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Abstract 
 

 

The members of the forkhead box (FOX) family of transcription factors are key regulators in 

the development and metabolism of a wide variety of tissues in humans. The FOX transcription 

factors are classified by the presence of a canonical forkhead winged-helix DNA binding 

domain and are further divided into subfamilies based on sequence divergence of the forkhead 

domain. To date, only the FOXP subfamily is known to require dimerisation for transcriptional 

activity. Dimerisation of the FOXP subfamily members occurs at two distinct interfaces, a 

conserved leucine zipper domain, and through domain-swapping of a C-terminal forkhead 

domain. The role of the domain-swapped forkhead domain is unclear, although several 

attempts have been made to clarify this. Due to the orientation of the recognition motifs in 

the domain-swapped dimer, it has been speculated that it is capable of binding and 

congregating two distal promoter response elements, suggesting a role in cross-chromosomal 

gene co-regulation. The unique capability of the FOXP forkhead domain to dimerise is 

attributed to an evolutionary mutation (proline to alanine) that occurs in the hinge loop 

���}�v�v�����š�]�v�P�� �š�Z���� �•�����}�v���� ���v���� �š�Z�]�Œ���� �r-helices. Further to this, the hinge loop has also been 

implicated in altering the specificity of the forkhead domain. Here, we aim to elucidate how 

the evolutionary proline to alanine mutation facilitates dimerisation and whether it has any 

role in defining the DNA binding specificity of the FOXP2 forkhead domain. To do this all 

experiments were conducted on an obligate monomeric mutant (A539P) and an engineered 

obligate dimeric mutant (F541C) FOXP2 forkhead domain in addition to the wild-type. High 

and low-resolution DNA binding studies involving electrophoretic mobility shift assays (EMSA), 

fluorescence polarisation (FP) studies and isothermal titration calorimetry (ITC) revealed that 

the FOXP2 forkhead domain preferentially binds to the FOXP2 consensus site as a monomer, 

despite having the capacity to form dimers in the absence of DNA. During these studies, a 

significant difference in the thermodynamic signatures of DNA binding was observed between 

the wild-type and A539P mutant FOXP2 forkhead domain. Further dissection of the 
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thermodynamic results revealed that the hinge loop mutation significantly alters the 

mechanism of DNA binding. The wild-type FOXP2 forkhead domain undergoes significant 

conformational changes upon DNA binding, shown by hydrogen-deuterium exchange mass 

spectrometry, in addition to making two additional contacts with the sugar-phosphate 

backbone of the consensus site. The large conformational changes incurred by DNA binding, 

stabilises the monomeric form of the FOXP2 forkhead domain and is indicative of a search-

recognition conformational switch that is unique to the FOXP subfamily. Furthermore, in vivo 

studies, involving dual-luciferase reporter assays, show that dimerisation of the FOXP2 

forkhead domain acts as a regulatory mechanism controlling the transcriptional activity of 

FOXP2. Together the work presented here proposes that the DNA binding by FOXP2, and by 

extension FOXP1 and 4, follows a monomeric pathway whereby FOXP2 translocate to the site 

of action as a monomer and in a context-dependent manner either dimerises or remains 

monomeric to fine-tune the regulation of target genes. This work provides the first detailed 

assessment of the energetics and dynamics that occur during DNA binding for not only the 

FOXP2 forkhead domain but any of the FOX forkhead domains. Furthermore, presented here 

is the first proposed mechanism of transcriptional regulation through the oligomeric state of 

the FOXP2 forkhead domain. 
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A Key Evolutionary Mutation Enhances DNA Binding of the FOXP2
Forkhead Domain
Gavin Morris and Sylvia Fanucchi*

Protein Structure� Function Research Unit, School of Molecular and Cell Biology, University of the Witwatersrand, 1 Jan Smuts
Avenue, Braamfontein, 2050, Johannesburg, Gauteng, South Africa

ABSTRACT:Forkhead box (FOX) transcription factors share a conserved forkhead DNA binding domain (FHD) and are key
role players in the development of many eukaryotic species. Their involvement in various congenital disorders and cancers makes
them clinically relevant targets for novel therapeutic strategies. Among them, the FOXP subfamily of multidomain transcriptional
repressors is unique in its ability to form DNA binding homo and heterodimers. The truncated FOXP2 FHD, in the absence of
the leucine zipper, exists in equilibrium between monomeric and domain-swapped dimeric states in vitro. As a consequence,
determining the DNA binding properties of the FOXP2 FHD becomes inherently di� cult. In this work, two FOXP2 FHD hinge
loop mutants have been generated to successfully prevent both the formation (A539P) and the dissociation (F541C) of the
homodimers. This allows for the separation of the two species for downstream DNA binding studies. Comparison of DNA
binding of the di� erent species using electrophoretic mobility shift assay,� uorescence anisotropy and isothermal titration
calorimetry indicates that the wild-type FOXP2 FHD binds DNA as a monomer. However, comparison of the DNA-binding
energetics of the monomer and wild-type FHD, reveals that there is a di� erence in the mechanism of binding between the two
species. We conclude that the naturally occurring reverse mutation (P539A) seen in the FOXP subfamily increases DNA binding
a� nity and may increase the potential for nonspeci� c binding compared to other FOX family members.

The control of gene expression by transcription factors
(TF) is regulated by a number of processes including

nonlinear interactions such as oligomerization, protein stability,
and temporal delays involved in translation and protein
processing.1 TF oligomerization, through subunit combina-
tion-dependent DNA binding as well as through changes in
protein complex stability, is a fundamental process used for the
regulation of gene expression by many eukaryotic transcription
factors.2

The forkhead box (FOX) proteins are a transcription factor
family classi� ed by a canonical winged helix DNA binding
domain, the forkhead domain (FHD),� rst identi� ed in the
Drosophila melanogaster Forkheadgene product and mammalian
HNF-3� TF (FOXA1).3 Since the discovery of the FHD, the
FOX family has been extended to encompass over 100
transcription factors classi� ed into 19 subfamilies (FOXA-S)
(for a concise review, see ref4). The FOXP subfamily consists
of four multidomain members (FOXP1� 4). This subfamily is
unique among the FOX proteins because the FOXP proteins
are capable of forming homo- and heterodimers.5 The FOXP
subfamily members act as transcriptional activators and

repressors in the di� erentiation of various cell-types. FOXP3
is involved in the di� erentiation of regulatory T cells (Treg) that
help to suppress the immune system, whereas FOXP1/2 and 4
share overlapping roles in the development of the lung, gut, and
brain.6� 8 Dysfunction of these proteins leads to disease
including, but not limited to, various cancers, an immune
disorder, and a rare genetic speech disorder.8� 11

