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FOXO3a, a forkhead transcription factor and member of the forkhead box
class O (FOXO) subfamily, has been shown to promote the translocation of
p53 to the cytoplasm, thereby inducing the mitochondria-associated
apoptotic pathway. However, the binding sites that mediate this interaction
between FOXO3a and p53 have not been identified. Here, we show that two
regions within FOXO3a, the forkhead (FH) DNA binding domain and a
conserved C-terminal transactivation domain (CR3), interact with the DNA
binding domain of p53, with affinities in the low millimolar range and low
micromolar range, respectively. Our data further suggest that within the
FOXO3a molecule, the FH and CR3 domains engage in an intramolecular
interaction with low micromolar affinity. Moreover, we used NMR to
determine the solution structure of the FH domain. This enabled us to map
the binding site for the CR3, which overlaps with the DNA binding site. We
demonstrate that an intrinsically disordered linker between the FH and CR3
domains is required for full p53 binding activity. We also show that p53
disrupts the intramolecular interaction between FH and CR3. These results
provide evidence for interplay of the FH and CR3 domains in association
with p53.
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Introduction

The forkhead box (FOX) protein family is com-
posed ofmore than 100 transcription factors that have
been divided into 19 subfamilies (FOXA to FOXS).1

The FOX class O (FOXO) subfamily contains 4
mammalian members: FOXO1 (FKHR), FOXO3a
(FKHRL1), FOXO4 (AFX), and FOXO6.2 The
FOXO subfamily has been the subject of much
interest, differing from the other subfamilies by the
presence of a 5-aa insertion within the forkhead (FH)
DNA-binding domain.3 FOXO3a, the most studied
member of the FOXO transcription factors, is
expressed in most human tissues4 and is involved
in metabolism, cell cycle arrest, cell differentiation,
and apoptosis.5–11
d.
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FOXO3a has recently been found to activate apop-
totic pathways via two distinct functions. First,
FOXO3a activates the transcription of many genes,
including p27Kip1 and the androgen receptor, which
induce cell growth arrest, as well as the apoptotic
proteins Bim and PUMA. By doing so, it plays a
role in the balance between cell survival and cell
death.5–11 Second, FOXO3a promotes the direct
mitochondrial functions of p53 as an apoptotic regu-
lator.12 Upon activation by serum starvation,
FOXO3a binds directly to p53, which can be detected
in vivo by immunoprecipitation. Moreover, this inter-
action decreases the DNA binding activity of p53 and
promotes cytoplasmic translocation of p53.13 In
response to apoptotic stimuli, cytoplasmic p53 is di-
rected to the mitochondrial outer membrane, where
it interacts with, and suppresses, the antiapoptotic
function of Bcl-2 and Bcl-xL, the repressors of pro-
apoptotic Bak/Bax.14 As the expression of PUMA
increases, induced in part by FOXO3a,11 PUMA dis-
places p53 from Bcl-xL/Bcl-2. In turn, p53 promotes
the oligomerization of Bax, leading to the liberation of
cytochrome c from the intermembrane space of the
mitochondria into the cytoplasm,15–17 thus activating
the caspase cascade and resulting programmed cell
death.18,19 Although the interaction between FOXO3a
and p53 is observed with both full-length and FH
Fig. 1. Domain structure of FOXO3a and sequence alignme
the well-folded FH domain, and three other conserved regions,
FH domains of different FOX proteins with the secondary stru
of FOXO3a (cylinders, α-helices; arrows, β-strands; lines, loop
and residues of a similar type are shown in light brown. The
DNA based on known FH–DNA complex structures or previo
CR3 domains of FOXO proteins is shown at the bottom with
residues are shown in different colors according to residue t
residue; yellow, aromatic residue). The residue numbers of al
deletion mutant of FOXO3a, the FH domain is re-
quired to stabilize p53 from degradation, disrupt the
DNA binding activity of p53, and induce apoptosis.13

Despite increasing interest in the biological signi-
ficance of FOXO3a in apoptosis, structural informa-
tion is largely elusive. FOXO3a is a 71-kDa protein
containing a winged-helix FH domain that is con-
served among all FOX proteins. This particular pro-
tein also confers sequence-specific DNA binding to
the FH response element.20 The DNA binding site is
composed of helix 3 (H3), a long unstructured loop
wing 1 (W1), the C-terminal wing 2 (W2), and the
N-terminus of the FH domain (Fig. 1a and b).10,21,22

