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he forkhead box (FOX) protein family contains
about 200 transcription factors (1) (details at
http://biology.pomona.edu/fox/), which all contain a conserved forkhead (FH) DNA-binding domain,
ﬂanked by more divergent sequences (2, 3). These
proteins, which serve diverse functions, have been divided into 19 subfamilies (FOXA to FOXS) based on phylogenetic analysis (4). The FOXO subfamily includes
four members in mammals: FOXO1 (FKHR), FOXO3a
(FKHRL1), FOXO4 (AFX), and FOXO6 (5). The genes encoding the ﬁrst three proteins, which share high functional and sequence similarity, were identiﬁed in fusion
genes from chromosomal translocations occurring in human rhabdomyosarcomas and acute myeloid leukemias (6–8), whereas the more distantly related FOXO6
was recently identiﬁed by degenerate PCR screening (9).
FOXO3a is ubiquitously expressed to varying levels
in all tissues, with especially high expression in the
adult brain (5). As a transcription factor, FOXO3a binds
to a consensus DNA sequence (G/C/A) (T/C/A) AAA
(T/C) A (10, 11), named forkhead response element
(FRE), through the FH domain. It has been shown that
the CREB-binding protein (CBP) and p300 are the coactivators of FOXO proteins, enhancing gene transcription
by recruiting basal transcriptional machinery or remodeling chromatin structure through intrinsic histone acetyltransferase (HAT) activity (12). It was ﬁrst shown that the
C. elegans FOXO homologue, DAF-16, recruits CBP to activate gene transcription, and subsequently the physical interactions between human FOXO proteins and CBP
were identiﬁed and mapped (13, 14). FOXO3a regulates the transcription of a variety of genes and is inwww.acschemicalbiology.org

A B S T R A C T FOXO3a is a transcription factor belonging to the forkhead box
O-Class (FOXO) subfamily, and it regulates metabolism, cell-cycle arrest, cell differentiation, and apoptosis through activating or suppressing gene transcription.
FOXO3a contains a well-folded DNA-binding forkhead (FH) domain, but a large portion of the remaining protein sequence (75% of the total) is predicted to comprise
intrinsically disordered regions (IDRs). Within the IDRs, there are three conserved
regions (CR1–CR3), and it has been shown that CR3 (residues D610 –N650) is a
transactivation domain that recruits the coactivator histone acetyltransferase (HAT)
CBP/p300, through binding to its KIX domain. In a previous study, we determined
the solution structure of the FH domain and identiﬁed an intramolecular interaction
between FH and CR3 domains of FOXO3a. Here we illustrate that the KIX domain
of CBP interacts with the central core region (L620 –A635) of CR3, which also internally interacts with the FH domain. In this heterotypic interplay, FH prevents CR3
from binding to KIX; however, upon binding to the Forkhead response element
(FRE) DNA, the FH domain releases the CR3 domain, allowing it to interact with
KIX. While previous studies have shown that the transactivation domains of c-Myb
and MLL bind to distinct sites on KIX, our results indicate that FOXO3a CR3 has
an ability to bind to both of these sites. These results suggest a model of FOXO3adependent coactivator recruitment in which the dynamic interplay between KIX
and FH domains for binding to CR3 plays a key regulatory role in gene transcription activation.
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Figure 1. Domain architecture and sequence alignment of FOXO3a. a) The domain architecture of FOXO3a
with two functional domains currently known to be involved in transcriptional regulation, the well-folded
forkhead (FH) DNA-binding domain and the conserved region 3 (CR3) transactivation domain. Sequence
alignments of the FH domain and the CR3 domain, which are conserved among all forkhead transcription
factors and within FOXO proteins, respectively, with totally conserved residues highlighted in blue and the
partially conserved residues colored blue. For the FH domain, the secondary structure elements derived
from the solution structure of FOXO3a FH domain are depicted above the primary sequence (cylinders:
␣-helices; arrows: ␤-strands; lines: loops). The residues involved in DNA binding are indicated by stars,
and the residues whose chemical shifts are largely affected by CR3 titration are indicated by purple dots.
b) Structure of the FH domain (PDB: 2K86) with DNA-binding surface and the CR3-binding site highlighted
with light blue and purple on the surface and ribbon models. All structure models were generated by
PyMOL (51).