The FOXP FHD has been shown in crystal structures to exist
in two forms: a monomeric form which is comparable with the
FHDs of other FOX proteins and a unique domain-swapped
dimeric form.13 A number of proteins have been shown to
domain-swap, and although the exact mechanism of domain-
swapping di� ers between proteins, it is clear that the presence
of a � exible loop, termed the hinge loop, adjacent to the
swapped region, is critical in all cases.14 Changes in the
composition of the hinge loop can drastically change the
domain swapping propensity of these proteins.15 The FOXP
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subfamily are the only FOX proteins whose forkhead domains
have been shown to form domain swapped dimers. The
dimerization event involves the exchange of helices 3 and 4 as
well as the� -sheet wing between associated monomers and
occurs through the extension of helix 2 into a� exible hinge
loop (Figure 1).12,13 The hinge loop sequence, FPYF, is highly
conserved in all FOX proteins with the exception of the FOXP
subfamily members where the proline residue is replaced by an
alanine (Figure 1). It has been shown that substitution of
Ala539 with a proline residue in the FOXP2 FHD prohibits the
extension of helix 2 and successfully prevents domain-
swapping.13Thus, this unique incidence in the FOXP subfamily
can be used to provide insight into the evolution of FOX
domain-swapping and transcription factor dimerization. Evi-
dence suggests that the FOXP2 FHD dimer is capable of
binding two individual DNA strands, although the purpose of
this is still unknown. Little else is known about the DNA
binding properties of the dimer.13,16 Given the increasing
prevalence of FOXP2 (and the rest of the FOXP subfamily
members) in a number of diseases, it is critical that the
mechanism of dimerization and its role in DNA binding and
hence transcriptional regulation are understood if novel
therapeutic strategies are to be developed.

In this work, we employ two hinge loop mutations to disrupt
the equilibrium between the two quaternary states of the
FOXP2 FHD in an attempt to determine the role of
dimerization in DNA binding. An exclusively monomeric
FOXP2 FHD mutant (A539P) has already been described.13

To our knowledge, an exclusive FOXP2 FHD dimer has not
been reported. In this work we used the bioinformatics tool,
Disul� de-by-Design,17 to identify a single residue (Phe541),
situated within the dimer interface and on the axis of symmetry,
as a candidate for substitution with cysteine. This F541C
mutation is designed to allow the formation of an intersubunit
disul� de bond between two associated FOXP2 FHD
monomers, thereby e� ectively preventing their dissociation.
Here we compare the DNA binding ability of the exclusively
monomeric (A539P) and dimeric (F541C) FOXP2 FHD
mutants with the wild-type FOXP2 FHD in order to determine
the e� ect of dimerization of the FOXP2 FHD on DNA binding
a� nity. Furthermore, the energetics of this binding event is
described for the� rst time. From this it is shown that the
amino acid composition of the hinge loop is critical for
dimerization and DNA binding a� nity and may a� ect the
sequence-speci� city of the forkhead domain.

� EXPERIMENTAL PROCEDURES
Mutation Site Identi� cation. The bioinformatics tool Disul� de

by Design was used to identify candidate residues for substitution with
cysteine.17 Phenylalanine at position 541 in the full length FOXP2 was
chosen due to its location within the dimer interface and its position
on the 2-fold symmetry axis of the FHD dimer. Therefore, only a
single mutation is required to facilitate the formation of an interchain
disul� de bond.

Site-Directed Mutagenesis. High � delity overlapping primer
PCR was used to introduce the A539P and F541C mutations at the
corresponding codons of the wild-type FOXP2 FHD coding sequence.

Figure 1.(A) Monomer� dimer equilibrium of the FOXP2 FHD. The� -helices and� -sheet wing of the FOXP2 FHD are labeled as H1� 4 and W,
respectively. The A539P and F541C mutations prevent dimerization and dissociation of the dimer complex, respectively. Phenylalanine 541 is shown
in ball-and-stick in both monomeric and dimeric structures. (B) Multiple sequence alignment (performed using ClustalX v2.0)18 of various FOX
FHD sequences; the depth of blue indicates percentage conservation. The purple and orange arrows indicate the site of the A539P and F541C
mutations, respectively.
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Protein Expression and Puri� cation. The coding sequence of
the FOXP2 FHD (amino acids 503� 586) was codon optimized
(Genscript, USA) and inserted into the multiple cloning site of a pET-
11a plasmid (Novagen, Germany) under the control of a T7 inducible
promoter. The wild-type and all mutant FOXP2 FHDs were expressed
and puri� ed as previously described.19

The disul� de linked F541C FOXP2 FHD dimers were further
puri� ed by size exclusion chromatography on a HiLoad 16/60
Superdex 75 prep grade size exclusion column (GE Healthcare, USA).

Structural Characterization. To determine the quaternary
structure of the wild-type, monomeric A539P and dimeric F541C
FOXP2 FHD, size exclusion chromatography was performed using
� 300 � M protein on a HiLoad 16/60 Superdex 75 prep grade size
exclusion column (GE Healthcare, USA). Following size exclusion, the
dimeric F541C FOXP2 fraction was isolated, and free thiols were
blocked by 1 h incubation (at 293 K in the dark) with 125 mM

iodoacetamide before being resolved on a 16% nonreducing tricine
SDS-PAGE gel.

