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ABSTRACT

Forkhead transcription factors bind a canonical con-
sensus DNA motif, RYAAAYA (R = A/G, Y = C/T),
as a monomer. However, the molecular mechanisms
by which forkhead transcription factors bind DNA as
a dimer are not well understood. In this study, we
show that FOXO1 recognizes a palindromic DNA ele-
ment DIV2, and mediates transcriptional regulation.
The crystal structure of FOXO1/DIV2 reveals that the
FOXO1 DNA binding domain (DBD) binds the DIV2
site as a homodimer. The wing1 region of FOXO1
mediates the dimerization, which enhances FOXO1
DNA binding affinity and complex stability. Further
biochemical assays show that FOXO3, FOXM1 and
FOXI1 also bind the DIV2 site as homodimer, while
FOXC2 can only bind this site as a monomer. Our
structural, biochemical and bioinformatics analyses
not only provide a novel mechanism by which FOXO1
binds DNA as a homodimer, but also shed light on the
target selection of forkhead transcription factors.

INTRODUCTION

The Forkhead box (FOX) proteins are a family of transcrip-
tion factors that play important regulatory roles in a wide
variety of biological functions, including cell proliferation,
immunity, apoptosis and metabolism (1,2). In the human
genome, 50 FOX members have been identified and can be
grouped into 19 subfamilies (FOXA to FOXS) based on se-
quence similarity (3–5). Among the 19 subgroups, FOXOs
(consisting of FOXO1, FOXO3, FOXO4 and FOXO6) are
characterized by their critical regulatory roles in oxida-
tive stress resistance and cell longevity (6–8). Emerging ev-
idence suggests that FOXOs are tumor suppressors (9–11).

It has been reported that FOXOs can interact with other
transcription factors during gene regulation. For example,
FOXO4 and p53 form a complex and act as a pivot in senes-
cent cell viability (12); FOXO1 and FOXA1 or FOXA2 can
form a complex on DNA and cooperate to open chromatin
at insulin-regulated genes (13).

FOX transcription factors share a conserved forkhead
domain, or winged-helix DNA binding domain (DBD),
which recognizes and binds the consensus forkhead binding
motif, RYAAAYA (R = A/G, Y = C/T) (14–17). Struc-
turally, the FOX DBD adopts a winged-helix architecture
consisting of three �-helices, three �-strands and two less
conserved winged loops (wing1 and wing2) (16–19). Upon
DNA binding, the third helix (H3) inserts into the major
groove of the DNA in an orientation nearly perpendicu-
lar to the DNA duplex and contributes to the majority of
base-specific interactions. In addition, the N-terminus and
the two wing loops of DBD together play divergent roles in
DNA binding by interacting with DNA phosphate groups.
Although the interaction between the FOX DBD and the
consensus DNA motif has been well characterized, how
forkhead proteins distinguish their specific gene targets re-
mains unclear.

Due to their functional importance, structures of multi-
ple FOX/DNA complexes have been reported. These stud-
ies have revealed that forkhead transcription factors bind
the consensus DNA motif as a monomer (16–21). Inter-
estingly, FOXP3 and FOXP2 can bind two separate DNA
sites and form domain-swapped homodimers. This unusual
binding mode has implications in chromatin looping and
long-range gene regulation (22–24). In addition, forkhead
dimer motifs have also been identified in open chromatin us-
ing computational methods (25). A compact element with
partially overlapping bases (AAATATTT, named as DIV0
site) was subsequently shown to be bound by FOXA1 in a
highly cooperative fashion (26).
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High-throughput SELEX (HT-SELEX) identified a pos-
sible FOXO dimeric site containing inverted repeats of two
forkhead recognition sites, which can be named as DIV2
motif (termed ‘DIV’ for its diverging half-sites) according to
a previous study (26,27). However, whether FOXO1 protein
indeed binds DIV2 site, the biological relevance of FOXO1
binding DIV2 site, the mechanism by which FOXO1 pro-
tein recognizes and binds DIV2 site, do other forkhead tran-
scription factors bind DIV2 site, remain unclear. In this
study, we aim to address these unanswered questions.

MATERIALS AND METHODS

Protein expression and purification

The gene fragment encoding human FOXO1–DBD
(UniProt ID: Q12778, residues 151–266) was cloned into
pET28a expression vector. The PreScission protease cleav-
age site (LEVLFQGP) was inserted between the 6xHis
tag and FOXO1–DBD. Recombinant protein was overex-
pressed in Escherichia coli Rosetta BL21 (DE3). Cells were
grown at 37◦C in LB culture medium, induced with 0.5
mM IPTG when the culture OD600 reached 1.0 and further
cultured at 21◦C for 8 h. Cells were harvested, lysed by
sonication in the buffer containing 50 mM HEPES pH 7.5,
500 mM NaCl, 5 mM �-mercaptoethanol, then clarified by
centrifugation. The supernatant was loaded onto a nickel-
affinity chromatography column and subsequently treated
with PreScission protease to remove the 6xHis fusion tag,
followed by ion exchange and size exclusion chromatog-
raphy for further purification. The purified protein was
stored in a buffer containing 10 mM HEPES (pH 7.5),
150 mM NaCl and 1 mM Tris(2-carboxyethyl)phosphine
(TCEP). Then, the samples were concentrated to 30 mg/ml
and stored at −80◦C.

