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Abstract

FOXP2 is a transcription factor associated with speech and language. Like other FOX

transcription factors, it has a DNA binding region called the forkhead domain (FHD). This

domain can exist as a monomer or a domain swapped dimer. In addition to the FHD, the

leucine zipper region (LZ) of FOXP2 is also believed to be associated with both DNA

binding and oligomerization. To better understand the relationship between DNA bind-

ing and oligomerization of FOXP2, we investigated its structure, stability and dynamics,

focusing specifically on the FHD and the LZ. We did this by using two constructs: one

containing the isolated FHD and one containing both the LZ and the FHD (LZ-END). We

demonstrate in this work, that while the FHD maintains a monomeric form that is capa-

ble of binding DNA, the LZ-END undergoes a dynamic transition between oligomeric

states in the presence of DNA. Our findings suggest that FOXP2's LZ domain influences

DNA binding affinity through a change in oligomeric state. We show through hydrogen

exchange mass spectroscopy that certain parts of the FHD and interlinking region

become less dynamic when in the presence of DNA, confirming DNA binding and oligo-

merization in these regions. Moreover, the detection of a stable equilibrium intermediate

state during LZ-END unfolding supports the idea of cooperation between these two

domains. Overall, our study sheds light on the interplay between two FOXP2 domains,

providing insight into the protein's ability to respond dynamically to DNA, and enriching

our understanding of FOXP2's role in gene regulation.
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1 | INTRODUCTION

Forkhead box (FOX) transcription factors are a family of DNA-binding

proteins that, like all upstream transcription factors, control the up

and down-regulation of specific genes.1–4 There are over 2000 mem-

bers that comprise the family of FOX transcription factors which have

been identified in over 108 different species.5 All FOX proteins share

a conserved, winged helix DNA-binding domain called the forkhead

domain (FHD).6,7 They are involved in several processes and have

varying functions including organogenesis and embryogenesis, meta-

bolic processes, immunity and the maintenance, and function of sev-

eral tissues.8–10
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FOXP2 is a member of the FOXP subfamily of FOX transcription

factors. This subfamily consists of four members (FOXP1–4), that

share two to three structured domains in addition to the FHD. FOXP2

is expressed primarily in the brain and has been associated with

speech and language.11–14 Mutations in FOXP2 proteins lead to wide-

spread dysfunctionality, and result in developmental disorders includ-

ing autism spectrum disorder. They also have implications in cancer,

Parkinson's disease and schizophrenia.11,14

Structurally, FOXP2 contains four functional domains: the gluta-

mine rich region which contains a long poly-glutamine tract that has

been purported to facilitate protein–protein interactions.15 The zinc

finger domain which could play a role in stabilizing the protein (as its

typical function in other transcription factors)16,17; the leucine zipper

domain (LZ) which has been shown to form homo- and heterodimers

in FOXP1, 2, and 418,19 and has also been demonstrated to be essen-

tial for DNA binding in FOXP3 and other transcription factors19–21;

and the FHD, the DNA-binding domain of FOXP2, which is responsi-

ble for the specificity of DNA binding,19,22 and has also been shown

to form interactions with other proteins.23 The FOXP FHD, unlike the

FHD of other FOX transcription factors, is capable of binding to DNA

as a monomer or as a domain-swapped dimer as evident in the crystal

structure.19,24,25 Indeed, of all the FOX transcription factor families,

the FOXP subfamily, with their conserved LZ domain as well as a spe-

cific and conserved dimer-forming proline to alanine mutation in the

FHD24,25 is the only FOX subfamily that can form dimers. FOXP pro-

teins thus have not one but two dimerization interfaces: the LZ and

the FHD which are 134 amino acids apart in the sequence.17,19,25

Since FOXP proteins have evolved to oligomerize while the other

FOX family members have not, we sought, in this study, to determine

what the significance of this unique oligomerization event could

be. Since oligomerization of proteins tends to increase their stability, it

is plausible that the formation of FOXP2 oligomers will stabilize the

protein structure to allow it to perform its function effectively. FOXP

proteins may, therefore, regulate transcription of their target genes

through oligomerization—directly linking their oligomeric state to DNA

binding. Only two domains in FOXP2 have been associated both with

oligomerization and with DNA binding and they are the LZ and FHD. In

this work we investigate the structure, stability, dynamics, and DNA

binding function of these two domains. We make comparisons and

draw conclusions on the role of each domain in the mechanism of

DNA-binding, thereby elevating and broadening our understanding of

the relationship between FOXP2 structure and DNA-binding.

2 | MATERIALS AND METHODS

2.1 | Protein expression and purification

Two protein constructs were used in this study: (i) the isolated FHD

of human FOXP2 (residues 504–594). This construct is referred to as

FHD throughout this study. We chose this construct because it will

provide information specifically on the DNA binding region. (ii) The

region of the sequence of human FOXP2 stretching from amino acid

372–715 (the C-terminal end of the protein). This construct incorpo-

rates both the leucine zipper and the FHD and is referred to as the

LZ-END construct in this study. We chose this construct because it

will give information on how the LZ and FHD cooperate together. In

addition, the disordered sequence between the two domains and also

at the C-terminal region of the protein will be studied in this

construct.

