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ABSTRACT

Forkhead box P2 (FOXP2) regulates the expression of various genes and is associated with
language and speech, neural development and outgrowth, and cancer. As transcription factors
rarely function in isolation, this study aims to investigate whether FO¥}fe2tly associates
with oestrogen receptor U ( ERL1 Jifferemtiationand| e ar
cancer progression and outcombe association between ER1 and FOXP2firsisdentified

in MCF-7 cells using communoprecipitation. fiereafter, the interaction was characterised
biophysically by overexpressingtt F O X P 2-liinslingBokkiAead domain (FHD) and-N
terminal regi on (-bkding domaim (dBDEIMELcdiscelld. Isgharmal
titration calorimetry and fluorescence anisotropy were used to investigate the thermodynamic
parameters and regulation of interaction between FOXP2 FHD and ER1 LBD, respectively.
Electrophoretic mobility shift assay was used to investighe effect of the interaction on
FOXP206s DNA binding ability. Foll owiafgl t he
three proteinsER1 LBD was found to interact with FOXP2 FHD but math FOXP2 NT.

The affinity of the ER1 LBOor FOXP2FHD increases witlanincrease in salt concentration.

ITC shows a similar trend and reveals that the interaction is enthalpically favoured at lower
salt concentrations b@nthalpically opposed dtigher salt concentrations. Additionallyhe
FOXP2ERL1 LBD intraction remains unaffected by the inclusion of oestrogetraddition

of FOXP2 cognat®NA results in inhibition of the formationf the complexThis research
identifies a novel interaction between ER1 LBD and FOXP2 FHD and shows that the
interaction is regulated by salt. Moreover, FOXP2 FHD cannot bind to both ER1 LBD and
DNA simultaneously suggesting a probable role af timteraction in regulating the
transcriptional pathway of FOXPZhis studyserves as a foundation for further inwgation

into the interaction between FOXP2 and ER1 in different cell lines and its relevance in FOXP2

mediated outcomes in cancer and neurodevelopmental disorders.

(Words:303)
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1. INTRODUCTION

1.1) Transcriptional Regulation

Multicellular organisms are comprised of a large array of cell types with diverse functions even
though all cells contain the same genetic information. This diversity in cell types and functions is
attributed to differential genexpression, the process by which genetic information encoded in
DNA is first transcribed to RNA and then translated to synthesise proteins that serve numerous
functions. Tissuespecific gene expression and differential gene activity in response to saimuli
primarily mediated by regulation of gene transcription, a process that is activated or repressed by
the activity of transcription factors (TFs), chromatin remodelling proteins and histodigying

enzymegqFeatherstonet al.,2012)

1.1.1) Transcripon factors

Transcription factorgTFs) are DNADbinding proteins that regulate transcription by influencing

the recruitment of RNA polymerase Il at promoter sif#seycan be grouped into general and
specific TFs. General TFs recognise specific Dd¢fuences within the core promoter site and are
constituents of the psmitiation complex responsible for basal transcription. General TFs in
eukaryotes include TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIHlomas and Chiang, 2006)

Most TFsfall in the ategory ofspecific TFshowever,which are required for conditieapecific
regulation of gene expressiofhese TFdind specificallyto their caordinate DNA sequence
locatedat the promotor or enhancer regioh particular genes. Thegontribute signiftantly
towards determining the identity of a cell as their expression is more restricted as opposed to

general TFs that are universally expressed in all cell types.

SpecificTFs usually contain BNA-binding domain DBD) that is able to recognise short1g

bps), specific DNA sequences that are repeated numerously within-tlegaiatory, norcoding

enhancer and promoter regions. TFs interact with DNA throughcowealent interactions,

primarily hydrogen bonds and vder Waals forces he interaction between the TF and DNA can

be both specific and nespecific. The latteloccuss betweenparticular TF residues and the

nucl eotide bases | ocated (Blaineyetah,2009) Hondpdthid s cor
interactions, in contrast, occur between TF residues and the DNA phosphate bauidbaieavs

the TF to slide along the DNA, facilitating the search for the targetR#eordet al.,1976 Afek

et al., 2014. Both specific and nospecific interactions areecessary for finetuning gene



15

regulation. Notably, the multilayer transcriptional regulatory system does not only involve direct
binding between the TF and the target gene sequence, but also the interaction between TFs and
TF-binding proteins. This interdoh includes cdactors, chromatin remodelling proteins,
inhibitors,and TF modulating proteins (Auboeeif al., 2002; Rheeet al.,2014; Carnesecclat

al., 2017).

1.1.2) Proteiri protein interactions

Proteins, in general, do not act in isolation when performing their funicti@mo as over 80% of
proteins operate in complexes (Berggéirdl.,2007). In particular, enzymes and TFstheekinds

of proteins that arenvolved in many of the interactiors among proteins (Dunket al., 2005;
Sarmadyet al.,2011).Thefunctional activities of these proteimgich are integral for all cellular
processes in the bodgre either dependeon or influenced by interaction with other proteins
Proteinprotein interactionsRPI9 are thusinvolved in numerous cellular processes including
replication, transcription, signal transduction, membrane transport anrcettetbmmunications
(Keskin et al, 2016). Proteins are repeatedly found to interact with each other when they are
involved in the same cellular processes (Von Meengl.,2002). Hence, the study of PPIs can be
useful for inferring the functionality of unidentified proteins by using the evidence of its interaction
with a proteinthat hasa known function. Additionally, they may be useful in gleaning insights
into the moleclar mechanisms of cellular processes by expediating the modelling of functional
pathways Raoet al.,2014).

PPIs can be characteridegisedn the type of oligomeric statermed thestability of the complex
andtheduration of complex formation. PPéan be classified as forming either heolgomeric

or hetereoligomeric complexes. Most horwigomers are symmetrical and stable. In contrast,
the stability of hetero oligomersaries (Keskin et al., 2016) Additionally, PPIs can be
differentiated into her obligate or nowbligate interactions based on the affinity of the
interaction. If the individual protein components of a complex exist independently, the interaction
is considered to be navbligate. In contrst, an obligate interaction involves pen components

that do not exist as individual stably folded structures. PPIs may alsdffeemiatedinto
permanent and transient interactions based on the lifetime of the interaction. The interacting
proteins of permanent complexes have a greater tendency tod@ressed and colocalised
compared to the interacting proteins in transient compléxesen et al., 2002). Chaperone
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assisted protein folding, signal transduction as well as associations between hormone receptors are
classified as transient nasbligate interactions as they allow the cell to respond to extracellular
stimuli only when requiredConversely, interactions between antibody and antigens are classified

as a permanent naybligate interactiorfKeskinet al.,2016)

Notably, interactios between proteins display temporal and spatial heterogeneityplicating

the mapping of an orgaaiimds i nt er act ome. The ,withtp®teigssct i ons
temporarily associatingvith and dissociatingrom each other Nooren and Thornton, 20R3

Proteins may also require chemical modifications, such as phosphorylation, for the interaction to
occur and are also prone to modifications in their structure in response to their environment. This
could directly interfere with the proteinbds b
to interact on the basis of their physiochemistry magdyestrained by their localisation. This is

because proteins found in distinct locations and are not transported to other locations are prevented
from interacting(Keskin et al.,2016) Additionally, the expression levels of proteins are tissue

specific and hence their interaction may vary between different cell types.

1.1.21) Properties of proteiprotein interactions: Interfaces and hotspots

Proteins interact through their surfa@esd hence the geometric, physiochemical, and dynamic
aspects of proteiproteininterfaces have been the focus of numerous studies. Inte stmtitoveen
proteinsresultsin burial of partsof their accessible surface area making the area, known as the
interface, inaccessible to solver{tS8henet al., 2013). Interfaces have a standard size ranging
between 1202 0 0 (7 andl this sizecorresponds to the energy of the prateitein binding
interaction(Keskinet al.,2005; Moreiraet al.,2007).The interfaces are frequently comprised of
hydrophobic residues includinghenylalanine tryptophan tyrosine and histidine (Conteet al.,
1999).Hydrophobic interactions between nonpolar regions of amino acids ensure tight packing of
the residues and cause the water molecules in the interface to be expelled, increasing the entropy,
and favouring the formation pfoteinprotein complexe€Dill, 1990). The energy associated with
desolvation (entropy), and the energy produced by each of the van der Waals interactions
(enthalpy) results in a substantial increase in free energy, which in turn enhances the stability of
the proteinprotein complex Fernamlez and Scheraga, 2Q03PPIs are also mediated by

electrostatic forces and hydrogen bonds.
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PPIs are essential for firtaning gene expression and can do so by regulating TF activity.
Differential gene expression is partly mediated through signallingdasdhat control the activity

of the downstream TFs. Specific TFs can be activated or inhibited through association or
dissociation with inhibitory proteins, dimerisation, changes in localisation, Hgemting, post
transcriptional modifications, or ambination of these approach@devinet al.,2005,Smutny

et al.,2013).The importance daheinteraction of TFsvith other proteinss depicted in Figure 1.1
where a nuclear receptor, dimerised in the presence of ligands, is able to interact wehtdiffe
proteins therebymediating the activation and repression of transcription. In the presence of an
antagonist, the nuclear receptor binds to corepressor proteins, like the ratepaating protein

140 (RIP140), and thus indirectly interacts witbtbhe deacetylases, resulting in the repression
of transcription (Pleviret al.,2005). Conversely, the nuclear receptor, when bound to agonists,
recruits coactivator proteins, such as cAMP responsive element binding protein (&RiB)g
protein (CBP),to a specific DNA sequence to mediate activation of gene transcription through

formation of a transcription initiation complex with general TFs and DNAmeltases.

Nuclear

receptor Nuclear

receptor

Antagonist

Repression Activation

Figure 1.1: Generalised representation of the proteirprotein interactions governing nuclear

receptor signalling. Ligands induce homdimerisation of the nuclear receptor, allowing the
nuclear receptor timteract with other proteins. Ligands are associated with distinct conformational
changes in the structure of the nuclear receptor as interactions with the antagonist represses
transcription through associations with corepressors (RIP140) and histatifying enzymes
(HDAC). In contrast, agonists promote the recruitment of coactivators (CBP/p300) and ultimately
general transcription factors (TF11D), DNA polymerases (Pol Il) and mediators to activate gene
transcription. CBP: cAMP responsive element bindimgtein (CREB)binding protein; DBD;
DNA-binding domain; HDAC: histone deacetylases; LBD: lighnttding domain; RIP140;
receptorinteracting protein 140 (Adapted from: Plewnal.,2005)
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Considering the importance of PPIs in transcriptional regulatienfocus of this study is the
probabl e PPl between the FOXP2 TF and the oest
a role in governing the transcriptional regulation of either of the TFs.

1.2) FOXP2Transcription Factors

The forkhead box P2 (BXP2) transcription factor functions predominantly as a transcriptional
repressor and is associated with language and speech, and neural development and outgrowth (Shu
et al.,2001, Verneset al.,2008). TheFOXP2gene was identified in 2001 as the first gene to be
implicated ina hereditary speech and language disorder. The TF is expressed in several neuronal
populations as well as the lung epithelium, cardiac tissue, and intestinet(8ly2001; Laiet

al., 2003).

1.2.1)Superfamily of forkhead box transcription factors

FOXP2 belongs to the evolutionarily conserved family of forkhead box (FOX) proteins. The
genomes of mammals are comprisednafmerousFOX genes as evidenced by the 50 genes
identified in the mman genome and 44 in the mouse genalaekéoret al.,2010). FOX proteins

have diverse functions in biological processes including organogenesis, metahpligitosis,

and cell differentiation, proliferatiomnd longevity (Myatt and Lam, 2007; Hannenhalli and
Kaestner, 2009Mutation and changes in expression profiles of these TFs are thus associated with
numerous diseases, including human congenital and neurodevelopmental disorders and cancers
(Zhanget al.,2014).

On the basis of structural similarity, FOX proteins are categorised into 19 subclasses- (FOXA
FOXS) Jacksoret al.,2010) all of which contain a highly conserved DBD, called the forkhead
domain (FHD) The FOXP family, with its four members (FOXIFDXP4), is distinct from other

FOX proteins Althoughthe FHD is common to all FOXFs, it is located at the @rminal end

of the FOXP proteins while it is found in tleentreto the Nterminusof the other FOX proteins
(Chuet al.,2011) FOXP proteinsretheonly members of the superfamily to contaiglutamine

rich region and a zinfinger and leucinaipper motif(Golson and Kaestner, 2018he glutamine

rich regionlikely functions as a transcriptional activation/ repression domain and thérgec

and leucinezipper motif is associated with formation of honamd heterodimers of the FOXP
proteins (Shiet al, 2001; Wanget al., 2003). The ability of FOXP proteins to far homo and

heterodimers sets them apart fromest other members the superfamilyThe similarities and
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differences between the organisation of the domaittse sequencef FOXA, FOXO and FOXP

TFs are shown in Figure 1.2.

FOXA1 472 aa
e | ] e 457 2a

FOXAZ — ] ] eeeeee—"

FOXA3 1 350 aa

FOXO1 I 655 aa

- —

FOX03 I | B | 0/ 2

FOX04 I | B | 505 aa

FOXOB I | B | 492 a3

FOXP1 | 677 aa

FOXP2 . 715 aa

FOXP3 u 431 aa

FOXP4 = 680 aa

— — — A ¢

Transactivation Forkhead Transrepressor Zinc finger Leucine zipper Nuclear

domain domain domain domain domain localisation signal

Figure 12: Schematic representation of the functional domains of FOXA, FOXO and FOXP
proteins. All members of the superfamily contairfakhead domain (FHDJThe FOX proteins
are categorised into subfamilies based on their structural similarggions that extehbeyond
the FHD (Adapted from: Golson and Kaestner, 2016)

1.2.2) FOXP transcription factors

The conserved FOX FHD i#$el arcegsshegtd amadtwodaopiss ed of
wings that form a helixturn helixlike motif (Clarket al.,1993). As shown in Figurg.3, FOXP
FHD differs from other FOX proteins at the winged regions as one of thes (Wi of FOXP2
FHD is truncated while the other (W2) forms a short helix. This isrériiteto the more canonical
structure of FOXA3, which represents the general structutedfHD ofFOX proteins (Clarlet
al., 1993; Strouckt al.,2006). This has implications dine way in whichhe FOXP2 FHDnteracts
with DNA.
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FOX2 FOXA3

Figure 13: Schematic representation of the FHD structure of A) FOXP2 and B) FOXA3.

Both the FHDs have a si miHalri d e oflstemidyellae.mdp ra shb
However,the winged region dFOXP2 FHD (PDB ID:2AQ07) is either truncated (W1) or forms a

short helix (W2) when compared with the FOXA3 FHD (PDB ID: 1VTN). Images rendered using

The PyMOL Molecular Graphics System, Version 2.5.5, Schrédinger, [(Clark et al., 1993;

Stroudet al.,2006)

FOXP proteins bind to the core consensus sequénbg/A)(T/C)(A/C)AA(C/T)A-3 Nj, whi ch i
found on promoter regions (Benayoanhal., 2011). DNA sequencedjacent to the consensus
sequencas important for differential affinity of binding between different FOXP proteins and

DNA (Nakagaweet al.,2013).The third helix and second wirgf the FHDallow for interaction

with DNA by binding to the major and minor groove of DNA, respectively. Tlersgwing is

less conserved and contributes towards the specificity of DNA bindlieig€ltet al.,2001).

1.2.3) Interaction of FOXP2 with DNA

The crystal structure of FOXP2 FHD with DNA, as depicted in Figur€”DB ID: 2A07), shows

that FOXP2 interacts with DNA by inserting the third helix of its FHD into the major groove of
DNA which is similar to all other FOX proteins. This interactionhmM@NA is mediated by
hydrogen bonds and van der Waals forces (Stedudl., 2006). However, unlike other FOX
proteins, the winged regions of FOXP2 FHD do not contribute majorly to DNA binding due to the
aforementioned differences in the winged regionsveeh FOXP2 FHD and the FHD of other

FOX proteins.The lattershows extensive contacts between the winged regions and DNA. The
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relativelylimited DNA contactghat FOXP2 forms with DNAould mean that FOXP2 FHD has
lower affinity for DNA than some other FOX proteins (Straidl.,2006)

N550 H

o

554
N,

Figure 1.4. Cartoon representation of FOXP2 FHD bound to DNA.A) Structure of the
monomeric FOXP2 FHD (red) bound to douteanded DNA. Theesidues involved in the
interaction with DNA are shown in green. The recognition helix or helix 3 inserts into the major
groove of the cognate DNsequencewhereashelix 1 forns stabilising contacts with the DNA
(PDB ID: 2A07; Stroucet al.,2006). Images are rendered usirige PyMOL Molecular Graphics
System, Version 2.5.5, Schrodinger, LLC

Additionally, FOXP2 FHD can recognise and bind to a broad range of sequences with differing
rates and affinities. FOXP2 FHD was crystallised in thegmee of the core consensus sequence
of - MAATA-3 6 s e g u e n eteal., 2086). Hovever, FOXP2 also binds to several other
di vergent sequences but t eTGUTTFACE3® ffaowo wwhitchhe i
high affinity (Enardet al.,2009: Nelsnet al.,2013, Weblet al.,2017). The ability of the FOXP2

FHD to bind toseveralDNA sequences can serve as a regulatory mechanism as different binding
sites could promote sigependent binding with other specific TFs at neighbouring response
elementsThis is evidenced by the difference observed between DNA binding of the monomeric

and dimeric forms of the FOXP2 FHD.

1.3) Functions of FOXP2

As a TF, FOXP2 mediates a variety of interactions physiologically through interactions with DNA
and otheproteins (Herrero and Gitton, 2018). Henlsethabnormal expression and mutations of
FOXP2 hae been implicated in a variety of disorders and diseases (Vetra¢s2008; Bachet

al., 2018).
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1.3.1) Role in tumorigenesis

FOXP2 has been found to be ingalied in tumorigenesis. FOXP2 interacts with various signalling
molecules and proteins. This includes transcriptional repressors such asetiar@l binding
protein 1 (CTBP1) that regulates the expression of p16, BAX, PTEN, and other tumour suppressors
(Bachet al.,2018). FOXP2 may also be associated with icelignalling pathways (Bacét al.,

2018). This includethe Wnt/b-catenin pathway which is associated with numerous cancer types
due to its role in cellular proliferation, differentiation, andpgosis. FOXP2 was observed to be
upregulated in glioma, a type of brain cancer wherein FOXP2 levels corresponded to the
pathological grade (Let al.,2019). It was also found that silencing FOXP2 promoted apoptosis
and impeded cell proliferation, migrati, and invasion, hence proving its role in tumorigenesis
(Li et al.,2019). Therefore, in cancers like glioma, multiple myeloma, monoclonal gammopathy
of unknown significance, lymphoma, and neuroblastoma, FOXP2 has been found to be

upregulated with pr@ncogenic activity (Herrero and Gitton, 2018).

In contrast, FOXP2 hadsa been found to have a tumour suppressor role in specific cancer types.

In a specific study, the role of FOXP2 in metastatic breast cancer was consideree@t(@hen

2018). They found that FOXP2 has a role in the inhibition of the epithelmkesenciimal
transition of cells through the transforming
which is activated in tumour metastasis. This pathway is responsible for sending signals from the
cell surface to the nuclear transcription factors in elevateounts in tumorigenic cells. FOXP2

could influence this pathway, considering its downregulation corresponds ndb@nbflecrease

in mesenchymal bi omar kers but al so -SMAD3el ev at
SMAD4, Snail and eaatedhpeoteinsl Adéitimnaly aCuitlendd grnoulf2016)

showed that FOXP2 inhibited cancer stem-cafisociated factors likeMyc, CD44 and Oct

which halted breast cancer initiation and development. FOXP2 therefore, has a definitive role in
cancer, hwever the mechanisms discovered thus far are not exhaustive. FOXP2 mutations,
aberrant upstream regulation and its effect on downstream targets have not yet been fully

investigated.

1.3.2) Speech, language, and clinical relevance
FOXP2 has also been imgdited in language and speech disorders. Interactions of FOXP2 with

various DNA sequences and proteins regulates the expression of various genes associated with
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speech and language (Vernesal., 2008; Graham and Fisher, 2013; Oswatdal., 2017).
Mutational losses of function iIROXP2or haploinsufficiencyesults in acondition called verbal
dyspraxia, which is characterised byexrease in the ability to accurately sequence speech sounds
Other notable phenotypes in humans include dysarthria, oral dyspraxia, and impaired linguistic
abilities (Crespet al.,2017; Reuteet al.,2017). Moreover, FOXP2 regulates a variety of speech
and language associated genes includngyupted in schizdprenia 1 (DISC1) Contactin
associated protein @ NTNAP2)and Sushirepeat protein/ plasminogen activator receptor of the
urokinase typ€SRPX2/uPAR{(Verneset al.,2008; Walkeret al.,2012). FOXP2 targets like the

MET receptor tyrosine kinase gene abtSC1 are implicated in autism and schizophrenia,
respectively; this could indicatan involvement of FOXP2 in neurodevelopmental diseases
associated with language and speech development (Herrero and Gitton, 2018). Additionally,
various single nucleotideopymorphisms (SNPs) of FOXP2 are linked with phenotypic effects in
cognition and psychiatric diagnoses associated with speech and language. This includes lateralised
activation of the frontal cortex, verbal fluency, dyslexia, and risk of schizophrenig&8anal.,

2006; Pinekt al.,2012; Mozziet al.,2017).These common SNPs of FOXP2 may affect aspects

of speech, including fluencidence, FOXP2 is associated with language and speech impediments

as well as certain neurodevelopmental disorders.

1.3.2.1) Differentiation of language and languaagsociated diseasegtween males and females
Notably, speech and language are features that differ between males and females. Women are
better at spelling and grammar, have a faster rate of speech amquisithildhood and have a
greater verbal fluency as opposed to males (Wallentin, 2009). Women also require activation of
bilateral hemispheres to process language, as opposed to males who make greater use of their left
hemisphere (Bitart al., 2010). Adlitionally, speech and languagelated disorders in which
FOXP2 is suggested to play a role also show variation bettheesexegHerrero and Gitton,

2018). Autism, which affects % of the population, favours males &¥:1 ratio (Bowert al.,

2014). Men also have a higher incidence, earlier onset and even contrasting symptoms for
schizophrenia, a neuropsychiatric disorder which affects comprehension, attention, and cerebral
lateralisation of language in patients that suffer from it (Bergerstiah, 2007; Kulkarniet al.,

2013). Women fackewerof the negative effects associated with the disorder including depression,

aggression, elevated psychopathology, and substance abuse which are fooneicmmmonly
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afflict men (Crider and Pillai, 2017). Hemcthev ar i abl e pr e s e functotsinon of
males and females could suggest that FOXP2 behaves differentially in thex@go

FOXP2 expression levels has been previously reported to vary in response to hormone levels. It
was found imanimal studies that hormones regulate FOXP2 expression seasorditfluence

the singing of zebratfich (Wohlgemuthet al.,2014). They also found that FOXP2 levels were the
highest in certain areas when testosterone was present in low amounts, d¢euselgafmch to

sing variable, nomstereotyped songs (Wohlgemwhal., 2014). Additionally, a study on mice

found that males and females have a different reaction to ultrasonic vocalisations, a form of
communication, after FOXP2 knockdown. This lecutifferential response of the other mice to

the distressed pups (Leppal.,2013).These resultsuggest that sex hormones do play a role in

sex differences observed in FOXP2 function. Therefore, differentiation of language and speech
between the two ses could also be attributed to sex hormones. In this study, only the effect of
oestrogens will be the focus. However, to understand the link between oestrogens, FOXP2 and sex
differences in FOXP2 functions, it is imperative to first understand how oestrogediate their

effect in the body.

1.4) Oestrogen Receptot)

Oestrogen receptors (ERs) are intracellular transcription factors that mediate most of the biological
effects of oestrogens at the level of gene regulation. ERs belong to the family of nuclear receptors
(Auwerx et al.,1999).

1.4.1) Nuclear receptors

ERs are members of the ligarejulatechuclear receptauperfamily, one of the largest group of

TFs in eukaryotes. Nuclear TFs are distributed throughout the body and have several physiological
functions, including cell proliferation, metabolism, androgluction (Mazairat al.,2018). They

have also been implicated in neurological syndromes, cancers, and several other pathological
processes (Evans, 1988). Nuclear TFs directly regulate transcription when activated by various
lipid-soluble ligands, includg steroids, retinoids, and thyroid hormoseghat these extracellular
signals can regulate specific intracellular events. Notably, the functional activityuaflear
receptos is not only regulated by ligands but also by coactivators, corepressorsihamnd

regulatory proteins (Ofiatt al.,1995; Pleviret al.,2005).
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Mostnuclear receptorsave a common modular structure that comprises of 5 domains (designated
A-E)asshowninFigure5. The A/ B region spans the highly
exhibits great variability in sequence and size betweemtiotear receptst The N t er mi n:
domaincontains the activator function (AF) surface, a region that can interact with catewrs

to activate transcription (Weikurat al., 2018). The C region consists of the DBD, the most
conserved domain among thaclear receptodomains (Weikunet al.,2018). The hallmark of

the DBD is the two zindinger motifs, in which a zinc ion is tethedrally coordinated by four

cysteine residues as shown in Figh#fB (Gronemeyer and Moras, 1995). Additionally, the DBD
folds i nto t velicep,withphe firsthielix médiamtmg DINA recognition by binding

to the major groove of specificNDA s equences. The second helix
with the DNA backbone and in some proteins, the minor groove of DNA. It also contains the D

box which can mediate dimerisation of someclear receptoréWeikum et al., 2018). The D

region is thedast conserved and consists of a short and flexible hinge region which links the DBD

and ligandbinding domain (LBD) (Germaimt al., 2006). This region also contains a nuclear
localisation signal. The E region is the allosteric LBD that can interactheit ligands and
coregulator proteins. Coregulators are factors that are able to interactusidar receptorm

either a liganddependent or independent manner and influence their transcriptional activity. As
shown in Figurel 5C, the LBD has a consere ¢h el i ¢ a | sandwich structu
helices and t woetd, 2008).rAdgardsndiig@eckemsafound at the base of

the nuclear receptomwhich is the most variable region of the LBD and accounts for interaction

with a diverg array of ligands (Wurtet al.,1996). The LBD contains a ligaralct i vat ed AF
surface, which is conformationally dynamic upon ligand binding, and consequently enhances the
stability of the LBD and facil i tirst(\udzetiant er act
1996).
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Figure 15: General structure of nuclear receptors.A) Structural organisation of nuclear
receptors. The nuclear receptors are divided into 5 modular domatst{at comprises of the
N-terminal domain (NTD), DBD, a hinge region (HR) and the lighmtling domain (LBD).
Numerous nuclear receptors havéeast two activation domains: activation functions (ARnd

-2 which are located at the-tdrminal and ligandbinding domains, respectively. B) Schematic

representation of the DBD. This domain contains two zinc finger subdomains. The residues of the
first zinc finger subdomain interact with the major groove of DNA, whereas the residues of the

other subdomain interact na@pecifically with the DNA backbone and participate in DBD

dimerisation. C) Schematic representation of the LBD. This domain is compdsed1 2 U

which fold to form a hydrophobic ligand binding pocket. This domain also contains #i& AF

hel i

surface, composed of helices (H) 3, 4, and 12, which interacts with coregulator proteins (Adapted

from: Weikumet al.,2018).

