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Abstract

FOXP3, a lineage-specific forkhead (FKH) transcription factor, plays essential roles in the develop-

ment and function of regulatory T cells. However, the DNA-binding properties of FOXP3 are not

well understood. In this study, FOXP3 fragments containing different domains were purified, and

their DNA-binding properties were investigated using electrophoretic mobility shift assay and iso-

thermal titration calorimetry (ITC). Both the FKH and leucine-zipper domains were required for

optimal DNA binding for FOXP3. FOXP3 protein not only binds with DNA sequences containing

one FKH consensus sequence, but also binds with DNA sequences with two direct repeats of con-

sensus sequences separated by three-nucleotides (DRE3). Our results shed lights on the mechan-

isms by which FOXP3 recognizes cognate DNA elements, and would facilitate further structural

and functional studies of FOXP3.
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Introduction

FOXP3, a forkhead winged-helix family (FOX) transcription factor,
regulates the development and function of regulatory T cells (Treg)
cells, which play critical roles in immune regulation and tolerance
[1,2]. Deletion or mutation of FOXP3 causes autoimmunity in scur-
fy mice and IPEX syndrome (immune dysregulation, polyendocrino-
pathy, and enteropathy, X-linked) in human [3,4]. Ectopic FOXP3
expression induces a Treg phenotype in conventional CD4 + T cells,
while targeted deletion of FOXP3 in CD4 + T cells of mice causes
severe autoimmunity [5]. In addition, FOXP3 acts as a negative
regulator of gene transcription by interaction with other transcrip-
tion factors such as NFAT and AML1/Runx1 [6,7].

Human full-length FOXP3 protein contains an N-terminal
domain required for transcriptional repression, a putative C2H2
zinc-finger (ZF) domain, a leucine-zipper (LZ) domain, and a
C-terminal forkhead (FKH) domain (Fig. 1 A) [8]. The crystal struc-
ture of FOXP3 fragment containing the ZF and LZ regions (amino
acids 196–276) has been solved [9]. The ZF loop (amino acids
196–209) is poorly defined, while the ZF helix and the LZ form an
extended single long helix (Fig. 1B). The crystal structure of
FOXP3-FKH domain has also been solved [10]. Two FOXP3-FKH
domains form a domain-swapped dimer and bind with cognate
DNA sequence (Fig. 1 C).
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FOXP3 regulates target gene expression by binding to its cog-
nate sequences. Like most FKH transcription factors, FOXP3 has
been shown to preferentially bind to the ‘GTAAACA’ motif
(Fig. 1D) [11]. Koh et al. [12] showed that FOXP3 binds better with
two FOXP3 consensus elements separated by three base-pairs, corre-
sponding to one complete turn of the DNA helix. Since this site
represents a direct repeat of two consensus elements separated by
three-nucleotides, we named this site as DRE3 in this paper
(Fig. 1E). FOXP3 can also associate with other transcription factors
such as NFAT and AML1/Runx1 to regulate the transcription of
specific subsets of FOXP3 target genes [13]. For example, FOXP3
and NFAT1 form a complex to bind to the ARRE2 sequence from
the mouse IL-2 promoter [14].

Most FKH transcription factors use their FKH domain to bind
with the FKH consensus site [15,16]. However, in our experience,
the FKH domain of FOXP3 binds to the consensus site much weak-
lier than most other FKH transcription factors such as FOXO1 and
FOXA2 (shown later), which suggested that other domain(s) of
FOXP3 might be required for optimal DNA recognition. In this
study, we successfully purified FOXP3 fragments containing differ-
ent domains, and explored the domain requirements and sequence
specificity of DNA binding for FOXP3.

Materials and Methods

Construction of expression vector

DNA fragments, encoding FKH domains of human FOXP3,
FOXO1, and FOXA2, were cloned into pET28a vector (Invitrogen,
Carlsbad, USA). Other FOXP3 fragments were inserted into
pET28a or pMAL-c5x-p vectors, respectively. PMAL-c5x-p vector
was modified from pMAL-c5x vector (Invitrogen), with the Factor
Xa cleavage site substituted with PreScission cleavage site. All

constructs were confirmed by DNA sequencing (GenScript, Nanjing,
China).

