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Abstract The forkhead box (FOX) proteins are a family
of transcription factors that interact with DNA via a winged
helix motif that forms part of the forkhead domain. The
FOXP (FOXP1-4) subfamily is unique in the family in that
the forkhead domains of these proteins are able to dimerise
via domain swapping. In this event, structural elements are
exchanged via extension of the hinge loop region. Despite
the high sequence homology among the FOXP subfamily
members, the stability of their forkhead domain dimers
varies, with FOXP3 forming the most stable dimer. An
amino acid difference is observed in the hinge region of the
FOXP subfamily where a tyrosine in all members is re-
placed with a phenylalanine in FOXP3. In this work, the
role of phenylalanine at this position in the hinge region
was investigated. This was done by creating the Y540F
variant of the FOXP2 forkhead domain. The effect of the
Y540F mutation on the structure, dimerisation propensity
and DNA binding ability of the FOXP subfamily was in-
vestigated. The mutation altered the structure of the protein
by decreasing the disorder of the backbone as measured by
circular dichroism spectroscopy and by altering the local
environment of the hinge region as measured by tryptophan
fluorescence. The propensity of the forkhead domain to
form a dimer was improved ~9.5 fold by the mutation.
This was attributed to increased hydrophobicity at the
dimer interface as well as altered tension in the hinge loop
region. DNA binding assays indicated that the affinity for
DNA was decreased by the mutation. Taken together, these
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findings suggest that domain swapping may modulate DNA
binding.
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Abbreviations

CDh Circular dichroism

EMSA Electrophoretic mobility shift assay

FHD Forkhead domain

FOX Forkhead box family

IPEX  Immune dysregulation, polyendocrinopathy,

enteropathy and X-linked

1 Introduction

The forkhead box (FOX) superfamily of transcription
factors share homology only in their highly conserved
DNA binding, winged-helix forkhead domains (FHDs) [1,
2]. The FOX proteins have largely diverse yet important
functions including roles in the immune system [3, 4],
metabolism [5], regulation of cellular proliferation and
differentiation [1, 6], ageing [6] and embryonic develop-
ment [7, 8]. Mutations in the forkhead domain have been
linked to a wide variety of human diseases for example
alopecia (FOXN1) [9], thyroid agenesis (FOXEIL) [10],
Axenfeld-Rieger syndrome (FOXC1) [11, 12], tumori-
genesis and intellectual disability (FOXP1) [11-13], a
speech deficit disorder (FOXP2) [14] and IPEX (immune
dysregulation, polyendocrinopathy, enteropathy and
X-linked) syndrome (FOXP3) [15]. Since these mutations
are located in the DNA binding domain, the FHD, they
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compromise the DNA binding capacity of FOX transcrip-
tion factors. The FHD also contains a nuclear localisation
signal and thus, mutations in this region may affect patterns
of subcellular localisation [15-18]. For example, the
FOXP2 speech-related mutation (R553H) shows complete
abolishment of DNA binding ability and altered nuclear
localisation [14]. One FOXP3 IPEX mutation (A384T)
affects DNA binding, whereas the F371C and F373A IPEX
mutations are shown to affect domain swapping and sup-
pressor function [15, 16]. To date, no known FOXP4 mu-
tations have been linked to disease.

Structurally, the isolated FHDs of the FOX proteins are
monomeric whether in the presence or absence of DNA [19]
and this is reflected in the solved crystal or NMR structures
for example, FOXA3 [20], FOXC2 [21], FOXD3 [22],
FOXKIla [23], FOXO3a [24], FOX04 [25], FOXM1 [26],
FOXQ1 [27] and FOXO1 [28]. The only exception identi-
fied to date is the P-subfamily where the crystal structures of
the isolated forkhead domains of FOXP2 and FOXP3 show
the formation of domain-swapped dimers [16, 29].

