zipper domain (Figure 3) contains four or five leucine residues that are spaced 

exactly seven residues apart and hence could be viewed as being repeated every two turns of 

an α-helix (Struhl, 1989). Indeed, the polypeptide segment that contains these periodic repeats 

of leucine residues does form a helical conformation. The leucine side chains extend from the 

α-helix of one polypeptide chain and can interact with those of a second polypeptide chain, 

thus facilitating dimerisation (Hakoshima, 2005). The α-helices in the leucine zipper dimer 

wind around each other forming a coiled-coil or supercoiled arrangement that helps maximise 

interactions among the hydrophobic side chains of the leucine residues (Figure 3A and B). This 

supercoiled structure gives the motif its zipper-like appearance. The hydrophobic core of the 

leucine zipper dimer is stabilised via van der Waals forces in addition to the hydrophobic 

interactions (O’Shea et al., 1989; Hjalt, 2004; Hakoshima, 2005). The dimeric leucine zipper 

region alone does not interact with DNA; however, in some instances the leucine zipper may 

contain a segment of ~20 amino acids that is rich in basic residues (Figure 3B) at its C- 

terminus. It is this sequence that facilitates non-specific DNA binding by interacting with the 

negatively charged phosphate groups of DNA (Hakoshima, 2005). These basic regions stick 

out from the coiled coil of the zip region to interact with DNA (Figure 3B).  
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Figure 3: Leucine zipper domain. A) The leucine zipper domain of PKG1-α (PDB: 4r4l). 

B) A schematic representation of the leucine zipper with a basic region interacting with 

DNA. Model was rendered in USCF, Chimera, alpha version 1.13 (Build 41666) 

(Pettersen et al., 2004). The schematic was taken from (Cooper, 2000). 

 

1.1.3.Helix-loop-helix transcription factors 

The helix-loop-helix (HLH) motif, shown in Figure 4, forms two amphipathic alpha helices, 

containing alternating hydrophobic residues, such as isoleucine or leucine in such a way that 

they are present on one side of the helix, creating a hydrophobic surface (Hjalt, 2004). Although 

the HLH motif consists of an extended alpha helical structure similar to that present in the 

leucine zipper domain,  unlike the leucine zipper, it also has a loop inserted into the middle of 

the helix (Kadesch, 1992; Massari and Murre, 2000) (Figure 4A). As with the leucine zipper 

domain, DNA binding to the HLH motif requires an additional cluster of basic amino acids 

positioned immediately to the C-terminal side of the motif (Figure 4B). Part of both the 

interhelical loop and the second helix of each polypeptide chain in the dimer can also interact 

with DNA (Hjalt, 2004).  

There are three different classes of the HLH motif. The first is the basic HLH motif (bHLH), 

described above and shown in Figure 4. It has two conserved and functionally distinct domains 

which together make up a region of approximately 60 amino acid residues (Jones, 2004). The 

basic amino acids cluster at the N-terminus on helix 1 and form the DNA binding site (Kadesch, 
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1992). The second class of HLH is denoted by the presence of a leucine zipper adjacent (C-

terminal) to the HLH motif. These zippers help stabilise HLH mediated protein-protein 

interactions and function to restrict the dimerisation specificities of the protein (Beckmann, Su 

and Kadesch, 1990). The last class of HLH is the dominant negative HLH (dn-HLH). This 

family possess an HLH motif but does not contain the adjacent stretch of basic amino acids 

required for DNA binding. 

 

Figure 4: The helix-loop-helix domain is characterised by two amphipathic alpha helices 

separated by an unconserved loop A) Representation of a helix-loop-helix domain using 

the MyoD bHLH structure (PDB: 1mdy). B) a general schematic showing the helix-loop-

helix domain interacting with DNA via H1. Model was rendered in USCF, Chimera, alpha 

version 1.13 (Build 41666) (Pettersen et al., 2004). The schematic for the model was taken 

from (Cooper, 2000). 

 

1.1.4.Zinc finger transcription factors 

The zinc finger motif (Figure 5) was first described in the TFIIIA protein of Xenopus oocytes 

(Miller, McLachlan and Klug, 1985; Foster et al., 1997) which contains 7-11 zinc atoms per 

molecule and nine repeating units of approximately 30 amino acid residues (Miller, McLachlan 

and Klug, 1985).  In the C2H2 zinc finger model, the most common zinc finger, cysteine and 

histidine residue pairs serve as a tetrahedral coordination site for a single zinc ion and the amino 

acids between these coordination sites project out as fingers (Miller, McLachlan and Klug, 
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1985). The zinc-coordination complex maintains a scaffold that allows the exposure of amino 

acids sidechains along the only alpha helix in the domain (Klug, 2010). In a different model 

which is analogous with structures of other metalloproteins, an anti-parallel β-sheet and α-helix 

exist between the coordination sites (Berg, 1990). Figure 5C represents the topology of various 

zinc finger domains models.  

The zinc finger binds to DNA tandemly in a linear, polar fashion and can recognise DNA 

sequences of different lengths, allowing several zinc fingers to be strung together in order to 

recognise DNA sequences of variable length (Klug, 2010). The α-helix (Figure 5A) binds to 

the major groove of DNA through specific hydrogen-bond interactions between the amino 

acids at helical positions 1, 3 and 6 and three successive bases on one strand of the DNA 

(Pavletich and Pabo, 1991).  

 

Figure 5: The zinc finger motif. A) the NMR structure of the zinc finger motif of Sp1 

(PDB: 1VA3), coordinated by a zinc ion, modelled from the structure of the TFIIIA zinc 

finger motif. Helix 1 forms contacts with DNA. The linear fashion in which the zinc finger 

binds allows several zinc fingers to be strung together in order to recognise DNA 

sequences of variable length Model was rendered in USCF, Chimera, alpha version 1.13 

(Build 41666) (Pettersen et al., 2004). B) A general schematic of a zinc finger motif 

interacting with DNA. Helix 1 is shown interacting with the major groove of DNA, taken 

from (Cooper, 2000).  
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1.1.5. β-sheet transcription factors 

The β-sheet motif, shown in Figure 6, is the least studied of all the transcription factor classes. 

The main roadblock to their study is the fact that isolated fragments of β-structure tend to 

aggregate in solution (Richardson and Richardson, 2002). The β-hairpin is the simplest β-sheet 

motif. A β-hairpin consists of two antiparallel hydrogen-bonded β-strands linked by a loop 

region (Pantoja-Uceda, Santiveri and Jiménez, 2006). β-Hairpin motifs differ in the length and 

shape of the loop and are classified according to the number of residues in the turn and the 

number of inter-strand hydrogen bonds between the residues flanking the turn (Pantoja-Uceda, 

Santiveri and Jiménez, 2006). When the β-hairpin loops are short (detailed description: 

(Pantoja-Uceda, Santiveri and Jiménez, 2006)), the loop conformation corresponds to β-turns 

with geometries adequate for the characteristic right-handed twist of antiparallel β-sheets 

(Pantoja-Uceda et al., 2006).  

 

Figure 6: The beta-sheet motif of two or more antiparallel hydrogen-bonded β-strands 

linked by a loop region. A) The beta-sheet motif of ARRDC3 (PDB:4n7h) showing the 

antiparallel β-strands and the linking loops. Model was rendered in USCF, Chimera, 

alpha version 1.13 (Build 41666) (Pettersen et al., 2004) B) A schematic representation of 

a general β-sheet motif, showing the N- and C-termini, and the general arrangement of 

β-strands.  
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1.2. FOX PROTEINS 

The forkhead box (FOX) family of transcription factors currently has over 2000 members 

identified in 108 species of animals and fungi (Benayoun, Caburet and Veitia, 2011). Each 

subfamily is denoted by a letter (A-S) (Benayoun, Caburet and Veitia, 2011). The FOX proteins 

are characterised by highly conserved DNA-binding domain (DBD) called the forkhead 

domain (FHD), which was initially  identified in the Drosophila melanogaster Forkhead gene 

(Weigel and Jäckle, 1990; Kaestner, Kno and Martı, 2000; Benayoun, Caburet and Veitia, 

2011). The DNA binding domain folds into a variation of the helix-turn-helix motif (Figure 

1B) termed a winged helix (Figure. 3) and is made up of three α-helices (H1, H2 and H3), two 

characteristic large loops or ‘wings’ (W1 and W2) which are extended  and three β-strands (S1, 

S2 and S3) (Clark et al., 1993; Kaestner, Kno and Martı, 2000; Huffman and Brennan, 2001). 

The FOX winged HTH is different from the conventional HTH in that there are two extended 

C-terminal loops that form a two-stranded anti-parallel β-sheet that make up the first wing 

(Clark et al., 1993). The second wing is usually made up of the a fourth α-helix or an extended 

loop following the antiparallel β-sheets (Clark et al., 1993). 

The FOX transcription factors participate in an extensive range of biological functions ranging 

from embryogenesis to adult life. These include development, growth, stress resistance 

apoptosis, cell cycle, immunity, metabolism, reproduction and ageing (Burgering and Kops, 

2002; Giannakou and Partridge, 2004; Katoh and Katoh, 2004; Arden, 2007; Carter and Brunet, 

2007; Peng, 2007; Tuteja, Kaestner and Gene, 2007a, 2007b; Van Der Horst and Burgering, 

2007; Partridge and Brüning, 2008). Their roles also include the regulation of gastrulation (Ang 

and Rossant, 1994; Weinstein et al., 1994) and stem cell niche maintenance (Sackett et al., 

2009; Aoki et al., 2016). Furthermore, members of the FOX family are essential for the normal 

specification, differentiation, maintenance and/or function of several tissues (Zhu, 2016). In 

humans, mutations in or the abnormal regulation of FOX genes are linked to several 

developmental disorders and diseases such as cancer  (look in ref: Myatt and Lam, 2007; 

Golson and Kaestner, 2016), Parkinson’s disease (Kittappa et al., 2007), autism spectrum 

disorder (Bowers and Konopka, 2012), ocular abnormalities (Acharya et al., 2011), defects in 

immune regulation and function (Mercer and Unutmaz, 2009) and deficiencies in language 

acquisition (Takahashi et al., 2009).   
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1.2.1.   FOXP subfamily 

There are four members in the FOXP subfamily (FOXP1-4). They are classified as such 

because they share homology in a larger proportion of their sequence than just the forkhead 

domain alone.  

 

FOXP1 functions as a transcription repressor and is widely expressed in the developing and 

mature brain as a regulator of neural connectivity (Kurz et al., 2010). It has been reported to 

have expression patterns within the striatal projection neurons. It is associated with cognition 

and retardation (Kurz et al., 2010). It is also an essential factor in pro/pre-B-cell development 

and is expressed in a variety of B-cell lymphomas (Sagardoy et al., 2013; De Smedt et al., 

2015). FOXP1 is differentially expressed in a number of malignant cell types, including 

gastrointestinal, lung, head, neck, genitourinary malignancies and breast cancer. FOXP1 is thus 

a potential tumour suppressor gene (Koon et al., 2007). Studies have also shown the possibility 

that FOXP1 acts as an oncogene in a number of malignancies, with elevated expression of 

FOXP1 being an indicator of worse prognosis (Koon et al., 2007). Several mutations in the 

FOXP1 gene have been implicated in several autism spectrum disorders, mental disorders 

(schizophrenia) and cognitive disabilities (neurodevelopmental delay and specific language 

impairment) (Horn et al., 2010; Sollis et al., 2016; Meerschaut et al., 2017).  

FOXP2 is highly expressed in the central nervous system (CNS) (Bowers and Konopka, 2012). 

Its expression is not limited to the CNS, it is also expressed in the lungs, kidneys, intestines, 

spleen and skeletal muscles (Bowers and Konopka, 2012). Mutations in FOXP2 has been 

implicated in a severe speech and language disorder (Lai et al., 2001; Teramitsu et al., 2004). 

Mutations of FOXP2 are rare (Fisher and Scharff, 2009), but have been reported to lead to 

neuropsychiatric disorder including schizophrenia (Lai et al., 2001; Tomblin et al., 2010; 

Bowers and Konopka, 2012) and impaired expressive and receptive language (Fisher and 

Scharff, 2009). Downregulation of FOXP2 has been shown to triggers tumour initiation (Cuiffo 

et al., 2014; Yan et al., 2015; Jia et al., 2016; Chen et al., 2018), suggesting that FOXP2 can 

function as a putative tumour/metastasis suppressor in breast cancer (Cuiffo and Karnoub, 

2016). 

FOXP3 is expressed in developing regulatory T-cells. It acts as a transcription repressor when 

expressed in either non-lymphoid cells or T-cell lines where it inhibits activation induced 

cytokine expression (Lopes et al., 2006). FOXP3 is implicated in human immune 
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dysregulation, polyendocrinopathy enteropathy, X-linked syndrome (IPEX syndrome) 

(Bennett et al., 2001; Lopes et al., 2006; Torgerson and Ochs, 2007; Konopka et al., 2009) 

which is a systematic autoimmune disease affecting bowel, skin, endocrine organs and blood 

(Torgerson and Ochs, 2007). 

FOXP4 is the least studied of all the FOXPs. In mice, Foxp4 has been found to be expressed 

in adult tissues of the heart, brain, lungs, liver, kidney and testis. Like FOXP1 and FOXP2, it 

is also expressed in the developing lung and gut (Chatila et al., 2000; Shu et al., 2001; Lu et 

al., 2002; Lai et al., 2003; Konopka et al., 2009). It was found to be located at the chromosome 

region 6p21, which is a region, linked to prostate cancer (Teufel et al., 2003).  

 

1.2.2.  FOXP structure  

The four members of the FOXXP subfamily, FOXP1-4 contain 677, 740, 431, and 680 amino 

acid residues respectively (Chu et al., 2011). Uniquely, the FOXP proteins have a C-terminal 

FHD (Figure 7) unlike the other FOX family members which have their FHD at the N-terminal 

side of the protein. The structural architecture of the FOXP transcription factors is thus different 

to that of the other FOX proteins.  

FOXP transcription factors are categorised together due to the conservation of their sequence 

and structure. In addition to the conserved FHD, these proteins share an N-terminal 

polyglutamine-rich tract (or proline-rich tract in the case of FOXP3 (Xie et al., 2015)), a zinc 

finger motif and a leucine zipper domain (Lai et al., 2001; Shu et al., 2001) (figure 7). 

 

Figure 7: General FOXP protein architecture showing the centrally located domains, the 

C2H2 zinc finger motif, the leucine zipper domain (LeuZip) and the forkhead domain 

(FHD). FOXP1, FOXP2 and FOXP4 also possess a C-terminal acid rich tail (ART). 

The polyglutamine tract of FOXP proteins may be important in protein-protein interactions 

(Lai et al., 2001). The FOXP proteins also have a Cys2/His2 zinc finger domain that is 
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implicated in both dimerisation (Fairall et al., 1993; Klug, 2010).  The α-helix of the zinc-

finger is directly linked to that of the leucine zipper producing an extended single long helix 

(Song et al., 2012). The FOXP leucine zipper is an antiparallel loosely packed α-helical 

structure, important in dimerisation (Li et al., 2004; Song et al., 2012). This putative leucine 

zipper consists of a valine residue at some heptad positions instead of a leucine residue. The 

FOXP proteins are also characterised by an acidic C-terminus which is speculated to be 

involved in  DNA binding and stability (MacDermot et al., 2005; Vernes et al., 2006; Hamdan 

et al., 2010; Takeuchi et al., 2010). FOXP3 does not have an acid-rich tail and its FHD ends 

only 11 amino acids from the C terminus of the protein (Schubert et al., 2001), as seen in the 

sequence alignment (Figure 8). 
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Figure 8: Sequence alignment of FOXP proteins. Each domain of these multiple domain 

proteins is coloured differently; zinc finger motif (blue), leucine zipper domain (brown) 

and forkhead-box domain (FHD) (green). The C-terminal acid rich tail extends from the 

FHD to the end of the sequence in three of the four subfamily members. Multiple 

sequence alignment performed using CLUSTAL O(1.2.4). 
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1.2.3.FOXP dimerisation interfaces  

The FOXP subfamily of forkhead proteins is remarkable in its ability to dimerise. This is unlike 

any other FOX proteins studied to date. There are two distinct regions of the protein that have 

been shown to form a dimer interface: the leucine zipper (Li, Weidenfeld and Morrisey, 2004) 

and the forkhead domain (Stroud et al., 2006). The NMR structure of the FOXP1 FHD (Chu 

et al., 2011) and the crystal structures of the  FOXP2 (Stroud et al., 2006) and FOXP3 

(Bandukwala et al., 2011; Chen et al., 2015) forkhead domains are shown in Figure 9.  The 

crystal structures of the FOXP2 FHD (Figure 9B) and the FOXP3 FHD (Figure 9C) show that 

both these FOXP FHDs can form domain swapped dimers (Stroud et al., 2006; Bandukwala et 

al., 2011; Chen et al., 2015). There are major variations in the propensity of the FHD to form 

dimers between the FOXP subfamily members where the isolated FOXP3 FHD exists almost 

exclusively as a homodimer, while the FOXP1 and FOXP2 FHDs tend to exist as a mixture of 

monomer and dimer in solution under similar conditions (Stroud et al., 2006; Bandukwala et 

al., 2011; Chu et al., 2011; Medina et al., 2016). These differences are highlighted by the fact 

that a single residue substitution in the FOXP2 FHD, Y540F, to mimic the natural substitution 

present at a similar position in the FOXP3 FHD, was shown to be sufficient to increase the 

propensity of the FOXP2 FHD for dimerisation quite substantially (Perumal, Dirr and 

Fanucchi, 2015). Interestingly, although crystallisation studies have shown that the FOXP FHD 

proteins can dimerise, the FOXP2 FHD has been shown to exist predominantly as a monomer 

at concentrations as high as 300 M (Blane and Fanucchi, 2015; Perumal, Dirr and Fanucchi, 

2015; Morris and Fanucchi, 2016). However, it is possible that dimerisation of the FOXP2 

FHD does occur at 300 µM but the resultant dimer is highly unstable, as shown by the 

instability of a disulfide-linked dimeric mutant in some studies (Morris and Fanucchi, 2016).  
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Figure 9: A) NMR structure of the FOXP1 FHD (PDB: 2kiu), B) crystal structure of the 

FOXP2 FHD (PDB: 2a07). This is the only member of the family for which there are FHD 

structures available in both the monomeric (insert) and dimeric form. C) The FOXP3 

domain swapped dimer FHD (PDB: 3qrf) D) The alignment of the FOXP1 and FOXP2 

FHD monomers. The domain swapping interface is shown (circular). The hinge loop 

region connecting the exchanged domains is highly conserved in FOX proteins allows 

extension of helix 1 and helix 2 during domain swapping. Models were rendered in USCF, 

Chimera, alpha version 1.13 (Build 41666) (Pettersen et al., 2004). 

Domain swapping is a unique trait observed in the FHD of FOXP proteins and is not seen in 

the FHD of other FOX proteins which remains monomeric. In domain swapping, specific 

regions of proteins are swapped over to form an intertwined dimer (Schlunegger, Bennett and 

Eisenberg, 1997). Domain swapped regions can differ in size from primary structural elements 

including α-helices or β-sheets (Khazanovich et al., 1996) to whole or many domains (Bennett, 

Schlunegger and Eisenberg, 1995; Liu et al., 1998, 2002). The only structural difference 

between monomer and the subunits of a domain-swapped dimer is the hinge-loop region 

joining the two subunits (Ogihara et al., 2001; Rousseau et al., 2004). 
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In the FOXP FHD, helix 1 (H1) and helix 2 (H2) of one monomer are exchanged upon 

formation of the domain swapped dimer due to extension of helix 2 (Stroud et al., 2006; 

Bandukwala et al., 2011; Chen et al., 2015). The hinge loop region connecting the exchanged 

domains is highly conserved in FOX proteins. However, in the FOXP subfamily, an alanine 

residue replaces the conserved proline that is found in this region in other FOX proteins. Proline 

is cyclic and as such, its structure is likely to prevent the extension of helix 2 and helix 4, thus 

hindering domain swapping. Indeed, mutation of the alanine to a proline residue in the FOXP1 

and FOXP2 hinge loop region prevents domain swapping and renders the FOXP2 FHD 

exclusively monomeric (Stroud et al., 2006; Chu et al., 2011; Morris and Fanucchi, 2016). 

Although domain swapping has  been observed in the crystal structures of both the FOXP2 and 

FOXP3 FHDs (Stroud et al., 2006; Bandukwala et al., 2011; Chen et al., 2015), the 

physiological relevance of this event is yet to be elucidated and it is uncertain whether it is not 

simply an artefact of crystallisation. However, there is evidence to support that the hinge loop 

region, thought to be responsible for domain swapping is important in regulating the 

mechanism of DNA binding of the FHD since it allows for flexibility of the FHD in FOXPs 

(Morris et al., 2018). Indeed, this dimerisation  seems to be crucial for the FOXP3 FHD  and, 

therefore, FOXP3 binding since the domain swapped dimer can bridge DNA (Bandukwala et 

al., 2011; Chen et al., 2015). 

The FOXP leucine zipper domain is the other significant dimerisation interface through which 

the full length FOXP proteins can form dimers (Li et al., 2004; Song et al., 2012). A crystal 

structure of the FOXP3 leucine zipper domain has been solved  (Song et al., 2012) and is shown 

in Figure 10. 
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Figure 10: FOXP leucine zipper dimerisation interface. A) Amino acids involved in the 

FOXP leucine zipper domain, and their respective interactions with each other. B) Homo-

oligomerisation of FOXP3 leucine zipper domain. The diagram was obtained from (Song 

et al., 2012) (PDB 4i1l). 

 

The FOXP3 leucine zipper is a loosely packed anti-parallel coiled coil (Song et al., 2012). This 

leucine zipper domain is able to facilitate a type of high-order packing between dimers (Song 

et al., 2012) (Figure 10B) due to the extended hydrophobic stretch on the coiled-coil surface, 

a trait observed in other leucine zipper domains (Bresnick and Felsenfeld, 1994; Zeng, Herndon 

and Hu, 1997; West et al., 2004; Taylor and Keating, 2008). Because of high sequence 

similarities amongst the FOXP proteins, the fact that the FOXP3 leucine zipper can mediate 

not only dimer formation but also formation of higher oligomers, implies that the other FOXP 

leucine zippers are also likely to be involved in higher oligomer formation. Mutations in the 

FOXP leucine zipper domain that disrupt dimerisation have also been shown to affect DNA 
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binding in the full-length protein (Wang et al., 2003; Li et al., 2004; Song et al., 2012), 

implying that dimerisation regulates DNA binding to some degree. Furthermore, dimerisation 

has also been shown to be important in regulating and fine tuning transcriptional activity (Sin 

et al., 2014). The full-length FOXP protein has a zinc finger motif adjacent to the leucine zipper 

domain. The FOXP zinc finger motif is not believed to be directly involved in dimerisation 

(Song et al., 2012) and its role in the protein is yet to be elucidated.  

 

1.2.4. FOXP DNA binding 

The forkhead domain of most of the FOX family members binds to DNA as an obligate 

monomer (Benayoun, Caburet and Veitia, 2011). However, the FOXP subfamily members are 

an exception and the FOXP FHD is believed to be able to interact with DNA as a dimer due to 

a proline to alanine substitution in the hinge loop region which allows the FHD to exist in a 

domain swapped dimeric form. Indeed, the crystal structure of the FOXP2 FHD shows both 

dimer and monomer species interacting with DNA (Stroud et al., 2006). 

  

As with all HTH motifs, DNA binding by FOXP proteins is mediated through insertion of the 

recognition helix, (helix 3) into the major groove of DNA irrespective of the dimerisation state 

(whether monomer or domain-swapped dimer) (Stroud et al., 2006; Bandukwala et al., 2011; 

Chen et al., 2015). Although they vary in their affinity of binding, the FOXP family of 

transcription factors are all capable of binding to the same DNA sequence (Li, Weidenfeld and 

Morrisey, 2004; Webb et al., 2017). The dominant contact between the FOXP forkhead domain 

and DNA is  non-specific with only a few base specific contacts being made (Stroud et al., 

2006). Despite this, specific interactions such as ionic interactions, hydrogen bonding, have 

still been shown to play an important role in DNA binding (Morris et al., 2018). 
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Figure 11: FOXP DNA interactions. A) FOXP2 FHD interacts with DNA as both a 

monomer and a dimer in the crystal structure. B) FOXP3 FHD interacts with DNA as a 

dimer, capable of bridging two DNA helices. Model was rendered in USCF, Chimera, 

alpha version 1.13 (Build 41666) (Pettersen et al., 2004) using the PDB codes: 2a07 

(FOXP2 FHD) and 3qrf (FOXP3 FHD), respectively. 