The gene sequences encoding FOXO3-DBD (residues
158–253), FOXM1-DBD (residues 222–360), FOXC2-
DBD (residues 72–171) and FOXI1-DBD (residues 119–
223) were also cloned into pET28a, respectively. The recom-
binant proteins were expressed and purified as described
above for FOXO1–DBD. FOXO1 mutants were generated
by site-directed mutagenesis.

DNA oligo preparation

All forward-strand DNA oligonucleotides and their cor-
responding complementary strands were purchased from
GenScript (Suzhou, China). Duplex DNAs were generated
by annealing as previously described (28). The FKH 26
(26 indicates the length of DNA) DNA duplex contained
the strands 5′-gacgaaGTAAACAcggcaggttcgtc-3′ and 5′-
gacgaacctggcgTGTTTACttcgtc-3′. The palindromic DNA
duplex DIV2 26 (26 indicates the length of DNA) com-
prised 5′-gacgaaGTAAACATGTTTACttcgtc-3′, which is
a reverse complement to itself. All DNAs used for elec-
trophoretic mobility shift assays (EMSAs) and Isothermal
titration calorimetry assays were annealed to 45 and 900
�M, respectively. The DNA sequence for crystallization is
5′-ACCGTAAACATGTTTACGGT-3′, which is a reverse
complement to itself.

Qualitative electrophoretic mobility shift assay (EMSA)

Qualitative EMSAs were performed as previously described
(14). In brief, the binding reactions were performed in a to-
tal mixture volume of 8 �l. The EMSA buffer used here con-
tained 20 mM HEPES, pH 7.5, 200 mM NaCl, and 10 mM
MgCl2. Unlabeled DNA was incubated with protein for 20
min on ice. DNA concentration in the reaction was 6 �M.
The reaction mixture was loaded onto 8% (w/v) native poly-
acrylamide gel using 0.5× TBE as running buffer.

Quantitative electrophoretic mobility shift assay (EMSA)

5′ 6-FAM-labeled forward strand DNA oligo and their
unlabeled reverse complementary DNA strand were pur-
chased form GenScript (Suzhou, China), and annealed.
100 nM of dsDNA was incubated with varying concentra-
tions of protein. The bands were detected with a Chemi-
Doc XRS scanner (Bio-Rad, USA) using 492/518 nm
excitation/emission wavelengths and band intensities were
quantified with ImageJ. Cooperativity factors were calcu-
lated as previously described (29).

Transient transfection assay

293T Cells were cultured in DMEM contained 10% fetal
bovine serum (FBS). 293T cells were co-transfected with
full-length human FOXO1-encoding plasmid pcDNA3.1-
FOXO1 or the empty pcDNA3.1 plasmid, and pGL3-
promoter plasmid, pGL3-3x-FKH (containing 3x FKH
motif) or pGL3-3x-DIV2 (containing 3x DIV2 motif) plas-
mid, using Lipofectamine 2000 (Invitrogen). The trans-
fected cells were cultured for 48 h. Luciferase activities were
determined using the Firefly Luciferase Reporter Gene As-
say Kit (Beyotime). The results shown are the means and
standard deviations of triplicate points and are representa-
tive of at least three independent experiments.

Isothermal titration calorimetry (ITC) assays

ITC analyses were performed at 25◦C using NANO ITC in-
strument (TA Instruments). The purified protein was placed
in ITC buffer (20 mM HEPES, pH7.5, 250 mM NaCl, 10
mM MgCl2 and 1 mM TCEP) at the concentrations of 25–
40 �M. DNA duplex was dissolved in the same buffer to
the concentrations of 90–180 �M. The DNA was titrated
in duplicate into FOX-DBDs using 2 �l injections with 300
s intervals. Data were processed using the launch NanoAn-
alyze software.