Domain swapping is a type of oligomerisation event in
which specific regions of proteins are exchanged to form an
intertwined dimer [30]. The physiological relevance of
domain swapping is still unclear and some domain-swap-
ped proteins may merely be artefacts of the high concen-
trations needed for crystallisation [31, 32]. The event has
been associated with aggregation [33]. Furthermore it has
been implicated in physiological processes including neu-
rodegenerative diseases [34-36], the evolution of
oligomeric proteins [37] as well as the regulation of protein
activity [33, 38-40]. Protein activity can be regulated
through changes in the concentration of the protein which
will regulate what proportion of monomer or domain
swapped dimer is present. In this regard, macromolecular
crowding in the cell, for example, could increase the local
concentration of a particular protein [41—43], thereby in-
creasing its propensity to domain swap and carry out its
specific function. Other factors such as the length [44—46],
flexibility [46—48] and hydrophobicity [45, 49, 50] of the
hinge-loop region have been shown to affect domain
swapping propensity.

In the FOXP2 and FOXP3 domain swapped dimers,
helix H3 and B-strands S2 and S3 are exchanged [16, 29,
51]. The hinge-loop region (H4) changes conformation
upon domain swapping to form an extended helix H2 in the
domain swapped dimer [16, 29]. Ala539 in FOXP2 (and its
equivalent alanine in other FOXP proteins) is located in the
hinge-loop region (Fig. 1). In most other FOX proteins,
this alanine is substituted with a proline. Mutation of
Ala539 to proline in FOXP2 results in the FHD existing
exclusively in the monomeric form [29]. It is thought that
the rigid proline residue prevents extension of the hinge-
loop region (H4) which is required for domain swapped
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dimer formation. The consequence of this is that only the
FHDs of the FOXP family members are able to dimerise.

Although the highly conserved FHDs of FOXP1, FOXP2
and FOXP3 have all been shown to dimerise [16, 29, 51], the
FOXP3 dimer is considerably more stable than the FOXP2
[29] or FOXP1 [51] dimer and furthermore the FOXP3
dimeric form is reported to be necessary for its suppressor
function [16]. Thus a comparison between the FOXP2 and
FOXP3 dimers might give clues as to what improves the
stability of the FOXP3 dimeric form compared to FOXP2.
This will have implications for the functionality of the
proteins. A network of hydrophobic core residues is sug-
gested to control the formation of the FOXP3 domain
swapped dimer: Tyr364, Trp366, Phe367, Phe373, Phe374
and Trp381 (Bandukwala et al. [16]). There is a similar
corresponding network in FOXP2 (Fig. 2) (Stroud et al.
[31]). Sequence differences in this hydrophobic network
and/or in the hinge loop region may account for the differ-
ence in stabilities of the two domain swapped dimers.

Comparison of the sequences of the hinge loop region of
the FOXP subfamily members (Fig. 1) shows only two
amino acid differences. These are located at positions
Phe373 and Asn376 in FOXP3 and are conserved as tyrosine
and arginine respectively in all the other members of the
FOXP subfamily. Phe373 not only forms part of the hinge
loop region but is also buried deep in a stabilising hy-
drophobic pocket at the dimer interface, implicating this
residue in dimer stability. A F373A mutation in the FOXP3
FHD has been linked to IPEX syndrome [15]. This IPEX-
causing mutation causes a shift in the monomer—dimer
equilibrium towards the monomer by disrupting the hy-
drophobic core of the domain swapped dimer [16]. The work
presented here investigates the significance of having a
phenylalanine at this position for dimerisation and DNA
binding of the FOXP forkhead domain, particularly because
of the reported difference in stability of the dimer across the
FOXP family. In FOXP2 there is a tyrosine residue (Tyr540)
(Fig. 2) located at the equivalent position to Phe373 in
FOXP3. Therefore, in this study, the Y540F FOXP2 FHD
variant was created in order to establish the role of having a
phenylalanine located both in the hinge loop and at the dimer
interface in the FOXP subfamily and to establish whether
this phenylalanine is responsible for the greater propensity
that FOXP3 has for dimerisation compared to FOXP2.