Although the alanine to proline mutation in the FOXP FHD results in a larger DNA binding 

surface compared to the wild type, there is evidence to suggest that interactions between the 

wild type FOXP2 FHD and DNA are highly controlled by ionic contacts, facilitating greater 

affinity for DNA than the alanine to proline mutant (Morris et al., 2018). Furthermore, binding 

of  the FOXP2 FHD to DNA results in a decrease in  the flexibility of the protein as it becomes 

more alpha-helical, especially in the presence of high affinity sequences (Webb et al., 2017). 

These changes upon DNA binding can also be induced by changes in pH (Blane and Fanucchi, 

2015).  Indeed, according to the crystal structure, the FOXP2 FHD mediates a pH dependent 

ionic contact through its His554 which forms an H-bond with the N4 amino group of Cyt11 

(Stroud et al., 2006; Blane and Fanucchi, 2015).  
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1.3. PROTEIN-PROTEIN INTERACTIONS 

1.3.1. Protein-protein interactions summary 

Proteins play a vital role in almost all biological functions and processes, but seldom act by 

themselves. Most of the molecular processes rely on molecular machines which are made up 

of many different proteins which bind to each other via direct physical protein-protein 

interactions. Such interactions occur through protein interfaces. Protein interfaces (or binding 

sites) are certain functional patches on the surface of each protein through which contact 

between the interacting partners occur (Jones and Thornton, 1996). The average patch size of 

an interface lies between 1600 and 4000 Å2 (Conte, Chothia and Janin, 1999).  Easy access to 

binding patches is a central requirement for the interaction to form (Ma et al., 2003). Three-

dimensional protein structures obtained through several techniques including x-ray 

crystallography show that protein interfaces mostly consist of completely buried cores, 

surrounded by partially accessible rims (Bogan and Thorn, 1998; Chakrabarti and Janin, 2002). 

The major features of the interaction vary substantially among proteins; however, certain amino 

acid types (leucine residues, isoleucine residue and valine residue, etc.) tend to be more 

common than others. Furthermore, there are differences in amino acid composition between 

the core and rim regions of the interface (Jones and Thornton, 1996; Bogan and Thorn, 1998; 

Chakrabarti and Janin, 2002; Guharoy and Chakrabarti, 2005). Much of the binding affinity at 

the interface resides in small, conserved, independent and highly packed regions which are 

called "hot spots" (Delano, 2002; Ma et al., 2003).  

Protein–protein interactions can be divided into different classes according to their 

composition, affinity and life time (Nooren and Thornton, 2003a; Park et al., 2009; Khan et 

al., 2011) as: (i) homo- and hetero-oligomeric complexes (Jones and Thornton, 1996) , (ii) non-

obligate and obligate complexes (Nooren and Thornton, 2003a; Perkins et al., 2010)  and (iii) 

transient and permanent complexes (Ozbabacan et al., 2011).  

Homo-complexes are frequently observed as permanent complexes. This is because homo-

complexes tend to be symmetric and provide a good scaffold for stable macromolecules 

(Ozbabacan et al., 2011). Therefore, their interfaces resemble protein cores (Tsai et al., 1997; 

Tsai, Xu and Nussinov, 1997). Homo-interfaces are typically large, hydrophobic (as measured 

by high values of nonpolar buried surface areas) and display good complementarity between 

the two chains (Keskin et al., 2008).  In contrast, in hetero-complexes, chains differ from each 

other and the interactions are largely non-permanent (Jones and Thornton, 1996; Keskin et al., 
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2008; Cardinale et al., 2010). The stability of hetero-complexes can vary substantially and 

often hetero-complexes form the base to which different proteins that associate in order to form 

a macromolecular complex (Ozbabacan et al., 2011). Hetero-complexes may be formed and 

deformed based on the cellular environment and/or external factors (Jones and Thornton, 1996; 

Cardinale et al., 2010). 

The key point for differentiation between obligate and non-obligate protein-protein complexes 

is affinity (Nooren and Thornton, 2003a; Perkins et al., 2010; Ozbabacan et al., 2011). 

Components of an obligate complex are unstable on their own in vivo and can only exist when 

forming part of the complex, while non-obligate components are usually capable of existing 

independently and stably on their own, outside of the complex system (Ozbabacan et al., 2011). 

Therefore, obligate interactions are usually permanent (Nooren and Thornton, 2003a) whereas 

non-obligate interactions are mostly transient (Janin, Bahadur and Chakrabarti, 2008). 

Furthermore, the interfaces of non-obligate interactions tend to be smaller, less tightly packed, 

more polar, less conserved, and overall more similar to protein surfaces in terms of amino acid 

composition than those of obligate interactions (Zhu et al., 2006). Obligatory associations are 

in general tighter, with a stronger hydrophobic component, better packing, and fewer structural 

water molecules trapped between the monomers, and they manifest better shape 

complementarity (Keskin et al., 2008; Khan et al., 2011; Ozbabacan et al., 2011). Homodimers 

provide a nice example of obligatory complexes; however, many other proteins consisting of 

hetero-oligomers may also fall into this category (Khan et al., 2011; Ozbabacan et al., 2011).  

Transient and permanent protein-protein complexes are characterised based on the lifetime (or 

stability) of the complex (Ozbabacan et al., 2011). Permanent interactions are usually very 

stable and irreversible (Nooren and Thornton, 2003b). By contrast, formation of transient 

complexes depends on the functional state of the partners (Ozbabacan et al., 2011). The 

components of the transient interactions associate and dissociate temporarily in vivo (Mintseris 

and Weng, 2003; Nooren and Thornton, 2003b, 2003a; Block et al., 2006; Janin, Bahadur and 

Chakrabarti, 2008; Levy and Pereira-Leal, 2008). The interfaces in the transient complexes are 

widely less extensive and have more polar/charged amino acids, and the surfaces of the 

interacting proteins at their interface are not as optimised, leading to weaker associations with 

the exception of some enzyme-inhibitor complexes (Block et al., 2006; Janin et al., 2006; 

Winter et al., 2006). Non-obligate interactions are predominantly transient; however, there are 

a few examples of permanent, non-obligate interactions (Janin, Bahadur and Chakrabarti, 

2008). Obligate interactions are permanent in nature (Nooren and Thornton, 2003b). 
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It is commonly understood that proteins will associate through hydrophobic patches on their 

surfaces (Jones and Thornton, 1996). While folding is largely driven by the hydrophobic effect, 

there is actually great diversity in the manner in which proteins associate with each other (Jones 

and Thornton, 1996; Stites, 1996; Conte, Chothia and Janin, 1999). There are, however, other 

forces that are crucial to protein-protein interactions. These forces involved in packing of 

oligomeric proteins are surface complementarity, van der Waals interactions and electrostatic 

interactions, such as H-bonds and salt bridges (Nakamura, 1996; Tsai et al., 1997). Protein-

protein interactions seem to follow an ‘anything is possible’ approach, indicating that there 

might not be one general mechanism governing protein-protein interactions as there is for 

protein folding (Lendel, Dogan and Härd, 2006; Keskin et al., 2008; Khan et al., 2011).  

In general, the highest hydrophobicity of protein-protein interfaces exists in-between protein 

cores and exposed surfaces, with the interfaces of homo-complexes being slightly more 

hydrophobic than those of hetero-complexes (Janin, Miller and Chothia, 1988; Jones and 

Thornton, 1996; Keskin et al., 2008). Indeed, there are often a number of aromatic residues 

located at protein-protein interfaces implying that hydrophobic contributions do play a 

significant role (Young, Jernigan and Covell, 1994; Tsai et al., 1997; Tsai, Xu and Nussinov, 

1997; Jones, 2004). Furthermore, many, although not all, protein-protein complexes have 

relatively large changes in heat capacities (ΔCp°) for dissociation, which is as expected for a 

process driven by the hydrophobic effect (Stites, 1996).  

Despite the prevalence of hydrophobic contacts at the interface, polar interactions between 

proteins are also common (Stites, 1996; Conte, Chothia and Janin, 1999; Keskin et al., 2008; 

Khan et al., 2011). Arginine residues, for example, are commonly found at these interfaces, 

indicating that electrostatic interactions are also important (Xu, Lin and Nussinov, 1997; 

Sheinerman, Norel and Honig, 2000; Sheinerman and Honig, 2002; Norel et al., 2008). Further 

support for the prominence of electrostatic forces at protein-protein interfaces comes from 

indications that the desolvation free energy of polar atoms is lower in interfaces than in protein 

cores (Xu, Lin and Nussinov, 1997; Sheinerman, Norel and Honig, 2000) and from the effect 

of long-range electrostatic interactions on the on-rates of complex formation (Schreiber and 

Fersht, 1996).  
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1.3.2. Transcription factor oligomerisation 

Transcription factors often form oligomers because they either cannot bind to DNA as 

monomers, their monomers are unstable, or the oligomers have a higher affinity or specificity 

for DNA-binding than the monomers (Funnell and Crossley, 2012). The formation of 

transcription factor homo- and hetero-oligomers is, therefore, important for transcriptional 

regulation as it modulates their interactions with specific DNA sequences (Zaret and Carroll, 

2011). Oligomerisation events result in either the inhibition or the enhancement of 

transcriptional activity at a site distinct from the consensus target site for a transcription factor 

(McCarty et al., 2003; Guharoy and Chakrabarti, 2005; Maiese, 2010). Proper dimerisation is 

thus a requirement for cooperative binding to multiple binding sites and synergistic 

transactivation of targets (Payre et al., 1997).  

Transcription factor oligomerisation is favoured because the DNA-binding domain (DBD) of 

a monomeric protein only recognises a relatively short DNA sequence unit and cannot bind 

DNA as stably (Spitz and Furlong, 2012). The binding of a dimer to two DNA sites can be 

much tighter than the binding of either monomer (Schleif, 2013) due to increased number of 

interactions. Furthermore, oligomer formation increases the selectivity of protein-DNA 

interactions by causing the proteins to bind to a more complex sequence consisting of a 

combination of the short units recognised by each DBD (Funnell and Crossley, 2012). When 

the transcription factors and their interacting partners are expressed in overlapping spatial 

domains, the combinatorial binding that results, causes discrete and precise patterns of 

transcriptional activity (Spitz and Furlong, 2012). Many transcription factors are homo-

oligomeric and simultaneously utilise two DNA binding domains to contact two similar DNA 

sites (Schleif, 2013). This allows DNA binding affinity to be controlled by regulating the 

separation and/or relative orientation of the domains (Schleif, 2013). Hence, if dimerisation or 

oligomerisation is controlled, then DNA binding can be controlled. The ability of these 

transcription factors to activate transcription is also regulated by protein-protein interactions 

among the monomers rather than between the oligomer and DNA (Kadonaga, 2004; Vinson, 

Acharya and Taparowsky, 2006; Hashikawa, Yamamoto and Sakurai, 2007).  

Transcription factors homo- and hetero-oligomerisation can occur via different mechanisms: 

(1) An unbound transcription factor can be synergistically attracted to a bound transcription 

factor thus enabling it to bind to neighbouring transcription factor binding sites; (2) interaction 

of a monomer with DNA induces allosteric changes in the protein which in turn increases its 
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affinity for an incoming monomer; or binding of a monomer to DNA may lead to 

conformational changes in the neighbouring binding site, thereby increasing its affinity for 

another monomer; (3) homodimerisation can occur between monomers in solution with or 

without intervention from promoters (Review: Georges, 2010). However, sometimes dimers 

are not pre-assembled before DNA binding, but are formed during the recognition event 

(Georges et al. 2010). 

 

1.3.3. Transcription factor oligomerisation domains 

Some major transcription factor domains, such as the basic leucine zipper domain, the basic 

helix-loop-helix (bHLH), as well as other less defined domains including the MADS box and 

the Rel homology domain, require noncovalent dimerisation in order to bind DNA (See full 

review: Funnell and Crossley, 2012). Dimerisation is one of the major control mechanisms in 

basic HLH transcription factor activity regulation (Hjalt, 2004).  For example, protein-protein 

interactions between factors belonging to two classes of transcription factor, the homeodomain 

(HD) and the basic helix-loop-helix (bHLH) class, have been shown to form the basis for cell-

specific transcription of pituitary pro-opiomelanocortin (POMC) gene expression by forming 

dimerisation interactions via their HD and bHLH domains (Poulin et al., 2000). The 

corticotrophic specificity of POMC transcription depends on the interaction between the 

following three transcription factors: Pitx1 (an HD containing protein) Pan1 (a bHLH 

containing protein), and NeuroD1 dimers which also contain a bHLH motif (Lamonerie et al., 

1996; Poulin, Turgeon and Drouin, 1997). Pitx1, physically associates with Pan1 through the 

basic helix-loop-helix domain (Poulin et al., 2000). Pan1 interacts with NeuroD1, and their 

heterodimer can also interact with Pitx1 through both the basic helix-loop-helix domain and 

the homeodomain (Poulin et al., 2000).  

Several transcription factors have been shown to associate through the leucine zipper domain. 

The specific arrangement of amino acids within the leucine zipper is responsible for the relative 

stability and specificity of leucine zipper domains (Krylov, Mikhailenko and Vinson, 1994). 

While oligomerisation through the leucine zipper domain occurs largely due to the contribution 

of the hydrophobic effect, the zipper forms through contacts between both hydrophobic 

residues (mainly leucine) but also polar residues of the corresponding monomer (Krylov and 

Vinson, 2001; Hakoshima, 2005). Indeed, oligomerisation specificity between two leucine 

zipper motifs is determined primarily by electrostatic interactions between the two helices 
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(Hakoshima, 2005). One of the best described transcription factor families that associate 

through the leucine zipper domain are the FOS and JUN transcription factors, proto-oncogenes 

involved in the signal transduction pathways (Abate et al., 1990a; Abate et al., 1990b; Abate 

et al., 1991). FOS and JUN onco-proteins readily hetero-dimerise via their leucine zipper 

domain and strongly bind to DNA (Shea et al., 1989). JUN can also form DNA-binding 

homodimers while FOS homodimers are unstable and do not bind to DNA (Abate, Luk, Gentz, 

et al., 1990). Both homo- and hetero-dimerisation of these proteins, therefore, offers important 

advantages such as increased stability, regulation of binding site accessibility and increased 

complexity (Funnell and Crossley, 2012; Matthews and Sunde, 2012). 

The zinc finger domain can also mediate protein-protein interactions. Of the zinc fingers, the 

Cys2/His2 zinc finger is the one that is most prominent in mediating protein-protein contacts 

(Fairall et al., 1993). Oligomerisation occurs through contacting amino acids in the anti-parallel 

β-sheet that forms at the zinc coordination site (Fairall et al., 1993; Mackay and Crossley, 

1998). For instance, the TFIIIA transcription factor has a strong requirement for its 6th 

Cys2/His2 zinc finger domain cluster in order to form dimers (Klug, 2010).  
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1.4. FOXP INTERACTIONS 

 

The FOXP proteins are ubiquitously expressed, occurring in both embryonic and mature cells 

and tissue. Because of the vast expression patterns of the FOXP transcription factors, there are 

major overlaps in expression patterns amongst themselves, with other FOX proteins, and other 

transcription factors. A number of putative FOXP interactions have been identified in in several 

surveys, outlining the importance of these proteins in development and maintenance (Li et al., 

2004; Ravasi et al., 2010; Sakai et al., 2011; Corominas et al., 2014). Figure 12 below shows 

the different interactions of the FOXP proteins that are currently known, determined 

exprerimentally through the use of high throughput pull down assays and through data mining. 

 

Figure 12: FOXP interactions. The confidence level was set at 40%. Each line represents 

interactions between the proteins labelled. The thickness of each line corresponds to the 

level of confidence, with thick bands corresponding to high confidence level and thin 

(faint) bands at lower confidence level. Some interactions have not been determined 

experimentally; therefore, were determined from text mining by the online tool. Image 

made using STITCH online protein-protein interaction tool (Szklarczyk et al., 2016). 

Proteins with solved crystal structures are shown in bigger bubbles. 

Several proteins partners have been identified which associate with the FOXPs to regulate 

transcription. The C-terminal binding proteins (CTBP) 1 and 2, which function as co-repressors 
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for several transcription factors (Li et al., 2004; Estruch et al., 2016) interact with FOXP1 and 

FOXP2 but not with FOXP4. Evidence of the interaction between CTBP1 and CTBP2 and 

FOXP2 has come from multiple independent yeast two hybrid screens (Sakai et al., 2011; 

Corominas et al., 2014; Rolland et al., 2014) and a  bioluminescence resonance energy transfer 

(BRET) assay (Estruch et al., 2016). Another co-factor that has been shown to interact with 

FOXP1, FOXP2 and FOXP4 is GATAD2B, a component of the NuRD chromatin- remodelling 

complex (Chokas et al., 2010). Luciferase assay confirmed the interaction of GATAD2B with 

FOXP1 and FOXP4 suggesting that GATAD2B cooperates with FOXP1 and FOXP4 in 

repression. However, such interactions were not observed between GATAD2B and FOXP2. 

Further interactions with other components of the NuRD complex were shown for FOXP1 and 

FOXP4; MTA1 interacts with FOXP1 and HDAC1/2 interacts with FOXP1 and FOXP4 

(Deriziotis et al., 2014a; Estruch et al., 2018). FOXP1 also interacts with the co-repressor 

NCOR2 (Jepsen et al., 2008). It has been demonstrated that FOXP1 and NCOR2 cooperatively 

repress the expression of common target genes to promote cardiac growth and regulate 

macrophage differentiation (Jepsen et al., 2008). An association between FOXP2 and POT1, a 

nuclear protein involved in telomere maintenance and DNA repair mechanisms has also been 

reported (Tanabe et al., 2011). The interaction between mFoxp2 and NKX2-1 was identified 

in mouse lung cell lines using a mammalian two-hybrid assay and confirmed with 

coimmunoprecipitation experiments (Zhou et al., 2008). NKX2-1 is a transcription factor with 

important roles in lung, brain and thyroid development (Sussel et al., 1999). These interactions 

of FOXP1, FOXP2 and FOXP4 were confirmed using coimmunoprecipitation assays (Estruch 

et al., 2018). 

Another transcription factor known to interact with FOXP2 is NFATC2. This was discovered 

in a study in which the FOXP2 forkhead domain was co-crystallised with NFATC2 (Wu et al., 

2006). NFATC2 is expressed in several organs including the brain (Vihma et al., 2016), hence 

it is possible that it interacts with the FOXPs in neural sites of co-expression to regulate brain 

development. However, to date the functional consequences of the interaction between FOXP 

and NFATC2 have only been studied for FOXP3 in the context of the immune system (Wu et 

al., 2006).  

The neuron-specific transcription factor TBR1 has been suggested as a putative interactor of 

FOXP2 (Sakai et al., 2011) and the interaction was confirmed using a BRET assay (Deriziotis 

et al., 2014b). The interaction involves the FOXP2 region encompassing amino acid residues 

122-258, and the DNA-binding domain (T-box) of TBR1 (Deriziotis et al., 2014b). These two 
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encoded proteins are expressed in overlapping areas of the brain, and, therefore, the suggestion 

is that the interaction between FOXP2 and TBR1 may be important for brain development and 

may also have implications in autism spectrum disorder  (Deriziotis et al., 2014b). 

 

1.5. Interaction between FOXP1 and FOXP2 

 

The members of the FOXP subclass share a highly conserved DNA binding domain and have 

high sequence similarities. FOXP1 and FOXP2 are the most related of the FOXP proteins, 

sharing 64% total protein sequence identity, and 89% in the forkhead domain (Bacon and 

Rappold, 2012). In humans, members of the FOXP family, especially FOXP1 and FOXP2, 

have generated considerable interest because of their roles in regulating cognitive 

developmental processes such as speech acquisition. FOXP2, more specifically, was the first 

member of the FOXP subclass to be associated with language deficits (Lai et al., 2001). 

However, more recently, FOXP1 has also been implicated in speech development (Hamdan et 

al., 2010; Horn et al., 2010).  

FOXP1 and FOXP2 are both expressed in neural tissue during development (Shu et al., 2001). 

Both proteins have two highly homologous repression domains (Li et al., 2004). An expression 

study of FOXP2 and FOXP1 in developing and adult mice brains and in human foetal brain 

tissue found that while both genes were expressed in the brain, they each had their own distinct 

expression pattern with regards to different brain regions, with the exception of the basal 

ganglia and both genes were expressed in the cortex, albeit in different layers (Ferland et al., 

2003). Interestingly, a study of FOXP2 and FOXP1 expression in human and zebra finch (a 

songbird) brains found that both genes were expressed in brain circuits related to song learning 

and production (Teramitsu et al., 2004). Expression patterns of both genes in human and zebra 

finch brain appeared to be highly similar (Teramitsu et al., 2004). The structural and functional 

similarities between the two genes and the partial overlap in expression patterns in brain 

regions important for language may suggest a possible interaction between them. More 

recently, disruptions in FOXP1 have been implicated in speech delay, intellectual disability, 

and autism (Hamdan et al., 2010; Pariani et al., 2010; O’Roak et al., 2011), suggesting that just 

like FOXP2, FOXP1 has a significant involvement in speech and language development. 

FOXP1 and FOXP2 heterodimerisation may have different transcriptional outcomes than their 

homodimers (Mohd et al., 2017). In a situation where levels of FOXP2 are low, 
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heterodimerisation with FOXP1 could repress transcription, but as FOXP2 increases in 

amount, competition between FOXP2 homodimers and endogenous FOXP1 can lead to 

transcriptional activation (Spiteri et al., 2007). The fact that FOXP1 and FOXP2 co-operate in 

the regulation of non-neural developmental processes (Shu et al., 2007) and have overlapping 

expression patterns in a number of tissues and brain (Li et al., 2004), suggests that these two 

proteins might have overlapping functions and thus may be partners in speech development. 

Indeed FOXP1/FOXP2/FOXP4 have been shown to hetero-associate and regulate tissue- 

specific gene transcription (Sin, Li and Crawford, 2014) and tissue-specific gene transcription 

(Li, Weidenfeld and Morrisey, 2004). Homodimerisation of FOXP1 and FOXP2 occur through 

the leucine zipper domain and the FHD (Wang et al., 2003; Li, Weidenfeld and Morrisey, 2004; 

Stroud et al., 2006; Chu et al., 2011) which also mediate heterodimerisation (Shu et al., 2001; 

Li, Weidenfeld and Morrisey, 2004; Sin, Li and Crawford, 2014), suggesting that the 

mechanism of association is identical. 

Mutations in both FOXP1 and FOXP2, more especially mutations that disrupt the dimer 

interface or that disrupt DNA binding, are associated with cognitive dysfunctions, such as 

autism spectrum disorder (ASD) and intellectual disability (Bacon and Rappold, 2012). 

However, disorders associated with the two genes do not have completely overlapping 

symptoms, indicating that the two transcription factors might regulate different but related 

brain functions (Golson and Kaestner, 2016). For instance, language deficits caused by 

variations in mFoxp2 are generally accompanied by deficits in orofacial movements, whereas 

impairments in language acquisition associated with mFoxp1 variants, are always accompanied 

by another cognitive impairment (Bacon and Rappold, 2012).  

  

 

 

 

 

 

 



32 | P a g e  
 

1.6. IDENTIFICATION OF PROBLEM  

 

Protein-protein interactions are important in both metabolic and regulatory processes. There is 

considerable variation in the types of complexes that are observed: large macromolecular 

complexes, such as the ribosome, are highly stable and permanent while dynamic and transient 

interactions control signalling and regulatory networks (Bhattacharyya et al., 2006; Stein et al., 

2009; Bashor et al., 2010).  

The fact that the FOXP subfamily has evolved the ability to form homo- and hetero-dimers 

which is unusual in the FOX superfamily, might be of significance in the way they bind DNA 

and regulate transcription. Indeed, it is likely that the combination of multiple domains and 

multimeric FOXP complexes can regulate transcription through the spatial and temporal 

regulation of complex formation. Thus, knowing the structure, behaviour and protein-protein 

interactions of FOXP proteins is significant. This will enable us to determine the role of each 

structural feature of FOXP proteins in their transcriptional function.  

