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Abstract: Forkhead box (FOX) proteins are a ubiquitously 
expressed family of transcription factors that regulate the 
development and differentiation of a wide range of tissues 
in animals. The FOXP subfamily members are the only 
known FOX proteins capable of forming domain-swapped 
forkhead domain (FHD) dimers. This is proposed to be 
due to an evolutionary mutation (P539A) that lies in the 
FHD hinge loop, a key region thought to fine-tune DNA 
sequence specificity in the FOX transcription factors. 
Considering the importance of the hinge loop in both the 
dimerisation mechanism of the FOXP FHD and its role 
in tuning DNA binding, a detailed investigation into the 
implications of mutations within this region could provide 
important insight into the evolution of the FOX family. 
Isothermal titration calorimetry and hydrogen exchange 
mass spectroscopy were used to study the thermodynamic 
binding signature and changes in backbone dynamics of 
FOXP2 FHD DNA binding. Dual luciferase reporter assays 
were performed to study the effect that the hinge-loop 
mutation has on FOXP2 transcriptional activity in vivo. 
We demonstrate that the change in dynamics of the hinge-
loop region of FOXP2 alters the energetics and mechanism 
of DNA binding highlighting the critical role of hinge loop 
mutations in regulating DNA binding characteristics of 
the FOX proteins.

Keywords: backbone dynamics; DNA-binding; electrostat-
ics; forkhead; FOXP; hinge-loop.

Introduction
The forkhead box (FOX) family is a prominent transcrip-
tion factor family responsible for the differentiation and 
growth regulation of a large variety of cell types across 
multiple vertebrate taxa. FOX transcription factors play a 
role in numerous processes including development and 
differentiation, cell cycle regulation and homeostasis 
(Hannenhalli and Kaestner, 2009).

The FOX family of transcription factors is identified 
by a highly conserved DNA binding domain, the forkhead 
domain (FHD) which is a variant of a helix-turn-helix 
motif termed a winged helix (Clark et al., 1993; Gajiwala 
and Burley, 2000). FOX family members are subdivided 
into 19 (A–S) subfamilies based on sequence divergence 
from the FHD and homology of the flanking sequences 
(Lai et al., 1993; Kaestner et al., 2000). All the FOX proteins 
are multidomain proteins and show substantial deviation 
in the number and type of domains flanking the FHD. The 
FOXP subfamily (FOXP1-4) is characterised by a leucine 
zipper and zinc finger domain located N-terminal to the 
FHD. FOXP1, 2 and 4 also possess a long N-terminal poly-
glutamine tract of unknown function (Lai et al., 2001).

FOXP2, the first gene product to be associated with 
language acquisition and use, plays a vital part in the 
development of brain regions necessary for complex lan-
guage comprehension (Lai et al., 2001). Loss-of-function 
mutations in the FOXP2 FHD cause a congenital mental 
retardation that presents as a difficulty in fine motor 
control of the orofacial muscles required for complex lan-
guage production (orofacial dyspraxia) as well as reduced 
language cognition (Fujita et al., 2008). FOXP2 also plays 
a significant role in non-communicable disease. Aberrant 
expression of FOXP2 has been observed in breast cancer, 
diffuse large B-cell lymphoma and multiple myeloma 
(Cuiffo et al., 2014; Wong et al., 2016). FOXP2 has also been 
implicated in schizophrenia, autism and most recently 
Huntington’s disease (Gong et  al., 2004; Spaniel et  al., 
2011; Hachigian et al., 2017).

Three of the four FOXP subfamily members 
(FOXP1/2/4) share overlapping regions of expression in the 
developing and adult vertebrate brain (Teramitsu, 2004; 
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Takahashi et  al., 2009). As a result of this overlapping 
expression pattern as well as the presence of a conserved 
leucine zipper domain, the FOXP subfamily is unique 
among FOX transcription factors in its ability to form 
both homo- and heterotypic dimers via the leucine zipper 
domain (Li et al., 2004). Dimerisation of the FOXP subfam-
ily members has been shown to be essential in vivo and is 
responsible for the differential expression of a large array 
of target genes (Li et al., 2004; Sin et al., 2014). In addi-
tion to dimerisation through the leucine zipper, crystal 
structures reveal that the isolated FOXP FHD is capable of 
forming three-dimensional (3D)-domain swapped dimers 
(Stroud et al., 2006). Domain swapping is an uncommon 
form of oligomerisation whereby a portion of the associ-
ating domains is exchanged with the equivalent region 
in the oligomerisation partner. This is usually facilitated 
through a ‘hinge-loop’ – a random coil between the 
exchanged and fixed regions of the monomer (Rousseau 
et al., 2003). The FOXP FHD has a far greater propensity 
to form a domain swapped dimer than the FHD of other 
members of the FOX family. This is attributed to a single 
proline to alanine substitution in the hinge-loop between 
helix 2 and 3 that promotes extension of helix 2 into the 
hinge-loop (Stroud et al., 2006). Indeed, reversal of this 
hinge-loop mutation successfully prevents dimerisation 
of the FOXP FHD (Stroud et al., 2006; Chu et al., 2011).

All FOX FHD structures reveal that the FHD inter-
acts with DNA via helix 3 – the recognition helix – which 
inserts into the major groove (Clark et  al., 1993; Stroud 
et  al., 2006). Despite almost complete sequence conser-
vation within the recognition helix of the FHD as well as 
high conservation of the recognition DNA sequence (TA/
GTTT/GG/AA/GT/C), the FOX family members display a 
large deviation in target gene activity (Pierrou et al., 1994). 
Furthermore the FOX FHD has been shown to bind to more 
than one DNA sequence with varying rates and affinity 
and sequence specificity is believed to be a form of tran-
scriptional regulation (Webb et al., 2017). The region of the 
FOX FHD that is considered most likely to contribute to 
sequence specificity is the region immediately prior to the 
recognition helix consisting of helix 2 and the less highly 
conserved hinge-loop region (Figure 1) (Overdier et  al., 
1994; Pierrou et al., 1994; Marsden et al., 1998).