Nuclear receptorareclassified into 7 subfamilies, designated NROR6, based on the evolution

of the DNA- and ligand binding domains (Auwergt al.,1999). The NR3 subgroup is comprised

of steroid receptors, which include the glucocorticoid, mineralocorticoid, progestaratiegen,

and oestrogen receptorgefid recepta are present in an inactive form in the cytoplasm and are

activated upon direct association with ligands. Notasigroid receptorsan also be activated

independently of ligantbinding through interamon with various molecules, including growth

factors, peptide hormones, neurotransmitter agonists, and various signalling pathways (Blaustein,

2004). Liganddependent activation afteroid receptar is mediated by interaction with steroid

hormones, whicha r e

chol

esterol

d e rsuck asdcortisdl and pestiogen, ¢

synthesised in the adrenal cortex, testes, ovary, and placenta. Consequently;lige@dR

mo
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complex can mediate transcription of target genes through interaction with short palindromic DNA
sequences, called the hormone response elements, or composite response elements though
interaction with other TFs (Beato and SaneRezheco, 1996; McEwaat d., 2004; Marinoet

al., 2006). The androgen, glucocorticordjneralocorticoidand progesterone receptors bind to
thehalfsi t e s e-dGAAGACERG, 5wWhi ch i s separated by 3 nu
the halfsite sequence@dAGGTCA-3 6 , w Hsio separated by @ nucleotides and is termed the
oestrogen response element (McEwaal.,2004).

In particular,theERe x i st predominantly as two subtypes,
mediate the physiological effect of oestrogens, which imdudestrone, oestriol and the

bi ol ogi cal |l y a-odstragicE2)noth ahb BR sulitypes havebsimilar affinities

for oestrogen despite only having ®sequence similarity in their LBDs (Katzenellenbogen and
Katzenellenbogen, 2000). Additidha the ER subtypes have distinct cellular distribution and
biological roles (Leetal.,2 0 1 2 ; et¥alg20k ). ER1 appears to be predominantly expressed

in the uterus, pituitary glands, skeletal muscle, adipose tissue, and bone. Conversely, ER2 is
considered to be more predominant in the ovary, prostate, lung, central nervous system, and
cardiovascular system (Desowetal.,2019). Moreover, the distribution of ERs varies even within

the same tissue as is the case in the ovaries, where ER1 isbundast in the theca cells and
ER2 in the gr aetall0d®d.dhiscdéfdrentsl eXpréssienaoirER1 and ER2 could
mediate a tight spatial regulation of oestrogenic effects (Desiwa2019). ER1is the focus of

this study.

ER1 mediatethe majority of the activities of oestrogens, which have functions in a diverse range

of biological processemcluding reproduction, skeletal and cardiovascular health, circulation,
bone developmentand neuroprotection. Consequently, oestrogens are implicated in many
pathological conditions, including cancers, osteoporosis, and cardiovascular diseases (Arao and
Korach, 2018; Patdt al.,2018). ER1 has thus been the focus of numerous studies.

14.2) Gemmomicandnoryenomi ¢ activity of oestrogen recep
ERsfunction adigand-activated transcription factors (Rosenfetcal.,2006). The transcriptional

activity of ER1 occurs as a multistep process since ERs are typically kept inactive through
interadions with specific inhibitory proteins. Interaction with a ligand induces conformational

changes in ER1, causing it to disassociate from its chaperones/nuclearassigiated binding
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proteins as shown in Figufe6. The allosteric change in structuruses the unmasking of the
domains responsible for receptor dimerisation, nuclear localisation, and DNA and -protein
interactions (Pratt and Toft, 1997). Hence, once ER1 is activated, it dimerisisgranglocatd

to the nucleus where it interacts witie inverted palindromioestrogen response elemeatsl
oestrogen response elemenlike sequences directly. Notably, a third of the genes ERs interact
with do not contain theestrogen response elemsatjuence. This interaction between ER1 and
DNA is mediated indirectly through a tethered mechanism. As shown in Fig6rethis
mechanism of ER1 activity is mediated through crosstalk between the ER and other TFs-or DNA
binding proteins. One of the predominant mediators of tethered ER transcriptiandy st

stimulating proteinl (Marinoet al.,2006).
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Figure 1.6: Oestrogen signalling pathwaysQOestrogen receptor mediates transcriptional activity
using 3 pathways. The genomic pathway includes both the direct and tethered interaction between
oestrogen receptor and DNA. In the direct or classical pathway, the oestrogen receptor first
dimerises upo interaction with oestrogen (E2) and thereafter, migrates to the nucleus and binds
directly to the oestrogen response element. In the tethered pathway, the oestrogen receptor dimer
interacts with other transcription factors and indirectly binds to DNsedond pathway involves
oestrogerindependent activation of the oestrogen receptor, which in this instance is activated by
growth-factor mediated phosphorylation of the receptor. The third pathway is thgemomic
pathway, which is associated with theiwation of various protein kinase cascades. As depicted
here, the nolgenomic pathway indirectly influences gene expression through signalling pathways
and secondary messengers to ultimately act on transcription factors. Akt: protein kinase B, coReg:
corgyulators, ER: oestrogen receptor, ERE: oestrogen receptor elements, ERK: extracellular
receptor kinase, GF: growth factor, HSP: heat shock proteins, MAPK: mitmgeated protein

kinase, P: phosphorylation, PI3K: phosphoinositidkiraises, RE: receptaglements, RTK:
receptor tyrosine kinase, SRC: steroid receptor coactivator TF: transcription factors (Adapted
from: Le Romanceet al.,2011).
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Notably, ER1 can also be activated independently of liganding through postranslational
modifications (IgnaTrowbridgeet al.,1992). The activation of this pathway is primarily triggered

by phosphorylation of specific residues of the ER or their association with coregulators (described
below). This neurotransmitter or growth hormanediated ER1 activation iequired in both
reproductive and nereproductive organs with aberrant unliganded activation of ER1 being
associated with resistance to endocrine therapy Hp&dRive cancer cells (Maggi, 2011). A small
fraction of ER1 found in the plasma membrane &k elicit norgenomic responses that can

rapidly modulate specific signalling pathways.

1.4.3) Structural composition

ER1 is composed of some highly conserved domain structures that are common amoaig#ne
receptorsuperfamily (Hewitt and Korach, 2018). As aforementioned, this includes-teeihal
domains A and B, which contains the -AFsurface required for the ligagdependent activation

of ER1. Domain C encompasses the DBD that allows for recognition anddtodspecific DNA
sequences, namely testrogen response elemeraisd aids in the dimerisation of the receptor.
Domain D comprises the hinge region that interconnects the DBD and LBD and codes for the
nuclear localisation signal. Domain E at thée@ninus constitutes the LBD that consists of the
AF-2 surface. Transcriptional activity of ERs requires the synergistic action of betheA# AF

2 (DahlmanWrightet al.,2006; Hewitt and Korach 2018). ER1 also cossiéthe highly variable
carboxytermnal F domain, a feature unique to the ERs. The functionality of {tienfain is
largely unknown, but it is proposed to have roles in ER intramolecular interaction and stability
(Arao and Korach, 2018; Hewitt and Korach 2018).

1.4.3.1) Ligandbinding doman

The LBD is comprised of a ligaroinding site, a dimerisation interface, and a coactivator and
corepressor interaction site. The LBD of ER1 is arranged in a-theeg e r , a fhdligalp ar al |
fold that comprises of 12 helices. The central core of ree({which includes helices 4, 5, 6, 8 and

9) is sandwiched between helices 1 and 3 on one side, and helices 7, 10, and 11 on the other. This
fold forms a hydrophobic ligandinding pocket, as shown in Figute/. Oestrogen and other

ligands are buried in th hydrophobic cavity so that it is shielded from the environment. The
helical fold is surrounded by a tvatranded arip a r a-khleet dnd three mobile helices. Notably,

the LBD can form dimers with other agonisind antagonistbound LBDs. This dimesation
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interface is formed by helices 8, 9, 10 and 11, but the predominant contact surface is with the
residues of helix 10 via a leucine zipgie interaction zone, and hydrogen bonds (Tanenbatum
al., 1998; Ruffet al.,2000).

Coregulator
binding site

Oegstradiol
Ligand
binding
pocket

Q |
o 7N -
= et

N - ’

Figure 1.7: Structure of ER1 LBD. Cartoon representation of the dimeric ligévidding domain

of oestrogen receptor U. Oestrogen (green) i
5, 6, 8 and 9. Oestrogen binding changes the conformation of helix 12thsucih forms a
coregulator binding site with helices 3, 4, and 5, as shown on the right (PDB ID:1A52; Tanenbaum
et al., 1998). Images rendered usifitpe PyMOL Molecular Graphics System, Version 2.5.5,
Schrédinger, LLC

Helix 12 is the most dynamic regia@i the LBD and undergoes a conformational chamgen

ligand binding as shown in Figur#.8. In the unliganded structure, helix 12 is flipped outwards,
such that it allows oestrogens to enter the hydrophobic ligamting cavity; whereas in the
oestrogerbound structure, the conformation of helix 12 is repositioned to close the pocket and
accanmodate the ligand (L'Horset al.,1996; Farooq, 2015). Following the binding of a ligand,

the entire LBD undergoes a conformational rearrangement resulting in the formation of a specific
binding site for nuclear coregulators (Raftfal.,2000). This lmding site is a hydrophobic groove

formed by residues of helices 3, 4, 5 and 12, and the turn between helices 3 and 4, as depicted in
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Figure 1.8. This constitutes the AF2 region. Liganebinding facilitates the recruitment of

coactivators to the AR which may be required by the ER to regulate target gene transcription

Unliganded Liganded

Figure 18: Cartoon representation of the ER1 ligandbinding domain in A) unliganded and

B) liganded form. The monomeric LBD (grey) largely adopts a similar structure when bound to
E2 (green) as it does when unbound, apart from ther@inal H12 (yellow). H12 adoptsmore
structured conformation in the liganded than the unliganded structure as it turns and rotates by
approximately 180° along the H11 axis. E2: oestradiol, H: helix (Retrieved from Farooq, 2015)
1.4.3.1.1) AF-2 and the LXXLL motif

Numerous coregulatgréncluding BRCA1 and p160 proteins, have been shown to bind to the
hydrophobic pocket of the AE region of the LBD(Kawai et al., 2002; Mak et al., 1999). A
common feature of these proteins is a signature dipheal LXXLL motif called the NRbox

motif, with L denotingleucineresidues and X indicating any amino acid. This motif sufficiently

allows for an interaction between ER1 and its coregulators (Waikehal.,2002).

Additionally, cocrystallisation of ER1 LBD with a peptide derived from the-bidX Il region of

the coactivator GRIP1 protein showed that thedR fits into the AF2 pocket of the ER1 LBD,

as shown in Figur&.9A (Shiauet al.,1998). The NRbox pepti de forms a sho
helix that is recognised by the complementary2§roove on the surface of the ER1 LBD. The

peptide interacts with side chains of eleverZAfesidues as shown in Figur®B. These residues

include: Leu354Val355, le358, Ala361, and Lys362 from helix 3; Phe367 and Val368 from helix

4; Leu372 from the turn between helices 3 and 4; GIn375, Val376, Leu379, and GIlu380 from helix
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5 and Asp538, Leu539, Glu542, and Met543 from helix 12 (Sétiali, 1998). Notaly, helix 12

of the LBD, specifically, is essential for this interaction between2A&nd the NFRbox of
coactivators, as evidenced by the antagdmsind ER1 in Figurd.9. As aforementioned, AE

activity is blocked when ER1 is bound to antagonists. This is because when the LBD is bound to
an antagonist, Leu539, Glu542, and Met543 are in the incorrect orientation, while other residues
from the static regions of AE are band to helix 12 and thus are unable to interact with the
coactivators. Hence, interaction with the antagonist alters the conformation of helix 12 such that it
the AR2 surface is incomplete and consequently unable to recognise coactivatorse{Siliau
1998).

A)

Figure 19: Interaction of the ER1 ligand-binding domain with a coactivator. A) Cartoon
representation of ER1 LBD with an agonist and a coactivator (PDB ID:3ERD). Oestrogen receptor
1 (purple) interacts with a peptide containing the-bk motif with the LXXLL sequencshown

in cyan(where X denotes any residue) in the presence of diethylstilboestrol (green). Helix 12 is
shown in yellow. B) A close view of the interaction between the LBD and coacti(fRB
ID:3ERD). The coactivator inter&e with the liganebinding domain by interacting with side
chains of eleven residues, which are labelled and shown in purple. Images are rendefdteusing
PyMOL Molecular Graphics System, Version 2.5.5, Schrodinger,. [(E@iauet al.,1998)

1.5) Probable Association BetweelrOXP2 and ER1
ER1 associates with several FOX protemduding FOXA1 Carroll and Brown, 20068Hurtado

et al., 2011, FOXK1 (Liu et al.,2015, FOXM1 (Sanderset al, 2013, FOXO3A Eou et al.,
2008 and FOXP1(Shigekaweet al.,201]J), yet the association between FOXP2 and ER1 has
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neitherbeen considered nor investigat¥de postulate that there could be a probable association
between FOXP2 and ER1 based primarily on 1) the potential role of oestrogen and &1 on
differentiation in language and speech, which are traits associated with FOXP2 and 2) the
regulatory loop between various FOX TFs and ER1 in cancer, which could suggest a regulatory
association between FOXP2 and ER1 as well. These two points haveéetoned above but

have not been discussed in relation to both FOXP2 and ER1.

15.1) A role for FOXP2 and ER1: sexual differentiation of language and speech

As mentioned in section 1.3.2.1, speech and language and related disorders have characteristics
which are differentiated based sex Thesedifferences in traits can putativedyndat leasipartly
beattributed to different endogenous sex steroids, ssi@destrogenyhich have functional roles

in neurodevelopment and sexual differentiati@illies and McArthur, 2010Maekawaet al.,

2014). The brains of males and females develop under different hormonal enviroruménts
fetoprotein is present in the felaabrain and sequesters circulating oestrogens in early life to
protect the brain from masculinisation and defeminisatBakkeret al.,2006; Maekawaet al.,

2014).

With regards to language and speech associated traits in particular, oestrogenic modulation of
dopaminergic function has been suggested to be the underlying reason for the sex differences that
contribute to women outperforming men at speech articulatidrfia@ motor skills (Jenningst

al., 1998). Improved motor performance was associated with oestrogen levels in women's blood.
Furthermore, studies show that elevated testosterone levels during pregnancy and decreased
oestrogen levelanddecreased exprass of the oestrogereceptor correlates with development

of autism (Crider and Pillai, 2017). Another finding shows that low oestrogen levels elevate the
risk of developing schizophrenic symptoms (Bergemanal., 2007). Additionally, oestrogen
receptorsare either decreased or found to be mutated in schizophrenic individuals (Crider and
Pillai, 2017). Therefore, the activity of oestrogen is decreased byldwéned oestrogen levels

and the altered attenuation and response to it in schizophrenia.

Hence,ERs can bekey factorsin mediating sexual dimorphism of certain traits. These sex
differences could manifest functionally as specific behaviours and traits. Hence, this
commonality between ER activity in sexual differentiation and sexually diffatedtinature of

FOXP2associated function and diseases has led us to speculate on whether there could be a link
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between FOXP2 and ER1 which could mediate these sex differences and hormonal effects in
FOXP2linked functions and diseases. This hypothesisvisrgfurther credence by the existence

of known interactions between ER and various FOX TFs.

15.2) ER1 and FOXP2 in breast cancer: inference from knownEPXP TF interactions

FOXP2 as aforementioned also has a role in tumorigenesis in a variety of cancers, including breast
cancer. The mechanism for its tuma@uwppressive effect in cancer is not well understood nor has

it been the subject of intensive reseatdbwever,given the relationship between ER1 aother

FOX family members in breast cancenaell asthe similarities in the structu FOX proteins

FOXP2, which is downregulated in breast cancer, could also potentially mediate its role in breast
cancer development apdogression through association with ER1 in a manner similar to the other
FOX proteinsThis might be especially relevant considering FOXP1 associates with ER1 in breast

cancernShigekaweet al.,2011)

Both, FOXP1 and FOXP2 eoperate to regulate nareual developmental processes (Sal.,

2007). Their expression also overlaps in the thalamus, striatum, inferior olive, and superior
colliculus in the mature mouse brain (Ferlaidl.,2003).Additionally, FOXP2share$4 % of

its sequencavith FOXP1while the FHDin particularis even more conserved with a sequence
similarity score of89 %. Both the proteins alse o n t a rhelicatnucledd receptobox motif

(with the sequence LXXLL) at the-drminus that could directly mediate its interactwith ER1

as shown in Figurd.10 This motif isremarkably similarin both proteins with onlya single
variation within the LXXLL motif itself and one variation within the flanking sequence. Therefore,
the overlapping structure and function of FOXP1 a@XP2 could suggest that FOXP2 could
have some association with ER1, in a manner exemplified by FOXP1. Moreover, oestrogen and
androgen receptors are found to colocalise with FOXP2 in the mouse amygdala, and rat brain
(Bowerset al., 2014; Lischinskyet al, 2017). Hence, FOXP2 and ERL1 interaction could be
physiologically probable.



36

FOXP1 : VLSPQQ LOQVLL QQQQALM

FOXP 2: vLSPQ QLOALL QQQQAV L

Figure 1.10: Nuclear receptor motif sequence of the FOXP1 and FOXP2 transcription
factors. The LQALL motif that is sufficient for interaction with the ligatthding domain is

underlined. Sequence alignment performed using EMBOSS Neddidieman and Wunsch,
1970).
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2. RATIONALE

Proteinprotein interactions perform essenfiahctions in various cellular processes including cell
cycle progression, signal transduction, and metabolic and neurodevelopmental péiteskys

et al., 2016) Given the role of PPIs in maintaining homeostagids not surprising that
perturbation ofproteinproteininteractions is the cause of various diseases. Hence, the study of
PPIs is instrumental in providing a better understanding of cellular biochemistry and physiology
and these interactions are the target of numerous therapeutic strateggde@ing that the tight
regulation of gene expression is the consequence of complex and intricate interactions between
transcription factors, coregulators, chromatin modifiers and other proteins, the transcriptional

activity of FOXP2 is most likely regated by a variety of these interactions.

FOXP2 transcription factors regulate the expression of various genes and are associated with
languageand speeclacquisition and development, neurodevelopmental disorders, and cancers
(Verneset al.,2008; Graham and Fisher, 2013). Notably, speech and language are traits that are
differentiated in males and females (Wallentin, 2009). This sex differentiation can be mediated at
least partly by sex hormones, including oestrogeitisch mediate most oheir effects through
ER1(Gillies and McArthur, 2010Maekawaet al.,2014).

Since FOXP2 has been found to be colocalised with ERs in some areas of tfiBdwairset al.,

2014) an association between FOXP2 and ER1 could potentially mediate the erddadguage

and speech features. Moreover, both FOXP2 and ER1 have been implicated in breastheaacer
theymediatetheirtumorigenic effect througbommon signallingpathways (Itcet al.,2010; Chen

et al.,2018).1t is plausible thaa FOXP2 and ER1 interaction could potentially mediate oncogenic

or tumour suppressor events in breast cancer by interacting with each other, as exemplified by the

association of ER1 with various other members of the FOX family.

It is thereforeof interestto investigate a potential association between ER1 and FOX2can
be accomplished through the usere€ombinantly expressed proteins, namigky N-terminal
region and forkhead domaot FOXP2andtheligand-binding domairof ERL By working with
theisolated domains rather than the figlhgth protein, we are able to pinpoiich segment of

the proteinss likely to mediateany specifidnteractiors that may occur
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Furthermore, if there is indeed an interaction tlie@modynamics, regulatiandfunctionality of
FOXP2could be explored furthen the context ofts interactionwith ER1as this willprovidea
comprehensive understanding of thechanism of thiproteinprotein interaction, its occumee

and natureShould the DNAbinding activity of FOXP2 be affected by the interaction, the pretein
protein interaction could be important in reg
and maintaininghomeostasisHence, this investigatioservesto providea solid foundation of
information regarding the interaction so that a probable mechanism of eatidoe deduced, and
anyphysiological relevance caisobe identified Consequently, this aids in elucidating whether

the interaction could serve as promgstarget for mitigating relevant health problems.

Two domains of FOXP2 were chosen for this investigation, namely the forkhead domain (FHD)

and nuclear receptor bexcontaining region at the &érminal domain (NT). FOXP2 FHD, the

DNA 1 binding domain, waiselected as it could be involved in®Pluc h t hat it woul d
functional activity and consequently the functional activity of FOXP2. The FOXP2 NT domain

was chosen as it contains the nuclear receptor box residues that can facilitate intesgctio

nuclear receptors such as ER1. Regarding ER1, the Hgadthg domain (LBD) was selected as

it has an activation function region that can facilitate interaction with regulatory proteins. As
domains have distinct fold and functions, their isolatsé over fuHlength protein may be
advantageous in obtaining more specified information such as identifying the independent role of
and/or ceoperativity and synergy between domains in mediating an interaction, the residues

involved as well as the assaed structural changes.

Investigating the association between FOXP2 and ER1 may help in understanding the link between
language, speech, and sex, and could be important in enhancing the current understanding of
speech and language acquisition aedelopment. This could also have clinical relevance for
speech and languagesociated disorders, including various neurodevelopmental disorders such
as autism. Additionally, elucidation of this interaction could serve as the basis for understanding
the mechanism of FOXP2 in breast cancer, which could ultimately lead to the use of FOXP2 in

breast cancerelated diagnosis and therapies in the future.
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3. AIMS

FOXP2 and ERL1 are both transcription factors that have a role in neural developnmearicard

This study aims to investigate whetliee overlapping functions of FOXP2 and Eé&tturthrough
direct interaction of the ER1 LB@ith either FOXP2 FHD or FOXP2 NT. The secondary aim of

the study is to determine whether the interaction, if found, affectsriiang of FOXP2 FHD with

its cognate DNA.

The objectives of this studyre to

1)

2)

3)

4)

5)

6)

7)

Determine if the FOXP2 transcription factor interacts with ER1 in MQ@Ells to elucidate

possible physiological relevance.

Overexpress FOXP2 FHD, FOXPZMnd ER1 LBDand subsequently purify the proteins
using immobiliseemetal ion affinity chromatography (IMAC) and sie&clusion
chromatography (SEC).

Determinethe structural integrity ofthe proteins using fatJV circular dichroism and
fluorescence spectscopy.

Investigate a possible interaction betwdelR1l LBD and FOXP2 (FHD or NTyising
fluorescence anisotropy.

Determine the thermodynamics of the ER1 -BDXP2 FHD interaction by performing
isothermal titration calorimetrfiTC).

Determine the effect ofalt concentration on FOXP2 FHER1 LBD interaction using
fluorescence anisotropy and ITC.

Investigate the effect dhe functional activities of both teR1 LBD and FOXP2 FHD
on the formation of ER1 LBBOXP2 FHD using fluorescence anisotropy and
electiophoretic mobility shift assays (EMSA).
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4. METHODS

This study focused on investigating the interaction between FOXP2 and Hl.was
accomplished by first identifying the interaction in brezetcercells followed by a thorough

biophysical characterisation of the interaction using recombinantly expressed proteins.

4.1) Materials

Specific materials used in the study includxP2 (D55H9) Rabbit mAb (Cell Signalling
Technology, USA), Estrogen Recepto U ( D6 R2 W) Rabbit mAb (Cel |
USA), Anti-Rabbit, IgG, HRHinked antibody (Cell Signalling Technology, USA),
WesternBright¥ ECL western blotting detection kit (Advansta, USA), Protein A/G PLUS
Agarose: s€003 (Santa Cruz Biotechnology, USAYlasmids (Genscript, USA), GeneJET
Plasmid Miniprep Kit Thermofisher, USA),1 7 -odstradiol (SigmaAldrich, USA),
PageRule™ Prestained Protein Ladder, 10 to 180 kDa (ThermoFisher, USA),
AlexaFluor™ 555 C 2 maleimide (Thermofisher, USAPRjercé™ dye removal columns
(ThermoFisher, USA)

DNA: Nelson DNA oligonucleotidewi t h s e g-A@GTGTETACHI 6CATAG-3 6 ,
was synthesised as duplex for this work (Integrated DNA Technology, South Africa)
(Nelsonet al.,2013).

StockPreparations DNA was diluted in MiliQ water or 50 mM Tris, pH 7.8 buffer to
required stock concentratisnE2 was dissolved in 99.9 % ethanol to a final stock
concentration of 10 mM. AlexaFlubf 555 C 2 maleimide was dissolved in DMSO (Sigma
Aldrich, USA) to a final concentration of 20 mM.

4.2) Protein-protein interaction in cancer cells
ER1 and FOXPhave both been implicatedwarious cancers, including the bredsi.determine
if the commonality in functions may be due to an association between the proteins and could have

some biological relevanca,caimmunoprecipitation study was performed

4.2.1) Ceimmunoprecipitation oproteinprotein complex
To confirm the presence of the ElRDXP2 interactiomn the cells coIP was employed. This tool
is widely employed in the detection of protgrotein and protekmucleic acid interaction boih

vivo andin vitro. It is based on the principal that proteins are present in their native form by
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themselves or in complexes along with various cellular components in a whole cell extract and the
protein as well t he compl exes t haptoteirspecificor ms
antibody. The process includes preparation of cell lysate, incubation with antibody that interacts
with the protein of interest, immobilisation of the antibdmbund protein complex to an inert
matrix or bed of beads and analysis offih&einprotein complexes formeddurnet and Cascales,
2017).

Co-IP is most suitable for isolation of complexes that are stable but some interactions in the cell,
including PPIs, occur transiently or are weak which will make them difficult to detentitifate

this disadvantage, crosslinkers may be used. Crosslinkers includeecakable esters like
dithiobis succinimidyl propionate that can interact with the side of chain of lysine and the N
terminal of proteins and consequently form a stable armnaiel between the two interacting
proteins Wanget al.,2019).Formaldehyde could also be used to crosslink interacting proteins by

applying formaldehyde to live cells for a short incubation perSdherlancet al.,2008).

4.2.1.1) Cell culture antarvest

MCF-7 and HEK293 cells were kindly provided by Prof Mabamelin (University of the
Witwatersrand) with the cells being cultured and split by Jemma Falkov {RI@Rd Thokozile
Makhanya (HEK293). The cells were grown iat& Bovine Serum (FBS) nuia for 48 hours.
Once the cells attained a confluency of8%, they were washed once with PBS and exchanged
with serumfree media. Thereafter, the cells were treated with 1 nM E2 or vehicle control (0.001
% ethanol) for 24 hours. The cells usually gtev80-90 % confluency following treatment. Some
MCEF-7 cells were treated with 1 % formaldehyde and incubated for 10 minutes at RT with shaking
to crosslink proteinprotein complexes in the cells. Thereafter, formaldehyde was quenched by
treating the plags with 125 mM glycine and further incubated for 5 minutes at RT, shaking. Cells
exposed to crodinking reagent and otherwise were subsequently lysed, and proteins were

isolated from the remainder of the cell components.

For cell lysis, the media was $ir discarded. Subsequently, the cells were washed 3x with
phosphatéuffered saline (PBS) (10 mM dPQy, 1.8 mM KHPQy, 137 mM NaCl, 2.7 mM
KCI, pH 7.4). The cells were scraped and centrifuged @0DXg at 4 °C for 10 minutes. The
supernatant was digcked. The cells were lysed using native buffer (25 mM Tris, 75 M NaCl, 0.5

% Triton X-100, pH 8) and sonicated 5 times with 45 second intervals on ice. Thereafter, the cells
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were shaken at 4 °C for 1 hour to ensure complete lysis. Following centrifuga§600xg and
4 °C for 5 minutes, the protein was collected in the supernatant and fre8@rf@tuntil required

for quantification and downstream application.