Because of the importance of both FOXP1 and FOXP2 in development and regulation, 

cognitive and developmental disorders and their increasing prevalence in cancer, and because 

of the unusual ability of these proteins to form both homo- and hetero-dimers, it is of interest 

to determine whether oligomerisation of FOXP1 and FOXP2 contributes to DNA binding and 

hence transcriptional regulation. This better understanding of the mechanism of transcriptional 

regulation employed by these proteins could lead to the development of novel therapeutic 

strategies. Although the biophysical features of the individual dimerisation interfaces have 

been investigated in isolation, structural and biophysical data of the intact dimerisation 

interface, encompassing both the FHD and leucine zipper domains is required in order to 

uncover the exact mechanisms of protein-protein interactions. 
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1.7. AIM AND OBJECTIVES 

 

Knowledge of the structure of proteins is critical in order to determine their functions and how 

they perform such functions. The FOXP proteins are believed to form dimers through two 

interfaces: the leucine zipper domain and forkhead box domain (FHD). The mechanisms 

underlying dimerisation and protein-protein interactions are, therefore, of great importance in 

understanding the function of FOXP proteins since they can provide necessary information on 

plausible reasons why the FOXP proteins can dimerise while other FOX proteins cannot. As a 

result, it is important to determine the structural behaviour of these transcription factors and 

their DNA binding characteristics. By studying the behaviour of the isolated variant of the 

FOXP protein containing both the FHD and leucine zipper domains, we can obtain important 

insight into dimerisation.  

The main aim of this research is to characterise the structures of FOXP1 and FOXP2 focusing 

on their dimerisation interfaces so as to identify the most critical structural features and 

elements. This will facilitate the investigation into the mechanisms of both homo- and hetero-

typic protein-protein interaction of FOXP1 and FOXP2. 

To this end, the specific objectives of this research were to: 

1.  express and purify recombinant FOXP1 and FOXP2 variants encompassing both the 

leucine zipper and forkhead box domain 

2. characterise the secondary and tertiary structural conformations of FOXP1 and FOXP2 

variants 

3. assess the native quaternary conformation of FOXP1 and FOXP2 variants using 

chromatographic techniques 

4. study the protein-protein interaction of FOXP1 and FOXP2 including self-association 

and hetero-complex formation 

5. investigate binding of both proteins to their consensus DNA sequences and the effects 

of protein-protein interactions on DNA binding 
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CHAPTER 2 

EXPERIMENTAL 

 

2.1. MATERIALS 

 

Thrombin from human plasma (20 units) was supplied by Sigma-Aldrich (St. Louis, USA). 

Competent cells were purchased from New England Biolabs (Ontario, Canada). The chaperone 

plasmid kit used in protein expression was supplied by Clontech Laboratories, Inc (Beijing, 

China). Isopropyl β-D-1-thiogalactopyranoside  (IPTG) and Dithiothreitol (DTT) were 

obtained from Inqaba Biotech (Pretoria, South Africa). SDS-PAGE molecular weight markers 

were purchased from Amersham® Biosciences (Buckinghamshire, UK). L-Histidine, 4-(2-

hydroxyethyl)-1-piperazineethanasulfonic acid (HEPES) and Coomassie Brilliant Blue G250 

were obtained from Sigma-Aldrich (St. Louis, USA). All proteins were purified with fast 

protein liquid chromatography using an ÄKTAprime plus liquid handling system and the 

following columns were used: 5 mL HistrapTM Purification column, 5 mL desalting column 

and 5 mL Q-sepharose FF ion-exchange column, all supplied by GE Healthcare 

(Buckinghamshire, UK).  Size exclusion chromatography columns, Superdex 200 Increase 

10/300 GL size exclusion column and Yarra™ 3u SEC-2000, LC Column were purchased from 

GE Healthcare (Buckinghamshire, UK) and Phenomenex (Torrance, USA), respectively. Size 

exclusion chromatography standards were purchased from Sigma Aldrich (St. Louis, USA). 

FOXP Cognate DNA sequence 3ʹ-GATACTTTCATTTGTGGATT-5ʹ (Nelson et al., 2013) 

was synthesised and supplied by IDT, Whitehead Scientific (Cape Town, South Africa). All 

other chemicals used were of standard analytical grade. All solutions were filtered before 

spectroscopic studies using a 0.22 μm acetate filter (Osmonics). 
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2.2. METHODS 

 

2.2.1. FOXP1 and FOXP2 constructs 

The full length FOXP protein is made up of a number of different domains all N-terminal to 

the forkhead domain (FHD) (Shu et al., 2001; Lai et al., 2003). These domains all have 

different functions and can influence the expression of the full length FOXP protein in different 

ways when using Escherichia coli expression machinery. For instance, the polyglutamine tract 

is highly prone to aggregation (Scherzinger et al., 1997; Nagai et al., 2007), making poly-

glutamine containing proteins highly unstable. Similarly, the zinc finger motif requires the 

addition of high concentration of zinc to growth culture during its expression which can inhibit 

the growth of Escherichia coli cells (Yao et al., 2005), thus reducing the acquired protein yield. 

This study is focused on oligomerisation, particularly the behaviour of the FHD and leucine 

zipper domain. Therefore, near full-length protein, truncated N-terminal of the leucine zipper 

so as to remove the polyglutamine tract and the zinc finger but to include the FHD and the 

leucine zipper domain were used (figure 13). 

  

Figure 13: Architecture of FOXP1 and FOXP2 variants, showing the location of the 

leucine zipper domain and the FHD followed by the C-terminal acid rich tail. The amino 

acid sequence numbers encompassing the leucine zipper domain and the FHD are shown. 

The physical parameters (MW and pI) are given in the figure. 
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Each of the 4 variants used in this study contain both the leucine zipper domain and the FHD. 

Two of the variants include the amino acid sequence from just after the zinc finger domain to 

the end of the amino acid sequence (amino acid 330-677 (40.44 kDa) for FOXP1 and amino 

acid 370-714 (40.82 kDa) for FOXP2), these are termed FOXP1 LZ-End and FOXP2 LZ-End, 

respectively. The other two variants encompass amino acid 330-544 and 370-583 for FOXP1 

and FOXP2, respectively and are truncated C-terminal of the FHD. They are termed FOXP1 

LZ-FHD and FOXP2 LZ-FHD, respectively. These two variants were used to study 

dimerisation through the FHD and the leucine zipper domain without interference from the C-

terminal acid rich region. Another variant, incorporating only the FHD and the C-terminal acid 

rich region was also designed (amino acid 501-714) called FOXP2 FHD-End (Figure 14). This 

variant was used to determine if the FHD is involved in heterodimerisation. 

  

Figure 14: The amino acids sequence that makes up FOXP2 FHD-End variant. This 

variant was used to assess the involvement of specifically the FHD in hetero-association. 

The genes encoding FOXP1 and FOXP2 variants were codon-optimised for expression in 

Escherichia coli bacterial cells. The genes were, respectively, cloned into the pET28a plasmid 

that has kanamycin resistance and pET11a with ampicillin resistance by GenScript (USA). The 

genes have a C-terminal hexa-His-tag preceded by a thrombin cleavage site, which is used to 

remove the tag. 

 

2.2.2. Transformation 

Two pET28a vectors, each encoding one of the FOXP1 variants (FOXP1 LZ-FHD and FOXP1 

LZ-End) were used to transform BL21 (DE3) Escherichia coli cells for expression of the 

FOXP1 protein variants. The cells that were transformed with pET28a for expression of 

FOXP1 LZ-FHD were further transformed using the pKJE7 vector encoding DnaJ-DnaK-

GrpE to aid in correct folding of the protein during expression and thereby to assist with soluble 

expression. Three pET11a vectors, each encoding one of the FOXP2 variants (FOXP2 FHD-

End, FOXP2 LZ-FHD and FOXP2 LZ-End) were used to transform T7 express pLysS E. coli 

cells for over-expression and subsequent purification of the FOXP2 protein variants.  
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A one-step transformation of BL21 (DE3) E. coli cells was performed as follows: 50 µL of 

cells were left to thaw on ice. Following this, 5 µL of plasmid DNA (and ̴1 µL of chaperone 

plasmid in the case of FOXP1 LZ-FHD) were added to the cell mixture and  left for 30 minutes 

so as to stabilise the lipid membranes of the cells. The cells were heat-shocked at 42oC on a 

heating block for 90 seconds for pET28a transformation and for 45 seconds for pET11a 

transformation. The heat changes the state of the fluid membrane of the cell, increasing its 

permeability and allowing the DNA to enter the cell. The mixture was immediately placed on 

ice for 5 minutes to cool down and allow cell recovery. Thereafter, 950 µL of SOC media [1% 

(w/v) tryptone, 0.5% (w/v) yeast extract, 10% (w/v) NaCl, 0.02 M glucose] was added to the 

transformed cells to provide nutrients and allow for cell recovery from heat-shock stress. The 

cells were then incubated at 37 oC for an hour with shaking at 230 rpm. The cells were then 

plated onto LB-agar [1% tryptone, 0.5% yeast, 1% NaCl, 1.5% agar] plates supplemented with 

30 µg/ml kanamycin and 50 µg/ml chloramphenicol for selection of pET28a and pKJE7 

transformants or with 100 µg/mL ampicillin to select for pET11a transformants. The plated 

cells were then incubated at 37 oC overnight, to allow for growth of successfully transformed 

cells. 

 

2.2.3. Expression and purification 

Glycerol stocks of transformed bacterial cells were added to flasks containing 100 mL LB 

media supplemented with either 30 µg/mL kanamycin or 100 µg/mL ampicillin, for subsequent 

expression of FOXP1 or FOXP2, respectively. The cells were left to grow overnight for 16 

hours at 37 oC with 230 rpm shaking.  

FOXP1 and FOXP2 variants were purified as required from four to six litre batch cultures of 

transformed BL21 or T7 express Escherichia coli cells, respectively. Fresh media was 

inoculated with the overnight culture with a 1:100 dilution. In the case of FOXP1 LZ-FHD,  

0.5 mg/ml of L-arabinose was additionally added to the media during inoculation so as to 

induce expression of chaperones which are required to assist in the correct folding of FOXP1 

LZ-FHD during over-expression. Prior to induction of expression, the culture was allowed to 

grow at 37 ℃ with shaking at 230 rpm to mid-log phase (OD600=0.6) which took about 2 hours.  

Overexpression of all variants was induced with 0.5 mM final concentration of isopropyl β-D-

galactopyranoside (IPTG). FOXP1 LZ-End, FOXP1 LZ-FHD and FOXP2 LZ-FHD were all 

expressed for 22 hours at 37 ℃  with 230 rpm shaking following induction, while  FOXP2 LZ-
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End was left to overexpress for 4 hours post induction. FOXP2 FHD-End was expressed as 

outlined in Stroud et al. (2006) and Morris and Fanucchi (2016) (Stroud et al., 2006; Morris 

and Fanucchi, 2016). 

Following over-expression, the cells were harvested by centrifugation at 6500xg at 4 ℃ and 

resuspended in HisTrapTM Equilibration Buffer [20 mM Tris-Cl, pH 7.6, 500 mM NaCl and 50 

mM imidazole]. Then, 10 µg/mL lysozyme and 1 µg/mL DNase were added to the resuspended 

cells. And the cells were then stored at -20oC.  Lysozyme assists in cell lysis by weakening the 

cell wall of bacterial cells (Birdsell and Cota-Robles, 1967; Hunter, Muir and Thirkell, 1973) 

while DNase fragments bacterial DNA, thereby minimising DNA contamination of proteins 

(Tetz, Artemenko and Tetz, 2009; Tetz and Tetz, 2010).  

Lysis of transformed BL21 and T7 express cells containing FOXP1 and FOXP2 variants was 

done using sonication. In this method of cell lysis, a sonicator probe is submerged into the 

resuspended cell solution and high frequency sound waves are generated for around 30-60 

seconds. The sound waves force the cells to break via shearing force and cavitation. Sonication 

is usually done on ice to reduce protein denaturation since some heat is produced during the 

process (Sambrook and Russel 2006).  

Cells were allowed to defrost at 20 ℃ for about 2 hours. The cells were then lysed on ice by 

sonication for 5 rounds of 5x6 second pulses, using a power output of 15 with a Sonicator 

Ultrasonic Processor purchased from Misonix Incorporates (New York, USA). The cell debris 

was then, separated from the soluble fraction by centrifugation at 6500xg for 20 minutes at 

4oC.   

Once the soluble fraction containing the protein of interest had been separated from the cell 

debris and verified using SDS-PAGE, it was subsequently loaded onto a 5 mL nickel pre-

charged HisTrap purification column (GE Healthcare, UK). The column was first equilibrated 

with HisTrap Equilibration Buffer [20 mM Tris-Cl, pH 7.6, 500 mM NaCl, 50 mM imidazole]. 

Purification was performed using the ÄKTA fast protein liquid chromatography (FPLC) 

purification system (GE Healthcare, UK). The hexa-histidine tagged protein bound non-

covalently to the nickel ions on the HisTrap column. This was followed by a high salt wash 

[20 mM Tris-Cl, pH 7.6, 1.5 M NaCl, 50 mM imidazole, 1% Triton-X100, 0.5 % Tween 20]. 

The high salt buffer helps to get rid of cellular DNA fragments that may be bound to the protein. 

The column was then washed with 10 column volumes of the HisTrap Imidazole Wash Buffer 

[20 mM Tris-Cl, pH 7.6, 500 mM NaCl, 100 mM imidazole]. This helped to get rid of 
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contaminants that might bind to the column less tightly than the tagged protein. A one-step 

elution was used to elute FOXP1 or FOXP2 variants using a HisTrap Elution Buffer [20 mM 

Tris-Cl, pH 7.6, 500 mM NaCl, 500 mM imidazole]. At high concentrations, imidazole out-

competes the tagged protein for binding to the nickel ions in the column and thus the protein is 

eluted. 

Chaperones such as dnaK and dnaJ usually co-purify with the protein of interest, as they have 

a tendency of interacting with the thrombin cleavage site (Rial and Ceccarelli, 2002). 

Chaperone contamination was observed following IMAC purification of FOXP1 LZ-FHD.  Ion 

exchange chromatography was thus used as a purification step after IMAC in the purification 

of FOXP1 LZ-FHD to remove the extra contaminants (chaperones) that came off the Ni2+ 

HisTrapTM column during FOXP1 LZ-FHD purification. The sample fractions collected from 

IMAC were pooled and loaded onto a 5 mL desalting column connected to a Q-Sepharose FF 

HiTrapTM (GE Healthcare, UK) anion exchange column pre-equilibrated with a 20 mM Tris-

HCl buffer (pH 7.5). At pH 7.5, FOXP1 LZ-FHD (pI 9.73) does not bind the negatively charged 

resin and passes through the column while the chaperones, which have a pI below 6 do bind. 

The bound chaperones were then eluted by increasing the salt concentration of the buffer. 

The purified protein was then dialysed into Storage Buffer [20 mM Tris-Cl, pH 7.5, 500 mM 

NaCl, 0.5 mM EDTA, 2 mM DTT]. High salt concentrations were used as they aid in reducing 

protein aggregation.  

 

2.2.4. SDS-PAGE 

Sodium dodecyl sulfate (SDS) is an anionic detergent, with a negative charge over a wide pH 

range. SDS binds proteins in proportion to their relative mass,  confers a net negative charge 

and denatures the protein into individual polypeptide units (Roy and Kumar, 2011). 

Electrophoresis is based on the movement of charged particles in an electric field. 

Electrophoresis on a discontinuous polyacrylamide gel used as a support medium was 

performed when using the SDS-PAGE method according to the Laemmli (Laemmli, 1970) to 

separate proteins. To retain the reduced state of proteins, a reducing agent, such as β-

mercaptoethanol is added to the sample buffer. Polyacrylamide gel electrophoresis in the 

presence of SDS provides an easy way for rapid and simple estimation of molecular weight of 

proteins and their subunits (Shapiro et al., 1967). 
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SDS-PAGE gels consisted of 4% acrylamide stacking  gels [4% (w/v) acrylamide, 0.36% (w/v) 

bis-acrylamide, 50 mM Tris-Cl pH 6.8, 0.1% (w/v) SDS, 0.005% (w/v) ammonium per sulfate, 

0.2% (v/v) TEMED] and 12.5% acrylamide separating gels [12.5% (w/v) acrylamide, 1.08% 

(w/v) bis-acrylamide, 250 mM Tris-Cl, pH 8.8, 0.1% (w/v) SDS, 0.05% (w/v) ammonium per 

sulphate, 0.2% TEMED]. The samples were all diluted with equal volume of SDS reducing 

sample buffer [125 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol, 10% β-

mercaptoethanol, 3.5 µg/mL bromophenol blue]. The samples were then boiled at 95oC for 5 

minutes to further denature the protein before being loaded on the polymerised gel. The gels 

were subjected to electrophoresis using a tank buffer (running buffer) [250 mM Tris-Cl, pH 

8.3, 192 mM glycine, 0.1% (w/v) SDS] at 165 V for about 2 hours to resolve the proteins. A 

molecular weight standard containing the following proteins was used: β-galactosidase (116 

kDa), bovine serum albumin (66.2 kDa), ovalbumin (45 kDa), lactate dehydrogenase (35 kDa), 

and restriction endonuclease Bsp981 (25 kDa), β-lactoglobulin (18.4 kDa) and lysozyme (14.4 

kDa). The gels were then stained using a Coomassie stain solution [0.1% (w/v) Coomassie 

Brilliant Blue R-250 dye in 1:5:4 acetic acid-methanol-water solution] for about 1 hour. This 

was followed by de-staining overnight using a de-staining solution [1: 5: 4 acetic acid: 

methanol: water]. 

 

2.2.5. Assessment of protein purity and determination of 

concentration 

Samples of the purified protein were resolved on a 12.5% discontinuous polyacrylamide gel 

with a glycine buffer system and stained with Coomassie Brilliant Blue R-250 to assess the 

degree of purity. Only protein samples with a purity of at least 95%, determined by 

densitometry using a ChemiDoc™ XRS+ Imaging System (Bio-Rad, USA), were pooled and 

used for subsequent experiments. DNA contamination levels were assessed using the ratio of 

280 nm light absorbance to 260 nm light absorbance (A280/A260) by the protein sample. 

Absorbance measurements were performed on a Jasco V-630 UV/Vis absorbance 

spectrophotometer in scanning mode. Sample concentrations were adjusted to give an 

absorbance at 280 nm in the range of 0.5 to 1.  

Protein concentration was determined by absorbance at 280 nm wavelength light using the 

Beer-Lambert law (A=εcl) with  extinction coefficients (FOXP1 LZ-FHD: 27055 M-1 cm-1; 

FOXP2 LZ-FHD: 28545 M-1 cm-1; FOXP1 LZ-End: 30035 M-1 cm-1; FOXP2 LZ-End:       
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28670 M-1 cm-1) determined from the amino acid sequence using ProtParam embedded in the 

ExPASy server (Gasteiger et al., 2005). Measurements were taken on a Jasco V630 UV/Vis 

absorbance spectrophotometer in single wavelength mode. Before all experiments were 

performed, protein samples were centrifuged for 5 minutes at 12 000 x g to remove aggregates. 

The absorbance of the undiluted solution was determined by extrapolation of a linear regression 

fitted to the absorbance values of five serial dilutions. The determination of concentration was 

repeated in triplicate and the average taken as the final concentration of the sample for further 

experiments. 

 

2.2.6. Circular dichroism 

Circular dichroism (CD) measures the differences in light absorbed between left-circularly 

polarised light and right-circularly polarised light (Woody, 1995). CD is displayed by chiral 

molecules because these molecules have the ability to interact with polarised light (Kelly, Jess 

and Price, 2005). The amide chromophore of the peptide bond has two low energy electronic 

transitions, n→Π * at 215-230 nm and Πo→ Π* 185-200 nm (Woody, 1995; Corrêa and Ramos, 

2009). In the far-UV CD range, proteins show characteristic behaviour depending on the 

secondary structural elements of the polypeptide backbone (Woody, 1995; Kelly, Jess and 

Price, 2005).  Therefore, far-UV CD is an excellent probe to use study the secondary structure 

of proteins. 

For far-UV CD measurements, ~8 µM of FOXP1 variants and ~5 µM FOXP2 variants was 

used. More protein was used for FOXP1 variants because at low concentration (below 5 µM) 

the signal was noisy. FOXP1 and FOXP2 variants were filtered using a 0.2 µm filter to remove 

aggregates or dust particles that may interfere with polarisation of light. Far-UV circular 

dichroism measurements were performed at different pH 5-9 (Table 1). The effects of ethanol 

on secondary structure of the FOXP1 and FOXP2 variants was also tested using far-UV CD. 

Circular dichroism measurements were done, using a buffer containing 200 mM NaCl, 10 mM 

HEPES pH 7.5, 2 mM DTT and increasing concentrations of ethanol (0-60 %). The spectra 

were collected on a Jasco J-1500 spectropolarimeter at 20 ℃  with a data pitch of 1 nm, 

scanning speed of 200 nm/min and a band width of 0.5 nm. An average of five spectral 

accumulations was obtained for each of the samples. The average spectrum was corrected by 

subtracting the buffer spectrum from the average sample spectrum. 
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Table 1: Buffers used to study the secondary and tertiary structures of FOXP1 and 

FOXP2 variants                                  

 Buffer Components 

 

Fluorescence &   

Far- UV circular 

dichroism 

pH 5 buffer 10 mM sodium acetate, 200 mM NaCl, 2 mM DTT at pH 5 

pH 6 buffer 10 mM sodium acetate, 200 mM NaCl, 2 mM DTT at pH 6 

pH 7.5 buffer 10 mM HEPES, 200 mM NaCl, 2 mM DTT at pH 7.5 

pH 8 buffer 10 mM borate, 200 mM NaCl, 2 mM DTT at pH 8 

pH 9 buffer 10 mM borate, 200 mM NaCl, 2 mM DTT at pH 9 

 

 The data was obtained in millidegrees and was converted to mean residue ellipticity (MRE) 

(deg.cm2.dmol-1) using the following equation:  

[𝛩]𝑀𝑅𝐸 =
100𝜃

𝐶𝑛𝑙
 

Where n is the number of amino acids, θ is the observed ellipticity in degrees, l is the path 

length in cm and C is the concentration (mmol).  

Thermal unfolding of the FOXP1 LZ-FHD, FOXP1 LZ-End, FOXP2 LZ-FHD and FOXP2 

LZ-End were monitored with far-UV circular dichroism. Measurements were taken on a Jasco 

J-1500 circular dichroism spectropolarimeter following the 222 nm signal, a wavelength that 

gives an indication of the α-helical content of a protein, over a temperature range of 20-80 ℃ 

with a gradient of 1 ℃/min. 

 

2.2.7. Fluorescence spectroscopy 

Fluorescence is a spectrochemical method of analysis based on excitation and emission of 

electromagnetic radiation (Lakowicz, 2002). In fluorescence experiments, molecules of the 

analyte are excited by irradiation at a certain wavelength and the emission of radiation is 

monitored. Fluorescence corresponds to the relaxation of a molecule from a singlet excited 

state to a singlet ground state with emission of light that is short-lived (lifetime of about 10-8 

seconds) (Povrozin and Barbieri, 2016). Protein molecules contain three aromatic amino acid 

residues, tryptophan, tyrosine and phenylalanine, which contribute to their intrinsic 

fluorescence (Chen and Barkley, 1998; Vivian and Callis, 2001). However, most intrinsic 
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fluorescence measurements of protein in the near-UV range focus on tryptophan and changes 

in its environment, since the fluorescence intensity of all the other residues is usually swamped 

by that of tryptophan (Chen and Barkley, 1998). When tryptophan is buried in the nonpolar 

core of globular proteins it results in a characteristic blue shift of its fluorescence spectrum 

(λex= 295 nm) (Chen and Barkley, 1998; Vivian and Callis, 2001; Lakowicz, 2002; Lakowicz 

and Masters, 2008). The position of the tryptophan fluorescence spectrum, being sensitive to 

the polarity of the microenvironment, allows us to study protein folding (Stryer, 1968) or other 

conformational transitions accompanied by the change of tryptophan solvatation, i.e. processes 

leading to considerable changes in the compactness of the protein molecule (Uversky et al., 

1997). Therefore, fluorescence is an ideal technique to study the tertiary structure of FOXP1 

and FOXP2 variants. 