Secondary structural characterization of the wild-type, monomeric
A539P, and dimeric F541C FOXP2 FHD was performed using far-UV
circular dichroism spectropolarimetry on a Jasco J1500 in the
wavelength range of 190� 250 nm using 10� M protein in a 10 mm
path length quartz cuvette. Raw data were converted to mean residue
ellipticity ([� ]MRE) using the following formula:

�
�

=
Cnl

[ ]
100

MRE

Tertiary structural changes were analyzed using intrinsic tryptophan
� uorescence on a Jasco FP-6300� uorescence spectrophotometer with
an excitation wavelength of 280 nm. The emission spectra were
monitored over the wavelength range of 280� 500 nm. Fluorescence

Figure 2.Secondary, tertiary, and quaternary structural characteristics of wild-type, monomeric A539P, and dimeric F541C FOXP2 FHDs. (A) Gel
� ltration elution pro� les of wild-type, A539P, and F541C FOXP2 FHD under reducing and nonreducing conditions. The wild-type, A539P mutant,
and F541C mutant under reducing conditions are predominantly monomeric (� 13 kDa). Under nonreducing conditions F541C FOXP2 FHD is
predominantly dimeric. (B) SDS-PAGE of F541C FHD under reducing (+DTT) and nonreducing (� DTT) conditions. The nonreduced sample
prior to gel� ltration (Pre-SEC) as well as the dimer fraction post gel� ltration (Post-SEC) are shown. (C) Far-UV CD spectra for the wild-type,
monomeric A539P, and dimeric F541C FOXP2 FHDs under nonreducing conditions. (D) Normalized intrinsic tryptophan� uorescence of
monomeric A539P and dimeric F541C FOXP2 FHDs under reducing and nonreducing conditions. (E) Thermal melting curves of the wild-type and
A539P FOXP2 FHD obtained by monitoring the far-UV CD absorbance at 222 nm while incrementally increasing temperature.

Biochemistry Article

DOI:10.1021/acs.biochem.5b01271
Biochemistry2016, 55, 1959� 1967

1961

http://dx.doi.org/10.1021/acs.biochem.5b01271


intensity of each spectrum was then normalized for comparison due to
the quenching e� ect of the disul� de bond.

Oligonucleotides. Duplex cognate DNA containing a single
binding site as determined by Nelson et al.20 (bold), TTAGG-
TGTTTACTTTCATAG, was prepared to a stock concentration of
200� M (Integrated DNA technology, South Africa).

Electrophoretic Mobility Shift Assay. Electrophoretic mobility
shift assays were performed to determine the formation of monomer�
DNA and dimer� DNA complexes. Samples of increasing protein/
DNA ratios were prepared using 0� 6 � M FOXP2 FHD with 1� M
cognate DNA. Binding reactions were conducted in EMSA binding
bu� er (10 mM HEPES pH 7.5, 100 mM KCl, 1 mM MgCl2, 0.1 mg/
mL BSA, and 20% glycerol) and incubated at 4°C for 30 min. Each
reaction sample was then resolved on a 10% polyacrylamide gel
(containing 20% triethylene glycol) with a 1× TBE running bu� er at
150 V for 2 h at 4°C.

Fluorescence Anisotropy.Fluorescence anisotropy experiments
were conducted on a PerkinElmer LS-50B� uorescence spectropho-
tometer� tted with an anisotropy� lter. Brie� y, 20 nM� uorescein- 5�-
labeled DNA was incubated with increasing concentrations of wild-
type, A539P and F541C FOXP2 FHD. Fluorescence anisotropy
measurements were taken with an emission wavelength of 520 nm
following excitation with a wavelength of 494 nm. Data were obtained
in triplicate and averaged.

Isothermal Titration Calorimetry. The DNA binding thermody-
namics of the wild-type and monomeric A539P FOXP2 FHD was
monitored using isothermal titration calorimetry. Protein samples were
prepared by extensive dialysis against fresh binding bu� er (10 mM
HEPES pH 7.5, 100 mM KCl). Protein concentration was determined
by UV absorbance of 280 nm light, following correction for light
scattering e� ects, using an extinction coe� cient of 22 460 M� 1·cm� 1.
The DNA was extensively dialyzed against the same bu� er used for the
protein sample, and the concentration was assessed using UV
absorbance at 260 nm with a theoretical extinction coe� cient of
256 016 M� 1·cm� 1 (Kibbe, 2007). Titration experiments were
performed on a TA Instruments Nano-ITC by 20 10� L injections
of � 50 � M cognate DNA into� 5 � M FOXP2 FHD at 20°C. The
heats of saturation were averaged, and the value subtracted from all
data points before data analysis. Data were� tted using a nonlinear
least-squares method for independent site binding. Errors were
determined as the standard deviation of three averaged independent
titrations. Multiple site binding� ts were attempted, but results did not
make biochemical sense.

� RESULTS

It has been shown that the isolated FOXP2 FHD is capable of
existing as both a domain swapped dimer as well as a monomer
in solution.13Because the full length protein has been shown to
dimerize in vivo predominantly at the leucine zipper domain
rather than the forkhead domain,5 the question arises as to the
relevance of the FHD dimer and its potential role in
transcriptional regulation. To date, this question has not been
answered. Work on the isolated FHD is complicated by the fact
that the wild-type exists as a mixture of monomer and dimer
species in solution. In order to address this, and to distinguish
between the binding events of the monomer and dimer species,
we have attempted here to create both an exclusively
monomeric (A539P) and an exclusively dimeric (F541C)
mutant. These species can then be studied, in comparison to
the wild-type, so as to dissect the individual roles of the
monomer and dimer in DNA binding and to establish the
structural signi� cance of the residues in the hinge loop region.
In the work presented here we� rst con� rm the successful
creation of the monomer and dimer and whether there are any
major structural di� erences between them and the wild-type.
We then verify that all three species can bind DNA. Finally we

compare the DNA binding a� nities and energetics of the wild-
type and monomeric FOXP2 FHD.

Structural Characterization of Wild-Type, Monomer
and Dimer Mutants.Size exclusion chromatography was used
so as to con� rm the monomeric (� 13 kDa) or dimeric (� 26
kDa) status of the various FOXP2 FHD variants (Figure 2A).
Because the dimeric mutant was engineered to be linked by a
disul� de bond, all studies were conducted under both reducing
(+2 mM DTT) and nonreducing conditions. The wild-type was
found to be almost entirely monomeric at concentrations as
high as 300� M whether in the presence or absence of DTT.
The A539P monomeric mutant was exclusively monomeric as
was previously described.13 We show here for the� rst time that
the F541C mutation is capable of successfully capturing
dimerization events of the FOXP2 FHD through the formation
of a disul� de bond at the dimer interface that prevents the
dissociation of the monomers. This can be seen by the size
exclusion elution pro� le of F541C FOXP2 FHD, which closely
matches that of the wild-type when under reducing conditions
but displays a shift of the majority of the species to the dimeric
state upon removal of the reducing agent. SDS-PAGE of the
F541C mutant further con� rms this result (Figure 2B). Under
reducing conditions only a single band corresponding to the
monomeric size can be seen, but under nonreducing conditions
there are two bands suggesting that a high proportion of
disul� de-linked dimers are present at equilibrium. Furthermore,
nonreducing SDS-PAGE analysis of the dimeric peak obtained
from the size exclusion column indicates that a pure dimeric
form can indeed be isolated. The sizes of the monomeric and
dimeric FOXP2 FHDs obtained (13 and 26 kDa, respectively)
agree closely with the theoretical mass taken directly from the
primary sequence suggesting that the proteins are globular in
nature.