It is interesting, from both an evolutionary and func-
tional perspective that of all the FOX proteins, (of which 
there are over 100) only the four members of the FOXP 
subfamily have been discovered to have developed the 
ability to form FHD dimers. This unique ability is entirely 
due to the amino acid sequence within the hinge-loop 
region and has lead us to question the significance of 
this region in FOX protein function. Indeed, mutations in 
the hinge-loop of FOXP3 that have been shown to reduce 
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Figure 1: Anatomy of the FOXP2 forkhead domain.
FOXP2 has two dimerisation domains: the leucine zipper (ZIP) and the forkhead domain (FHD). The FOXP2 FHD can form a domain-swapped 
dimer (inset) whereby associated FOXP2 FHD monomers exchange the domain-swapped subdomain (helix-1 and -2; blue). The exchange 
(transparent) involves the extension of helix-2 into the hinge loop that connects the two subdomains of the FOXP2 FHD. This is thought to 
be possible because of an evolutionary hinge loop mutation (P539A) exclusive to the FOXP subfamily (Ala539 shown in purple). The DNA 
binding subdomain (helix-3 and the wing; orange) are responsible for the formation of the protein-DNA interface. The figure was produced 
using the crystal structure of the FOXP2 FHD bound to DNA (PDB ID: 2A07).
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dimer propensity have also been associated with disease 
(Bandukwala et al., 2011). Does this mean that the forma-
tion of FHD dimers specifically (over and above dimers 
formed via the leucine zipper) is significant for FOXP func-
tion? In this work we aim to determine the role that the 
FOXP proline to alanine hinge-loop mutation has on the 
DNA binding mechanism of the FOXP2 FHD. This study 
will provide insight into the complexities of transcrip-
tional regulation via FOXP proteins and will distinguish 
between proteins with an exclusively monomeric FHD and 
those with the potential to form domain swapped dimers, 
hopefully providing a clue as to whether the FOXP sub-
family has evolved to develop a unique mode of action 
compared to the other members of the family.

Results
In order to compare the DNA binding mechanism of a FOX 
FHD that has the potential to form a dimer to one that does 
not, we have worked with both the wild-type FOXP2 FHD 
and the exclusively monomeric A539P hinge-loop mutant. 
The thermodynamics of DNA binding has been investigated 
in this study at different temperatures and at different salt 
concentrations to obtain information on the heat capacity 
and the electrostatics of binding, respectively. The dynam-
ics and flexibility of the wild-type and A539P mutant upon 
DNA binding has been studied so as to assess whether 
restrictions on backbone flexibility affect DNA binding. 
Finally, a luciferase reporter assay was also performed so 
as to understand the effect of the monomeric mutation on 
FOXP2 transcriptional ability and hence to provide physi-
ological relevance to the in vitro work.

Heat capacity of DNA binding

The heat capacity of biochemical interactions provides 
insight into the arrangements and types of bonds involved 
in the interaction. When DNA binds to a protein, a number 
of factors will contribute to the change in heat capacity 
(ΔCP) upon DNA binding. These factors include the struc-
tural changes that may accompany DNA binding, changes 
in ionic shielding as well as changes in the solvation of the 
protein and DNA. Usually, sequence-specific DNA binding 
is accompanied by a large negative heat capacity change, 
while non sequence specific binding does not necessarily 
yield a large negative value (Prabhu and Sharp, 2005).

Temperature-dependant DNA binding studies 
of the wild-type FOXP2 FHD and the A539P mutant 
show significant differences (Figure 2). The wild-type 

FOXP2 FHD has an unusually small ΔCp upon binding 
DNA of −0.88 ± 0.05  kJ/mol/K. This is nearly half of 
that obtained for the A539P FOXP2 FHD mutant where 
ΔCp = −1.56 ± 0.04 kJ/mol/K. This suggests that the binding 
of the wild-type is less sequence specific than the A539P 
mutant and may involve more backbone rather than base 
interactions. The data for both the wild-type and A539P 
FOXP2 FHD agree well with the linear model fitted for 
determining heat capacity indicating that no additional 
temperature-dependent equilibria with a significant 
enthalpy change occur across the temperature range of 
10–30°C.

Salt studies of binding

The polyelectrolytic nature of DNA results in the forma-
tion of steep counter-ion concentration gradients around 
the phosphate backbone, a process known as counter-
ion condensation (deHaseth et  al., 1977; Manning, 1978; 
Record et al., 1978; Privalov et al., 2011). Exclusion of coun-
ter-ions from the DNA backbone during protein binding to 
the DNA results in a measurable cratic entropy of mixing 
that can be used to dissect the total entropic term into 
salt-dependent (electrostatic) and salt-independent (non-
electrostatic) components. This analysis can be performed 
by fitting a linear regression to the double log plot of the 
observed association constant (logKa) as a function of salt 
concentration (log[S]) (Figure 3A) (Privalov et  al., 2011). 
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Figure 2: Temperature dependence of DNA binding of the wild-
type (triangles and solid line) and A539P (circles and dashed line) 
FOXP2 FHD.
The heat capacity values are ΔCp = −0.88 ± 0.048 kJ/mol/K for wild-
type and ΔCp = −1.56 ± 0.04 kJ/mol/K for the A539P FOXP2 FHD. Error 
bars are the sample standard deviation of the average of at least 
duplicate or triplicate titrations.
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The affinity constant at 1 m salt (Knel) is presumed to be a 
measure of the salt independent (non-electrostatic) com-
ponent of the free energy of binding (Privalov et al., 2011). 
The total entropy change upon binding can then be dis-
sected into electrostatic (ΔSel) and non-electrostatic (ΔSnel) 
components. The number of counter-ions (N) excluded 
from the DNA backbone during formation of the protein-
DNA interface can be obtained from the gradient of the 
linear regression by considering the DNA phosphate 
counter-ion occupancy of NaCl (ψ = 0.64) (Olmsted et al., 
1995; Privalov et al., 2011).