volved in cell differentiation, metabolism, cell-cycle arrest, and apoptosis (15, 21, 22). In response to different
stresses, FOXO3a activates the transcription of p27KIP1
1018
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and androgen receptor to promote cell cycle arrest (17–
20), as well as PUMA, Bim, and Fas ligand, which lead
to apoptosis (15, 21, 22). Thus, FOXO3a is a key regulawww.acschemicalbiology.org
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tor of cell survival versus death. In addition to its transcriptional activity, FOXO3a also interacts with numerous proteins, including p53, ATM, and ␤-catenin, to play
a pivotal role in a complex signaling network (23–26).
With the increasing interest in the biological signiﬁcance of FOXO, these proteins have been extensively
studied and much effort has been made toward the
structural characterization of FOXO proteins. However,
most results are limited to the FH domain (24, 27–29)
(Figure 1, panel a). Outside of the well-folded FH domain, which is conserved among all forkhead transcription factors, other parts of FOXO proteins are predicted
to be intrinsically disordered (30). Among FOXO3a,
FOXO1, and FOXO4, there are three conserved regions
(CR1⫺CR3) located in the intrinsically disordered regions (IDRs). The CR3 domain is an acidic transactivation domain (Figure 1, panel a), which binds directly to
the KIX domain of the transcription coactivator CBP
(14, 31). The KIX domain mediates interactions with
transactivation domains of many transcription factors,
including CREB, p53, c-Myb, and MLL, and possesses
two distinct hydrophobic grooves that can bind two
transactivation domains simultaneously in a cooperative manner (32–36). In a previous study, we demonstrated that the CR3 domain is engaged in an intramolecular interaction with the FH domain, and NMR
titration experiments revealed that the CR3-binding site
partially overlaps with the DNA-binding site on the FH
domain (Figure 1, panel b) (24, 28, 37).
Considering that the DNA-binding activity of the FH
domain and the coactivator-recruitment activity of the
CR3 domain are crucial for transcriptional activation, we
sought to examine the role of the intramolecular interaction between these regions in coactivator recruitment.
In this study, we demonstrate that the FH domain inhibits the binding of the CR3 domain to the KIX domain,
but binding of FRE DNA to the FH domain releases the
CR3 domain, promoting the recruitment of CBP to the
transcriptional initiation site. We will discuss the role of
this intramolecular interaction of FOXO3a in CBPmediated transcriptional activation.
RESULTS AND DISCUSSION
FH and KIX Bind to the Same Region on CR3. The
CR3 domain of FOXO3a (D610–N650) is mainly unstructured in solution as shown by circular dichroism (CD)
and NMR (24). However the central core region (D623–
I628, and L632–D634) is predicted to be helical
www.acschemicalbiology.org

Figure 2. Chemical shift perturbation of CR3 induced by FH
and KIX. The normalized backbone amide chemical shift
changes in the CR3 HSQC peaks induced by FH (black) and
KIX (red) were calculated using the equation ⌬␦ (N, HN) ⴝ
公 [(⌬HN)2 ⴙ (⌬N/6.5)2] and plotted against the residue
number. Secondary structure prediction of the CR3 domain
is shown above, and the regions most affected by FH and
KIX are indicated with black and red arrows (residues
L620 –A635).