Far-UV circular dichroism and intrinsic tryptophan� uo-
rescence spectroscopy were used to characterize the secondary
and tertiary structure, respectively, of the mutants in
comparison to the wild-type. All far-UV CD spectra are
indicative of predominantly� -helical structure with a minor� -
sheet component (Figure 2C) and suggest that the monomeric
and dimeric mutants are almost identical in secondary structure
to the wild-type. Furthermore, comparison of the monomeric
and dimeric forms suggests no gross secondary structural
changes to the forkhead domain following dimerization despite
the extension of helix 2 observed in the wild-type dimer crystal
structure.13 Similarly, there is little di� erence in the
� uorescence spectra between the wild-type, monomeric
A539P, and monomeric F541C FOXP2 FHD species (under
reducing conditions) (Figure 2D). The maximum emission
wavelength of 330 nm is indicative of buried tryptophan
residues.21 The � uorescence spectrum of the F541C FHD
under nonreducing conditions, however, shows a minor shift in
maximum emission to a longer wavelength. This shift is
recoverable following the addition of 2 mM DTT. This suggests
that in the dimeric structure, the local environment of the
tryptophan residues is slightly di� erent than in the monomeric
structure. In order to obtain some idea of the stability of the
proteins in the absence of DNA, thermal unfolding of wild-type
and monomeric mutant was monitored using CD as a probe
(Figure 2E). The wild-type FOXP2 FHD unfolds in a linear
manner starting at a temperature below 20°C up to 60°C
similar to that seen in the homeodomain transcription factors.26

In contrast the A539P FOXP2 FHD unfolds in a more
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sigmoidal fashion with a midpoint melting temperature of� 50
°C.

DNA Binding by Monomeric and Dimeric FOXP2 FHD.
DNA binding was investigated using (i) electrophoretic
mobility shift assays (EMSAs) to provide a qualitative
perspective on the binding of the various species, (ii)
� uorescence anisotropy (FA) to compare a� nity of binding,
and (iii) isothermal titration calorimetry (ITC) to provide
energetic information.

The EMSA result shown inFigure 3indicates that the wild-
type FHD is indeed capable of binding DNA in the absence of
the remainder of the protein. Furthermore, both the A539P and
the F541C mutant FHDs are also capable of binding DNA.
This can be seen by the lagging bands on the gel which are
indicative of the larger protein� DNA complex and hence
migrate at a slower rate than the free DNA. It is interesting to
note that while there is only a single impeded band for the wild-
type and A539P mutant, there are two bands for the F541C
mutant mixture. This result suggests that the wild-type and
A539P monomeric mutant only bind DNA as a monomer in
the protein concentration range of 0� 600 nM, but the F541C
mutant is capable of binding to DNA in both monomeric and
dimeric form under the same conditions. This result
corresponds with the size exclusion result inFigure 2A,
which indicates that the F541C mutant exists as a mixture of
monomer and dimer species in solution. When the F541C
dimer species is isolated, the EMSA results (shown in lanes 2, 3,
and 4 onFigure 3) show a smear rather than single bands,
which seems to suggest that higher order complexes are
interacting with DNA. This may be a result of protein� DNA
complex chaining, but further evidence is required to support
this hypothesis.

DNA binding a� nity was investigated using� uorescence
anisotropy (FA) (Figure 4). This method was used because the
DNA a� nity of a number of other FOX FHDs has been
reported using FA, and so it can be used as a means of
comparison. Here we report the a� nity of the wild-type and
A539P mutant for cognate DNA. The binding isotherms of
both wild-type and the monomeric mutant� t well to a single
site binding model, and the proteins appear to have similar
DNA binding a� nities withKD’s of 892± 49.9 nM for the
wild-type and 878± 66.2 nM for the monomeric mutant. This
value is approximately an order of magnitude stronger than that
reported for FOXM1 (� 7 � M), 4-fold weaker than that
reported for FOXO4 (� 200 nM), and most similar to the� 1.5

� M reported for FOXP1.22� 24Unfortunately the puri� ed dimer
form of F541C FOXP2 FHD is unstable and prone to
aggregation or higher order complex formation as suggested by
the EMSA. As such its FA binding isotherm did not� t well to
any binding model. However, it is interesting to speculate that,
qualitatively, based on the greater anisotropy at lower protein
concentrations, the dimer form has a greater a� nity for DNA
than the monomer form.

Thermodynamic parameters of binding were obtained for the
wild-type and A539P monomeric mutant using isothermal
titration calorimetry. This was done to compare the mode of
binding and provide information as to whether the wild-type
remains monomeric upon DNA binding. Double-stranded
DNA oligonucleotides containing a single cognate binding site
were injected into 5 uM wild-type or monomeric A539P
FOXP2 FHD, and the heat generated or consumed by the
binding reaction was measured (Figure 5, panels A and B
respectively). A binding isotherm could unfortunately not be
obtained for dimeric F541C FOXP2 FHD due to aggregation
of the protein in the sample cell. A comparison of the DNA
binding parameters for the wild-type and monomeric mutant is
given inFigure 5C. While the free energy, enthalpy, and
stoichiometry of the binding reaction is similar for both
proteins, there are signi� cant di� erences in the binding a� nity
and entropy. The large and exothermic enthalpy value obtained

Figure 3.Protein� DNA complex formation of the wild-type and mutant FOXP2 FHDs determined by electrophoretic mobility shift assay. 300 nM
cognate DNA was incubated with increasing concentrations of FOXP2 FHD (0� 600 nM). The His-tag has been removed for A539P and wild type
FOXP2 FHD but not for F541C FOXP2 FHD and this accounts for the slight shift in size of the complex.