Fluorescence polarization (FP) assay

FP assays were performed on an Enision multilabel reader
(Perkin Elmer) using 96-well optiplates (Corning). The
binding reaction is carried out in 0.5× PBS with serial dilu-
tions of FOXO1–DBD (from 1 nM to 350 nM) and 2 nM
6-FAM labeled DNA. After 30 minutes of incubation at
room temperature, the dilutions were measured with �ex =
480 nm and �em = 535 nm. All assays were performed in
triplicate and Kd values were determined from a non-linear
dose-response curve in GraphPad Prism 7.0.
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Differential scanning fluorimetry (DSF) assay

DSF assays were performed using a LightCycler 480 real-
time PCR device (Roche, Switzerland) as described previ-
ously (30). Protein (at a final concentration of 2.0 mg/ml)
and SYPRO Orange (Sigma, USA, at a final concentration
of 5.0 mg/ml) were mixed and placed into the instrument at
a heating rate of 1◦C/min. The fluorescence intensity versus
temperature (melting curve) was measured, and a melting
temperature (Tm) was calculated from the maximum value
of the first derivative of the melt curve. The data were ana-
lyzed using the LightCycler 480 software, and graphics were
produced using the program Origin 8.0.

Crystallization

FOX-DBD/DNA complexes were prepared by mixing the
purified DBD and DIV2 at a 5:3 molar ratio with a final
protein concentration of 10 mg/ml. Crystals were screened
by hanging drop vapor diffusion at 4◦C. The crystal of the
FOXO1/DIV2 complex was grown under the conditions of
50 mM NaAc, pH 4.7, 12–18% PEG4000 (w/v), 200 mM
NaCl, 10 mM MgCl2 and 1 mM TCEP. The crystal of the
FOXC2/DIV2 complex was obtained in the reservoir con-
taining 50 mM HEPES, pH 7.5, 8–12% PEG4000 (w/v),
250 mM NaCl, 10 mM MgCl2 and 1 mM TCEP. All crys-
tals were treated with cryoprotectant containing the cor-
responding crystallization reservoir plus 20% glycerol, fol-
lowed by flash freezing and storage in liquid nitrogen for
further data collection.

Data collection and structure determination

Crystal data were collected at the BL17U1 and BL19U1
beamlines of Shanghai Synchrotron Radiation Facility
(SSRF), and the data were processed by HKL2000 (31–
33). Phases were determined by molecular replacement
(MR) using Phenix.phaser (34). For the FOXO1/DIV2
structure, a previously determined FOXO1 structure (PDB
ID: 3C06) was used as the search model (17). The ini-
tial model was manually built using the program Coot
(35). Refinement was carried out with Phenix.refine (36).
To solve the FOXC2/DIV2 structure, our previously deter-
mined FOXC2/DBE2 structure (PDB ID, 6AKO) was used
as a search model (16).

Bioinformatics analysis

The ChIP-seq data of FOXO3 binding in human DLD1
cells was downloaded from the publicly available reposi-
tory (GSE35486) (37). The raw dataset was processed with
the following pipeline: reads were mapped to the reference
genome (hg19 assembly, NCBI build 37) using the BWA
package (38). Next, peaks were called using Cisgenome
software package (42), and the peak sequences were ex-
tracted. The nearest transcription start sites to these peaks
were reported, and the sequences of these peaks were
searched for matches to the DIV2 motif using R package
TFBSTools (39). The motif was searched with the func-
tion ‘searchSeq’ and the parameter ‘min.score = 80%’ in
R package TFBSTools using the PWMatrix of the mo-
tif. The percentage depends on the minimum score for the

hit(‘min.score’). The width of sampled peak regions is 200–
850 bp (median: 250 bp) for FOXO3 ChIP-seq data. The
width of sampled peak regions is 218–13649 bp (median:
658 bp) for FOXM1 ChIP-seq data. Both strands were
searched. The number of peaks (rather than the number of
motif occurrence) was counted; if a peak contained the mo-
tif, it was counted as one hit, even if the motif occurred more
than once in this peak. The data of gene expression regu-
lation of FOXO3 were from the micro-array analysis of a
previous study (40).

RESULTS

FOXO1 binds the palindromic DNA motif DIV2 and medi-
ates gene transcription

Forkhead transcription factors have been reported to rec-
ognize the canonical forkhead motif, 5′-RYAAAYA-3′, and
an alternate motif, 5′-GACGC-3′ (14–16). Recently, a palin-
dromic DNA site, DIV2, has been identified as a potential
FOXO binding site from high-throughput SELEX study
(27). DIV2 site consists of two canonical forkhead mo-
tifs arranged in an inverted repeat orientation, without
spacer between the two motifs (Figure 1A). As two fork-
head recognition motifs are present in the DIV2 site, we
speculated that this DNA motif could be bound by two
FOXO proteins. To determine the binding characteristics
of the FOXO1 to the DIV2 site, we carried out qualita-
tive electrophoretic mobility shift assay (EMSA) using un-
labeled DNA. Two sequences were tested: FKH contain-
ing a single GTAAACA core sequence, and DIV2 con-
taining two palindromic GTAAACA sites. As shown in
Figure 1B, FOXO1–DBD formed one complex band with
FKH. In contrast, FOXO1 formed two complex bands with
DIV2. The lower band migrated to the similar position
as the FOXO1 monomer bound to FKH, while the upper
band presumably represented the dimeric complex. When
the amount of FOXO1 protein increased, FOXO1–DBD
formed an enhanced dimeric complex with DIV2. On the
other hand, FOXO1–DBD mainly bound as a monomer on
FKH even at the highest protein concentration, although a
weak dimer forming band could be observed (Figure 1B).
In addition, we estimated the cooperativity value (�) af-
ter quantifying dimer, monomer and free DNA fractions
from quantitative EMSAs using 6-FAM-labeled DNA. As
shown in Supplementary Figure S1, FOXO1 binds DIV2
DNA with positive cooperativity (� = 4.5), indicating that
two FOXO1 molecules bind DIV site in a cooperative man-
ner.