2 Materials and Methods

2.1 Site-Directed Mutagenesis, Protein Expression
and Purification

The pET-30 LIC plasmid encoding the FOXP2 FHD hex-
ahistidine-tagged fusion protein was used as a template for
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Fig. 1 Sequence alignment of the FOXP family. Secondary structural
elements are indicated above the sequence. FOXP2 numbering is
shown above the sequence and FOXP3 numbering is shown below.
ClustalX version 2.0 [57] was used to perform the alignment and the
default colouring scheme was used. The hydrophobic core residues
that stabilise the dimer interface are highlighted (black circles above

PDB 2A07

Fig. 2 The FOXP2 domain swapped dimer interface. Residues
Tyr531, Trp533, Phe534, Tyr540, Phe541 and Trp548 are found at
the dimer interface and form part of the hydrophobic network which
is thought to be involved in stabilising the domain swapped dimer
[25]. Tyr540 is highlighted. Images were generated using PyMOL.
PDB code 2A07

site-directed mutagenesis. The primers used to generate the
mutant were designed using Primer X (http://www.bioin
formatics.org/primerx/) and had the following sequence: 5’
CACGGACATTTGCGTTCTTCAGGCGTAATGCAGC-
AAC3'. The mutation codon is in bold. The mutant primer
and its reverse complement were synthesised by Ingaba
Biotec (Pretoria, South Africa). The Y540F FOXP2 FHD
mutant was generated using the Quikchange® Lightening
Kit (Stratagene, La Jolla, CA). The plasmid was sequenced

sequence) with the hinge-loop region indicated in the boxed region.
The tyrosine (Y540) residue in the hinge-loop region which is the
focus of this study is indicated by the arrow below the sequence. The
alanine (A539) residue found to be crucial to domain swapping in the
FOXP subfamily is indicated by the black box above the sequence

by Inqaba Biotec to ensure that the mutation was incor-
porated and that no undesirable mutations were introduced.
The wild type and mutant proteins were expressed in T7
Express Competent Escherichia coli cells (New England
Biolabs, Ontario, Canada). The proteins were purified on
nickel charged IMAC resin (GE Healthcare) and stored in
20 mM Tris—Cl pH 7.6, 1 mM DTT and 150 mM NaCl.
Contamination by E. coli DNA non specifically binding to
the transcription factor was eliminated using a high salt
wash (1 M NaCl) on the nickel column. This reduced the
A260:A280 to acceptable levels indicating negligable
DNA contamination. Purity was assessed using SDS-
PAGE stained with Coomassie Brilliant Blue R-250.

2.2 Spectroscopy

Far-UV circular dichroism (CD) spectra were collected
with a Jasco J-810 spectropolarimeter at 20 °C. CD spectra
were collected in triplicate, corrected for solvent, and
converted to mean residue ellipticity [0] (degrees square
centimetres per decimole per residue); [0] = (1000)/(Cnl),
where 0 is the measured ellipticity (millidegrees), C is the
protein concentration (millimolar), n is the number of
residues and [ is the path length in centimetres. The spectra
were compared using the Dichroweb server [52].
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Fluorescence measurements were collected on a Perkin-
Elmer LS50B luminescence spectrofluorimeter at 20 °C.
The emission spectra were recorded in triplicate from 300
to 450 nm using an excitation wavelength of 295 nm
which selectively excites the three tryptophan residues
(Trp533, Trp548 and Trp572).

2.3 Size-Exclusion Chromatography

A Hiload™ 16/600 75 pg size-exclusion column (GE
Healthcare) was used to determine the relative amounts of
monomer and dimer in both the wild-type FOXP2 FHD and
the Y540F variant. Concentrations ranging from 5 to
300 uM of both wild-type FOXP2 FHD and the Y540F
variant were left to equilibrate for 24 h at 4 °C prior to
loading onto the column. The protein was detected by
absorbance at 280 nm. The dissociation constant of
dimerisation was calculated using the formula:
[monomer]*/[dimer]. The area under the peaks of the
monomer and dimer elution curves were used to calculate
the relative amounts of monomer and dimer. The data was
fitted with the linear regression method in Sigmaplot.