Figure 4.DNA binding isotherms of the wild-type A539P and F541C
FOXP2 FHD as determined by� uorescence anisotropy sprectoscopy.
20 nM dsDNA containing a single FOXP2 binding site labeled at the
5� end with� uorescein was incubated with increasing concentrations
of FOXP2 FHD. The� uorescence anisotropy of each FHD
concentration was measured and the data� tted with a single site
binding model for wild-type and A539P FOXP2 FHD. A model could
not be successfully� t to the F541C data. TheKD obtained for the
wild-type and A539P FOXP2 FHD DNA binding are 892± 49.9 nM
and 878± 66.2 nM, respectively. Errors indicate the standard
deviation of three averaged replicates.
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for both the wild-type and A539P FOXP2 FHD upon DNA
binding suggests an enthalpically driven binding process as is
commonly seen in major groove binding proteins.25 Contrary
to the FA results, the ITC results suggest that the A539P
monomeric mutant has weaker a� nity for the DNA than the
wild-type. Because of the greater sensitivity of ITC as a method,
we believe the di� erence in a� nity between wild-type and
monomeric mutant to be signi� cant, indicating a di� erence in
binding between the two proteins. This di� erence in the mode
of binding is further supported by the di� erence in entropy of
binding.

� DISCUSSION

The FOXP subfamily of forkhead proteins is remarkable in its
ability to dimerize. This is unlike any other FOX proteins
studied to date. The dimer interface has been assigned to two
distinct regions of the protein: the leucine zipper and the
forkhead domain. The leucine zipper is believed to be the main
contributor to this event and has been shown to be necessary
for both dimerization and DNA binding of the full length
protein.5 Despite this, the isolated forkhead domain has been
shown, in crystal structures, to form domain swapped
dimers.13,14,16 Although the role of the domain swapped
dimer is unknown and indeed, its physiological relevance is still
a matter of some contention, the crystal structures suggest that
it can indeed bind DNA13,16 and thus an intriguing possibility
exists that di� erential binding between monomer and dimer
species could provide an elegant means of transcriptional
regulation. This would emphasize the signi� cance of the

evolution of domain swapping in the FOXP subfamily. In this
paper we have investigated this possibility from a structural and
thermodynamic perspective. We have compared the binding
mechanism of the monomer and the dimer so as to gain insight
into how the FHD interacts with DNA. Furthermore, we have
compared the DNA binding mechanism of the wild-type with
that of the monomer to provide information as to the
quaternary structure of the wild-type upon interaction with
DNA.

It is interesting that although the FOXP subfamily members
share� 75� 92% identity in their FHD sequences, there are
substantial di� erences in the propensity to form dimers
between the FOXP subfamily members where the isolated
FOXP3 FHD exists almost exclusively as a homodimer, while
the FOXP1 and FOXP2 FHDs exist as a mixture of monomer
and dimer under similar conditions.13,16,22 Furthermore, the
FOXP3 FHD dimer is known to bind two separate DNA
strands at each binding site, but no such evidence has been
reported for the FOXP1 and FOXP2 FHD dimer. This suggests
that minor di� erences in sequence have a pronounced e� ect on
the dimerization propensity of the FHD of these proteins which
in turn could a� ect the manner in which they interact with
DNA and regulate transcription. It is clear that the most critical
sequence variation is located in the hinge loop connecting
helices 2 and 3. A single residue substitution in the FOXP2
FHD, Y540F, for example, was shown to be su� cient to
increase the propensity of the FOXP2 FHD for dimerization
quite substantially.27

In this work, we have exploited the e� ect of the hinge loop
on dimerization propensity by successfully creating two hinge

Figure 5.Representative isotherms of (A) wild-type and (B) A539P FOXP2 FHD titrated into cognate sequence DNA. The isotherms were
obtained by multiple small volume injections of 50� 70 � M FOXP2 FHD into 5� 7 � M DNA. (C) Summary of ITC thermodynamic parameters
obtained for the wild-type and A539P FOXP2 FHDs. Errors are the standard deviation of three averaged independent titration experiments.
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loop mutants that either inhibit or promote dimerization.
Comparison of these mutants with the wild-type suggests that
at concentrations under 300� M, the wild-type FOXP2 FHD
exists almost exclusively as a monomer (Figure 2). It is possible
that dimerization of the FOXP2 FHD does occur but is di� cult
to detect due to the isolated dimer being unstable. Indeed this
is con� rmed by the disul� de-linked dimeric mutant reported
here (Figure 2). The presence of disul� de linked FOXP2 FHD
dimers provides evidence to suggest that transient dimerization
events do occur in vitro in the absence of DNA even if dimers
are not detected in the wild-type (Figure 2). The question that
stems from this observation is whether the presence of DNA
might stabilize the dimeric form of the FOXP2 FHD. This idea
arises from the fact that the pH and ionic strength is di� erent in
the vicinity of DNA strands compared to in the cytoplasm.
Indeed the FOXP2 FHD has been shown to adopt a less
compact structure harboring exposed hydrophobic patches at
the more acidic pH that would be expected surrounding
DNA.19 This could be necessary for crucial dimer interface
contacts to occur. Studies in the presence of DNA, however,
suggest that in addition to being monomeric in the absence of
DNA, the wild-type FOXP2 FHD also binds to DNA as a
monomer. This is implied by the single band in the EMSA
(Figure 3), a FA binding isotherm identical to that of the
monomeric mutant (Figure 4) and a stoichiometry of binding
of 1 (Figure 5). These results are in support of the notion that
the leucine zipper is required for the formation of FOXP2 FHD
dimers capable of binding DNA.5 A more in depth analysis of
the DNA binding of wild-type in comparison to the monomeric
mutant, however, reveals evidence to suggest that despite the
apparent monomeric nature of the wild-type, the way in which
the wild-type interacts with DNA is not identical to the way in
which the monomer interacts with DNA.

Binding of DNA by proteins excludes water and associated
counterions from the interface surface releasing them into bulk
solvent, a process generally accompanied by a large increase in
entropy of the system. The amount of water molecules
excluded depends on whether the protein binds to the major
or minor groove of the DNA, and this is readily determined by
the thermodynamic pro� le obtained using isothermal titration
calorimetry. Binding of a protein to the minor groove is
generally driven by entropic gains produced by the release of a
double water spine (located in the minor groove of DNA)
upon binding that counteracts the enthalpic costs of the large
structural changes that are required for residue insertion into
the narrow space.25 Conversely, DNA binding by major groove
binding proteins is typically enthalpically driven by the
formation of numerous base-residue hydrogen bonds in the
larger major groove.