Protein expression and purification

Proteins used in this study were all expressed in Escherichia coli.
Proteins with His-tag were purified as described previously [17]. Proteins
with maltose-binding protein (MBP)-tag were purified by amylose
affinity chromatography. For the MBP-tagged proteins, the PreScission
protease (inhouse produced) was used to remove the MBP-tag. Protein
samples were further purified by Mono S cation exchange (GE
Healthcare, Wisconsin, USA). The purity of each protein was analyzed
by coomassie blue staining of SDS-PAGE (sodium dodecyl sulfate poly-
acrylamide gel electrophoresis) gel.

Electrophoretic mobility shift assay

Both protein and DNA samples were prepared at the concentration
of 50 μM. DNA was incubated with protein for 30min. A native
8% (w/v) polyacrylamide gel in 0.5× Tris borate EDTA (TBE) buffer
was used to resolve the free DNA from the protein/DNA complex.
The gel was visualized under ultraviolet light after being stained
with ethidium bromide.

ITC experiments

Isothermal titration calorimetry (ITC) measurements were per-
formed using NANO ITC (TA Instruments, New Castle, USA).
DNA sample was dialyzed overnight against the storage buffer
(25mM HEPES, 250mM NaCl, 10 mM MgCl2, and 1mM TCEP,
pH 7.0). Fifty microliter of DNA sample (100–200 μM) was injected
to a FOXP3 protein solution (20 μM) in a 300-μl sample cell. The
intervals between injections were 200 s, and the volume of injections

Figure 1. FOXP3 domain structures and binding sequences (A) Domain composition of full-length FOXP3. (B) Structural representation of FOXP3-LZ + ZF frag-

ment. The ZF loop was not defined in the structure, while the ZF helix and adjacent LZ domain formed an extended single long helix. (C) Structural representa-

tion of FOXP3-FKH domain in complex with DNA. Two FOXP3-FKH monomers form a domain-swapped dimer. (D) FOXP3 consensus-binding site. (E)

Oligonucleotide sequence used in the EMSA experiments (the core recognition element ‘AAACA’ is shown in red). DBE2, Daf-16 family-binding element 2;

ARRE2, a DNA sequence from human IL2 promoter; DRE3, a direct repeat of FKH consensus element separated by three-nucleotides.
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at every turn was 2 μl. All data were analyzed using the software
Launch NanoAnalyze (TA Instruments).

Bioinformatics

The DRE3 sequence RWAAAYANNNRWAAAYA (R = A/G,
W = A/T, Y = C/T, N = any nucleotide) was searched using ChIP-
seq peak sequences obtained from published ChIP-seq data [18].

Results

Protein expression and purification of FOXP3 fragments

FOXP3 contains multiple domains, including a putative ZF domain,
a LZ domain, and a FKH domain (FKH), with LZ domain locating
immediately adjacent to the ZF domain (Fig. 1 A). In order to deter-
mine the DNA-binding properties of FOXP3, we expressed multiple
FOXP3 fragments containing different domains: FOXP3-FKH (ami-
no acids 336–420), FOXP3-FKH + LZ (amino acids 205–420),
FOXP3-ZF + LZ (amino acids 181–335), and FOXP3-FKH + LZ +
ZF (amino acids 181–420) (Fig. 1 A). In the FKH + LZ fragment,
the N-terminus was extended to the start position of the ZF helix,

because previous studies showed that the ZF helix and the LZ
domain form a long helix (Fig. 1B). By doing so, this fragment was
able to keep the long helix intact, while the ZF function was lost
because two of the four zinc-coordinated amino acids (Cys198 and
Cys203) were absent in FOXP3-FKH + LZ fragment.

The FOXP3-FKH and FOXP3-LZ + ZF fragments were success-
fully expressed using His-tag and purified using Ni-NTA beads. The
FOXP3-FKH + LZ and FOXP3-FKH + LZ + ZF fragments were
insoluble with His-tag, but became soluble with MBP-tag. These
two fragments were then expressed with MBP-tag, and purified
using amylose affinity chromatography, followed by PreScission
protease digestion to remove the MBP-tag (Fig. 2 A,B). To further
improve the protein purity, all four FOXP3 fragments were subject
to Mono S ion exchange chromatography. Purification of FOXP3-
FKH + LZ using Mono S ion exchange chromatography was shown
in Fig. 2D as an example. All four fragments were able to achieve
80%–90% purity after purification (Fig. 2 C).

In order to study the oligomeric state of each fragment, size exclusion
chromatography (Superdex 75 10/300 column) was employed. FOXP3-
FKH, FOXP3-FKH + LZ, and FOXP3-FKH + LZ + ZF domains were
shown to exist mainly in the dimer state in solution (Fig. 2E).