The tryptophan residues in both FOXP1 and FOXP2 variants are localised within the forkhead 

domain (FHD) (for FOXP1: Trp494, Trp509 and Trp534 and for FOXP2: Trp533, Trp548 and 

Trp573). Therefore, fluorescence is useful as a local probe to monitor any conformational 

changes within the DNA binding domain (FHD). Fluorescence measurements were performed 

on purified FOXP1 and FOXP2 variants (5 µM) at different pH (5-9) (Table 1) using a 10 mm 

path length quartz cuvette on a Jasco FP -8300 spectrofluorometer. The effects of ethanol on 

tertiary structure of the FHD was also tested using intrinsic tryptophan fluorescence. 

Fluorescence measurements were done using 200 mM NaCl, 10 mM HEPES pH 7.5, 2 mM 

DTT and increasing concentrations of ethanol (0-60%). The emission was recorded from       

300 nm to 400 nm using a data pitch of 0.5 nm, excitation bandwidth of 5 nm and emission 

band width of 5 nm. Three spectral accumulations were collected for each sample, averaged 

and corrected by subtracting the buffer spectrum.  

 

2.2.8. Size exclusion chromatography (SEC) 

Size exclusion chromatography (SEC) is a technique that involves separation of molecules 

according to their size in solution (Hagnauer, 1981).  It is based on the observation that small 

molecules could be excluded from the small pores of zeolites as a function of their molecular 

size (Hong et al., 2012). SEC provides a means to determine the oligomeric state of proteins 

by measuring the hydrodynamic volume of all the different species (if there are multiple), in 

native solution conditions (Ramsey, Daugherty and Kelm, 2006). Size exclusion 

chromatography is also based on the assumption  that proteins are globular and is often 
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erroneous with asymmetric particles (Rambo, 2017). The hydrodynamic volume of asymmetric 

protein particles is usually larger than the corresponding hydrodynamic volume of a globular 

protein of the same size. This anomalous behaviour in SEC, therefore, makes it difficult to 

obtain accurate sizes. However, knowledge of the hydrodynamic volume of a protein from SEC 

can be used to provide a qualitative indication of the oligomeric state of the protein. Thus, SEC 

was used to assess the hydrodynamic volumes, and therefore the oligomeric state, of FOXP1 

and FOXP2 variants. 

Size exclusion-High Performance Liquid Chromatography was used as an analytical technique 

to determine changes in quaternary structure that may be induced by increasing protein 

concentrations. Different concentrations of purified FOXP1 and FOXP2 variants      (5 μM–

100 μM) were separated on a Yarra™ 3u SEC-3000 (Phenomenex, USA), LC column pre-

equilibrated with HPLC Equilibration Buffer [10 mM HEPES pH 7.5, 500 mM NaCl, 2 mM 

DTT] attached to a SHIMADZU SPD20A HPLC machine. The column was calibrated using 

Bio-Rad Standards 1.3 kDa – 670 kDa (Bio-Rad, USA). 

The native quaternary conformation at equilibrium following incubation at 20 ℃ for 20 hours 

was investigated using ~ 20 µM purified FOXP1 and FOXP2 variants. The column was 

calibrated using Gel Filtration Markers Kit for Protein Molecular Weights 12 kDa – 200 kDa 

(Sigma-Aldrich, USA). Changes in the native conformation were then determined at different 

buffer pH (5-9) (table 2). Because ethanol has an impact on hydrophobic interactions, its effect 

on oligomerisation was also investigated. This was done to attempt to understand the strength 

of the hydrophobic interactions in the dimer interface.  The effects of ethanol were tested on 

FOXP1 and FOXP2 variants using ethanol buffer [500 mM NaCl, 10 mM HEPES, pH 7.5,       

2 mM DTT, 15% ethanol]. using size exclusion chromatography (SEC) on a Superdex® 200 

10/300 GL column (GE Healthcare, USA). The column was calibrated using Gel Filtration 

Markers Kit for Protein Molecular Weights 12 kDa – 200 kDa (Sigma Aldrich, USA). 
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Table 2: Different buffers used for determination of quaternary structure and 

oligomeric state 

 Buffer Components 

Size exclusion 

chromatography 

& Dynamic Light 

Scattering 

pH 5 SEC buffer 10 mM sodium acetate, 500 mM NaCl, 2 mM DTT at pH 5 

pH 6 SEC buffer 10 mM sodium acetate, 500 mM NaCl, 2 mM DTT at pH 6 

pH 7.5 SEC buffer 10 mM HEPES, 500 mM NaCl, 2 mM DTT at pH 7.5 

pH 8 SEC buffer 10 mM borate, 500 mM NaCl, 2 mM DTT at pH 8 

pH 9 SEC buffer 10 mM borate, 500 mM NaCl, 2 mM DTT at pH 9 

2.2.9. Dynamic light scattering 

Dynamic light scattering (DLS is a non-invasive technique for measuring the translational 

diffusion coefficient (DT) of a macromolecule undergoing Brownian motion in solution 

(Schmitz and Phillies, 1991; Ferré-D’Amaré and Burley, 1994). Samples, generally at 

equilibrium, are illuminated with monochromatic light, scattering the light based on 

concentration and density fluctuations; the scattered light acquires a power spectrum mirroring 

the temporal evolution of the fluctuations (Schmitz and Phillies, 1991). By scattering light from 

small particles, their geometrical structure and their state of motion can be measured 

(Goldburg, 1999). Hydrodynamic methods such as DLS can be applied to characterise the 

dynamic properties and particle size of proteins in solution. 

The hydrodynamic volume and protein size of FOXP1 and FOXP2 variants were determined 

using dynamic light scattering on a Malvern Zetasizer Nano S. A 10 mm path length glass 

cuvette was loaded with ~ 15 µM of filtered (0.02 µm) FOXP1 and FOXP2 variants, 

individually at different pH (5-9) (Table 2). Each protein sample was allowed to equilibrate for 

120 seconds in the machine at 20 ℃  before each measurement was carried out. Each 

measurement was done in triplicate, averaged and normalised against buffer measurements. 

Measurements for two standard proteins (conalbumin, 75 kDa; diameter of ~8.72 ±0.37 nm 

and aldolase, 158 kDa; diameter of ~ 10.3 nm) were carried out and their sizes used as a 

reference point for the sizes of FOXP1 and FOXP2 variants. 
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2.2.10. Blue-Native polyacrylamide gel electrophoresis (BN-PAGE) 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) was first developed for membrane 

proteins by Schagger and von Jagow (1991) (Schägger and von Jagow, 1991). BN-PAGE is a 

discontinuous native protein gel electrophoresis system that allows the separation of  proteins 

according to their size, oligomeric state, and shape (Niepmann and Zheng, 2006). The 

technique follows the same principles as SDS-PAGE; however, proteins are separated without 

being denatured. The anionic dye Coomassie Blue G-250 is added to the sample before 

electrophoresis to add a negative charges to the proteins (Wittig, Braun and Schägger, 2006). 

Native proteins and complexes migrate as blue bands through BN gels facilitating visualisation 

and excision of specific bands (Wittig, Braun and Schägger, 2006). It is ideal for the 

determination of the oligomeric state of proteins and in determination of complex formation. 

Usually, a second dimension (such as denaturing SDS-PAGE) is added for confirmation of 

oligomeric states and complexes. The system is ideal for biological species as it works at a pH 

near 7.5 (Schägger and von Jagow, 1991). 

In this study, BN-PAGE was used to confirm the oligomeric state of each of FOXP1 and 

FOXP2 variants and to monitor complex formation with increasing protein concentration. 

Electrophoresis on a discontinuous polyacrylamide gel used as a support medium was 

performed on an 8% gel prepared according to the blue native PAGE protocol (Niepmann & 

Zheng, 2006; Wittig et al., 2006). The native-PAGE gels consisted of 4% acrylamide stacking  

gels [4% (w/v) acrylamide, 0.36% (w/v) bis-acrylamide, 50 mM Tris-Cl pH 6.8,  0.005% (w/v) 

ammonium persulfate, 0.2% (v/v) TEMED] and 8% acrylamide separating gels [8% (w/v) 

acrylamide, 1.08% (w/v) bis-acrylamide, 250 mM Tris-Cl, pH 8.8, 0.05% (w/v) ammonium 

per sulfate, 0.2% TEMED]. The samples were all diluted with equal volume of sample buffer 

[40% (v/v) glycerol, 0.5% (w/v) Coomassie Blue G250]. Different concentrations 5-50 µM of 

FOXP1 and FOXP2 were used. Prior to electrophoresis, FOXP1 and FOXP2 variants were first 

dialysed into native-PAGE buffer [10 mM HEPES, pH 7.5, 100 mM NaCl]. The gels were then 

subjected to electrophoresis using a cathode buffer [100 mM L-Histidine, titrated to pH 8.0 

using 1 M Tris base] and an anode buffer [200 mM Tris-Cl, pH 8.8] at 100 V for about 3 hours 

at 4 ℃  to resolve the proteins. The separated protein species were compared to standard 

proteins: ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa) and ovalbumin (44 kDa). 

Pictures of the gels were obtained immediately following electrophoresis using the 

ChemiDoc™ XRS+ Imaging System (Bio-Rad, USA). 
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2.2.11. Disorder prediction using DISOPRED server 

The DISOPRED server uses a knowledge-based method to predict dynamically disordered 

regions from the amino acid sequence (Ward et al., 2004). Single letter amino acid sequences 

are submitted to the DISOPRED server and the results are delivered to the user by email. To 

predict disorder, DISOPRED2 initially conducts a PSI-BLAST search  over a filtered sequence 

database (Altschul et al., 1997). Each residue is then encoded by the profile for a window of 

15 positions in the sequence and classified using a neural network (Ward et al., 2004). The 

classifier is trained using a support vector machine learning algorithm and outputs a probability 

estimate of the residue being disordered (Ward et al., 2004). The PSIPRED protein structure 

prediction server incorporates three recently developed methods, GenTHREADER (Jones, 

1999a), PSIPRED (Jones, 1999b) and MEMSAT 2 (Jones, Taylor and Thornton, 1994) for 

predicting secondary structural information about a protein from its amino acid sequence alone 

(McGuffin, Bryson and Jones, 2000). DISOPRED2 and PSIPRED were used to predict 

disorder and secondary structural elements of FOXP1 and FOXP2 variants based on their 

amino acid sequences. 

 

2.2.12. Electrophoretic mobility shift assay (EMSA) 

Gel electrophoresis mobility shift assay (EMSA) is used to detect protein complexes with 

nucleic acids (Hellman and Fried, 2007b). Its based on the observation that the electrophoretic 

mobility of a protein-nucleic acid complex is typically less than that of the free nucleic acid 

(Fried, 1989). The potential to separate complexes of differing stoichiometry or conformation 

is a major advantage of the gel method over other common assays and like other gel assays, 

electrophoretic mobility shift assay (EMSA) is a rapid and sensitive method in the detection of 

protein-nucleic acid interactions. The assay is easy to use and can accommodate a wide range 

of binding conditions making it excellent to study DNA-binding affinities (Fried, 1989; 

Hellman and Fried, 2007b). The binding of proteins to DNA is an important step in many 

cellular functions, including DNA replication, recombination and repair, transcription and viral 

assembly, and therefore it is crucial to understand formation of such protein-DNA complexes, 

in order to fully dissect these biological processes. 
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EMSA was used to monitor the ability of FOXP1 and FOXP2 variants to form protein-DNA 

complexes. The confirmation of the DNA-binding function of these proteins also served to 

confirm that each variant folded into its native 3D structure. Protein was first dialysed into 

buffer containing 10 mM HEPES, pH 7.5, 100 mM NaCl. A duplex cognate DNA 

oligonucleotide containing a single binding site as determined by (Nelson et al., 2013), 5ʹ-

TTAGGTGTTTACTTTCATAG-3ʹ was used for EMSA analysis. The DNA and protein 

samples for analysis were mixed in the ratio 1:0.5, 1:1, 1:2, 1:5 1:10 and 1:20 (DNA:protein) 

and a binding buffer containing 10 mM HEPES, pH 7.5, 1 mM MgCl2, 100 mM KCl, 10% 

(w/v) glycerol and 0.1 mg/ml BSA was added. BSA is added to the binding buffer to minimise 

non-specific losses of binding proteins during solution handling (Hellman and Fried, 2007b). 

The samples were then incubated on ice for 30 minutes to allow for complex formation and 

then loaded on an 8% continuous EMSA gel [8% (w/v) acrylamide, 0.69% (w/v) bis-

acrylamide, 5xTBE (450 mM Tris, 450 mM Boric acid and 13 mM Na2EDTA.H2O), 0.05% 

(w/v) ammonium persulfate and 0.2% TEMED]. The gel was subjected to electrophoresis at 4 

℃ for 4 hours at 160 V in 1xTBE buffer [90 mM Tris, 90 mM Boric acid and 2.6 mM 

Na2EDTA.H2O]. The complexed samples were subjected to electrophoresis in conjunction 

with free DNA samples. The gels were then stained using SYBR® Gold and viewed under UV-

light using a ChemiDoc™ XRS+ Imaging System (Bio-Rad, USA). 

 

2.2.13. Immobilised metal ion affinity chromatography pull-down 

assay (IMAC-PDA) 

The in vitro pull-down assay is a method that can be used to confirm direct binding in protein-

protein interactions in cases when an interaction was inferred from other interaction assays 

(Suzuki et al., 2004). The pull-down method relies on the immobilisation of a protein via an 

affinity tag (e.g. His-tag or GST-tag) on a solid phase while a secondary protein, usually 

untagged, is allowed to flow over the bound protein (or incubated) on the solid support 

(Schechtman, Mochly-rosen and Ron, not dated; Craig, Ciufo and Morgan, 2004). The method 

consists of first immobilising the tagged protein (bait) on an affinity ligand specific to the tag. 

This creates an affinity support to capture and purify other proteins (prey) that are capable of 

interacting with the bait (Louche, Salcedo and Bigot, 2017). The extent of binding is assayed 

by SDS-PAGE (Craig, Ciufo and Morgan, 2004). Pull- down assays are relatively cheap and 

easy to perform on recombinant proteins as they do not require expensive machinery (Craig, 
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Ciufo and Morgan, 2004). The main limitation of this technique is the possibility of a false 

interaction positive due to either non-specific interaction with the solid support (Nguyen and 

Goodrich, 2006; Louche, Salcedo and Bigot, 2017). Additives such as salts and detergents can 

eliminate any non-specific interactions (Emmott and Goodfellow, 2014).  In this work, FOXP2 

variants were used as the bait while FOXP1 variants were used as the prey, in order to assess 

if an interaction could be detected between FOXP1 and FOXP2.  

Protein-protein interactions between FOXP1 and FOXP2 variants were investigated using 

IMAC pull-down assays on a HiTrap™ Ni2+ IMAC column (GE Healthcare, USA) using 

purified FOXP1 variants as the prey and FOXP2 variants as the bait. Purified FOXP1 proteins 

were dialysed into thrombin cleavage buffer [100 mM Tris-Cl, pH 8.0, 2 mM CaCl2 and 100 

mM NaCl]. The C-terminal his-tag was removed by incubation of the protein with Thrombin 

for 12 hours at 20 ℃. The undigested fusion protein isolated his-tag and thrombin were then 

removed by IMAC followed by benzamidine affinity chromatography. The isolated tag-free 

FOXP1 protein was then dialysed into IMAC binding buffer [10 mM HEPES, pH 7.5, 100 mM 

NaCl, 30 mM imidazole]. The column was first equilibrated using IMAC binding buffer  and 

the purified FOXP2 protein was loaded. FOXP1 protein was then loaded onto the column at a 

flow rate of 1 ml/min. Unbound protein was washed off using the binding buffer [10 mM 

HEPES, pH 7.5, 500 mM NaCl, 30 mM imidazole] while bound protein was eluted from the 

column using IMAC elution buffer [10 mM HEPES, pH 7.5, 100 mM NaCl, 500 mM 

imidazole]. The eluted protein was visualised using SDS-PAGE on a 12% tris-glycine 

polyacrylamide gel prepared as described above. Two bands on SDS PAGE would be 

indicative of an interaction. 

 

2.2.14. Fluorescence anisotropy (FA) 

Anisotropy of fluorescence is described as the difference in vertical and horizontal emission 

components with respect to the total fluorescence intensity when vertically polarised excitation 

is used (LeTilly and Royer, 1993). In the FA, a fluorophore is irradiated with linearly polarised 

light. The resultant fluorescence intensity is measured through a polarisation filter placed in 

front of the detector and oriented either parallel or perpendicular to the incident polarised light 

(Zhang, Wu and Berezin, 2015). The polarised emission is influenced by a number of 

processes, including motions that occur within the lifetime of the excited fluorophore, also 

known as rotational diffusion (Ghisaidoobe and Chung, 2014). Information on tumbling, 

rotational diffusion or hydrodynamic aspects of a macromolecular system are useful in 
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studying binding processes, that is, the association of small ligands with macromolecules or 

macromolecule-macromolecule interactions (Jameson and Sawyer, 1995). Fluorescence 

anisotropy (FA) is suitable for the study of protein-DNA complex formation, protein-ligand 

interactions and protein-protein interactions because its sensitivity allows detection at low 

protein or DNA concentrations (Deprez et al., 2001).  In molecular interactions involving 

protein biomolecules and DNA ligands, the use of simple anisotropy can provide evidence that 

interactions have occurred between the species and give the binding constants (Zhang, Lu and 

Wang, 2011).  

Fluorescence anisotropy experiments were conducted on each variant to determine their DNA-

binding affinity. A Perkin Elmer LS-50B fluorescence spectrophotometer was used, fitted with 

an anisotropy filter to monitor the tumbling of DNA as it binds to purified FOXP1 or FOXP2 

variants. 5-carboxy-X-rhodamine (ROX)-labelled DNA (500 nM) was incubated with 

increasing concentrations of each of each variant on ice for 30 min. Fluorescence anisotropy 

measurements were taken with an emission wavelength of 605 nm following excitation of the 

ROX dye at a wavelength of 580 nm.  

Fluorescence anisotropy experiments were also used to study protein-protein interactions 

between FOXP1 and FOXP2 variants so as to investigate whether they can form hetero-

oligomers. In this case, FOXP1 LZ-End (~50 µM) and FOXP1 LZ-FHD (~45 µM) were 

individually labelled with nitrotriacetic acid coupled with ATTO 550 (NTA-ATTO 550) which 

is a fluorescent dye that binds specifically to 6×His-tag and incubated for 60 min at 20 ℃ as 

outlined in Zhao et al., 2010. Excess fluorescent dye was removed using dialysis into binding 

buffer [10 mM HEPES, pH 7.5, 100 mM NaCl] for 12 hours. The labelled proteins were then 

resolved by SEC on a Superdex® 200 10/300 GL column (GE Healthcare, USA) at 500 μl/min. 

Excluded fractions were collected and monitored by absorbance at 550 nm for NTA-ATTO. 

The degree of protein labelling (dye/protein) in the pooled fractions was confirmed by 

comparing the concentration of NTA-ATTO with that of the protein. Labelling efficiency was 

quite poor; however, the amount of labelled protein was enough to proceed with FA 

experiments. 

 Labelled FOX1 LZ-End (5 µM) was incubated with increasing concentrations (0-25 µM) of 

FOXP2 FHD-End, FOXP2 LZ-FHD and FOXP2 LZ-End for 60 min at 20 ℃. Similarly, 

labelled FOXP1 LZ-FHD (5 µM) was incubated with increasing concentrations of FOXP2 

FHD-End, FOXP2 LZ-FHD and FOXP2 LZ-End for 60 min at 20 ℃. Fluorescence anisotropy 
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measurements were taken with an emission wavelength of 569 nm following excitation with a 

wavelength of 554 nm.  

Furthermore, fluorescence anisotropy was used to measure the DNA binding affinity of the 

FOXP1 and FOXP2 heterodimer. This was conducted using labelled FOXP1 LZ-End and 

labelled FOXP1 LZ-FHD (5 µM) incubated with increasing concentrations (0-20 µM) of 

FOXP2 FHD-End, FOXP2 LZ-FHD and FOXP2 LZ-End in the presence of 200 nM DNA 

(cognate DNA: 5ʹ-TTAGGTGTTTACTTTCATAG-3ʹ (Nelson et al., 2013)) following the 

protocol outlined in Morris and Fanucchi, 2016. The protein: DNA complex was incubated for 

30 minutes prior to fluorescence anisotropy measurements. The NTA-ATTO labelled protein 

was selectively excited at 554 nm, and the emission was monitored at 569 nm.  

All data were obtained in triplicate and were averaged. The data were fit with a single site 

binding model using SigmaPlot version 13.0, from Systat Software, Inc., San Jose California 

USA, www.systatsoftware.com. Data analysis was done using a Student t-test in SigmaPlot. 

The t-test was used to determine the significance of the differences observed in dissociation 

constants (KD) of hetero-association and DNA binding.  

 

2.2.15. Isothermal titration calorimetry (ITC) 

Isothermal titration calorimetry is used to measure the energetics of biochemical reactions or 

molecular interactions at constant temperature (Freire et al., 1990). These molecular 

interactions include ligand binding, enzyme-substrate interactions and protein-protein (or 

DNA) interactions among components of multi-molecular complexes (Velazquez-Campoy et 

al., 2015). ITC measures the reversible reactions between biomolecules (Holdgate, 2010) and 

allows for rapid determination of the binding affinity, number of binding sites (stoichiometry), 

enthalpy and entropy of the binding reaction (Freire et al., 1990).  The reaction is triggered by 

changing of the chemical composition of the sample by step-wise titration of a required 

reactant. During this, heat is either absorbed or released and the change is measured by a 

sensitive microcalorimeter. The thermodynamic analysis of observed heat effects then allows 

for the quantitative determination of the energetic processes related to the association reaction. 

A reference cell containing the buffer solution which will account for injection and dilution 

effects during titration is also present. ITC is the only technique that can resolve the enthalpic 

and entropic components of binding affinities (Leavitt and Ernesto, 2001). 

https://systatsoftware.com/
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ITC was used in this study to determine the strength of association of FOXP1 and FOXP2, to 

characterise the potential multiple binding sites present in both FOXP1 and FOXP2 association 

interfaces and to characterise the enthalpic and entropic contributions to the Gibbs energy. The 

binding thermodynamics of the FOXP2 LZ-End to FOXP1 LZ-End was monitored. Protein 

samples were prepared by extensive dialysis against fresh binding buffer [10 mM HEPES,      

pH 7.5, 100 mM NaCl]. Protein concentration was determined by UV absorbance of 280 nm 

light using a NanoDrop® ND-1000 UV-Vis Spectrophotometer. Titration experiments were 

performed on a TA Instruments Nano-ITC by 25×10 μL injections of ∼500 μM FOXP2 LZ-

End into ∼30 μM FOXP1 LZ-End at 25 °C. Titration experiments were also performed using 

~480 µM FOXP2 LZ-End and ~100 µM FOXP1 LZ-End titrated into buffer [10 mM HEPES, 

pH 7.5, 100 mM NaCl] as outlined above. The heats of saturation were averaged, and the value 

subtracted from all data points before data analysis. Data were fitted using a non-linear least-

squares method for multiple site binding independent site binding. Errors were determined as 

the standard deviation of three averaged independent titrations. 
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CHAPTER 3 

RESULTS 

To date, most studies dealing with the FOXP transcription factors are confined to the isolated 

FHD or, if the full-length protein is under investigation, the studies performed are mostly done 

in vivo. There is very little information available on the behaviour of the isolated proteins in 

vitro. Although work has been done on the isolated FOXP FHD and the isolated FOXP3 leucine 

zipper, longer variants encompassing more than one domain have not been studied in vitro. 

Furthermore, not much is known about the precise interaction between FOXP1and FOXP2 

despite convincing cellular evidence of its existence. In this study a thorough biophysical 

characterisation of FOXP1 and FOXP2 was performed, focusing on their dimerisation 

interfaces and I identify the most critical structural features and elements in order to gain insight 

into their protein-protein interactions. This is done through the creation of FOXP1 and FOXP2 

variants containing the FOXP domains in varying proportions and assessing their DNA binding 

properties, structural characteristics and homo- and hetero-associations.  