It can be seen that DNA binding of the wild-type FOXP2
FHD is largely enthalpically driven (� H = � 24.46± 0.81 kJ/
mol) as well as entropically favorable (T� S= 15.80± 0.70 kJ/
mol/K) (Figure 5). It is thus clear that the FOXP2 FHD is a
major groove sequence speci� c binding protein which agrees
with the crystal structure of the monomer� DNA complex.13

Entropy is generally regarded as the main driving factor behind
the non-sequence speci� c component of DNA binding since it
is associated with expulsion of counterions and water from the
surface of the protein/DNA as well as conformational changes
that occur upon complex formation. Interestingly there is a
di� erence between the entropic parameter obtained for the
wild-type and the A539P FOXP2 FHD, which suggests a
di� erence in the mode of binding. Considering that the

enthalpy of binding is similar, within error, it is likely that the
increased entropy observed for the wild-type is the result of
conformational changes that occur upon binding that are not
permitted in the mutant due to the reduced� exibility in the
A539P hinge loop. The increased� exibility of the wild-type
compared to the monomer is also supported by the thermal
unfolding curves (Figure 2E). The wild type unfolds in a less
sigmoidal fashion than the monomeric mutant, indicative of a
less cooperative transition to the unfolded state, implying that
the wild-type native state is less folded and more� exible than
that of the mutant. The increased range of motion inherent in
the wild-type FOXP2 could allow for more nonspeci� c DNA
backbone contacts to form, resulting in the observed increased
a� nity for the DNA (KD = 66.94± 4.34 nM). This means that
there is the potential for the wild-type FOXP2 FHD to� nd and
bind sites di� erent in sequence to the cognate recognition site
(TGTTTAC). Future studiesconducted with multiple
sequences would be required to con� rm this. Conversely, the
presence of the helix disrupting proline in the hinge loop of the
A539P FOXP2 FHD mutant appears to reduce DNA binding
a� nity (KD = 102.3± 4.97 nM) as well as the entropy
associated with binding (T� S= 11.63± 0.84 kJ/mol/K). The
increased rigidity of the hinge loop stabilizes the monomeric
form of the FOXP2 FHD reducing conformational changes
induced by DNA binding including those that allow the wild-
type to make stronger interactions with the DNA backbone.

Many eukaryotic transcription factors are intrinsically� exible
and refold into a more stable form upon identifying and
binding a particular DNA sequence.28,29 This phenomenon,
known as� y casting, allows TFs to scan large stretches of DNA
sequence in a less de� ned structure and only form a stable
complex at the sites that supply the necessary contacts for the
protein to fold into a more stable structure. The high� exibility
of the wild-type as understood by the energetics and thermal
unfolding data presented here suggest that the wild-type
FOXP2 FHD may be capable of� y casting. Another technique
used by TFs in sequence identi� cation is dynamic DNA
readout whereby distant, intrinsically� exible protein motifs
alter the dynamics that occur at the protein� DNA interface,
facilitating the necessary DNA contacts for stable complex
formation.30 It is possible that the FOX FHD hinge loop
sequence in part can control the dynamic DNA readout of the
FHD allowing the highly similar FOX family members to
identify and bind di� erent DNA sequences. This mechanism
helps to explain the di� erence in binding observed in the
titration studies presented in this paper. The reduced entropy
of binding observed in the A539P FOXP2 FHD may be due to
restraint placed on� exibility of the hinge loop and hence the
DNA contacting amino acids. Further protein dynamics studies
in the absence and presence of DNA are necessary to support
this.

Taken together, the hinge loop between helices 2 and 3 plays
a key role in regulating the sequence speci� city and DNA
binding a� nity of the FHD. The P539A mutation present in
the FOXP subfamily could reduce the restraint on the FHD
structure allowing it to present hydrophobic regions; a critical
step in the dimerization of many domain swapping proteins.
Further studies are required to prove this. The evidence
provided here suggests that the composition of the hinge loop
is a key regulator in both the DNA binding a� nity and
sequence-speci� city of the forkhead domain.
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� CONCLUSION
The FOXP subfamily provides a unique system to study the
evolution of dimerization in the FOX protein family and in
transcription factors as a whole. In this paper we describe a
covalent FOXP2 FHD dimer, F541C FOXP2 FHD, success-
fully engineered for use in comparative DNA binding studies.
The F541C FOXP2 FHD is predominantly dimeric under
nonreducing conditions, is correctly folded and is capable of
binding DNA as both a monomer and dimer. While
� uorescence anisotropy and electrophoretic mobility shift
assays suggest that the wild-type FOXP2 FHD binds to DNA
exclusively as a monomer; isothermal titration calorimetry the
binding mechanism of the wild-type is not identical to that of
the monomer. The greater a� nity and entropy of binding of
the wild-type compared to the monomer suggests that the wild-
type has greater conformational freedom due to the presence of
the � exible loop region. When in the presence of the leucine
zipper in the full length protein, this increased conformational
freedom in the FHD may promote dimerization upon DNA
binding. Here we have shown that the evolutionarily important
substitution of proline located in the FHD hinge loop with an
alanine alters the DNA binding mechanism of the FOXP2
FHD, most likely by allowing it to adopt interactions with the
DNA backbone not available to the structurally restrained
monomeric FOX subfamily members.

� AUTHOR INFORMATION
Corresponding Author
*E-mail:Sylvia.fanucchi@wits.ac.za. Tel: +2711 717 6348. Fax:
+2711 717 6351.
Funding
This work was supported by the University of the
Witwatersrand, South African National Research Foundation
Grant 80681 to S.F., Grant 68898 to H.W.D., the South African
Research Chairs Initiative of the Department of Science and
Technology Grant 64788 to H.W.D., and the Medical Research
Council of South Africa.
Notes
The authors declare no competing� nancial interest.

� ACKNOWLEDGMENTS
We would like to thank Mr. Mihai Silviu Tomescu for his
assistance with setting up and optimization of the isothermal
titration calorimetry experiments.