Figure 2. Expression and purification of different FOXP3 fragments (A) Purification of FOXP3-FKH + LZ + ZF fragment. Lane 1, supernatant of cell lysate; Lane

2, elution fractions from amylose-resin affinity column; Lane 3, after digestion with PreScission protease; Lane 4, flow-through fraction from mono S column;

and Lanes 5–7, elution fraction from mono S column. (B) Purification of FOXP3-FKH + LZ fragment. Lane 1, supernatant of cell lysate; Lane 2, pellet of cell lysate;

Lanes 3-4, elution fractions from amylose-resin affinity column; Lane 5, after digestion with PreScission protease; Lanes 6 and 7, flow-through fraction from

mono S column; and Lanes 8–10, elution fractions from mono S column. (C) Purity analysis of different FOXP3 fragments. Lane 1, F FOXP3-FKH + LZ + ZF; Lane

2, FOXP3-FKH + LZ; Lane 3, FOXP3-LZ + ZF; and Lane 4, FOXP3-FKH. (D) Purification of FOXP3-FKH + LZ using Mono S 5/50 column. (E) Gel filtration elution

profiles of different FOXP3 fragments using Superdex 75 10/300 column. The elution volumes of molecular size markers were reported on top of the figure. The

elution volume of FOXP3 fragments suggested that all FOXP3 fragments are predominantly dimers in solution.
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Domain requirement for optimized DNA binding

FKH transcription factors share a common DNA-binding FKH
domain, which binds to a consensus DNA sequence (5′-GTAAACA-
3′) [15,16]. Therefore, we compared the DNA-binding abilities of the
FKH domains of three different FKH transcription factors (FOXO1,
FOXA2, and FOXP3) to a known DNA sequence containing a single
FKH consensus sequence (DBE2) (Fig. 3A). The FKH domain of
FOXO1 had the strongest binding with a tendency to oligomerize. The
FKH domain of FOXA2 showed moderate DNA binding as a mono-
mer, while the FKH domain of FOXP3 only exhibited weak binding
without a clear band (Fig. 3A). These results suggested that FOXP3
might need other domains for optimal DNA binding.

To test this hypothesis, we compared the DNA binding of differ-
ent FOXP3 fragments with DBE2 sequence. As shown in Fig. 3B,
FOXP3-FKH and FOXP3-LZ + ZF showed little or no binding to
DBE2 sequence (Lanes 2–3 and 8–9). Both FOXP3-FKH + LZ + ZF
and FOXP3-FKH + LZ bind to DBE2 DNA more stronger than
FOXP3-FKH and FOXP3-LZ + ZF (Fig. 3B). Two bands of pro-
tein/DNA complexes were observed with FOXP3-FKH + LZ + ZF
fragment, while only one band of protein/DNA complex were
observed with FOXP3-FKH + LZ fragment. Based on the shifting
patterns, we speculated that FOXP3-FKH + LZ + ZF fragment could
bind with DBE2 DNA as both monomer and dimer, while FOXP3-
FKH + LZ fragment could bind with DBE2 DNA mainly as dimer.

Quantitative analysis of DNA binding

Quantitative analysis of DNA binding with different FOXP3 frag-
ments was carried out using ITC. DBE2 DNA was injected into vari-
ous FOXP3 fragments, and the heat generated or consumed by the
binding reaction was measured (Fig. 4A–C). Upon DBE2 binding,
different FOXP3 fragments exhibited the same stoichiometric ratio
(n ≈ 0.5). FOXP3-FKH fragment bound to DBE2 DNA weakly with

a Kd of 4.71 μM. FOXP3-FKH + LZ and FOXP3-FKH + LZ + ZF
fragments bound to DBE2 DNA with much higher affinity with Kd
of 0.33 and 0.55 μM, respectively (Fig. 4D). These results, together
with electrophoretic mobility shift assay (EMSA) results, strongly
suggested that both LZ and FKH domains of FOXP3 were required
for optimal DNA binding, while ZF domain seemed to be dispens-
able for the binding of FOXP3 with DNA.