4.2.1.2) Bradford assay

The total protein content was determined using Bradford assayy,Rinst Whatman filter paper

was prepared by soaking it in water for 20 minutes followed by a soak in 95 % ethanol, 100 %
ethanol and 100 % acetone separately for 5 minutes each. Once dry, 1, 3, 6, 12, 16 and 20 pL of 2
mg/mL BSA (in native lysis buffer) as applied to the filter paper and served as the control.
Thereafter, 2 puL of protein sample isolated from cells was applied. The protein was fixed by
shaking the filter paperin 7.5 % trichloroacetic acid (TCA) for 45 minutes. The protein was stained
anddestained for an hour each at RT, shaking. Each circle representing each of the standards and

samples vascut and placed for 2 hours to overnight in elution buffer in the dark.

The samples were placed in a 96 well plate in triplicate. Using the Multiskan GO plate reader
(ThermoFisher, USA) and Skanlt RE for Multiskan GO 3.2 software (ThermoFisher, USA), the
96-well plate was shaken for 15 seconds prior to measurement of absodiaaach well at 595

nm. The absorbance of the standards was used to construct a linear curve of the known BSA
concentration on the-axis against the relative absorbance on tagig. Using the equation of the
standard curve and the absorbance of tléepr samples, the total protein concentration was

determined. The elution buffer was used as the blank.

4.2.1.3) Celmmunoprecipitation

ER1 and the complexes it forms were isolated usintiPcand evaluated using SEFAGE and
western blots; the workflolas been depicted in Figurel4To determine if there was an
interaction between ER1 LBD and FOXP2 FHD -80 pug/mL of protein in IP dilution buffer (20

mM Tris, 150 mM NaCl, 0.5 % Triton 400, pH 8) and protease inhibitors (0.1 pg/mL of
leupeptin, 1 g/mL PMSF and 1 pg/mL aprotinin) was incubated separately with either FOXP2 or
ER1 rabbit mammalian antibody (mAb) (1:250 dilution) (Cell Signalling Technology, USA)
overnight at 4 °C. Similarly, the samples were incubated with protein A/Gagluse beis (Cell
Signalling Technology, USA) overnight. The A/G beads bind to the antibodies which are expected
to be bound to the protein of interest. Thereafter, the samples were centrifuged =g 00D

minutes at 4 °C to pellet the beads, which were tftereaashed twice with salt buffer (20 mM
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Tris, 150 mM NaCl, 0.1 % SDS, 1 % Triton-200, 2 mM EDTA, pH 8). The cells were
centrifuged at 500@g for 5 minutes in between each wash. Finally, the cells were washed with a
high salt wash buffer (20 mM Trisp6 mM NaCl, 0.1 % SDS, 1 % Triton-X00, 2 mM EDTA,

pH 8, centrifuged, and then mixed with samlolading buffer for SDSPAGE.

AJG beads
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Figure 4.1: Protein-protein detection workflow. Mixture of proteins was first incubated with a
primary antibody against ERAnd then incubated overnight with agarose beads that bind to the
antibody. The sample was washed three times, denatured, and evaluated orRACGEDGe!.

The separated proteins were transferred onto a nitrocellulose membrane for western blot analysis,
whereby the membrane was incubated firstly with primary antibody against FOXP2, secondly with
an HRRIinked secondary antibody and finally with a substrate that underwent chemiluminescence
by the secondary protein. A band would be detected only if ER1 foansedhplex with FOXP2

and the complex was émmunoprecipitated.

4.12.1.4) SD®AGE and Western blots
To confirm a potential interaction between ER1 and FOXP2, ER1 h&lhd to antibodieby
itself or with interacting partners was denatured and resolved gal. A 10 % SD¥AGE

resolving (using 29:1 acrylamide/bisacrylamide solution, 20 mM-HG$ solution pH 8.8, 10 %
SDS, APS and TEMED) and 4 % stacking (using 29:1 acrylamide/bisacrylamide solution, 20 mM
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Tris-HCI pH 6.8, 10 % SDS, APS and TEMED) gehsuynade. The cammunoprecipitated
samples as well as total protein samples-(80 ug/mL) were prepared by adding SDS sample
buffer (0.25 M TrisH C | pH 6. 8, 8mefdapt®dihdnol, 013M dithiothreitol (DTT),

30 % glycerol) and heated for 5 minsiie a 90 °C water bath. The samples were loaded on to the
gel along with a molecular weight marker and electrophoresed at 80 V for the first 30 minutes to
allow stacking and thereafter 100 V until the dye front reached the bottom of the gel. The running
buffer was comprised of 125 mM Tris, 1.25 M glycine and 3.5 M SDS.

Once the electrophoresis was completed, the gels were cut as per the size of the expected molecular
weights of the proteins (FOXP2: 100 kDa, ER1: 66 kDa). The gel was placed on filter paper
Nitrocellulose membrane was plaaaatop on the gel and sandwiched with more filter paper into

a cassette. Thereafter, a wet transfer eldatvbwas performed using transfer buffer (25 mM Tris,

192 mM glycine, 20 % methanol) at 300 V for 2.5 hourd &C. The nitrocellulose membrane

was blocked with 5 % BSA in Trsuffered saline with Tween (TBST) buffer (50 mM T+it$Cl,

pH 7.5, 150 mM NacCl, 0.1 % tween) for 1 hour at RT. The membrane was washed once with
TBST for 5 minutes and thereafter incubate@rnight with ER1 or FOXP2 Rabbit mAb (Cell
Signalling Technology, USA) at 4 °C, shaking. If antibody against FOXP2 was used inthe co
immunoprecipitation step, the primary antibody against ER1 was used for western blot and vice
versa. Thereafter, the telvere washed with TBST buffer 5 times for 5 minutes each by shaking
the membrane in it at high speed at RT. The membrane was incubated withrabl@htiRR

linked secondary antibody (1:1000 dilution in 5 % BSA solution prepared in TBST buffer) for an
hour at RT in the dark. The membrane was washed in TBST five times as previously mentioned
and then incubated with substrate solution (WesternBMgBCL western blotting detection kit)

for 1 minute in the dark. The membrane was visualised using the $iliSi&y setting under blots

using the BieRad gel doc system. The molecular weight marker was visualised using the

colorimetric setting under blots.

Co-immunoprecipitation was followed by biophysical characterisation of the interaction.
Therefore, all sbhsequent studies were performed using recombinantly expressed pidters.
difficulty in obtaining soluble and sufficient yields of fléingth proteinsisolateddomains were

selected for all downstream applications.
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4.3) Transformation

For recombinant protein production, bacteria need to be transformed with the plasmid containing

the gene of interest. Rectorfor each of the protein constrsatvas constructetly incorporating

the specific codomptimised gene sequence into a pEllda plasmid with an ampicilliresistance

gene inserasshown in Figure £ (Genscript, USA). An Nerminal hexeHistidine tag and a

thrombin cleavage site (LVPRGS) were selectively inserted to aid in the purification, and the
cleavage of the His a g , respectivel y. The pl asmi-O1l--was un
thiogalatopyranoside (IPTG) inducible T7 promoter derived from the T7 bacteriophage. RNA
polymerase has a high affinity for this promoter and as a result, it has a high frequency for initiating

transcription.

pET-11a

5677 bp

lagy

Figure 4.2: Schematic representation of the pET11a plasmid.This is a bacterial vector with a

T7 Promoter lacl repressor, pBR322 origin (ori), ampicillin resistance marker and multiple cloning
sites. The gene sequence of the protein of interest was inbettgden the BamHI and Ndel
cloning site.

Competent T7 cellgNew England Biolabs, USAyere transformed with theEF-11a plasmid
containing the specific protein insert. Transformation was performed by incubating the T7 cells
with the plasmid for 30 minutdsllowed by a 45 second heat shock treatment at 42 “€@eaher,

the cells were culturefbr 1 hour insuper optimal broth with catabolite repression (SOC) media

(2 % (w/v) tryptone, 0.5 % (w/v) yeast, 10 mM NaCl, 2.5 mM KCI, 10 mM Mg®id 20 mM
gluccse) at 37 °C shaking. This was followed by a 37 °C overnight incubation where the cells were
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grown on agar plates containing 0.1 mg/mL ampicillin for selection. An isolated antbweéd

colony was thereafter selected and grown overnighaiiia-Bertani(LB) broth(1 % tryptone, 0.5

% yeast extract, 1 % NaCl) at 37 °C. Subsequently, the culture was used to make up 1:1 glycerol
stoks ofthe cell culture and 80 % glycerdlhese glycerol stocks were used for all subsequent
overexpression that were perfarcth Additionally, plasmids were isolated usitige GenelET

plasmid miniprep kit and sent for sequencing (Inqaba Biotec, RSA) to ensure accuracy of the gene

sequence.

4.4) Overexpression of proteins

Following transformation, the proteins wengressed in bacterial cells. The expression of FOXP2
FHD has been previously optimis@dorris and Fanucchi, 2016 onversely, expression trials
had to be performed for FOXP2 NT and ER1 LBD.

44.1) FOXP2 forkhead domain

FOXP2 FHDwas constructed with sedues ranging between 503 and 586 of the FOXP2 protein
as shown in Figure 4.3 ransformationof bacterial cells were performed as aforementioned.
(Section4.3).

A) 152 190 344 3703% 412 503 586 714

N—] I DOV IO T T Fc

NRBox  PolyQ Zinc  Leucine Forkhead Acid
B) finger  zipper domain rich tail

NRBox: MGS SIBHEIFEI 5 SG. VPR GSMMQESATETISNSSMNQNGMSTLSSQLDAGSRI
DTSSEVSTVELLHLQQQQALQAARQLLLQQQTSGLKSPKSSDKQRPLQVPVSVAMMT

ILQQQVLSPQOQALDOQQQAVMLOQQOQQLOQEFYKKQQEQLHLQLL

FOXP2 FHIMASMTGGQQMG Hflfififissa.VPR CSIREEENAIEROANESSERE |
YSWFTRTFAYFRRNAATWKNAVRHNLSLHKCFVRVENVKGAVWTVDEVEYQKRRSG
C)
Molecular pl Extinction Co Number of residues
Weight (Da) efficient (M. cm?) Trp Tyr
FOXPNT 18912.28 7.11 1490 0 1
FOXP2 FH 1297275  10.41 22460 3 4

Figure 43: FOXP2 structural organisation and constructs used for recombinanfprotein
expression A) Schematic representation of the modular organisation of FOXP2. FOXP2 is
composed an Nierminal NR box region ¢ontainingthe LXXLL motif; X denotes any residue),
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a poly-glutamine (PolyQ) region, zinc finger and leucine zipper mptife forkhead domain and

an acidrich tail at the @erminus. B) Sequences of the constructs used for recombinant expression
of the FOXP2 NRbox and FHD. The Hisag (purple), thrombin cleavage site (cyan; sympo} (
indicates where the thrombin cleaves)d the respective sequence of the protein-igNRT

yellow, FHD- red) are indicated. C) Physiochemical characteristics of the FOXP2 constructs. The
molecular weight and isoelectric point were computed using the ExPASy Compute pl/Mw tool
(Gasteigeet al, 2005). The theoretical extinction-efficient was calculated using the ExPASy
ProtParam tool (Gasteiget al.,2005).

FOXP2 FHD was overexpressed using the protocol outline by Morris and Fanucchi (2016). An
overnight culture of 100 mL 2xYT media and @ng/mL of ampicillin was inoculated with 2 mL
glycerol stock and grown overnight at 37 °C. The overnight culture with a 1 in 50 dilution was
used to inoculate flasks with 400 mL of 2xYT media and 0.1 mg/mL ampicillin. Cells were grown
at 37 °C with shakig until an optical density (OD) of 0.6 was attain€de OD was measured at

600 nm.Following cold shock, the cells were induced with 0.5 mM IPTG and overexpressed at 20

°C for 22 hours at 200 rpm.

Subsequently, the cells were harvested by centrifugati6®@0 xg for 25 minutes at 4 °C. The
pelleted cells were resuspended in 45 mL of equilibration buffer (20rngy1500 mM NacCl, 30

mM imidazole, pH 7.8) for 3 L of culture. The cells were lysed with 0.1 mg/mL of lysozyme which
hydrolyses thgeptidoglycan of the bacterial cell walls. The lysate was then froZer2@t°C.

Cells were lysed by initially leaving them to thaw at 20 °C. Subsequently, the lysate was sonicated
5 times at 18x for 45 seconds with 30 second intervals on ice. Ther@a#temg/mL of DNase

was added to the lysate to remove the viscosity of the lysate caused by DNA presence and improve
extraction efficiency. The lysate was then left to incubate at room tempgRiyder 30 minutes

and thereafter centrifuged at,@80xg for 25 minutes at 4 °C to separate out the soluble fractions

from the insoluble. The supernatant was collected and purified.

44.2) FOXP2 NI Terminalregion

The FOXP2 NT was constructed using the reggorOXP2spanning II 151 amino acids, as
shown inFigure 43. This construct was expected to have greater solubility than other longer
constructs containing the pefjlutamine rich region, as determined by protwoh software

(https://proteirsol.manchester.ac.yk/This construct was inserted into a pETa plasmid with a

His-tag, ampicillinrselectiongene,and a thrombin cleavage site. Theaghid was used to

transform T7 express and BL21(DHE3)colicells through heat shock treatment. €e#regrown
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andused to prepare glycerol stocks as stated above in se@®iorhé. plasmid DNA was isolated

and sent for gene sequencing (Inqgaba BidR&A).

The transformedE. coli cells were used to overexpress the FOXP2 NT. As this region of FOXP2
had never been overexpressed previously, the conditions for optimal expression and protein
production were determined by performing expression trials. Dneéittons investigated are
summarised in Tabld.1. Trials were performed by inoculatii@0 mL flask of culture media
containing 0.1 mg/mL of ampicillin. The cells were grown overnight at 37 °C with vigorous
shaking. The cultures were subsequently useddculate fresh culture media flasks containing

0.1 mg/mL ampicillin at a 1 in 50 dilution. The flasks were incubated at 37 °C un@iDkg was

0.6. Thereatfter, the culture was placed on ice to cool to 20K€.OD was measured using a
JASCO 630 spectrophotometeFhe cultures were inoculated with different concentrations of
IPTG, and protein was expressed at specific temperatures (mofeable4.1) with shaking. At

different time intervals, 1 mL of samples were collected for analysis.

Table 4.1: Conditions investigated for optimal FOXP2 NT protein overexpression

VARIABLES UNDER STUDY RANGE INVESTIGATED

Bacterial Cell Type T7 Express, BL21(DES3)

IPTG Concentrations (mM) 0,0.1,0.3,0.50.7,1

Media LB (1 % (w/v) tryptone, 1 % (w/v) NaCl, 0.5 % (wh

yeast extracf)LB + sucrose
2xXYT (1.6 % (w/v) tryptone, 0.5 % (w/v) NaCl, 1 ¢

(w/v) yeast extract)

Temperature (°C) 15,20, 25, 30, 37
Overexpression Time (h) 071 24
Additives Glucose / Sorbitol (@0 %), MgCh (10 mM)

To harvest the cellshe samples were centrifuged at xg for 10 minutes. The pellet was
resuspended in 100 &L Tres,p00inmMiNaCl, 8@ mMimidabolefpHe r ( 2
7.5) and the supernatant was discarded. The cells were lysed by sonicating the samples at 3x speed
on ice and centrifuged at ;0®0xg for 10 minutes at 4 °C. The pellet was resuspended in 100 pL

of equilibration buffer and both the pellet and supernatant were resolved on a 16 % tricine SDS
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PAGE gel by adding reducing sample buffer (250 mifig/HCI, 30 % glycerol, 12 % SDS, 0.05

% Coomasie blue G250, pH 7) to each of the samples (Schagger, 2006). Based on the results of
the expression trials, the optimised condition for FOXP2 NT expressions was deduced to be as
follows: FOXP2 NT transformed in BL21 (DES3) cetieed to bgrown to an Olgy of 0.6 in LB

media supplemented with 5 % sucrose. Following cold shock, theegliseindudion using0.5

mM IPTG andshould beexpressed at 25 °C, 200 rpm for 6 hours.

44. 3) Oestr oge nbindiegdenminor U | i gand

The ER1 LBD sequence between residues 302 and 552, along witiaghiias inserted into a
pET-11a plasmid as shown in Figuret4The plasmid was used to transform either T7 express,
BL21 (DE3)or BL21 (DE3) PLys&. colicells using heat shock treatment. Thereafter, using the

aforementioned protocol (sectiorBi.glycerol stocks of ER1 LBfEransformedE. colicells were

prepared.
A) 180 263 3@ 553 595
N—] I e |
N-Terminal DBD Hinge Ligand binding domain F
B) domain region

Ligandbinding domain MG S SHBIBIBIBIHK R SCKNSLALSLTADQMVSALLDAEPPILYSEYDPT]
MMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQVHLLECAWLEILMIGLVWRSMEHPG
RNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEK
LIHIMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKCKNVVPLYDLLLAELDA

C)
Quaternary, Molecular | pl Extinction Co Number of
structure | Weight (Da) efficient (M. residues
cntl) Trp Tyr
ER1LBI  Dimer 3040866 6.83 24 200 3 5
(monomer)

Figure 44: Structural information of the ER1 LBD. A) Schematic representation of the
structural organisation of ER1 namely, thetédminal domain, DNAbinding domain (DBD),

hinge region, ligandbinding domain,and apoorly understoodC-terminal tail (F region). B)
Sequence of the construct that willdied to express recombinant ER1 LBD. Thetdgs (pink)

and the liganébinding domain sequence (purple) are indicated. C) Physiochemical characteristics
of ER1 LBD. The molecular weight and isoelectric point were computed using the EXPASy
Compute pl/Mw tob(Gasteigeet al.,2005). The theoretical eefficient was calculated using the
ExXPASy ProtParam tool (Gasteigsral.,2005).
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ER1 LBD has been successfully overexpressed and purified previously (Seétlsiad 995;
Eiler et al., 2001). Using the protocol outlined by Eilet al (2001) as a basis, ER1 LBD

overexpression trials were performed. The conditions outlined in Z&blegere investigated.

Table 4.2: Conditions investigated for optimal ER1 LBD overexpression
VARIABLES UN DER | RANGE INVESTIGATED

STUDY

Bacterial Cell Type T7 Express, BL21(DE3)

IPTG Concentrations | 0, 0.1, 0.3,0.5,0.7, 1

(mM)

Media LB (1 % (w/v) tryptone, 1 % (w/v) NaCl, 0.5 % (w/v) yee
extract) LB + sucrose
2XYT (1.6 % (w/v) tryptone, 0.5 % (wANaCl, 1 % (w/v) yeas
extract)
TB (2.0 % (w/v) tryptone, 2.4 % (w/v) yeast extract, 0.4 % (\
glycerol, potassium phosphate buffer (0.017M:REy, 0.072 M
K2HPQy)

ODeoo 0.31.4

Temperature (°C) 15, 20, 25, 30, 37

Shaking Speed (Rpm) 110,150,170, 200

Overexpression Time (h) | 07 24

Additives Glucose / Sorbitol (@0 %), Glycerol (Oi 15 %), MgCh (10

mM), Ethanol (33 %) ,-oestratliol f10 30 mM)

Cell Disruption Buffers 1) 20 mMTris, 500 mM NaCl, 30 mM Imidazole at pH 7.5/8/
Additives used: 25200 mM Mannitol/ Sorbitol/ Sucrose,
0.1i 2% Triton x100)

2) 20 mMTris, 300/600 mM NacCl, pH 7.5

3) 20 mMTris, 500 mM KCI, pH 7.5

4) 50 mMTris-HCI, pH 7.8, 50 mM NacCl,

Additives: 0.1- 2 M non detergent sulfobetaine (NDSB), 1m

dithiothreitol (DTT)
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Following expression trials, the optimal conditions were determined for the expression of soluble
ER1 LBD. Cells were harvested by centrifugation and washed in several different types of ice
cold disruption buffers that are outlin@d Table4.2. NDSB is a zwitterionic compound with
hydrophilic sulfobetaine head group. It aids in solubilising proteins without denaturing them. The
cells weretreated with 0.1 mM phenylmethanesulfonylfluoride (PMSF) and a protease inhibitor
cocktail of kupeptin, aprotinin, antipain and chymostatin (1.25 pg/mL) before, during and
following sonication. Protease inhibitors prevent unwanted proteolysis of ER1 LBD, Thereatfter,
the extract was centrifuged and the expression of the protein present in theatsupenas
evaluated using SDBAGE (Eileret al.,2001).

4.5) Purification of proteins
FOXP2 FHD, FOXP2 NT and ER1 LBD were purified using various chromatography techniques.

45.1) Immobilisedmetal ion affinity chromatography

Immobilisedmetal ion affinity chromatography (IMAC) s versatile, rapid and an inexpensive
purification method employed on the basis of entrapment of affinity ligands. FOXP2 FHD was
purified using a &tep protocol as optimised by Blane and FanuccHifeOMAC was performed
using a HisTrap columnCiytiva, USA) charged with Nf. The column was equilibrated with
equilibration buffer (20 mMris, 500 mM NaCl and 30 mM imidazole at pH 7.8) prior to loading
the cell lysate. The protein buffers used in shigly are listed in Table3. The Histagged protein
would bind to the immobilised Nt ions while the contaminants were collected as ftbwugh.
Thereafter, the column wagshedwith ahigh salt buffer (20 mMrris, 1.5 M NaCl and 30 mM
imidazole, pH 7.8hichis effective at removing nespecifically bound proteins. Imidazole was
included in the wash buffer to increase the stringency of the wash so thsppewfically bound
proteins can be effectively eluted. The column wasqeilibrated withequilibrationbuffer and
eluted using elution buffer (20 mWris, 500 mM NaCl and 500 mM imidazole at pH 7.8). High
concentration of the histidine analogue imidazole out competes the bourdigimine residues
for binding to the immobilised etal ions and thus ressih the elution of the protein of interest.
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Table 4.3: Buffers used in the study

Experiments Buffers

IMAC Equilibration: 20 mM Tris, 500 mM NaCl, 30 mM
Imidazole, pH 7.8
Salt wash: 20 mMris, 1.5 M NaCl, 30 mMmidazole,

pH 7.8
Elution: 20 mMTris, 500 mM NacCl, 500 mM Imidazole
pH 7.8
SEC 50 mMTris, 300 mM NacCl, pH 7.8
Thrombin Cleavage 20 mM Tris, 2 mM KCI, 100 mM NacCl, pH 8
Quantification 20 mMTris, 100 mM NacCl, pH 7.8

Fluorescence experiments/ EMSA 50 mM Tris, 100 mM NacCl, 1mM TCEP pH 7.8 (Na(
concentration was varied from-800mM)
CD 5 mM Sodium phosphate, 1 mM TCEP pH 7.8

FOXP2 NT and ER1 LBD were purified similarly to the FOXP2 FHD with mialberations.
Instead of Ni*ions, FOXP2 NT was purified using an IMAC column immobilised with*@Gans

as the protein appeared with fewer contaminating bands. The protein samples following IMAC
purification were evaluated using tricine SIP8GE and all iree proteins required a second

purification step to attain complete sample purity.

45.2) Sizeexclusion chromatography

Size-exclusion chromatography (SEC) purification is based on the separation of molecules by size
through the use of a matrix of beallattserve as a sieve. Following IMAC, FOXP2 FHD, FOXP2

NT and ER1 LBD were purified using SEC (Blane and Fanucchi, 2015). SEC was performed by
initially conducting an overnight equilibration of a Superdex5 prep grade columnGytiva,

USA) with SECbuffer (50 mMTris, 300 mM NaCl, pH 7.8). Thereaftehe sample was injected

on to the SEC columrit is optimal to inject less than 3 % of the column volume for SEC to avoid
poor resolution. Hence, 11 ml of protein at maximum was injected at once.oRsacti
corresponding to peaks in UV reading were collected. guréy of thecollected protein was

evaluated using SDBAGE. The clean fractions wepeoled and dialysedgainststoragebuffer
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(50 mMTris, 100 mM NacCl at pH 7.8) using snakeskin dialysisrighwith 3.5 K (FOXP2 FHD
and FOXP2 NT)or 10 K (ER1 LBD)cutoffs. This ensured buffer homogeneity between the

proteins andhe complete removal of imidazole and other contaminants from the sample.

45.3) Thrombin Cleavage of FOXP2

One of thedownstream applicati@nin this studyrequired the removal of thdis-tag of both the
FOXP2 proteinsHence,for both FOXP2 FHD and NThe eluted protein fractions were pooled
togetherfollowing IMAC, and dialysedgainsttleavage buffer (20 mM Tris, 2 mM KCI, 100 mM
NacCl, pH 8) overnight. Thereafter, the protein was incubated with thrombin for a period of 6 hours
atRT. Cleaved FOXP2 waseparated from this-tag and uncleaved protein by connecting a 1

mL HiTrap benzamithe FF column (GE Healthcare, USA) in tandem to &/8o?* charged

IMAC column as described by Blane and Fanucchi (2018). Similar to IMAC, the columns were
equilibrated with equilibration buffer, however the cleaved protein was collected in the flow
through. Thereafter, the benzamidine column was detached and elution buffer was passed through
the IMAC column only to elute all uncleaved protein. The samples were evaluated on a 16% tricine
SDSPAGE gel.

4.6) Purity and molecular weightdetermination

The purity of the protein samples was evaluated following each purification step using sodium
dodecyl sulphaté polyacrylamide gel electrophoresis (SP8GE). Additionally, the molecular
weights were approximated following the final purifioa step to ensure the purified fractions

collected were indeed the proteins of interest.

4.6.1) Sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SP3GE)

Electrophoresis refers to the separation of macromolecules in an efettticPAGE utilises
polyacrylamide gels as the support medium as polyacrylamides are a polymer of acrylamide
monomers and can form a porous gel matrix. Tricine -BB&E is a modified version of the
traditional Laemmli systerwhich is not suitable for sepation of proteins that are less than 15
kDa as the gels have poor resolution due to the comigration of SDS and smaller gratsimsl(,

197Q Schagger and Von Jagow, 1987). Gradient gels or gels with a high acrylamide concentration
could improve the redution. However, this is not preferred due to difficulties in gel casting,
fragility, and irreproducibility. In contrast, tricine SEFSAGE utilises tricine as trailing ions as

opposed to glycine. The differences in pKa of tricine (8.15) and glycinegd®eg}s the stacking
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of proteins. This is because tricine migrates much faster than glycine at pH values between 6.8 and
8.8 as a greater proportion of tricine is in the ionic form. Thus, the stacking limit is shifted to a
low-molecular weight range as thegtio of the mobility of the trailing ions relative to the mobility

of the proteins is increased (Schagger and Von Jagow, 1987). Tricind®SBE can be
conducted using low acrylamide concentrations and in the absence of urea and thus is a simple and

efficient method for separating low molecular weight proteins.