2.4 DNA Binding

The double-stranded FOX cognate sequence, 5'-AAC-
TATGAAACAAATTTTCCT-/, synthesised by Integrated
DNA Technologies (Whitehead Scientific, South Africa)
was used in all DNA binding studies as it has been shown
to bind to the FOXP2 FHD [29] as well as to other FOX
proteins [53]. The core binding sequence is underlined.
This specific flanking sequence was chosen as it has been
shown to bind to the FOXP2 FHD in the crystal structure
[29].

2.4.1 Electrophoretic Mobility Shift Assay

The FOXP2 FHD proteins were added to DNA at pro-
tein:DNA ratios ranging between 1:2 and 3:1, in binding
buffer: 20 mM Tris—Cl, pH 7.6, 100 mM NaCl, 1 mM
DTT, 1 mM MgCl, and 20 % glycerol. The protein and
DNA were incubated on ice for 30 min to allow for
binding. The protein-DNA complexes were resolved on a
10 % acrylamide gel at 4 °C at 100 V for 1.5 h. The gel
was visualised under ultraviolet light after being stained
with 0.5 pg/ml ethidium bromide. The gels were analysed
by densitometry using the LabWorks Image Acquisition
and Analysis Software version 4.6 (UVP Bio-Imaging) to
quantify the proportion of DNA bound to the FOXP2 FHD
proteins. Quantitation was performed in triplicate on non-
saturated images. The proportion of bound DNA was cal-
culated as follows: % bound DNA = (100 %) — (% un-
bound DNA); where the sum of the intensity of all bands in
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a single lane is equal to 100 %. The data were collected in

triplicate and fit to a one site saturation ligand binding

%d“ﬁ in order to obtain the K4 of DNA binding.

model: y =

3 Results

The location of Tyr540 in the FOXP2 FHD dimer is of
significance for two reasons: (1) it is located in the hinge
loop region of the domain swapped dimer and (2) it is
located at the hydrophobic dimer interface. In this study,
we investigated structural the role of Tyr540 in the FOXP2
FHD and whether it influenced DNA binding. We created
the YS40F FOXP2 FHD variant that resembles FOXP3 at
this position and compared it structurally to the wild type
by investigating secondary and tertiary structure as well as
propensity to form a dimer. We also examined changes to
structure upon DNA binding between the wild type and the
variant and we compared the DNA binding affinity of the
two.

3.1 Structural Integrity of the FOXP2 FHD

The secondary and tertiary structure of the wild type and
Y540F FOXP2 FHD were compared (Fig. 3) to determine
if the mutation had resulted in any structural changes to the
protein. The far-UV CD spectra of the Y540F variant and
the wild type are not superimposable. Most of the differ-
ence between the two spectra can be seen in the
190-215 nm range which represents the m — n* transition
of the amide bond [54]. Further analysis of the spectra
using Dichroweb [52] shows that while incorporation of the
mutation does not appear to change the helical content of
the protein, the variant does show an increase in B-sheet
content by nearly 20 % compared to the wild type with a
corresponding decrease in random coiled structure
(Fig. 3b). The replacement of Tyr540 with a phenylalanine
therefore appears to influence the backbone structure of the
FHD by making it more structured overall.

The fluorescence spectra indicate that the tryptophan
fluorescence of the variant is enhanced about 1.5 times
compared to the wild type. There are no wavelength shifts
in the spectra however, as they both peak at 335 nm. This
implies that although the polarity of the environment of the
tryptophan residues is not altered by the mutation, there is a
change in the local packing of the tryptophan residues
when Tyr540 is replaced by a phenylalanine.