To study the biological relevance of the dimeric FOXO
interaction on DIV2, we investigated the occurrence of the
DIV2 motif in a FOXO3 ChIP-seq dataset (GSE35486)
(37). The position weight matrix (PWM) in Figure 1A were
used for the motif count analysis. A total of 242 unique
peaks with DIV2 motif were identified, accounting for
about a quarter of the total FOXO3 binding sites (Figure
2A). DIV2 motif was found to be centralized within these
peaks (Figure 2B). Furthermore, DIV2 motif was found to
be located in the promoter regions of genes such as SORL1
and TMEM140 (Figure 2C). We then analyzed the expres-
sion level of these genes upon FOXO3 activation using a
previously published microarray dataset (40), and found
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Figure 1. FOXO1 binds a palindromic DNA motif DIV2. (A) MEME analysis of the FKH and DIV2 motifs. FKH, canonical forkhead binding motif;
DIV2, diverging half-sites. The position weight matrix (PWM) for both sites were obtained from FootprintDB (http://floresta.eead.csic.es/footprintdb/
index.php). 2049 sites were used for FKH site, and 553 sites were used for DIV2 site. (B) DNA binding features of FOXO1–DBD were measured using
qualitative EMSA using unlabeled DNA. The DNA sequences of FKH 26 and DIV2 26 are listed, and the core binding sequences are underlined. Band
intensities are quantified and normalized with values shown underneath relevant lanes.

that the expression level of SORL1 and TMEM140 were
unregulated by 2.9- and 4.8-fold, respectively (Figure 2C).

In addition, we investigated the transcriptional activity
of FOXO1 binding FKH site and DIV2 site. 293T cells
were co-transfected with pcDNA3.1 expression (pcDNA-
empty and pCDNA-FOXO1) and pGL3-promoter (pGL3-
empty, pGL3–3x-FKH and pGL3–3x-DIV2) vectors. The
results show that pGL3–3x-FKH increases the luciferase
activity by 3.8-fold compared to pGL3-empty vector, and
pGL3–3x-DIV2 shows 5.4-fold higher activity compared
to pGL3–3x-FKH (Figure 2D). These observations suggest
that DIV2 site may have stronger regulatory activity than
that of FKH site.

Overall structure of the FOXO1/DIV2 complex

To better characterize the binding of FOXO1 to the DIV2
site, we determined the crystal structure of FOXO1–DBD
in complex with a 20-bp palindromic DNA duplex con-
taining the DIV2 motif. Secondary structure plot for
FOXO1–DBD is shown in Figure 3A. The complex crys-
tal diffracted to a resolution of 3.05 Å and belonged to the
space group p212121 (Supplementary Table S1). The solved
structure contains three FOXO1–DBD/DIV2 complexes
in the asymmetric unit (ASU) (Supplementary Figure S2).
The three complexes share similar overall structures, with
RMSDs for C� atoms of about 0.55, 0.57 and 0.65 Å, re-
spectively. Each FOXO1–DBD/DIV2 complex is formed by
one molecule of the DIV2 DNA motif and two copies of
the FOXO1–DBD that bind to the DNA in a head-to-head
orientation (Figure 3B). The determined crystal structure
is consistent with the EMSA results showing that FOXO1–
DBD forms a homodimer at the DIV2 site.

In the complex, FOXO1–DBD adopts the typical
winged-helix fold, similar to other FOX family mem-
bers (Figure 3C and Supplementary Figure S3). Overall,
FOXO1–DBD comprises three stacking �-helices (H1, H2
and H3) and is capped at one end by a �-sheet composed

of two antiparallel �-strands (S1 and S2) and a loop (wing
1) between S1 and S2 (Figure 3C and Supplementary Fig-
ure S3). The turn between H2 and H3 contains a 310 he-
lix (H4), as observed in other FOX structures (15,16). The
C-terminal wing2 (residues 246–265) exhibits poor electron
density, suggesting that this region is flexible upon binding
to DNA, consistent with previous structural studies (17).