T7 Escherichia coli cells were transformed with a pET-11a plasmid

bearing either the FHD or the LZ-END construct. Cultures were

grown to an OD600 of 0.6 at 37�C with rotation at 230 rpm and

expression was induced with 0.5 mM IPTG. Following induction, FHD

was expressed for 22 h at 20�C, while the LZ-END was expressed for

4 h at 30�C. The cultures were then centrifuged at 5000 � g

for 15 min at 4�C and the pellets were resuspended in equilibration

buffer (20 mM Tris–HCl, pH 7.5, 500 mM NaCl, 50 mM imidazole)

supplemented with 1 mg mL�1 chicken egg yolk lysozyme and 1 mM

PMSF and stored at 20�C.

Both constructs were purified via immobilized-metal affinity chro-

matography using 5 mL HisTrap™ HP IMAC columns, prepacked and

charged with Ni Sepharose™ High Performance agarose beads

(GE Healthcare Bio-Sciences, Sweden). The proteins were eluted with

20 mM Tris–HCl, pH 7.5, 500 mM NaCl, and 500 mM imidazole. Pro-

teins were sufficiently pure that no further purification was necessary.

2.2 | Oligonucleotides

The FOXP2 FHD binds the following cognate DNA sequence with

high affinity: 50-TGTTTAC-30.26 The oligonucleotide was synthesized

at IDT® as a double-stranded sequence, bearing unreactive flanking

regions on either end: 50-TTAGGTGTTTACTTTCATAG-30. The molec-

ular weight of the double-stranded oligonucleotide is 12 230.1 Da.

2.3 | Secondary and tertiary structure assessment

The secondary and tertiary structures of the LZ-END and FHD con-

structs were assessed in the absence and presence of DNA using circu-

lar dichroism and fluorescence spectroscopy respectively. Proteins

were dialyzed against a spectroscopy buffer (10 mM HEPES, pH 7.5,

and 50 mM Na2SO4) and centrifuged at 10 000 � g for 5 min, to

remove aggregates. The protein concentration was 5 μM and the DNA

concentration was 2.5 μM for all experiments with both constructs.

Circular dichroism measurements were taken in triplicate on a

J-1500 Circular Dichroism Spectrophotometer at 20�C. Continuous

measurements were taken over the wavelength range of 250–180 nm

for five accumulations at a speed of 200 nm min�1. Buffer and

DNA contributions were subtracted from the triplicate average. Data

was reported in terms of mean residue ellipticity θMREð Þ. Fluorescence
emission spectra were measured on a FP-6300 Jasco

fluorescence spectrophotometer at 20�C. Fluorescence measure-

ments were made over the wavelength range of 295–450nm using an

excitation wavelength of 295nm and bandwidth of 5 nm. Buffer and
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DNA contributions were subtracted from the triplicate average of the

samples.

2.4 | Quaternary structure assessment

The oligomeric nature of the constructs was assessed using size exclu-

sion chromatography on a HiLoad™ 16/60 Superdex® 75 prep grade

column. Each of the constructs was incubated at a concentration of

20 μM in 500 mM NaCl, 10 mM HEPES, pH 7.5, 2 mM DTT for

30 min prior to loading on the column. The molecular weight stan-

dards were taken from the Gel Filtration Markers Kit for protein

molecular weights 12–200 kDa (Merck, USA).

2.5 | Fluorescence anisotropy

Fluorescence anisotropy was used to derive binding affinities (KD) of

the two constructs for DNA. The experiments were conducted at

20�C on a Perkin Elmer LS-50B Luminescence Spectrometer fitted

with an anisotropy filter. DNA oligonucleotide, at 200 nM, was

labeled with 5-carboxy-X-rhodamine (ROX) at the 50 end (Whitehead

Scientific (Pty) Ltd., South Africa). The labeled DNA was mixed with

increasing concentrations of either the LZ-END or the FHD construct

in DNA:protein ratios ranging from 2:1 to 1:40 in sample binding

buffer (10 mM HEPES, pH 7.5, and 100 mM NaCl). The excitation

wavelength was set at 580 nm and emission at 605 nm. Each experi-

ment was performed in triplicate with 10 technical replicates per mea-

surement. The relative anisotropy (relative to the anisotropy at zero

protein concentration) was plotted as a function of increasing protein

concentration for each construct and fit to a single-site specific bind-

ing model.

2.6 | Hydrogen deuterium exchange mass
spectrometry

The hydrogen deuterium exchange mass spectrometry (HDXMS)

technique was utilized to monitor the conformational dynamics of LZ-

END in the presence and absence of DNA. The labeling, quenching

and pepsin cleavage procedures were performed on the PAL HDX

system (Leap Technologies, Florida, USA) which is used in conjunction

with an Agilent 1100 high-poser liquid chromatography (HPLC) sys-

tem and Sciex 6600 TripleTOF mass spectrometer. Labeling of the

LZ-END protein construct involved incubation of 30 μg LZ-END con-

struct (at time points: 15, 600, and 3600 s), in the presence and

absence of 30 μg of DNA (1:1 protein:DNA), in buffer diluted with

D2O to a final concentration of 80% at 20�C. The exchange reaction

was then quenched with a two-fold dilution of 3 M guanidinium

chloride and 20 mM TCEP, pH 2.5 at 0�C. Controls that were non-

deuterated and fully deuterated were also analyzed. For full deutera-

tion, proteins were incubated overnight (18 h) in D2O at a 80% final

concentration. The LZ-END construct was then subjected to pepsin

digestion using an online Porozyme immobilized pepsin chromatogra-

phy column (Applied Biosystems, USA), at 4�C for approximately 30 s

and then desalted on an Acclaim PepMap trap column (0.3 � 5 mm)

(Thermo Scientific, USA). Subsequently, the protein sample was

loaded onto a trap column (LC packing, ID:1.0 mm, phase C18) and

then separated using an analytical column of 50 � 2.1 mm C18 (Aeris

Peptide 3.6 μm particle size) directly coupled to a TurboIon ESI source

of an AB Sciex 6600 TripleTOF MS (AB Sciex, USA). Peptides were

eluted using a 10 min 10%–25% acetonitrile gradient, at a flow rate of

200 μL min�1. All columns, pepsin, trap, and analytical were kept at

4�C in a temperature-controlled column oven.

