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Structural plasticity of the FOXO-DBD:p53-
TAD interaction

Klara Kohoutova1,2, Pavel Srb3, VeronikaObsilova 2 , Vaclav Veverka 3,4 &
Tomas Obsil 1,2

The transcription factors FOXO4 and p53 regulate aging, and their deregula-
tion has been linked to several diseases, including cancer. Under stress con-
ditions, cellular senescence is promoted by p53 sequestration and senescence-
associated protein p21 transcriptional upregulation induced by interactions
between the FOXO4 Forkhead DNA-binding domain and the p53 transactiva-
tion domain. However, the molecular details of these interactions remain
unclear. Here, we report that these interactions between p53 and FOXO4
domains are highly heterogeneous. The p53 transactivation domain primarily
interacts with the region formed by the N-terminal helical bundle of the
FOXO4 Forkhead domain but retains a substantial degree of flexibility in the
complex. In addition, NMRdata-drivenmolecular simulations suggest that p53
interacts with FOXO4 through multiple binding modes. Overall, our findings
not only provide the structural insights into interactions between FOXO4 and
p53 but also highlight their potential as targets for developing senolytic
compounds.

Cellular senescence entails two key cellular phenotypes, namely per-
manent cell cycle arrest and the senescent secretory phenotype, i.e.,
the secretion of interleukins, inflammatory cytokines, and growth
factors1. Senescence can be induced by several factors, such as telo-
mere loss, oxidative stress, and intense oncogenic signaling through
cyclin-dependent kinase inhibitor (CDKI) p21 expression2,3. p21
expression is regulated by direct interactions between the transcrip-
tion factors FOXO4 and p53, thereby suppressing apoptosis in senes-
cent cells4. Accordingly, inhibiting this interaction disrupts p21
transcription, excludes active p53 from the nucleus, and induces
senescent cell death.

FOXO (FOXO1, FOXO3, FOXO4, and FOXO6) proteins regulate
various cellular functions, such as cell growth, survival, metabolism,
and response to oxidative stress, by controlling the transcription of
target genes when binding to consensus recognition motifs known as
the Daf-16 family member-binding (DBE) and the insulin-responsive
(IRE) elements5,6. All FOXO proteins have a similar domain structure

with a highly conserved Forkhead DNA-binding domain (DBD) and a
C-terminal transactivation domain (Supplementary Fig. S1a, b)7,8. In all
FOXOproteins, FOXO-DBD isflankedby intrinsically disorderedN- and
C-terminal segments that modulate their transcriptional activity. For
example, FOXO4 phosphorylation by c-Jun N-terminal kinase (JNK)
upregulates p21 and thus activates cellular senescence, whereas
FOXO1 and FOXO3 inhibit senescence9–11. These antagonistic roles of
FOXO family members in regulating senescence may be explained by
JNK phosphorylation of two residues (T447 and T451) in the unstruc-
tured C-terminal segment of FOXO4 in response to oxidative stress as
FOXO3 and FOXO1 lack these phosphorylation sites9,12.

The transcription factor p53 regulates a wide range of cellular
processes, including metabolic adaptation, DNA repair, cell cycle
arrest, apoptosis, and senescence. These diverse functions of p53 are
related to itsmultidomain architecture, which allows various inter- and
intramolecular interactions13. p53 consists of an N-terminal transacti-
vation domain (TAD, residues 1–61), a proline-rich domain (PRD,
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residues 62–92), a DNA-binding domain (DBD, residues 93-293), a
tetramerization domain (TD, residues 325-355) and a C-terminal
negative regulatory domain (NRD, residues 367–393)14. Among these
domains, p53-TAD stands out for its intrinsically disordered structure
containing two acidic regions, namely TAD1 (residues 17–29) andTAD2
(residues 40–57) (Supplementary Fig. S1c). Moreover, the conserved
hydrophobic residues F19, L22, W23, L25, L26, I50, W53, and F54 of
these regions play a key role in gene transactivation due to their
involvement inprotein-protein interactions15–19. Case inpoint, p53-TAD
mediates the interaction of p53 with a number of its binding partners,
such as the transcription factor IID complex16, a key negative regulator
of the E3 ubiquitin-protein ligase mouse double minute 2 homolog
(MDM2)20, and the histone acetyltransferase paralogs CREB-binding
protein (CBP) and p300, which are important for p53-mediated
transactivation17,18,21. In response to ionizing radiation-induced DNA
damage, p53-TAD protein-protein interactions are modulated by
phosphorylation at several residues (S6, S9, S15, T18, S20, S33, S37, S46
and T55) by several kinases, including casein kinase 1 (CK1), ataxia-
telangiectasia mutated (ATM) protein kinase, p38 kinase, extracellular
signal-regulated kinase (ERK), transcription initiation factor TFIID
subunit 1 (TAF1) kinase and DNA-dependent protein kinase (DNA-
PK)18,22–25.