DNA recognition in the FOXO1/DIV2 complex

Due to the palindromic nature of DIV2 DNA used in crys-
talizing, the detailed protein–DNA interactions between
the two FOXO1–DBD molecules and the DIV2 site are al-
most identical. FOXO1–DBD binds to the 5′-GTAAACA-
3′ core site of the DIV2 motif. As observed in other FOX-
DBD/DNA structures, the H3 helix of FOXO1–DBD
docks into the major groove of DIV2 and makes the ma-
jority of the base-specific contacts. In detail, Asn211 forms
bidentate hydrogen contacts with Ade7 through its side
chain, and the His215 imidazole ring forms hydrogen bonds
with both Thy13′ and Thy14′ (Figure 3C). In addition to
base-specific recognition, Ser218 of the H3 helix binds the
phosphate backbone of T13′ (Figure 3C). Overall, the three
conserved residues Asn211, His215 and Ser218 contact with
DIV2 motif in the DNA major groove by forming hydrogen
interactions.

The wing1 of FOXO1–DBD also participates in DNA
recognition through hydrogen interactions with the DNA
backbone in the minor groove. The conserved Arg225
and Ser235 residues interact with the phosphate groups of
Thy13′ and Gua12′, respectively (Figure 3D). In addition,
the N-terminal residues of H1 and S2 contribute to DNA
recognition by forming hydrogen bonds with DNA phos-
phate groups (Figure 3E). In addition to these hydrogen
bond interactions, a large number of van der Waals con-
tacts are observed in the structure and further stabilize the
protein-DNA interaction (Supplementary Figure S4).

http://floresta.eead.csic.es/footprintdb/index.php
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Figure 2. FOXO3 recognizes DIV2 motif in cells and promotes gene transcription. (A) Ratio of DIV2 motif in FOXO3 ChIP-seq data. (B) Composite
profile of DIV2 motif located within the ChIP-seq peaks of FOXO3. The density estimation of the data is shown in black. (C) The snap view of two
promoter regions that have peaks containing DIV2 motif. The positions of DIV2 sites are shown with red bars. The expression level of these genes upon
FOXO3 overexpression was derived from a previously published microarray dataset. (D) 293T cells were co-transfected with FOXO1 expressing plasmid
and pGL3-promoter luciferase reporter vector (empty), pGL3–3x-FKH, or pGL3–3x-DIV2. Results shown are means ± SD from triplicate samples, and
are representative of three independent experiments.

FOXO1–DBD dimer interface

An interesting feature of our FOXO1–DBD/DIV2 struc-
ture is that intermolecular protein-protein interactions are
present, with clearly defined density (Supplementary Fig-
ure S5A). The dimerization is mediated by the FOXO1–
DBD wing1 loop, with a small buried surface area of
386 Å2. There are four hydrogen bonds formed between
the Arg225–Gln227 residues pairs of both chains (Fig-
ure 4A). In addition to these hydrogen bond interactions,
several van de Waals contacts were also observed and
further contribute to the stability of the dimer interface
(Figure 4A).

To investigate whether the interaction observed in the
FOXO1 dimerization interface was important for FOXO1
DNA binding, we constructed two FOXO1 mutants
(R225E, Q227R) and performed EMSA to assess their
binding to DIV2. As shown in Figure 4B, both mutations
did not affect the DNA binding of FOXO1 upon the FKH
DNA, which bound as a monomer. However, both mutants
lost the ability to form a dimer, and bound the DIV2 site
only as a monomer (Figure 4B). In addition, we constructed
FOXO1 R225A and Q227A mutants and assessed their
binding to DIV2 site. FOXO1 R225A and Q227A mutants
were able to bind DIV2 site as a dimer, however their bind-
ing affinity was weaker than that of the wild-type FOXO1

(Supplementary Figure S5B). These results suggest that the
dimerization interface is important for FOXO1 binding to
the DIV2 site.

DNA binding affinity and stability

We then measured the binding affinity of FOXO1–DBD to
the DIV2 site as well as its single site counterpart, FKH 26,
using isothermal titration calorimetry (ITC). The represen-
tative binding isotherm of DIV2 26 is presented (Figure
5A, top panel). The Kd value of FOXO1–DBD bound to
FKH 26 was estimated to be 1.38 �M, while the Kd value
of FOXO1–DBD toward DIV2 26 was estimated to be 0.15
�M (Figure 5A, bottom panel). In addition, we performed
FP assays to measure the binding affinities. The Kd of the
DIV2 site was 73 nM, while the Kd of the FKH site was 185
nM (Supplementary Figure S6). Both ITC and FP assays
show that FOXO1 binds with higher affinity to the DIV2
site than the FKH site.