Data Dependant Acquisition (DDA) mode was used for peptide

identification on the 6600 TripleTOF. For deuterium labeling only a

precursor scan was collected. In DDA mode precursor scans were

acquired from m/z 360 to 1500 using an accumulation time of 250 ms

followed by 30 product scans, acquired from m/z 100 to 1800 at

100 ms each, for a total scan time of 3.3 s. Charge ions (1–5, that fall

in the mass range 360–1500 m/z) were automatically fragmented in

Q2 collision cells using nitrogen as the collision gas. Collision energies

were chosen automatically as function of m/z and charge. Dynamic

exclusion was set to 15 s. HDX-MS experiments including the con-

trols were performed in triplicates.

PEAKS Studio version 6 was used to identify peptide peaks and

their associated properties, including their sequences, retention times,

charge information, and peptide quality scores. The peptide pool pro-

duced was imported into the analysis program HD Examiner (Sierra

Analytics, USA), which was then used to calculate deuterium uptake

for each peptide per time point measured. The parameter summary

can be found in Table 1.

2.7 | Equilibrium unfolding

In order to study the stability of the LZ-END and FHD constructs,

each construct was denatured in increasing concentrations of urea

(ranging from 0 to 9 M) at a final protein concentration of 5 μM. The

solutions were left for 1 h so as to reach equilibrium. Urea was pre-

pared in sodium sulfate buffer (10 mM HEPES at pH 7.5 with 50 mM

sodium sulfate). The unfolding of both protein constructs was probed

using both circular dichroism and fluorescence spectroscopy. The full-

spectra measurements were recorded at 20�C using the Jasco FP-

6300 fluorescence spectrophotometer and the Jasco J-1500 circular

dichroism polarimeter. Data were collected in triplicate and were fit to

either a two-state or three-state unfolding model27 and from this, the

thermodynamic parameters ΔG(H2O) and m-value were calculated.

3 | RESULTS

3.1 | The FHD and LZ-END constructs

The two FOXP2 constructs that were used in this study were chosen

because they contain the only two domains in the protein that are
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associated with both DNA binding and oligomerization. The LZ-END

construct is the larger of the two constructs and consists of the

343 amino acids at the C-terminal end of the protein. It contains both

the LZ domain and the FHD. The FHD construct consists only of the

winged helix DNA binding domain (Figure 1). The LZ-END and FHD

constructs were successfully purified (Figure 1) and the molecular

weights of the LZ-END and FHD constructs as calculated from SDS-

PAGE were �46 and �13 kDa respectively which corresponds with

their predicted sizes.

3.2 | Structural characterization

The crystal structure of the FHD in the presence of DNA24 shows

both the monomer and the domain swapped dimer bound to the DNA

via the recognition helix, H3 (Figure 2). The FHD folds into the winged

helix structure which is typical of all FOX FHDs. This structure is also

retained in the domain swapped dimer. Since only the FHD of FOXP2

has been crystallized, the structures of the full-length protein as well

as of the LZ-END construct were generated in their apo form using

AlphaFold28 (Figure 2). These models show clearly the four structured

domains of FOXP2 including the LZ and FHD (which aligns well with

the FHD from the crystal structure). However, a large portion of the

sequence is predicted to be disordered in these models and the exact

structure of these regions is only given with low confidence due to

their apparent dynamic nature.

Circular dichroism and fluorescence spectroscopy were used in

order to confirm the structural integrity of the two constructs and also

to assess whether the inclusion of DNA has any effect on the second-

ary or tertiary structure respectively (Figure 3).

The circular dichroism spectra of both constructs are characteris-

tic of a predominantly alpha-helical protein with clear troughs at

222 and 208 nm. This result is in keeping with the predicted struc-

tures of these proteins (Figure 2). When the constructs are incubated

in the presence of DNA, the spectra, while still characteristic of a heli-

cal protein, are not fully superimposable with the spectra of the apo

constructs. This suggests that DNA causes subtle changes to the

backbone of both constructs with the difference being more pro-

nounced in the LZ-END construct compared to the FHD. This is to be

expected due to the increase in disordered regions in this construct.

Fluorescence spectroscopy was conducted by selectively exciting

the tryptophan residues at 295 nm. The FHD contains three trypto-

phan residues: Trp533, Trp548, and Trp573. There are no additional

tryptophan residues found in the remaining sequence in the LZ-END

construct and therefore the fluorescence spectra provide information

pertaining to the tertiary structure of only the FHD in both constructs.

Indeed, the spectra for the two constructs are very similar which is to

be expected. The spectra show two peaks, one at 334 nm and one at

340 nm. This is because the environment of the three tryptophan resi-

dues in the FHD is different, with Trp533 and Trp573 being more sol-

vent exposed than Trp548 which is deeply buried in a hydrophobic

pocket. The spectra of the constructs in the presence of DNA show

significant quenching which has been well documented for the

FOXP2 FHD elsewhere.29 Despite the quenching, the wavelengths of

the peaks remain the same, suggesting that the tryptophan microenvi-

ronment does not change significantly in the presence of DNA in

either construct and the 3D fold of the FHD remains the same in the

presence and absence of DNA.