 

3.1. EXPRESSION 
 

The presence of multiple domains in the FOXP transcription factors provides challenges for 

expression and purification of the full-length proteins due to the modular nature and high 

predicted disorder of these proteins as well as the presence of the aggregation-prone poly-

glutamine domain. Although the other domains might also be important in stabilising the full-

length protein, it is the leucine zipper domain and the FHD that have thus far been identified 

as the most important domains in oligomerisation of FOXP proteins. Escherichia coli 

expression machinery was used to over-express all four FOXP1 and FOXP2 variants that 

contain both the leucine zipper and the FHD. Two of the variants also contain the C-terminal 

acid rich tail, that could be important in structural stability. Knowledge of the behaviour of 

these variants serves as a background for inquiry into hetero-association of FOXP1 and 

FOXP2. The use of E. coli for expression provides several advantages. E. coli cells multiply 
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very fast and in glucose-salts media, under optimal environmental conditions, its doubling time 

is about 20 min (Sezonov, Joseleau-Petit and D’Ari, 2007). Because of the fast growth and 

doubling time, high cell densities are achieved in optimal growth media (Rosano and 

Ceccarelli, 2014). Furthermore, it is quite fast and easy to transform E. coli cells using 

exogenous DNA. Some transformation protocols allow plasmid transformation of E. coli in as 

little as 5 min (Pope and Kent, 1996). Because of its advantages, E. coli was the expression 

machinery of choice. 

Following expression trials, it was found that three of the four variants (FOXP1 LZ-End, 

FOXP1 LZ-FHD and FOXP2 LZ-FHD) expressed optimally in E. coli cells using 0.5 mM 

IPTG at 20 ℃  for a period of 20 hours (Fig 15 A, B and C). FOXP2 LZ-End followed a similar 

protocol and was successfully over-expressed in T7 Express pLysS E. coli cells in sufficiently 

high quantities at 37 ℃ for 4 hours using an IPTG concentration of 0.5 mM (Figure 15D). 

There was about an equal amount of protein in the soluble and insoluble fractions, however 

since there was enough quantity protein in the soluble fraction, there was no need for recovery 

from the insoluble fraction.  
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Figure 15: SDS-PAGE gel showing representative expression of FOXP1 and FOXP2 

variants. Samples were taken at 4 different time periods post induction with 0.5 mM 

IPTG (final concentration). (A) FOXP1 LZ-FHD expression. The condition chosen for 

protein production was induction with 0.5 mM IPTG after 20 hours at 20 ℃ (boxed). (B) 

Induction trials for FOXP2 LZ-End. This variant expressed at high quantities after 4 

hours at 37 ℃, both in the soluble fraction and as inclusion bodies. (C) Expression of 

FOXP2 LZ-FHD. The condition chosen for protein production was induction with 0.5 

mM IPTG after 20 hours (boxed). (D) SDS-PAGE representative of FOXP2 LZ-End 

expression trials. The condition chosen for protein production was induction with 0.5 mM 

IPTG after 4 hours (boxed). 
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Figure 16: The calibration curve for the SDS-PAGE gel shown in Figure 15. The 

molecular mass (in kDa) and distances migrated by the standard proteins (shown as MW 

in gels) were used to construct this curve. (A) FOXP1 LZ-FHD (MW: ~32.9 kDa) (B) 

FOXP1 LZ-End (MW: ~43.3 kDa). Molecular weight of both FOXP1 LZ-FHD and 

FOXP1 LZ-End were determined against Unstained Protein Molecular Weight Marker 

(14.4-116 kDa)  (C) Molecular weight of FOXP2 LZ-FHD (MW: ~26.2 kDa) was 

determined against Unstained Protein MW Marker (Low) (14 - 94 kDa). (D) Molecular 

weight of FOXP2 LZ-End (MW: ~41.9 kDa) was determined against  Bio-Rad Protein 

Ladder (18.4 - 180 kDa). 
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FOXP1 LZ-FHD (Figure 15A) was the only one of the four variants that expressed as insoluble 

inclusion bodies. FOXP1 LZ-FHD was, therefore, the only one of the four variants that was 

expressed with the assistance of the molecular chaperones dnaJ-dnaK-grpE. These chaperones 

assist in proper folding of misfolded protein. Under these conditions, FOXP1 LZ-FHD 

expressed mainly in the soluble fraction of the Escherichia coli BL21 (DE3) cells (Figure 15A). 

The pKJE7 plasmid encoding the chaperones has chloramphenicol; therefore, for successful 

expression, E. coli BL21 (DE3) cells were used for this variant instead of the T7 cells, because 

they have a pLysS plasmid which is used to reduce basal protein expression and encodes 

chloramphenicol resistance.  

 

3.2. PROTEIN PURIFICATION 
 

The four variants were isolated from other E. coli proteins using immobilised metal ion affinity 

chromatography (IMAC). Each variant has a C-terminal hexa-histidine tag, which exhibits a 

strong interaction with metals. IMAC interactions occur between a transition metal ion (Co2+, 

Ni2+, Cu2+ or Zn2+) immobilised on a matrix and histidine residue side chains of the hexa-

histidine tag (Bornhorst and Falke, 2000).  

All four variants were purified using immobilised metal ion affinity chromatography charged 

with either Ni2+ or Co2+. Both FOXP1 variants (FOXP1 LZ-End and FOXP1 LZ-FHD) as well 

as FOXP2 LZ-FHD were purified using a Ni2+-charged IMAC HiTrap™ column. Because of 

the high quantities of FOXP2 LZ-End expressed in the soluble fraction of E. coli cells        

(Figure 15), FOXP2 LZ-End was purified using a Co2+-charged IMAC column rather than a 

Ni2+-charged column. His-tags have a weaker affinity for cobalt compared to Ni2+ but higher 

specificity (Soghoian, 2004; Wu et al., 2013); therefore, because large amounts of FOXP2 LZ-

End were produced, the reduced affinity for the cobalt was outweighed by the fact that there 

were fewer non-specific binding proteins and the purification of the FOXP2 LZ-End variant 

resulted in a relatively higher degree of purity while still being at an acceptable yield.  

For all four variants, a high salt wash (1.5 M NaCl) was done after loading the supernatant onto 

the IMAC column to remove any unbound proteins and E. coli DNA fragments that may be 

bound to the protein of interest. This step is of importance because both FOXP1 and FOXP2 

are transcription factors and have high affinity for DNA. Changes in absorbance were not 

observed during the salt wash, implying that unbound E. coli proteins and unbound fragments 
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of E. coli DNA had already passed through the column together with the non-specific proteins. 

After the salt wash, a one-step elution using 500 mM imidazole was performed which 

successfully removed the his-tagged protein from the column.  

At this stage of the purification, FOXP1 LZ-End (Figure 17B) and both FOXP2 variants 

(Figure 17 C & D) were isolated to a relatively high degree of purity (~95%) but FOXP1 LZ-

FHD (Figure 17A) co-purified with the chaperones used to aid in its expression. Fusion protein-

chaperone co-purification is in fact common in expressions involving dnaK. This is because 

dnaK, more than other chaperones in the group, can bind to the protease restriction sites for 

thrombin, enterokinase, or Factor Xa (Rial and Ceccarelli, 2002). The fusion proteins used in 

this study were designed with a thrombin cleavage site; therefore, providing a site for 

chaperone binding. Several ion exchange chromatography steps were employed in order to 

further isolate FOXP1 LZ-FHD (Figure 17A). Ion exchange chromatography exploited the 

differences in isoelectric points of protein samples at a given buffer pH. FOXP1 LZ-FHD has 

a pI of around 9.73 while the pIs of the chaperone group dnaK-dnaJ-grpE are 5.1, 8.5 and 4.68, 

respectively (Zyliczs et al., 1985; Zylicz et al., 1987; Zmijewski et al., 2004). Ion exchange 

chromatography was performed on a HiTrap™ Q FF column at pH 7.5. At this pH, FOXP1 

LZ-FHD and dnaJ, which are both positively charged at pH 7.5, do not bind the positively 

charged Q-sepharose resin. However, dnaK interacts strongly with dnaJ at this pH (Suh et al., 

1998; Mayer et al., 1999; Noguchi et al., 2014); therefore, regardless of its pI, it does not co-

elute with FOXP1 LZ-FHD. Following ion exchange chromatography, samples were resolved 

on a 12% SDS-PAGE gel under denaturing and reducing conditions to assess purity of the 

isolated FOXP1 LZ-FHD (Figure 17A). 

FOXP2 LZ-End migrates as a significantly larger protein than a protein of its typical molecular 

weight on an SDS-PAGE gel. It typically appears as ~43 kDa protein on the denaturing gel 

although its molecular weight is ~40.82 kDa. All the other variants, FOXP1 LZ-FHD       

(Figure 17A), FOXP1 LZ-End (Figure 17B) and FOXP2 LZ-FHD (Figure 17C) are resolved 

with molecular weight corresponding to their apparent masses (30.55 kDa, 40.44 kDa,         

29.11 kDa, respectively) determined from their amino acid sequences. The cause of this 

anomalous behaviour in the case of FOXP2 LZ-End (Figure 17D) could be because of the 

highly charged C-terminal tail, though the trait is not observed in FOXP1 LZ-End, which also 

possess the tail. 
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Figure 17: 12.5 % SDS-PAGE gels showing purification of FOXP1 and FOXP2 variants. 

Bands representing fractions containing pure protein that was used in subsequent 

experiments are boxed in red. (A) FOXP1 LZ-FHD was purified using a Ni2+-charged 

IMAC HiTrapTM column  followed by ion exchange chromatography (IEC) on a Q FF 

IEC column in order to remove the co-purified chaperones. (B) FOXP1 LZ-End IMAC 

purification on a Ni2+-charged column. (C) FOXP2 LZ-FHD purification on a Ni2+-

charged IMAC column. (D) FOXP2 LZ-End was purified using IMAC on a Co2+-charged 

column. 
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Generally, ~50 µM of protein was purified per litre of culture for all four variants and about 

93-95% pure protein was obtained following purification. The protein yield and purity obtained 

were enough for all subsequent experiments.  

The minor bands for FOXP1 and FOXP2 variants were sequenced using LC-Mass 

Spectrometry. Analysis of mass spectrometry data suggests that the minor bands are isomers 

of either FOXP1 or FOXP2 with minimum amounts of contamination. 

 

3.3. DNA BINDING AND NATIVE FOLDING 

 

FOXP1 and FOXP2 are transcription factors and, therefore, their main function is to control 

the expression of genes by binding to specific sequences of DNA. Because the ability of a 

protein to perform its function can be used as a direct measure of structural integrity, the ability 

of all four variants to bind to DNA was used as a means of confirming their structural folding. 

Electrophoretic mobility shift assay (EMSA) was used to determine the ability of FOXP1 and 

FOXP2 variants to form complexes with DNA. EMSA is based on the observation that the 

electrophoretic mobility of a protein-nucleic acid complex is typically less than that of the free 

nucleic acid (Hellman and Fried, 2007a). In EMSA, solutions of protein and nucleic acid are 

combined, and the resulting mixtures are subjected to electrophoresis under native conditions 

through polyacrylamide or agarose gel. Therefore, EMSA can also provide an indication of 

binding of multiple species of different sizes as separation occurs during migration of the 

sample in the electric field (Fried and Crothers, 1981; Hudson and Fried, 1990). EMSA 

provides a qualitative overview on the binding capability of protein to its target DNA sequence. 

Here, EMSA was conducted in order to determine whether all variants were in the correct 

conformation by assessing their ability to bind DNA. This would imply that folding of the 

proteins in the E. coli expression machinery mimics folding of the proteins in their native cell 

environment.  

Binding of FOXP1 and FOXP2 variants to DNA is indicated by the bands that are observed on 

the EMSA gels which appear higher than the free DNA bands, suggesting that a protein-DNA 

complex was formed (Figure 18). Because EMSA is a separation technique, different 

complexes between protein and DNA will be separated and will show as different bands on the 

gel. In the case of FOXP1 LZ-End, FOXP1 LZ-FHD and FOXP2 LZ-FHD, a number of bands 

are observed indicating the likelihood that there are different protein-DNA complexes being 
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formed and these different complexes are of different sizes. Only a single band representative 

of a large species, is observed for the FOXP2 LZ-End-DNA complex at the high concentration, 

shown in Figure 18D. The lanes in all the EMSAs in Figure 18 are fairly smeared. This is likely 

due to weak binding in the protein-DNA complex which results in the complex breaking and 

reforming as it migrates through the gel.  

The fact that all FOXP1 and FOXP2 variants are capable of binding to DNA (Figure 18) implies 

that the DNA-binding domain, the FHD, is in its native conformation. Furthermore, a number 

of studies have shown that impairment of the leucine zipper domain, either in-frame deletions 

or mutations eliminates homo- or hetero-oligomerisation in the full-length FOXP proteins (Li, 

Weidenfeld and Morrisey, 2004; Bin Li et al., 2007; Song et al., 2012) and in most cases also 

DNA binding (Bennett et al., 2001; Brunkow et al., 2002; Li, Weidenfeld and Morrisey, 2004). 

This, therefore, implies that there is cooperativity between the different domains in all variants 

and impairment of one domains influences binding of the other. The fact that all FOXP1 and 

FOXP2 variants bind to DNA through their FHD means that the entire protein is in its native 

conformation. 

 

Figure 18: Protein−DNA complex formation of the FOXP variants as determined by 

electrophoretic mobility shift assay. 500 nM cognate DNA was incubated with increasing 

concentrations (5−40 μM) of: (A) FOXP1 LZ-FHD, (B) FOXP1 LZ-End, (C) FOXP2 LZ-
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FHD, (D) FOXP2 LZ-End. All variants indicated DNA binding capability, suggesting that 

the FHD (DNA binding domain) is correctly folded. It appears that multiple species form 

weakly associated (smeared bands) complexes with the DNA as indicated by the arrows. 

 

Matrix-based separation methods, such as electrophoretic mobility shift assays, can easily 

perturb the reaction equilibrium by pulling reactants (DNA and protein) away from products 

(complex); thereby, creating a concentration gradient which pushes the reactant towards 

individual equilibrium (Licata and Wowor, 2008). Therefore, EMSA was used in this study for 

qualitative purposes only and the affinity of binding could not be quantified from the EMSA 

gel. Fluorescence anisotropy (FA) was, therefore, used in addition to the EMSA in order to 

determine the differences in binding of all four variants to DNA by using DNA binding 

affinities.  

Fluorescence anisotropy measures the rotational diffusion of a molecule. So when the reactant 

binds its partner, the larger product has a lower rotational diffusion coefficient and a higher 

fluorescence anisotropy (Lakowicz, 2002; Gradinaru, Marushchak and Krull, 2010; Pollard, 

2010; Weinreis, Ellis and Cavagnero, 2011). Although the FHD is the main DNA-binding 

domain of both FOXP1 and FOXP2, the other domains may influence the strength of DNA 

binding. Furthermore, the oligomeric state of FOXP1 and FOXP2 variants could also influence 

the strength of DNA-binding. Therefore, in this study, FA was used to assess and compare the 

strength of binding of FOXP1 and FOXP2 variants to DNA (Figure 19). 

Figure 19A and 19B show the DNA binding isotherms of all four variants (FOXP1 in figure 

19A and FOXP2 in Figure 19B). These isotherms were fitted to a single-site binding model. 

KD values obtained for DNA binding to FOXP1 LZ-End and FOXP1 LZ-FHD were 1281.2 ± 

70.4 nM and 765.5 ±120.7 nM, respectively, while the KD values for DNA binding to the 

FOXP2 variants was 347.1 ± 55.4 nM and 326.2 ±73.2 nM for the LZ-End and the LZ-FHD 

variants, respectively.  As can be seen in Figure 18 C-F, all FOXP2 variants bind the DNA 

sequence with a significantly greater affinity than the FOXP1 variants. While there is no 

statistically significant difference in DNA binding affinity between the two FOXP2 variants, 

there is a significant difference in the DNA binding affinity of the FOXP1 variants where the 

longer variant shows significantly weaker affinity, indicating that the presence of the acid rich 

tail interferes with DNA binding strength in the case of FOXP1 but not FOXP2.  
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The DNA binding assessment performed using the EMSA (Figure 18) showed that the variants 

bind to DNA as a number of species of various sizes. Therefore, the binding affinities obtained 

from fluorescence anisotropy represents the average binding affinity of all the species. 

Nonetheless, the binding affinity of both FOXP2 variants shows considerable improvement 

and tighter binding compared to the KD obtained for the isolated FOXP2 FHD (~892 ± 49.9 

nM) using fluorescence anisotropy (Morris and Fanucchi, 2016). Similarly, comparison of the 

dissociation constants obtained here with those obtained for the isolated FOXP1 FHD 

monomeric mutants (KD ~3650 ± 400 nM and ~1510 ± 60 nM) using standard fluorometric 

titration analysis (Chu et al., 2011), shows that both FOXP1 variants also bind DNA with a 

stronger affinity than the isolated FOXP1 FHD. 
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Figure 19: DNA binding isotherms for the FOXP1 and FOXP2 variants as determined by 

fluorescence anisotropy (FA). For each experiment, 500 nM dsDNA containing a single 

FOXP2 binding site labelled at the 5′ end with ROX was incubated with increasing 

concentrations of each protein variant (0 µM-6 µM). The fluorescence anisotropy at each 

concentration was measured and the data fitted to a single site binding model. (A) The KD 

obtained for FOXP1 LZ-FHD and FOXP1 LZ-End DNA binding are 765.5 ± 120.7 nM 

and 1281.2 ± 70.4 nM, respectively. (B) The DNA binding KD  for FOXP2 LZ-FHD and 

FOXP2 LZ-End DNA binding are 347.1 ± 55.4 nM and 326.2 ± 73.2 nM respectively. (C-

E) Comparison of the KD for each variant. The statistical significance of each comparison 

was determined using a student’s t-test (*p < 0.05; **p < 0.01; ***p<0.001). Errors 

indicate the standard deviation of three averaged replicates. 
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3.4. STRUCTURAL CHARACTERISATION  
 

FOXP proteins interact with DNA as dimers in vivo (Wang et al., 2003; Li, Weidenfeld and 

Morrisey, 2004; Sin, Li and Crawford, 2014), through the leucine zipper domain and the 

forkhead domain (FHD) (Li, Weidenfeld and Morrisey, 2004; Bin Li et al., 2007). The isolated 

FHD has been shown to form domain-swapped dimers (Stroud et al., 2006; Bandukwala et al., 

2011; Chen et al., 2015) and the FOXP3 leucine zipper domain has been shown to mediate not 

only dimer formation, but also higher order oligomerisation (Bin Li et al., 2007; Song et al., 

2012). Therefore, because of the reported differences in oligomeric state, it is worth 

investigating the structural characteristics of FOXP1 and FOXP2 variants in isolation, to gain 

a better understanding of which structural elements are critical to structural integrity, DNA 

binding and oligomerisation. Both electrophoretic mobility shift assay (EMSA) and 

fluorescence anisotropy (FA) have shown that all four variants bind to DNA; therefore, 

implying that the proteins have attained their native fold during expression, allowing for other 

biophysical characteristics of the proteins to be investigated. Furthermore, a number of bands 

of varying sizes were observed in EMSA, suggesting that the variants bind to DNA as multiple 

species of different sizes. Structural characterisation was, therefore, done in order to get a 

thorough understanding of the structural architecture of the isolated proteins and to make any 

significant comparisons between the variants. This can lead to an understanding of the 

dynamics and structure-function of protein-protein interactions and protein-DNA associations.  

 

3.4.1. QUATERNARY STRUCTURE  

 

3.4.1.1. Quaternary state using size exclusion chromatography (SEC) 

SEC provides a means to determine the oligomeric state of proteins by measuring the 

hydrodynamic volume of all the different species (if there are multiple species), when under 

native solution conditions (Ramsey, Daugherty and Kelm, 2006). The hydrodynamic volume 

of a protein gives an indication of the oligomeric state of the protein, and thus SE-HPLC was 

used to assess the hydrodynamic volumes, and therefore the oligomeric state, of FOXP1 and 

FOXP2 variants. Because the electrophoretic mobility shift assay (Figure 18) indicated that 

each of the four variants can likely form complexes of different sizes with DNA, SE-HPLC 

was used here in order to determine whether the different species exist in the absence of DNA.  
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The quaternary state of the FOXP1 and FOXP2 variants was determined using size exclusion 

high performance liquid chromatography, as indicated in Figure 20. Interactions of both the 

leucine zipper domain and the FHD are predominantly mediated by hydrophobic associations 

which are usually quite stable (Clark et al., 1993; Krylov and Vinson, 2001; Stroud et al., 

2006). Therefore, any quaternary conformation detected using this method will likely be the 

result of hydrophobic interactions between polypeptide chains.  

The HPLC column was equilibrated using High Molecular Weight Markers (GE Healthcare, 

USA). Given the apparent MW of the variants; 28.8 kDa (FOXP2 LZ-FHD), 30. 2 kDa (FOXP1 

LZ-FHD), 38.8 kDa (FOXP1 LZ-End) and 44.5 kDa (FOXP2 LZ-End) on SDS-PAGE    

(Figure 16), the large hydrodynamic volumes reported from size exclusion chromatography, 

indicate that all the purified proteins form higher order oligomers in solution and that this is 

the most preferred conformation. However, because of several unstructured and highly flexible 

regions, there is generally an overestimate of the size based on the hydrodynamic volume and 

the sizes predicted based on the retention times do not necessarily correspond to the actual MW 

or size (Figure 19). Therefore, although we can speculate on the sizes and hence quaternary 

structure of the proteins based on their apparent molecular weights, it is also highly likely that 

the large sizes predicted by size exclusion chromatography could be due to the large 

hydrodynamic volume that is likely to be occupied by these proteins since they are predicted 

to have large unstructured domains which could be highly disordered. Therefore, we cannot 

conclusively size the FOXP1 and FOXP2 variants using SE-HPLC, but rather we can use the 

results as a qualitative measure of relative size and number of the various protein species 

present amongst the four variants. 

The longer variants of both FOXP1 and FOXP2 tend to elute from the size exclusion column 

as a single large species with apparent molecular weights corresponding to that of a tetramer 

for FOXP1 LZ-End and an octamer for FOXP2 LZ-end (Figure 20B & 20D, respectively). The 

shorter variants elute from the column as two species. FOXP1 LZ-FHD (Figure 20A) elutes 

with apparent molecular weights equivalent to a mixture of monomer and dimer at 

concentrations lower than 20 µM and a mixture of dimer and tetramer at concentrations greater 

than 20 µM, while FOXP2 LZ-FHD (Figure 20C) elutes as two species with apparent 

molecular weights corresponding to that of a hexamer and a trimer at all concentrations. The 

lack of the acid rich tail (ART) region in the shorter variants (FOXP1 LZ-FHD and FOXP2 

LZ-FHD) thus seems to imply this region plays a critical role in the oligomeric state and 
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stability of the FOXP variants. This therefore suggests that this region could be important for 

stability and can influence dimer formation.  

 

 

Figure 20: SE-HPLC chromatogram of FOXP1 and FOXP2 variants performed at 

increasing protein concentrations in 10 mM HEPES buffer, pH 7.4 containing 500 mM 

NaCl and 2 mM DTT. (A) Elution profile of (5 – 100 M) FOXP1 LZ-FHD. At low 

concentrations (< 20 µM), FOXP1 LZ-FHD exists as a mixture of apparent monomer and 

dimer, and at concentrations greater than 20 µM it exists as a mixture of apparent dimer 

and tetramer. (B) Elution profile showing the quaternary state of (5 – 70 µM) FOXP1 

LZ-End. FOXP1 LZ-End exists as an apparent tetramer at all concentrations. (C)  

Elution profile of 5-100 µM FOXP2 LZ-FHD. The variant exists as a mixture of apparent 

monomer and hexamer at concentrations greater than 20 µM. (D) The elution profile of 

5-100 µM FOXP2 LZ-End. FOXP2 LZ-End exist as an octamer at all concentrations. 

Molecular weight standards are indicated with grey dashed lines in each figure. For SE-

HPLC, Bio-Rad’s Gel Filtration Standard, 1.35 kDa-670 kDa (Bio-Rad, USA) were used.  



68 | P a g e  
 

3.4.1.2. Quaternary state using native polyacrylamide gel electrophoresis (BN-

PAGE) 
The quaternary states of FOXP1 and FOXP2 variants were further studied using Blue Native 

PAGE, as shown in Figure 21 below. Although separation techniques such as EMSA and BN-

PAGE can easily perturb the reaction equilibrium by pulling reactants (DNA and protein) away 

from products (complex), they provide a qualitative indication of an interaction (Eubel, Braun 

and Millar, 2005). Therefore, in this study, BN-PAGE was used to complement and confirm 

the quaternary state of all four variants that was observed in size exclusion chromatography. 