� ABBREVIATIONS
TF, transcription factor; FHD, forkhead domain; FOX,
forkhead box; CD, circular dichroism; DNA, DNA; DTT,
dithiothreitol

� REFERENCES
(1) Smolen, P., Baxter, D. A., and Byrne, J. H. (2000) Mathematical

modelling of gene networks.Neuron 26, 567� 580.
(2) Amoutzias, G. D., Robertson, D. L., Van de Peer, Y., and Oliver,

S. G. (2008) Choose your partners: dimerization in eukaryotic
transcription factors.Trends Biochem. Sci. 33, 220� 229.
(3) Weigel, D., and Jackle, H. (1990) The fork head domain: a novel

DNA binding motif of eukaryotic transcription factors?Cell 63, 455�
456.
(4) Hannenhalli, S., and Kaestner, K. H. (2009) The evolution of Fox

genes and their role in development and disease.Nat. Rev. Genet. 10,
233� 240.

(5) Li, S., Weidenfeld, J., and Morrisey, E. E. (2004) Transcriptional
and DNA binding activity of the Foxp1/2/4 family is modulated by
heterotypic and homotypic protein interactions.Mol. Cell. Biol. 24,
809� 822.
(6) Shu, W., Yang, H., Zhang, L., Lu, M. M., and Morrisey, E. E.

(2001) Characterization of a new subfamily of winged-helix/forkhead
(Fox) genes that are expressed in the lung and act as transcriptional
repressors.J. Biol. Chem. 276, 27488� 27497.
(7) Lu, M. M., Li, S., Yang, H., and Morrisey, E. E. (2002) Foxp4: a

novel member of the Foxp subfamily of winged-helix genes co-
expressed with Foxp1 and Foxp2 in pulmonary and gut tissues.Mech.
Dev. 119(Suppl 1), S197� S202.
(8) Lai, C. S., Gerrelli, D., Monaco, A. P., Fisher, S. E., and Copp, A.

J. (2003) FOXP2 expression during brain development coincides with
adult sites of pathology in a severe speech and language disorder.Brain
126, 2455� 2462.
(9) Bennett, C. L., and Ochs, H. D. (2001) IPEX is a unique X-linked

syndrome characterized by immune dysfunction, polyendocrinopathy,
enteropathy, and a variety of autoimmune phenomena.Curr. Opin.
Pediatr. 13, 533� 538.
(10) Koon, H. B., Ippolito, G. C., Banham, A. H., and Tucker, P. W.

(2007) FOXP1: a potential therapeutic target in cancer.Expert Opin.
Ther. Targets 11, 955� 965.
(11) Lai, C. S., Fisher, S. E., Hurst, J. A., Vargha-Khadem, F., and

Monaco, A. P. (2001) A forkhead-domain gene is mutated in a severe
speech and language disorder.Nature 413, 519� 523.
(12) Bennett, M. J., Schlunegger, M. P., and Eisenberg, D. (1995) 3D

domain swapping: a mechanism for oligomer assembly.Protein Sci. 4,
2455� 2468.
(13) Stroud, J. C., Wu, Y., Bates, D. L., Han, A., Nowick, K., Paabo,

S., Tong, H., and Chen, L. (2006) Structure of the forkhead domain of
FOXP2 bound to DNA.Structure 14, 159� 166.
(14) Liu, Y., and Eisenberg, D. (2002) 3D domain swapping: as

domains continue to swap.Protein Sci. 11, 1285� 1299.
(15) Rousseau, F., Schymkowitz, J. W., Wilkinson, H. R., and Itzhaki,

L. S. (2001) Three-dimensional domain swapping in p13suc1 occurs
in the unfolded state and is controlled by conserved prolines.Proc.
Natl. Acad. Sci. U. S. A. 98, 5596� 5601.
(16) Bandukwala, H. S., Wu, Y., Feuerer, M., Chen, Y., Barboza, B.,

Ghosh, S., Stroud, J. C., Benoist, C., Mathis, D., Rao, A., et al. (2011)
Structure of a domain-swapped FOXP3 dimer on DNA and its
function in regulatory T cells.Immunity 34, 479� 491.
(17) Craig, D. B., and Dombkowski, A. A. (2013) Disulfide by

Design 2.0: a web based tool for disulfide engineering in proteins.
BMC Bioinf. 14, 346.
(18) Larkin, M. A., Blackshields, G., Brown, N., Chenna, R.,

McGettigan, P. A., McWilliam, H., Valentin, F., Wallace, I. M., Wilm,
A., Lopez, R., et al. (2007) Clustal W and Clustal X version 2.0.
Bioinformatics 23, 2947� 2948.
(19) Blane, A., and Fanucchi, S. (2015) Effect of pH on the structure

and DNA binding of the FOXP2 forkhead domain.Biochemistry 54,
4001� 4007.
(20) Nelson, C. S., Fuller, C. K., Fordyce, P. M., Greninger, A. L., Li,

H., and DeRisi, J. L. (2013) Microfluidic affinity and ChIP-seq analyses
converge on a conserved FOXP2-binding motif in chimp and human,
which enables the detection of evolutionarily novel targets.Nucleic
Acids Res. 41, 5991� 6004.
(21) Lacowicz, J. R. (2002).Topics in Fluorescence Spectroscopy, 1st

ed.; Kluwer Acedemic Publishers: New York.
(22) Chu, Y. P., Chang, C. H., Shiu, J. H., Chang, Y. T., Chen, C. Y.,

and Chuang, W. J. (2011) Solution structure and backbone dynamics
of the DNA-binding domain of FOXP1: insight into its domain
swapping and DNA binding.Protein Sci. 20, 908� 924.
(23) Boura, E., Silhan, J., Herman, P., Vecer, J., Sulc, M., Teisinger, J.,

Obsilova, V., and Obsil, T. (2007) Both the N-terminal loop and wing
W2 of the forkhead domain of transcription factor Foxo4 are
important for DNA binding.J. Biol. Chem. 282, 8265� 8275.
(24) Littler, D. R., Alvarez-Fernandez, M., Stein, A., Hibbert, R. G.,

Heidebrecht, T., Aloy, P., Medema, R. H., and Perrakis, A. (2010)

Biochemistry Article

DOI:10.1021/acs.biochem.5b01271
Biochemistry2016, 55, 1959� 1967

1966

http://dx.doi.org/10.1021/acs.biochem.5b01271
mailto:Sylvia.fanucchi@wits.ac.za


Structure of the FoxM1 DNA-recognition domain bound to a
promoter sequence.Nucleic Acids Res. 38, 4527� 4538.
(25) Privalov, P. L., Dragan, A. I., Crane-Robinson, C., Breslauer, K.