The molecular weight and purity of FOXP2 FHD, FOXP2 NT and ER1 LBD samples, prior to and
following each purification step, were determined using tricine-BBSE (Schagger, 2006). A

16 % separatipgel and 4 % stacking gel were prepared with an acrylamssgcrylamide stock
(49.5% T and 3% C), gel buffer 8M Tris, 1 mM HCI and 0.3% SDS at pH 8.45), ammonium
persulfate (APS) and tetramethyl ethylenediamine (TEMED). APS aids in the polymarisiatio
acrylamide by producing free radicals while TEMED accelerates this process by catalysing the

radical formation.

Tricine SDSPAGE was performed by first adding 16 ¢l
SDS, 6 Ymercaptbethanolf30 % (w/v)yglerol, 0.005 % Coomassie blue250 and 150

mM TrissHC | pH 7.5) to 50 €L of sampl e. The sam
minutes, followed by a brief vortex and centrifugation ad@0xg to ensure that the samples were
properly mixed at the bottom of the tubes. S
electrophoresed &0 V until stacking had occurred before the voltage was increase4Dty.1

The anode buffer was composed of 1Tk, adjusted to a pH of 8.0 with HCI and the cathode

buffers of 1 MTris, 1 M tricine and 1 % SDS atjjunadjusted pH of approximately 8.25. The gel

was stained for 2 hours using Coomassie blue and thereaféided until the bands on the gel

were ckarly visible. The bands were compared against the molecular weight marker to

approximate the size of the proteins.

4.7) Protein concentration determination

4.7.1) Bradford Assay

The Bradford assay is an inexpensive and sensitive protein assay based on the binding of certain
protein residues to the Coomassie brilliant blu238 dye (Bradford, 1976). Bradford assay was

used to quantify FOXP2 FHD, FOXP2 NT and ER1 LBD. A 2 mg/mLit@wserum albumin

(BSA) stock sample was prepared in buffer (20 Mg, 100 mM NaCl, pH 7.8). BSA samples
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with concentration ranging from 0 to 0.5 mg/mL were prepared and incubated with Bradford
reagent for 30 minutes. Similarly, protein samples weregoeebwith Bradford reagent and
incubated. The absorbance was measured at 595 nm on the JAG8spectrophotometer with

buffer and Bradford reagent used as the blank. The concentrations of protein samples were
determined by plotting a standard curve bé tBSA concentrations against their respective
absorbances (Olson and Markwell, 2007). The resultant concentrations were converted to molar

concentrations using the Beleambert law (Equation 1).
Equation 1: Aso= U. c . |

(WhereA2go is the absorbance at 280 nm (A.U)s the extinction coefficient of the FHD at 280

nm (Mt.cm?), c is protein concentration (M) aidis the péh length (cm)).

4.7.2) Measurement of UV absorbance

Accurate quantitation of protein concentration is required for biochemical analysis of prbteins.
simplest method for determining the protein concentration in solution is to measaisahegance

at 280 nm (Asg) as UV light is maximally absorbed by the side chains of aromatic amino acids

and cystine residues in protein solution (Olson and Markwell, 2007).

4.7.2.1) Absorbance at 280 nm

Highly concentrated protein samples were usualtp@iow a volume to use the Bradford assay.

As a result, the concentrations of purified FOXP2 FHD and ER1 LEiPewetermined by
measuring the absorbance at 280 nm on the NanoDrop One spectrophotometer (ThermoFisher
USA) or the JASCO W30spectrophotometer. The absorbance values were corrected for the light
scattering contributions made by buffers and aggregates (Equation 2)

Equation 2: Agoprotein= A2g0protein - A280buffer - [(A340protein' A340buffer) (A280buﬁer/ A340buffer)]

and concentrations were calculated using the Beenbert law (Equation 1)The theoretical
extinction coefficients of FOXP2 FHD and ER1 LBD are4®&® M?. cmit, and 24200 M. cnt?,
respectively, as tabulated in Figur@ dnd 4.3 (Gasteiget al.,2005) Notably, when proteins are

at high concentrations, the absorptionetficient is influenced by electrostatic interactions
between molecules at close proximity leading to inaccuracies in protein concentration calculations.
Thereforeto keep within theagion of linearity of the Bedrambert law, highly concentrated

samples were diluted 10 &b-fold. Additionally, the presence of nucleic acid contamination in
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the protein samples was determined using the#/Aesoratio; this is indicative of the amount o
contaminating DNA relative to the amount of protein. The protein sample were considered

relatively pure or free from nucleic acid contamination if the ratio was approximately 0.6.

4.7.2.2) Absorbance at 205 nm

As FOXP2 NT does not contain any tryptopmesidues and only a single tyrosine residue, it has

an exceptionally lovextinction ceefficient, which is calculated with a 10 % inaccuracy rate on
ProtParam (Gasteigest al., 2005). In this instance, the concentration of XF2 NT was
determined by measuring the absorbance of a dilute protein sample at 205 nm. At 205 nm, the
absorbance of the peptide backbone is measured. Many proteins at 1 mg/mL have extinction
coefficients raging from 30 to 35 M. cnt! at 205 nm. More specifically, the absorbance of
proteins with little to no tryptophan and tyrosine residues are assumed to have an extinction co
efficient of 31 mL mglcm? (Scopes, 1974Anthis and Clore, 2013).

In order to determine FOXP2 NT concentration, the protein sample was diluted in a quantification
buffer (20 mMTris, 100 mM NaCl, pH 7.8) to ensure that buffer components are kept to low
concentrations that do not interfere with the absorbance readi®$ &in2 The absorbance was
measured usinthe Nanodrop One spectrophotometer (ThermoFisd&A) thrice and averaged.
Concentrations were determined using the Beer Lamber law (equation 1) with the assumption that

the protein extinction cefficient is 31mL. mgtcm?.

4.8) Structural Characterisation
The secondary structural content and quaternary structures of FOXP2 FHD, FOXP2 NT and ER1
LBD were evaluated using f&fV circular dichroismand size exclusion chromatography (SEC),

respectively.

4.8.1) FarUV circular dichroism

CD spectroscopy exploits the chirality of amino acid residues to provide structural information of
proteins in solution. FAV CD spectroscopy was used ¢onfirm the structural integrity of
FOXP2 FHD, FOXP2 NT and ER1 LBD by cdhaterisingtheir secondary structure. CD was
conducted by first dialysing the samples agaBtbuffer (5mM sodium phosphate, pH 7.8).
While this buffer is different to the one used consistently for all other applications in this study (50

mM Tris, pH 7.8), it was the only buffer in which all three proteins were stable without
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compromising theignatto-noise ratioof the spectralhe elipticity wasmeasured using Jasco

J1500 CD spectrometer at wavelengths ranging
proteins and 8 uM of ER1 LBD in a quartz cuvette. CD was performed in triplicate and normalised

by converting the values fromellipticy ( m. deg) t o me w#, withehe undsu e el |
deg.cnt.dmot?! (Equation 3) (Blaneand Fanucchi, 20)5The data was deconvoluted using
DichroWebusing thek2d neural networkanatrtificial intelligencebasedagorithm that useghe

CD spectra of proteins with known tertiary structure to quantitatively predict the secondary
structural content of other proteins from their CD spe@radradeet al., 1993 Whitmore and

Wallace 2004). A paired ttest was performed usirg§jgmaPlot 15.0 to compare the significance

of the variance between the apmnd boundorms or the native and denatured forms of the

proteins.

Equation 3—

4.8.2) Size exclusion chromatography

SEC, as mentioned in sections42, was used to determine oligomeric states of the proteins. Size
exclusion standards were loaded ontoSliperdeX" 75prep grade columrCtiva, USA) with

SEC buffer (50 mM Tris, 300 mM NaCl, pH 7.8). The standards included blue dextrad0@50
kDa), canalbumin (75 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), ribonuclease A
(15.7 kDa) and aprotinin (6.5 kDaJhe size of the eluted protein was approximated by
constructing a standard curve with the log of the known molecular weights of therdsaadainst

their respective ratio of the eluted volume against the void volume. The elution volume of blue
dextran was considered the void volume asgliibeose polymeis exceptionally largeand thus
excluded from the SEC column. A linear regression livas fittedto the standard curvesing
SigmaPlot 15.@nd the resulting equation was used to calculate the giZz80XP2 FHD, FOXP2

NT and ER1 LBD associated with the elution volume of the peaks observed when each of the
proteins were loaded onto tB&C column.

4.9) Fluorescence anisotropy
Fluorescence anisotropy exploits specific properties of fluorescence to provide more information
regarding the structure of proteinSluorescence spectroscopy is based on the fluorescence

phenomenon where linearnpplarised light of a specific wavelength is absorbed by fluorophores



58

and reemitted at a longer wavelengthakowicz, 200§. The fluorescent molecules have an
excitation as well as an emission dipole that are spatially aligned to the electric vector of the
excitation and emission light, respectively. However, in the period between the excitation of an
electron and fluorescence, the fluorophores in space are continuously changing orientations due to
diffusional rotation. This, in turn dictates the polarigatof the emitted light (Lakowicz, 2006).

The extent of polarisation is dependent on the speed of rotation of the fluorophores and is referred
to as anisotropy. Hence, fluorescence anisotropy is based on the principle that fluorophores exhibit
partially pdarised emission when excited by polarised light. This can be mathematically stated as

follows when molecules are excited by vertically polarised light (Equation 4).
Equation 40 ¢ Qi ¢ 0 itH&; 0 —

(Ivv indicates the fluorescence intensities of the vertically polarised emisgiorepresents the
intensities of horizontal emissions and G is the grating faghdch corrects for the differential
sensitivity of the instrument to vertically and horizontally polarised light.)

4.9.1) DNA interaction

FOXP2 FHD isa DNAbi ndi ng domai n. To confirm the pro
anisotropy was performed usifithodamineX ROX)-labelled Nelson DNA. This contains the
consensus sequence-f GTTTAC-3 &khown to bind tightly to the FOXP2 FHD. RGIAbelled

Nelson DNA was diluted to 0.2 pM in 50 miWtis pH 7.8 buffer with either 50 mM or 100 mM

NaCl and used to callate the Gfactor. FOXP2 FHD in the same buffer was the titrditte
experiment was performed using PerkinElmerLS5 0 puor escence spectroph
with an anisotropy filter Excitation and emission wavelengths were set at 580 and 605 nm
respetively with 5 nm excitation and emission slit. The experiment was repeated in triplicate for
both salt concentrations. T o-birihgaotivitpand iebeimgny d o
a possible confounding factor fdownstreanapplications, the experiment was also repeated using

ER1 LBD as the titrant.

4.9.2) Identification of Protekprotein interaction
Fluorescence anisotropy can be utilised to s®eB{sas the rate of rotation is dependent on the
molecular size of the rafag molecule (Lakowicz, 2006). However, to successfully perform

anisotropy to elucidatePl, one of the interacting proteins ne¢d be fluorescently labelled.
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49.2.1) Protein Labelling

The three types of fluorophores used to study protein interadtiolusle the intrinsic tryptophan
residues of the protein, extrinsically attached fluorophores and fluorescence fused partners. Prior
to performing fluorescence anisotropy, the ER1 LBD was labelled with AlexdMIu©r2
maleimide 555This wasaccomplishedby taking 10-50 uM proteinin SEC buffer and incubating

it with three times thexcess dye and shakiitgor 1 hour alRT. Thereafter, the sample was left
to incubate overnight. Excess dye was removed using Plemye removal spin columns
(ThermoFisher USA). The dye conjugatto-protein ratio was determined by measuring the
absorbance at 280 nm ands58n, the absorption maxima of the protein and the AlexaFluor dye,
respectively. This was done using the NanoDrop one spectro(iémoFisker. USA) The
ratio was calculated using Equation 5. ER1 LBD labelled with a dye/protein raiordfigher

was used for fluorescence anisotropy.

Equation 50 0@ i € 0 0t

(WhereAsss and Apgo are the absorbance maxima of AlexaFIa65 C2 maleimideand protein,
respec poienvisetheymolar @xtinction cefficient of the protein; 15800 is the molar
extinction ceefficient of the AlexaFluor dye; 0.08 is the correction factor for the absorbance of

the fluorophore at 280 nm.)

In addition, ER1 LBD was also labelled using N‘Mto 550 (Merck, USA) using the afore
mentioned protocol. Notably, this was not the preferred choice as the dye bircsvatantly to

the Histag of the protein and has the added of risk of dissociating from the protein when the
equilibrium is disturbed follving titrations in the fluorescence anisotropy experiments. To
calculate the dye to protein ratio using equation 5, a correction factor of 0.12 and an extinction co

efficient of 120 000 were used.

4.9.2.2) Proteinprotein interaction assays

Once the protein was labelled efficiently, it was diluted to 0.3 uM in 50Tm&) 100 mM N&I,
buffer ofpH 7.8. This was placed in a quartz cuvette and used to measurétiet excitation.
FOXP2 FHD or FOXP2 NT dialyseabainstthe appropriate buffer (50 mWris, 100 mM N&l,
at pH 7.8.) was titrated in continuously. Following each titration, thekawas incubated for 5

minutes in the dark. Thereafter the average of the first 10 anisotropys wedisgaken into
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consideration. The experiment was performed in triplicate using the PerkinEIm&f LS
puorescence spectr op h o tropyiikket. Ehe exeitgtion wavelendth was t h
set at 56 nm and emission at 2hm. The excitation and emission slit width was kept @inb.

The experiments were performed in triplicate. Thereaftes, data was exportedyeragedand

used to form ainglesaturation ligand bindingnon-linear regressionurve using SigmaPlot 15.0

with the concentration of FOXP2 protein on thaxis and the relative fluorescence anisotropy on
the y-axis.The single saturation curve fitted best to the datapoints collecteti whs the reason

for its selection. Thequation of the fit of the fluorescence anisotropy csivged to deduce the

Kqis noted in equation.6
Equation 610 ——

(WhereBmax denotes the maximum number of binding sites, X is the concentration of free ligand,

Kq is the concentration of ligand required to reach-hadkimal binding

4.9.3) Regulation of protenprotein interaction

The interaction between FOXP2 FHD and ERI1OL#as characterised further by investigating
the interaction at different sattoncentrationsand in the presence of DNA and ligand. The
anisotropy experiments were performed using the same protocol mentioned in s8&i@nvth

alterations in either buffer condition, labelleample or titrant.

Effect of salt:The anisotropy experiments were performed with labelled ER1 LBD and FOXP2
FHD in 50 mMTris, pH 7.8 buffer with the following salt concentrations: 50 mM, &0, and
300mM. A oneway Analysis of VarianceANOVA) testwasperformedon SigmaPlot 15.@0
ascertain whethehedifferencein themeananisotropy readings at the different salt concentration
following the titration of the same concentration of FOXP2 B3 significant§ < 0.05). This

test was selecteds the data comprised of a singlgantitative dependent (anisotropsgriable

and arindependent variable made up of four categodéfe(ent salt concentrationdh addition,

the data passed both the normality and equal varidistebution test (Lee and Lee, 2018).
Following ANOVA, theBonferronimethod was used to perform pairwise comparisons between

eah of the different salt concentrations.

Effect of liganebinding: To determine the effect of ligarleinding on theability of ER1 LBD to
bind toFOXP2 FHD, anisotropy was performed using label&d LBD (0.3 pM)incubated with

a |
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exces€E2ligand(50 uM) overnightThe ER1 LBD was thereatfter titrated with FOXP2 FEEDO

MM). The buffer for this experiment was 50 mM Tris, 100 mM NacCl, 0.25 % ethanol pH 7.8 to
account for the ethantlased solubilisadn of EZ Funct i onal characterisat
interaction with E2 has been described in the subsequent section.

Effect of DNAbinding:To det er mine i f FOXP2 FHDOGs interact
to interact with ER1 LBD, FOXP2 FHA50 uM) was incubated overnight with DNA (450 pM).

This FOXP2 FHD was titrated stepwise into 0.3 uM fluorescently labelled ER1 LBD in 50 mM

Tris, 100 mM NaCl, pH 7.8 buffer. Anisotropy was measured and analysed as stated in section
49.2.

Effect of protai-protein interaction on DNAinding activity of FOXP2 FHDFinally, ER1 LBD

(0.3 uM)was incubated with saturating concentrasiohFOXP2 FHD determined from previous
anisotropy experimentsi 50 mM Tris, pH 7.8 buffer with either 50 mM or 200 mM NaCl
concentrationsThe final concentration of FOXP2 EHwvas32 or 68 UM in buffer containing 50

mM or 200 mM NacCl, respectively ThisER1 LBD-FOXP2 FHD sample was then titrated with
increasing concentrations of Nelson DNA ranging frof600uM. The aim of performing this
particular anisotropy experiment was to deduce if FOXP2 FHD in complex with ER1 LBD retains
its ability to bind to Nedon DNA. The fluorescence anisotropy experiments performed have been
summarised in Tabld.4. The results were fitted to a osée saturation liganfdinding curve

(equation 6) on SigmaPlot 15ahere applicableThis hasbeen notd in Table4.4.
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Table 4.4: Fluorescence anisotropy experiments to investigate proteldDNA and protein-protein interactions.

Labelled Titrant Buffer Additional notes
molecule
4.7.1 ROX-labelled FOXP2 FHD 50 mM Tris, 50/100
Nelson DNA (0.2 (150 uM) mM NaCl- pH 7.8
HM)
4.7.1 ROX-labelled ER1 LBD (50 50 mM Tris, 100 mM
NelsonDNA (0.2 puM) NaCl, 1mM TCEP -
pM) pH7.8
4.7.2 AF555labelled FOXP2 FHD 50 mM Tris, 100 mM
ER1 LBD (0.3 (700 -1200 NaCl, 1mM TCEP -
HM) puM) pH7.8
4.7.2 AF555labelled FOXP2 NT 50 mM Tris, 100 mM Poor fit with all binding curves, therefore n
ER1 LBD (0.3 (300 uMm) NaCl, 1mM TCEP- fitted.
pUM) pH7.8
4.7.3 AF555labelled FOXP2 FHD 50 mM Tris, 1mM
ER1 LBD (0.3 (4001000 TCEP-pH7.8
M) puM) NaCl concentrations
50 mM, 200 mM, 30C
mM
4.7.3 AF555labelled FOXP2 FHD 50 mM Tris, 100 mM FOXP2 FHD incubated with Nelson DN
ER1 LBD (0.3 (500 uM) + NaCl,1mM TCEPpH overnight at 4 °C before anisotroj
M) Nelson DNA 7.8 experiment.Poor fit with all binding curves
(500 um) therefore not fied.
4.7.3 AF555labelled FOXP2 FHD 50 mM Tris, 100 mM ER1 LBD incubated with E2 overnight at 4 ¢
ER1 LBD (0.3 (700800 NaCl, 1mM TCEP- before anisotropy experiment.
pUM) + E2 (50 uM)  pM) pH7.8
4.7.3 AF555labelled Nelson DNA 50 mM Tris, 50/200 Labelled ER1 was used to calculatddgtor.
ER1 LBD (0.3 (200700 mM NaCl, ImM TCEP FOXP2 FHD added to saturatir
puM)  + FOXP2 uM) -pH7.8 concentration and sample incubated for
FHD (306700 minutes atRT. Fluorescence reading tak
UM) and thereatfter titrations with Nelson DNA.

AF555-AlexaFuor™ 555 C2 maleimide dye, E21 7-@estradiol

4.10) Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) is a quantitative biochemical tool used in the
characterisation of intermolecular interactions. Protein interactionthdyewith nucleic acid,
small molecule or proteins, result in changes in thermodynamic prapEr@eis able to precisely

determine the enthalpy, entropy, Gibbs free energy and heat capacity changes associated with
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binding. The binding affinity and enthalpy is determined directly while Gibbs free energy and
entropy can be calculated using equati®m@sd 9, respectively (Ladbury and Chowdhry, 1996).

Equation 8Y'0 'Y "YalE®

(where a&G refers to Gibbs free energy (kJ/mol), R the gas constant (8.314 J/K.mol), T the

temperatureK) andKathe association constant or binding affinity.)
Equation 9¥'0 YO W'Y

(where ags refers to Gibbs free energy (kJ/madiH refers to enthalpy (kJ/mol)T refers to
temperatureK) andasSis entropy (kJ/k.mol).)

49. 1) Functional <characterisation of ER1 LBDOGs
ER1 LBD can interact witeeveral typesf ligands through its hydrophobic ligand binding pocket.

This includes its natural ligands includiB@ or endocrine therapy drugs such as tamoxifen (Ruff

et al.,2000). In addition, ER1 LBD can also interact with phytoestrogens, which arebplsed

molecules that can mimic the activity of oestrogens. The functional activity of ER1 LBD was

characterised using ITC.

The ITC experiment was performed using the Nano isothermal titration calorimeter (TA
Instruments, USA). Stock solution of 10 nfi2 was prepagd with 99.9 % ethanol and diluted to

100 puM in 50 mMTris, 100 mM NaCl, 1 mMrris (2-carboxyethyl) phosphine (TCER)H 7.8

buffer. The final concentration of ethanol in the E2 sample WW#s(v/v). Purified ER1 LBD was
dialysedagainsthe same buffer ahconcentrated to 10 uM. To ensure perfect buffer match with

the ligand, 0.5 % ethanol was added to the protein sample and placed in the sample cell. Using the
250 pL syringe containing E2, ITC was performed at 20 °C, with 5 uL injection volumes, 150 rpm
stirring rate and 300 squilibrationtime following each injectionThe data was fitted using a ene

site independent model using the NanoAnalyze 4.12.5 software (TA Instruments, THBA).
model, which is based on the interactofi 6 n & | i g asinglessitetniamadromolgcule o a

(usually 1:1 interaction)vas chosen as the best fit was obtained compared to all other models.

4.10.2) Analysis of proteirprotein interaction
ITC can also be used to determine the binding affinity and thermodynamic parameRd?$ of

Therefore, to confirm and supplement ®Rlidentified using fluorescence anisotropy, ITC was
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performed using the Nano isothermal titration calorimeter (TA Instrumd8si&). ER1 LBD (8.5

HUM) was placed in the cell and titrated continuously with 5 uL injections of FOXP2 FHD (50 uM).
The buffer used was 50 mis, 100 mM NacCl, 1 mM TCEP, pH 7.8. The stirring rate, integration
time and temperature were set at 150 rpm, #80ndsand 20 °C, respectivelyn addition the
experiment was performed in the same buffer but with 300 mM NacCl using 15 uM of ER1 LBD
and 400 uM FOXP2 FHD under the same conditions. The resultant curves were fitted to an

independent model on NanoAnalyze 4.12.5 software.

4.11) Electrophoretic mability shift assay
Electrophoretic mobility shift assay (EMSA) is an important technique for investigating
gene regulation by evaluating the interaction between protein and DNA.

4.11.1) Functional characterisation

As previously mentioned, FOXP2 FHD is a DNvnding domain and is known to bind the

foll owing consensus s elGIEAG3E0 wWi Nathbl.sPOL3Y Ahea f f i ni
activity of FOXP2 FHD in its apo and ER1 LBiundforms were evaluated in sectidn/.3

using fluorescence anisotropy. Teakfirm and supplement those results, EMSA was performed.

Nel son BPASATGTTHACTTTCATAG-30) was synthesised as
work (Integrated DNA Technology, South Africa). Samples were prepared witluNd.5

DNA and increasing concentratismf FOXP2 FHD ranging from 0 to 20 uNh EMSA
binding buffer (10 mM HEPES, 100 mM KCI, 1 mM Ethylenediaminetetraacetic acid (EDTA), 1
mM MgClz, 0.1 mg/mL bovine serum albumin, 10 % (v/v) glycerol, pH 7.5) and MilliQ wate
(Blaneet al.,2018). The samples were incubated at 4 °C for 60 minutes and loaded onto a
10 % polyacrylamide gel, which was prepared using acrylamide: bisacrylamide monomer
solution, Tris-BorateEDTA (TBE) buffer 0.089 MTris, 0.089 M Borate and 2 mMDTA,

pH 8.4) and 20 % triethylene glycol. The gel was electrophoreseéat for 1 h 45 minutes at

4 °C in TBE buffer. The gel was stained using GelRed(dyE000 dilution in distilled water)ral
viewed on the Molecular Imager® Gel I6cXR System (BieRad). The process was repeated
with FOXP2 NT and ER1 LBD to evaluate if they too had similar BiNiding activity to FOXP2

FHD.
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411.2) Effectof proteipr ot ein i nteraction on FOXP2 FHDOGs
The interaction between FOXP2 FHD and ER1 LRIDId affect the transcriptional activity of the
FOXP2 protein. Hence, the ability of the FOXP2 FHR1 LBD complex to bind to the cognate

DNA sequence of FOXP2 FHD was investigated using EMSA. In this instance, FOXP2 FHD (2.5
and 5 puM) was incubated oveghit at 4 °C with increasing ER1 LBD concentratiorfB@uM).

This ER1 LBD was either in its agorm or in the presence of excess E2 (300 uM). E2 was
prepared from a 10 mM stock of E2 dissolved in 99.9 % eth@hel samples were evaluated on

an 8 % EMSA gl (prepared as outlined in sectiod@1) using the set up shown in Figur® 4.

with each lane containing 0.5 uM Nelson DNA and the specd@tentratiorof either or both
FOXP2 FHD and ER1 LBDFollowing electrophoresisstaining,and viewing, the gels were
guantified relative to the lane containing only free DNA in ImageLab 5.2.1, as shown in Figure
45. The change in percentage intensity of the lower band across all ER1 LBD concentrations was

plotted as a bar graph using SigmaRI®.0.

[ER1 LBD]
e 0 5 10 20 34

1 2 3 45 6 7 8 9 101112 13 14 15

H DNA - FOXP2

0 FHD -ER1 LBD

i oHuict=HulISHRICIHRICICH: o

0 255 0 255 9 255 0 255 0 255

[FOXP2 FHD]
(HM)

Figure 45: Set up and densitometric analysis of EMSA geldNelson DNA (0.5 pM) was
incubated with different concentrations of FOXP2 FHBE6(QM). Each of these samplesasv
replicated in the presence of increasing ER1 LBD concentratios! (@M). Following
electrophoresishe gelwas expected to have either one, two or three bands in each lane. To analyse
the gelusing ImagelLab 5.2,1anes(red block)and band¢cyan blo&) were manually selected

and thereatfter, thieands correlating to free DNA and DNFOXP2 FHD complexn each lane

were quantified using the first lane (containing only DNW&)the reference.
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4.11) Molecular Docking

The interaction between FOXP2 FHD ar/IELBD has been investigated in the presendbef

other bindingpartnes. In order to make sense of the results in terms of the structural properties of
the proteins, molecular docking was employEudlee different docking tools were used based on
protein sequence and structure. Additionally, there werestwzturebasedprogrammes used:

one based on a rigidocking protocol and the other on informatioased flexible docking.

4.11.1) AlphaFold

AlphaFold is a sequendebased structure prediction tool. It incorporates the neural network
architectures of proteins and has been trained to perform structure prediction taking the
evolutionary physical,and geometric constraints of protein structurés aonsideration (Jumper

et al.,2021). AlphaFold 2s also capable of dockingvo or more proteirstructuresvhentheir
sequence are uploaded as an input. It does this using a fold and dock approach whereby the
proteins are folded and docked simultanégube accuracy is largely based on multiple sequence

alignment accuracy (Bryaet al.,2022).