As with the SE-HPLC results, the native gels indicate that the variants exist as a mixture of 

several species. This is seen by the number of bands on the gel for each variant at each 

concentration resolved. The longer variants, both FOXP1 and FOXP2 appeared to form larger 

higher order aggregates than the two smaller variants. This result is consistent with the SE-

HPLC result. A difference is that there was predominantly one (very large) species for both 

FOXP1 LZ-End and FOXP2 LZ-End when using SE-HPLC but the BN-PAGE (Figure 21) 

indicates that FOXP1 LZ-End exists as a mixture of species. The short variants appeared as 

two or three species on the BN-PAGE which is in agreement with the SE-HPLC result although 

the exact proportion of each species present tends to differ between the two techniques.  

Both variants of FOXP1 are capable of existing in solution as different concentration dependent 

complexes, a trait that has been observed for the isolated FOXP1 FHD and the isolated FOXP3 

leucine zipper domain (Bin Li et al., 2007; Chu et al., 2011; Song et al., 2012; Medina et al., 

2016). Comparatively, both FOXP1 variants seem to favour formation of tetramer in solution, 

regardless of the C-terminal acid rich tail which is present in FOXP1 LZ-End and absent in 

FOXP1 LZ-FHD. This also suggests that the C-terminal acid rich tail has minimal effect on the 

quaternary structure under native conditions, pH 7.4 and 20 ℃. The association of different 

subunits is supported by the fact that the FOXP leucine zipper domain surface is highly 

hydrophobic; therefore, favouring clustering, which supports formation of higher oligomers, 

not just dimers (Song et al., 2012).  
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Figure 21: Native PAGE was used to determine the native conformation of the FOXP1 

and FOXP2 variants.  Different concentrations (between 5 and 90 µM) of FOXP1 and 

FOXP2 variants were subjected to electrophoresis under non-denaturing conditions on 

an 8 % polyacrylamide gel. (A) FOXP1 LZ-FHD (B) FOXP1 LZ-End (C) FOXP2 LZ-

FHD (D) FOXP2 LZ-End. The bands observed in each lane are fairly smeared. This is 

due to a constant dissociation and association; therefore, creating a concentration 

gradient which pushes reactants toward their individual equilibrium. However, some 

bands (indicated by arrows) were observed, for each quaternary state. Because of 

inconsistencies in standard protein bands, it is fairly difficult to accurately determine the 

sizes of each species observed and this method is used as a qualitative technique only. 
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According to native-PAGE analysis, FOXP2 LZ-FHD exist almost exclusively as a trimer at 

concentration lower than 20 µM, but as a mixture of trimer and hexamer at higher concentration 

(Figure 21C). Formation of higher order oligomers is also observed for FOXP2 LZ-FHD at 

high concentrations of protein. Although SE-HPLC and native-PAGE agree about formation 

of a hexamer, the hexameric form is the most prominent conformation for FOXP2 LZ-FHD in 

SE-HPLC, while the trimer is more prevalent in native-PAGE. The differences observed in 

both techniques could be attributed to the shape of the protein, which ultimately influences the 

tumbling volume and hydrodynamic diameter (Niepmann and Zheng, 2006). 

FOXP2 LZ-End (Figure 20D) exists predominantly as a higher oligomer both in size exclusion 

chromatography and Native-PAGE. A relatively defined band is observed at most FOXP2 LZ-

End concentrations, corresponding to an apparent molecular weight of ~326 kDa, 

corresponding to an octamer, both in SEC and Native-PAGE.  

Higher oligomers are mostly favoured by both FOXP2 variants (Figure 20C & D), though 

FOXP2 LZ-FHD exists mainly as a mixture of trimer and hexamer in solution, compared to 

FOXP2 LZ-End which exists predominantly in a quaternary state resembling an octamer. 

Different quaternary conformations have also been observed for the isolated FOXP2 FHD, 

which exists in solution as a mixture of monomer and dimer (Stroud et al., 2006).   

Although the general architecture of FOXP proteins is similar, there are differences in folding 

which make each protein unique in comparison to the others. Both SE-HPLC and native-PAGE 

(Figure 20 & 21) suggest that the FOXP2 variants could exist predominantly as extended 

proteins, while the FOXP1variants favour a more compact conformation. Nonetheless, 

formation of higher order oligomers is a trait that seems to be prevalent in FOXP proteins. It 

has also been observed in studies focusing on FOXP3 (Li et al., 2007(a); Li et al., 2007(b); 

Song et al., 2012). 
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3.4.2. Secondary structure  

The far-UV CD spectra of FOXP1 and FOXP2 variants is shown in Figure 22. The shapes of 

the spectra are indicative of predominantly α-helical content, intrinsic disorder and a minor β- 

sheet component for all the variants. From the solution structure of the FOXP1 FHD 

determined using NMR spectroscopy (Chu et al., 2011) and the crystal structure of the FOXP2 

FHD (Stroud et al., 2006), it is clear that the FHD is predominantly helical. Furthermore, the 

leucine zipper domain is an antiparallel coiled coil structure mainly made up of two intertwined 

α-helices (Landschulz, Johnson and Mcknight, 1988; O’Shea, Rutkowski and Kim, 1989; 

Alber, 1992; Krylov and Vinson, 2001; Song et al., 2012). As the FHD and the leucine zipper 

make up a 25 % proportion of the structures of the long variants and a 37 % proportion of the 

structure of the short variants, the CD results are believable. 

 

 

Figure 22: Far-UV circular dichroism spectra of FOXP1 and FOXP2 variants using ~8 

µM of FOXP1 variants and ~5 µM FOXP2 variants. (A) The secondary structure of 

FOXP1 variants is mostly α-helical as seen by troughs at 222 nm and 208 nm, with a 

minor presence of β-turn/sheets usually seen as a trough at 218 nm. There are slight 

differences in α-helical content and disorder observed for both FOXP1 variants. (B) 

FOXP2 variants exhibits a predominantly α-helical secondary structure. There is not 

much of a change in secondary structure upon truncation of the C-terminal acid rich tail 

in FOXP2 variants, as shown by superimposition of the far-UV CD spectra (ellipticity). 
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Amino acid sequence analysis using the disorder prediction tool DISOPRED2 Disorder 

Prediction Server and PSIPRED (Jones, 1999b; Buchan et al., 2013) indicates that the regions 

of highest disorder in the sequences of all four variants consists of the C-terminal acid rich tail 

and an N-terminal linker between the leucine zipper domain and the forkhead domain while 

the leucine zipper domain and the FHD have the least amount of disorder Ffigure 29). The 

regions of high disorder contribute to the disorder in the FOXP1 and FOXP2 variants’ 

secondary structure detected in the CD spectra. Although all far-UV CD spectra of FOXP1 

species show typical α- helical behaviour, FOXP1 LZ-End also shows the most pronounced 

disorder of the variants, indicated by the trough at ~203 nm. The pronounced disorder in 

FOXP1 LZ-End compared to FOXP1 LZ-FHD is due to the extended C-terminal acid rich tail, 

which is absent in FOXP1 LZ-FHD (see Figure 29A & B).  

There are only slight differences in far-UV CD spectra of FOXP2 variants (Figure 22B). Both 

variants show a predominantly α-helical secondary structure, with no evidence of intrinsic 

disorder. However, disorder prediction using the amino acid sequences shows that like FOXP1 

variants, the C-terminal acid rich tail and the domain linker are regions of major intrinsic 

disorder. Nonetheless, the lack of differences in CD spectra suggest that the C-terminal acid 

rich tail does not contribute much to observable disorder, indicating that the tail might fold 

upon the FOXP2 FHD. 

Based on the crystal and solution structures, the FOXP1 and FOXP2 FHDs have less than 50% 

α-helical content, and  far-UV CD spectrum of the wild type FOXP2 FHD indicates that it has 

around 30% α-helical content and about 30% disorder (Blane and Fanucchi, 2015; Perumal et 

al., 2015), with the dimer showing a slight increase in ordering of the polypeptide backbone 

(Perumal, Dirr and Fanucchi, 2015; Morris and Fanucchi, 2016). Therefore, the increase in α-

helical content to ~50 to 60% upon inclusion of the leucine zipper domain in the near full-

length constructs indicates that the leucine zipper is responsible for increased helical content 

and hence increased structural stability of FOXP1 and FOXP2.  

 

3.4.3. Tertiary structure  

The tertiary structure of all four FOXP1 and FOXP2 variants was determined using intrinsic 

tryptophan fluorescence. All four variants in the current study have three tryptophan residues 

and they are all located in the DNA binding domain, the FHD. The other domains and 
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subdomains are devoid of tryptophan residues; therefore, the intrinsic tryptophan fluorescence 

probes the changes in the microenvironment of the FHD alone.   

The fluorescence spectra of the FOXP1 variants both have a maximum emission at 330 nm and 

339 nm (Figure 23A). The double peaks observed in fluorescence emission are due to different 

environments of the different tryptophan residues in the FOXP1 FHD. According to the crystal 

structure, in the FOXP2 FHD dimer, the tryptophan residue on position 509 on helix 3 and the 

tryptophan residue 494 are buried in the hydrophobic core while Trp534 on the wing is in a 

relatively exposed environment. Because these tryptophan residues are in three different 

environments, they, therefore, contribute to the multiple fluorescence peaks. The differences 

in secondary structure, though slight, also influence the tertiary structure of FOXP1 variants. 

This is shown by the differences in quantum yield for both variants. The FOXP2 variants 

exhibit fluorescence emission maxima at 331 nm and 338 nm (Figure 23B). The maximum 

fluorescence emission at 330 nm is indicative of buried tryptophan residues while the red 

shifted emission, 338 nm and 339 nm indicate partially exposed tryptophan residues (Lakowicz 

and Masters, 2008). 

Comparison of the fluorescence emission maxima of FOXP1 and FOXP2 variants (Figure 23) 

indicates that there are minimal differences in tertiary structure between the long and short 

variants of both FOXP1 and FOXP2.  
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Figure 23: Intrinsic tryptophan fluorescence spectra of FOXP1 and FOXP2 variants 

using 5 µM protein. (A) Both FOXP1 variants show emission maxima with peaks at 330 

nm. (B) FOXP2 variants show a shoulder at 325 nm and a maximum emission at 330 nm. 

There is no difference is fluorescence spectra for both FOXP2 variants, indicating that 

changes in architecture have no effect on micro-environment of the three (3) tryptophan 

residues in the FOXP2 FHD.  
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3.4.4. Structural stability  

Most proteins are characterised by well-defined three-dimensional structures, which are 

environmentally sensitive and generally exist within narrow limits of specific environmental 

conditions. Outside these conditions, proteins exhibit denatured and structurally unfolded 

states. In order to obtain some idea of the stability of the proteins in the absence of DNA, 

thermal unfolding of FOXP1 and FOXP2 variants was monitored using CD as a probe.  (figure 

24). The thermal behaviour of the four variants will help give an indication of the role of the 

C-terminal acid rich tail in structural stability.  

The thermal melts for all four variants were not reversible upon cooling and all the variants 

showed considerable precipitation at low and high temperature following thermal denaturation. 

FOXP1 LZ-End has a midpoint melting temperature of ~59.4 ± 3.5 ℃ (Figure 24B) and unfolds 

in a linear manner starting at a temperature below 20 °C up to 60 °C similar to that seen in the 

DNA-binding domains of other transcription factors (Dragan et al., 2004). In contrast, the 

FOXP1 LZ-FHD unfolds in a sigmoidal fashion with a midpoint melting temperature of ∼46.6 

± 0.7 °C. In contrast both FOXP2 variants unfold in a relatively more sigmoidal fashion (Figure 

24B). However,  FOXP2 LZ-FHD has a more pronounced pre-transition region and a less 

pronounce post-transition region in comparison to FOXP2 LZ-End, indicating the unfolding 

cooperativity of the variants. FOXP2 LZ-End has a midpoint melting temperature of ~58.0 ± 

1.1  ℃ while FOXP2 LZ-FHD has a midpoint melting temperature of ~52.3 ± 0.5 ℃, therefore 

suggesting that FOXP2 LZ-End has a relatively more stable conformation than FOXP2 LZ-

FHD (Summarised in Table 3).  In general, FOXP1 LZ-End is more stable than all the other 

variants and FOXP1 LZ-FHD is the least stable. 

Table 3: Summary of melting points of FOXP1 and FOXP2 variants 
Variants Temperature (TM) (℃) 

FOXP1 LZ-FHD 46.6 ± 0.7 

FOXP1 LZ-End 59.4 ± 3.5 

FOXP2 LZ-FHD 52.3 ± 0.5 

FOXP2 LZ-End 58.0 ± 1.1 
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Figure 24: Thermal melting curves of the FOXP1 and FOXP2 variants obtained by 

monitoring the far-UV CD absorbance at 222 nm while incrementally increasing 

temperature from 20 ℃  to 80 ℃ . A) The thermal unfolding profiles of FOXP1 and 

FOXP2 variants. B) Thermal unfolding data was fitted using the global curve fitting 

wizard in SigmaPlot from Systat Software, Inc., San Jose California USA. FOXP1 LZ-

END (TM = ~59.42 ± 3.54 ℃) unfolds in an almost linear fashion from 20 ℃ to 80 ℃. The 

protein remains mostly stable at low temperature 20-50 ℃. FOXP1 LZ-FHD (TM = ~ 

46.59 ± 0.67 ℃)  unfolds in a sigmoidal fashion, showing a pre-transition region, a 

transition region and a post-transition region where the protein is fully unfolded or 

denatured. FOXP1 LZ-End shows very low cooperativity compared to FOXP1 LZ-FHD 

Both FOXP2 LZ-FHD (TM = ~ 52.34 ± 0.45 ℃) and FOXP2 LZ-End (TM = ~ 58.02 ± 1.15 

℃)  unfold in a sigmoidal fashion although FOXP2 LZ-FHD is more susceptible to 

temperature variations. Both show relative stability at low temperature 20 – 40 ℃, before 

unfolding at higher temperature. Thermal unfolding was done at pH 7.5 in 20 mM Tris-

Cl and 200 mM NaCl. The lines indicate the midpoint melting temperature of each 

protein. 
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Furthermore, both FOXP1 and FOXP2 LZ-End variants show less cooperativity compared to 

the LZ-FHD variants (Figure 24B). The lack of cooperativity could in part be attributed to the 

presence of the C-terminal acid rich tail in the LZ-End variants, a region of intrinsic disorder, 

shown in Figure 30. An interesting feature of intrinsically disordered proteins or regions is their 

extraordinary resilience, where such proteins or regions can sustain exposure to  extremely 

harsh environmental conditions, being able either to keep its core structure and functionality 

under these extreme conditions or to rapidly regain it after returning to normal conditions 

(Uversky, 2017). Because of the multidomain nature of the variants under investigation, further 

uncooperative behaviour can be attributed to unfolding of the different domains. Each domain 

behaves differently; therefore, influencing the thermal stability of the protein. For instance, the 

FOXP2 FHD also shows uncooperative thermal unfolding (Morris and Fanucchi, 2016), while 

the leucine zipper domain usually shows a classical two-state unfolding (Weiss, 1990). This, 

therefore, suggests that the uncooperative thermal unfolding of FOXP1 LZ-End and FOXP2 

LZ-End (figure 24B) is a direct feature of the intrinsically disordered regions and the FHD. 

Furthermore, the behaviour of FOXP1 LZ-FHD and FOXP2 LZ-FHD is reminiscent of a 

classical two state unfolding pattern; therefore, suggesting that the stabilising effect of the C-

terminal acid rich tail is almost completely lost. This, therefore, highlights the significance of 

this subdomain to the structural stability of both FOXP1 and FOXP2. Nonetheless, the fact that 

all FOXP1 and FOXP2 variants under investigation exist as higher order oligomers in solution 

at pH 7.5, suggests that oligomeric state of a protein also plays an important role in 

counteracting effect of thermal denaturation. 
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3.5. CONFORMATIONAL STUDIES 
 

The folding of protein into its proper 3D conformation is the most fundamental and universal 

example of biological self-assembly; understanding this complex process, therefore, provides 

a unique insight into the way in which evolutionary selection has influenced the properties of 

a molecular system to its functional advantage. The stability of the native fold of a protein is a 

function of its surrounding environmental variables such as pH, temperature, ionic strength, 

and solvent composition as they affect various intramolecular bonds responsible for stability 

and integration of the protein (Dubey and Jagannadham, 2003). 

 

3.5.1. EFFECTS OF pH ON PROTEIN STRUCTURE  

 

3.5.1.1. Effects of pH on the hydrodynamic radius and quaternary structure  

Biophysical techniques were used to characterise and study the effect of pH on the structure of 

the variants at equilibrium after incubation for 20 hours at 20 ℃. Since all four of the variants 

contain the two major dimerisation interfaces on both FOXP1 and FOXP2 (i.e. the leucine 

zipper and the FHD), and since we have established that all four variants exist in some form of 

oligomeric state at pH 7.4, size exclusion chromatography (Figure 25) was used to investigate 

the quaternary conformation of each variant at each pH tested. This was to determine whether 

the oligomerisation interfaces are sensitive to pH as this will give an indication into how 

oligomerisation occurs. By comparing each of the variants’ response to pH, we will also be 

able to establish whether or not the acid rich tail plays a role in pH-dependent oligomerisation. 

All size exclusion chromatography studies were conducted under reducing conditions and high 

salt concentrations in order to eliminate disulfide bond formation between the different 

monomers, as well as to eliminate non-specific and ionic interactions.  

There is a clear pH dependent transition in the elution size of both FOXP1 LZ-FHD and FOXP2 

LZ-FHD variants (Figure 25). They both appear to have a larger size at low pH (less than pH 

7.5), while at pH greater than 7.5, they appear to adapt a more compact conformation. Unlike 

the shorter variants, the two longer variants do not show a complete shift in hydrodynamic 

volume to a more compact species at high pH but rather a partial shift, where the majority of 

the species remain large but at pH greater than 7.5. A second, more compact species is also 
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detected. In the case of FOXP2 FHD, this smaller species is apparent throughout the pH range 

even at low pH albeit at low relative concentrations.  

The trend observed that larger species are present at low pH and smaller species are more 

prominent at high pH suggests one of two things. Either oligomerisation is promoted at low 

pH, or the protein becomes less compact and more loosely packed at low pH. The presence of 

the acid rich tail seems to resist the transition to the more compact, smaller species at high pH. 

FOXP1 and FOXP2 both display similar behaviour and trends although the changes are more 

pronounced with FOXP1. Also, notably FOXP2 tends to form larger oligomers than FOXP1 

with the largest FOXP2 species detected being in the order of octamers while the large FOXP1 

species are in the order of tetramers.  
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Figure 25: pH dependent study of the quaternary structure of FOXP1 and FOXP2 

variants using ~20 µM protein.  Size exclusion chromatography was performed on a 

Superdex® 200 10/300 GL column at different pH in the range 5.5 – 9. The column was 

calibrated using High Molecular Weight Gel Filtration standards (12.5-200 kDa) from 

Sigma-Aldrich, USA.  All protein samples were incubated for 24 hours at 20 ℃ prior to 

gel filtrations to allow for maximum equilibration of the protein species.  Gel filtration 

profile for (A) FOXP1 LZ-FHD, (B) FOXP1 LZ-End, (C) FOXP2 LZ-FHD and (D) 

FOXP2 LZ-End show pH-dependent shifts in size to smaller, more compact species at 

high pH. 
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As indicated in Figure 24, the existence of the C-terminal acid tail in FOXP2 LZ-End 

contributes to its structural stability. It is clearly seen, that there was little or no change in the 

quaternary state between pH 9.0 and 5.0. This is because intrinsically disordered protein 

regions (IDPR) induce a ‘‘turned out’’ response to changes in pH (Uversky, 2009). On the other 

hand, FOXP2 LZ-FHD experiences changes in MW in the pH range (Figure 25C, 26B). At 

pH≥7.5, FOXP2 LZ-FHD becomes more compact, eluting from the SEC column with a much 

smaller apparent MW. Similar behaviour has been observed for the isolated FOXP2 FHD, 

which also undergoes compaction at high pH (Blane and Fanucchi, 2015). 

 

The trend for all variants is a decrease in apparent size with an increase in pH. This is shown 

convincingly in the plot of the size of each species as a function of pH (Figure 26). Figure 25C 

shows the ratio of the different species of FOXP1 and FOXP2 LZ-End variants, indicating that 

the relative proportion of smaller “dimeric” species increases with an increase in pH. It is clear 

that although the trend is there for all variants, both the FOXP1 variants undergo more 

pronounced changes in quaternary state with respect to pH compared to the FOXP2 variants.  
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Figure 26: Size distribution of FOXP1 and FOXP2 near full-length variants at different 

pH (5.5-9). (A) Estimated apparent molecular weight of each of the species of the FOXP1 

variants with respect to pH (B) Estimated apparent molecular weight of each of the 

species of the FOXP2 variants with respect to pH. (C) Changes in species distribution for 

FOXP1 LZ-End and FOXP2 LZ-End with changes in pH indicating increased formation 

of the lower oligomer at higher pH (pH≥7.5). (D) The apparent size of each prominent 

protein peak for each variant determined using High Molecular Weight standards 

(Sigma-Aldrich, USA), ranging from 12.5 kDa to 200 kDa in size. 
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The results from the size exclusion chromatography show that protonation and deprotonation 

of a protein can influence its oligomeric state to an extent (Figure 26). The study was thus 

extended by examining how the hydrodynamic volume occupied by the protein variants is 

influenced by changes in the environment. This was done by detecting the dynamic light 

scattering (DLS) of each of the variants monitored at different pH (Figure 27). All variants 

display hydrodynamic diameter ranging from 9.0 nm to 14 nm at all pH (Figure 28). 

For all variants, the changes in hydrodynamic volume (diameter) resemble changes in apparent 

size observed in size exclusion chromatography. The trend is a decrease in hydrodynamic 

diameter with increasing pH (above pH 7.5) (Figure 28) with minimum change in 

polydispersity of each variant (Figure 28E). These changes again suggest that high pH 

increases the compactness of the variants, while lowering pH leads to opening of the structure. 

The sizes of all variants were compared to the sizes of standard proteins, conalbumin (75 kDa; 

diameter of ~8.72 ±0.37 nm) and aldolase (158 kDa; diameter ~10.3 nm) (Figure 27F). The 

hydrodynamic radius of both conalbumin and aldolase determined by DLS corresponds to 

those estimated in other studies (Miller et al., 2011; Takeuchi et al., 2014; Tonkin et al., 2015). 

Because of the correlation between the sizes of the standard proteins and our variants, it can be 

concluded that FOXP1 and FOXP2 are not only capable of forming dimers but can form an 

“oligomer-of-dimers” assembly.  
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Figure 27: Dynamic light scattering measurements for FOXP1 and FOXP2 variants 

obtained from Malvern Zetasizer Nano S at different pH (5.5-9) using ~15 µM protein. 

(A) FOXP1 LZ-FHD (B) FOXP1 LZ-End (C) FOXP2 LZ-FHD (D) FOXP2 LZ-End. (E) 

The polydispersity index for all four variants at different pH values. In general, the 

dispersity ranges from 20% to ~35%, indicating predominantly monodispersed samples. 

(F) Sizes of proteins (Conalbumin and Aldolase) of known molecular weight were used to 

compare the sizes obtained for all four variants.  
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Figure 28: Hydrodynamic size distribution of ~15 µM FOXP1 and FOXP2 variants at 

different pH (5.5-9) determined using dynamic light scattering (in diameter). (A) pH-

induced changes in hydrodynamic radii of FOXP1 variants (B) pH-induced changes in 

hydrodynamic radii of FOXP2 variants. The trend is a decrease in average hydrodynamic 

radius with increasing pH. For each variant, ~15 µM protein was used.  
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3.5.2. EFFECTS OF ORGANIC SOLVENT ON PROTEIN 

STRUCTURE 

 

Organic solvents such as alcohols are known to cause the destruction of rigid native structure, 

induce formation of alpha-helical secondary structure and dissolve peptide aggregates (Hirota, 

Mizuno and Goto, 1998). In solvents of low polarity, such as alcohols, hydrophobic interactions 

stabilising the native structure or the protein aggregate are weakened (Hirota, Mizuno and 

Goto, 1998). Furthermore, simple alcohols, such as ethanol, can induce changes in quartenary 

structure by influencing the formation of secondary structure elements in intrinsically disorderd 

proteins and regions (Munishkina et al., 2003; Martin et al., 2008). The leucine zipper domain 

and the FHD association and structures are stabilised by hydrophobic interactions (Clark et al., 

1993; Krylov and Vinson, 2001; Stroud et al., 2006; Song et al., 2012; Blane and Fanucchi, 

2015). In this study, ethanol was used to disrupt the hydrophobic interactions that stabilise 

FOXP1 and FOXP2 dimerisation interface. This was done in order to understand the most 

crucial interactions that stabilise the FOXP1/FOXP2 oligomers. 