3.2 Dimerisation Propensity of the FOXP2 FHD

Size exclusion chromatography was performed on in-
creasing concentrations of both wild type and Y540F
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Fig. 3 a Far-UV circular dichroism spectra of 8§ pM WT FOXP2
FHD (solid line) and the Y540F variant (dashed line) in 20 mM Tris,
150 mM NaF, 1 mM DTT, pH 7.6. The spectra were converted from
millidegrees to mean residue ellipticity ([0]), corrected for buffer and
smoothed. b Secondary structural content analysis of the FOXP2
FHD. The data for the wild type and Y540F variant were obtained
from the Dichroweb analysis of the CD spectra. NRMSD = 0.07 for
WT and NRMSD = 0.150 for the Y540F mutant. The data for the

variant (Fig. 4). The peaks that were eluted from the size
exclusion column corresponded to the size of either
monomeric or dimeric FOXP2 FHD respectively. The size
exclusion profiles show that while the wild type FOXP2
FHD remains almost exclusively monomeric at concen-
trations up to 100 uM, the variant shows an increased
propensity to dimerise. This can be seen in the estimated
K4 for dimerisation which is ~246 uM for the variant and
~2.4 mM for the wild type. Therefore the single re-
placement of Tyr540 with a phenylalanine causes an over
9.5 fold increase in the propensity of the FOXP2 FHD to
dimerise. The purified monomer and dimer fractions of the
Y540F FOXP2 FHD show identical fluorescence spectra
(Fig. 3c), indicating that there is no tertiary structural
change to the protein upon dimerisation.
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FOXP2 monomer and dimer crystal structure were obtained from the
PDB file 2A07 [29] and the data for the FOXP3 dimer crystal
structure was obtained from PDB file 3QRF [16]. Image generated
using Sigmaplot. ¢ Fluorescence emission spectra of 4 pM WT
FOXP2 FHD (solid line) and the Y540F variant (dashed line) in
20 mM Tris—Cl pH 7.6, 150 mM NaF, 1 mM DTT when excited at
295 nm. Images were generated using Sigmaplot

3.3 DNA Binding

Both the wild type FOXP2 FHD and the Y540F variant
were incubated at increasing concentrations in the presence
of DNA for 30 min at 4 °C following which, elec-
trophoretic mobility shift assays (EMSAs) were performed
on the mixtures. A representative EMSA gel is shown in
Fig. 5a. The free, unbound DNA migrates the furthest in
the gel as seen in the control (lane 1). When protein is
added, the amount of free DNA decreases and either one or
two concentrated bands appear higher up in the gel. These
bands are likely indicative of monomer or dimer associated
with the DNA which accounts for the retarded movement
of these complexes through the gel. The bands are not very
sharp, however and the smearing can be attributed to the
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Fig. 4 Size-exclusion elution profiles of the a WT FOXP2 FHD and
b Y540F variant. Increasing concentrations of protein were subjected
to size-exclusion chromatography using a 16/600 Hiload Superdex 75
prep grade column (GE Healthcare) equilibrated with 20 mM Tris—Cl
pH 7.6, 150 mM NaCl, and 1 mM DTT at 20 °C. ¢ Tryptophan
fluorescence spectra of the separated monomer and dimer fractions of
Y540F FOXP2 FHD. d The dimer dissociation constant was

weak interaction that the FHD has with DNA in the ab-
sence of the remainder of the protein [19]. The protein
sample of both the wild type and Y540F variant of FOXP2
FHD that was used for the EMSAs was pure as seen in the
SDS PAGE lanes in Fig. 5b. This confirms that the
smearing and banding evident in the EMSA is as a result of
the various species of FOXP2 FHD-DNA complex present
in the solution and not as a result of other protein con-
taminants associating with the DNA.

Inspection of the representative gel in Fig. 5a indicates
that there is a greater proportion of dimeric form inter-
acting with the DNA in the variant compared to the wild
type. This confirms the results from Fig. 4 that show that
the Y540F variant is more prone to dimerise than the wild
type. Despite this, the amount of total DNA interacting
with the protein appears to be greater with the wild-type
than the variant. In order to make a qualitative comparison
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calculated to be 246 pM for the FOXP2 Y540F mutant (closed
circles) and 2389 pM for the WT FOXP2 FHD (open circles) using
the formula: Ky = [monomer]*/[dimer]. The data were fit using the
linear regression method in Sigmaplot. R* = 0.994 for the data fit for
the Y450F mutant while R* = 0.958 for the data fit for the WT
FOXP2 FHD. Images were generated using Sigmaplot