Interactions between FOXO transcription factors and p53 were
first described by Nemoto et al.26, who reported that FOXO3 co-
immunoprecipitated with p53 expressed both recombinantly and in
human HELA cell lines. In subsequent structural studies, some authors
have found that the Forkhead DBD and C-terminal TAD of FOXO3
contributed to its interactions with p53, proposing that p53-DBD suf-
fices to form the FOXO3:p53 complex27. But we28 and other authors29

have argued that the FOXO4:p53 complex formation (i) requires the
DBD of both proteins and (ii) is primarily mediated by the interaction
between theN-terminal portion of FOXO4-DBDand theTAD2 regionof
p53-TAD, which forms the binding interface. As a result, the exact
mechanism whereby FOXO4 interacts with p53 and upregulates p21
transcription remains unclear. Moreover, individual FOXO proteins
likely interact with p53 through different mechanisms.

Considering the above, further structural studies must be con-
ducted to characterize the interactions between FOXO4-DBD and p53-
TAD. However, these interactions are transient, as evidenced by the
rapid or intermediate exchange in 1H-15Nheteronuclear single quantum
coherence (HSQC) spectra28,29. Such transient interactions preclude
the use of standard NMR techniques, hampering efforts to perform a
detailed structural analysisof this complex.Nevertheless, the structure
of this complex may be characterized using an approach based on
paramagnetic relaxation enhancement (PRE) NMR measurements.
This approach is a suitable alternative for studying systems in which
standard structural biologymethods cannot be applied30, as shown by
the structure of the ternary nuclear export complex31, the mini-
chromosome maintenance complex of Sulfolobus solfataricus32 and
the complex between the FusB fusidic acid resistance protein and a
fragment of elongation factor G lacking N-terminal domains33.

Here, we aimed at structurally characterizing the FOXO4-
DBD:p53-TAD complex using a hybrid approach based on PRE NMR
and molecular modeling. For this purpose, we used PRE-based dis-
tance constraints as input data for molecular docking simulations,
thereby constructing a more reliable structural model. Overall, our
findings provide structural insights into interactions between p53-TAD
and the Forkhead domain of FOXO4.

Results
FOXO-DBDs differ in their binding affinities to p53-TAD
FOXO4-DBD and p53-TAD interact with micromolar binding
affinity28,29. FOXO proteins likely interact differently with p53-TAD
considering the sequence variability of theN- andC-terminal segments
of the FOXO Forkhead domain and the key role of these regions,

particularly the N-terminal segment. Supporting this assumption, our
1H-15N HSQC titration experiments with 15N-labeled FOXO1-DBD (resi-
dues 144–270), FOXO3-DBD (residues 142–267) and FOXO4-DBD
(residues 86–211) and unlabeled full-length p53-TAD (residues 1–93)
showed subtle differences in their binding patterns (Fig. 1a, b and
Supplementary Figs. 2–4). In the analysis of 1H and 15N chemical shift
perturbations (CSP) of the amide groups of individual FOXO-DBDs, we
found the largest changes in the N-terminal region of DBDs, especially
in residues N99,W101 (FOXO4 numbering) of the N-terminal segment,
in residues G102, N103, S105 of the helix H1 and in residues V135, Y137,
F138 of the region between helices H2 and H4 for all three FOXO
proteins.

Titration experiments with 15N-labeled p53-TAD and unlabeled
FOXO-DBDs showed similar but not identical distributions of CSPs.
The most affected region of p53-TAD was the TAD2 region with resi-
dues M40, D42, L43, L45, S46, D48, I50, Q52, W53 and T55 (Fig. 1c, d
and Supplementary Figs. 5–7). These results are in line with previous
reports, according to which the N-terminal segment of FOXO4-DBD
and the TAD2 region of p53 form a key part of the binding interface of
the FOXO4:p53 complex28,29.