 

3.5.2.1. Effects of ethanol on the secondary structure of FOXP1 and FOXP2 

variants 

The structure of FOXP1 and FOXP2 variants comprises of areas of intrinsic disorder. Intrinsic 

disorder predictions were done for each of the four variants, based on amino acid sequence 

using DISOPRED and PSIPRED (Figure 29). The C-terminal region is predicted to be highly 

disordered. Because alcohols can promote the formation of secondary structure elements in 

intrinsically disordered regions, it is worth investigating the influence of ethanol on the 

secondary structure of FOXP1 and FOXP2 variants. This information can provide an idea of 

the role of this disordered C-terminal region on the stability of FOXP1 and FOXP2, and insight 

into the folding mechanism that the C-terminal acid rich region might follow on upon DNA 

binding. Far-UV CD was used to monitor changes that occur in the FOXP1 and FOXP2 

variants secondary structure in the presence of ethanol. 
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Figure 29: Disorder simulation of FOXP1 and FOXP2 variants using the DISOPRED2 

Disorder Prediction Server (Buchan et al., 2013) and PSIPRED (Jones, 1999b; Buchan et 

al., 2013) online servers. (A) FOXP1 LZ-End (B) FOXP1 LZ-FHD. (C) FOXP2 LZ-End. 

(D) FOXP2 LZ-FHD. The blue line (—) represents regions of highest disorder. Amino 

acids in the input sequence are considered disordered when the confidence score is higher 

than 0.5. The orange (—) line shows the confidence of disordered protein binding residue 

predictions. The different domains are indicated; leucine zipper domain (—), forkhead-

box domain (FHD) (—) and the C-terminal acid rich tail (—). 
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A plot of the CD value at 222 nm (that primarily reflects α-helicity) as a function of alcohol 

concentration at 20 ℃ is shown in Figure 30 for FOXP1 and FOXP2 respectively. For both 

proteins, the long variants show the most sensitivity to increased ethanol by becoming more 

helical. This suggests that the acid rich tail is probably fairly disordered in solution but does 

have helical propensity particularly when exposed to an apolar environment. The shorter 

variants do not really respond to increases in ethanol (0-60%). The decreased ellipticity at high 

concentrations may be due to denaturation. 
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Figure 30: Secondary structure characteristics of FOXP1 variants as measured by CD spectra in the presence of increasing concentrations 

of ethanol (0%-60%). (A) FOXP1 LZ-FHD. There is minimal change in α-helical content at low ethanol concentration for FOXP1 LZ-

FHD. However, at 20 % ethanol and greater, the alpha helicity of the protein is reduced. (B) FOXP1 LZ-End. Changes in concentration 

of ethanol lead to an increase in α-helical content, shown by MRE at 222 nm.  (C) FOXP2 LZ-FHD. There is minimal change in MRE at 

222 nm. Changes in secondary structure are shown by decrease in the depth of the trough at 208 nm. (D) FOXP2 LZ-End. The mean 

residue ellipticity (MRE) of FOXP2 LZ-End obtained at 222 nm is also shown. As the ethanol concentration increases, there is also an 

increase in α-helical content. Mean residue ellipticity (MRE) of FOXP1 LZ-End obtained at 222 nm.
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3.4.2.2. Effects of organic solvents on FOXP1 and FOXP2 tertiary structure 

Intrinsic tryptophan fluorescence was used to monitor the influence of ethanol on tertiary 

structure of FOXP1 and FOXP2 variants, and ensure that the alcohol has not introduced total 

disruption of the tertiary structure. Because all four variants have tryptophan residues only in 

the FHD, intrinsic tryptophan fluorescence was used as a local probe to investigate the 

influence of ethanol on the FHD.  

For both FOXP1 and FOXP2 variants (Figure 31), increases in ethanol concentration induces 

a red shift from 330 nm at 0 % ethanol to 339 nm (Figure 31A and 31D),  342 nm (Figure 31B) 

and 341 nm (Figure 31C). A red shift in the wavelength maximum and an increase in 

fluorescence intensity observed may be attributed to unfolding of the protein in the presence 

of ethanol, reflecting the considerable increase of the accessibility of these residues to the 

solvent. Changes in the polarity of the solvent as a result of increasing ethanol concentration 

results in exposure of the tryptophan residues from the hydrophobic core.  
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Figure 31: Tertiary structure characteristics of FOXP1 variants in the presence of increasing ethanol concentrations (0-60%) as measured 

by intrinsic tryptophan fluorescence. (A) FOXP1 LZ-FHD. Changes in tryptophan fluorescence with changes in ethanol concentration for 

FOXP1 LZ-FHD. (B) FOXP1 LZ-End. Changes in tryptophan fluorescence at maximum emission wavelength with changes in ethanol 

concentration for FOXP1 LZ-End are shown. (C) FOXP2 LZ-FHD. Maximum intensity was observed at 341 nm for FOXP1 LZ-FHD 

when ethanol concentration was 60%. (D) FOXP2 LZ-End. At maximum ethanol concentration (60% ethanol), the fluorescence intensity 

had a maximum wavelength of 339 nm, from 330 nm at 0% ethanol concentration. There are only slight changes in fluorescence intensity 

at maximum wavelength regardless of changes in ethanol concentration. The trend is an increase in fluorescence emission with increasing 

concentration of ethanol. 
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3.5.2.3. Changes in apparent quaternary state in the presence of ethanol 

Simple alcohols can induce conformational transitions of a protein structure into a 

conformational state resembling that of a molten globule, by altering hydrophobic interactions 

and hydrogen bonds (Hirota, Mizuno and Goto, 1998). Hydrophobic interactions that stabilise 

the native structure or the protein oligomers are weakened, and simultaneously the local 

hydrogen bonds are strengthened, resulting in denaturation or dissolution, and stabilisation of 

extended β-helical structures (Hirota, Mizuno and Goto, 1998). In this study, the effect of 

alcohol on the quaternary structure of FOXP1 and FOXP2 variants was monitored using SE-

HPLC. Ethanol was used to try to disrupt the hydrophobic dimerisation interface, made up of 

the leucine zipper and the FHD.  

Both FOXP1 and FOXP2 variants exist in solution in different quaternary states, ranging from 

monomer to dimer to tetramer to higher order oligomers (Figure 20). Changes in solvent 

hydrophobic properties; therefore, dielectrics, can also induce conformational changes that 

could allow dissociation of higher order oligomeric states into lower oligomers, reminiscent of 

the functional conformation. These experiments were conducted using 15% ethanol. Only 15% 

ethanol was used because analysis of intrinsic tryptophan fluorescence and far-UV CD spectra, 

revealed that at this concentration, the FOXP1and FOXP2 variants have not yet been denatured 

(Figures 30 and 31). 

Figure 32 shows changes in apparent quaternary state of FOXP1 and FOXP2 variants in the 

presence of ethanol. Figure 32E and 32 F shows differences in retention time of size exclusion 

standards in the presence and absence of ethanol. There is minimum difference in retention 

time of standards in 15% ethanol compared to 0% ethanol buffer. Therefore changes observed 

in apparent quaternary state can be attributed to changes in solvent polarity. In general, all 

variants appear to be smaller/more compact in the presence of 15% ethanol. Table 4 shows the 

changes in apparent molecular weight of all variants in the presence of 15% ethanol. FOXP2 

LZ-End remains larger than FOXP1 LZ-End and both FOXP1 LZ-FHD and FOXP2 LZ-FHD 

form a mixture of species compared to the longer variants which are a single species. The 

decrease in apparent molecular weight might be because of dissociation of the native 

quaternary state.  
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Figure 32: Apparent quaternary structure characterisation of FOXP1 and FOXP2 

variants. The elution profile was resolved by SE-HPLC using 10 mM HEPES pH 7.4,    

500 mM NaCl, 2 mM DTT and either 0% (-)(—) or 15 % (+)(—) ethanol. The column 

was calibrated using Bio-Rad Gel Filtration Standards (---) 1.3 kDa - 670 kDa (Bio-Rad, 

USA). (A) Elution profiles of FOXP1 LZ-FHD in the presence and absence of ethanol. 

FOXP1 LZ-FHD exists as a mixture of dimer and tetramer  in the absence of ethanol and 

as a mixture of monomer  and dimer  in the presence of ethanol. (B) Elution profiles of 

FOXP1 LZ-End with and without ethanol show single peaks with apparent MW of ~76 

kDa (dimer) and ~146 kDa (tetramer), respectively. (C) Elution profile of FOXP2 LZ-
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FHD with and without ethanol. FOXP2 LZ-FHD exists as an apparent hexamer  in the 

absence of ethanol and as a mixture of monomer  and trimer  in the presence of 15% 

ethanol. (D) Elution profiles of FOXP2 LZ-End in the presence and absence of ethanol. 

FOXP2 LZ-End exists as an apparent octamer  in the absence of ethanol and an apparent 

hexamer  in the presence of ethanol. (E) Bio-Rad standards were used to calibrate the SE-

HPLC column in the presence and absence of ethanol. Minor differences were observed. 

(F) The calibration curve for the SE-HPLC standards shown in E. The molecular mass 

(in kDa) and retention times by the standard proteins were used to construct this curve.  

 

Table 4: Changes in apparent oligomer size in the presence of ethanol 

Variants 0 %Ethanol 15% Ethanol 

FOXP1 LZ-FHD ~76 kDa ~146 kDa ~30 kDa ~76 kDa 

FOXP1 LZ-End ~146 kDa ~76 kDa 

FOXP2 LZ-FHD ~180 kDa ~26 kDa ~76 kDa 

FOXP2 LZ-End ~326 kDa ~249 kDa 
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3.6. PROTEIN-PROTEIN INTERACTIONS  

 

One of the most important aspects of transcriptional regulation is the ability of transcription 

factors to physically interact with each other to form homo- or hetero-oligomers, resulting in 

inhibition or enhancement of transcriptional activity at a site distinct from the consensus target 

for a transcription factor (Manna, Dyson and Stocco, 2016). It has been shown that FOXP1/2/4 

are likely capable of interacting with each other in vivo to form hetero-oligomers (Li et al., 

2004; Sin et al., 2014). FOXP1 has also been shown to associate with FOXP3 through the 

leucine zipper to form hetero-oligomers (Song et al., 2012). It is, therefore, evident that a neuro-

molecular complex consisting of multiple proteins and nucleic acids contributes to the 

regulation of transcription by these factors, likely in a spatially and temporally controlled 

manner. Knowledge on the mechanism of this regulation will be empowering in understanding 

how these transcription factors function and how misfunction leads to disease. Using pull-down 

assays, size exclusion chromatography, fluorescence anisotropy and isothermal titration 

calorimetry, homotypic and heterotypic associations of FOXP1 and FOXP2 were studied.  

 

3.6.1. Homo-oligomerisation of FOXP1 and FOXP2 

It has been shown at length in this thesis up to this point that all four FOXP variants are able 

to homo-associate to form higher order oligomeric structures ranging from apparent dimers to 

apparent octamers. Furthermore, it has been shown by others that in vivo FOXP2 homodimers 

are functionally important for DNA biding (Li et al., 2004; Wang et al., 2003). 

In this study, the truncated FOXP1 and FOXP2 variants (FOXP1 LZ-FHD and FOXP2 LZ-

FHD) were used to verify the occurrence of homo-association by visualising their interaction 

with their respective longer variant (i.e. FOXP1 LZ-FHD with FOXP1 LZ-End and FOXP2 

LZ-FHD with FOXP2 LZ-End) on an SDS-PAGE gel following a pull-down assay  on a Ni2+-

charged affinity chromatography column. Because both the truncated variants do not possess 

the acid rich tail (ART) C-terminal to the FHD, all the truncated variants can be distinguished 

from the longer variants based on size; therefore, allowing us to identify whether or not homo-

association occurred. The 6XHis-tagged FOXP1 LZ-End species was able to homo-associate 

with the untagged FOXP1 LZ-FHD at all concentrations of FOXP1 LZ-FHD (10-40 µM) 

(Figure 33A). Similar experiments performed with FOXP2 (figure 33B) also showed homo-
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association. These findings therefore suggest that the leucine zipper domain and FHD are 

enough to mediate homo-oligomerisation of both FOXP1 and FOXP2.  

 

Figure 33: Homo-association of FOXP1 variants and FOXP2 variants following a pull-

down assay. (A) SDS-PAGE gel showing homo-association of FOXP1 variants following 

a pull-down assay using 6xHis tagged FOXP1 LZ-End (~39 kDa) as prey and FOXP1 LZ-

FHD (~30 kDa) as bait. (B) SDS-PAGE gel showing homodimerisation of FOXP2 variants 

following pull down assay of 6x His tagged FOXP2 LZ-End (~45 kDa) as prey and FOXP2 

LZ-FHD (~29 kDa) as bait. Gel electrophoresis was performed on a 12.5% tris-glycine 

polyacrylamide gel. Lane 1 contains molecular weight marker, lanes 2 and 3 in both gels 

contain the respective purified proteins while lanes 4-7  on both gels show the eluent after 

the pull-down assays using increasing concentrations of the shorter variant. 
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3.6.2. Hetero-oligomerisation of FOXP1 and FOXP2 

FOXP1 and FOXP2 have widely overlapping expression patterns in both developing and 

mature brain (Teramitsu et al., 2004; Bowers and Konopka, 2012; Fong et al., 2018). Because 

FOXP1 and FOXP2 have been shown to regulate the same upstream and downstream genes, it 

is likely that they hetero-associate in vivo so as to regulate transcription (Sin, Li and Crawford, 

2014). In order to demonstrate whether this hetero-association can be detected in vitro in an 

isolated system, the hetero-association of FOXP1 and FOXP2 variants containing the intact 

leucine zipper domain and FHD was investigated in this study.  

Although the crystal structure of the isolated  FOXP2 FHD shows that the FHD can exist as a 

domain-swapped dimer (Stroud et al., 2006; Bandukwala et al., 2011), and it is generally 

accepted that all FOXP FHDs do dimerise (Chu et al., 2011; Chen et al., 2015), there is 

evidence supporting the fact that the FOXP2 FHD is not exclusively dimeric and indeed exists 

as a monomer at concentrations as high as 300 µM (Morris and Fanucchi, 2016). Furthermore, 

the monomeric FHD is capable of binding to DNA in isolation (Morris and Fanucchi, 2016). 

The leucine zipper domain is likely to have a very strong propensity to dimerise (Massari and 

Murre, 2000). Indeed, the FOXP3 leucine zipper has been shown to form both dimers and 

higher order oligomers (Song et al., 2012) which corresponds with the work presented in this 

thesis on FOXP1 and FOXP2. Although the leucine zipper is not believed to directly interact 

with DNA, mutated leucine zipper domains have been shown to influence DNA binding (Song 

et al., 2012). It is likely that if FOXP1 and FOXP2 do indeed hetero-associate in isolation, this 

interaction occurs through the leucine zipper domain (Li, Weidenfeld and Morrisey, 2004) but 

we cannot discount the presence of the FHD in the dimer and this is why the various variants 

were used in this study. 

In order to thoroughly account for all possible FOXP dimer interfaces, a further variant was 

used in this study: a truncated form of FOXP2 containing only the FHD and acid rich tail 

(amino acids 501-714). This variant was used to determine the contribution of the FHD to 

hetero-association in the absence of the leucine zipper.  

All three of the FOXP2 variants (FOXP2 FHD-End, FOXP2 LZ-FHD and FOXP2 LZ-End) 

were used as the bait in the pull-down assays. The hexa-histidine tag was left intact on all the 

FOXP2 variants, in other to allow then to interact with the Ni2+ ion used to charge the IMAC 

column. Alternatively, thrombin cleavage to remove the hexa-histidine tag was performed on 

both FOXP1 variants (FOXP1 LZ-FHD and FOXP1 LZ-End). To eliminate any chance of false 
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interactions, the tag free FOXP1 variants were first loaded onto the Ni2+-charged IMAC column 

using experimental conditions so as to ensure that the prey protein does not interact non-

specifically with the column. In this control experiment (Figure 34G) both FOXP1 variants 

(prey protein) did not remain bound to the column and eluted at high salt concentration          

(500 M NaCl).  

For the pull-down assays, each of the FOXP2 variants (bait protein) was separately loaded onto 

the IMAC column and each bait protein was used to pull down each of the FOXP1 variants in 

turn which were used as prey. This resulted in six separate pull-down assays being performed 

(Figure 34). Any interaction between the FOXP1 and FOXP2 variants would result in the 

FOXP1 variant binding to the immobilised FOXP2 on the column. The eluents for each pull-

down assay experiment were resolved using SDS-PAGE. Each gel (Figure 34A-34F) shows 

the interaction between FOXP1 and FOXP2 variants. The presence of two bands in each of the 

eluents of the pull-down assays means that an interaction between the two proteins was 

detected.  At all concentrations tested (5- 50 µM), all six heterotypic combinations exhibited 

association during the pull-down assays (Figure 34). The ability of FOXP1 and FOXP2 variants 

to hetero-associate (including the FOXP2 FHD-end variant), suggests that not only is the 

leucine zipper necessary for hetero-association, but the FHD also contributes significantly to 

this event.  
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Figure 34: Heterotypic interactions of FOXP1 and FOXP2 variants as detected on a 12% 

tris-glycine polyacrylamide gel following pull down assays with increasing concentrations 

of the prey protein (~5 M - ~50 M). (A) The interaction between FOXP1 LZ-End (prey) 

and FOXP2 FHD-End (bait) (B) The interaction of FOXP1 LZ-End (prey) and FOXP2 

LZ-FHD (bait) (C) The interaction between FOXP1 LZ-End (prey) and FOXP2 LZ-End 

(bait) (D) The interaction between FOXP1 LZ-FHD (prey) and FOXP2 LZ-End (bait). 

(E) The interaction between FOXP1 LZ-FHD (prey) and FOXP2 FHD-End (bait). (F) 

The interaction between FOXP1 LZ-FHD (prey) and FOXP2 LZ-FHD (bait). Gel 

electrophoresis was performed on a, following pull down assays. The purified proteins 

prior to heterotypic interaction are found in the second and third lane of each gel except 

gel C where they are in the 8th and 9th lanes and gel D where they are in the 2nd and 9th 

lanes. The presence of two bands in each of the eluents of the pull-down assays means 

that an interaction between the two proteins was detected.  
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3.6.3. Quaternary structure characterisation of hetero-oligomers 

Size exclusion chromatography was used to further characterise hetero-oligomerisation of the 

FOXP1 and FOXP2 variants following the pull-down assay using the eluents from the IMAC 

column. Although the purified variants eluted mostly as single peaks, the heterotypic 

combinations of the variants eluted with traits of both the proteins combined (Figure 35). For 

the most part FOXP1 LZ-End + FOXP2 FHD-End (Figure 35A) and FOXP1 LZ-FHD + 

FOXP2 LZ-End (Figure 35D) eluted as a single peak. For the other truncated FOXP1 and 

FOXP2 variants (Figure 35B, 35C, 35E & 35F), the heterotypic association eluted as more than 

one distinct peak, characterised by shoulders on the elution profile. This suggests that even 

though hetero-association occurs, the affinity of the proteins for each other is not as high and 

there is also dissociation to form lower order hetero-oligomers. 
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Figure 35: Size exclusion chromatography of FOXP1 and FOXP2 heterotypic combinations following pull down assays. (A) FOXP1 LZ-

End + FOXP2 FHD-End (B) FOXP1 LZ-End + FOXP2 LZ-FHD (C) FOXP1 LZ-End + FOXP2 LZ-End (D) FOXP1 LZ-FHD + FOXP2 

FHD-End (E) FOXP1 LZ-FHD + FOXP2 LZ-FHD (F) FOXP1 LZ-FHD + FOXP2 LZ-End. Size exclusion chromatography was performed 

on a Superdex® 200 10/300 GL column to characterise the quaternary structure of the hetero-association between FOXP1 and FOXP2 

variants.
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3.6.4. Secondary and tertiary structural characterisation of the hetero-

oligomers 

Far-UV circular dichroism and intrinsic tryptophan fluorescence spectroscopy were used to 

characterise the secondary and tertiary structure, respectively, of the FOXP1 and FOXP2 

heterotypic associations in comparison to the parent proteins. This was done so as to give an 

indication of any structural changes that may have been induced by hetero-association. All far-

UV CD spectra (Figure 36A) are indicative of predominantly α-helical structure with a minor 

β- sheet component and suggest that the homo-associated and hetero-associated variants are 

almost identical in secondary structure; therefore, suggesting that no major conformational 

changes occur upon hetero-association.  Similarly, there is little difference in the fluorescence 

spectra (Figure 36B) between the parent proteins and the hetero-associated proteins (under 

reducing conditions). The maximum emission wavelength of 330 nm observed for the isolated 

FOXP2 FHD (Morris and Fanucchi, 2016), indicative of buried tryptophan residues, was also 

observed for all FOXP1 and FOXP2 variants regardless of homo-association or hetero-

association. The FHD is a good model for comparison because the only tryptophan residues 

are located in the FHD and so fluorescence gives information on the local environment of the 

FHD in all the variants. 

 

 

 

 



103 | P a g e  
 

 

Figure 36: Secondary and tertiary structural characterisation of FOXP1 and FOXP2 

variants following hetero-association using pull-down assays. (A) Far-UV circular 

dichroism spectra of FOXP1 and FOXP2 heterotypic association in comparison to the 

parent proteins. (B) Intrinsic tryptophan fluorescence spectra of FOXP1 and FOXP2 

variants, both homo-associations and hetero-associations. (C) Guide to identifying the 

different combination for homo- and hetero-associations. 
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3.6.5 Association affinity studies for FOXP1/FOXP2 oligomers 

Since this work established that all the variants can hetero associate, the question was whether 

this hetero-association happened with the same or different affinity and also whether or not it 

was affected by the presence of DNA.  Fluorescence anisotropy (FA) (Figure 37) was used to 

determine the hetero-association affinity of FOXP1 and FOXP2 variants for each other, both 

in the presence and absence of cognate DNA (Nelson et al., 2013). The binding isotherms for 

the FOXP1 and FOXP2 hetero-associations all fit well to a single-site binding model, and all 

the variants appear to have similar binding affinities for each other with all KDs being in the 

low micromolar range (Figure 37 and Figure 38). Each variant has the same binding affinity to 

any of the other variants and there is no significant difference in binding affinity between any 

of the variants in the absence of DNA. In the presence of DNA, however, the shorter FOXP1 

variant, shows improved affinity for all the FOXP2 variants.  
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Figure 37: Heterotypic binding isotherms of FOXP1 and FOXP2 truncated variants as 

determined by fluorescence anisotropy spectroscopy. For each experiment, 5 µM of either 

labelled (labelled with NTA-ATTO 550) FOXP1 LZ-FHD or labelled FOXP1 LZ-End 

was incubated with increasing concentrations of unlabelled FOXP2 FHD-End, FOXP2 

LZ-End and FOXP2 LZ-FHD. The fluorescence anisotropy at each FOXP2 concentration 

was measured and the data fitted with a single-site binding model. (A) FOXP1 LZ-End 

binding isotherms with each of the FOXP2 variants. The dissociation constants are: 10.1 

± 3.5 µM for the interaction with FOXP2 FHD-End, 5.8 ± 0.7 µM for the interaction with 

FOXP2 LZ-FHD and 3.5 ± 0.6 µM for the interaction with FOXP2 LZ-End (B) FOXP1 

LZ-FHD binding isotherms with each of the FOXP2 variants. The dissociation constants 

are 5.2 ± 0.9 µM for the interaction with FOXP2 FHD-End, 7.5 ± 1.5 µM for the 

interaction with FOXP2 LZ-FHD and 2.9 ± 0.4 µM for the interaction with FOXP2 LZ-

End. (C) FOXP1 LZ-End binding isotherms with each of the FOXP2 variants in the 

presence of DNA. The dissociation constants are: 8.2 ± 0.5 µM for the interaction with 

FOXP2 FHD-End, 10.5 ± 1.1 µM for the interaction with FOXP2 LZ-FHD and                 
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12.0 ± 4.6 µM for the interaction with FOXP2 LZ-End. (D) FOXP1 LZ-FHD binding 

isotherms with each of the FOXP2 variants in the presence of DNA. The dissociation 

constants are: 2.3 ± 0.4 µM for the interaction with FOXP2 FHD-End, 1.4 ± 0.4 µM for 

the interaction with FOXP2 LZ-FHD and 3.6 ± 1.1 µM for the interaction with FOXP2 

LZ-End.  