FOXO3a also contains three additional conserved
regions designated as CR1–CR3 (Fig. 1a). The CR3
domain is an acidic region found at the C-terminus
and has been shown to function as a transactivation
domain that is required for coactivator recruitment
(Fig. 1c).23,24 However, the binding site for p53 has
not been characterized. Here, we demonstrate that
both FH and CR3 domains directly bind p53. Our in
vitro biochemical studies also show that these two
domains engage in an intramolecular interaction.
The present NMR characterization of FOXO3a sheds
some light on the structural basis of FOXO3a–p53
interaction and on the intramolecular association
between the FH and CR3 domains.
nts. (a) The domain architecture of FOXO3a is shown with
CR1–CR3, are indicated. (b) The sequence alignment of the
cture derived from the solution structure of the FH domain
s) is shown. Identical residues are shown in dark brown,
star marks underneath indicate residues that interact with
us biophysical studies. (c) The sequence alignment of the
the predicted secondary structure (PSIPRED). Conserved
ype (orange, negatively charged residue; green, nonpolar
l domains are listed.
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Results

FOXO3a–p53 interaction

To map the p53 binding site(s) on FOXO3a, we
conducted pull-down assays with full-length glu-
tathione S-transferase (GST)–p53, and several dif-
Fig. 2. GST pull-down assays of the FOXO3a–p53 interactio
in vitro-translated Myc-FOXO3a truncation or deletion mutant
the left. Relative affinities were estimated by comparing the r
negative control with GST alone is also shown in the middle la
domain, polyproline domain, DBD, TET domain, and neg
constructs were used to define the FOXO3a binding site. The l
were visualized by Coomassie blue stain, while the output w
ferent Myc-tagged FOXO3a truncation and deletion
mutants, expressed in an in vitro transcription/
translation system (Fig. 2a). The results indicate that
the N-terminus of FOXO3a (M1–C150) is not re-
quired for p53 binding. However, further trunca-
tion of the structured part of the FH domain (S151–
S243) reduces binding affinity to some extent. We
also determined that the C-terminus of FOXO3a is
n. (a) Full-length GST–p53was used to pull down different
s. The amino acid numbers of each mutant are labeled on
atio of the intensity of bands from output and input. The
ne. (b) The domain architecture of p53 is shown on top: TA
ative-regulation (NEG) domain. Three His-tagged p53
eft and bottom panels of the input and the loading control
as detected by Western blotting.
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crucial for p53 binding as C-terminal truncation
(V601–N650) reduced affinity. Finally, the linker
region between the FH and CR3 domains also con-
tributes to the interaction with p53. The deletion of
residues L492–P608 does not affect p53 binding,
whereas a longer deletion of residues P398–P608
reduces the binding, despite the fact that the cons-
truct contains both FH and CR3 domains. These
results suggest that interaction with p53 is not con-
ferred by a single motif of FOXO3a but that several
parts of FOXO3a are in fact involved in p53 binding.
To define the FOXO3a binding site within p53, we

further performed GST pull-down assays using
bacterially expressed and purified FOXO3a and
p53 constructs. p53 is a tumor suppressor with 393
residues, including an N-terminal transactivation
(TA) domain, a polypropline (PP) domain, a DNA-
binding domain (DBD), a tetramerization (TET)
domain, and a C-terminal negative regulatory
domain (Fig. 2b).25 Three His-tagged p53 constructs,
p531–312, p5361–312, and p5394–312, were generated to
test their binding to GST-tagged FOXO3a FH (S151–
A251) and CR3 (D610–N650) domains, which we
refer to as GST-FH and GST-CR3, respectively. The
p5394–312 and p5361–312 constructs bind to GST-CR3
with similar affinities; however, p531–312 appears to
bind less strongly, suggesting that the TA domain
(M1–P60) interfereswith binding of CR3. The p53 TA
domain and the FH–CR3 domain are both very
acidic; thus, we speculate that they may compete for
interaction with the basic DBD or that repulsive
charge interactions might decrease binding between
CR3 and p53. Similarly, p5361–312 and p5394–312 also
display higher affinity compared with p531–312 for
GST-FH (Fig. 2b). These results indicate that the
FOXO3a binding sites on p53 are found within
residues S94–T312, which contain the DBD of p53.
Additionally, the results show that all three p53
constructs bind to GST-CR3 with greater affinity
than they do to GST-FH.

Solution structure of FH domain

In order to gain further insight into the structural
basis for FOXO3a–p53 interaction, we determined
the solution structure of the FH domain (residues
S151–A251) of FOXO3a. First, we checked the bio-
logical activity of the purified recombinant FH do-
main; we determined that it was capable of binding
18- and 12-bp DNA duplex constructs derived from
the PUMA promoter, as evidenced by electrophoretic
mobility shift assay and NMR experiments, respec-
tively (Supplemental Fig. 1). We performed standard
triple-resonance NMR experiments,26 which yielded
nearly complete backbone assignments (Fig. 3a) as
well as N90% side-chain assignments. The chemical
shift index (CSI) (Fig. 3b)27 as well as 15N- and 13C-
edited nuclear Overhauser enhancement spectro-
scopy (NOESY) analysis (Supplemental Fig. 2a)
were used to calculate a solution structure of the
FOXO3a FH domain (Fig. 3c; Supplemental Fig. 2b
and Table 1). The solution structure of the FH domain
of FOXO3a adopts the winged-helix fold as expected,
exhibiting three stacking major α-helices (H1–H3)
and two large unstructured wings (W1, W2). It also
contains a small helix (H4) between H2 and H3 and
three β-strands (S1–S3), which form an antiparallel
β-sheet (Fig. 3c). The FH domain of FOXO3a is
composed of the same fold as FOXO4 (Supplemental
Fig. 2c) [ProteinData Bank (PDB) code 1E17],28 which
is not surprising considering the high level of
similarity in sequence (about 80% identity).
The CSI values of residues 178–180 are negative,