J., Remeta, D. P., and Minetti, C. A. S. A. (2007) What drives proteins
into the major or minor groove of DNA?J. Mol. Biol. 365, 1� 9.
(26) Dragan, A. I., Read, C. M., Makeyeva, E. N., Milgotina, E. I.,

Churchill, M. E., Crane-Robinson, C., and Privalov, P. L. (2004) DNA
binding and bending by HMG boxes: energetic determinants of
specificity.J. Mol. Biol. 343, 371� 393.
(27) Perumal, K., Dirr, H. W., and Fanucchi, S. (2015) A single

amino acid in the hinge loop region of the FOXP forkhead domain is
significant for dimerisation.Protein J. 34, 111� 121.
(28) Liu, J., Perumal, N. B., Oldfield, C. J., Su, E. W., Uversky, V. N.,

and Dunker, A. K. (2006) Intrinsic disorder in transcription factors.
Biochemistry 45, 6873� 6888.
(29) Levy, Y., Onuchic, J. N., and Wolynes, P. G. (2007) Fly-Casting

in protein-DNA binding: Frustration between protein folding and
electrostatics facilitates target recognition.J. Am. Chem. Soc. 129, 738�
739.
(30) Fuxreiter, M., Simon, I., and Bondos, S. (2011) Dynamic

protein-DNA recognition: beyond what can be seen.Trends Biochem.
Sci. 36, 415� 423.

Biochemistry Article

DOI:10.1021/acs.biochem.5b01271
Biochemistry2016, 55, 1959� 1967

1967

http://dx.doi.org/10.1021/acs.biochem.5b01271


 

A key evolutionary mutation enhances DNA binding of the FOXP2 
forkhead domain 
 

 

GAVIN MORRIS1 AND SYLVIA FANUCCHI1 

1 Protein Structure-Function Research Unit, School of Molecular and Cell Biology, University of the Witwatersrand, Johannesburg 2050. South 
Africa 

 

Supplementary Material 

 

-Table of Contents-     

 

Item Description 
Supplementary Fig 1. Representation of the proposed F541C 

mutation in the hinge loop of the FOXP2 
forkhead domain. 

Supplementary Fig 2.  Sequence data for the wild-type, A539P and 
F541C FOXP2 forkhead domain and the 
encoded protein product. 

Supplementary Fig 3.  SDS-PAGE analysis of wild-type, A539P and 
F541C FOXP2 forkhead domain variant purity 
following chromatographic separation from 
bacterial milieu. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Fig 1. Representation of the proposed F541C mutation in the hinge loop of the 

FOXP2 forkhead domain. A conserved Phenylalanine (F541) lies on the 2-fold axis of symmetry in 

the domain-swapped FOXP2 forkhead domain. In the domain-swapped dimer adjacent F541 

residues form pi-stacking interactions in the dimer interface. Substitution of F541 with a cysteine 

residue has the potential to form a disulphide bond covalently linking the associated FOXP2 

forkhead domain subunits preventing dissociation into the monomeric quaternary structure. 
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Supplementary Fig 2. Sequence data for the (A) wild-type, (B) A539P and (C) F541C FOXP2 

forkhead domain and the encoded protein product (second line). All protein were expressed as 

a fusion protein with an N-terminal hexa-histidine tag (blue) and a thrombin cleavage site (green). 

The mutations were successfully incorporated using site-directed mutagenesis (purple and 

orange). 
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Supplementary Fig 3. SDS-PAGE analysis of wild-type, A539P and F541C FOXP2 forkhead domain 

variant purity following chromatographic separation from bacterial milieu. Cleavage of the hexa-

histidine tag was performed by incubating the purified protein for 4 hours at 20 oC in 10 mM Tris 

pH 8.0, 100 mM NaCl with 1 U bovine thrombin. Thrombin and uncleaved fusion protein were 

removed by sequential immobilised-nickel affinity and benzamidine affinity chromatography. 



 

Chapter 3 
 

 

The hinge loop plays a pivotal role in DNA binding and transcriptional activity of FOXP2 

Gavin Morris, Stoyen Stochev, Heini W. Dirr and Sylvia Fanucchi 

(Biological Chemistry, in press) 

 

Motivation: The data obtained in chapter 2 revealed a significant difference in the thermodynamic 
signature of DNA binding between the wild-type and A539P FOXP2 forkhead domain, however, the 
inherent low-resolution nature of thermodynamic data prompted further investigation to determine the 
factors that contribute to the difference. Furthermore, the effect that the A539P mutation has on the in 
vivo function of FOXP2 has not been explored.  

 

Summary: The thermodynamic components of the signatures obtained, from chapter 2, were dissected 
by determining the change in heat capacity and salt concentration dependence of the protein-DNA 
interaction for both the wild-type and A539P FOXP2 forkhead domain. In addition, changes in the 
backbone dynamics and solvent accessibility of the proteins were assessed to determine structural 
changes in the two proteins during DNA binding. Finally, the transcriptional activity of FOXP2 was assessed 
using an in vivo luciferase reporter assay to determine the effect the A539P mutation has on FOXP2 in the 
cellular environment.  

A significant difference in the heat capacity changes and salt dependence was observed between the wild-
type and A539P FOXP2 forkhead-DNA interactions suggesting that the mutation alters the forkhead 
domains capacity to form hydrophobic, hydrogen bonding and coulombic interactions with a consensus 
DNA sequence. In addition, the structural dynamics studies suggest a significant conformational 
adjustment occurs in the wild-type FOXP2 forkhead domain that does not occur in the A539P mutant. 
Finally, the mutation significantly altered the transcriptional activity of FOXP2. Together these data 
suggest the hinge loop not only controls the dimerisation of the forkhead domain but also alters the 
mechanism by which the proteins recognise and interact with the consensus binding site. Further, the 
oligomeric state of the FOXP2 forkhead domain regulates transcriptional activity in the cellular 
environment. 

 

Author contributions: Gavin Morris performed all experimental work, analysed data and wrote the 
manuscript. Stoyen Stoychev assisted with the setup and data analysis of the hydrogen-deuterium 
exchange mass spectrometry experiments. Heini W. Dirr assisted with experimental design. Sylvia 
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