(Figure 2) (30), and titration of the CR3 peptide with triﬂuoroethanol (TFE) induces helical secondary structure
as demonstrated by far UV CD spectra (24). These data
suggest that the CR3 domain has strong propensity to
form helical structure in a hydrophobic environment. In
our previous study, the central core region of the CR3 domain was found to bind to both FOXO3a FH domain
(Supplementary Figure 1, panel a) and the DNA-binding
domain (DBD) of p53 (24). The CR3 domain of FOXO3a
has also been identiﬁed as the KIX-interacting site (14);
however, detailed information is still elusive. To identify regions of the CR3 that are involved in interaction
with KIX, we added unlabeled KIX to 15N-labeled CR3, recorded the HSQC spectra (Supplementary Figure 1,
panel b), and calculated the normalized chemical shift
changes for each backbone peak using the previously
determined assignments (24). The results clearly show
that the same region of the CR3 domain interacts with
both FH and KIX (Figure 2). This central core region contains 5 negatively charged residues as well as 5 nonpolar residues, which likely mediate protein–protein
interaction through hydrophobic and electrostatic interactions, respectively.
FH Domain Inhibits CR3 from Binding to the KIX
Domain. The ﬁnding that the FH domain of FOXO3a
and the KIX domain of CBP bind to a common site in
FOXO3a CR3 domain raises the question of how the
intramolecular FH–CR3 interaction affects the ability of
VOL.4 NO.12 • 1017–1027 • 2009
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CR3 to bind KIX and recruit the coactivator CBP. The FH
domain and the CR3 domain are linked by a long putative IDR (V252–S609), which would be expected to enhance the binding afﬁnity by increasing the encounter
rate of two linked parts. Unfortunately, the unstructured
region is vulnerable to protease digestion when expressed in E. coli. As an alternative approach, we engineered an FH-CR3 fusion (denoted FCF) protein in which
the FH domain and CR3 domain are linked by four “GlySer” repeats (Figure 3, panel b). The FCF exists in a
closed state with FH bound to CR3, as shown by its 15NHSQC spectrum (24).
First, we added unlabeled CR3 peptide to 15N-labeled
KIX and observed signiﬁcant chemical shift changes, indicating an interaction between FOXO3a CR3 domain
and the KIX domain of CBP (Figure 3, panel a). However,
when FCF was added to the 15N-labeled KIX domain,
fewer peaks were perturbed and chemical shift changes
were much smaller in magnitude relative to the addition of CR3 domain alone (Figure 3, panels a and b), indicating that the FH domain inhibits the binding of the
CR3 domain to the KIX domain. To conﬁrm that this observation is not an artifact caused by the short linker in
the FCF protein, we performed pull-down experiments
with in vitro translated FOXO3a fragments with the natural sequence (Figure 3, panel c). A construct (S151G673) containing both intact FH and CR3 domains
bound to the KIX domain much more weakly than a construct (G244-G673) in which the CR3-binding site in the
N-terminus of the FH domain was truncated (Figure 3,
panel c). Therefore the FH domain decreases the afﬁnity of the CR3 for the KIX domain of CBP, and binding is
recovered by deletion of FH. The results are consistent
with the NMR data using the FCF protein.
FRE DNA Displaces CR3 from the FH Domain. For efﬁcient FOXO3a-dependent transcription initiation, the inhibitory effect of the FH-CR3 intramolecular interaction
must be counteracted. We propose that the FRE consensus DNA sequence found in the promoter region of
FOXO3a-regulated genes is a crucial player in this process. We have shown by NMR titration that the CR3
binds to a hydrophobic cleft composed of the N-terminal
loop, H1, H3, and H4 (Figure 1, panel b) (24), while the
crystal structure of FOXO3a-DNA complex and some biochemical studies show that the DNA-binding surface of
FH domain is composed of the N-terminal loop, H3, the
C-terminal loop, and the loop between S2 and S3 (called
Wing1) (Figure 1, panel b) (28, 37). Thus the CR31020
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Figure 3. FH domain inhibits CR3-KIX interaction. a) Overlaid 1Hⴚ15N HSQC spectra of 15N-labeled KIX (black) and
15
N-labeled KIX plus unlabeled CR3 peptide (red) reveal extensive chemical shift perturbation. b) Overlaid 1H–15N
HSQC spectra of KIX (black) and KIX ⴙ FCF (domain diagram shown on top) (green) illustrate that the FH domain
inhibits the interaction between CR3 and KIX. For panels a
and b, the concentration of 15N-labeled KIX was 0.15 mM,
and unlabeled CR3 or FCF was added in a 1:1 molar ratio.
c) Pull-down assays were performed using in vitro translated Myc-tagged FOXO3a fragments and puriﬁed recombinant KIX protein. FOXO3a 151– 673 includes the entire FH
domain, CR3 domain, and the middle unstructured portion,
whereas the N-terminal region of FH is deleted from
FOXO3a 244 – 673. The middle lane in each panel is the
negative control with the Ni-resin alone lacking the KIX domain protein.

binding site and the DNA-binding site partially overlap
at H3 and the N-terminal loop. The apparent Kd of
CR3–FH interaction determined by NMR titration is
www.acschemicalbiology.org
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Figure 4. FRE DNA Disrupts the FOXO3a FH-CR3 Intramolecular Interaction. a) EMSA shows the FH domain (0.5 ng)
binds to the FRE DNA (3.5 ng). With increasing concentration (0 –5 ng) of the CR3 peptide, no effect was detected, indicating that CR3 does not compete with DNA
binding. b) GST pull-down assays show the addition of FRE
DNA decreases the binding of GST-FH to His-Trx-CR3. Two
identical gels were run; one was subjected to Western blot
(WB) with anti-His tag antibody, and the other was visualized with Coomassie blue stain (CBS). Lanes: 1, input of
His-Trx-CR3; 2, His-Trx-CR3 pulled down by GST-FH; 3,
control for interaction with GST alone; 4, His-Trx-CR3
pulled down by GST-FH in the presence of FRE DNA. c) The
binding of the FH domain (0.25 mM) induces chemical shift
changes in the HSQC spectrum of the CR3 domain
(0.25 mM), for example, residues D623 and E631 (top
panel, from black to red). Addition of the FRE DNA
(0.25 mM) to the CR3–FH mixture causes the HSQC peaks
of the CR3 domain to move back to the original position of
the free state (bottom panel, from red to green) as illustrated for D623 and E631.