indicating that these residues form a short β-strand
(S1) (Fig. 3b). An NOE signal is visible between
L178NH and W234NH, which are found in S1 and
S3, respectively, indicating pairing between these
two strands (Supplemental Fig. 2a). Nevertheless,
the first small β-strand S1 is not well defined in the
solution structure. The small helixH4 is ill-defined in
the present structure of the FH domain of FOXO3a
with flexible boundaries in different conformers, and
uncertainty as to whether H4 is an α-helix or a 310-
helix remains, consistent with the reported solution
structure of the FOXO4 FH domain.28 For both
FOXO3a and FOXO4, the H4 is preceding or par-
tially overlapped with a 5-residue insertion (198–
GDSNS–202 in FOXO3a), which is absent in other
FOX subfamilies.3 In the recently reported crystal
structure of the FOXO3a FH–DNA complex (PDB
code 2uzk), this helix is disordered and solvent
exposed.21 In our 20-conformer ensemble, H4 and
H3, which binds the major groove of DNA,21 form
ordered secondary structures but lack coordinate
precision compared with H1 and H2 (Supplemental
Fig. 2b). The same situation was also observed in the
FOXO4 FH solution structure, for which steady-state
NOE measurements suggest that this region is
dynamic and flexible.28 The intrinsic flexibility of
the DNA binding site may be important for target
sequence searching and binding of DNA.

Intramolecular interaction between FH and CR3

Similar to many eukaryotic transcription factors
that possess intrinsically disordered regions,29

FOXO3a is predicted to be largely unstructured. We
performed secondary structure and disorder predic-
tion analysis using PSIPRED,30 and the results
strongly suggest that the region (V252–S609) between
the FH domain and the CR3 domain is largely
disordered and unstructured, whereas both FH and
CR3 domains are folded. In the light of the GST pull-
down data showing that both FH and CR3 domains
are involved in interaction with p53 (Fig. 2a and b),
we speculated that these domains may be situated in
close proximity within the FOXO3a molecule, even
though they are separated by ∼350 unstructured
amino acids in the sequence. Moreover, the FH
domain is positively charged (pI=10.52) and the
CR3 domain is negatively charged (pI=3.37), sug-
gesting the possibility of electrostatic interaction. In
order to examine this potential intramolecular inter-
action, we conducted a GST pull-down assay with
bacterially expressed and purified GST-FH (S151–
A251) and His-Trx-CR3 (D610–N650). The results



Fig. 3. NMR spectroscopy and solution structure of the FH domain of FOXO3a. (a) The cross-peaks of 1H–15N HSQC
spectrum of the FH domain of FOXO3a are assigned, and the assignments of 93 (of 97 nonproline residues) backbone
signals as well as side-chain signals are labeled. Cross-peaks corresponding to the same side chain are connected with
horizontal lines. (b) CSI versus residue number are shown, with consecutive positive CSI values indicating α-helix (cyan
cylinders) and consecutive negative values indicating β-strand (yellow arrows). Four helices and three strands are defined
as H1–H4 and S1–S3, respectively, consistent with the nomenclature used to describe homologue FH domains. (c) Ribbon
model of the FH domain of FOXO3a (R154–G240). The structure is shown from two angles, and N- and C-termini and
secondary structure components are labeled (cyan, helix; yellow, strand; gray, loop).
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clearly show that His-Trx-CR3 binds to GST-FH but
not to GSTalone and that His-Trx alone does not bind
to GST-FH (Supplemental Fig. 3a).
We then employed NMR spectroscopy to obtain