The oligomeric nature of the constructs was investigated using

size exclusion chromatography (Figure 4). At a concentration of

20 μM, the FHD is not seen to form the domain swapped dimer and

exists as a single monomeric species. Because the LZ-END species is

not entirely globular, it is difficult to obtain an accurate size using

SEC. However, given that the predicted sizes are more than double

the monomeric size of 40 kDa, it is clear that LZ-END is not mono-

meric. This is expected as the LZ is known to dimerize. The protein

exists as a mixture of two species with sizes predicted to be �120

and �80 kDa. Since we cannot determine the exact nature of the olig-

omeric species from SEC, it is sufficient for the purpose of this study

TABLE 1 HDXMS experimental conditions and peptide
information.

Dataset Apo DNA-bound

Labeling

conditions

20 mM Tris, 500 mM

NaCl, 50 mM

imidazole, pH 7.6,

and 20�C

20 mM Tris, 500 mM

NaCl, 50 mM

imidazole, pH 7.6,

and 20�C

Percent D2O 80% 80%

Time course (s) 15; 600; 3600 15; 600; 3600

Controls Fully deuterated

sample (Apo)

Fully deuterated

sample

(DNA-bound)

Back exchange %

(mean; IQR)

50.68; 23.1 41.96; 18.3

Number of

peptides

145 152

Sequence

coverage (%

amides covered

by peptides)

80.1% 80.1%

Average peptide

length

17.0 16.2

Peptide

redundancy

(total peptide/

total amides)

0.58 0.61

Replicates

(biological or

technical)

3 biological 3 biological

Repeatability (e.g.,

average stdv of

deuterium

percent)

5.12 3.98

Significant

differences in

HDX (change in

deuterium

uptake)

≥30% ≥30%

4 PERUMAL ET AL.
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to recognize that they are two distinct oligomeric species and simply

to refer to these as the larger and the smaller oligomeric species

which may be suggestive of a trimer and a dimer respectively.

3.3 | DNA-binding

Electrophoretic mobility shift assays (EMSAs) indicate the presence of

a protein–DNA complex due to its greater hydrodynamic volume and

slower migration in an electric field compared to the free DNA.

EMSAs were performed with the FHD and LZ-END constructs incu-

bated with the cognate DNA oligonucleotide. They were done to con-

firm functionality and hence the correct fold of the protein and also to

obtain a qualitative perspective on how the constructs bind DNA.

As seen in Figure 5, both constructs show DNA binding. The FHD

binds at a protein:DNA ratio of 5:1 or higher. Only a single shifted

band is observed which corresponds with the SEC results and indi-

cates that the monomeric FHD is capable of binding DNA. The LZ-

END construct appears to bind with greater affinity than the FHD

since electrophoretic shifts are seen at lower protein:DNA ratios than

the FHD. Considering the LZ-END construct also contains the FHD in

addition to the leucine zipper, this result implies that the leucine

F IGURE 1 FOXP2 domains, experimental constructs, and purity assessment. (A) Full length FOXP2 contains a poly-glutamine region, a zinc
finger domain, a leucine zipper domain, and a forkhead domain. The experimental constructs used in this study focus on the leucine zipper and
the forkhead domain. The LZ-END construct (40 kDa) is comprised of the stretch of FOXP2 sequence from the leucine zipper domain to the
C-terminal end and includes the DNA binding forkhead domain. The FHD construct (13 kDa) consists only of the isolated forkhead domain.
(B) The FOXP2 LZ-END sequence spans positions 372–715 and includes: starting residues that make for improved protein expression (gray), the
leucine zipper domain (blue), the forkhead domain (red), a thrombin cleavage site (purple), and a poly-histidine tag at the C-terminus (green). The
FHD construct spans residues 504–594 (red). (C) Both constructs were successfully purified via immobilized metal-affinity chromatography.

F IGURE 2 Structure of the isolated forkhead domain, the LZ-
END construct, and full length FOXP2. The crystal structure of the
FHD has been solved in the presence of DNA.24 Both monomeric
(A) and domain swapped dimeric (B) forms of the protein exist and are
capable of binding to DNA (PDB: 2A07). The structure of the full-
length protein as generated by AlphaFold28 is shown in (C), with

forkhead domain shown in red, leucine zipper domain in dark blue,
zinc finger (ZnF) domain in green, and the glutamine rich region in
purple. The AlphaFold generated model of the LZ-END construct
used in this study, comprising the leucine zipper domain to the end of
the FOXP2 sequence is shown in (D). A large proportion of the full-
length and LZ-END protein is unstructured and of low confidence in
the AlphaFold model.

PERUMAL ET AL. 5
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zipper contributes to DNA binding affinity. Interestingly, three distinct

shifted bands are resolved (the free DNA band is at the very bottom

of the gel). The three shifted bands are indicative of three different

protein–DNA species. Since the apo protein exists as a mixture of a

larger and a smaller oligomeric species as detected with SEC (Figure 4),

the three species seen on the EMSA could represent the larger and

smaller oligomer identified with SEC and an additional species that

only forms in the presence of DNA. These oligomeric species appear

to form as a result of the leucine zipper and not the FHD which

remains monomeric even in the presence of DNA.