AlphaFolddocking was conducted using Google CoLab which employs a simplified version of
AlphaFold v2.2.4:
https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ip

ynb (Mirdita et al.,2022). Third party software and AlphaFold were first downloaded in the CoLab
workbook. The amino acid sequence of ER1 LBD and FOXP2 FHD were used as input sequences.
All prompts thereafter were followed. Brieflthe two input sequences were searchednagai
various databases (UniRef90, MGnify and smallbddjenerag multiple sequence alignment data.
ThereafterBio sequencanalysisvasperformed using Hidden Markdviodels (HMM) followed

by the execution ofthe Alphdold run. TheresultantPDB file of the predicted structureas

downloaded and analysed.

4.11.2) ClusPro

ClusPro is a welbased server that performs direct docking of two interacting proteins. The direct
method is based on thermodynamics and finding the structure conformation with minitolosn Gi
free energy. It requires a model for free energy evaluation and an algorithm to perform energy
minimisation (Kozako\et al.,2004). The server first performs a rigid body docking by sampling

billions of conformations using PIPER, a Fast Fourier Transform (FFT) approach. In this approach,


https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb
https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb
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one protein called a receptor is placed at the origin of a coordinate system on a tixdderi
second protein (denoted the ligand) is then placed on a movable grid and arranged with the receptor
until all possible conformations have been exhausted. Thereafter, the server clusters 1000
structures with the lowest minimum energyased on thermootmeansquare deviation (RMSD).

Finally, it refines the selected structure by performing energy minimisation

To perform docking using ClusPro, the PDB structures of FOXP2 FHD (PDB ID: 2A07) and ER1
LBD (PDB ID: 1ERE) were uploadedClusPro 2.0: proteuprotein docking (Kozakov et al.,

2017; Desteet al.,2020).ER1 LBD was denoted the receptor as it is larger than FOXP2 FHD,
which was denoted the ligand. Prior to uploaditng two PDB files were prepared for docking
using UCSF Chimera 1.16. FOXP2 FHD structure was modified to only include the FOXP2 FHD

monomer. All other chains, including that of DNA were removed. DockPrep was performed to

minimise the energy of the struce; charges were assigned to the Gasteiger residues. As no
information is available on the protegmotein structure, the default settings were used to predict

the docked structure.

4.11.3) HADDOCK

High ambiguity driven docking (HADDOCK) approach was used as a third docking tool. It is an
informationbased approacthat makes use of biochemical and/or biophysical interaction data
from NMR or X-ray crystallographyThe information on the interactingsidues is introduced as
ambiguous interaction restraints (AIRS); this is divided into active and passive residues and drives
the docking. Thereafter, the structures are ranked based on the sum of energy terms including
electrostaticyan der Waals and AlPRrces.

To perform proteirprotein docking, the FOXP2 FHD (PDB ID: 2A07) and ER1 LBD (PDB ID:

1ERE) were first prepared in UCSF Chimera 1.16 by first removing all ligands (includifig Mg

ions) and all chaingeaving behind only monomeric form obothproteirs. Thereafter, DockPrep

was employed. As HADDOCK cannot support multiple conformations of the same residue, the
ER1 LBD PDB (I D: 1ERE) file was <c¢cleaned wusin
webser ver ( rtialn2®21)e Thigdelaselects tlae label with the highest occupancy and
removes any other alternate location/conformation of the same atom. The resultant PDB files were
used as input structures on the HADDOCK webserver
(https://wenmr.science.uu.nl/haddock2.4/submifMan Zundertet al., 2016, Honoratcet al.,



https://cluspro.org/home.php
https://wenmr.science.uu.nl/haddock2.4/submit/1

68

2021).As no initial information is known on the protgimotein structureab initio protocol was
employed using the @u level access option. All other parameters were seéfiault,and the

resultant complex structure was obtained as a PDB file and subjected to further analysis.

4.10.4) Complex Structure Analysis

The top-scoredstructurewas obtained fromeach ofthe docking programmesandanalysed. To
compare the predicted structures, they weaeh aligned to each other usinghe PyMOL
Molecular Graphics System, Version 2.5.5, Schrédinger, LLC Molecular Graphics System,
Version 2.5.5, Schradger, LLC. Furthermore, thpredictedstructure werealignedindividually

to the crystal structure ¢fOXP2 FHDbound toDNA (PDB ID: 2A07) as well as that oiganded

ER1 LBD bound ta peptide (PDB ID:3Q95)Stroudet al.,2006) This analysis was performed

to identify if the regions involved in the interaction with DNA, ligand and/or peptides were distinct
from the regions involved in mediating the specific prof@iotein association identified in this

study.
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5) RESULTS

This study is based on identifying and characterigsiqgpssiblanteraction between FOXP2 and

ER1 proteins. In order to do dhe interaction was investigated in both the cellular and external
environments. For the lattehe two chosen domains of FOXP2 (FHD and NT) and ER1 LBD
needed to be successfully expressed and purified. The structure and fundiepsatkirs were
evduated toconfirm thatthe proteins wereorrectlyfolded and retained their known function.
Finally, the interaction between the proteins was investigated and characterised in the presence of

different salt concentrationsgand,and DNA

5.1) Protein-protein interaction in MCF -7 cells

To determine if the FOXP2 FHD ER1 LBD interaction occurs cells coIP was performed.
MCEF-7 cells were treated with E2 or with 0.001 % ethanol. The latter served as a vehicle control.
Following a 24hour treament, the cells were lysed, and proteins were separated from the
remainder of the cell content. As shown in Figurk e total protein content wagiantified
usinga Bradford assay. Once sufficient protein quantity was obtained, endogexpression of

ER1 and FOXP2 was assessed. MCéells expresses both FOXP2 and ER1, witlirEadted cells
showing greater expression of ER1 as shown in Figd@. 2As HEK 293 cells did not show any

expression of ER1, this cell line was selected as aimegaintrol for celP studies.

CoIP involves the capture of a specific protein using a primary antibody and beads that bind to
that antibody. First, FOXP2 was captured on the beads; this FOXP2 could be infisnamo

bound to other proteins. Secondty, determine if the captured FOXP2 was involved in an
interaction with ER1, western blot was performed using the antibody against ER1. Hence, if ER1
appeared on the membrane, this would indicate an endogenous interaction between FOXP2 and
ER1. However, tb western blot did not show any ER1 bands of 66 kDa. The band that appears
slightly below the expected ER1 band indicates the heavy chains of the antibody (55 kDa) used in
the colP step. To ensure that the PPl was not affected by the lysis and washsglstecells

were treated with formaldehyde to crosslink any PPIs occurring in the cells. Théirdtage too

did not result in any ER1 band on the western blot and sisggasthe FOXP2 protein does not

form a complex with ER1 under the specific ciiods.
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However, this is not the case as different results appear when ERL1 is captured instead of FOXP2.
When ER1bound antibody is captured onto beads and evaluated using western blots with a
primary antibody targeting FOXP2, the-tomunoprecipitated teins from the untreated, E2
treated and crodsmked cells all show a band corresponding to the size of FOXP2 on the
membrane; HEK 293 cells do ne¢emto have this band. This indicates that ER1 does form a
complex with FOXP2 in MCH cells. Notably, th western blot has a lot of background noise
when the antibody specific to FOXP2 is used in western blot analysis. More specifically, a band
corresponding to the molecular weight of approximately 115 kDa appears with a high intensity not
only in the CelP gel but also the gel evaluating FOXP2 expression (Figife) &and is consistent

in the HEK 293 as well as the treated, untreated and-tnéesl MCF7 cells. It is likely that the
region to which the FOXP2 antibody binds within the aat tail may nobe entirely specific to
FOXP2 and thus contributes to the excess bands visible on the gel.
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Figure 5.1: FOXP2-ER1 interaction in cells. A) Visualisation of MCF7 cells. Cells with a
confluency level of 80 to 90 % are used for downstream applicatioQuBintification of total
protein content. Bradford assay was performed using Bovine serum albumin (BSA) to construct a
standard curve with the equatiop=0.0227x0.0007 (f= 0.9992) The curve was used to
approximate the total protegoncentration in MCH cells treated with 0.001 % ethanol (vehicle
contr ol ( VC) -éebtiadioll(B2). €)NProtkii exfiression in cells. To determine the
endogenous expression of FOXP2 and ER1 in MCéd HEK 293 cells, western blot was
performedProteins were first separated based on molecular weight using a 10-RAEESgel

and transferred using watansfer onto a nitrocellulose membrane. The membrane was exposed to
the respective primary antibody and thereafter an-ifid@d secondary antibodi£xpression was
visualised using the Molecular Imager® Gel BocXR System (BieRad). D) Ce
immunoprecipitation of protetprotein complex and western blot analysis. Proteins were exposed
to primary antibody against FOXP2 (top) and subsequently incubatedgarose beads. The
antibody binds to apand complexed forms of FOXP2 whereas the beads capture the primary
antibody. To assess if FOXP2 interacts specifically with ER1, western blot was performed of the
captured FOXP2 and its associated complexegusprimary antibody against ER1. Additionally,

the process was repeated using antibody against ER1 intlmeazmoprecipitation step (bottom).

U: Untreated MCF/ cells (VC); T: E2treated MCF/ cells; HEK: HEK 293 cells; UF: untreated

and formaldehyderosslinked MCF7 cells; TF: EZTreated and formaldehydagosslinked MCF

7 cells.
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5.2) Overexpression and purification of Proteins
The proteins used in this study were recombinantly expressed in bacteria and isolated from

contaminants using chromatographyased purification techniques.

5.2.1) FOXP2 FHD

The FOXP2 FHD was overexpressed in T7 calld thereafter purified using IMA@II the lysate
components thatid not bind to the IMAC column elutkout first in the flowthrough, as shown

in Figure 52A. A salt wash was performed to ensure removal of anyspegifically bound
contaminants. Following a change to a high imidazole buffer, the FOXP2tiriDadinitially
bound to the resiwmia its Nterminal Histagwas released, eluted, and collected. The pellet and
supernatant from the expressidhe flowthrough andthe eluted peak from IMAC weraill
resolved on a tricine SBBAGE gel, as shown in Figure2B. The FOXP2 FHD sample collected
from IMAC was not entirely clean &sin be seeby the contaminating bands Figure 52B.
Hence, the sampleas subjected ta second step of purification, as shown in FiguBE€5The
IMAC sample was loaded onto a preparative size exclusion column and the resultant peak was
collected and resolved on a g&ld isshown in Figure 2D. The presence @flone bandhdicaes
sample purity. The molecular weight marker was used to congtrlicear standard curve by

plotting the relative migration of each of the bands against the log of their molecular weights.
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FOXP2 FHD collected from SEC was approximated to B&3LkDa, which is close to the
computedmolecular weight of 12.97 kDaalculaed using ProtParam
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Figure 5.2: Purification profile of FOXP2 Forkhead Domain. A) Immobilised metal ion
affinity chromatogram profile. Lysate from bacterial expression was centrifuged initially to pellet
the insoluble fraction. The supernatant was loaded onitkal bound IMAC column. The flow
through and eluted samplleoxedin red) were collected. B) Gel analysis of IMAC samples. The
differentiated pellet (P) and supernatant (S) samples from the bacterial expression were resolved
on a 16 % tricine SD®AGE gel along with the flowthrough (FT) and eluted fraction (FHD)

from IMAC. The eluted fraction contained more than one band and was considered impure. C)
Size exclusion profile of FOXP2 FHD. The elution fraction from IMAC was passed through a
Supedex SEC column. The pedkoxedin red was collected. D) Gel analysis of SE@mple

The sample collected from SEC was resolved on a 16 % tricinePBEE gel to confirm sample
purity. The molecular weight marker was used to construct a standard curve (equatien:
0.71x+1.76;%=0.96)to approximate the size of the collected FOXP2 FHD sample. The molecular
weight is estimated to b5 kDa.
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5.2.2) FOXP2 NT

FOXP2 NT had not been previously expressed and therefore expressgdmatititd be conducted

to determine the optimal conditions for its expression. The conditions examined were expression
times and temperatures, IPTG concentrations, bacterial expression systems, and shaking speed
during expression. Figuredshows the SB-PAGE gels used to evaluate protein expression. Poor
yields were obtained in the supernatant wihérexpress cells were transformed vitlle FOXP2

NT plasmid in 2xYT media at 200 rpm. This was consistent over various IPTG concentrations,
time periods and tengpatures although soluble protein yields were improved when expression
was induced at higher ODs (Figure SAgdditionally, when BL21 (DE3)E. coli cells were
transformed with FOXP2 NT plasmidt least 50 % of the protein expressed was found in the
solule fraction under certain conditions, which included-lao&r expression inXY¥T media at

25 °C and 200 rpm following induction with 0.5 and 1 mM IPTG, as showigure 53B. Using

this condition as a basis, the expression was evaluated in different media including LB, 2xYT and
LB supplemented with sucrose. The latter gave the swsbleexpression. Hence, the optimal
condition for FOXP2 NT expression was deduced to L1 (DE3) cells, which are grown to
ODeoo of 0.6 and induced with 0.5 mM IPTG in LB media supplemented with 5 % sucrose. The

expression time, temperature and shaking speed aver§ B5 °C and 200 rpmespectively
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Figure 5.3: Evaluation of FOXP2 NT expression trials on SDFAGE gels.A) Expression in

T7 Cells. Expression trials were performed at 30 °C and 20 °C in T7 competent cells by inducing
at different IPTG concentrations. The gels with samples collected after 2 ands§hyahow that

the protein is predominantly found in the insoluble fraciionhe pellet (P)B) Expression in
BL21(DE3) cells. Expression trials were conducted at different temperatures and IPTG
concentrations. The 6 and 7 h gels showed favousailble expression of FOXP2 NT at IPTG
concentrations at and above 0.5 mM IPTG. C) Expression in different culture meegigDHE 3)
expression cellgransformed with FOXP2 NTwere expressed in LB,xXT and LB media
supplemented with sucrose following inductigith 0.5 mM IPTG at 25 °CThe latter condition
enclosed in a yellow box provided the highest soluble yield of FOXP2 NT and was chosen as the
optimal condition for its expression. Tlellow arrow indicates the approximate location of the
FOXP2 NTbandat ~19 kDaP: pellet, S: supernatant
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Following the expression of FOXP2 NT, the protein was purified using IMAC as shown in Figure
54A. IMAC was performed by passing the lysate through a cobalt immobilised IMAC column.
All the components of the lysathat did not have affinity to the resflowed out immediately. A

salt wash was performed to remove any-spacifically bound proteins and imidazole was used

to elute out FOXP2 NT. ABOXP2 NTdoes not have any tryptophan residues and only a lone
tyrosne residudn its sequencdt only has a weak absorbance at 28Q however,a small but
distinct peak is formed. This peak was collected, evaluated on a 16 % tricineASBEEgel and
determined to be impure. Hence, a second step of purification wasnpedfusing SEC, as shown
inFigure54B. The proteinbs | ack of aromatic residu
the indicated peak was collected and evaluated on a gel. This seasplav free of contaminants.

The gel was also used to approximate the molecular weight of the protein collected by constructing
a standard curve of the relative migration of proteins with known molecular weight present in the
molecular weight marker. Usindp¢ equation of the standard curve, the molecular weight was
calculated to be 18.8 kDa which is as expected based on the ProtParam calbésieigeet

al., 2005)
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Figure 54: Purification of FOXP2 NT. A) IMAC profile and its evaluation on SBBAGE eels.
FOXP2 NT was purified using cobathmobilised affinity chromatography. The initial increase

in absorbance indicates the elution of all the components of the cell lysate that did not bind to the
column. A salt wash visible by the increase in condustamas performed to remove any non
specifically bound contaminants. Following a salt wash, a high imidazole buffer was passed
through the column to remove rediound proteins, including FOXP2 NT. This is observed as the
small peak which is enlarged on thght. Alongside it is the tricine SDBAGE gel which used

to evaluate the purity of the peak collected. The yellow arrow indicates the approximate location
of the protein band. B) Size exclusion profile and gel of FOXP2 NT purification. FOXP2 NT was
purified using size exclusion chromatography. The peak indicated with a yellow square was
collected and ran on the gel alongside the chromatogram. The lone band iraljpatesample

with approximatemolecular weight of the protein is 18.8 kDa. This wesablished by
constructing a standard curve (equation:-92+1.43; ¥= 0.996) using the molecular weight
marker, as shown on the right.

5.1.3) ER1 LBD

ER1 LBD was overexpressed for the first time in our lab #metefore induction trials were
performedso as to establish optimal conditions for overexpresgiigure 55A). Most of the
expressed ER1 LBD is found in the pellet and this is consistent for the various conditions assessed

in T7 cells in XYT media at 200 rpm. Based on this, various conditions were altered including
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indudng at different ODs andising aslower shaking rate when expressing. Howewnene of
these changes hadnajor influenceas most of the protem@mainedn the insoluble faction. The
ER1 LBD was then transformed into BL21(DE3) cells as depicted in figbi. SVhile the
majority of the protein remained insolubtbere was a greater quantity in the soluble fraction at

both temperatures in comparison to the previous results.
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Figure 55: Expression trials of ER1 LBD.A) Expression in T7 express cells. Protein expression
following induction at various IPTG concentrations and temperatussswaluated after 6 and 22
hours. A high expression of ER1 LBD is visible; however, most of the protein is found in the
pellet. B) Expressionf ER1 LBDin BL21(DE3) cells. The protein is still predominantly in the
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pellet but there is a small amount in thepernatant. P: pellet, S: supernatant. Purple arrow
indicates the approximate position of ER1 LBD on the gel.

To maximise the soluble yield of the protein, the conditions of FigbB\Bere altered in different
ways. Figure % shows protein expressiom TB media at 170 rpm with varied @j9of induction
IPTG concentrations andclusion ofadditivesincluding ethanol and E2. Ethanol has previously
been shown to enhance the solubility of some recombinantly expressed pabiemisicluded in
small amounts in the culture media as it induces a shock respdaseoiincells that results ithe
producton of chaperone®hatwaet al.,2021). On the other hand, ligands such as E2 are included
in culture medias they improve the stability of the protein to which thieyd lgEiler et al.,2001).

In this instance,téanol did not make a significant differento the expression of ER1 LBD in the
pellet or supernatant. In contrastclusion of relatively high concentrations B2 (20-30 nM)
seenedto hawe an adverse effect as tirgensity of theER1 LBD banddecreased in the soluble
fraction.Taking these findings into consideratjdine optimaprotocolfor expression of ER1 LBD
was identified to be as follow€ondition 2 in Figure %): BL21(DES3) cellsgransformed with ER

1 LBD should becultured in TB medi and growruntil an ODyo of 0.7 is attained Following a

30 mins cold shock treatment at 4 8C3 mM IPTGshould beadded to the medta induce protein
expression, which should be carried au®20 °C for 24 hours with the shaking speed set at 170

rpm.
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Figure 5.6: Expression trial of ER1 LBD in BL21(DE3) cells. The expression trial was
conducted at 20 °C in TB media, 150 rpm and evaluated on a 16 % tricin®/SBIS gel. The
bacterial culture was induced at differentéd¥alues and IPTG concentrationandl7 oest r ad i
(E2) and ethanol were also includedsome instance<onditions land4-9 showedrelatively

high protein expression in the supernatasandition 5 was selected as the optimal as minimal
additives wereeaquired while still acquiring a reasonable soluble yiBtdpellet, S: supernatant.
Purple arrow indicates approximate location of ER1 LBD.

Following overexpression of solublER1 LBD, the proteinwas purified so ato isolate it from

the rest of the coaminantsAs with the other proteins used in the study, ER1 LBD plasmid was
synthesised with a Hitag. Hence, the ER1 LBD was conveniently purified using a nickel bound
IMAC resin. Figure 57 shows that the cell lysis buffer influences the amount of proéeovered

from IMAC. Figure 57B indicatesa greater yield with the inclusion of NDS¥tably, it also
appears more impure, but this may also be due to greater visibility of contaminants as the protein
concentration is higherhe favourable effect of NDSB could be attributed to its ability to stabilise
the ER1 LBD and prevent its aggregatieven at the high concentrations released into the
supernatant following cell lysis and present during the IMAC step (&ilat.,2001).ER1 LBD

requires further purification for use in downstream applications.

(0]



82

p) oy Flow poronee [ B) %07 Flow
L 100 through :Conduclmce
o 2500 Salt
100
. Wash -
5 § 3 amo] == || B
E 1500 1 g E - 80 ‘g
8 8 8 1500 9
5 e = e
o
G 1000 9 § g Leo 3
: R :
— F2 ©O o
500 L 500 40
0
0 4 : - 5 04 — 2
0 10 20 30 40 50 60 0 10 20 30 40 50
Time (mins) Time (mins)
p S FT. 1 2 2 P S FT Swi1 1 1

Figure 5.7: IMAC profiles of ER1 LBD lysed in disruption buffer A) without any additives

and B) with NDSB. Protein expressed in BL21(DES3) cells was centrifuged to pellet the cells
which were then resuspended in 20 niNs, 50 mM NaCl, 30 mM imidazole, pH 7.8 buffer with
and without 1M NDSB. Following the separation of soluble and insoluble fractions, thenprote
was loaded onto an IMAC column pieaded withnickel ions. All the components that did not
bind to the resin flowed out initially in the flethrough. Following a salt wash,-eguilibration

and elution with 500 mM imidazole, the indicated maa&recollectedand evaluated othetricine
SDSPAGE gelsshownbelow the respective chromatogrammspanel A,a single peak is observed
with a shoulderpreceding its elutionThe SDSPAGE gel shows that the shoulder (1) is
predominantly comprised of contaminamtsereas ER1 LBD igprimarily eluted in the fractions
corresponding to the peak (2). As the quantity of ER1 LBD obtained was poedeterygent
sulfobetaine (NDSB) waincluded in the cellisruption buffer prior to IMAC. Consequently, the
chromatogram in panel B shows a markedly larger peak following elution when compared to that
of panel A This larger peak corresponds to a thickesteinband on the SD®AGE geland
suggest that inclusion of NDSB improved protein yi€ldpellet, S: supernatant, FT: flewough,

SW: Salt wash

Hence, the protein was loaded onto a preparative SEC cdturfurther purification As shown
in Figure 58, SEC results in the elution & single major peak that appears to be free of
contaminants when evaluated on an SEXSGE gel. Subsequently, tinéigration of the bands of
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the molecular weight markevere used to approximate the molecular weight of the collected
protein. This wasalculated to be2888 kDa and is as per expectat(&iler et al.,2001) providing
confidence that the ER1 LBD had been successfully purified.
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Figure 5.8: Size exclusion profile of ER1 LBDProtein collected from IMAC was passed through

a Sepharose SEC column along with 50 fil$, 300 mM NacCl, pH 7.8 buffer. One major peak

was observed, collected, and evaluated on a tricineF8&E gel. Only one band is observed on

the gel indicating samplaurity. Additionally, the molecular weight marker was used to construct

a standard curve (equation:-406+1.97, #%=0.96) and the molecular weight of the protein was
approximated to beZ388 kDa based on the migration of the protein baditating thaER1 LBD

had been successfully purified

5.3) Protein Quantification

Accurate protein quantification is required for the downstream applications. Hence, a combination
of Bradford assay and UV Absorbance measurements were used to determine protein

concentrations.

5.3.1) FOXP2 FHDand ER1 LBD

Following purification, thgoure FOXP2 FHD and ER1 LBD proteingre pooled andlialysed
againstappropriate bufferand quantified usingV absorbance measurements. FiguBeshows

a typicalabsorbance spectrum of FOXP2 Fldibd ER1 LBD Thepeakobservedat 280nm with

a shoulder a295 nm indicges the absorbance of tyrosine and tryptophan resjdespectively

The lack ofabsorbancet 340 nm implies that there is no aggregation of protéinin the sample
Additionally, the A280/A260 ratio was always calculated to be ~1.7 which indicates that both the

proteins did not contain significant DNA contamination.
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Theabsorbance at 280 nm was used to quaptidyein concentratigrwhich typically ranged close

to the values tabulated Figure 59 after the size exclusion purification st&pumulatively, 10

15 mg of FOXP2 FHD was obtained per litre of express@n.the other hand, ER1 LBD
expressed tatively well but only 58 mg protein was recoveredper litre of culturefollowing
purification and dialysis. This was a result of aggregation which was usually minimalised by

purifying and storing theroteinat low concentratiors (~2-8 uM).
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Figure 59: Absorbance spectrum of A) FOXP2 FHD and B) ER1 LBDThe absorbance at 280

nm less the absorbance at 340 nm is substituted into theLBewrert equatiorand used to
calculate theoncentration of FOXP2 FHD and ER1 LBihichwas44 and 5uM, respectively.
These were the typical concentrations obtained for both proteins following size exclusion
chromatographyThe A280/A260 ratio, a measure of DNA contamination, was determined to be
1.7.

5.3.2) FOXP2 NT

Following purification, FOXP2 NT was dialysexjainstan appropriate buffer for downstream
application. Any aggregation was removed by centrifugation before quantifying its concentration.
As FOXP2 NT does not have any tryptophan residues only a single tyrosine residuany
concentrations calculated usitige absorbance reading at 280 nm would be inaccurate. Therefore,
a Bradford assay was performed using BSA to construct a standard(Eiguee 510). The
resultantfitted straight lineequation was used in conjunction with the absorbantteed8radford
dyeat 595 nm to calculate the concentration. As shown in FiglietBeconcentratiorof FOXP2

NT following purification was typically calculated to b&80 uM. This was compared with the
absorbance reading at 205 nm obtained using the Nanodrop Oneogipetttmeter The
concentration of the same sample was estimated28 p®1. Hence, both the Bradford assay and
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A205 readings produced a comparable concentration value and hence, in instances where the
volume of the protein was limited, the NanoDrop Ones waed to quantify the FOXP2 NT

concentration.
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Figure 510: Quantification of FOXP2 NT concentration. FOXP2 NT concentration was
determined using a Bradford assay. A standard curve was constructed by measuring the absorbance
of the Bradford dye bound tovarious BSA samples and plotting it against their known
concentrations gguation y=1.48x+0.05, 3=0.94) The concentrationof FOXP2 NT was
calculated to be 0.588 mg/nut 40 UM This was equivalent to the concentration calculataag

the absorbance at 205 nm (39 uM).

5.4) Quaternary structure of the proteins

To determine the quaternary structureF@PX2 FHQ FOXP2 NT and ER1 LBDthe protein
samples were resolved on a size exclusion column along with proteins of known molecular
weights. The standards used for the construction of the plot were blue dextran (250 000 kDa),
conalbumin (75 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), ribonucleaserA (
kDa) and aprotinin (6.5 kDa). Blue dextran is larger than the fractionation range of the column and

its elutionis considered toepresat the void volume.

When FOXP2 FHD was loaded oritee SEC columrusing an FPLC syste(kigure 5.1A), three
peakswere observedrlhe firstpeakelutedat 45 mL which corresponds to the elution volume of
blue dextrarand indicates the elution of large contaminants and higher order oligdrhersther
two peaks appear at elution volumes of 74 mL and 8&naL.correspond to molecular weights of
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25.7 kDa and 12.8 kDa, respectively. This is similar to the predicted size of the dimeric and
monomeric forms of FOXP2 FHBs calculated usingxPASy ProtParam (Gasteiget al.,2005).