structural insights into this FH–CR3 interaction. The
15N-labeled FH domain was titrated with unlabeled
CR3 peptide, and a series of 1H–15N heteronuclear
Fig. 4. NMR titration and binding site mapping of CR3 on F
titrated with unlabeled CR3 peptide (right corner). With incre
red, green, blue, pink, and cyan. The normalized backbone am
equation ΔCS=√(ΔH)2+(ΔN/6.5)2 and plotted versus residu
change (N0.1 ppm) are labeled. (b) An annotated molecular su
the location of residues undergoing large chemical shift pertu
on the FH domain. The scale indicates the magnitude of the no
and therefore not visible on the surface. (c) The same residues a
with the positively charged residues in the vicinity of the bindi
H3 comprise the binding surface.
single quantum coherence (HSQC) spectra were re-
corded with increasing concentrations of CR3
(Fig. 4a). A number of peaks shifted from the free-
state positions to the CR3-bound-state positions in a
“fast-exchange” fashion on the NMR timescale, sug-
gesting that the interaction is of moderate affinity.
Mapping the chemical shift perturbation on the FH
H. (a) 1H–15NHSQC spectra show 15N-labeled FH domain
asing CR3 concentration, the spectra shifted from black to
ide 15N,1H chemical shift change was calculated using the
e number. Residues with large normalized chemical shift
rface representation of the FH domain of FOXO3a shows
rbation upon CR3 titration, revealing the CR3 binding site
rmalized chemical shift change. V191 and F194 are buried
re labeled in the ribbon diagram of the FH domain together
ng site (blue), indicating that N-terminus, H1, H2, H4, and
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structure (Fig. 4b) revealed the binding surface for
CR3 peptide. Three aromatic residues (W157, Y162,
and F194) at theN-terminus andH4of the FHdomain
are most affected. Three leucine residues (L160, L165,
and L216) and one valine (V191) are also affected (Fig.
4a). Together, these residues form a hydrophobic
crevice. These results strongly suggest that the CR3
region of FOXO3a binds the FH in the hydrophobic
crevice, formed by the N-terminal loop, H1, H4, and
H3 (Fig. 4c). It is important to note that in the vicinity
of this hydrophobic cleft are four positively charged
residues, R153, R154, K195, and K197 (Fig. 4c), which
Fig. 5. Chemical shift perturbation of the CR3 domain up
1H–15N HSQC spectra (black, CR3; red, CR3+p53) show the ch
addition of (1:2) p5361–312 (right), and the normalized chemi
residues with the largest chemical shift changes accumulate in t
The 1H–15N HSQC spectra (black, CR3; green, CR3+FH) show
a ratio of 1:2, and the normalized chemical shift changes were
CR3 domain (I627–A635) and M615 exhibit more severely per
would be candidates for interaction with acidic
residues of the CR3 (i.e., D623, E625, E631, D634,
and D636). Interestingly, this CR3 binding site over-
lapswith the DNA binding sites that are composed of
H3, H4, W1, W2, and the N-terminal loop.21,22

p53 competes with FH for a binding site in CR3

Our pull-down assays have shown that the CR3
domain interacts directly with the DBD of p53, and
our NMR titration also demonstrated that the CR3
domain interacts with the FH domain of FOXO3a.
on p53 and the FH domain binding. (a) The two overlaid
emical shift perturbation of 15N-labeled CR3 domain upon
cal shift changes are plotted versus residue number. The
he middle core region of the CR3 domain (E625–M633). (b)
the 15N-labeled CR3 domain upon FH binding (right) with
plotted versus residue number. The same core region of the
turbation compared with other parts.
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Thus, we investigated whether p53 and FH bind to
the same region within CR3. We purified 15N-
labeled CR3 (D610–N650) and recorded 1H–15N
HSQC spectra of the CR3 domain with and without
unlabeled p5361–312 (Fig. 5a). We determined which
residues are involved in p53 interaction based on
chemical shift perturbation induced by a two-fold
excess of p53 and found that a central portion of
CR3 consisting of E625 to M633 is most perturbed
(Fig. 5a). This core region is composed of several
nonpolar residues (I627, I628, L632, and M633),
which are conserved in this protein subfamily, as
well as negatively charged residues (E625, D623,
E631, and D634). This central core region is pre-
dicted by PSIPRED to be helical (Fig. 1c); however,
the lack of chemical shift dispersion in the 1H–15N
HSQC spectrum and that in the CD spectrum of the
free CR3 peptide suggest that this region is mainly
unstructured when isolated in solution.
Similar NMR titration experiments were per-

formed with unlabeled FH to map the residues of
the CR3 involved in the FH–CR3 interaction. The
subset of CR3 peaks that were perturbed by addi-
tion of FH was largely the same as that affected by
p5361–312 titration (Fig. 5b), suggesting that the FH
domain and p53 bind to the same ∼9-residue core
region of CR3. Because the CR3 binding site on the
FH domain is a hydrophobic crevice surrounded by
positively charged residues and the CR3 is com-
posed of conserved, nonpolar, and negatively
charged residues, the FH–CR3 interaction is likely
mediated by both hydrophobic and electrostatic
interactions.
The p53 DBD and the FOXO3a FH domain inter-