Following the qualitative assessment of DNA-binding in both

constructs through the EMSA studies, the strength of the DNA-

binding interaction was studied further using fluorescence anisotropy

(Figure 6). Fluorescence anisotropy provides a means of measuring

the protein–DNA binding interactions by exploiting the excitation

properties of fluorescently labeled DNA that bound to the protein in

solution. Principally, the tumbling motion of the heavier labeled DNA–

protein complex is slower than the unbound entities which results in

increased fluorescence anisotropy which can be measured. The DNA-

binding isotherms are fit to a single-site binding model and the affinity

of the interaction is calculated in the form of dissociation con-

stants (KD).

The KD of the interaction between the FHD and DNA was found

to be 1.9 μM while the LZ-END–DNA interaction has a KD of 0.3 μM.

F IGURE 3 Circular dichroism and fluorescence spectroscopy profiles of the LZ-END and FHD constructs in the absence and presence of
DNA. The mean residue ellipticity of the apo and DNA-bound constructs was measured over the wavelength range of 180–250 nm for both the
LZ-END (A) and the FHD (B) constructs. Protein and DNA concentration was kept at 5 and 2.5 μM respectively for both constructs. The spectra
indicate a secondary structure that is predominantly α-helical for both constructs in both the presence and absence of DNA. Fluorescence
emission (ex295 nm) of both the apo and DNA-bound complex was monitored over the wavelength range of 300–500 nm for the LZ-END
construct (C) and the FHD construct (D). In both cases, DNA causes quenching of the fluorescence intensity, but the wavelength of the peak is
not changed.

F IGURE 4 Size exclusion
elution profile of LZ-END and
FHD. 20 μM LZ-END (solid) and
FHD (dashed) was separated on a
HiLoad™ 16/60 Superdex®

75 column. FHD elutes as a single
monomeric species of 13.6 kDa
but LZ-END elutes as a higher
order oligomer in two peaks
suggestive of a trimer and a
dimer.
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This difference indicates that the FHD binds DNA with a 6-fold

weaker affinity than the LZ-END construct, a difference that is statis-

tically significant (Figure 6). This result corresponds with the EMSA

results. Because both constructs contain the DNA-binding FHD, but

the LZ-END construct contains additional disordered regions plus the

leucine zipper, the fluorescence anisotropy results suggest that

the leucine zipper (and potentially the disordered regions of the

sequence) may promote strong DNA-binding in conjunction with the

FHD which directs the specificity of the interaction.30

3.4 | Conformational dynamics

In order to probe deeper the relationship between FOXP2 and DNA,

hydrogen/deuterium exchange mass spectroscopy was performed on

the LZ-END construct both in the presence and absence of DNA.

From this work we were able to investigate any changes in conforma-

tional dynamics upon DNA binding. Since our work shows that the

leucine zipper is primarily involved in DNA-binding affinity, assessing

its interaction with DNA in this construct, alongside the DNA-binding

FHD, provides both a global and local depiction of how these

structural motifs dynamically cooperate to ensure DNA binding. Addi-

tionally, the dynamics of the randomly coiled unstructured regions

also provide evidence of whether or not they participate in the inter-

action at all.

The rate of deuterium uptake of the apo and DNA-bound LZ-

END construct was measured over 15, 600, and 3600 s and compared

to the non-deuterated control. Heat maps were constructed for both

apo and DNA-bound protein (Appendix S1) and the difference map

highlighting regions of difference in dynamics between apo and com-

plexed LZ-END is mapped onto the model structure and shown in

Figure 7.

The regions of LZ-END that show the greatest difference in

exchange between the apo and DNA-complexed construct are shown

in Figure 7. The regions that show significant changes in deuteration

over time are the FHD, the leucine zipper, a stretch of interlinking

sequence between the LZ and FHD and a portion preceding the acid-

rich tail at the C-terminus of the protein. The remaining random coiled

sequence in the LZ-END construct shows very little difference in

exchange between the apo and the complexed protein and thus is

unlikely to be involved in DNA binding. The deuterium uptake plots in

Figure 7 show clearly that the regions of LZ-END that exhibit the

greatest difference in exchange between DNA-bound and apo forms

are H3 and H1 from the FHD as well as the interlinking sequence

located between the LZ and FHD. In all three of these regions, the

DNA-bound form shows lower deuterium uptake for all time points

F IGURE 5 Electrophoretic mobility shift assays for the LZ-END and FHD constructs. Increasing concentrations of either the FHD or the LZ-
END were incubated with a constant concentration of 1 μM DNA oligonucleotide. The samples were resolved on a non-denaturing 10% (w/v)
polyacrylamide gel. For the FHD construct (A), binding is observed from a ratio of DNA: protein of 1:5. For the LZ-END construct (B), binding is

observed from a DNA:protein ratio of 3:1. Two gels are shown. The one on the left clearly shows the position of the free DNA on the gel while
the one on the right was left to separate for longer so as to show better separation of the higher order species. More than one species of LZ-END
binds to the DNA.
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measured. This means that the backbone of these three regions is

more protected from deuterium exchange and the regions are less

dynamic in the presence of DNA than in the absence of DNA. Alterna-

tively, the leucine zipper region takes up the same amount of deute-

rium in both the apo and DNA-bound forms. This region is still of

interest, however, because it shows a marked increase in exchange

over time implying that it remains dynamic whether in the presence or

absence of DNA.