We also performed differential scanning fluorimetry
(DSF) experiments to analyze the protein stability. The
melting curves of FOXO1–DBD with or without DNA are
shown in Figure 5B. Without DNA, the melting tempera-
ture (Tm) of FOXO1–DBD was 51.5◦C. When bound to
the FKH 26 DNA, the Tm increased to 57.5◦C. Upon bind-
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Figure 3. Structure of the FOXO1–DBD/DIV2 ternary complex. (A) Secondary structure plot for FOXO1–DBD. (B) Structure of the FOXO1–DBD/DIV2
ternary complex. The two FOXO1–DBD molecules are colored in magenta and lime, respectively. The DNA is colored in orange. The sequences of the
palindromic DIV2 DNA used for the crystallization are listed below, and the core motifs are highlighted. (C) DNA recognition by the FOXO1–DBD H3
helix. (D) DNA recognition by the FOXO1–DBD wing1. (E) DNA recognition by the FOXO1–DBD N-terminus. Hydrogen bonds are presented as dashed
lines.

Figure 4. FOXO1–DBD dimer interface. (A) Protein–protein interactions in the dimer interface. Hydrogen bonds are presented as black dashed lines, and
van de Waals contacts are showed as orange dashed lines. (B) The DNA binding properties of the wild type, R225E and Q227R mutants of FOXO1–DBD
were measured using qualitative EMSA.

ing to the DIV2 26 DNA, an even higher Tm of 61.4◦C was
obtained. In addition, the DSF assays showed that the Tm
of DIV2-bound R225E and Q227R deceased to 58.5 and
56.1◦C, respectively (Supplementary Figure S7). These re-
sults suggest that FOXO1 binds the palindromic DIV2 site
with higher thermal stability than that of FKH site.

Different forkhead transcription factors bind DIV2 site dif-
ferently

In order to test whether other forkhead transcription
factors can also bind DIV2 sites, we studied the DIV2
binding features of four other forkhead proteins. Simi-
lar to FOXO1–DBD, FOXO3–DBD, FOXM1–DBD and
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Figure 5. The DIV2 site binding affinity and stability analysis of wild type FOXO1–DBD and the mutants. (A) DNA binding affinities of FOXO1–
DBD were measured by ITC. The graph represents the curve of FOXO1–DBD titrated by DIV2 26 DNA (top panel). Thermodynamic parameters are
summarized in the table (bottom panel). Values represent mean and standard deviation of three independent experiments (B) Melting curves of FOXO1–
DBD in the absence or presence of different DNA duplexes. The corresponding Tm values are listed.

FOXI1–DBD all bind DIV2 in a dimeric manner (Fig-
ure 6A-C). Among these three proteins, FOXM1 seems
to have stronger dimeric binding to the DIV2 DNA site
than FOXI1 and FOXO3 (Figure 6A-C). Unexpectedly,
FOXC2–DBD can only bind DIV2 sites as a monomer even
at high protein concentrations (Figure 6D). As FOXM1
shows a strong tendency to form dimer on DIV2, we in-
vestigated the occurrence of the DIV2 motif in a FOXM1
ChIP-seq dataset (GSE40767) (41). A total of 21 844
unique peaks with DIV2 motif were identified, accounting
for ∼46% of the total FOXM1 binding sites (Figure 6E).
In addition, the intensity of ChIP-seq peaks from DIV2
sites was higher than that from FKH sites (Supplementary
Figure S8).

The wing1 region is less conserved among forkhead
DBDs (Figure 6F), and our results suggest that the wing1
of FOXO1 plays an important role in the dimeric bind-
ing of FOXO1 to the DIV2 site. In order to test the im-
portance of the wing1 region, we constructed two chimera
proteins: FOXO1c2w (FOXO1–DBD protein with its wing1
region substituted with FOXC2 wing1) and FOXC2o1w
(FOXC2–DBD protein with its wing1 region substituted
with FOXO1 wing1). When FOXO1 wing1 is replaced with
FOXC2 wing1, FOXO1c2w loses its ability to bind DIV2
site as a homodimer, and binds DIV2 site as a monomer;
however, when FOXC2 wing1 is replaced with FOXO1
wing1, FOXC2o1w still binds DIV2 site as a monomer, and
fails to gain the ability to bind DIV2 site as a homodimer
(Figure 6G). These results suggest that the wing1 region of
FOXO1 is important for its binding to DIV2 site as a ho-
modimer, however, there may be other factors that also con-
tribute to the mechanism by which FOXC2 can only bind
DIV2 site as a monomer.

Structure of FOXC2 in complex with the DIV2 DNA site

To study the mechanism by which FOXC2–DBD can only
bind DIV2 site as a monomer, we carried out crystallo-
graphic studies of FOXC2–DBD in complex with the DIV2
motif. The structure of the FOXC2/DIV2 complex was
determined at 2.85 Å (Supplementary Table S1). In the
FOXC2/DIV2 structure, FOXC2–DBD binds DIV2 at a
1:1 molar ratio, supporting our biochemical observation
(Figure 6H). In the experiment, we used the same 20-bp
DIV2 DNA containing two forkhead binding sites. How-
ever, only one binding site was bound by FOXC2-DBD. It
is worth noting that the end of the unbound site has very
poor electron density, therefore part of the DNA is missing
in the deposited pdb (6LBM).