act with the same core region of the CR3 domain,
raising the question of whether these interactions are
mutually exclusive. To compare the binding affi-
nities of CR3 with the FH domain and p53, we per-
formed NMR titration experiments with 15N-labeled
CR3 and unlabeled FH and p5361–312. Comparing
the titration curves of CR3 residue R629, we ob-
tained similar apparent Kd values for the CR3–FH
and CR3–p53 interactions, which are 19±12 and 14±
12 μM, respectively (Fig. 6a). We also used the
1H–15N HSQC spectra of 15N-labeled FH as a probe
to detect direct competition between the FH domain
and p53 in interacting with the CR3 domain (Fig.
6a). The addition of p5361–312 induced only very
small changes in the FH domain spectrum (Fig. 6a,
middle column). In contrast, the addition of CR3
peptide induced marked changes in many peaks in
the spectrum (from black to red; Fig. 6a, right
column). We then added unlabeled p5361–312 into the
mixture of 15N-labeled FH domain and unlabeled
CR3 peptide. With increasing p5361–312 concentra-
tion, peaks that were perturbed upon CR3 addition
(e.g., W157 and G158) moved back toward their
original free-state positions (Fig. 6a, right column).
These results indicate that p5361–312 competes with
the FH domain for CR3 peptide and disrupts the
FH–CR3 interaction to a certain extent. Moreover,
the FH spectrum was broadened by p5361–312 (Fig.
6a), likely due to the exchange between free FH
domain and CR3-bound FH domain and possible
interaction between FH and p53.

Linking the FH and CR3 domains increases
affinity for p53

In order to gain more insight into FOXO3a–p53
interaction, we attempted to express and purify full-
length FOXO3a, as well as an N-terminal truncated
construct encoding S151–G673. However, these con-
structs, which contain a predicted long flexible linker
between the FH and CR3 domains, could not be
expressed and purified due to their susceptibility to
proteolysis. In order to mimic the long unstructured
flexible linker predicted in full-length FOXO3a, we
decided to fuse the FH and CR3 domains via a (Gly–
Ser)4 linker. We found that, although it is of low
quality, the spectrum of 15N-labeled FH–CR3 fusion
protein is similar to that of the 15N-labeled FHdomain
in the presence of CR3 peptide (Fig. 6b; Supplemental
Fig. 3b), demonstrating that the interaction between
the FH domain and the CR3 domain is maintained in
the fusion construct. Thus, the FH–CR3 fusion protein
could serve as a reasonable model for the full-length
FOXO3a molecule.
We performed GST pull-down assays to compare

the affinity of GST-CR3 and that of GST-FH–CR3
fusion protein for p53. We used increasing concen-
trations of the His-tagged p53 DBD, p5394–312, as the
input and found that this construct binds to the GST-
FH–CR3 fusion protein more strongly than it does to
GST-CR3 (Fig. 6c). This suggests that the FH domain
and CR3 domain simultaneously bind to p53,
thereby enhancing the binding affinity for p53.
Discussion

The tumor suppressor p53 is central to both cell
cycle control and apoptosis and is also one of the
most frequentlymutated genes in human cancers.31,32

As such, p53 protein is involved in many signaling
networks.33 A recent study by You et al. revealed a
new link between p53 and FOXO3a in apoptosis that
involves FOXO3a-mediated recruitment of p53 to
the cytoplasm, where it promotes apoptosis by inh-
ibiting the antiapoptotic proteins Bcl-xL and Bcl-2 in
the mitochondrial outer membrane.13 This translo-
cation of p53 from the nucleus to the cytoplasm was
shown to involve a conformational change in p53,
and FOXO3a has been implicated in the translo-
cation.13 The present study attempted to address
many questions surrounding the FOXO3a-mediated
p53 activation in its cytoplasmic function. We have
demonstrated that FOXO3a interacts directly with
the DBD of p53 and that both FH and CR3 domains
of FOXO3a play crucial roles in the p53 interaction
(Fig. 7). In addition, those functional domains of
FOXO3a participate in an internal interaction faci-
litated by the long connecting domain linker (V252–
S609), which was predicted to be disordered (Fig. 7).
The functions of many transcription factors are

mediated by intrinsically disordered regions, which



Fig. 6 (legend on next page)
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Fig. 7. Model of FOXO3a and p53 interaction. FOXO3a
is in a closed state, with the CR3 domain binding to the FH
domain. p53 disrupts the intramolecular interaction bet-
ween the FH domain and the CR3 domain, and then both
domains bind to p53. Compared with separated FH and
CR3 domains, the full-length FOXO3a molecule with both
parts linked together has increased binding affinity to p53.
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provide large surface areas for interaction with
binding partners.29,34 Outside the highly ordered
FH domain, as much as 75% of the FOXO3a mole-
cule is predicted to be disordered. The putative
disordered region resides in the long stretch
between the FH domain and the CR3 domain
(V252–S609), as well as in the N-terminus (M1–
C150). The present biochemical and structural
studies indeed confirm that the FH domain is
highly ordered in nature and forms the winged-
helix fold, similar to those found in this protein
family.20,21,28 In addition to specific DNA recogni-
tion by the FH domain, which mediates the well-
established transcription function of FOXO3a, our
results suggest that the FH domain also participates
in the interaction with p53, along with the CR3
domain, at the C-terminus. Our biochemical and
structural characterization of FOXO3a and p53
association revealed the unique structural charac-
teristics of FOXO3a, involving an intramolecular
interaction between the FH domain and the CR3
domain that is likely to be critical for regulating p53
interaction.
Our NMR and biochemical studies revealed that