The hydrogen/deuterium exchange results for LZ-END were

compared with the results obtained previously for the isolated FHD.25

Interestingly the dynamics of the FHD region is not identical when in

the isolated construct compared to in the longer LZ-END construct.

While H3 and H1 show a reduction in deuterium uptake upon DNA

binding in both constructs, the remainder of the DNA-bound FHD is

more dynamic in the LZ-END construct on average, than in the iso-

lated FHD construct (Figure 8).

3.5 | Stability at equilibrium

Understanding the conformational stability of the constructs will pro-

vide deeper insight into the dynamic interplay between the FHD and

the leucine zipper domain in the full-length protein which will help us

make conclusions about the mechanisms of oligomerization and its

relationship to DNA binding. Equilibrium unfolding curves of both

constructs are shown in Figure 9. Both fluorescence and circular

dichroism were used to probe the unfolding of the constructs by

focusing on their tertiary and secondary structures respectively.

Both the FHD and the LZ-END constructs unfold via a two-state

transition when unfolding is monitored using fluorescence. Consider-

ing the tryptophan residues are located in the FHD in both the FHD

and the LZ-END construct, the tryptophan environments will be very

similar in both constructs, and it is not too surprising that the fluores-

cence-monitored transitions are comparable for both constructs. The

two-state model assumes that only two conformational states exist

along the unfolding transition of both constructs: the native (N) and

the denatured (D) states. While the two curves are close to being

superimposable, the denaturation mid-point (Cm) and the ΔGH2O are

both higher for LZ-END (6.2 M urea and 19.9 kJ mol�1 respectively

compared to the values of 5.9 M and 8.6 kJ mol�1 respectively for

FHD). This implies that LZ-END is more stable than FHD. The m-value

informs us of the cooperativity of the unfolding transition. For the

FHD, the m-value is 4.3 kJ mol�1 M�1 and for LZ-END it is

3.0 kJ mol�1 M�1. This suggests that the FHD construct is more com-

pact in the native conformation than the LZ-END, or alternatively,

that LZ-END is less homogenous than the FHD.

The circular dichroism monitored unfolding curves are different

for the two constructs. While the FHD continues to demonstrate

two-state unfolding, the LZ-END clearly follows a three-state unfold-

ing pathway and a near native intermediate species (I) is detectable.

The thermodynamic parameters obtained from the fits to the unfold-

ing curves show a decreased ΔGH2O for the FHD construct when

probed with circular dichroism compared to the fluorescence-moni-

tored transition with a value of 2.4 kJ mol�1. The m-value remains

similar for both the fluorescence and circular dichroism-monitored

transitions. The three-state transition for the LZ-END construct

shows a higher ΔG(H2O) for the IàD transition (11.6 kJ mol�1 com-

pared to 7.7 kJ mol�1 for the NàI transition). Similarly, the m-value is

higher for the IàD transition with a value of 4.4 kJ mol�1 M�1 com-

pared to 3.7 kJ mol�1 M�1 for the NàI transition. This implies that

the greatest exposure of surface area to solvent happens upon the

IàD transition which is consistent with the unfolding of the protein

along this transition.

4 | DISCUSSION

The research undertaken in this study assesses the role of the FOXP2

leucine zipper as it cooperates with the FHD to bind DNA and hence

execute transcriptional function. Partitioning the structural and func-

tional contributions of the leucine zipper domain, FHD, and the flank-

ing unstructured regions in the absence and presence of DNA

provides both a global and local perspective on the cooperativity

between these domains in terms of their interaction with each other

and their capacity for DNA-binding. It is important to know the pre-

cise roles of the various regions of the FOXP2 sequence as it

F IGURE 6 Fluorescence anisotropy illustrating the independent
binding interaction of the LZ-END and FHD constructs with DNA. For
each experiment, 500 nM ROX-labeled dsDNA containing a single
FOXP2 binding site was incubated with increasing concentrations of
each protein construct (0–6 μM). The data was fitted to a single site
binding model. Errors indicate the standard deviation of three
averaged replicates. FOXP2 LZ-END (filled hexagons) and FOXP2
FHD (open diamonds) bind specifically to FOXP2 cognate DNA. The
KD calculated for the FHD and the LZ-END were 1.9 ± 0.3 and 0.3
± 0.06 μM respectively indicating that the LZ-END binds with higher
affinity than the FHD. A two-sample t-test indicates that there is a
statistically significant difference between the KD values (*p < .05,
**p < .01, and ***p < .001). When incubated with non-specific DNA,
both FOXP2 LZ-END (filled triangles) and FOXP2 FHD (open
hexagons) show no binding.
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enhances our comprehension of FOXP2's molecular function. This

information is valuable for deciphering the broader regulatory net-

works and functional consequences of FOXP2 activity.

The two constructs used in this study were the isolated FHD and

the LZ-END constructs and they were chosen because both the FHD

and the LZ have been implicated in both DNA binding and oligomeri-

zation. In this work, we investigated the dynamics, DNA binding and

stability of these two constructs in order to understand more about

the individual contributions of the two most structured domains in

this protein both to DNA binding and to stability, dynamics and fold

of the protein.

Structurally, the circular dichroism results confirm that both con-

structs are predominantly helical, and the fluorescence results show

that the FHD in both regions is folded similarly with buried trypto-

phan residues (Figure 3). When the protein is bound to DNA, the fold

of the FHD does not change, but there do seem to be some subtle

changes in the backbone of possibly the more disordered regions as

seen by slight differences to the circular dichroism spectra although

both constructs do remain helical (Figure 3).