As with the heat capacities, there is a difference in 
the DNA binding electrostatics of the wild-type FOXP2 
FHD compared to the A539P mutant. The wild-type dis-
plays a significant dependence on electrostatic inter-
actions with most of the entropy originating from the 
electrostatic component (T∆Sel = 14.64 ± 0.38  kJ/mol) 
while the non-electrostatic contribution to the entropy, 
(T∆Snel) is −1 ± 0.38 kJ/mol (Figure 3B). The A539P mutant 
FOXP2 FHD has a smaller T∆Sel component than the wild-
type with a value of 7.53 ± 0.16 kJ/mol and a lower T∆Snel 
of −4.11 ± 0.16 kJ/mol (Figure 3B). As would be expected 
following these results, the wild-type FOXP2 FHD makes 
a higher number of ionic contacts with the DNA backbone 
than the does the A539P mutant. The wild-type forms 
approximately four (N = 2.58 ± 0.27) ionic contacts with 
the DNA while the mutant forms approximately two to 
three (N = 1.67 ± 0.028).

Dynamics of DNA binding

As differences in the thermodynamic DNA binding signa-
tures were observed between the wild-type FOXP2 FHD and 
the A539P mutant, and particularly as a difference in the 
conformational entropy component was found, hydrogen-
deuterium exchange experiments were performed in the 
absence and presence of DNA so as to identify the regions of 
the FHD responsible for the observed differences (Figure 4).

The wild-type FOXP2 FHD displays a decrease in back-
bone solvent accessibility upon binding to DNA in regions 
presumed to be shielded by the protein-DNA interface 
(helix-3 and wing-1) as well as, somewhat surprisingly, 
in regions distal from the interface (helix-1 and helix-2). 
Interestingly, the A539P FOXP2 FHD resembles the less 
dynamic, less solvent exposed DNA-bound form of the 
wild-type whether it is in the presence or absence of DNA 
suggesting that the flexibility of the hinge-loop plays a sig-
nificant role in the global dynamics of the FHD.

As the wild-type showed a change in backbone 
dynamics upon DNA binding, fluorescence quenching 
studies were performed in the presence of a collisional 
quencher, in order to assess whether the changes in 
backbone dynamics are as a result of significant refold-
ing events. Stern-Volmer constants were determined for 
both the wild-type and A539P FOXP2 FHD in the absence 
and presence of DNA (Figure 5). Despite only the wild-
type showing a change in backbone dynamics upon 
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Figure 3: Salt dependent studies of DNA binding by the wild-type and A539P FOXP2 FHD.
(A) The number of counter-ions displaced (N) during binding can be determined from the gradient of the linear regression which can then be 
related to the number of ionic contacts made. The steeper gradient for the wild-type (solid line) implies a greater number of backbone inter-
actions with the DNA compared to the mutant (dashed line). Error bars are the sample standard deviation of the average of at least duplicate 
or triplicate titrations. The ΔH displays a minor dependence on the salt concentrations used in this study (Supplementary Figure 6). (B) The 
entropy of binding at 100 mm NaCl was dissected into electrostatic (TΔSel) and non-electrostatic (TΔSnel) components using the enthalpy 
of binding (ΔH) averages from all salt concentrations. The wild-type (grey) displays a greater entropy of binding but the magnitude of the 
enthalpy and non-electrostatic free energy of binding is smaller compared to the mutant (black).
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Figure 4: The change in backbone dynamics of the wild-type FOXP2 FHD induced by DNA binding as observed with hydrogen-deuterium 
exchange mass spectrometry.
The change in deuterium uptake is calculated by subtracting deuterium uptake for the DNA bound wild-type FOXP2 FHD from the 
deuterium uptake from the unbound form at the incubation time of 3600 s. The difference in deuteron uptake is mapped to the crystal 
structure of the monomeric wild-type FOXP2 FHD bound to the consensus DNA sequence (PDB ID: 2A07). The site of Ala539 in the hinge-
loop is shown in purple. Insets: Deuterium uptake plots for helix-2 (H2; Ser522-Thr535), the recognition helix (H3; Trp548-His559) and the 
β-sheet wing (W1; Cys561-Glu577) of the wild-type (blue) and A539P (orange) FOXP2 FHD in the presence (dashed line) and absence (solid 
line) of DNA.
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Figure 5: Collisional quenching of tryptophan fluorescence. 
(A) Stern-Volmer constants (KSV) for the free and DNA bound forms of the wild-type (grey) and A539P (black) FOXP2 FHD. There is a sub-
stantial reduction in tryptophan fluorescence quenching upon DNA binding of both wild-type and mutant, however, the wild-type displays 
greater quenching than the mutant. Hence wild-type tryptophan residues are more exposed upon DNA binding than the mutant. Errors rep-
resent the sample standard deviation of three independent replicates. (B) The positions of the three tryptophan residues in the FOXP2 FHD.
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binding, both proteins showed a significant reduction in 
the Stern-Volmer constants upon binding to DNA imply-
ing a change in the local environment of the tryptophan 
residues. The FOXP2 FHD contains three tryptophan resi-
dues; two flanking the hinge loop (Trp533 and Trp548) 
and a third within the loop connecting the recognition 
helix and the β-sheet wing (Trp573). The largest contribu-
tor to the observed decrease in the Stern-Volmer constant 
upon binding is likely Trp573 which becomes entrenched 
in the protein-DNA interface. The higher solvent accessi-
bility of the tryptophan residues in the DNA bound form 
of the wild-type FOXP2 FHD compared to the mutant cor-
roborates the findings of the deuterium exchange experi-
ments suggesting that the wild-type binds in a more open 
conformation.