about 5 M (24), and the Kd of FH–DNA interaction determined by ﬂuorescence anisotropy assay is about
300 nM (28). Thus we examined whether DNA and CR3
compete for FH binding or all three molecules form a ternary complex. We previously demonstrated by electrophoretic mobility shift assay (EMSA) that the recombinant FH domain puriﬁed from E. coli is capable of
binding to the FRE derived from the PUMA promoter
(24). Using the same technique, here we found that adding CR3 peptide to the FH–DNA mixture has no effect
on the FH–DNA interaction (Figure 4, panel a). However,
two experimental methods show that FRE DNA disrupts
the intramolecular CR3–FH interaction. Using GST pulldown assays, we demonstrated that the presence of FRE
decreases binding of FH to CR3 (Figure 4, panel b). Moreover, whereas addition of unlabeled FH to 15N-labeled
CR3 peptide induced chemical shift changes in the
www.acschemicalbiology.org

HSQC peaks of the latter (from black to red Figure 4,
panel c), the subsequent addition of FRE DNA to this
mixture (DNA to CR3 ratio of 1:1) caused all of the peaks
that were perturbed upon FH binding (e.g., E631 and
D623) to move back to their original free-state positions
(Figure 4, panel c and Supplementary Figure 1, panel c).
This observation implies that the FRE DNA oligo effectively displaces CR3 from FH, which may enable CR3 domain to bind to the KIX domain of CBP, recruiting the coactivator to FRE regulated genes. Therefore FH domain
binding to the promoter region and the coactivator recruitment may occur simultaneously to initiate transcription in a synergistic manner.
Mapping the Binding Sites That Mediate the
CR3ⴚKIX Interaction. With the knowledge that the CR3
is released from FH by the FRE DNA to conduct its transactivation function, we employed NMR spectroscopy to
obtain structural insight into the CR3–KIX interaction. As
it has been shown that the central core region of CR3
mediates the interaction with KIX (Figure 2), we prepared
an 18-amino-acid peptide (G618–A635), referred to as
CR3 central core (CR3CC) peptide, to characterize the interaction between FOXO3a and its coactivator. The complex of CR3CC with KIX is more soluble under the NMR
buffer condition. KIX binding proteins contain a conserved “⌽XX⌽⌽” motif, where “⌽” is a hydrophobic
residue, and “X” is an arbitrary residue, of which the
most well-studied example is the “LXXLL” motif (38). A
sequence alignment of the CR3CC peptide with other
KIX-binding transactivation peptides reveals sequence
similarity within the “⌽XX⌽⌽” motif. Furthermore
CR3CC resembles the c-Myb and c-Jun peptides in the
presence of negatively charged residues N-terminal to
this motif and at the ﬁrst “X” position (Figure 5, panel a).
To identify the binding site of the FOXO3a CR3 transactivation domain on KIX, 15N-labeled KIX domain was titrated with unlabeled CR3CC peptide, and a series of
1
H–15N HSQC spectra were recorded with increasing
concentration of CR3CC peptide. The titration suggests
that the bound and free states are in fast exchange on
the NMR chemical shift time scale (Supplementary
Figure 2, panel a). As expected, the changes in the KIX
HSQC spectrum upon addition of CR3CC peptide resemble those seen upon addition of the whole CR3 domain (Figure 3, panel a and Supplementary Figure 2,
panel a), supporting the use of this peptide to study
CR3-KIX interaction. The normalized chemical shift
change of each backbone resonance was calculated
VOL.4 NO.12 • 1017–1027 • 2009
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Figure 5. Mapping the CR3-binding site on KIX by NMR titration.
a) Sequence alignment of CR3CC with other KIX-binding peptides
shows high sequence similarity. The conserved hydrophobic residues at the “⌽” position of the “⌽XX⌽⌽” motif are highlighted
with orange color, and conserved negatively charged residues are
highlighted with red color. b) Normalized backbone amide chemical
shift changes for 15N-labeled KIX domain titrated with unlabeled
CR3CC peptide were calculated and plotted against residue number
of the KIX domain (spectra are shown in Supplementary Figure 2).
Secondary structure is indicated on top (cylinder: ␣ helix, square:
310 helix). c) The residues with large chemical shift perturbation are
mapped on the solution structure of the KIX-c-Myb-MLL ternary complex (PDB: 2AGH) and colored according to the magnitude of the
normalized chemical shift change. Residues with chemical shift
change larger than 0.12 ppm are labeled.
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and plotted (Figure 5, panel b), and the residues with
large chemical shift changes were identiﬁed and
mapped on the solution structure of the KIX-c-Myb-MLL
ternary complex (PDB: 2AGH) with different colors based
the magnitude of normalized chemical shift change
(Figure 5, panel c). The KIX fold comprises three ␣ helices (H1–H3) and two 310 helices (G1 and G2) (Figure 5,
panel b) and contains two transactivation peptidebinding hydrophobic grooves. The c-Myb-binding site
comprises helices H1 and H3, whereas the MLL binds
primarily to a second site on the opposite face formed
by H2, H3 together with G2 (36). Binding of CR3CC
causes large chemical shift perturbations in regions
found near both the c-Myb and MLL-binding sites. The
residues L603, H605, L607, H651, Q661, and E665 are
clustered in the close vicinity of the c-Myb-binding site,
whereas the residues R623, M625, E626, and R671 coincide with the MLL-binding site (Figure 5, panel c). The
titration curves of residues from both sites suggest that