the CR3 domain plays a central role in the association
with p53. The p53 DBD region binds the isolated CR3
domain with a Kd of about 14 μM,which was derived
fromNMR titration experiments. The FHdomain also
binds to p53 DBD and further augments the binding
affinity between the p53 DBD and FOXO3a, as
evidenced by GST pull-down assays using truncated
versions of FOXO3a (Fig. 2b) as well as an engineered
FH–CR3 fusion construct (Fig. 6c). Interestingly, prior
to p53 binding, the CR3 domain is most likely
Fig. 6. p53 disrupts FH–CR3 interaction and binds to both
the titration curves of residue R629, and p5361–312 and the FH d
The 1H–15N HSQC spectrum of the FH domain does not chang
binding, peaks of W157 and G158 move from free-state po
increasing p5361–312 concentration, peaks move back toward t
FH/p53=1:3) (right). (b) The three 1H–15N HSQC spectra in th
of G158, and those in the right column are the signals of the s
spectra from one protein, from top to bottom, FH–CR3 fusion,
binding affinities for the CR3 domain and the FH–CR3 fusion
increase in input of the concentration of p5394–312, the outpu
Western blotting, and the loading control of GST-CR3 and GST-
of p5394–312 and GST-CR3 are very similar, and they ran at the s
CR3 lanes than in GST-FH–CR3 lanes.
associated with the FH domain through an intramo-
lecular interaction with affinity (Kd≈19 μM, deter-
mined by NMR titration) similar to that for CR3
binding to p53. The binding of p53 disrupts this
intramolecular interaction and promotes the associa-
tion of both FH and CR3 domains with p53 (Fig. 6a).
The error associated with the Kd derived from the
titration of 15N-labeled CR3 is relatively large, due to
the small chemical shift changes, which limited the
number of data points that could be collected. From
the reverse NMR titration of 15N-labeled FH with
CR3, which exhibits larger chemical shift changes, we
calculated amore accurate apparentKd of 5±1 μM for
this interaction using the titration curve of the W157
peak (Supplemental Fig. 4a),35 which is consistent
with the lower limit of the value obtained in previous
titration (Fig. 6a). Additionally,we found that the FH–
CR3 fusion construct binds to p53 more tightly than
does the CR3 domain alone (Fig. 6c), and it is likely
that this intramolecular interaction between the FH
domain and the CR3 domain is disrupted by p53. The
affinity of the FH domain for p53 DBD was even
weaker (Kd≈1 mM, estimated from GST pull-down
assays).Nevertheless, the FHdomainwas found to be
necessary for the induction of apoptosis and stabiliz-
ing p53 from degradation in functional studies.13 It
can be noted that because FH is linked to the CR3
domain, full-length FOXOmay bind p53more tightly
than either domain alone as modeled by the FH–CR3
fusion protein (Fig. 6c). These results underscore the
significance of the CR3 domain in the interplay
between the intramolecular association with the FH
domain and the interaction with p53. The CR3
domain is very rich in acidic amino acid residues
and contains 5 nonpolar amino acids within the 11-
residue core region (D623–M633). This core region
coincides with the binding site for the FH domain,
which possesses a hydrophobic cleft surrounded by
positively charged residues. The CR3 peptide alone is
unstructured in aqueous solution but exhibits the
propensity to form an α-helix in a hydrophobic
environment. Titration of the CR3 peptide with
trifluoroethanol induced the formation of helical
secondary structure as demonstrated by far-UV CD
spectra (Supplemental Fig. 4b). Considering these
results, we predict that the CR3 domain forms a
helical structure when bound to the FH domain in
FOXO3a or p53 DBD. Unfortunately, the severe
broadening of NMR signals from the CR3 domain
when bound to p53 DBD or the FH domain (data not
domains. (a) Apparent Kd values are calculated based on
omain bind to the CR3 domain with similar affinity (top).
e much upon adding unlabeled p5361–312 (left). Upon CR3
sitions (black) to the bound-state positions (red). With
he original free-state positions (green, FH/p53=1:1; blue,
e left column are the signals of the backbone amide group
ide-chain amide group of W157. Each row represents the
the CR3-bound FH, and the FH domain alone. (c) The p53
protein were compared by GST pull-down assay. With the
t p5394–312 also increased. The output was analyzed by
FH–CR3 is shown at the bottom. As the molecular weights
ame position in SDS-PAGE, the p5394–312 ran lower in GST-
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shown) prevented us from determining the solution
structure of the CR3 domain in these complexes.
Nuclear expulsion of p53 is thought to involve an

exposure of the nuclear export signal (NES) located
within the TETdomain,36 which is usuallymasked by
the stable formation of the tetramer by the TET
domain.37 Nevertheless, the DBD of p53 is essential
for p53 translocation as MDM2-dependent mono-
ubiquitination of p53 in both the DBD and the TET
domain promotes p53 nuclear export by exposing or
activating the NES.32,38–42 Moreover, the DBD of p53
is one of the two MDM2 binding sites,43 and struc-
tural changes of DBD promote p53 translocation.44