Luciferase reporter assay

The FOXP subfamily members are the only FOX proteins 
known to form homo- and heterotypic dimers. FOXP 
dimerisation can occur at two interfaces, i.e. via the 
leucine zipper domain and also via the FHD. Dimerisa-
tion through the leucine zipper domain has been shown 
to be necessary for correct FOXP2 function in vivo (Li 
et  al., 2004). However, no studies have attempted to 
understand the role of only the FOXP2 FHD dimerisation 
in vivo. Indeed, as the domain swapped dimer has only 
been identified in crystal structures of the isolated FHD, 
there is question as to whether dimerisation of the FHD is 

physiologically significant or whether it is simply an arte-
fact of the crystallisation conditions.

Luciferase reporter assays were performed with the 
full length proteins that therefore contain both the FHD 
and the leucine zipper domain. The assays were per-
formed with both wild-type and A539P mutant FOXP2 
to assess whether the dimerisation of the FHD has any 
detectable role in transcriptional activity (Figure 6). Over-
expression of wild-type and A539P mutant FOXP2 resulted 
in an approximately seven-fold and five-fold induction of 
luciferase activity, respectively. Thus disruption of FHD 
dimerisation via the A539P mutation significantly lowers 
transcriptional activity of FOXP2 but does not inactivate it 
(**p < 0.012).

Discussion
The FOXP subfamily is unique among FOX proteins in its 
ability to form dimers. Particularly it has the capacity to 
form dimers at two interfaces: the leucine zipper and the 
FHD. The focus of this work has been on the FHD dimer. 
FOXP proteins are capable of forming FHD dimers due to 
a proline to alanine substitution in the hinge-loop region 
of the FHD that allows domain swapping to occur. Here 
we study the effect that this hinge-loop mutation has on 
the DNA binding mechanism of the protein in an attempt 
to obtain evidence that the FOXP subfamily has evolved a 
novel mechanism for DNA binding, recognition, specific-
ity and hence transcriptional regulation. We have accom-
plished this by isolating the wild-type FOXP2 FHD and the 
A539P FOXP2 FHD mutant and comparing their interac-
tion with DNA.

Changes induced upon DNA binding

In our previous work, we examined the structure and DNA-
binding thermodynamics of the wild-type FOXP2 FHD and 
the A539P mutant (Morris and Fanucchi, 2016). We found 
that there is little structural difference between the wild-
type and the A539P mutant. In fact, we only detected a low 
proportion of wild-type dimer, concluding that the apo wild-
type existed almost entirely as a monomer under the con-
ditions we used for the study (Morris and Fanucchi, 2016). 
Despite this, we found that there was a distinct difference 
between the wild-type and the A539P mutant in their ther-
modynamic DNA binding signatures (Morris and Fanucchi, 
2016). In this work, we expand on this discovery and clearly 
establish that the source of this difference lies in the role of 
the hinge-loop in regulating DNA binding dynamics.

Figure 6: Dual luciferase reporter assay for FOXP2 in HEK293 cells.
Reporter assays were performed with a vector encoding firefly 
luciferase under the control of a promoter containing six sequential 
cognate binding sites (TTAGGTGTTTACTTTCA). Cells were transfected 
with an empty pcDNA4 vector (grey) or pcDNA4 vectors designed 
to transiently over express either wild-type FOXP2 (blue) or A539P 
mutant (orange). Error bars represent the standard deviation of at 
least three independent replicates.
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The hydrogen-deuterium exchange experiments 
(Figure 4) suggest that the wild-type FOXP2 FHD has a more 
flexible and solvent exposed backbone in the absence of 
DNA than the A539P mutant. There is a distinct change 
in wild-type backbone solvent accessibility upon binding 
DNA where the backbone becomes less solvent exposed. 
The A539P mutant, on the other hand, shows little change 
in solvent accessibility whether in the presence or absence 
of DNA and, in fact, in both instances it resembles the more 
rigid conformation of the DNA-bound wild-type. This is an 
interesting result because it implies that a reduction in the 
flexibility of the hinge-loop as introduced by the mutation 
causes a global reduction in the dynamics of the entire 
protein. It makes sense that a weak interaction network 
exists between the two subdomains that are exchanged 
during domain swapping of the FOXP2 FHD. The hinge-
loop appears to control this network. Thus the reduction 
in backbone flexibility caused by the A539P mutation in 
the hinge-loop may prevent rearrangement of secondary 
and tertiary structural interactions that occur freely in the 
wild-type FOXP2 FHD. When the more dynamic wild-type 
binds to DNA, its backbone becomes more restricted and 
resembles that of the A539P mutant. However, the fluores-
cence quenching results indicate that the wild-type trypto-
phan residues remain more exposed to the solvent when in 
the presence of DNA than the mutants tryptophan residues 
(Figure 4). Considering that the location of Trp537 indicates 
that it is likely to be a direct reporter of events at the pro-
tein-DNA interface, the quenching results imply that the 
wild-type FHD does not insert as deeply into the DNA major 
groove as the mutant. This could be because the inherent 
flexibility in the wild-type FHD might reduce the amount 
of time it remains associated with the DNA, preventing it 
from inserting as deeply into the major groove as the more 
conformationally restricted A539P mutant does. Further-
more, Trp548 (which lies proximal to the hinge loop) is 
also likely to be a significant contributor to the difference 
in signal observed in the dynamic fluorescence quenching 
study of the wild-type and mutant FOXP2 FHD (Figure 5). 
The hinge loop of the FHD has been shown to exist in 
either a random coil or α-helical conformation depending 
on the subfamily under question (Marsden et al., 1998; Chu 
et al., 2011). The different conformations of the hinge loop 
are thought to govern the orientation of the recognition 
helix in the major groove of DNA, fine tuning specific DNA 
contacts between the recognition helix and the DNA bases 
(Marsden et al., 1998). The exchange of an alanine residue 
with proline in the hinge loop of FOXP2 could increase the 
solvent accessibility of Trp548 by restricting the dynamics 
of the hinge loop to a more open conformation. Considering 
the marked difference in solvent accessibility between the 