Despite the fact that the FHD is capable of forming domain

swapped dimers,24 under the conditions and concentrations used in

our study, the isolated FHD remains entirely monomeric and exists as

a single species. The LZ-END construct, on the other hand, exists as a

mixture of two species that likely represent a dimer and a trimer

(Figure 4).

Looking at the quaternary structure in relation to DNA binding in

the EMSA (Figure 5), we can see that while the FHD binds DNA as a

single species, arguably the same monomeric species detected with

size exclusion chromatography, the LZ-END construct clearly binds as

three different species. This means that the two species that are

detected in solution both bind independently to DNA and in addition

to this, there is a third species bound to DNA that is not seen in the

apo state. The appearance of a third DNA-bound species on the

EMSA could mean one of two things. Either (i) DNA induces a confor-

mational change or oligomerization event to form a third species

(in addition to the dimer-like and trimer-like oligomeric species) and all

three species can bind DNA, or (ii) DNA can bind one of the two spe-

cies with a stoichiometry greater than 1. This second scenario could

F IGURE 7 Hydrogen/deuterium exchange difference maps comparing the level of deuteration of LZ-END in the absence and presence of
DNA. Heat maps generated from hydrogen exchange mass spectrometry of the apo and complexed (DNA-bound) LZ-END constructs are mapped
to the AlphaFold FOXP2 structure to visually represent the time-based dynamics of key regions within this construct. The map is colored from
red to blue where red represents highly deuterated regions and blue represents regions of the backbone that are more protected from exchange.
Deuterium uptake plots for relevant regions are shown and compare the DNA–protein complex (dashed line) with the apo protein (continuous
line) over 15, 600, and 3600 s time intervals. (A) Helix-3 (the DNA recognition helix) and H1 in the forkhead domain display decreased levels of
exchange upon binding to DNA as compared to the more dynamic apo form, while the dynamics of wing-1 are unchanged by DNA. (B) The
interlinking loop region is highly dynamic in the apo form but sees an increase in protection from exchange upon DNA-binding, especially at the

region PTTPTAPVTP. (C) DNA-binding does not induce significant changes in the structural dynamics of the leucine zipper domain overall,
although the general trend is an increase in deuteration over time. (D) The acid-rich tail shows increased protection from exchange in the
presence of DNA.
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be a possibility if the FHD forms a domain swapped dimer as this pre-

sents two DNA binding helices per dimer. In either scenario, it appears

that the presence of DNA induces a change in the oligomeric state of

the LZ-END construct, and this might be important for FOXP2's

mechanism of regulation of transcription. Despite this change in oligo-

meric state in the presence of DNA, we do not see a significant

change in secondary or tertiary structure, meaning that the overall

fold has not changed, and the protein is simply oligomerizing at the LZ

or FHD. Since the isolated FHD does not form oligomers (Figure 4), it

is plausible that the oligomerization detected in the LZ-END species

EMSA is happening at the LZ domain rather than the FHD. Our results

correspond with a similar study performed on FOXP331 where it was

shown that FOXP3 FHD remains monomeric and FOXP3 dimerizes

via the leucine zipper and interlinking region. Our work also

corresponds with work done on FOXP132 which suggested that dimer

formation was improved by the presence of the LZ region.

Study of DNA binding using fluorescence anisotropy (Figure 6)

also shows a difference between LZ-END and FHD. LZ-END binds to

the DNA with greater affinity than the FHD alone. This means that

despite the fact that the FHD is the DNA binding domain, the LZ

(and/or the interlinking random coiled region) is also involved in DNA

binding and contributes to the affinity of binding.

In order to understand deeper, the interaction of this protein with

DNA, we compared the dynamics of the LZ-END construct in the

presence and absence of DNA. Most of the protein does not show a

difference in backbone exchange whether in the apo or DNA bound

forms, however there are certain regions that have been highlighted

in the difference map in Figure 7 that do show a difference.

The FHD shows the most pronounced difference, particularly in

H1 and H3 which both become more protected from exchange upon

DNA binding. This means that these regions are directly involved in

DNA binding which is to be expected as H3 is known to be the DNA

binding helix for the winged helix fold of all FHDs.6 This result is simi-

lar to what we have shown previously with a hydrogen exchange

study of the isolated FHD.25

The hydrogen exchange results for FHD and LZ-END are not

identical however, and differences are seen when comparing the

backbone dynamics of the isolated FHD to that of the FHD in the

LZ-END construct. In the isolated FHD, there is not only increased

protection at H3 and H1 but also at W1 and H2 upon DNA binding

(Figure 8). This is not seen in the LZ-END complex, and this implies

that the DNA–FHD interface in the larger LZ-END complex is smaller

than in the isolated FHD, likely due to the additional sequence and

the fold of the structure. Despite these restrictions on where the

DNA and protein can interact, the affinity for the DNA is larger in

the LZ-END construct which suggests that regions of the protein

other than the FHD are involved in DNA binding affinity.

Interestingly, two regions of random coil sequence show an

increase in backbone protection upon DNA binding. They are the

interlinking loop region and a portion of the C-terminal tail just pre-

ceding the acid-rich region. The hydrogen exchange results suggest

that these two regions change in dynamics upon DNA binding. This

result implies that they may be directly involved in DNA binding or, as

had been suggested previously for the acid rich tail,19 they may be

sites of oligomerization. This is consistent with the EMSA results and

the idea that DNA binding induces an oligomeric event at these

regions. These two regions are likely to be responsible for the

increased affinity for DNA of this construct compared to

the isolated FHD.