We compared the structural variations between
FOXO1/DIV2 and FOXC2/DIV2 complexes by su-
perimposing them. The two DBDs share a similar overall
winged-helix fold. The superposition of FOXC2-DBD on
FOXO1–DBD gave 0.47 Å root mean square deviations
(RMSD) for all aligned C� atoms. The structural varia-
tions are mainly located in the wing1 and wing2 regions
(Supplementary Figure S9A). FOXC2 exhibits similar
major groove recognition to the DIV2 site as FOXO1
(Supplementary Figure S9B). FOXC2 wing1 region is
also involved in DNA recognition in the corresponding
structure, however its conformation is different from that
of FOXO1 (Supplementary Figure S9C). FOXO1 wing1
is arranged in an orientation nearly parallel to the DNA,
while the wing1 of FOXC2 points outward, away from the
DNA (Supplementary Figure S9A). In the FOXC2/DIV2
structure, the FOXC2 wing2 is involved in DNA recogni-
tion by interacting with DNA backbone phosphate groups
(Supplementary Figure S9D).
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Figure 6. Binding properties of other forkhead transcription factors to DIV2 site using qualitative EMSA. (A) FOXO3–DBD. (B) FOXM1–DBD. (C).
FOXI1–DBD. (D) FOXC2–DBD. (E) Ratio of DIV2 motif in FOXM1 ChIP-seq data. (F) Multiple sequence alignment of forkhead DBD wing1. (G)
DNA binding properties of chimeric forkhead proteins. FOXO1-WT: FOXO1–DBD wildtype; FOXO1c2w: FOXO1–DBD protein with its wing1 region
substituted with FOXC2 wing1; FOXC2o1w: FOXC2–DBD protein with its wing1 region substituted with FOXO1 wing1. (H) Structure of FOXC2–
DBD/DIV2 complex.

To elucidate the mechanism by which FOXC2 can only
bind DIV2 site as a monomer, we made a computational
dimeric binding model of FOXC2–DBD on the DIV2 site.
To our surprise, no obvious clash was present between the
two FOXC2–DBD molecules in our model (Supplemen-
tary Figure S10). This observation, together with the fact
that FOXC2o1w chimeric protein cannot gain the ability to
bind DIV2 site as a dimer, suggest that there might be some
unknown mechanisms preventing FOXC2 from dimerizing
over the DIV2 site.

We then performed qualitative EMSA experiments to
test how altered half-site spacing affects dimeric binding of
FOXO1. Of the five tested (DIV0 to DIV4), FOXO1 had the
strongest tendency to dimerize on DIV0, followed by DIV2;
FOXO1 mainly bound DIV1, DIV3 and DIV4 as monomer,
although a weak dimer forming band could be observed
at high protein concentration (Supplementary Figure S11).
We further tested the binding cooperativity of FOXO1 on
the DIV0 site using quantitative EMSA experiments using
6-FAM-labeled DNA, and found that FOXO1 bound the
DIV0 site with high cooperativity, with a cooperativity fac-
tor of 54 (Supplementary Figure S12).

These results suggest that altered half-site spacing be-
tween half-sites affects dimeric binding of FOXO1.

Comparison with published FOX/DNA structures

In order to provide more structural insights into the
molecular mechanism by which FOX proteins bind
DNA, we compared our structure with previously pub-
lished FOX/DNA structures (Supplementary Figure S13).
FOXO1 and FOXA2 bind FKH site as monomer (17,42),
while two FOXP3 molecules form a domain-swapped dimer
and bind two separate DNA sites. In the FOXM1/DNA
complex structure, a 19-bp duplex contained two FOXM1
recognition sites in a palindromic orientation (atTGTTTA-
TAAACAgcccg) is bound by two FOXM1 molecules, how-
ever structural, functional and bioinformatics data showed
no preference of FOXM1 for this tandem recognition se-
quences (19). In a recently published FOXO1/DNA struc-
ture, one FOXO1 molecule binds FKH site, while the other
FOXO1 molecule binds the pseudo-continuous DNA he-
lices in the crystal packing (43). Interestingly, the crystallo-
graphically stacked DNA helices resemble the DIV0 con-
figuration, which were bound by two FOXO1 molecules
from opposite sides (Supplementary Figure S14A). In our
FOXO1/DIV2 complex, two FOXO1 molecules bind DIV2
DNA from nearly vertical orientations and formed inter-
molecular interaction mediated by the wing1 regions of
both FOXO1 molecules (Supplementary Figure S14B).
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DISCUSSION