wild-type and mutant FOXP2 FHD observed in this study, it 
appears that the residues in the C-terminal portion of the 
hinge loop, particularly Ala539, have a significant role in 
determining the structural conformation of this important 
region and in doing so fine tune the DNA contacts made 
during sequence specific binding. Such an observation 
is corroborated by the large change in thermodynamic 
binding signatures seen in this study (Figures 1 and 2). The 
much larger reduction in tryptophan solvent accessibility 
observed in the A539P mutant, compared to the wild-type 
upon DNA binding, suggests that a conformational switch 
to a more concealed conformation occurs in the mutant 
hinge loop not seen in the wild-type. Such a conforma-
tional switch undoubtedly contributes to the observed dif-
ference in the ΔCP of binding and provides some evidence 
that this residue is a key component in defining the DNA 
binding of the FHD, perhaps by acting as a small energetic 
checkpoint for sequence recognition and specificity.

Interactions formed with the DNA

It is largely accepted that the heat capacity derived from 
macromolecular interactions is due to the hydration/dehy-
dration of polar and non-polar residues. This has been 
shown to be true for protein-DNA interactions, although 
it must be noted that other contributing factors have also 
been suggested including binding coupled refolding of 
disordered regions (Murphy and Freire, 1992; Spolar and 
Record, 1994; Liu et al., 2008). The negative heat capacity 
values upon DNA binding of both wild-type and mutant 
(Figure 2) indicate solvation of polar groups and burial of 
hydrophobic groups at the interface. However, the larger 
value of ΔCP obtained for the A539P mutant suggests that 
its DNA-protein interface could be larger possibly owing to 
a different orientation of the recognition helix in the DNA 
major groove (Parbhu and Sharp, 2005). The less negative 
value for the wild-type suggests there are more polar resi-
dues (and hence more water molecules) at the interface of 
the wild-type with DNA which results in less freedom of 
movement and a lower capacity to retain heat (Parbhu and 
Sharp, 2005). The idea that the wild-type-DNA interface is 
more polar is corroborated by the salt study (Figure 3) which 
suggests that the wild-type forms a greater number of elec-
trostatic interactions at the DNA interface than the mutant. 
The thermodynamics of binding also confirms this result. 
While the enthalpy of binding is more thermodynamically 
favourable for the mutant, the electrostatic entropy compo-
nent is more favourable for the wild-type. This implies that 
although the A539P mutant has a larger binding interface 
and forms more sequence specific contacts with the DNA 
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bases, the wild-type forms more ionic contacts with the 
DNA phosphate backbone, which are likely the cause of the 
higher DNA affinity reported for the wild-type (Morris and 
Fanucchi, 2016).

It is clear that both specific interactions with the DNA 
bases and non-specific interactions with the phosphate 
backbone occur upon DNA binding. Although we show 
here that the A539P mutant may have a higher specificity of 
binding than the wild-type (due to the decreased number 
of ionic contacts and greater heat capacity of binding), 
both wild-type and mutant do have some degree of speci-
ficity for their targets as they do not interact with a random 
sequence (Webb et al., 2017). Specific site recognition and 
formation of a stable protein-DNA complex relies on two 
requirements. One is hydrogen bonds formed between the 
residues of the protein recognition motif and the nitroge-
nous bases which contributes to the enthalpic binding term 
and change in heat capacity (direct readout). The other is 
shape complementarity and conformational adjustments 
to maximise electrostatic interactions between the DNA 
backbone and the surrounding protein structure through 
shape and charge complementarity (indirect readout) 
(Steffen et al., 2002). In agreement with the heat capacity 
studies (Figure 2), the entropic component associated with 
conformational changes is the minor contributing factor 
to the entropy of binding (Figure 3). Therefore in order to 
form site specific interactions with the DNA, both the wild-
type and the A539P FOXP2 FHD depend on electrostatic 
and hydrogen bonds with the backbone of the DNA target 
sequence and flanking regions (direct readout) rather than 
large conformational changes. The nuclear magnetic reso-
nance (NMR) structures of the FHD of FOXP1 and FOXO4 
agree with this observation, having a stable folded struc-
ture in solution in the absence of DNA (Weigelt et al., 2001; 
Chu et al., 2011).

Chimeric protein and NMR studies have shown that 
the region spanning helix-2 and the hinge loop is known 
to be a significant contributor to the specificity of the FHD 
(Overdier et al., 1994; Pierrou et al., 1994; Marsden et al., 
1998). The data obtained in this study corroborates those 
findings by showing that the protein-DNA interactions 
that occur between the FHD and the consensus binding 
site differ significantly due to a point mutation in the 
hinge loop region. The difference in the number and types 
of interactions has the potential to alter the specificity of 
the FHD by altering the depth of groove insertion (and so 
the number of base specific hydrogen bonds) as well as 
facilitating novel backbone ionic contacts that would oth-
erwise be restricted by a rigid hinge loop.