As both the peaks appearedassingle band on an SBBAGE gelcorresponding to the size of
FOXP2 FHD thesize exclusiomesultsuggest that FOXP2 FHDforms both a monomer and a
homodimer Taking the intensity of the peals into consideration,FOXP2 FHD exists

predominantly in its masmeric formin solution

SEC was also used to investigate the oligomeric states of FOXP2 NT. As shown in Figjgre 5.1
two peaks were identified which correspond to molecular weights of 60 kDa and 40 kDa,
respectively. When evaluated on a gel, the sanfpbes each peak appeared as a single band
approximated to be ~20 kDa which is close to the molecular weight that was theoretically
calculatedor FOXP2 NT(18.9 kDa) usindg’rotParamHence, FOXP2 NT exists as a homodimer

or hometrimer. However, it is also important to consider the noisinedseafhromatogram owing

to the lack of aromatic residues present in the protein. Therefore, it is difficult to confidently
remark on all the @domeric states the protein can form as the low absorbance values could obscure
assemblies other than the two identified in the above figure; other assemblies may just be lower in

proportion but still significant.
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Figure 5.11: Quaternary structure of A) FOXP2 FHD, B) FOXP2 NT and C) ER1 LBD.
Cytivastandards (greemyereresolved on theliLoad™ 16/60 SuperdexTM 75 prep grade column
comprised of blue dextran (250000 kDa), conalbumin (75 kDa), ovalbumin (44 kDa), carbonic
anhydrase (29 kDa), ribonuclease A (15.7 kDa) and aprotinin (6.5 kDa). Blue dextran, which elutes
at approximately 42 mL, is completely excluded from the columrialite high molecular weight

and this volume is recognised as the void vol@vfa). The molecular weights of the eluted protein
corresponding to each peak was determined by plottinge¢héo of the standards against the log

of their respective molecularaightsand subsequently fitting the datditeear regressiomodels

using SigmaPlot 15.056ample from eachlistinct peakwas also collected and evaluatesing

tricine SDSPAGE gels.

Similarly, ER1 LBD seems to exist in two forms as well vattlistinct peak observed &2 mL

and 60 mL in Figure 51IC. From the standard curve, the molecular weight corresponding to each
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peak was determined to be 65.1 and 30.9 kDa, which in turn corresponds to the size of the dimeric
and monomeric forms of ERIBD, respectivelyHowever, contrary to the FOXP2 proteins that
either do not contain any cysteine residues (FOXP2 NT) we aasingly buried one (FOXP2
FHD), ER1 LBDcontains three cysteine residuleat are relatively exposed and could participate
in formaion of disulfide linkages. Therefore, size exclustbnromatographyas performed in the
absence and presence of the reducing agent DTT as shown in Fige#e BhEe resultant
chromatogram exhibits only a single peak in the presence of the reducinguageEsting thathe
dimer was indeed disulfidenked. This was confirmed on a gelherea nonreduced sample
exhibited 2 bands one at approximately 30 kDa and the other at 62 kDa, whereas the reduced
sample comprised of bna single band at approximated0 kDa(Figure 5.2B).
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Figure 5.12: Role of disulfide bonds in determining ER1 LBD quaternary structure.A) Size
exclusion profile in the presence of reducing agéRtl LBD does not form dimers when SEC is
performed in the presence of 3 mM DTrhis is confirmed on a tricine SBIFAGE gel, showim
panelB) Thenoar educed sampl e (mérBaptoethanel and thasthas kwa maor b
bandscorresponding to the dimeric and monomeric forms of the protein as indicated by the purple
and magenta arrows, respectively. In conti@asly the lower band appears intemséhe reduced
sampl e c emercaptoethanolg b

5.5) Functional characterisation of the proteins

FOXP2 FHD is the DNA binding domain of FOXP2. Therefqreonfirmation of FOXP2 FHD
DNA-binding activity indicates that the protein is folded and functional. WBRR4 is also a
transcription factor, the isolated LBD that we work witlthis study does not have DNAnding
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activity. The LBD binds to its ligand, E2, and it is this ligand binding activity that will be used to
confirm functionality of ER LBD.

55.1) FOXP2 FHD

Since FOXP2 FHD is a DN#Ainding domain, thefunctional activity of FOXP2 FHD was
evaluated using EMSA. Nelson DNA was titrated against increasing concentrations of FOXP2
ranging from 0 to 12.5 uM. From Figure 84, it is clear that FOXP2 FHD forms a complex with
Nelson DNA when its concentrationas least 3 times greater than that of its interacting partner.

This shows that FOXP2 FHD is functional and can interact specifically with its cognate DNA.

A)

Nelson 3:1  1:1 12 1:3 1.5 1:8 1:10 1:25 Nelson ~2:1 11 12 13 15 1.8 115
DNA DNA
[DNA:FOXP2 FHD] [DNA:FOXP2NT]

Figure 5.13: EMSA evaluating the DNA binding activity of A) FOXP2 FHD and B) FOXP2

NT. FOXP2 FHDand NTin 50 mM Tris, 100 mM NaCl, pH 7.8re titrated at increasing
concentrations (D 30 uM) against 0.5 uM Nelson DNA and resolved on a 1a8d 8 Y%PAGE

gel, respecitvelyThe FOXP2 FHD forms a complex with Nelson DNA as indicated by the shifted
bandon the gel when FOXP2 FHD concentration is at least 3x greater than that ofNeian

DNA does not seem to form a complex with FOXP2 NT as only free DNA bands (green arrow)
are visibleirrespective of the concentration of NT in the sample

55.2) FOXP2NT

FOXP2 NT does not have any reported function as no prior studies have been conducted on this
region alone. Therefore, to elucidate if FOXP2 NT has El#ding activity reminiscent of
FOXP2 FHD, an EMSA was performed. At the concentration of FOXP2 Wi, the protein

did not seem to bind to Nelson DNA as Figurg3® does not show any protelDNA complex

formation.
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55.3) ER1 LBD

ER1 LBD is a ligandbinding domain that can interact with oestrogen among other ligands. To
functionally characterise the ER1 LBD, isothermal titration calorimetry was performed by
continuously injecting 100 uM Eyandinto 10 uM ER1 LBD. Figure 34 shows the data of one

of the replicates fitted to an independent binding curve on NanoAnalyze softwar€q dhthe

reaction is 0.3 uM and the interaction is spontaneous as indicated by the negative change in free
Gibbs energy&G5). The spontaneity ohe interaction arises due to both the enthalpic, and entropic
changes associated with ligabihding being favourable.

The reaction is exothermic and can be rationalised by considering the formation of hydrogen and
van der Waals interactions between tl2ealid ER1 LBD upon binding (Tanenbaetral.,1998).

On the other hand, the interaction between ER1 LBD and E2 should result in a decrease in the
conformational freedom of the protein. However, as d#&eis positive, the solvent entropy
associated with thelease of water molecules from the hydrophobic ligainding pocket of ER1

LBD is large enough to overcompensate for the unfavourable decrease in conformational degree
of freedom of the protein once bound to a ligaBdgson and Notides, 1983, Walleirstet al.,

2021). These thermodynamic parameters are in agreement with previous fin8egs0( and
Notides, 1983)However, the disassociation constant obtained using this method framethat

obtained previously using radioactive ligapitciding assays (Eilest al.,2001). Hence, it must be

noted that while the ITC qualitatively confirms the functionality of theten, the lower
dissociation constant obtained here may suggest that the ER1 LBD used in this study may not have
bound oestrogen as strongly and effectively as expected. This may be due to proteins in the sample

adopting alternative folds or aggregatidrlee protein during the ITC run.
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Figure 5.14: Interaction between ER1 LBD and EZ2.Isothermal titration calorimetry was
performed by continuous 5 uL injection of 100 uM E2 into 10 uM ER1 LBD. The protein and
ligand were kept in a 50 uM Tris, 100 mM ®bbuffer containing 1 mM TCEP and 1 % ethanol

at pH 7.8. The Gibbs free energy change ( a&G)
favourabl e negative change in enthalpy (e&eH) a
5.6) Structural Characterisation

The proteins were characterisaccording taheir secondary and tertiary structures to deduce if

they were indeed folded following recombinant expression in bacteria and purifiddtierwas

necessary prior to any further ploysical and biochemical studies on the proteins and their

functions and interactions.

5.6.1) FOXP2 FHD

The secondary structurea@poFOXP2 FHD was characterised usingtff¥ CD. As shown Figure

5.15, FOXP2 FHD shows €D spectrum with @&rough atboth206 nm and 222 nnAnalysis of

the spectra shows that tbecondary structure 80XP2 FHDis comprised of loopsalphahelices

as we |- sheeted cormporient which is in agreement with previously obtained CD spectra and
the crystal structure ohe FOXP2 FHD (PDB ID: 2A07(Whitmore and Wallage2004 Stroud
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et al.,2006 Thulo et al.,2021).FOXP2 FHD heated to 95 °C completely loses the ahw@lizal
structure. This confirms that the protein was folded originally and loses its structure whsedexp
to extreme heat.

——=e—— FOXP2FHD
——=&—— Denatured FOXP2 FHD
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Figure 5.15: Secondary structure characterisation of FOXP2 FHD. A) FarUV circular
dichroism of FOXP2 FHD. CD was performed on the Jasco 1500 spectrophotometer using 10 pM
FOXP2 FHD dialysedagainst5 mM sodium phosphate buffer, pH 7(&d) CD wasalso
performed with heat denatured FOXP2 FKtbaroon) The folded FOXP2 FHD exhibits two
minima, typical of an alpha helical proteimhereas the denatured spectrum does not show this
helicity. The CD data was analyseding DichroWeb and indicates that thative protein is
compr i seée edfi chesheet\Whitmofe and Wallage2004).

56.2) FOXP2 NT

As with FOXP2 FHD, theecondary structure of FOXP2 NT was evaluated using¥Yacircular
dichroism.Tryptophan fluorescence could not be used to study the tertiary structure of FOXP2 NT
because this protein has no tryptophan residues and only a single tyrosine residue which makes
the signal too weak for any meaningful data to be colledtee.resultanCD spectradepictedin

Figure 5.5 show that the FOXP2 NT has two troughs, which are characteristic of an alpha helical
structure. However, an allpha helical structure has two local minima of similar magnitude at
208 and 222 nm whereas FOXP2 NT dewdaiegghtly with minimaat205.5 and 220.5 nm. Hence

the structure is likely to contain alpha helices among other struciurmsswas confirmed using
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DichroWeb which shows that t h e -speete &and & amall s
pr opor thelicesWhitoreldnd Wallage2004).

Surprisingly, the FOXP2 NT retains some of its secondamgtsite even after being heated to 95
°C as the heated sample produceidima at 202.5 and 220 nniThere is however,a marked
difference between the folded and denatured states of the pastalepicted in Figure %1
Furthermore, thdichroWeb analysis indicas a reduction in bothhe alpha helical and beta
sheeted contendf the proteinonce heatedWhitmore and Whace 2004. Collectively, the

secondary and quaternary structure analyses indicate that the FOXP2 NT is indeed folded.

However, giverthe lack of previous information on this specific region and a known function, it

is difficult to deciphemwhether the folds indeed correct with complete certainty. For the purpose

of this study, the structural evaluation was consistent across multiple overexpression and
purification cycles and tlmefore, thdFOXP2 NT was usedownstream ifiluorescence anismpy

experiments.
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Figure 5.16: Far-UV circular dichroism spectra of FOXP2 NT. FOXP2 NT was dialysed
against5 mM sodium phosphate, pH 7.8 and concentrated to 7.5 uM. The CD spexta w
recorded between 180 and 260 nm in triplicates on a-J4&@9 spectrometer. The native FOXP2

c

0]
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NT (yellow) exhibits a trough with two minima at 205.5 and 220.5 nm with disproportionate
ellipticity, whereas the FOXP2 NT heated to 95(tiark yellow)displays aminimum at 202.5

and 220 nmThe CD spectra aredeconvoluted using DichroWeb, which shows that the FOXP2
NT has a hi g-Sshegsindtpfaded andhedenatdiredstai@vhitmore and Wallace,
2004)

56.3) ER1 LBD

The secondargtructure of ER1 LBD with and without its natural liggii®) was evaluated using
far-UV CD. The spectra in Figure ¥A exhibit aminimumat 208 nm and 222 nmhich denotes

a predominantly alphbelical structurgthis is in agreement with the CD spectiatained by
Ferreroet al. (2014). Furthermord, he pr ot ei n 6 s raemainsaunclaaged despiter u c t
the addition of EZBrandtand Vickery, 1997)This is confirmed by analysing the proportion of
secondary structures in the apad E2bound formss DichroWeb analysis shows that the protein
maintains its alphdelical fold when bound to E@Vhitmore and Wallace2004). As ligand
binding only altergshe conbrmation of helix 12 and not much else as shown in Figurés5 this
resultcorresponds to the crystal strucsioé ER1 LBDand serves to validate the likelihood of the
protein being folded in its native structui@rzozowskiet al., 1997; Tanenbauret al., 1998)
Conversely, denatured ER1 LBD no longesis a CD speaim that shows two minima
reminiscent of an alphlaelical structure, indicating a significant difference between the native and

denatured structureghich is to be expected
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Figure 5.17: Far-UV CD structure of ER1 LBD. A) The secondary structural content of 7.5 uM

ER1 LBD in its apo form(purple)and in the presence of excess @pihk). CD spectravere
measured using the J1500 spectrometer and appear to be the same with two minima of similar
ellipticity observed at 208 and 222 nichroWeb analysis shows that the protein is primarily
alphahelical in its ap- and E2bound formgWhitmore and/Nallace, 2004 ThedenaturedER1

LBD sample heated to 95 Y@lac) does not resemble the other spectra and confirms a difference

in native and denatured structures. The buffer (5 mM sodium phosphate, pH 7.8 and 1 mM TCEP)
heated to 95C when required rad otherwisewas used as a blanB) The ER1 LBD crystal
structure. The crystal structure shows that ER1 LBD is comprised of helices with one beta sheet
and this secondary structural content remains unchanged in théP&j® ID: 1A52) and E2

bound (PDB ID: 1ERE) formas only the encloséhelix 12changegonformationimage rendered
usingThe PyMOL Molecular Graphics System, Version 2.5.5, Schrédinger,(Btbzowskiet

al., 1997 Tanenbaunet al.,1998)

5.7) Identification of Protein 7 Protein Interaction

ThepotentialinteractionbetweerER1 LBD andeither FOXP2 FHD or FOXP2 NT was evaluated
using fluorescence anisotropy. ER1 LBD was labelled WA Atto 550 with a labelling
efficiency ofonedye molecule per protein. The labelled ER1 LBD was used to calculate the G
factor and was titrated with either FOXP2 FHD or FOXP2 NT. As shown in Figi8é 5the
titration ofup toapproximately20 uM of FOXP2 NT did not result in an increase in fluorescence
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anisotropyand consequentiyhedata pointgould not bditted to thenon-linear regression binding
model Equation6). This meanghat the molecular weight of the fluoropharenjugated protein
complex remained unchangechtil the last couple titration$ tat is when the fluorescence
anisotropy begins to incase.Given that theanisotropy did not increasiespite thecumulative
concentration of FOXP2 NT titrated beingalmost a 108old in excess tdhat of the labelled
ER1 LBD, the findings suggest that FOXP2 NT intesamtly very weaklywith ER1 LBDunder

the specific conditions used in the study

A @ FOXP2FHD B)
O FOXPZNT
® Alexa Fluor 555 C2 Maleimide

0.01 - o NTA-Atto 550

o
0.00 cece-e.”
0.01 1
-0.02 1 °
-0.03 | °

-0.04 1 °

Relative Fluorescence Anisotropy

Relative Fluorescence Anisotropy

-0.02 : ‘ . 08

FOXP2 (uM
(M) Buffer (uL)

Figure 5.18: Interaction between ER1 LBD and FOXP2ER1 LBD (0.3 uM) was labelled with

NTA Atto 550 and titrated with either FOXP2 FHD (red) or FOXP2 NT (yellow). A) Fluorescence
anisotropy of ER1 LBD ahFOXP2 proteins. FOXP2 FHD clearly shows a hyperbolic curve when
titrated against ER1 LBD, indicative of binding. The anisotropy curve was fitted to a one site
saturation model which fitted well to the FOXP2 FHD data0.98)and provided &g of 1.5 +
0.25uM and a Bmavof 0.03 £ 0.0QuM for the ER1 LBDFOXP2 FHD interaction. On the other
hand, the anisotropy followintihe increased titrations of FOXP2 Ndnly displays an increase
following the titration of relatively highancentration of FOXP2 NTillustrating that across the
concentrations evaluated, FOXP2 NT skamly a wealability to form a complex with ER1 LBD.

B) Fluorescence anisotropgilowing titration of buffer ER1 LBD labelled witheitherNTA-Atto

5500r AlexaFluor 555 C2 maleimide wagrated withbuffer (50 mM Tris, 100 mM NaCl, 1 mM
TCEP, pH 7.8). The latter displays a decrease in anisotropy following each titration suggesting
dissociation of the dye from the protein.

Conversely titration of aslittle as 1 pM of FOXP2 FHDagainstthe ER1 LBD resulted in a
significantincrease in fluorescence anisotropy with further titrations resulting in a hyperbolic
curve.This indicates that there isstrongassociation between FOXP2 FHD and BEBD. The
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fit of this anisotropy datto a ligand saturation curvedicates thathe ER1 LBDFOXP2 FHD
interaction haaKgq of 1.55 uM. However, as shown in FigurelBB, titrating buffer into NTA
Atto-labelled protein has the unwanted effect of decreasingethtve fluorescence anisotropy.
This is likely due to the dissociation of the dye from the protein following each titration and
accounts for the negative values in anisotropy in Figui®25.As a result, alternative labelling

strategies were explored naitigate these disadvantages.

One such strategy was to label ERR1 LBD with AlexaFluor 555 C2 maleimide with afficiency

of two dye molecules per protein. As shown in Figul®B, the titration of up to approximately

18 uM of FOXP2 NT did not resuih an increase in fluorescence anisotrapy is consistent with

previous finding suggesting a weak interaction between FOXP2 NT and ER1 LBD. Similarly, the
titration of FOXP2 FHD confirms that it does indeed interact with ER1 LBD. HoweveKdhe
determned in this instance is d0ld weaker at46.3 UM This suggestthat labelling of the

cysteines interffeewi t h ER1 LBD6s ability to bind to F
experiments were performed by labelling the cysteine residues as it continues to display trends
similar to that of Attelabelled protein without resulting in negative anisotropies.
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Figure 5.19: Interaction between ER1 LBD and FOXP2ER1 LBD(0.3 uM)was labelled with
AlexaFluor555 C2 maleimide and titrated weitherFOXP2 FHD(red)or FOXP2 NT(yellow).
Fluorescence anisotropy of ap®Rl and FOXP2 proteindfOXP2 FHD clearly shows a
hyperbolic curvewhen titrated against ER1 LBIndicative of binding The anisotropy curves
weremeasured in triplicate arglobally fitted to a one site saturatiomodelwhich fitted wellto
the FOXP2 FHD data and provided a &f 46.3 uMfor the ER1 LBDFOXP2 FHD interaction.
On the other handhe anisotropy following increased titrations of FOXP2 Kllows a mostly
horizontally linear patterrwhich isnot well represented ke hyperbolicligand bindingmodel|
illustrating that across the concentrations evalu&@XP2 NTdoes not show an alifito form
a complex with ER1 LBD.

5.8) Effect of Salt on the ProteirProtein Interaction

Now that aPPlbetween ER1 LBD and FOXP2 FHD has bestablishedthe interaction can be
characterised furthelntermolecular interactioreregoverned by various types of bonds including
van der Waaldhydrogenand electrostatic interactiorltering the salt concentrations of systems
can be used to screen for electrostatic interactions to determine the fotatasgithe interaction
between proteins antb infer how the formation of such an association may be regulated

physiologically Glaseret al.,2009 Zhang, 2012
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5.8.1) Fluorescence Anisotropy

To determine the effect of salt on the FOXP2 FEHR1 LBDinteraction, fluorescence anisotropy
was performed at different salt concentrating ranging from 50 to 300 mM NhiSlrange was
selected to keep close to the physiologicedlgvantconcentration of NaQIL50 mM)while also
maintaining proteirsolubility (Leslieet al.,2019).As shown in Figure 5@ thee is a difference

in the strength othe interaction between FOXP2 FHD and IEEBD depending on the salt
concentrationAt 50 mM NaCl concentration, tHfeiorescence anisotropurve reaches a plateau
even though only ~32 uM of FOXP2 FHD has been titrated into the fluorophore labelled ER1
LBD. Thus the Kq obtained (15.9 uM) is accuratk contrast, the anisotropy curves at 200 and
300 mM NacCl concentrations follow a more lin@gaogressiorand donot reach saturation despite
the addition of ~80 uM of FOXP2 FHDOhe Kq calculatedat these concentrations may not be
entirely accurate as the saturation point is estimated from the data points that havedserd
However, it is clear that the dissociation constant for the FOXP2-ERD LBD interaction
increases with the increase in buffer salt concentratmahthat there is an overall significant
difference in thehange iranisotropy following the addition of tleame concentration of FOXP2
FHD at the different salt concentratiofs= 0.002)
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Figure 5.20: Effect of salt on the FOXP2 FHD-ER1 LBD interaction. ER1 LBD at a
concentrationof 0.3 uM and labelled withAlexaFluor 555 C 2 maleimide waditrated with
increasing concentrations ofOXP2 FHD in various buffers containing different salt
concentrationgin the range of 5300 mM) The data fotower salt concentratiafollow a more
hyperbolic trendtypical of binding,whereasthat for higher salt concentratiorshowsa more
linear curve across the concentration of protein titret@@1 80 uM) and  not reach saturation
The Kq values obtained from fit to a single site binding modehcreasdrom 15.9uM to 251.2
UM asthe salt concentration increas&he average relative changja anisotropy following the
addition of the same concentration BOXP2 FHD across the four salt concentrations are
significantly differentp = 0.002) and there is a clear trend of decreased affinity with increased salt
concentration

5.8.2) Isothermal Titration Calorimetry

To understand the molecular basis underlying the decrease in binding ability between the proteins
with increasing salt concentratiomspthermal titration calorimetryvas performedFOXP2 FHD

was titrated into a solution containing the EBBD. The heat bange that was observed is

indicative of an interaction between the two proteins, confirming the anisotropy sititkesurve
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fitted wellto the independent modigbm theNanoAnalyze software amitoducedcaKq of 0.4 uM

as shown in Figuréd.21A. The changes in enthalpy, entropy and Gibbs free energy were
determined to be negativ&his finding was consistent for all ITC runs performed at 100 mM
NacCl.

However, there is an interesting change in the thermodynpanameters of the FOXF2R1
interaction when the salt concentration is increased from 100 mM to 300 mM. Using the same
concentrations of proteingt 300 mM NaClas at 100 mM NaCl yielded no change in heat
following the continuous addition of FOXP2 FHD ir&R1 LBD. However, addition of 400 uM
FOXP2 FHD into 15 uM ER1 LBD resulted in heat being released and indicated graigm
interaction, as evidenced in Figure ZB2 TheKy (50 uM) at the high salt is 125 times weaker
compared to at 100 mM NaCl asatly shown in Figure 52A. This is in agreement with the
anisotropy findings of Figure Z0, which showed a greater binding affinity between ER1 LBD

and FOXP2 FHD at a lower salt concentration.

There is not only a difference in affinity at the two sadncentrations, the thermodynamic
parameters obtained from the calorimetry also show interesting differences as summarised in
Figure 5.2B. There is a change in sign of both the entropy and enthalpy terms at the two salt
concentrations. At 100 mM NacCl, hobH andDS are negative whereas at 300 mM NacCl, these
values are positive, suggesting an interesting difference in the forces that drive complex formation
at the different salt concentrations The change in free energy upon complex formation is not
significantly different at either salt concentration meaning that despite the difference in affinity
and mechanism of interaction, the proteins will spontaneously associate at both salt concentrations

tested.
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Figure 5.21: Thermodynamics of the FOXP2 FHD-ER1 LBD interaction. A) Proteinprotein
interaction at 100 mM NacCl. ITC was performieg titrating 8.5 uM of ER1 LBD with 50 pM
FOXP2 FHD. The reaction occurred in 50 mivis buffer containinglO0 mM NaCl and InM
TCEP, pH 7.8. B)The samdnteraction at 300 mM NaCl. ER1 LBD (15 pM) in the cell was
titrated with FOXP2 FHD (400 pM). The experiment was conducted in 50 TmMbuffer
containing300 mM NaCland1l mM TCEP, pH 7.8There is a change of sign in the entropy and
enthalpy terms with an increase in salt andkhancrease from 0.4 uM to 1.6uM.
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Figure 5.22: Comparative analysis of A) dissociation constants and B) thermodynamic
parametersat different salt concentration.Isotherm wa®btainedrom ITC by titrating FOXP2

FHD into ER1 LBD and fitted to an independent manlethe NanoAnalyze softwartn A, it is

clear that binding affinityof the FOXP2 FHBEER1 LBD interactionis salt depeneht In B, the
change is free energgel) was negative at both 100 and 300 mM NaCl. However, changes in
enthalpy éH) and entropy&S) differed considerably between the twalt concentrations.

5.9) Effect of binding partners on theprotein-protein interaction

Thus far, the interaction between FOXP2 FHD and ER1 LBD has been investigated with both the
proteins in their apéorms yet the functional activity of both proteins may be dependent on their
interaction with their respectivebinding partnes. Therefore, fluorescence anisotropy was
performed o determinesfandh ow t he i ncl usi on of couldafecptheot ei no
interaction between FOXP2 FHD and ER1 LBD. ER1 LBD binds to E2 physiologicalljnand
vitro (Tanenbaumet al., 1998; Arao and Korach, 2018Hence, ER1 LBD wasuccessfully
labelled with AlexaFlor 555 C2 maleimide and incubated with 50 uM E2mwNghtin order to
promote ligand bindingThis experimentwas performed on the assumption that the ER1 LBD
interacted with Epresent in excess in the solution. This assumption was bagbe ITC result
shown in Figure 34 and previouditerature Eiler et al., 2001). Following this, ER1 LBD was
titrated with FOXP2 FHDn a similar manner to the apo experimentsention 5.6 (Figure £9).

The resultant anisotropy cunf€igure 5.38) looked remarkably similar to the curve obtained
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without incubating ER1 LBD with EZThe K4 too was almost identicabincethe curves in Figure
5.23 reached saturatiorhé dissociation constaobuld be accurately determined. The data suggest
that E2 does ndtignificantly affect the interaction between FOXP2 FHD and ER1 LBD.

Conversely, FOXP2 FHD, which is a DNA binding domain, was incubated with its cognate Nelson
DNA in a 1:1 ratio overnighEMSA was used to confirm that the protein formed a complex with

the DNA.TheFOXP2 FHDNelson DNAcomplexwas then titrated into labelled ER1 LBD. There

was no significant increase in the relative fluorescence anisotropy as the concentration of FOXP2
FHD-DNA was increased, as depicted in Figure85Moreover, the datapoints did not fit well to

any particular binding moderhis is considerably different to the anisotropy curve without the
inclusion of DNA and implies that when FOXP2 FHD is bound to DN/A, inable to full interact

with ER1.
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Figure 5.23: Effect of the inclusion ofbinding partners (E2 or DNA) on the ER1 LBD-FOXP2

FHD interaction. ER1 LBD was labelled with AlexaRm555 C2 maleimide and titrated with
FOXP2 FHD as before,to obtain a hyperbolic anisotropyinding curve (red circle). This
experiment was repeated with ER1 LBD incubated with E2 prior to FOXP2 FHD titration and a
similar curve is obtained (brown square). These two plots were globally fitted to a tiopaincly
nonlinear regression curve called the one site saturation on SigmaPlot 15.0. Conversely, when ER1
LBD is titrated with FOXP2 FHD prencubated with Nelson DNA overnight (1:1 ratio; pink
triangle), there is no apparent increase in fluorescence anisoliaipydata is not fitted to any
binding model due to poor correlation between the data points and ttiaeamegressiorcurves.