Binding of FOXP3 with different DNA sequences

We have demonstrated that both FKH and LZ domains are crucial
for binding of FOXP3 with DNA. We then used FOXP3-FKH + LZ
fragment to test its binding with three different DNA sequences: a
DBE2 sequence containing a FKH consensus element, an ARRE2
sequence which has been reported to be bound by a FOXP3
domain-swapped dimer, and a DRE3 sequence containing a direct
repeat of two consensus elements separated by three-nucleotides
(Fig. 1E). Based on the decrease of free DNA upon protein binding,
FOXP3-FKH + LZ fragment bound to all three DNA sequences, but
with different-binding patterns (Fig. 5A). Upon binding to DRE3
sequence, FOXP3-FKH + LZ fragment seemed to form a higher
order of oligomer than FOXP3-FKH + LZ/DBE2 complex, presum-
ably as a tetramer (Fig. 5A, Lanes 8–9). When bound to the ARRE2
sequence, FOXP3-FKH + LZ fragment seemed to form an even
higher order of oligomers than with the DRE3 sequence, without a
major band in the EMSA gel (Fig. 5A, Lanes 5–6).

Then, the binding of DRE3 sequence was assessed using different
FOXP3 fragments. FOXP3-FKH and FOXP3-LZ + ZF fragments
showed little or no binding with DRE3 DNA (Fig. 5B, Lanes 2–3
and 8–9). FOXP3-FKH + LZ fragment bound to DRE3 sequence in
a similar pattern as FOXP3-FKH + LZ + ZF fragment (Fig. 5B,
Lanes 4–5 and 6–7). These results were consistent with the findings
in DBE2 DNA.

Figure 3. DNA binding of FOXP3 with DBE2 DNA (A) Comparison of DBE2 DNA binding with FKH domains of FOXO1, FOXA2, and FOXP3. (B) Comparison of

DBE2 DNA binding with different FOXP3 fragments.
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Identification of DRE3 sites in human genome

Previous ChIP-seq studies have revealed the FOXP3-binding sites in
genome, and identified that FOXP3 binds to a consensus motif
(RWAAAYA, R = A/G; W = T/A; and Y = C/T) in genome [18–20].
Our studies and other studies have demonstrated that FOXP3 could
bind to the DRE3 sequence which contained two consensus FKH
motifs. To the best of our knowledge, the existence of such FOXP3-
binding DRE3 sequence in the genome has not been reported.
Therefore, we analyzed the Samstein’s ChIP-seq data and looked for
the existence of DRE3-like sequences among FOXP3-binding
sequences [18]. Several putative DRE3 sites were identified at the
promoters of STAT6, IGF1R, CD79b, and CD22, and at the introns
of FOXP1, ETS1, and IKZF2 (Table 1). Many of these genes play
important roles in the function of Treg cells [21], indicating that the
DRE3-like sites might be physiologically important for FOXP3’s
function in regulating Treg cells.

Mutation studies of DRE3 sequence

Previous studies have shown that the middle-three adenines within
the ‘RWAAAYA’ (underlined) are important for FOXP3 recogni-
tion. In order to further investigate the DNA-binding properties of

FOXP3 protein with DRE3 sequence, we tested the binding of
FOXP3-FKH + LZ fragment with different DNA variants with sub-
stitutions of the middle-three adenines (Fig. 6). Surprisingly, our
results showed that the second consensus site of the DRE3 sequence
seemed to be more important for FOXP3 DNA recognition. When
one of the three adenines was mutated within the first consensus
site, FOXP3-FKH + LZ fragment could still bind with the DNA
variant. However, when one of the three adenines was mutated
within the second consensus site, the DNA binding was greatly
diminished (Fig. 6). To our surprise, when the second consensus site
was mutated, FOXP3-FKH + LZ fragment did not form a lower
order of oligomer with DNA, even though the DNA variant kept an
intact consensus site (Fig. 6). These results suggested that FOXP3
might recognize DRE3-like sequences with an imperfect consensus
site followed by a perfect consensus site.

Discussion

FOXP3 regulates the transcriptional profile of Treg cells, and inhibits
spontaneous autoimmunity. In order to study the DNA-binding
properties of FOXP3, we tried to express multiple FOXP3 fragments.

Figure 4. Quantitative analysis of DBE2 DNA with different FOXP3 domain using ITC (A–C) Representative ITC isotherms of the binding of DBE2 DNA with dif-

ferent FOXP3 fragments. The raw curves showed the change in thermal power with regard to time in the period of titration (top). The bottom curves showed the

heat of reaction normalized with the molar ratio. Standard free energies of binding and entropic contributions were also obtained from the bottom curves. (D)

Thermodynamic parameters of the interaction between FOXP3 fragments and DBE2 DNA. All data were measured at 298 K in 25mM HEPES, pH 7.5, 250mM

NaCl, 10mM MgCl2, and 1mM TCEP.
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Small FOXP3 fragments (FOXP3-FKH and FOXP3-LZ + ZF) were
successfully expressed as His-tag fusion proteins. However, large
fragments of FOXP3 (FOXP3-FKH + LZ + ZF and FOXP3-FKH +
LZ) were insoluble with His-tag. We then tried to fuse these FOXP3
large fragments with MBP-tag, and found that MBP-tag could
remarkably enhance the solubility of these FOXP3 large fragments.
Compared with His-tag, MBP-tag has been reported to enhance the
solubility of its fusion partner [22–24].