The leucine zipper itself does not show a difference in deutera-

tion in the presence and absence of DNA which suggests that DNA

does not bind to the LZ region directly and nor is there a change in

oligomeric state at the LZ upon DNA binding. It is likely that the LZ

remains an oligomeric interface in the presence and absence of DNA.

What we do see, however, is a clear increase in deuteration of the LZ

region over time. This implies that the LZ region is highly dynamic and

despite its structure, it is accessible to the solvent.

Finally, we also compared the equilibrium unfolding curves of

both FHD and the LZ-END, to understand what effect the LZ has on

the stability of the DNA binding domain. Since the only tryptophan

residues in this protein are in the FHD, it is not surprising that when

using fluorescence to probe unfolding, both the two constructs

appear to unfold in a similar manner. This means that the FHD retains

F IGURE 8 Comparing the conformational dynamics of the
isolated FHD and the forkhead domain present in the LZ-END
construct when in the presence of DNA. (A) The conformational
dynamics of the isolated FHD bound to DNA was mapped to the
crystal structure (PDB: 2A07) and is shown here at the full duration of
exchange, with most secondary structure features shown to be highly
protected from exchange in the presence of DNA.23

(B) Comparatively, the FHD in the longer LZ-END variant,
demonstrates a significant amount of protection for helix-3 and
helix-1 while the remainder of the FHD seems to show almost no
change in dynamics in the presence of DNA.
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its stability and fold in the longer protein which confirms the results

of the structural studies. The curves were fit to a two-state model,

and we see that both the Cm and m-value are similar for both con-

structs, implying that the FHD is similar in both stability and fold

(compactness) in both constructs. The ΔGH2O calculated for LZ-END

is more than double that of the FHD which likely refers to additional

stabilizing interactions that form in the larger construct.

When equilibrium unfolding was performed by probing changes

in ellipticity (which indicates the level of secondary structure) with

increases in denaturant concentration, we see that there are distinct

differences in the two constructs. While the FHD continues to unfold

in a simple two-state manner (NàD), the LZ-END now shows a

three-state unfolding transition with a near native stable intermediate

species being detected at equilibrium. This intermediate may repre-

sent the dissociation of the oligomeric species to their monomeric

form prior to unfolding.

The equilibrium unfolding results point to the uncoupling of the

FHD from the LZ upon unfolding and further support our conclusions

that it is the LZ and possibly the other random coil regions of the pro-

tein that are responsible for oligomerization and not the FHD.

In summary, we show here that the LZ and FHD function in a

cooperative way to regulate DNA binding specificity and affinity. They

do not do this in isolation, however and disordered regions in the

FOXP2 sequence, particularly the interlinking loop between the LZ

and FHD and parts of the C-terminal tail, play a significant role in

DNA binding and oligomerization of FOXP2.

Our work agrees with a similar study performed on FOXP132

which concluded that the interdomain linker between the LZ and

FHD of FOXP1 was a critical player in the protein's stability, dimeriza-

tion and DNA binding activity. These results emphasize the signifi-

cance of the unstructured regions of FOXP proteins in their structure

and function.

5 | CONCLUSION

In this study we sought to compare the DNA-binding capabilities, con-

formational dynamics and stability of the FOXP2 FHD and leucine zip-

per domain. Considering these two domains are both associated with

DNA binding and oligomerization, their individual and cooperative

impact on FOXP2 structure and function was assessed in the absence

and presence of DNA. This study showed for the first time that DNA

can bind to multiple species of FOXP2, and that DNA binding induces

a conformational change in the oligomeric structure of FOXP2 to form

a DNA-bound oligomer that does not exist in the apo state. Taken in

combination with the dynamics studies, the region involved in this

oligomerization event appears to be the interlinking loop region and

the C-terminal tail. This result suggests that oligomerization may be

employed in the transcriptional regulatory mechanism of this protein.

Indeed, the higher order structures that form in the LZ-END construct

are also capable of binding DNA with greater affinity than the isolated

FHD, highlighting their significance. The stability studies show that in

F IGURE 9 The equilibrium unfolding curves of the LZ-END and FHD at the tertiary and secondary structural level. Urea-induced equilibrium
unfolding was monitored via intrinsic tryptophan fluorescence at 350 nm (A) and by circular dichroism ellipticity at 222 nm (B). The constructs
were denatured using increasing concentrations of urea (0–9 M). While the equilibrium unfolding curves for both the FHD (red) and LZ-END
(blue) fit to a two-state model when fluorescence is used as a probe, unfolding monitored using circular dichroism fits a 2-state model for FHD
(red) but a 3-state model for the LZ-END (blue). The thermodynamic parameters obtained by the fits to the data are shown in (C).
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the folded, stable structure, the LZ and FHD cooperate with each

other and need to be uncoupled in order for the protein to unfold.

Taken together these results highlight the importance of oligomeriza-

tion and interplay between the domains in order to regulate DNA

binding. In essence, unraveling the precise roles of the different

domains in FOXP2 enhances our comprehension of its molecular

function, opening avenues for therapeutic interventions, insights into

speech and language disorders, and a deeper understanding of its

intricate molecular mechanisms which lays the groundwork for future

studies in transcriptional regulation and functional dynamics.
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