the CR3CC binds to two sites with similar afﬁnity
(Supplementary Figure 2, panel b). Considering that
these KIX-interacting transactivation peptides possess
high sequence similarity (Figure 5, panel a), it is possible
that one peptide can bind to both c-Myb and MLL sites.
Indeed, it has been reported that in addition to binding
to the c-Myb site, c-Myb and pKID also bind to the MLL
site, albeit with lower afﬁnity, and the transactivation
(TA) domain of p53 is reported to bind to both sites with
similar afﬁnity (34, 39).
Determining the Orientation of CR3 Binding by PRE.
Chemical shift perturbation can be caused by bindinginduced structural changes as well as the direct interaction. Thus, to conﬁrm that the CR3CC peptide does
bind to both c-Myb and MLL-binding sites of KIX and to
determine the orientation in which CR3CC peptide binds
to these sites, paramagnetic relaxation enhancement
(PRE) experiments were employed. The N-terminus of
the CR3CC peptide contains a single Cys residue, C622,
which can be exploited to attach a spin label without
introducing any mutation. An EDTA tag (N-[S-(2pyridylthio)cysteaminyl]ethylene-diamine-N,N,N=,N=tetraacetic acid) was covalently linked to the cysteine
residue and chelated Mn2⫹ and Ca2⫹ cations were used
as the paramagnetic center and the diamagnetic reference, respectively (Figure 6, panel a). Titration of the
Ca2⫹-tagged CR3CC peptide into 15N-labeled KIX induced chemical shift perturbations similar to those seen
with the unlabeled peptide, indicating that the EDTAwww.acschemicalbiology.org
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for which the backbone amide peak exhibits Ipara/Idia ⬍ 0.3 (under the red line)
(Figure 6, panel b) were mapped on the
structure of the ternary complex of KIX,
c-Myb, and MLL (Figure 6, panel c). Residues from both the c-Myb site and the MLL
site are affected by the paramagnetic cation
(Figure 6, panel c), strongly supporting our
hypothesis that the CR3CC binds to both
sites, because the PRE effect only depends
on the distance between the atom and the
paramagnetic center. Moreover KIX domain
residues that are affected dramatically by
the Mn2⫹ cation with an Ipara/Idia ⬍ 0.15
(orange in Figure 6, panel c) can be used to
localize the N-terminus of CR3CC peptide,
which contains the modiﬁed cysteine residue (Figure 6, panel c). In the c-Myb-binding
site, the most broadened peaks are those
of D598, R646, D647, and E648, which are
clustered at the end of the c-Myb-binding
groove, where the C-terminus of c-Myb
binds. Thus the CR3CC peptide binds in an
orientation opposite that of the c-Myb peptide. Fewer residues are affected at the MLLbinding site; however, two Arg residues,
R623 and R624, are severely broadened by
binding Mn2⫹-tagged CR3CC peptide. InterFigure 6. Binding site and orientation of CR3 on KIX determined by PRE.
actions between KIX and transactivation
a) Mn2ⴙ or Ca2ⴙ is chelated by a thiol-reactive EDTA tag attached to a
peptides are determined by both hydropholone cysteine residue near the N-terminus of the CR3CC peptide. b) The
peak intensity ratio of Ipara/Idia was calculated and plotted against the
bic and electrostatic interactions (34).
residue number of the KIX domain, where Ipara is the peak intensity from
Therefore, these two Arg residues likely bethe KIX with Mn2ⴙ labeled CR3CC peptide, and Idia is the peak intencome broadened as a result of interaction
2ⴙ
sity from the KIX with Ca labeled CR3CC peptide. The gray dots
with the negatively charged CR3 residues
indicate residues whose peaks are overlapped and thus the intensity
(E621 and D623) that ﬂank the tagged
cannot be extracted. Residues with a ratio below the red line (0.3) are
considered to be signiﬁcantly broadened as a result of the PRE effect.
C622, and thus the N-terminus of CR3CC is
c) Structure of KIX with residues exhibiting an Ipara/Idia ratio ⬍0.15 collocated close to these two Arg when it forms
ored orange and labeled, and residues with a ratio ⬍0.3 colored light
a complex with KIX.
orange.
Conclusions and Signiﬁcance. The trancation tag does not affect the CR3-KIX interaction
scriptional function of FOXO3a includes two processes:
(Supplementary Figures 2, panel a and 3, panel a).
sequence-speciﬁc DNA recognition and coactivator reOverlay of the HSQC spectra of KIX in the presence of cruitment, which are conducted by the FH domain and
Mn2⫹- and Ca2⫹-labeled CR3CC peptide show that sevthe CR3 domain, respectively. We previously identiﬁed
eral speciﬁc peaks are broadened by the paramagnetic
an intramolecular interaction between these two docation (Supplementary Figure 3, panel b). The peak inmains (24), and here we show that this intramolecular
tensity of each well-resolved backbone amide peak was interaction negatively regulates the association of CR3
extracted from the Mn2⫹ and Ca2⫹ spectra, and the rawith KIX (Figure 3 and Figure 7). Moreover, the FRE DNA
tio Ipara/Idia was plotted (Figure 6, panel b). The residues facilitates the recruitment of CBP by disrupting this inwww.acschemicalbiology.org
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Figure 7. Model of FOXO3a-dependent coactivator recruitment. Free FOXO3a is in a closed state with the CR3 domain binding to the FH domain. If the FH domain reaches
the FRE DNA in a promoter region, the intramolecular interaction is disrupted upon DNA binding. Then the released
CR3 domain interacts with the KIX domain of CBP to initiate the coactivator recruitment. Thus DNA binding and
coactivator recruitment occur synergistically.