The present study revealed that it is the p53 DBD that
binds to two distinct regions of FOXO3a, the FH
domain and the CR3 domain, and that disrupts the
intramolecular interaction between these two regions
(Fig. 7). Future studies are required to illustrate the
exact details of how the association of the FHandCR3
domainswith p53DBDaffects p53DBD structure and
how this helps expose p53 NES, essentially resulting
in translocation of p53 to the cytoplasm.
Materials and Methods

Plasmids and constructs

The FH domain (S151–A251) and the CR3 domain
(D610–N650) of human FOXO3a were subcloned into
pGEX-4T-1 vectors (GE Healthcare) using BamHI and
XhoI restriction sites. A construct comprising the FH and
CR3 domains fused by a (Gly–Ser)4 linker [S151–N251–
(GS)4–D610–N650] was cloned into the pGEX-4T-1 vector
in the same manner. The CR3 domain (D610–N650) was
also subcloned into pET32a vector to produce a protein
with both His and Trx tags. Three human p53 truncation
constructs (M1–T312, D61–T312, and S94–T312) were
subcloned into pET15b vector (Novagen) using NdeI
and BamHI restriction enzyme sites. All plasmids were
verified by DNA sequencing.
For in vitro translation, constructs of FOXO3a were

amplified by PCR, digested with BamHI and XhoI, and
subcloned into the corresponding sites of the expression
vector pcDNA3/Myc to produce Myc-tagged fusion
protein.45 DNA fragments encoding from S151 to P491
and from S151 to P397 were amplified by PCR, and the
products were digested with BamHI and BstXI to pro-
duce FOXO mutants with internal deletions. pcDNA3/
MycFOXO3a151–650 was also digested with BamHI and
BstXI, and the digested PCR products were ligated. The
resultant plasmids were verified by sequencing.
Overexpression and purification

The plasmids of the FH domain, the CR3 domain, the
FH–CR3 fusion protein, and three p53 truncations were
transformed into Escherichia coli BL21(DE3) cells. The cells
were grown in LBmediumwith 100 μg/ml of ampicillin at
37 °C until an OD600 of 0.8 was reached and were then
induced with isopropyl-β-D-thiogalactoside (IPTG) over-
night at 15 °C. IPTG at 0.35 mM and that at 0.15 mM were
used for FOXO proteins and p53 proteins, respectively.
For labeled proteins, cultures were grown in minimal M9
medium supplemented with 100 μg/ml of ampicillin,
2 mg/l of D-biotin, 2 mg/l of thiamine–HCL, and 1 g/l of
15NH4Cl and 5 g/l of glucose for 15N-labeled proteins and
1 g/l of 15NH4Cl and 2 g/l of 13C-labeled glucose for
doubly labeled proteins.
Cells were harvested by centrifugation and lysed by

sonication. The FH domain was purified by glutathione-
Sepharose 4B (GE Healthcare) and cut from the resin by
thrombin at 4 °C overnight. Cleaved protein was further
purified on a Hitrap SP FF (GE Healthcare) column. The
CR3 domain and FH–CR3 fusion protein were both
purified by glutathione-Sepharose 4B, followed by throm-
bin cleavage and size-exclusion chromatography on a
Hiload 26/60 Superdex 75 prep grade column (GE
Healthcare). The three p53 protein constructs were purified
by metal affinity on Ni-nitrilotriacetic acid resin (Qiagen),
eluted with 200 mM imidazole, and cut by thrombin
overnight. Cleaved proteinswere purified on aHitrap SP or
HP column (GE Healthcare) followed by that on a Hiload
26/60 Superdex 75 prep grade column (GE Healthcare).
The purity of all proteins was confirmed by SDS-PAGE.
For expression of full-length p53, the E. coli strain TG1

was transformed with pGEX-p53FL plasmid, grown in LB
medium to an OD600 of 0.4, and induced with 2 mM IPTG.
After 3 h, the cells were harvested by centrifugation and
lysed by sonication. The cleared lysates were mixed with
25 μl of glutathione-Sepharose beads for 1 h at 4 °C and
subsequently washed five times with buffer DBN-0.1
(20 mM Hepes–KOH, pH 7.9, 0.5 mM ethylenediaminete-
traacetic acid, 1 mM dithiothreitol, 20% glycerol, 100 mM
KCl, and 0.1% NP-40).
A TNT Quick Coupled Transcription/Translation Sys-

tem (Promega) was used to express the FOXO3a deletion
mutants in vitro. The in vitro translation reaction mixture
was then applied to a 2-ml bed of Sephadex G-75 (GE
Healthcare) in a Poly-Prep Chromatography Column (Bio-
Rad) equilibrated with buffer DB-0.1. The main fraction
was identified by Western blotting with a mouse mono-
clonal anti-Myc antibody (Cell Signaling Technology).