of the binding between the wild type and the variant, a
DNA binding curve was constructed (Fig. 5c) and fit to a
single site binding model. Due to the smearing in the lanes,
it is not possible to accurately quantify the amount of DNA
bound specifically to the monomer or the dimer using
densitometry. Rather, the amount of unbound DNA was
quantified relative to the DNA-only control and from this,
the percentage of total bound DNA (be it to the monomer
or the dimer or at some intermediate condition) could be
inferred. The fit of the data to a single site binding model
had relatively low R values indicating that from this data,
the protein concentration does not accurately demonstrate
the amount of variation in the bound DNA. The degree of
error is consistent throughout the EMSA replicates and
could be attributed to inaccuracies in the densitometry or
staining procedure used. Thus the K, values of 21.0 uM for
the wild type and 32.1 uM for the variant are unlikely to be
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Fig. 5 a EMSA on a 15 % native polyacrylamide gel. All lanes
contain cognate DNA at 10 M. Lane 1 contains free cognate DNA;
lanes 2, 4, 6 and 8 contain 10, 20 and 30 pM of WT FOXP2 FHD,
respectively. Lanes 3, 5, 7 and 9 contain 10, 20 and 30 pM of the
Y540F FOXP2 FHD mutant, respectively. b 15 % SDS-PAGE gel
indicating that both the wild type and Y540F samples were pure.
¢ Densitometry analysis. The percentage of bound DNA was

absolute values and should be referred to as apparent val-
ues. Nevertheless, from a qualitative perspective, it does
appear that the wild type has a greater affinity for the DNA
than the variant and this is supported by the apparent K4
values.

4 Discussion

The FOXP proteins are the only FOX proteins whose FHDs
have been shown to form a domain-swapped dimer. This is

40

calculated using: fraction of bound DNA = 1 — fraction of unbound
DNA x 100 where fraction unbound DNA is given by the den-
sitometry of the bottom band in the EMSA gel. The fit of wild type
data (solid line) to a single site binding model had an R? of 0.95 and
gave a K4 of 21.0 & 7.1 pM while the data for the Y540F mutant
(dashed line) fit with an R? of 0.85 and gave a Ky of 32.1 £ 11.1 puM.
Images were generated using Sigmaplot

confirmed by the crystal structures of FOXP2 [29] and
FOXP3 [16]. Furthermore, although the presence of a
FOXP1 domain swapped dimer has not been confirmed, the
FOXP1 FHD has also been shown to exist as a mixture of
monomer and dimer in solution [51] and it is likely that this
dimer is also domain swapped. The exclusive ability of
these FOXP proteins to form a domain swapped dimer
within the FOX family is due to a unique feature of their
sequence where a conserved proline is replaced with an
alanine allowing the extension of helix H2 via a hinge
region. It is remarkable to note, however, that even within
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the FOXP subfamily, the propensity to form the dimer
varies, with FOXP3 being more prone to dimerise than the
other FOXP members [16] despite high sequence conser-
vation between all members. It is in the interest of this
work, therefore, to investigate this difference.

Hinge regions are crucial to domain swapping and
changes in the length and flexibility of these regions have
been shown to either support or disrupt domain swapping
[46, 55]. The FOXP hinge region consists of the residues
FAYFRR in all family members except for FOXP3 where
the sequence is FAFFRN (Fig. 1). These two amino acid
differences in the hinge region (Phe373 and Asn376 in
FOXP3) may be responsible for the greater stability of the
FOXP3 dimer. Because the point mutation of Phe373 to
alanine has been implicated in IPEX syndrome and fur-
thermore it has been shown to reduce dimerisation
propensity [16], the corresponding tyrosine in FOXP2
(Tyr540) was replaced with a phenylalanine in this study
and the effect on dimerisation and DNA binding was
observed.