tramolecular interaction, making CR3 accessible to KIX
(Figure 7), which would provide some advantages for its
transcriptional function. The transactivation domains of
some other eukaryotic transcription factors, including
the Zn(II)2Cys6 family members Leu3p and Put3p, are
regulated by autoinhibition and only activate transcription after conformational change triggered by binding of
a speciﬁc metabolite (40, 41). The CR3 domain of
FOXO3a is also sequestered by the FH domain until
FRE DNA binding activates transcription, which may increase the speciﬁcity and selectivity of transactivation.
Moreover, the intramolecular interaction would prevent
nonproductive protein–protein interactions before
transactivation. The “hopping/jumping” model proposes that the DNA-binding protein can be released
from nonspeciﬁc DNA sequences and diffuse over short
distances in solution until it rebinds a nearby location
on the same chain, provided it does not interact with
other proteins (42, 43). During the diffusion, the CR3
would be sequestered by the FH domain from interaction with other proteins, which may help the FOXO3a
molecule rebind to the DNA chain efﬁciently. After CBP
recruitment, sequestration of CR3 by KIX may reciprocally stabilize FH-mediated DNA recognition. Because
the FH and CR3 domain are conserved within all mammalian FOXO transcription factors, this mechanism very
1024

VOL.4 NO.12 • 1017–1027 • 2009

WANG ET AL.