GST pull-down assays

Pull-down assays with in vitro-translated FOXO3a
deletion and truncation mutants were performed by
incubating precleared, in vitro-translated FOXO3a deletion
mutants with glutathione-Sepharose-bound GST–p53 for
3 h at 4 °C. After washing the beads three times with
buffer DBN-0.4 (DBN-0.1 containing 400 mM KCl) and
once with buffer DBN-0.1, the proteins retained on the
beads were extracted in 25 μl of SDS-PAGE sample buffer
and were separated on 8%–16% Tris-Glycine Gel (Invitro-
gen). Proteins were detected by Western blotting with a
mouse monoclonal anti-Myc antibody (Cell Signaling
Technology). GST pull-down assays with purified, recom-
binant FOXO3a and p53 proteins expressed in E. coli were
conducted using a GST Tag Protein Interaction Pull-Down
Kit (Pierce) according to the manufacturer's instructions
using phosphate-buffered saline plus 0.1% Triton X100 as
the washing buffer. After washing, glutathione beads
were analyzed by SDS-PAGE and Western blotting. The
anti-penta-His (Qiagen) and ECL antimouse immunoglo-
bulin G (Amersham) antibody were used as primary and
secondary antibodies, respectively, to detect His-tagged
proteins in Western blot analysis.

Electrophoretic mobility shift assay

DNA construct was prepared as HPLC-purified single-
stranded oligos (Sigma Genosys). The double-stranded
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DNA was obtained by the annealing method of mixing
equal amounts of complementary oligos, heating the
sample at 90–95 °C for 10 min, and cooling it to room
temperature slowly.
A cy5-labeled double-stranded DNA construct derived

from the PUMA promoter DNA (5′-GTTTGTTTACAAA-
CAATG-3′; 5′-CATTGTTTGTAAACAAAC-3′) was incu-
bated with purified FOXO3a FH domain in electrophoretic
mobility shift assay buffer (20 mM Tris–HCl, pH 8.0,
40 mM KCl, 5% glycerol, 0.4 mM DTT, 0.2 mM ethylene-
diaminetetraacetic acid, 2 mM MgCl2, 1 mg/ml of bovine
serum albumin, and 1 ng/μl of poly dI/dC) for 15 min on
ice. These samples were electrophoresed on 8% polyacry-
lamide gel at 100 V for 2.5 h at 4 °C, and the gel was
visualized by a “Typhoon 9400” scanner (GE Healthcare).

NMR spectroscopy

Two-dimensional 1H–15N HSQC46 spectra and three-
dimensional triple-resonanceHNCACB,47 CBCACONNH,48

and HNCO49 spectra were collected for the backbone
chemical shift assignments. The three-dimensional HCC–
total COSY (TOCSY)–NNH,50 CCCTOCSY–NNH,51 and
HCCH–TOCSY52 spectra were collected to assign chemical
shifts of side-chain atoms. 15N- and 13C-edited NOESY–
HSQC spectra were recorded to confirm the assignments
and for structure calculation. The spectra were processed
and visualized by NMRPipe53 and NMRView,54 and reso-
nance assignments were made using XEASY.55 All NMR
data were recorded at 25 °C on 500- or 600-MHz Varian
Unity Plus spectrometers equipped with 5-mm triple-
resonance cold probes and z-axis pulse-field gradients
and an 800-MHz Bruker AVANCE II spectrometer with TCI
cryoprobe. All NMR samples were prepared in a buffer
containing 20 mM NaPi, pH 6.5, 50 mM KCl, 2 mM DTT,
10% or 100% D2O, and 0.5 mM NaN3.

NMR structure calculation

The three-dimensional structure of the FH domain was
calculated by CYANA56 using standard protocols. NOE-
based restraints were obtained from CYANA-based
automatic NOE assignment.57 Estimations for φ/ψ torsion
angle restraints were derived from Cα, Cβ, N, and C(O)
chemical shifts using TALOS.58 Hydrogen-bond con-
straints were generated for protected NH groups using
H2O/D2O solvent exchange experiments. Further water
refinement was done using Crystallography & NMR
System and RECOORD scripts.59 The structure figures
were prepared using PyMOL.60

CD spectroscopy

Far-UV CD spectra were recorded at 20 °C on a Jasco
J-810 CD spectrometer at a scan rate of 20 nm/min. Data
were collected in 1-nm increments from 195 to 250 nm,
using a 0.1-cm path-length cell and 8 s of averaging time.
The concentration of the CR3 domain sample was
0.05 mM, and it was titrated with 2, 2, 2-trifluoroethanol
from 0% to 25% in 5% increments. The spectra were
corrected by subtracting the spectrum of buffer.

Accession codes

The BioMagResBank accession number is 15939, and the
PDB code is 2k86.
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