The Y540F mutation appears to have an effect on the
structure of the FOXP2 FHD (Fig. 3). The backbone ap-
pears to become more structured upon mutation, causing an
increase in P structure compared to the wild type. Since the
helical percentage remains unchanged, this change in sec-
ondary structure simply reflects an increase in backbone
ordering in the variant. Comparison of the crystal structures
of the FOXP2 [29] and FOXP3 [16] domain swapped
dimers supports this observation. The FOXP2 dimer
structure, which has a tyrosine at position 540, has lower 3
strand content and higher random coil content than the
FOXP3 dimer structure which has a phenylalanine at the
equivalent position (Fig. 3). Thus a phenylalanine at po-
sition 540 results in ordering of the backbone of the
FOXP2 FHD compared to when tyrosine is at that position.
Because the concentration of protein used for the CD
spectra was low enough that no significant proportion of
dimer was present in either the wild type or the variant as
determined by size exclusion chromatography (Fig. 4), it
can be concluded that the observed structural changes are
also occurring in the monomeric state. The most note-
worthy difference between the secondary structural analy-
sis of the monomeric FOXP2 FHD crystal structure and the
Dichroweb analysis of the CD spectra presented in Fig. 3,
is that the helical content of the crystal structure is ap-
proximately double that obtained from either the wild type
or the variant in solution. This could possibly be attributed
to the fact that the crystal structure was solved in the
presence of DNA and perhaps DNA binding increases the
helicity of the structure which leads to an increase in
backbone order. In fact, a trend can be seen in Fig. 3b
where the higher the dimer propensity, the greater the
ordering of the backbone and this is more pronounced
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when in the presence of DNA. The wild type monomer in
the absence of DNA shows the most disorder followed by
the Y540F variant that shows increased dimer propensity,
followed by the monomer in the presence of DNA, fol-
lowed by the wild type dimer in the presence of DNA,
followed by the FOXP3 dimer in the presence of DNA
which has the highest propensity to dimerise.

The structural difference between the wild type and the
Y540F variant is not only evidenced by the change in
backbone structure. It can also be seen by the change in
tryptophan fluorescence which implies a change to the lo-
cal environment of the tryptophan residues upon the mu-
tation (Fig. 3c). As with the CD spectra, the fluorescence
spectra were measured at a concentration at which both
wild type and variant would be almost entirely monomeric.
This means that the changes in tertiary structure evident
upon mutation are occurring in the monomeric form. The
replacement of Tyr540 with a phenylalanine causes
fluorescence enhancement due to a change in the local
environment of the tryptophan residues. Quenching of
tryptophan fluorescence occurs when the rate of electron
transfer from the indole ring to an acceptor such as an
amide is altered. This could be due to an uneven distri-
bution of charges in the vicinity of the tryptophan where
negative charge near the accepting amide and positive
charge near the indole can increase the energy required for
the transfer of the electron. This will decrease the rate of
transfer and thereby decrease the fluorescence quantum
yield [56]. There are two tryptophan residues, Trp533 and
Trp548 that are in close proximity to residue 540 in
FOXP2. In the monomeric form, Trp533 is in close prox-
imity to Glu519 and Arg536. These charged residues could
contribute to the quenching of Trp533 fluorescence. Be-
cause Arg536 is in the hinge loop region, it is likely that its
position could be altered in the Y540F variant which could
account for the increased fluorescence of the variant
compared to the wild type. Thus structurally, the variant
shows both increased backbone order and an alteration to
the tertiary structural packing, likely in the environment of
the hinge loop.