likely applies to other FOXO proteins. FOXO3a is controlled by many signaling pathways (4, 16), so this transactivation mechanism may be further regulated by other
proteins through many post-translational modiﬁcation
sites in the IDRs according to diverse stimuli.
The interaction between FOXO3a CR3 transactivation
domain and the KIX domain of CBP appears to involve
multiple binding sites. Our data suggest that the core region of the CR3 domain could bind to the KIX domain
at two distinct sites. It is possible that the short peptide utilized in our NMR studies may behave differently
than the full length FOXO3a protein in vivo; however,
many previous results are consistent with our observation. It has been reported that two sites on KIX can be occupied by transactivation domains of two different proteins (e.g., c-Myb and MLL) in a synergistic manner, by
two copies of the same transactivation domain (e.g.,
c-Myb or pKID), or by two distinct parts of one transactivation domain (e.g., p53 AD1 and AD2) (34–36, 39).
Like AD1 and AD2 motifs of p53 TA domain, the FOXO3a
CR3 domain binds to two sites (34), and interestingly,
the binding orientation of CR3 in the c-Myb-binding site
is different from that of the c-Myb peptide by about
180°, revealing new structural features of transactivation domain recognition by KIX. The propensity of CR3
to form a helical structure has been examined by TFE
titration experiments (24), and our chemical shift index
(CSI) data also show that the CR3CC peptide undergoes
binding-induced folding into a helical structure upon interaction with the KIX domain (Supplementary Figure 4).
Abrogation of the interaction between CR3 and KIX by
deletion of the CR3 domain diminishes transactivation
activity in luciferase assays, and these studies also suggest that full transactivation activity of FOXO3a also requires another region, the CR2 domain, which contains
an “LXXLL” motif (14, 31). We have demonstrated that a
peptide derived from CR2 including the “LXXLL” motif
also binds to KIX (unpublished data). It appears that
both CR2 and CR3 bind to the KIX domain to recruit coactivator CBP, yet the exact role of the CR2 region is currently unknown. In addition to this, the promoter region
of FOXO-regulated genes usually contains multiple
copies of FRE. As a consequence, in the cell, more than
one FOXO3a molecule may interact with CBP at the same
time through different regions, potentially enhancing the
efﬁciency of the FOXO3a-dependent coactivator
recruitment.
www.acschemicalbiology.org
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This work sheds light on the regulatory role of the
FH–CR3 interaction in promoter binding and coactivator
recruitment, which can occur synergistically as evidenced
by our NMR studies. Furthermore, our data on CR3-KIX interaction shows a promiscuous binding of CR3 to two hydrophobic grooves on KIX in a manner analogous to the
p53-KIX interaction reported by Wright and co-workers

(34). These studies provide insight into FOXO3adependent transcriptional activation mechanisms, which
are likely conserved throughout the FOXO protein subfamily on the basis of the high sequence similarity. Our challenge is to demonstrate this conformational changecoupled FOXO3a-CBP/p300 interplay in in vivo
transcription, which will be addressed in future studies.

METHODS

NMR Spectroscopy. Two-dimensional 1H–15N heteronuclear
single quantum coherence (HSQC) spectra (44) and threedimensional triple-resonance spectra HNCACB (45), and CBCACONNH (46) were collected for the backbone chemical shift assignments and NMR-based chemical shift perturbation and competition assays for the KIX and CR3CC. The spectra were
processed and visualized by NMRPipe (47) and NMRView (48),
and resonance assignments were made using XEASY (49). NMR
spectra with the CR3CC peptide present were recorded at 30 °C,
whereas others were recorded at 25 °C, and the Bruker 800MHz AVANCE II spectrometer with TCI cryoprobe was used for
data collection. The DNA competition assays were performed in
of 20 mM NaPi, pH ⫽ 6.5, 50 mM KCl, 2 mM DTT, 10% D2O, and
0.5 mM NaN3. The buffer for all other NMR samples is 20 mM
MES pH ⫽ 6.0, 100 mM NaCl, 2 mM DTT, 8% D2O, and 0.5 mM
NaN3 (DTT was removed for the buffer of paramagnetic relaxation
enhancement experiments).
The method of paramagnetic relaxation enhancement (PRE)
experiments was modiﬁed from ref 50. A single cysteine residue close to the N-terminus in the native sequence of the CR3CC
peptide was used for EDTA-labeling. The CR3CC peptide powder was dissolved in NMR buffer plus 5 mM DTT, and then DTT
was removed by desalting column PD Miditrap G-25 (GE Healthcare). A 5-fold excess of N-[S-(2-pyridylthio)cysteaminyl]
ethylene-diamine-N,N,N=,N=-tetraacetic acid (Toronto Research
Chemicals) and 10-fold excess of divalent cation (Mn2⫹ or Ca2⫹)
were quickly added into the CR3CC peptide solution and incubated at RT overnight. The excess free EDTA tag and cations were
removed using a desalting column. The Mn2⫹ (paramagnetic cation) or Ca2⫹ (diamagnetic cation) labeled CR3CC peptides were
added into the 15N-labeled KIX respectively with roughly 1:2 ratio. The HSQC spectra were recorded for each sample, intensity
ratios of well-resolved HSQC peaks were extracted using XEASY,
and Ipara/Idia were calculated, where Ipara is the resonance intensity of the sample with Mn2⫹-labeled CR3CC peptide and Idia is
the resonance intensity of the sample with Ca2⫹-labeled CR3CC
peptide.