 

 The KD values for hetero-association are compared in Figure 41 in the presence and absence 

of DNA. Interestingly, while in the absence of DNA there is no real significant difference in 

hetero-association binding affinity between FOXP1-End and FOXP1-FHD, when DNA is 

added, it is clear that FOXP1-FHD makes significantly stronger hetero-associations with all 

FOXP2 variants implying the significance of the acid rich tail in transcriptional regulation. The 

presence or absence of the C-terminal acid rich tail, though significant for structural stability, 

can cause thermodynamic destabilisation or stabilisation of the protein in the absence or 

presence of DNA, respectively (Crane-Robinson et al., 2006; Privalov et al., 2007; Tóth-

Petróczy et al., 2009). Consequently, this tail could interfere with profound interactions 

between the hetero-association domains; therefore, slight weakening of the interactions. 
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Figure 38: Comparison of FOXP1 and FOXP2 variant association binding affinity KDs as 

measured using fluorescence anisotropy in the presence and absence of DNA. (A) 

Comparison of the binding affinity for hetero-association of FOXP1 variants with FOXP2 

variants when in the presence of DNA. (B) Comparison of the binding affinity for hetero-

association of FOXP1 variants with FOXP2 variants when in the absence of DNA. (C) 

Statistical comparison of the dissociation of constants for FOXP1 LZ-End hetero-
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association with all FOXP2 in the absence of DNA. (D) Statistical comparison of the 

dissociation constants for FOXP1 LZ-FHD hetero-association with all FOXP2 variants in 

the absence of DNA. (E&F) Statistical comparison of dissociation constants of hetero-

association upon DNA-binding. Errors indicate the standard deviation of three averaged 

replicates. Statistical significance of the difference in affinity between hetero-oligomers 

was determined using a student t-test (*p < 0.05; **p < 0.01; ***p < 0.001). 

 

Figure 38 shows the comparison of FOXP1 and FOXP2 hetero-association dissociation 

constants (KD) with that of the purified FOXP1 and FOXP2 variants.  In general, there is low 

affinity for DNA upon hetero-association in comparison to the DNA-binding of the homo-

associated FOXP1 and FOXP2 variants. The only exception being the KD for binding of 

FOXP1 LZ-FHD/FOXP2 LZ-FHD hetero-association in the presence of DNA (Figure 39B) 

which is similar to that obtained for homo-associated FOXP1 LZ-FHD in the presence of DNA. 

Comparatively, hetero-association (Figure 39) leads to decreased binding to the cognate 

binding site on DNA 5ʹ-GGAAAATTTGTTTCA-3ʹ (FOXP binding sites are under- lined, 

bases in bold match with the in vitro selected sequence) (Wu et al., 2006).  
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Figure 39: Comparison of the DNA binding affinity of the hetero associated proteins with 

the DNA binding affinity of the homo-associated proteins. A) FOXP1 LZ-End was used 

as the fluorescent-tagged FOXP1variant and its association with DNA in the presence of 

FOXP2 variants was measured. B) FOXP1 LZ-FHD was used as the fluorescent-tagged 

variant and its association with DNA in the presence of FOXP2 variants was measured. 

Hetero-complexes do not associate as tightly with DNA as homo-associated proteins. 

Errors indicate the standard deviation of three averaged replicates. Statistical 

significance of the difference in affinity between hetero-oligomers was determined using 

a Student t-test (*p < 0.05; **p < 0.01; ***p < 0.001). 
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In the current study characteristics of FOXP1 and FOXP2 focusing on the dimerisation 

interface were investigated. All four variants, lack some of the interfaces that are present in the 

full-length protein; however, FOXP1 LZ-End and FOXP2 LZ-End better represent the full-

length protein as all the other domains and subdomains are intact except for the polyglutamine 

region and the zinc finger motif. Therefore, thermodynamic parameters of binding were 

obtained for the protein-protein interaction between FOXP1 LZ-end and FOXP2 LZ-End 

variants using isothermal titration calorimetry (Figure 40) in order to validate and verify the 

hetero-association observed using fluorescence anisotropy.  This was done to investigate the 

mode of interaction and binding. The isothermal titration data fit to a multiple-site model 

obtained in the NanoAnalyzer software that is provided by the manufacturer (TA Instruments, 

USA). Because FOXP proteins have two distinct dimerisation interfaces, the multiple site 

binding implies that both the leucine zipper and FHD are involved in the heterodimerisation 

event. However, it cannot be ruled out that both dissociation and association events could be 

occurring simultaneously. Thermodynamic parameters for FOXP1 and FOXP2 protein-protein 

interactions are summarised in Table 5. The free energy (ΔG1=-39.88 ± 0.925 kJ/mol and 

ΔG2=-33.91 ± 1.499 kJ/mol) for both events occurring during ITC titrations are negative, 

indicating spontaneity of heterodimerisation at pH 7.4 and room temperature (25 ℃) (Table 5). 

The dissociation constant KD 3.67 ± 0.037 µM obtained for FOXP1/FOXP2 LZ-End 

association in ITC (Table 4) corresponds to that obtained for FOXP1/FOXP2 LZ-End variants 

(Figure 40) obtained from fluorescence anisotropy.  
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Figure 40: Titrations of FOXP1 LZ-End with FOXP2 LZ-End. The experiments were 

performed in 10 mM HEPES, pH 7.4, 100 mM sodium chloride, at 25 ℃ . The 

concentrations of reactants are ~32 μM FOXP1 LZ-End (in cell) and ~480 μM FOXP2 

LZ-End (in syringe). The isotherms were obtained by multiple 9.86 µL injections of 

protein into protein or into buffer.  Thermodynamic parameters were obtained using a 

multiple site binding model and are outlined in Table 5 below.  
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Table 5: Summary of ITC thermodynamic parameters obtained for the FOXP1/FOXP2 

hetero-oligomerisation, FOXP1 LZ-End and FOXP2 LZ-End dissociation. Fitting of the 

raw data was done using the multiple site model for the hetero-oligomer and the 

independent site model for the dissociation of FOXP1 and FOXP2 LZ-End variants on 

the NanoAnalyze Software provided by the manufacturer. Errors are the standard 

deviation of three averaged independent titration experiments. 

 N KD  ΔH (kJ/mol) TΔS (kJ/mol) ΔG (kJ/mol) 

FOXP1/FOXP2 

LZ-End hetero-

oligomer 

0.9 ± 0.1 102.4 ± 26.9 nM 4.3 ± 1.6 44.2 ± 2.3 -39.9 ± 0.9 

1.5 ± 0.1 3.7 ± 0.0 nM -3.3 ± 1.4 30.6 ± 4.8 -33.9 ± 1.5 

FOXP2 LZ-End _ 458.0 ± 1.0 nM -15.0 ± 3.6 20.6 ± 0.7 -35.6 ± 4.3 

FOXP1 LZ-End _ 1939 ± 12.3 nM -53.1 ± 0.4 -21.0 ± 4.0 -32.1 ± 3.6 

 

 

In summary, it was found that the FHD and leucine zipper domains of FOXP1 and FOXP2 are 

sufficient to mediate hetero-association, which, therefore, suggests that any mutations that 

occur could disrupt not only this event, but homodimerisation as well, as observed in human 

XLAAD/IPEX patients (Li et al., 2007). Just as FOXP3 associates with different 

supramolecular ensembles in an apparent dynamic manner (Li et al., 2007), it is hypothesised 

that FOXP1 and FOXP2 can be found in both homo- and hetero-dimeric or tetrameric 

associations.  
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CHAPTER 4 

DISCUSSION 

The idea of a structure-function paradigm predicates on the fact that proteins need a rigid three-

dimensional (3D) structure in order to perform their functions. Although this might be the case 

for small globular proteins, there is extensive evidence that such a phenomenon is not always 

valid. Many eukaryotic proteins exist in solution and in the cellular environment in disordered 

conformations (Mittag et al., 2010). These proteins, known as intrinsically disordered protein 

(IDP) lack secondary structure and tertiary structure conformations, and yet they are still able 

to perform their functions (Uversky, 2002). This is because, unlike globular proteins, IDP 

undergo a distinct disorder-to-order transition when in the presence of a suitable ligand 

(Vuzman and Levy, 2012). Because in more cases than not, these IDP are usually DNA-binding 

proteins, such a ligand is usually a suitable DNA sequence on the DNA template. Interestingly 

enough, there are other DNA binding domains that exhibit both globularity and intrinsic 

disorder in their native conformations. These proteins are usually characterised by multiple 

domains, linked by flexible linkers, which usually are regions of disorder, characterised by a 

high random coil content (Vuzman et al., 2010; Van Der Lee et al., 2014). In conjunction with 

these multiple domains, which cooperatively contribute to function and functional diversity, 

most multidomain proteins also comprise of N- and C-terminal tails. In transcription factors 

such as p53, the N-terminal tail is composed of negatively charged amino acids and is usually 

very involved in transcriptional repression (Laptenko et al., 2016). The C-terminal tail on the 

other hand is usually very rich in positively charged amino acids, making this subdomain 

important in mediating DNA binding affinity and specificity, especially considering that it is 

usually close to the DNA binding domain (DBD) (Vuzman and Levy, 2012). 

The major focus of this thesis was to dissect the structure of the FOXP proteins, FOXP1 and 

FOXP2 with emphasis on oligomerisation and protein-protein interactions. This study also 

sought to identify structural elements other than the leucine zipper domain and the forkhead-

box domain that are important to oligomerisation and stability. In particular, the contribution 

of the C-terminal acid rich tail, a region of intrinsic disorder to the overall oligomerisation 
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stability and its contribution to protein-protein interaction affinity, especially during hetero-

associations between FOXP1 and FOXP2 were examined. The work presented in this study is 

novel and the construct used to study homo- and hetero-oligomerisation have not been used in 

other studies. However, a recent study was published on the oligomerisation of FOXP2 using 

similar constructs (Häußermann et al., 2019). 

The FOXP proteins are not only divergent in the structure of the DNA binding domain to the 

rest of the FOX proteins (Shu et al., 2001; Wang et al., 2003), but also in how they interact 

with DNA (Li, Weidenfeld and Morrisey, 2004). Though highly conserved, the FOXP FHD, 

the DNA-binding domain, is the only FOX DBD that is capable of forming domain-swapped 

dimers (Stroud et al., 2006; Bandukwala et al., 2011; Chu et al., 2011; Chen et al., 2015). 

Indeed, the ability of the FOXP proteins to dimerise seem to be unique to these proteins and is 

likely to be very important to DNA binding. Together with their conserved but divergent FHD, 

the FOXPs also have a leucine zipper domain, that represents the major and most important 

dimerisation interface in the full-length protein (Li et al., 2004; Lopes et al., 2006; Li et al., 

2007; Song et al., 2012). Indeed, in-frame deletion of the leucine zipper not only affects 

protein-protein interactions, but also affect DNA binding (Li et al., 2004). Furthermore, the 

FHD is succeeded by a C-terminal tail, the function of which is yet to be fully examined.  

In all variants that have the C-terminal tail (FOXP1 and FOXP2 LZ-End), higher order 

oligomers are the predominant and only quaternary ensemble, suggesting that this C-terminal 

tail could be quite important to FOXP1 and FOXP2 homo-associations, and possibly hetero-

complex formations. In contrast, both FOXP1 LZ-FHD and FOXP2 LZ-FHD show a variety 

of quaternary species, resembling to some extent those observed for FOXP3 (Bin Li et al., 

2007).  The FOXP3 leucine zipper domain, which is similar in all FOXPs, consist of a 

hydrophobic stretch on the molecular surface which promotes formation of higher 

oligomers(Song et al., 2012). It could, therefore, be suggested that FOXP proteins could 

mediate specificity and stability by formation of higher order oligomeric conformations. 

Indeed, this behaviour seems to be much more prevalent and preferred in most transcription 

factors (Hinde et al., 2016; Presman et al., 2016). The idea that different oligomeric state in a 

protein may mediate discrete functions was first proposed for other repressive/activating 

factors such as p53 (Tarunina and Jenkins, 1993). It is this feature that is probably important 

in distinguishing FOXP1 and FOXP2 during transcriptional regulation despite high sequence 

similarities and overlapping expression patterns.  
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FOXP1 LZ-End and FOXP2 LZ-End exists as higher oligomers at despite changes in the pH 

of the solution. However, FOXP1 LZ-End is more susceptible pH changes as it dissociates at 

high pH (pH>7.5). Interestingly, FOXP1 LZ-FHD and FOXP2 LZ-FHD are more affected by 

changes in pH as they are reduced in size at high pH even though they largely maintain their 

quaternary state. These slight changes in globularity that occur with increasing pH have been 

reported for the isolated FOXP2 FHD (Blane and Fanucchi, 2015). This is not surprising 

considering the fact that both dimerisation interfaces are predominated by hydrophobic 

interactions (Stroud et al., 2006; Song et al., 2012) and should not be affected by electrostatic 

interactions. The interaction between the monomers is, therefore, strong as it involves 

hydrophobic patches. Indeed most transcription factors that homo-associate exhibit their 

functions as obligate dimers (Van Der Lee et al., 2014). Therefore, it is not surprising that 

FOXP1 and FOXP2 form obligate associations.  

Consequently, changes in the dielectric constant of the buffer affect the oligomeric state of all 

the variants. It is interesting to see that addition of ethanol results in dissociation of each variant 

to lower oligomeric states. This is because alcohols can cause unfolding of proteins before 

denaturation (Singh et al., 2010). It is well understood through unfolding studies that protein 

dissociation occurs before unfolding (Lencki, Arul and Neufeld, 1992; Lau and Bowie, 1997; 

Maestro and Sanz, 2007; van der Vegt and Nayar, 2017). Although there is evidence that 

suggests that decreases in dielectric constant of water due to ethanol enhances electrostatic 

interactions compared to in water (Yoshikawa et al., 2012a, 2012b), hydrophobic associations 

would be reduced because the hydrophobic effect will not be as pronounced when the solvent 

is less polar (van der Vegt and Nayar, 2017). The fact that changes in electrostatic interactions 

did not affect the oligomeric state of all variants, but the collapse of the hydrophobic effect 

leads to dissociation of FOXP1 and FOXP2 oligomeric states, could serve as evidence 

supporting the fact that the FOXP dimerisation interface is mainly mediated by hydrophobic 

interactions. 

All variants exhibit spectroscopic sensitivity in the presence of ethanol. Addition of small 

amounts of ethanol induces formation of more α-helical content for the C-terminal tail 

containing variants, while only slight changes are observed in FOXP1 LZ-FHD and FOXP2 

LZ-FHD, especially at 222 nm. In the oligomeric helical structure, the hydrophobic surfaces 

are buried within the oligomer interface, leading to stable quaternary structure. When these 

variants assumes a dimeric helical structure upon interaction with DNA, the hydrophobic 

surface is buried, making contact with exposed bases (Rohs et al., 2012; Morris et al., 2018). 
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It is interesting to note that interactions with DNA leads to formation of α-helices in disordered 

C-terminal tails (Vuzman, Polonsky and Levy, 2010; Vuzman and Levy, 2012). The present 

picture in which alcohols stabilize the helical structure by direct hydrophobic interactions is 

analogous to that of DNA-induced helical formation. Indeed FOXP2 FHD becomes more α-

helical upon interaction with DNA (Webb et al., 2017). A huge shift is observed in fluorescence 

spectra of all variants in increasing ethanol. Since intrinsic tryptophan fluorescence was used 

to monitor changes in the microenvironment of the FHD, the blue shift observed in spectra is 

more related to exposure of tryptophan to the non-polar environment. This blue shift is a direct 

indication of unfolding of the FHD, and probably the entire protein, which consequently leads 

to dissociation of the oligomeric state. Unlike interactions with DNA, ethanol does not lead to 

quenching of tryptophan fluorescence for the FHD as seen in other studies (Blane and 

Fanucchi, 2015), but an increase in quantum yield. This could be because tryptophan residues 

favour a more non-polar environment (Stryer, 1968; Lakowicz, 2002). 

Unsurprisingly, thermal unfolding has shown that FOXP1 LZ-End and FOXP2 LZ-End are 

generally more stable than both FOXP1 LZ-FHD and FOXP2 LZ-FHD. This is expected since 

disordered proteins and protein regions are resistant to changes in environment because of the 

disorder which in most cases resembles unfolded conformations (Vuzman and Levy, 2012). 

This, therefore, suggest that the C-terminal acid rich tail might be important in structural 

stability. All variants showed considerable aggregation at temperatures exceeding 60 ℃. This 

was expected as irreversible aggregation follows the thermal unfolding transitions of 

multidomain proteins at elevated temperature (Lepock et al., 1992; Vogl et al., 1997; Fitter and 

Haber-Pohlmeier, 2004; Duy and Fitter, 2005, 2006), resulting in irreversible unfolding of 

proteins.  

The fact that these variants dissociate in the presence of an organic solvent to oligomeric states 

that have been reported to interact with DNA, could be a direct indication of the dynamic state 

of the FOXP coiled coil. Indeed, a flexible conformation was reported for the FOXP3 leucine 

zipper domain (Song et al., 2012). The lack of tight assembly that exist means that FOXP 

proteins are able to undergo tightening to form a stable dimer for high-affinity DNA binding 

upon differential posttranslational modifications or rapid loosening to break apart for hetero-

associations. 

FOXP1 forms hetero-oligomers with FOXP2 via the same interface involved in homo-

oligomerisation. In all combinations, hetero-association of FOXP1 LZ-FHD with all the 
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FOXP2 variants shows significantly better affinity than all the FOXP1 LZ-End associations. 

This may be an indication that the C-terminal acid rich tail is not important for hetero-

associations despite being important for quaternary stability. Although it is likely that hetero-

association occur in the same manner as homo-association, the current study indicates that 

hetero-association between FOXP1 and FOXP2 are quite weak, both proteins preferring their 

homo-oligomeric conformations. This, therefore, suggests that FOXP1-FOXP2 hetero-

associations may compete with either FOXP1 or FOXP2 homodimerisation and/or formation 

of higher order oligomers at low concentrations of either, and the dynamic balance of these 

discrete forms of FOXP1 and FOXP2 complexes may directly affect its repressor activity. 

Although this might be the case, increases in concentration of one protein may result in 

increased homodimer affinity. If this is the case, then multiple events that may occur as 

concentration is increased in FA, could result in a false increase in dissociation constant, due 

to dissociation of the hetero-mer and reassembly of the homo-mers.  

FOXP proteins associate with DNA as dimers in cells (Wang et al., 2003; Li, Weidenfeld and 

Morrisey, 2004; Sin, Li and Crawford, 2014). However, it has been shown that FOXP1 and 

FOXP2 exist predominantly as higher order oligomers in isolation. Indeed, this behaviour is 

seen to be important in the FOXP as FOXP3 has also been shown to form tetramers in solution 

(Bin Li et al., 2007). Electrophoretic mobility shift assay (EMSA) conducted for both FOXP1 

and FOXP2 variants indicates protein-DNA complex formation of varying degrees for all 

variants. More than one band for each variant and a considerable smearing of the bands was 

observed. Multiple bands suggest that protein-DNA complexes of varying sizes are formed. 

The smearing observed indicates a constant dissociation of the FOXP1/2-DNA complexes. If 

the full-length protein binds to DNA as a dimer, then it is therefore likely that the presence of 

DNA could induce dissociation of the higher order oligomers observed in this study. 

Assessment of the DNA binding of both FOXP1 and FOXP2 variant DNA binding affinities 

using fluorescence anisotropy shows similar binding affinities (KD) with that of the isolated 

FOXP1 and FOXP2 FHD (Chu et al., 2011; Morris and Fanucchi, 2016). This, therefore, 

suggests that the conformational stability and state of both FOXP1 and FOXP2 variants 

resembles that of the functional protein.  In contrast, DNA binding is greatly decrease upon 

hetero-association compared to homo-association (10-50 magnitudes weaker). The decrease in 

affinity for DNA could be due to constant dissociation that seem to occur during hetero-

association, since homo-oligomerisation is the preferred conformation. This constant 

association and dissociation can provide an elegant means by which FOXP proteins can 
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regulate gene transcription. It can be argued that this indicates that regulatory activity of the 

FOXP through either homo- or hetero-association is controlled in a signalling-dependent 

manner, depending on the stimulus. 

Figure 45A shows a model of FOXP1 and FOXP2 interaction based on the model proposed for 

FOXP1 and FOXP3 interactions by  Song and colleagues (Song et al., 2012). Although in both 

models heterodimerisation occurs through the leucine zippers of both proteins, it does not take 

into account the association that occurs through the FHD dimerisation interface. There is not 

much evidence to support hetero-association through the FHD; however, it has been shown in 

a crystal structures and through other studies that FOXP1, FOXP2 and FOXP3 form domain 

swapped dimers (Stroud et al., 2006; Bandukwala et al., 2011; Chen et al., 2015; Medina et 

al., 2016), therefore this has to be taken into account. In the current study, it has been shown 

that FOXP1/FOXP2 associates into higher order oligomers. Therefore, its proposed that 

FOXP1/FOXP2 associations occur mainly through the leucine zipper while the FHD retains 

domain swapping (Figure 45B). Nonetheless, FOXP1 has also been shown, in this study, to 

associate with the FOXP2 FHD-ART variant, suggesting that the FHD has a contribution to 

hetero-association. 



119 | P a g e  
 

 

 

Figure 41: Models of the FOXP1/FOXP2 hetero-associated protein complex. (A) The 

model was constructed by using the crystal structure of the mFOXP3 coiled-coil 

(PDB:4i1l), the NMR structure of FOXP1 FHD (PDB:2kiu) and the crystal structure of 

FOXP2 FHD (PDB:2a07) to emulate that hypothesised for FOXP3 supramolecular 

complex (Song et al., 2012). Molecular graphics images were produced using the UCSF 

Chimera package (Pettersen et al., 2004). (B) Models of the FOXP1/FOXP2 hetero-

associated protein complex, with domain-swapped FHD. FOXP leucine zipper domain is 

capable of forming a protein tetramer (Song et al., 2012), a supramolecular complex 

capable of regulating transcription.  
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CONCLUSION 
 

Understanding the structure of proteins is crucial for determining their functions and how they 

perform such functions. Therefore, to be able to study the function of FOXP proteins, it is 

important to first determine the structural behaviour and DNA binding characteristics of these 

transcription factors. The main aim of this research was to characterise the structures of FOXP1 

and FOXP2 focusing on their dimerisation interfaces, to identify the most crucial structural 

features and elements. This was done to facilitate the investigation into the mechanisms of both 

homo- and hetero-typic protein-protein interactions of FOXP1 and FOXP2. DNA binding in 

FOXP1 and FOXP2 variants has a potential to initiate several events, including a “disorder-to-

order” transition of intrinsically disordered regions, oligomer dissociation to form functional 

dimer and mediate dynamic functional behaviour. Like FOXP3, FOXP1 and FOXP2 exist as a 

component of supramolecular complex, important for stability and specificity during complex 

formation. This work shows, for the first time, that hetero-oligomerisation is an important event 

that occurs at low protein concentration, with relatively low affinity, but which may regulate 

homo-association and DNA binding.  

Dysfunction of these proteins leads to disease including, but not limited to, various cancers, an 

immune disorder, and a rare genetic speech disorder. Given the increasing prevalence of the 

FOXP in these diseases, it is critical that the mechanism of dimerisation and its role in DNA 

binding and hence transcriptional regulation are understood if novel therapeutic strategies are 

to be developed. This study provides insight into the complexities of transcriptional regulation 

via FOXP proteins. 
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