It is interesting, considering the highly conserved 
nature of the recognition helix, that the various members 

of the FOX family are able to recognise different specific 
sequences. According to our results, it is possible that 
specificity is linked to backbone flexibility. One of the 
regions that appears to have a remarkable change in back-
bone flexibility upon binding of the wild-type to DNA 
is the wing region, located directly on the C-terminal to 
the recognition helix (Figure 4). Of all the regions in the 
FOX FHD, the β-sheet wing is one of the least conserved. 
Interestingly, the majority of known FHD structures reveal 
that there are contacts made between the wing and the 
DNA largely between positively charged residues and the 
phosphate backbone (Stroud et al., 2006; Tsai et al., 2007; 
Littler et  al., 2010). Considering both the flexibility and 
the variability of this region, these contacts may be key to 
distinguishing binding site selectivity between FOX family 
members. Perhaps the wing acts to regulate the activity 
of the FOX proteins through protein-protein interactions 
with other transcription factors as observed in the RHR 
domain of NFAT and the FOXP2 FHD co-crystal structure 
(Wu et al., 2006). This could provide an additional mecha-
nism to alter gene regulation by the various FOX tran-
scription factors despite the highly conserved recognition 
sequence of the FOX family. Recently, several studies have 
aimed to disrupt the DNA binding of FOXM1 with specific 
small molecule compounds due to its role in the pro-
gression and survival of several cancers (Gormally et al., 
2014; Marsico and Gormally, 2015). The flexibility and 
variability of the wing region among FOX family members 
may prove an ideal target for further drug studies, both 
to provide specificity towards FOX proteins and possibly 
even to control the coordination of specific gene expres-
sion regimes by disrupting necessary protein-protein 
interactions (Fontaine et al., 2015).

The role of the FHD hinge loop in vivo

Regulation of gene expression depends on the cellular 
context and many transcription factors can act to either 
increase or reduce appropriate gene targets by coalesc-
ing multiple cellular signals through macromolecular 
complex formation and post-translation modification. 
Indeed, FOXP2 acts as both a transcriptional repressor 
and activator depending on the gene target (Spiteri et al., 
2007). The reporter assay described here shows the tran-
scriptional activation capability of FOXP2 for a cognate 
promoter sequence. The study was performed on full 
length FOXP2  wild-type and full length FOXP2 A539P 
mutant. Although the A539P mutation has been shown to 
abolish dimerisation of the isolated FHD in vitro (Stroud 
et al., 2006; Chu et al., 2011), it cannot be said for certain 
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whether the mutation alters the quaternary structure of 
full length FOXP2 in vivo. It is very likely that full length 
A539P FOXP2 is still capable of forming dimers if only via 
the leucine zipper interface. It is probable, though, given 
the evidence from the isolated FHD, that the A539P muta-
tion will prevent dimerisation of the full length protein at 
the FHD dimer interface in vivo.

The results from the study show that FOXP2 wild-type 
is more transcriptionally active than the A539P mutant; 
however, the hinge-loop mutation does not completely 
inactivate FOXP2 activity (Figure 6). Therefore, the ability 
of the FHD to form dimers may not be absolutely essen-
tial for transcriptional activity of FOXP2 although it may 
be required for optimal activity. This hints at the idea 
of dimerisation of the FOXP2 FHD acting as a regula-
tory mechanism. From the results of this study, we have 
shown that wild-type has a more flexible backbone than 
the mutant and it has the ability to associate with the 
DNA with a more dynamic open structure. The fact that 
wild-type is more transcriptionally active than the mutant 
implies that backbone flexibility and loose association 
with the DNA may be an important consequence of the 
evolutionary hinge loop mutation unique to the FOXP sub-
family members by improving DNA affinity (increasing 
occupancy time at the promoter) as well as by providing 
a point for domain-swapping to occur at the appropriate 
promoter site. It is certainly possible that the wild-type 
assumes the monomeric form when locating and binding 
the consensus site in a more open conformation after 
which it can form hetero- or homo-typic domain-swapped 
dimers with other FOXP subfamily member FHDs in a 
context and sequence dependent manner. Precisely what 
effect FHD dimerisation could have on multi-component 
transcriptional complex formation, aggregation of proxi-
mal promoter sites or how it is controlled remains unclear. 
The quaternary state of the FOXP2 FHD may alter the 
recruitment of transcription factors necessary for appro-
priate target gene regulation. For example, NFAT has been 
shown to interact directly with the monomeric FOXP2 FHD 
(Wu et al., 2006). The role of FOXP2 FHD dimerisation in 
protein-protein interactions with NFAT and other tran-
scription factors is an important avenue for future studies.

Conclusions
The members of the FOX family of transcription factors 
have become clinically relevant targets in recent years 
owing to their overarching involvement in the progres-
sion and survival of a cancerous cell state in several 
tissues. Understanding the structural biology of specific 

protein-DNA interactions is essential to the design of 
novel therapeutics that target and control the transcrip-
tional master regulators of a diseased cell state. Here, we 
present data that shows a distinct difference in the DNA 
binding capacity between the wild-type and the A539P 
mutant, FOXP2 FHD. We demonstrate that the inherent 
change in dynamics of the hinge-loop region (the region 
spanning helix-2 and helix-3) in the FOXP2 FHD regulates 
DNA binding both in vitro and in vivo by altering the global 
dynamics of the FOXP2 FHD, highlighting the critical role 
of the hinge loop in protein dynamics and in altering DNA 
binding characteristics of closely related transcription 
factor family members. We show that the wild-type has a 
more flexible backbone structure which allows it to make 
more electrostatic contacts with the DNA than the A539P 
mutant, however, the majority of these interactions are 
non-specific and furthermore it inserts into the DNA more 
shallowly than the mutant. This loose binding appears 
to be necessary for efficient transcription. Overall these 
results indicate that the hinge-loop connecting helix-2 and 
helix-3 plays a significant role in regulating the mecha-
nism of DNA binding of the FHD. This is an important dis-
tinguishing factor between FOXPs and other FOX proteins 
that do not have the flexible hinge-loop.