Sample Preparation. FOXO3a FH domain (S151–A251), CR3
domain (D610 –N650), the FCF protein (FH-(GS)4-CR3), His-TrxCR3, and Myc-tagged FOXO3a fragments (S151–G673 and
G244 –G673) were constructed, expressed, and puriﬁed as previously described (24). The KIX domain of mouse CBP (G586 –
L672) in pET21a vector was a gift from Dr. Peter E. Wright, and
its sequence is identical to human KIX. The KIX domain was expressed and puriﬁed using the same method as described (33).
The CR3 central core region (CR3CC) was obtained by annealing two single-stranded DNA oligos (Sigma Genosys) and cloned
into pGEX4T-1 vector (GE Healthcare) using BamHI and XhoI
sites. CR3CC was expressed in E. coli BL21 (DE3) cells by induction with 0.6 mM isopropyl-␤-D-thiogalactoside (IPTG) at 37 °C
for 3 h. For labeled proteins, culture was prepared in M9 media
supplemented with 15N ammonium chloride and/or 13C glucose.
The cells were harvested by centrifugation and lysed by sonication. GST-fusion CR3CC was puriﬁed by Glutathione Sepharose
4B (GE Healthcare) and cut from the resin by thrombin at RT
overnight. The CR3CC peptide after thrombin cleavage has the
sequence of G618 –A635. Cleaved peptide was further puriﬁed
on a Superdex peptide 10/300 GL (GE Healthcare) column. The
purity was checked by mass-spectrometry and the puriﬁed peptide was dialyzed into water and lyophilized for stock.
The cy5-labeled FRE DNA constructs (5=-GTTTGTTTACAAACAATG-3=; 5=-CATTGTTTGTAAACAAAC-3=) for EMSA and the
unlabeled DNA constructs (5=-GCACAAACAACG-3=, and 5=CGTTGTTTGTGC-3=) for NMR and pull-down derived from the
PUMA promoter were prepared as HPLC-puriﬁed single-stranded
oligos (Sigma Genosys). The double-stranded DNA was obtained by annealing two single-stranded DNA constructs.
Pull-Down Assays. The puriﬁed KIX domain protein was rebound to the Ni-charged resin (Bio-RAD) as the bait. The in vitro
translated Myc-tagged FOXO3a fragments bound with His-KIX
and Ni-resin for 1 h at 4 °C. After washing the beads 3 times with
the washing buffer (20 mM Hepes-NaOH, pH 7.9, 10% glycerol,
0.5 M KCl, 1 mM DTT, and 0.1% NP-40), the proteins retained on
the beads were extracted in 25 L of SDS–PAGE sample buffer
and were separated on SDS–PAGE. Proteins were detected by
Western blotting with a mouse monoclonal anti-Myc antibody
(Cell Signaling Technology). Puriﬁed His-Trx-CR3 and immobilized GST-FH proteins were used for GST pull-down assays. HisTrx-CR3 bound with GST-FH (in presence and absence of FRE
DNA) and with GST for 1 h at 4 °C. After washing the beads with
30 column volumes of washing buffer (PBS ⫹ 0.1% NP-40),
the proteins retained on the beads were extracted and separated on SDS–PAGE. The antipenta-His (Qiagen) was used in
Western blot analysis.
Electrophoretic Mobility Shift Assays (EMSA). The buffer, reaction conditions, and method of visualization are the same as
previously described (24). The sample for each lane contains
3.5 ng DNA, 0.5 ng FH protein, and a gradient of the CR3 protein was applied to each sample as 0, 0.1, 0.5, and 5 ng.
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