5.10) The effectof ERLLBDFHD i nteraction on FOXP2 FHDG6s DN
The FHD is the DNAbinding domainof FOXP2and its interaction with Nelson DNA has been
evaluated in section 5.5.1. To see if tBiBIA-binding activity is affected bythe interaction
betweenFOXP2 FHDand ER1 LBD, EMSA and fluorescence anisotropy experiments were

performed.
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5.10.1) Electrophoretic mobility shift assay

The interaction between Nelson DNA and ER1 LBD was first eval@stetiownn Figure 5.2A

to ensure that ER1 LBD does not indeed have iatgraction with the DNA. This served as
negative control and ensured that any subsequent results ol#etaded only on the FOXP2
ER1 LBD and FOXP2DNA interactionsAs shown in Figure 548, FOXP2 FHD at two different
concentrations asincubated wih increasing concentrations of ER1 LBD. This sample mix was
then added to Nelson DNA. In the presence of no to relatively little ER1 LBD, the FOXP2 FHD
is able to form a complex with Nelson DNA (red arrow). However, at higbecentratios of
ER1 LBD at which FOXP2 FHD is likely to interact with the protein, the FOXP2 FHN2Ison
DNA complex formation seems to be redudetthe higher band is barely visible in the presence
of 34 uM ER1 LBD. As shown in Figure %€, this trend is consisteeven when ER1 LBD is
first incubated with E2 and then FOXP2 FHD.

Densitometric analysis was performed to quantitively assess free DNA content andphbtein
complex formation. The intensity of thewer bandindicated by thereenarrow in Figure 5.2

was investigated The lower green band represents free DNA and is assumed to be at 100 %
intensity in lane one when only DNA is present in the sample. The intensity of this band in the
remainder of the lanes was quantified relativéhiintensity in the ifst lane. In the absence of

ER1 LBD, as expected, increasing concentrations of FOXP2 FHD results in decreased free DNA
due to increased FOXP2 FHDNA complex formation. However, when the ER1 LBD
concentration in the sample is increased to 10 uM or highere is an increase in the density of

the free DNA band as shown in Figure42 This is because there is a decrease in formation of
the FOXP2 FHEDNA compl ex. The result suggests that
hampered by its interaction thiER1 LBD
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Figure 5.24: FOXP2 FHDGs ability to bind to DNA following its incubation with ER1 LBD.

A) The interaction betweeBR1 LBD andNelson DNA. Nelson DNA (0.5 puMyvas incubated

with increasing concentrations of ER1 LBIDd evaluated on an 8 EMSA gel The presence of

only one band (green arrow) towards the bottom of the gel confirms that ER1 LBD does not
interact with this DNAF OXP2 FHD6s functi onalB)agpeERIMBDdry i n t
C) E2bound ER1 LBDwas studied in a supershift EMSFhefree DNA (greerarrow) and DNA

bound to FOXP2 FHD (redrrow) were evaluatedFOXP2 FHD (2.5 and 5 uM) was incubated
with 07 34 uM apeER1 LBD or ER1 LBD incubated with 100 uNE2 overnight. The FOXP2

FHD- ER1 LBD samples were then incubated with 0.5 pM Nelson DNA for 30 minutes and
evaluated on an 8 % EMSA g&l) Densitometric analysis dfee DNA bandAs ER1 LBD in its

apo and E2bound form haa similar influence on FOXP2 FHIDNA complex formation, the
relative intensies of the lower band (green arrowj gels inB) andC) weredetermined using
ImagelLab 5.2.1awraged and plotted using SigmaPlot 15.0. The error bars represent standard
deviation.The formation of the DNA-OXP2complex decreases with the increase in ER1 LBD
concentrations.
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5.10.2) Fluorescence anisotropy

Fluorescence anisotropy was ugedddition to EMSA furtherevaluate the interaction between
FOXP2 FHD and its cognate DNA following its interaction with ER1 LBD. Anisotropy was
performed with FOXP2 FHD and Nelson DNA fissi ago determine the binding affinity of the
proteinDNA interaction. Labelled DNA was titrated with increasing concentrations of FOXP2
FHD in buffers with different salt concentrations. The binding affinity of the FOXP2 FHD
interaction with Nelson DNA is 1.7 and 1.8 uM at 50 and 100 mM NaCl concentrations,
respetively as shown in Figure 352. WhenER1 LBD was titrated into labelled Nelson DNA
there wereno or very minute changes in fluorescence anisotwdpgh indicates that Nelson DNA
does not interact with ER1 LBEonfirming the EMSA result in FigureZ1A.

In Figure 5.3B, labelled ER1 LBD was titrateabainstsaturating concentrations of FOXP2 FHD
(based on the findings from Figurel9). The ER1 LBBFOXP2 FHD sample was then titrated
with Nelson DNA to determine the presence of DN#ould affect the?Plbetween FOXP2 FHD

and ER1 LBDi an increase in fluorescence intensity would indicate that Nelson DNA is able to
bind to the FOXP2 FHOwvhen itis in complex with ER1 LBD. This is evident at the higher salt

concentration, which shows a slight increase in anisotropy

In contrast the opposite is observed at 50 mM NaCl as the addition of Nelson DNA results in a
decrease in fluorescence ai®py.Normally, this would indicate dissociation of the ER1 L.BD
FOXP2 FHD complex but as the error bars are significantly large after the cumulative titration of
approximately 40 uM Nelson DNA at whigiointthe decreasing trend in anisotropyisserved,

this change may be neignificant. Thus, at both the salt concentrations, there is only a very
minute change in the relative anisotropy of ER1 LBD, and thus, the ERIA®P2 FHD
complex remains largely unperturbed following the addition ofsdlel DNA up to the

concentration equivalent to that of FOXP2 FHD in the sample.
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Figure 525: The effectofF OXP26s | nteraction with N-e&Rllson DN
LBD interaction. A) FOXP2 FHDG6s i nter ac tlabetled NelsontDINA Ne | s o
(0.2 uM) was titrated with FOXP2 FHD in 50 mWis buffer containing eitheb0 or 100 mM

NaCl. The resultant anisotropy plots were fitted to singe site saturation-tijaaidg curvesising

SigmaPlot 15 to obtainlas of 1.7 and 18 uM at 50 and 100 mM NacCl, respectively. ER1 LBD
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was titrated into the labelled Nelson DNA and exhibited no significant increase in anisotropy
(purple) B) Addition of Nelson DNA intahe FOXP2FHD-ER1 LBD complex. Labelled ER1

LBD (0.2 uM) was incubated with saturating concentragimilFOXP2 FHD (32 and 68 uM in 50

mM and 200mM buffer, respectively) for 30 minutes and thereafter titrated with Nelson DNA.
There was a noisy increase in fluorescence angptad the higher salt concentration and a
decrease in anisotropy when the components were in the 50 mM NaClihditfating that DNA

may interfere with th&PI,but no curve could be fitted to this data

5.11) Molecular Docking

The interaction between FOXP2 FHD and ER1 LBRs further analysed using molecular
docking studieso visualise how the proteins might interact. The structural information may help
in understanding the effect of the PRItbe structura s wel | as on either of

activities observeh vitro.

5.11.1) Docked: Predicted ER1 LBBOXP2 FHD structure

Molecular docking can be used to predict the structure of the prgbeatein interaction identified

in this study. Asnolecular docking is merely a prediction tool with different tools utilizing slightly
different techniques tdo thedocking, the FOXP2 FHDO ER1 LBD interaction has been docked
using three different docking tools: AlphaFdMirdita et al.,2022) ClusPro(Kozakovet al.,
2017;Destaet al.,2020)and HADDOCK(Van Zunderéet al.,2016, Honorat@t al.,2021).

Firstly, the structure of the FOXP2 FHBR1 LBD complex was predicted using theggence

based AlphaFold algorithmwhich makes use of ditiial-intelligence technology to combine
information from homologous templates and multiple sequence alignment to generate structures
(David et al., 2022). The predicted structuref the complexis shown in Figure 56A. The
confidence of the structure has been assessied) the predicted local distance difference test
(pLDDT) scoreand the predicted aligned error (PAE). ThéDT scoresuggests that most of the
structure has been predicted with high confidence asidetfiewne helix of FOXP2 FHD and

two helices ofER1 LBD which have a low confidence score. Regarding the PAE, a low value for

a residue pair (x, y) from two separate domains suggests that they are positioned and oriented well

in relation to the other.

In Figure 5.58B, the residues of the two proteins are separated by the red horizontal and vertical
lines; the region spanning a larger number of residues is the ER1 LBD. If the y value of 150 and

higher is selected, it corresponds to x values that are lighggeén in the FOXP2 FHD region
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with a distance error of approximately 15 A. A dark green shade indicates greater confidence in
orientation, and exceptionally light shades or white indicate poor positioning and packing of the
two domains. Hence, from the slag of the 2D PAE plot, the model can be considered with
moderate confidence. The AlphaFold gicted ER1 LBDFOXP2 FHD structure is depicted in
Figure 5.ZA and suggests that the DN#Anding helix(helix 3) of FOXP2 FHD interacts with

ER1.
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Figure 5.26: AlphaFold structure prediction of the FOXP2 FHD: ER1 LBD complex. A)
AlphaFold predicted structure coloured in accordance with the per residue confidence score. The
predicted local distance difference test (pLDDT) ranges frei and indicats if the residues

are placed correctly in their local environment. The overall structure has been predicted with a
relatively high confidence score; however, there are regions that have been predicted with a low
and even very low confidence scores. B)[A@edicted aligned error (PAE) plot of the structure.

The PAE provides an estimate of positional error at a specific point (x) when the structure is
aligned on a specific residue on thaxis. It ranges from 85 A with a darker shade indicative

of greder confidence. The red vertical and horizontal lines separate the residues of ER1-LBD (1
256) and FOXP2 FHD (25341). Image generated using Google CoLab (Mirelital.,2022).

Thereafter, the proteins were docked using strudiased programmes ClusPro and

HADDOCK. ClusPro usefast Fourier transform correlation techniquepéoform rigid docking
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of protein structures. The predicted ER1 LIBBDXP2 FHD structure is shown in Fkig 527B
and is based on a cluster of 78 members with highly negative energies being calculated for the
interaction Kozakovet al.,2017; Destat al.,2020).

HADDOCK, on the other hands an informatiorbased flexible docking programme. However, it
can be employed fab initio docking when no structural information is availapan Zundert

et al., 2016, Honorateet al.,2021) Theab initio docked structure has been shown as a cartoon
structure in Figure 57C. The size of the cluster was 2 and resulted in a HADDOCK score of
49.6 +£ 6.4and a Zscore of1.1.The formelis a weighted sum of various energy terms including
van der Waals, desolvatipelectrostaticand bond restraint violatioenergies and is used to
determine the best pose for the PIle Z-score on the other hand, is a measuréhe number of
standard deviations from where this cluster is laté#&an Zundertet al.,2016) The negative
scoresindicate more energetically stable and reliable structure prediflamzaghiAsl and
Ebadi, 2021).
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Figure 5.27: Structure-based docking of ER1 LBD and FOXP2 FHDDocking was performed
using the crystal structure of ER1 LBD (magenta; PDBIBERE) and FOXP2 FHD (raspberry
red; PDB ID: 2A07)Tanenbaunet al.,1998; Stroucet al.,2006) The interface residues of ER1
LBD (magenta) and FOXP2 FHD (red) have been identified and depicted as stickJ lusing
PyMOL Molecular Graphics System, Version 2.5.5, Schrodinger, .LAL Sequencdased
AlphaFold prediction. The sequences of FOXP2 FHD BRA LBD were used to generated
multiple sequence alignment, which was used to predict the structure. (Mirdita2022) B)
Rigid docking usingClusPro.The docking was based on a cluster of 78 members and resulted in
a structure with the central almivest energy scores €802.7 and975.2 J, respectivel)Kpzakov
etal.,2017; Desta&t al.,2020) C) Flexible docking using HADDOCK. The structure was obtained
following an ab initio protocol. The cluster size was 2 with the HADDOCK score -ascore
beingi 49.6+f 6.4 and of-1.1, respectively. The energetic contribution for the interaction
comprsed of Van der Waals44.5 +£ 5.5), Electrostatic-(30.3 +f 10.6) and desolvation(.0

+/- 1.3) energies. The buriedrfacearea was determined to be 998.4 ¥12.4 {an Zundertet

al., 2016, Honoratet al.,2021).

The structursof the proteirprotein complex obtained from AlphaFold, ClusPro and HADDOCK
were supeimposed to identify any differences in the prediction. As shown in Fig@8; &ach
program has predicted a different position and conformation of FOXP2 FHD relative to ER1 LBD.
AlphaFold predicts that helix 1 of FOXP2 FHD and helix 12 of ER1 LBD predominantly
participate in the formation of polar contacts between the proteins. Conversely, ClusPro shows
that all helices of FOXP2 are involved in polar contacts with helices 1,2,3,5 an@R8Ld{BD.
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HADDOCK shows minimal polar contacts restricted mostly to the winged region of FOXP2 FHD
and helices 1 and 2 of ER1 LBD.

Legend

AlphaFold ERWLBD T FOXP2FHD
Clu®ra 1 ERIBD T FOXP2FHD
HADDOCK ERi1BD FOXP2 FHD

Figure 5.28: Alignment of ER1 LBD i FOXP2 FHD structure predicted using different
docking programmes.The AlphaFold, ClusPro and HADDOCK structures are aligned to each
other as cartoon structures ihhe PyMOL Molecular Graphics System, Version 2.5.5,
Schrédinger, LLCEach pogram identifies different binding interface.

The specific residues involved imlar contact between the proteins were identified uSing
PyMOL Molecular Graphics System, Version 2.5.5, Schrodinger, andChave been summarised

in Table 51. The interaction is predominantly mediated by polar residues based on the complexes
predicted by all three docking programs. Moreover, it is the positively charged residues of FOXP2
FHD including arginine and lysine that are involved in the interaction as opposed to ER1 LBD,
which is predicted to interact with FOXP2 FHD primarily throagpartic acid and glutamic acid,

the negatively charged residues.
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Table 5.1: Residues involved in ER1 LBBFOXP2 FHD interaction obtained using
different docking programs

FOXP2 FHD ER1 LBD

AlphaFold Y509 (H1) N536(H12)
A510 (H1) D542 (H12)
T511(H1) E546(H12)
E585(W2)

ClusPro 1502 (H1) D313(H1)
V503 (H1) D321 (H2)
R504(H1) E323(H2)
P505(H1) P324(H2)
T508(H1) 1326 (H2)
Y509 (H1) R352(H3)
Y540 (H2) N359 (H3)
R543 (H2) W393 (H5)
N544 (H3) N439(H8)
T547 (H3) Q441(H8)
H554 (H3) E443(H8)
Y580 (W2)
R583 (W2)
R584 (W2)

HADDOCK R523(H1) E330(H2)
K560 (W1) F337(H3)
V575 (W2)

*

H: helix, W: wing

5- charged residuespolar uncharged residues nonpolar residues
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5.11.2) ER1 LBD-FOXP2 FHDcomplex in the presence of oestrogen

The findings in this study suggest that the interaction between FOXP2 FHD and ER1 LBD was
not mediated by the LXXLic ont ai ni ng FOXP2 NT region nor wa
interaction with E2To understantiow this relates téhe structure of the protejrotein complex

and where FOXP2 FHD binds on ER1 LBD, the predicted prguamtein complex was super
imposed with the crystal structure BR1 LBD bound toan agonist called estriol and a peptide
containingthe LXXLL motif (Rajanet al.,2012).The estriol binds to the hydrophobic pocket
whereas the peptide binds to the-Alfegion that mediates ligamdgulated binding coregulatory
proteins. The docked structures from Figuré&svere aligned to this crystal structure to determine

if they bound to the same region as the pepthg shown in Figure 29, the interface residues of

ER1 LBD that are involved in interaction with the peptide and FOXP2 FHD are found in two
distinctly se@rate regions for the ClusPro and HADDOGHKredicted structuse Conversely,
AlphaFold predicts the binding of FOXP2 FHD to ER1 LBD to be in the same region as that of
the peptide.
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Figure 5.29: ER1 LBD crystal structure in alignment with predicted complex structure from

A) AlphaFold, B) ClusPro and C) HADDOCK. The docked structure of ER1 LBD (Grey) and
FOXP2 FHD (red) complex was alignéalthe ER1 LBD crystal structure (magenta) bound to
estrid (black) and an LXXLLcontaining peptide (blue) (PDB ID: 3Q95). The corresponding
structure below shows the interface residues of ER1 LBD in interaction with the peptide (blue)
and FOXP2 FHD (red) as spheres. Aside from the AlphaFold structure, thevathdocked
complexes do not show FOXP2 binding to the same region as the peptide. Structures rendered
usingThe PyMOL Molecular Graphics System, Version 2.5.5, Schrodinger, (\\&h Zundert

et al.,2016, Kozako\et al.,2017; Destat al.,2020; Honoratet al.,2021,Mirdita et al.,2022)

5.11.3) ER1 LBD-FOXP2 FHD complex in the presence of DNA

To put the proteiri protein interactonitoc ont ext with FOXP2 FHDG6s DN
the FOXP2 FHD interaction with DNA is shown in Figure ®.3he FOXP2 FHD has been
crystallised in the presence of a specific DNA sequence (\Whaly, 2003; Strouckt al.,2006).

This structure has been dysed and polar contacts between the protein and DNA have been

shown.
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Figure 5.30: Interaction between FOXP2 FHD and Nelson DNAFOXP2 FHD (red) in the
presence of Wang DNA (green) has been shown with the black lines indicating Hydrogen bonds.
Image rendered usinthe PyMOL Molecular Graphics System, Version 2.5.5, Schrodinger, LLC
(PDB ID: 2A07, Stroudet al.,2006) The residueswvolved in polar contacts have been indicated

as a ball and stick model and labelled. Image rendered using Chimera 1.16.

Fluorescence anisotropy showed that DbiAding affected the ability of FOXP2 FHD to bind to

ER1 LBDand vice versa. To determine hdvistwould correlate with the structure of the protein
protein complex in relation to FOXP26s-bindir
imposed with the crystal structure of FOXPRD with DNA (Stroudet al.,2006). The images
depicted in Figure 81 make it abundantly clear that some of the FOXP2 FHD residues involved
in DNA binding are in close proximity to the ones involve®Plwith ER1 LBD.This is because

helix 3 of FOXP2 FHD is involved ithe interactionwith DNA andasapparent for thelocked
structure from all three programmetsalso brms part of the interface interactionwith ER1

LBD
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Figure 531 Analysis of the FOXP2 FHDi ER1 LBD interaction in the presence of DNA

using the predicted structures from A) AlphaFold B) ClusPro and C) HADDOCK.ER1 LBD
(magenta) is shown interacting with FOXP2 FHD (grey). The ER1-EBIXP2 FHD complex

was supeimposeal with the structure of FOXP2 FHD (red) in complex with DNA (green) (PDB
ID: 2A07; Stroudet al., 2006. In the corresponding image below, the FOXP2 FHD residues
involved in interaction with DNA (green) and ER1 LBD (magenta) are shown as spheres while
theremainder of the protein has been indicated as a cartoon struciittie PyMOL Molecular
Graphics System, Version 2.5.5, Schrodinger, L{M&n Zundertet al., 2016, Kozakowet al.,

2017; Destat al.,2020; Honoratet al.,2021,Mirdita et al.,2022)
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6) DISCUSSION

FOXP2 and ERL1 are both transcription factors that have a role in neural developnmearicard
FOXP2 has arole in language and speech development and acquisition, featarestrateived

to be sexually dimorphicSexually differentiated traits are at least in pa$ociated with sex
hormones including oestrogen that mediates its effect throughFaReermore, numerous FOX
proteins have been shown to have a relationship with ERteimst cancei-rOXP2 too has a
function is breast cancer and a structure that is relatively similar to other FOX proteins. Therefore,
this researchwas focussed on investigating theotentialinteraction between FOXP2 and ER1
transcription factors to deduce whether their functionalifyy the dependent on or regulated by

the PPlin an effort toexpand the curreninderstanding of sexual differentiation of speech and

language as well the mechanisnFoOXP2 6s tumorigenic activity 1in

6.1) ERL:FOXP2 association in MCF7 cells

ER1 and FOXPhave been found to interaatMCF-7 cells. Interestingly, the interaction is only
identified when ER1 is immunoprecipitated using its specific antibOuye possible reason for

this finding could be t hgedeshtOabi?2to imteractnntheits a ct i o
specific antibody and thus the antibody is unable to bind to FOXP2 bound to ER1. The FOXP2
antibody used in this study was produced by immunising animals with a synthetic peptide
corresponding to residues surroundirg®3 of the human FOXP2 protein. Therefore, the binding

of ER1 has to be in proximity to L623 and sur
bind to this antibody. This residue occurs at tReihinal end of FOXP2 past the FHD that spans

residus 503 to 586. As only the FOXP2 FHD structure has been resolved and théefanigal

end is predicted with poor confidence using AlphaFold, it is very difficult to confer whether it is
indeed the FOXP2 FHD that is involved in the interaction with ERf that it affects the contacts

formed by L623 and surrounding residues with the FOXP2 antibody. Therefore, the cell studies
credibly indicate an interaction between FOXP2 and ERL1 that is most likely mediated through

F O X P 2-tesnina end but do not confirthat it is specifically the FHD that is involved.

Hence, to investigate the specific of the interaction, two domains of FOXP2 and one of ER1 was
recombinantly expressedhis included the DNAinding forkhead domain and the nuclear
receptorbox containng N-terminal region of FOXP2. The former was specifically selected to
determine if the transcriptional activity of FOXP2 could be directly affected by a potential



121

interaction with ER1 whereas thegter contains the conserved residue that is known to abedi
interaction with nuclear receptors. With regards to ER1, its liggamding domain was selected as
this region facilitates both the interaction with ligands and coregulatory proteimsder to
conduct the studygOXP2 FHD and NT as well as ER1 LBDere first expressed i&. colicells

and purified using chromatography techniques.

6.2) Structure and functionality of expressed proteins

The helical structure and DNBinding function ofFOXP2 FHD is well charactes#d whereas
FOXP2 NT has not been studied at all, be it in isolation or through inclusion in larger constructs
(Stroudet al.,2006,Blane and Fanucchi, 2015, Morris and Fanucchi, 281&h)eet al.,2018)

This is largely due to the high content of glutamine resdirat make the region prone to
aggregationflauRermanet al.,2019) Given its propensity for selissemblyit makes sense that

the FOXP2 NT desnot exist as a monomer, but rather a dimer and trimer in sol(Rigare

5.11). Notably, FOXP2 NT seems to be comprised of helices and coils, similar to the secondary
structure of other proteins with pegfutamineregions near their vicinit{fFigure 5.5) (Totzeck

et al.,2017) As these sequences are usually found on the surface of proteins, it is likely that the
NT lies on the surface of the full FOXP2 protein, modulating its folding (Daatied., 2008;
Totzecket al.,2017). However,itdé sontribution to folding may not bgignificantas FOXP 2 6 s
functional activity identified thus far remains unaffected in its absevieenéset al., 2006;
Estruchet al, 2016). In line with thatFOXP2 NT also did not interact with Nelson DNA and is
unlikely to possess any DNAinding activity(Figure 5.B).

On the other hand, ER1 structure has beenetatactesed. The ER1 LBD is comprised of 12
helices which correlate with the CD spectrum obtainetthis (Figure 5.1) and previous studies
(Ferreroetal., 2014). Binding of oestrogen is mediated by two direct hydrogen bonds as well as
water mediated hydrogen bonds and van der Waals forces (Tanembaalm 1998). The
configurational change in H12 along with the expulsion of water from the binding pocket likely
contributes to the increase in disorder whereas the multitude otawatent interactions
contribute to the favourable enthalpy of the reaction. Thereforagtwtion is expected to be

spontaneous at all temperatures.

Notably, the binding affinity of thE2-ER1 LBD interaction is much lower than expected (Figure
5.18) as ligandbinding assaywith radiolabelled E2 have been used previously to obtdda af
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0.2 nM (Eileret al.,2001). While slight variations in binding affinities obtained using different
met hods are expected, the binding affinity obi
et al.,2014). Given that the proteligand binding iexpected to be extremely tight, the ER1 LBD
concentration required to obtain a reasonabl@lue is below the limit of detection of the
calorimeter and contributes to the oestimation of théq. The effect is probably compounded

by the instability of the protein in the absence of its liganuaistainingthe4 5 0° hydrophobic
cavity would require major adjustments (Brzozowskal.,1997). Tanenbaurat al (1998) had

even proposed that theespfic contact between the ligand and protein allows the ligand to act as
a scaffold for the folding of the lower part of ER1 LBD. Therefore, larger concentrations of protein
were prone to aggregation the absence of E2 or NDSB and were very much avtiideabsence

of the ligand where possible. However, the ITC was useful in qualitatively indicating that ER1
LBD is functional and interacts with E2. Consequently, ER1 LBD was labelled to &3eg@th
FOXP2

6.3) FOXP2 NT does not interact with ER1LBD

FXOP2 NT did not show any association wiER1 LBD in this study. Howevetrthis does not
necessarily mean that thetBrminal region of FOXP2 does not interact with ER1 LBD at all.
Firstly, it may interact very weakly with ER1 LBD which would onlydpparent if a much higher
concentration of FOXP2 NT was titrated in. This was not possible in this study as the FOXP2 NT
had a tendency to bind to the membrane when concentthgngrotein Therefore obtaining

higher concentrations of the protein prasdna challenge. This was the cadew concentrating

with both the Amicon stirred cell and ultcantrifugal filters (Merck USA). This may be due to
seltfassembly of the protein or the protein having-spacific adsorbance to the membrane due

to exposure of its hydrophobic residues. Hydrophobic proteins generally have low expression,
which was indeed the case with FOXP2 NT ag/tbkls were much lower than what was obtained

for FOXP2 FHD and ER1 LBD (van Gi&t al.,2022).

Secondly, maybe a larger constratthe FOXP2 Nterminal regions required for the protein to

fold properly and engage sorrectPPlIwith ER1 LBD. Only he acid residues prior to the long
poly-glutamine rich tract were used to construct FOXP2 NT based on the assumption that inclusion
of more glutamine residues would adversely affect protein solubility. However, this meant that the
residues in this construconstitute only half of the one helix, as shown in Figure 6.1. It is in this
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incomplete helix that the nuclear receptor box is found. As aforementithreedyclear receptor

box can sufficiently mediate interaction oficlear receptoLBDs with coregulatry proteins.

Should the incompleteness of the helix hinder its proper folding, it may have hindered the
constructos ability to i napsly-gduaminewacttinfandibgett L BD.
receptor Nterminal domaimesults in the proteihaving a less pronounced alphalical structure

and anmpairedability to bind to other proteind@vieset al.,2008).Hence, it may be advisable

to generate a construct of thet&minal region with the poslu tractincluded
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Figure 6.1: The disordered region of FOXP2.A) Predicted structure of FOXP2 NT (top) and
FOXP2 FHD (bottom). FOXP2 NT is predicted to be predominantly a disordered region using
fIDPnn. The FOXP2 FHD is not predicted to have as ndisbrder, and this corresponds to its
crystal structure which shows that the protein is predominantly dlelhzal. B) AlphaFold
predicted structure ofull length FOXP2. Theforkhead domain is the only region with
experimentallyresolved structure. Théreedimensional structure of the rest of the protein
including the NT has not been resolved hence the structure of the entire p@t&@has been
downloaded from the AlphaFold database. The FOXP2 NT (yellow) is comprised of 2.5 alpha
helices which were predicted with good accuracy. The bends or random coils which make up most
of the structure is predicted with la@nfidenceand lacks progr structure. Thpredicted structure

of theFOXP2 FHD (red) corresponds to the crystal structure.