Previous ChIP-seq studies have revealed that FOXP3 can bind
to sequences containing a FKH consensus sequence (5′-
GTAAACA-3′) [11]. In this study, FOXP3-FKH domain was
shown to have much weaker binding to DBE2 sequence than the
FKH domains of FOXO1 and FOXA2. The weaker binding ability
could be attributed to two unique features of FOXP3-FKH
domain. First, FOXP3-FKH domain forms stable domain-swapped
dimer in solution. Second, FOXP3-FKH domain has a shorter
wing region than most other FKH transcription factors [10].
Therefore, FOXP3 might need more than its FKH domain to
bind with its cognate DNA. FOXP3-FKH + LZ fragment, which
contains both LZ and FKH domains, showed much better DNA
binding than FKH domain alone. Further inclusion of the ZF

domain did not increase the DNA binding. Although DBE2 only
contains one FKH consensus sequence, FOXP3-FKH + LZ frag-
ment seems to bind with DBE2 as a dimer. This is not surprising
because of two reasons. First, the FKH domain of FOXP3 has
been shown to form a domain-swapped dimer [10]. Second, the
FOXP3-LZ domain has been shown to oligomerize [9].

In addition to the single FKH consensus sequence, FOXP3 could
bind with sequences containing two FKH consensus sites. Koh et al.
[12] showed that FOXP3 could bind with two consensus sites on the
same side of the DNA. Using high-throughput SELEX sequencing,
Jolma et al. [25] showed that FOXP3 could bind with a direct repeat
of two consensus FKH sites separated DRE3. In this study, we
showed that FOXP3 could efficiently bind with DRE3 site. Based on
the shift pattern, we speculated that FOXP3 could bind with DRE3
site as a tetramer. Interestingly, Greene’s group found that FOXP3
indeed could form a tetramer [26]. Another example of transcrip-
tion factor tetramer is tumor suppressor p53 [27]. Similar to
FOXP3, p53 also has a DNA-binding domain and an oligomeriza-
tion domain. Unlike FOXP3, the oligomerization domain of p53
locates at the C-terminal of the DNA-binding domain. In addition,
the linker region between the two domains in p53 is much shorter
than that in FOXP3.

In order to test whether DRE3 sites are indeed bound by FOXP3
protein in the cell, we searched for DRE3 sites in the previously pub-
lished ChIP-seq data. Putative DRE3 sites were found within the
promoters of STAT6, IGF1R, CD79b, and CD22, and within the
introns of FOXP1, ETS1, and IKZF2. Many of these gene products
play key roles in regulating immune responses. Based on the results
of the binding of FOXP3-FKH + LZ fragment with the DRE3 DNA
variants, we found that the second consensus site within the DRE3
sequence was more important than the first one.

In summary, both the FKH and LZ domains are required for the
optimal DNA binding for FOXP3. FOXP3 not only binds with
DNA sequences containing a single FKH consensus site, but also
binds with DNA sequences containing two FKH consensus sites
separated by three-nucleotides.

Table 1. Putative FOXP3-binding DRE3 sequences in human

genome

Position Gene Sequence

Promoter Cd79b CACACACAAACATTCACAgACACATGC
Promoter Stat6 TACTTACAtATAATAATAAATAAATCT
Promoter Cd22 TATACATAtACACTCACAAATACACAC
Promoter Igf-1r GCGGAGTaAATaCTGGTAAACAAGAAC
Intron Foxp1 ATATAATtAATAAAAACAAATAAATAT
Intron Ikzf2 CACATACAAACATACACAgACACACAT
Intron Ets1 TTGATGCAtATAAACATAAATAATTGG

The imperfect position is shown in lower-case letter, and the core binding
sites of DRE3 sequence are colored in red.

Figure 5. DNA binding of FOXP3 with DRE3 DNA (A) FOXP3-FKH + LZ fragment bound to different DNA sequences: DBE2, ARRE2, and DRE3. (B) DNA binding

of DRE3 DNA with different FOXP3 fragments.
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