To achieve specificity in gene regulation, a common mecha-
nism adopted by many transcription factors is cooperative
binding to the same DNA site (29,44,45). Previous studies
showed that most forkhead transcription factors bind the
consensus DNA motif as a monomer (Figure 1) (16–19). In
this study, we showed that FOXO1 binds DIV2 site as a ho-
modimer, with intermolecular protein-protein interaction
mediated by the wing1 region of FOXO1. Forming a dimer
on a DNA site has at least two impacts on DNA recogni-
tion. First, it may lead to more specific DNA binding, since
DIV2 sites are much less abundant than FKH sites. Sec-
ond, it may enhance protein/DNA binding affinity. FOXO1
binds DIV2 with a higher affinity than that of its single-site
counterpart, FKH.

Previous studies have shown that FOXA1 binds the DIV0
site in a highly cooperative fashion, and addition of spacers
separating the half-sites decreased the cooperativity (26). In
our study, FOXO1 had the strongest tendency to dimer-
ize on the DIV0 site, followed by the DIV2 site; while
FOXO1 mainly bound the DIV1, DIV3, and DIV4 sites
as monomer. These results suggest that altered half-site
spacing can affects dimeric binding of forkhead proteins,
which may subsequently affect the target gene selection and
gene expression. In addition, our studies show that FOXO1
binds the DIV0 site with high cooperativity, suggesting that
the DIV0 site may also be an important dimeric site for
FOXO1.

Forkhead transcription factors possess a highly con-
served DBD but have divergent wing1 regions. Previously,
the wing1 region has been reported to engage in DNA
recognition as well as interaction with NFAT (46,47). Here,
we find that FOXO1 wing1 region plays an important role in
mediating protein-protein interaction in the homodimer in-
terface. Therefore, FOXO1 may not be able to interact with
NFAT when bound to DIV2 site. In addition to FOXO1,
our biochemical assays show that FOXO3, FOXM1 and
FOXI1 can bind DIV2 DNA site as homodimer in vitro.
Among these proteins, FOXM1 seems to have stronger
dimeric binding to the DIV2 site. On the other hand, one
forkhead transcription factor, FOXC2, can only bind the
DIV2 site as a monomer. Sequence alignment of the wing1
regions among these proteins shows that the two amino
acids (R225 and Q227 of FOXO1) are not well conserved.
The corresponding residues in FOXM1 are arginine and
threonine, while those in FOXC2 are lysine and Proline. The
sequence variations at the wing1 regions among the fork-
head transcription factors may contribute to the difference
in their binding properties to DIV2 DNA site. In addition,
R225C and R225H mutations have been identified in the
COSMIC database (48), suggesting that these mutations
may have some effects in human cancer.

Analysis of FOXO3-binding sites using ChIP-seq data
showed that about a quarter of FOXO3-binding sites con-
tain DIV2 motif. Interestingly, FOXO3 binds the DIV2
site located within the promoter regions of SORL1 and
TMEM140 genes, and upregulate gene expression. Our
transient transfection assays also suggest that the palin-
dromic DIV2 site may have stronger regulatory activity than
that of a single FKH site. The fact that FOXO can bind

both DIV2 and FKH motifs with different binding affini-
ties suggests a mechanism of target selection by FOXO
proteins. FOXOs may preferentially bind the high-affinity
palindromic DIV2 site at low expression level, while bind-
ing both DIV2 and FKH sites at high expression level. For
instance, the expression level of FOXO1 is reduced in de-
generated discs during aging (49); FOXO1 expression is up-
regulated in some cancer cells such as esophageal cancer
(50). Therefore, depending on its expression level, FOXO
protein may regulate different gene sets, leading to different
biological functions.

In summary, our biochemical, structural and bioinfor-
matic studies provide evidence that FOXO1 binds a novel
palindromic DIV2 site as a homodimer, with wing1 region
mediating the dimerization. Our results show that FOXO1
dimerization enhances FOXO1 affinity for DNA, and pro-
motes FOXO1-mediated transcription regulation. In addi-
tion, our studies reveal that four of the five forkhead tran-
scription factors tested can bind the DIV2 site as homod-
imer, with the exception of FOXC2, which can only bind
DIV2 site as a monomer. Whether DIV2 site is a common
physiological binding site for most forkhead transcription
factors, and the mechanism by which FOXC2 protein can
only bind DIV2 site as a monomer, need to be further in-
vestigated in the future.
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Gammal,A.T., Grotelüschen,R., Heumann,A., Bellon,E., Reeh,M.,
Wolters-Eisfeld,G. et al. (2018) FOXO1 overexpression and loss of
pSerine256-FOXO1 expression predicts clinical outcome in
esophageal adenocarcinomas. Sci. Rep., 8, 17370.