In their interactions with p53-TAD, FOXO-DBDs primarily differ in
the absolute range of CSP values assessed at the same concentrations,
indicating significant differences in the binding affinity of FOXO-DBDs
to p53-TAD (Fig. 1a–c). To assess differences in binding affinities, we
performed fluorescence anisotropy (FA) measurements with FOXO-
DBDs and 5-iodoacetoamidofluorescein (5-IAF)-labeled p53-TAD A63C
mutant (Fig. 1e). To verify that the insertionof afluoresceinmoiety into
the p53-TAD molecule did not affect its interaction with FOXO4-DBD,
the binding affinities of 15N-labeled p53-TAD WT and the fluorescein-
labeled 15N-p53-TAD A63C mutant were compared based on
concentration-dependent changes in CSPs. These measurements
indicated that inserting a fluorescein moiety slightly increased the
binding affinity of p53-TAD to FOXO4-DBD (Supplementary Fig. 8).
Therefore, the KD values from FA measurements should only be used
to compare individual FOXO-DBD:p53-TAD complexes or p53-TAD
mutants. FA measurements revealed that FOXO3-DBD binds to p53-
TADwith higher affinity (1.2 ± 0.1 µM KD) than FOXO1- and FOXO4-DBD
(8.8 ± 0.8 and 42± 6 µM KD, respectively). Taken together, our 1H-15N
HSQC NMR and FA assay data suggest that all three FOXO-DBDs bind
to p53-TAD in a similar but not identical manner as reflected by their
CSP profiles and different affinities.

Complex formation induces a more compact p53-TAD
1H-15N HSQC experiments with 15N-labeled proteins revealed a fast
exchange of free and bound FOXO4-DBD:p53-TAD complex on the
NMR chemical shift timescale. Such a fast exchange precludes solution
structure determination using standard NMR methods. To improve
the stability of the complex, we designed two chimeric proteins,
FOXO486-211-(GGGGS)2-p531-93 and p531-93-(GGGGS)2-FOXO486-211.
However, we observed an intermediate exchange of free and bound
complex in both chimeras, which still prevented us from solving the
structure. Therefore, we combined PRE NMR experiments with mole-
cular modeling to study the structure of the FOXO4-DBD:p53-TAD
complex.

In PRE NMR, the presence of a paramagnetic probe increases the
relaxation rate of the nearby 15N-labeled NH groups, thereby reducing
their intensity in the 1H-15N HSQC spectra30. In addition, the 1H-Γ2
relaxation rates can be used to calculate the intermolecular distances
between the paramagnetic probe and the HN atoms of 15N-labeled NH
groups34. For this purpose, three FOXO4-DBD and four p53-TAD single-
Cysmutantswere designed and subsequently covalently labeledwith a
paramagnetic MTSSL probe using thiol chemistry. In FOXO4-DBD, the
single Cys residue was placed at positions 96 (mutation S96C) in the
N-terminal segment, 134 (T134C) at the start of helix H4, and 162
(S162C) between helix H3 and β-strand S2 (Supplementary Fig. S1b).
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p53-TAD was labeled at positions 15 (mutation S15C) at the start of
TAD1, 37 (S37C) in the linker between TAD1 and TAD2, and 63 (A63C)
and 90 (S90C) in the C-terminal region of p53-TAD (Supplementary
Fig. 1c). The CSPs profiles of 15N-labeled p53-TAD in the presence of
MTSSL-labeled FOXO4-DBDmutants and of 15N-labeled FOXO4-DBD in
the presence of MTSSL-labeled p53-TAD mutants showed that
attaching the paramagnetic label to selected positions in both proteins
had no significant effect on their interaction (Supplementary
Figs. 9 and 10).

To understand how the formation of this complex affects the
conformation of FOXO4-DBD and p53-TAD, we first investigated
potential changes in secondary structure upon complex formation.
When analyzing the HN, HA, CA, CB, CO, and N chemical shifts of
p53-TAD and FOXO4-DBD in their free and bound states (Supple-
mentary Fig. 11), we concluded that complex formation did not

induce any significant changes in the secondary structure of
either protein. Subsequently, we performed intramolecular PRE
NMR experiments with the MTSSL-labeled 15N-FOXO4-DBD T134C
mutant (both with and without unlabeled p53-TAD) and with
the MTSSL-labeled 15N-p53-TAD S15C mutant (both with and without
unlabeled FOXO4-DBD). In our measurements with MTSSL-labeled
15N-FOXO4-DBD T134C, we found no significant differences
in intramolecular distances between the MTSSL moiety at position
134 and the HN atoms of FOXO4-DBD in the free and bound states,
with only a slight decrease in the Ipara/Idia intensity ratios of residues
of the N-terminal segment (86-108) after p53-TAD binding (Sup-
plementary Figs. 12 and 13). This result suggests that p53-TAD
binding does not induce a significant conformational change in
FOXO4-DBD other than a slight change in the position of the
N-terminal segment.
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The PRE-based distances also matched those of the solution
structure of FOXO4-DBD. In contrast, the Ipara/Idia intensity ratios of
residues of both TAD1 and TAD2 regions (residues 18-59) of p53-TAD
were considerably reduced in PRENMRmeasurementswith theMTSSL-
labeled 15N-p53-TAD S15C mutant (Supplementary Figs. 14 and 15).
Accordingly, in the FOXO4-DBD:p53-TAD complex, this region of p53-
TAD is closer to MTSSL at position 15, i.e., p53-TAD adopts a more
compact conformation.