Materials and methods
Protein expression and purification

T7 Escherichia coli bacteria were transformed with a pET-11a plasmid 
housing the coding sequence for human FOXP2 FHD (residues 501–
584) fused with an N-terminal hexahistidine tag under the control of 
an IPTG inducible promoter. Site-directed mutagenesis was performed 
to generate the A539P mutation using the Quickchange site-directed 
mutagenesis kit (Agilent, Santa Clara, CA, USA). Cultures were grown 
to an OD600 of 0.6–0.8 at 37°C in an aerobic shaker rotating at ~200 rpm. 
Once the appropriate optical density was reached the cultures were 
cold shocked at 4°C for 10 min before 0.5 mm IPTG was added to induce 
heterologous protein expression. The culture was then incubated at 
20°C for 20 h in an aerobic shaking incubator at 200 rpm to allow for 
sufficient soluble heterologous protein expression.

Immobilised metal ion affinity chromatography (IMAC) was uti-
lised for coarse purification of the FOXP2 FHD-fusion protein from the 
bacterial cell milieu (Supplementary Figure 1). The IMAC column was 
equilibrated with 10 column volumes of equilibration buffer (20  mm 
Tris-HCl pH 7.5, 500 mm NaCl, 25 mm imidazole). The cell lysate was 
then loaded onto the column at a flow rate of 2 ml/min. The column was 
washed with 10 column volumes of high salt buffer (20 mm Tris-HCl pH 
7.5, 1.5 m NaCl, 25 mm imidazole) before the bound protein was eluted in 
a single step with elution buffer (20 mm Tris-HCl, 500 mm NaCl, 300 mm 
imidazole). The N-terminal His-tag was removed by incubation of the 
protein with thrombin for 4 h at 20°C. The protein was further purified 

Bereitgestellt von | De Gruyter / TCS
Angemeldet

Heruntergeladen am | 11.06.18 15:10



10      G. Morris et al.: The hinge-loop regulates DNA binding and dynamics of FOXP2

using successive rounds of IMAC, benzamidine affinity chromatogra-
phy and size-exclusion chromatography as described elsewhere (Blane 
and Fanucchi, 2015; Morris and Fanucchi, 2016).

Oligonucleotides

The following duplex cognate DNA sequence TTAGGTGTT-
TACTTTCATAG containing a single binding site (in bold) has been 
shown to have a strong affinity for the FOXP2 FHD (Nelson et al., 2013; 
Morris and Fanucchi, 2016; Webb et  al., 2017) and was used exclu-
sively in this study. Duplex DNA was synthesised at Integrated DNA 
Technology, South Africa and was prepared to a stock concentration of 
200 μm in TBE buffer (89 mm Tris base, 89 mm boric acid, 2 mm EDTA, 
pH ~ 8.3). The determination of DNA concentration was performed in 
triplicate using ultraviolet (UV)-absorbance and the average was taken 
as the final concentration for downstream experiments.

Heat capacity of DNA binding

The heat capacity of binding for the wild-type and A539P FOXP2 FHD 
was determined using isothermal titration calorimetry on a NanoITC 
instrument (TA Instruments, NJ, USA; Supplementary Table 1). The 
heat capacity value was obtained from the gradient of a linear regres-
sion fitted to the enthalpies of a series of five titrations performed 
at five temperatures in the range of 10–30°C. A typical titration con-
sisted of 5 μl injections of 70–100 μm protein into 7–10 μm DNA. Both 
the protein and DNA were dialysed thoroughly against the same 
binding buffer (10 mm HEPES pH 7.5, 100 mm NaCl and 0.02% NaN3). 
Blank titrations of protein into buffer and buffer into DNA were per-
formed to account for heats of dilution. Enthalpies were determined 
from a nonlinear independent sites regression using the NITPIC soft-
ware package (Keller et al., 2012). Each titration experiment was per-
formed at least in duplicate and the replicates were averaged. Errors 
are the standard deviation of the averaged replicates.

Salt effects on DNA binding

The electrostatic contributions to DNA binding of both the wild-type 
and the A539P mutant were calculated by performing DNA binding 
experiments at increasing salt concentrations and applying the fol-
lowing equation (Privalov et al., 2011; Supplementary Table 1):

nellog( ) log[Salt] log( )aK N K= − ⋅ +

The number of electrostatic contacts formed between the 
protein and the DNA (N) and the non-electrostatic association 
constant (Knel) were determined by fitting a linear regression to 
the double log plot of salt concentration and the corresponding 
experimental Ka. The association constants (Ka) for DNA binding 
were obtained from non-linear regression of an independent sites 
model fitted to isotherms determined by isothermal titration calo-
rimetry at increasing salt (NaCl) concentrations. Knel was calcu-
lated at a 1 m salt concentration. The entropy was dissected into 
contributions from the conformational changes and counterion 
exclusion using the Gibbs-Helmholtz equation. The entropy at 
293 K was chosen as the standard to compare the wild-type FOXP2 

FHD to the A539P FOXP2 FHD. The number of ionic contacts with 
the DNA backbone were estimated from N by considering the DNA 
phosphate counter-ion occupancy of NaCl, ψ = 0.64 (Olmsted et al., 
1995; Privalov et al., 2011).