The AlphaFold predicted structucd FOXP2also indicates that the NT region may be largely
unstructured as is represented bg considerable regidhatspans loops that have been predicted
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with low confidence (Figure 6.1B). This correlates with the disorder predicted using the putative
function andlinker-basedisorderPrediction using deepeuralnetwork (fIDPnn) webserver.
There is greater disorderuind in the FOXP2 NT construct used in this study compareideto
FOXP2 FHDand thids supported by the amino acid residue content of FOXP2 NT. It is comprised
of mostly charged and polar residues and thus does not have sufficient bulky aresidties
(FOXP2 NT comprises ainly 2 H, 1 Y and 1 F) to mediate -@perative folding and so it forms

an intrinsically disordered region (IDR). This region can contributeRbtthrough exposure of
linear motifs Babu, 2016). IDRs can bind to several pars that may be structuraltyuite
differentto one another and )athe propensity to form low affinity complexes that are important
for transcriptional regulation and signalling pathwaykerefore,while it is unlikely that the
FOXP2 NT construct usenh this study(1 i 151 residues of the FOXP2 sequenceuld be
involved in the interaction with the ER1 LBEheanisotropyfindings donot completely negate

the possibility of an interaction between timgclear receptobox of FOXP2 and ER1 LBDA
larger construct may result in the FOXP2 NT assuming a different fold that could bimeatiey
between itd XXLL sequenceand ER1 RBfdns AF

6.4) FOXP2 FHD associates with ER1 LBIn vitro

Despite no interaction being detected between FOXP2 NT and ER1thBBtudy shows clear
evidence ofa novel interaction between ER1 LBD and FOXP2 RMiIh abinding affinity that
canbe consideretb bemoderate Kastritis et al.,2011).Notably, he Ky determined using ITC
was4-fold less than that obtained using anisotropyAttd-labelled ER1 LBDThe data obtained

from the isothernareconsidered accurass thec value calculated on th&; obtained is 20Hence,
theslightdifference inKg maybe associated with the techniques themséhmsth techniques use
different variables as a measure of interaction (i.e., heat change or anisotropy signal) which is
bound to cause variations. Howevtite significantly higheKq obtained by labelling th&R1

LBD using a maleimide confirms th#tte labelling ofcysteineweakensE R1 L BHiy 0
interact with FOXP2 FHD. ER1 LBD contains four cysteine residues, each at vastly different
regions on the protein as shown in Figure 6.2. As labelling usuallited in a dye to protein ratio

of two, a couple of cysteines would be typically bound to the AlexaFluor dye for all the anisotropy
experiments. This may explain the weaker affinity for FOXP2 in the anisotropy experiments.
Notably, the three docked struots of ER1 LBD and FOXP2 show FOXP2 FHD binding to



125

distinct and different regions of ER1 LBBNnd a cysteine is located on the interface for all three

docked structures albeit at distinct locations.

A)

Hydrophobic Hydrophilic
[ — |

Figure 6.2. ER1 LBD structure. A) A focus on cysteine residue€ER1 LBD (Gray, PDB ID:

1A52) has been shown as a cartoon structure with the 4 cysteines (C381, C417, C447 and C530)
indicated in magenta. Image rendered udihg PyMOL Moleular Graphics System, Version

2.5.5, Schrodinger, LLCB) Hydrophobicity of the interface residues between ER1 LBD and
FOXP2 FHD. The interface residues of the docked structure of ER1 LBD and FOXP2 FHD
obtained from ClusPro has been depicted as spheres and coloured according to the hydrophobicity
usingThe BMOL Molecular Graphics System, Version 2.5.5, Schrédinger, (K&zakovet al.,

2017; Destet al.,2020).

6.5) ER1 LBD-FOXP2 FHD interaction is dependent on salt concentration

The affinity of the interaction between ER1 LBD and FOXP2 F$tibws acleardependeceon

the salt concentratiomhe experiments were conducted at a pH of 7.8 and therefore ER1 LBD
(pl= 6.8) and FOXP2 FHD (pl = 10.41) would have a net negative and positive charge,
respectively. Therefore, one of the forces mediatindg®levill be electrostatic forces. It is likely

that the increase in salt concentrations effectively shields the electrostatic forces on the surface of
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the protein, thus hampering the ability of the proteins to inteRatafasumawonet al.,2015).

This effect can be explained using the law of matching water affinities.

The effect of salt ofPPlis dependent on its ability to be hydrated which in turn is dependent on
the strength of the interaction between the ion and water molecule compared to that Wweteeen
molecules. An ion is considered strongly hydrated when it interacts more strongly with water than
water interaghg with itselfand vice versa this is considered h e watemafiraty. According

to the law of matching water affinities, ions withposing charges will form ionic pairs orianer
spherewhen they have matching water affiniti€3oflins, 1997, 2006)Selected ions have been
ranked on their water affinity in Figure 6.3. Monovalent anions like chlorine are weakly hydrated
as opposed to monovalent cations which are strongly hydrated (Collins 2006). Sodium is relatively
hydrated with the strength of itateraction with water almost equivalent to that between water
molecules. On the protein surface, negatiaigrged amino acidsAsp and Glu are strongly
hydrated carboxylage while positively charged residues which are derivatives of ammonia are
weakly hydrated. Polar and nepolar amino acids are also considered to be weakly hydrated
(Collins, 2006). Therefore, thgositively chargedesidues on the surface of FOXP2 FHD will
interact strongly with the negatively charged chloride ions owing to théahing water affinities

at pH 7.8 Zhang, 2012)Consequently, increasing the NaCl concentration would increase the
number of interactions between the chlorine ions and positively charged amino acid residues
leading to neutralisation of the charge on tl@XIP2 FHD. This will decrease the electrostatic
interactions between the FOXP2 FHipproaching a pseudweutral (or at least a decreased net

positive) state and the net negatively charged ER1 LBD.

Conversely, there is a mismatch between the water afbhispdium and the negatively charged
residues on the surface of ER1 LBD, so it is likely that the decrease in binding affinity of the ER1
LBD-FOXP2 FHD interaction with increasing salt is driven more greatly by the increase in
chloride ions in solution thn the sodium ions. Furthermore, the claderions will be attracted to

the weakly hydrated uncharged residues on the surface of both ER1 LBD and FOXP2 FHD and
could increase the repulsive electrostatic interactidimaig, 2012) Ultimately, this would
deaease the affinity of the PPI. This correlates with the molecular docking results obtained from
all three programmes. From the polar contacts identified (Table 5.1), FOXP2 FHD comprises

primarily of positively charged residues that interact with the neglgtcharged residues found
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on ER1 LBD. Additionally, the HADDOCK program suggests that electrostatic interactions are

pivotal for this specifiespecific interaction as electrostatic energy is the largest energy contributor.
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Figure 6.3: Water-matching affinities in regulation of protein-protein interaction in salt
solutions According to the matching water affinities, molecules of opposite charge with matching
water affinities are likely to intera¢Collins, 2006) At pH 7.8, positively charged residues on the
surface of FOXP2 FHD interact with chloride ions in solution as they have similar affinities for
hydration. Conversely, strongly hydrated negatively charged amino acids on ER1 LBD surface are
unlikely to interact well with the relatively hydrated sodium ions. The change in ion concentration
of the pr ot e thussffectsetme\aitractivan imeraction between the positively and
negatively charged protein.

Should thePPlexist undemphysiological conditions, the effect of NaCl could have an interesting
role in regulating the interactiometween FOXP2 AND ERI1Sodium ions are present in low
concentrations (5-15 mM) in the intracellular fluid relative to the intercellular fluid whereas
chloride ions are found in greater proportion within the cell (~100 nfMyu and Tiriveedhi,
2021).Considering that ionic concentrations may vary by raeioof magnituder morebetween

cell types and under different environme(iteluding pH) the interaction could be specific to
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certain cell types and physiological conditions. Interestingly, a-flotdencrease in intracellular
sodium levels habeen noted in cancer cells opposed to normaells (Nagy et al.,1981).0n
theother hand, increased chloride ions during brain maturation have been associated with autism
(Fernellet al.,2021).In addition,cellular environments are comprised of several other tizais

could potentially shield the charges on the surface giribteinsand exemplify the effect of NaCl

such as potassium iomgich have altered levels in tumorigenic céfdu and Tiriveedhi, 202)L
Therefore such variations in ionic concentrations have the potential of either interfering with or
attenuating the interaction between FOXP2 and ERL1 ifrthatro results are to be taken into
consideration. However, at present this is mere a postulation andnequicesubstantiatesearch

on the interaction in the cells amdvivoto make an informed assertation.

6.6) ER1 LBD-FOXP2 FHD interaction is onlyenthalpically driven at low salt concentrations

The ER1 LBDFOXP2 interaction is spontaneous RT at both 100 and 300 mM NacCl
concentration(Figure 5.21) In addition, the interaction is exothermic at the lower salt
concentration indicating théte energy being released from the formation of bondgdest ER1

LBD and FOXP2 FHD is greater than the energy required to break the original bond between either
of the protein and solvent, solutes and solvent and solvent moldeBlesre mediated kgeveral
typesof bonds including the aforementioned elestatic as well as hydrogen, hydrophobic and

van der Waals. Given that tha is quite low for the interaction (0.4 uM), there may be a relatively
high number of intermolecular interactions mediating a relatively tight association between
FOXP2 FHD and ERLBD.

Moreover, he ER1 LBDT FOXP2 FHD interaction is characterised by not only a negative
enthalpy but also a largely negative entropyPk are characterised by the release of water
molecules from the reaction interface and into the solvent which would result in aas@dn
entropyof the solventThe mechanism of the interaction can be deduced by considering the system
studied by Tseet al (2020), in which the proteiprotein interface was primarily made of
hydrophobic residues but also included some hydrophilic ones. Similarly, the interface between
ER1 LBD and FOXP2 FHD is comprised of a mixture of hydrophobic and hydrophilic residues
with the two hydrophobic patches surrounded by hydimptesidues as shown in Figure 6.2.
Therefore, the mechanism underlying the interaction is likely to be as follows: the approaching
proteins cause water molecules to be expelled from the intevfamthey are a specific distance
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apart from each other i@lance less than the diameter of wa&ter 4 Ae) resul ting
favourable change in solvent entrofdyséet al.,2020).However, as the proteins approach each

other, their side chains lose a certain degree of freedom which decreases the conférmationa
entropy of the proteins resulting in only a slight increase in the overall entropy. Thereafter, when
distance between the proteins is at a minimum, the binding surfaces of the proteins adapt to
maximise their interaction energy (including the bond foimmabetween hydrophilic residues)

causing a favarable decrease in enthalpy, which occurs at the expense of a large entropic loss
associated with the constraints in movement of the interface residues of the proteigsedt
sensethen that the tighter ¢hbinding between macromolecules, the greater the constraints in
movement which would result in a largely negative entropy. Theufabate enthalpy contributes

to the negative change in free energy and makes the interaction spontaneous.

At the higher saltoncentrationit is the enthalpic loss that is being compensé&tedy the gain

in entropy Burying of hydrophobic groups could be one of the causes olitfevourable
enthalpic change and favourable desolvation entr§paret al.,1991). If thePPIlis mediated
through hydrophobic interactions, loss of hydrophobic patches deprives water molecules of
orienting themselves on the protein surface such that they canger lmaintain their network of
hydrogen bonds. Therefore, the decrease in hydrogen bonds with water accounts for the increase
in enthalpy. Additionally, it would mean th#te desolvation of polar groups requires greater
energy contribution than the enenggfeased from the interaction between ER1 LBD and FOXP2
FHD. It is then likely that the interaction at higher salt is formed by a lower number of bonds
between the two proteins than the number of bonds mediating the interaction at the lower salt
concentrdon (Choudhury and Pettitt, 2006).

The lower enthalpy of thePlat high salsuggestthat the binding may not be very tight, allowing

for one or both proteins to have some conformational freedom and therefore a more positive
conformational entropy thamt lower salt concentrationg~reire, 2008).The disorder is
compounded by the solvation entropy resulting from the release of water molecules from the
protein surface during thBPL This then means that increase in sodium and caons in
solution disrupts the hydrophilic interactions between proteins that would normally occur under a
lower salt concentration ensuring the interaction is mediated largely by hydrophobic interactions.
It may be likely that the chloride ions, whichvieamatching water affinity to the positively charged
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residues of FOXP2 FHD, interact with the charged polar residues and consequently prevent them
from engaging in interaction with ER1 LBD. The salting effect of the increased salt
concentration is consient with the stability of FOXP2 FHD in solution as it is prone to
aggregation due to sedissembly at lower salt concentrations (50 mM) than at higher salt

concentrations (between 300 and 500 mM).

6.7) Not one or the other but both: effect of E2

Other han salt concentration, the interaction between the pseataim also be regulated liye
presence of other interacting partners. ER1 LBD has a hydrophobic cavity to which oestrogenic
compound like E2 are able to bindThe difference in the structure of ER1 LB@henin its apo

form compared to its EBound form seems primarily locs#id to only one of the 12 helices
comprising its structuréBrzozowskiet al.,1997 Tanenbaunet al.,1998. The observation that
inclusion of E2 does not seem to influence B, suggest that the binding of FOXP2 FHD is
impervious to the E2nduced conformational changes in helix 12 of ER1 LBD. This finding can

be contextuated to the known mechanism of EfE2 signalling which is as follows: ER1 LBD
binds to oestrogen or its other agonghich inducesa conformational change in Helix 12 and
locksit i n an fAactiveo conf i gur atreguatory prot@insori s no
even peptides (Hewitt and Korach, 2018). Additionally, all proteins found to inteitadhe AF

2 region thus far contain the LXXLL motif that FOXP2 FHD lackiéhpugh itis found in FOXP2

NT). Thus, it is likely that the interaction between ER1 LBD and POXKHD is not mediated

t hrough -2edbd.s AF

However, the AlphaFold predicted structure suggests the opposite (bigQyeas FOXP2 FHD

is predicted to lnid to the same region as the LXXLL peptide which binds to the A&gion.

Should this structure be an accurate representation of the ppodédin complex, it would not be
possible for the interaction to remain unaffected by the absence and presamé&dfligand like

E2.This is because some of the interface residues of the AlphaFold structure are the same as the
ones involved in interaction with the LXXLL motif in a crystallised structure (Séial.,1998).

This includes the following residuesal55, 11€358, Lys362, Val368, Leu372, Val376, Leu539,
Glu542 and Met 543. The last three residues are subject to change in orientation when binding to
ligands such that when ERBD is bound to an antagonist, Leu539, Glu542, and Met543 are in

the incorret orientation while other residues from the static regions oRAdfe bound to helix
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12. Consequently, the protein umable to interact witlits coactivators This would be the case

with FOXP2 FHD as wellshould it bind to a similar region as the peptide.

Notably, ClusPro and HADDOCK predict a binding site for FHD to be distinct from th& AF
region. Therefore based on the experimental results from this wibris, likely thatthe ClusPro

and HADDOCK structures predict the binding site of FOXP2 FHD on ER1 LBD more accurately
than AlphaFold, althougliClusPro and HADDOCKdo suggest entirely different regions of
binding. HADDOCK predicts the binding of FOXP2 FHD to be below H3, H7Hibd of ER1

LBD, whereas ClusPro predicts the binding to be near the regions between H2, H3, H8, H9 and
H10as shown in Figure 6.4A5iven that the position of H12 would be positioned outwards in the
absence of a ligand, this would make H12 lie directlyt teethe HADDOCKpredicted positioning

of FOXP2 FHDand would influence th®PLl Hence, the ClusPro prediction is most consistent

with the laboratory findings from the three docked structures.

A) H1 . B)
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Figure 64: Cartoon dructure of ER1 LBD. A) Liganded ER1 LBD (PDB ID: 1ERE)otoured

by chainsThe relative positioning of FOXP2 FHD basmuthe models generated AijphaFold,
ClusPro and HADDOCK aréndicated. (Brzozowsket al., 1997). B) Position of H12 when
unliganded. ER1 LBD (PDB ID: 1A52) is shown in grey with helix 12 indicated ininegiged
rendered usingrhe PyMOL Molecular Graphics System, Version 2.5.5, Schroédinger, LLC
(Tanenbaunet al.,1998).
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6.8) One or the other butnot both: effect of DNA

While the ER1 ligand does not affect the RRdlusion of DNA in the study influences the ability

of FOXP2 FHD to participate in interaction with ER1 LBDhas been summarisedfigure 6.4.

The findingspresented here (Figure28.and 5.24kuggest that FOXP2 FHD can only bind to
one of the macromolecules at a given time and not both simultaneously. It could alsothaggest
if FOXP2 binds to DNA first, it can no longer bind to ER1 LBD and vice versa. However, this
theory wouldnot make sense if the kinetics of the interactions are consj@derétke proteHDNA

and proteirprotein complexes will associate and dissociate continuously in solution. If that
happens, FOXP2 FHD will form a complex with its preferred binding partner.

Considering that FOXP2 FHD has greater affinity for DNA tfaarER1 LBD, DNA would be its
preferred partner. To confirm this hypothesis, labelled ER1 LBDmiged with DNA prior to
titration with FOXP2 FHD. The resultant anisotropy curve differed totteeobtained when ER1

LBD alone served as the titrand as it was no longer linear in appearance and initially indicated
either little to no increase in fluorescence anisotropy (FigRyeThis would suggest that FOXP2
FHD does bind selectively to iIBNA rather tharto ER1 LBD. However, one has to consider that
while the ER1 LBD and background DNA were the limited variables in the experiment, the
concentration of labelled ER1 LBD was 0.3 uM and background DNA concentration was 7 uM.
The latter could nibe decreased further as too low a DNA concentration would make its inclusion
obsolete; the concentration of FOXP2 FHD waslgersedehat of DNA within acoupletitrations
andwould saturate the DNA present in the sample even prior to observing a chingeescence
anisotropy of the ER1 LB[Hence, it is more likely that the titrated FOXP2 FHD interacted with
the DNA that was present in higher concentration rather than the more limited ER1 LBD. Should
the fluorescence signal of ER1 LBD at a greatmcentration not have had a fluorescence
intensity beyond the limit of the fluorimeter, it would have been advantageous to perform
anisotropy with equimolar concentration of labelled ER1 LBD and background DNA

concentration and deduce which macromolec@XP2 is partial to.
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Figure 6.5: Interaction between ER1 LBD and FOXP2 FHD.ER1 LBD in its apo (PDB 1D:

1A52) and Ezbound forms (PDB ID:1ERE) associateith FOXP2 FHD (PDB ID:2A07) to form
aproteinpr ot ein compl ex, hi ndering FOXP2 FHDO6s abi
when FOXPZFHD is already bound to DNA, it cannot associate with ER1 LBD to form a complex.

Similarly, ER1 LBD or DNA weren limited quantity in all the experiments performed with
FOXP2 FHD, DNA and ER1 LBD in this studgR1 LBD was the limited moiety in fluorescence
anisotropy experimestwhereas the DNA was the limited entity in EM8#perimentsBased on
these findingskFOXP2 FHD could bind to either the DNA or ER1 LBD at any given point in time
but not to both of them simultaneously. Additionally, FOXP2 bound to the macromolecule that
was present in higher concentration rather than the one that was limited. Herlide|lyt lsat the
limited molecule is being outcompeted by the other molecule for binding with FOXP2 FHD.

Molecular docking was performed to correlate the finding ofRR&in the presence of DNA to

the structure of the complex. Notably, docking approabhes shortcomings and may not always
generate accurate models for the interactitme\(enet al.,2015; Lensinket al.,2020).Although

three different approaches were used to mitigate this disadvantage, there is no certainty that any of
these models, even if similar, accurately represent the pqateiein complexn vivo. Hence, they

are just used as a basis to explain sondrfgndetermined experimentally.

The predicted ER1 LBBFOXP2 FHD structureobtained from the three different approaches
were aligned with the FOXP2 FHD structure bound to DNA. All three structures show that the



134

interfaces of FOXP2 FHD in interaction withothDNA and ER1 LBD are not distinct andvusa
considerable overlap (Figure 5.31). This is especially the case for the AlphaFold and ClusPro
predicted structures but less so for the HADDOCK structure. The latter shows the DNA and ER1
LBD-binding interfaceto be adjacent to each other but there is an overlap on a small region which
could still be significant. Therefore, all three structures could correlate with the experimentally
derived information suggesting that FOXP2 FHD binds to either DNA or ER1 ltBDgasen

time and does not bind both simultaneously. Contextually, the results suggest that ER1 LBD could
regulate the interaction between FOXP2 FHD and DNA. ERs have been found to regulate
transcription without direct binding to DNA through a processMkmas transcriptional crosstalk
(Bjornstrom and Sjoberg, 2003h such instances, ER is tethered to another transcription factor

to regulate gene expression.

6.9) Towards a role in oncogenesis

The interaction of ER1 and FOXP2 in noralignant cancers taken together with the finding that
theER1ILBDFOXP2 FHD interaction i mpedes Buggests26s ab
that the interaction could be physiologically relevaténce, the iteraction could be studied

further in cells to identify what significance the PPI could have, if any, on oncogenesis. ER1 is
overexpressed in breast cancer and contributes to cancer progression by activating the PI3K/AKT
signaling pathway (Leunet al.,2015, Arunet al.,2018, Liuet al.,2020). However, ER1 is also
associated with better prognosis as opposed toégfative breast cancers (Deual.,2017, Liu

et al.,2020). In contrast, FOXP2 expression is downregulated in breast cancer and thusuits tumo
suppressive activity is suppressed (Cékal.,2018). However, both proteins are involved in two

pivotal tumourpromoting pathways. This includes the T68E&nd PI3K/AKT signalling pathways.

Regarding the former, ER1 blocks the pathway by partly being involved in ligdegendent
crosstalks with various TG si gnal |l i ng proteins wher eas d
associated with elevated levels of variolGFHb pat hway r el aettald20r ot ei n

Chenet al.,2018). More interestingly however are their roles in the PISK/AKT pathway.

FOXP2 is linked to the PISK/AKT signaling pathway through thienKed ribosomal S6 kinase 4
(RSK4), a ribosomal ptein that can act as a tumour suppressor by inhibiting the PI3K/AKT
signaling pathway (Huet al.,2019, Yancet al.,2022). RSK4 has decreased expression in breast
cancer (Liet al., 2014). Yanget al (2022) have also found that FOXP2 binds directlyhi® t
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promotor region of RSK4 and modulates its expression level in thyroid cancer, a cancer in which
FOXP2 has a tumour suppressor role. On the other hand.etHab(2019) showed that ER
upregulation is related to the decreased expression of RSK4-posiive breast cancer, which

in turn is linked to endocrine therapy resistance to potent chemotherapeutic drugs, such as
Doxorubicin (Meiet al.,2020). As this study on recombinant proteins shows that ER1 LBD and

DNA compete for binding with FOXP2 FHD, there is a possibility that the upregulation of ER1 in

breast cancer could lead to elevated BEROXP2 i nteraction which co
trangriptional activity, preventing it from binding to the promoter region of RSK4 and ultimately
inhi biting RSK46s tumour suppressor activity.

the potential ramifications of the FOXfERL1 interaction in brest cancer cells.

6.10) Limitations of the study

In this study, the functional characsation of ER1 LBDbinding to E2was qualitatively assessed

using ITC as the binding affinity obtained was unreliable. In the absence of a suitable competitive
ligand, displacement ITC was not performed but could be used in future to determine a more
accurate measure of the interaction. Additionally, the association between ER1 LBD and FOXP2
FHD was investigated using only the ER1 LBD and thus it cannot be ascerthieg@mnthe same
results will be obtained with larger constructs or even the full protein as contacts between the
residues of the protein may influence tABL Penultimately while the study illustrates that
FOXP206s interaction with DNA is a regulator o
interaction with ER1 LBDn vitro, more research into the nature and specificities of the competing
interactions is required to deteine the relevance on functional activity of either protEinally,

the ERX FOXP2 interaction was investigated in breast cancer cells to glean a possible
physiological relevancéihile the interaction was identified, it needs to be confirmed using a
different antibody to eliminate the background noise so that the results are clear and indisputable.
Both proteinsalsohave rolgin other cancers including prostakairthermorethe interaction may

also have implications on sexual differentiation of lamguand speech acquisition development

and diseases. Hence, there is a possibility that the interaction could affect other biological

processes, the relevance of which should not be ignored in future studies.
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7) CONCLUSION

FOXP2 and ER1 are transcriptifactors and have varied but pivotal roles in the body. FOXP2

has a role in language development, neuronal development and has been implicated in language,
speech and related disorders and cancers. ER1 has an extensive role in various organ systems,
including the cardiovascular and central nervous systems, is important for maturation of female
reproductive organs, reproduction and is implicated in various cancers as well as resistance to
endocrine therapies. To understand language and speech, includidgvé®pment and
differences between males and female sexes, an interaction between FOXP2 and ER1 was

investigated using specific domains of both proteins.

The fluorescence anisotropy, ITC and EM$#sultscombinatorically suggest an interaction
between FOXP2 FHD and ER1 LBD. This interaction is regulated by NaCl concentrations
increase in salt weakens the affinity between the proteins. This is likely due to the change in
mechanisms of binding as evideddey the converse effects of enthalpic and entropic changes
driving the associatiorMolecular simulations may confirm the mechanism of the interaction at

the different salt concentrations as postulated in this study.

Moreover, the binding of DNA and ERBD to FOXP2 may be competitive and is in agreement
with molecular docking studies that show considerable overlap in the FOXP2 FHD interface
involved in association with DNA and the interface mediating interaction with ER1 LBD. Notably,
the FOXP2 FHDDNA interaction is not regulated by NaCl concentration but aBfidetween

ER1 LBD and FOXP2FHD is regulated bysalt salt (and electrostatic interactiorsgemingly
affects the interplay between ER1 LBD, FOXP2 FHD and DNA. Hence, the interaction between
ER1 LBD and FOXP2 FHD may interfere with the functional activity of FOXP2 by hindering its
ability to interact with DNA. As this finding is dependent on salt concentration and the relative
concentration of ER1 and DNA, it may indicate that®dand consegently its effect on gene
expressions cell and situation specific. As this interaction has not been previously investigated,
it is unknown whether it occurs physiologically and under what conditions. This needs to be

elucidated prior to seeking any phylsigical relevance.

In conclusionproteinprotein interactions such as these are essential for homeostasis and form an

attractive yet complex avenue for targeted therapies. This research suggests a regulatory
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me c hani sm ftranscripicDaf &@vibys vitro and could potentially aid in elucidating

the basis for sexual dimorphism of language and speech acquisition and development and how it
may be exploited for the treatment of various neurodevelopmental disorders whiclowret&n

affect males disproportionately and more aggressively. Additionally, as both the transcription
factors are pivotal in a variety of cancers, specifically breast cancers and even paosatéhis
interaction could provide an alternate avenuadgearch that could have the potential of bearing

fruitful results.
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