Although the crystal structure indicates that the wild
type protein is capable of forming a domain swapped
dimer, this dimer is not detectable at concentrations as high
as 100 uM (Fig. 4). The concentration of protein used for
the crystal structure was in excess of 600 uM [29]. At
concentrations as high as this and under the precipitating
conditions needed for crystallisation, dimerisation is pro-
moted. The Y540F variant, however, shows a significant
proportion of dimer present in solution at concentrations as
low as 30 pM. The mutation therefore increases the
dimerisation propensity of the FOXP2 FHD by ~9.5 fold.
The reason for this increase can be attributed to the loca-
tion of residue 540 both in the hinge loop region and at the
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dimer interface. The increased hydrophobic nature of
Phe540 allows it to become more deeply buried at the
hydrophobic dimer interface than Tyr540 and it likely
forms stabilising contacts with the hydrophobic network of
residues at the interface which will increase the stability of
the dimer. This is confirmed, in part, by the crystal struc-
tures where Phe373 in FOXP3 is in direct van der Waals
contact with four hydrophobic residues (Phe340, Leu345,
Phe367 and Phe374) while Tyr540 in FOXP2 is only in
direct contact with one hydrophobic residue (Phe541). The
other residues are present but they are not within van der
Waals distance of Tyr540. Phenylalanine at this position
will promote the hydrophobic contacts and improve
dimerisation. The position of Tyr540 in the hinge loop
region is of fundamental significance for domain swapping
and the fact that its replacement with a phenylalanine alters
backbone structure even in the monomeric form, could
suggest that the mutation changes tension in the hinge loop
region which would alter susceptibility to form a domain
swapped dimer. This, along with the increase in hy-
drophobicity of the interface could contribute to the in-
creased tendency of the Y540F variant to dimerise.

The residue at position 540 does not only influence
dimerisation of the FOXP FHD but it also affects the
ability of the protein to bind to DNA. The data in Fig. 5
indicate that both the wild type and the variant are capable
of binding DNA. However, it is clear that there are dif-
ferences in DNA binding between the two.

Firstly, the EMSA results show two convincing trailing
bands for the variant but only one for the wild type. These
two bands, which are not present under denaturing condi-
tions, are representative of DNA binding to two species of
different sizes. This implies that the variant binds DNA
both as a monomer and dimer while the wild type only
binds as a monomer. This is in accordance with the size
exclusion chromatography results which show that at the
concentrations used in the EMSA, the variant exists as a
mixture of monomer and dimer species while the wild type
exists almost exclusively as a monomer. It is interesting to
note from these results that both monomer and dimer
species are capable of binding DNA.

Secondly, the quantity of DNA binding is reduced in the
variant as demonstrated by the lower percentage of total
bound DNA despite the fact that the DNA migrates in two
separate bands. This implies that the affinity of the FHD for
DNA has been reduced by the tyrosine to phenylalanine
substitution. The reduced affinity can be appreciated
qualitatively by comparing the binding isotherms obtained
from the EMSAs. The apparent Ky values obtained from
these plots suggest that the wild type has a higher affinity
for the DNA than the variant (Fig. 5c). The Tyr540-OH
forms an H-bond with the DNA backbone according to the
crystal structure. This is a water-mediated bond in the case

of the monomer and a direct bond in the case of the dimer.
The decrease in the affinity upon substitution with a
phenylalanine is due to loss of this H-bond with DNA.
Thus, although the dimer is stronger when a phenylalanine
is at position 540, the affinity of the Y540F variant for
DNA decreases. However, due to the higher propensity to
form a dimer, the stoichiometry of binding may increase as
is the case with FOXP3 where one dimer can simultane-
ously bind two DNA strands [16]. This has been suggested
to be an important physiological role for the dimer where it
brings two separate DNA strands into close proximity in
order to facilitate the formation of higher order transcrip-
tional complexes. Future work could expand this study by
investigating how the mutation affects transcription within
cells.

5 Conclusion

The work presented here demonstrates that the conserva-
tive substitution of Tyr540 with a phenylalanine in the
FOXP2 FHD results in both increased dimerisation
propensity and decreased DNA binding affinity. The mu-
tation causes a decrease in disorder of the backbone
structure as well as a change in the local environment of
certain residues. Dimerisation susceptibility is increased by
(1) formation of stabilising hydrophobic contacts at the
dimer interface and (2) adjustment of the tension within the
hinge loop region. DNA binding affinity is decreased due
to the loss of an H-bond with the DNA although DNA
binding stoichiometry may increase. Because the strength
of dimerisation can vary, because both monomer and dimer
are capable of binding to DNA and because the stoichio-
metry of DNA binding can change, alterations in the
monomer dimer equilibrium could be an important
mechanism for regulation of transcription by the FOXP
subfamily.
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