Isothermal (293  K) titrations of 70–100 μm wild-type or 70–
100  μm A539P FOXP2 FHD into 7–10 μm DNA were performed at 
293.15  K in binding buffer (10  mm HEPES pH 7.5 and 0.02% NaN3) 
adjusted to one of five salt concentrations in the range of 50–150 mm 
NaCl. Each titration consisted of 40 5 μl injections of protein into 
950 μl cognate DNA using a NanoITC instrument (TA Instruments, 
NJ, USA). Each titration was performed at least in duplicate and the 
replicate values were averaged. Errors are the standard deviation of 
the averaged values. Each binding isotherm was fit with a non-linear 
independent sites model minimising the chi-squared between the 
model and experimental data points.

Dynamic quenching studies

The Stern-Volmer coefficient (KSV) describes the solvent accessibil-
ity of the tryptophan residues based on the degree to which they are 
quenched by increasing concentrations of quencher (Q) in solution 
(Eftink and Ghiron, 1976):

0
SV [ ]1

F
K Q

F
+ ⋅=

The Stern-Volmer coefficient (KSV) was determined for the apo 
and DNA bound form of the wild-type and A539P FOXP2 FHD (Sup-
plementary Figure 9). Fluorescence measurements were performed 
on a Jasco FP-6300 fluorimeter with an excitation wavelength of 
295  nm. Samples consisted of 2 μm FOXP2 FHD in binding buffer 
(10 mm HEPES pH 7.5, 100 mm NaCl and 0.02% NaN3) with increasing 
acrylamide (quencher) concentrations from 0 to 250  mm. For DNA 
bound studies 2 μm FOXP2 FHD was incubated with an equivalent of 
cognate DNA oligonucleotide for 30 min at 20°C prior to performing 
the experiments. Buffer only and DNA-buffer blanks were subtracted 
before data analysis. All experiments were performed in triplicate 
and averaged following analysis. Errors are the standard deviation 
of the averaged data.

Hydrogen-deuterium exchange mass spectrometry

The in vitro structural dynamics of the apo and DNA bound forms 
of wild-type and A539P FOXP2 FHD were studied by hydrogen-
deuterium exchange mass spectrometry (Supplementary Figures 
7 and 8). Labelling, quenching and proteolytic cleavage experi-
ments were performed on a PAL HDX system (LEAP Technologies, 
USA) coupled to an Agilent 1100 high-poser liquid chromatography 
(HPLC) system (Agilent, USA). Mass spectrometry was performed 
on an AB Sciex 6600 TripleTOF mass spectrometer (AB Sciex, USA). 
Protein labelling consisted of a 10–3600 s incubation of 20–30 μg 
of wild-type or A539P FOXP2 FHD, with and without an equivalent 
mass of cognate DNA oligonucleotide, in binding buffer (10  mm 
HEPES pH 7.5, 100 mm NaCl) made up with 90% D2O at 293 K. Sam-
ples were then quenched by a two-fold dilution in quench buffer 
(20 mm phosphate pH 4.5, 100 mm TCEP and 3.4 m guanadine-HCl) 
held at 0°C. The protein was then fragmented by incubation on 
an inline Porozyme immobilised pepsin chromatography column 
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(Life  Technologies) at 4°C for 30  s before being desalted on an 
Acclaim PepMap trap column (0.3 × 5 mm) and subsequently loaded 
onto a Kinetex C18 reverse phase chromatography column (Phenom-
enex, USA). Peptides were separated onto the mass spectrometer at 
a flow rate of 200 μl/min with an elution gradient of 5–40% buffer 
B (80% ACN/0.1% FA).

Peptide mass analysis was performed on an AB Sciex 6600 Tri-
pleTOF in Data Dependent Acquisition (DDA) mode. In DDA mode, 
precursor scans were acquired from m/z 360–1500 using an accumu-
lation time of 250 ms followed by 30 product scans, acquired from 
m/z 100–1800 at 100 ms each, for a total scan time of 3.3 s. Charge 
ions, falling between 1+ and 5+, were automatically fragmented in the 
Q2 collision cell using nitrogen gas. The collision energy was chosen 
automatically based on the m/z and the charge. Peptide identifica-
tion was performed in PEAKS 6 (Bioinformatics Solutions Inc., USA). 
The degree of deuteron incorporation was determined with the HDX-
aminer software package (Sierra Analytics, USA).

Luciferase reporter assays

HEK293 cell cultures were plated at a density of 1 × 104 cells per well 
in a 96-well plate and grown to confluency in antibiotic free Dulbec-
co’s Modified Eagle’s Medium (DMEM) medium at 37°C with 5% CO2. 
Each well was transfected with 1.6 μg of pcDNA4 vector containing 
the full length wild-type FOXP2 coding sequence or the full length 
A539P FOXP2 coding sequence obtained by site-directed mutagenesis 
of the wild-type coding sequence using the Quikchange Lightening 
site-directed mutagenesis kit followed as per manufacturer’s instruc-
tions (Agilent, USA; Supplementary Figure  11). Negative controls 
were performed by the addition of a transfection reagent, transfec-
tion with 1.6 μg pGL4 vector under the control of a 6X FOXP2 con-
sensus sequence synthesised by Integrated DNA Technology (Cape 
Town, South Africa; Supplementary Figure  10) and transfection 
with 1.6 μg pRL-TK vector encoding Renilla firefly luciferase under 
control of a cognate tyrosine kinase promoter. Transfections were 
performed using Fugene HD transfection reagent as per the manu-
facturer’s instructions (Promega). Transfected cells were incubated 
for a further 24 h. Luciferase assays were performed using the Dual-
Glo luciferase assay kit followed as per the manufacturer’s instruc-
tions (Promega). Luminescence readings were taken on a GLoMax 
96 Microplate Luminometer (Promega). Transfection efficiency was 
normalised by co-transfection with a pRL-TK vector encoding Renilla 
luciferase under control of a tyrosine kinase promoter and by taking 
the ratio of the firefly luciferase activity to Renilla luciferase activity. 
Replicates of at least three were performed for each FOXP2 sequence 
and control.
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