p53-TAD remains highly flexible upon complex formation
p53-TAD is an unstructured and highly flexible domain. To investigate
how the conformation of p53-TAD and FOXO4-DBD changes during
complex formation, relaxation measurements were performed with

15N-labeled p53-TAD and FOXO4-DBD. The backbone flexibility was
evaluated by measuring the ratio of the 15N transverse (R2) and long-
itudinal relaxation rates (R1) of backbone amide nitrogen atoms, which
decreases with the increase in internal dynamics. The resulting R2/R1

values showed that the N-terminal and C-terminal regions of FOXO4-
DBD remain flexible, even upon complex formation (R2/R1 < 10),
whereas its structured core (residues 100-185) is more rigid upon p53-
TAD binding (Fig. 2a, c). In contrast, most of p53-TAD appears to
remain highly flexible in the complex, with only TAD1 and TAD2 seg-
ments (residues 18–29 and 40–56, respectively) showing somewhat
less flexibility (Fig. 2b, c). These findings corroborate previous obser-
vations that have identified these regions, particularly TAD2, as key
components of the p53-binding surface of FOXO428,29.
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Because previous studies had also suggested that p53 interacts
with several regions of the FOXO4-DBD involved in DNA binding, such
as the N-terminal segment and the α-helix H328,29, we assessed whether
FOXO4-DBD formed a ternary complex with p53-TAD and DNA. How-
ever, our 15N relaxationmeasurements showed that p53-TAD displayed
the same flexibility (values of the R2/R1 ratio) after adding equimolar
amounts of DNA containing the DBE motif (sequence: 5′-GACTATG-
TAAACAACGC-3′) to the FOXO4-DBD:p53-TAD complex as in the free
state (Fig. 2b, c). This result indicates that the FOXO4-DBD:DNA
complex formation is followed by p53-TAD dissociation and that the
p53-TAD- and DNA-binding surfaces of FOXO4-DBD overlap with each
other (Fig. 2d). The same effect, i.e., p53-TAD displacement by DNA
binding, was also observed in FOXO1-DBD and FOXO3-DBD (Supple-
mentary Fig. 16).

Modeling of the FOXO4-DBD:p53-TAD complex
Modeling the FOXO4-DBD:p53-TAD complex required calculating
distance constraints between the two proteins from intermolecular
PRE NMR measurements with 100 µM 15N-labeled p53-TAD WT and
200 µM single-Cys MTSSL-labeled FOXO4-DBD mutants in both para-
magnetic and diamagnetic states (Fig. 3a and Supplementary
Figs. 17–20). These initial experiments revealed that the MTSSL probe
at positions 96 and 162 of FOXO4-DBD induced a strong PRE effect on
both TAD1 and TAD2, as indicated by the Ipara/Idia intensity ratios,
which were lower than 0.25. Conversely, the probe at position 134
induced a strong effect on TAD1 (Ipara/Idia intensity ratios <0.25),
but less so on TAD2 (Ipara/Idia intensity ratios < 0.75). Thus, the
MTSSL probe attached at positions 96 and 162 of FOXO4-DBD is
approximately equidistant from the p53 TAD1 and TAD2 regions,
whereas the MTSSL at position 134 of FOXO4-DBD is closer to TAD1
than to TAD2.

We performed our subsequent intermolecular PRE NMR mea-
surements using 100 µM 15N-labeled FOXO4-DBD WT and 200 µM
single-Cys MTSSL-labeled p53-TADmutants in both paramagnetic and

diamagnetic states (Fig. 3b and Supplementary Figs. 21–25). These
experiments revealed that the MTSSL probes located at positions 15,
37, and 63 of the p53-TAD are very close to the N-terminal moiety of
helix H1 of FOXO4-DBD (Ipara/Idia intensity ratios < 0.1). Furthermore,
MTSSL at position 37 in the region between TAD1 and TAD2 is closer to
the helix H3 and the C-terminal segment of FOXO4-DBD than in other
p53-TAD mutants, but MTSSL at position 90, i.e., at the C-terminus of
p53-TAD, has little effect on the intensity of FOXO4-DBD signals,
except for residues from the N-terminal moiety of helix H1.

In total, 617 PRE-NMR-derived distances were used to model the
structure of the FOXO4-DBD:p53-TAD complex using the HADDOCK
program, as further detailed in Materials and Methods. The resulting
model of the FOXO4-DBD:p53-TAD complex consists of a set of nine
conformers (one is represented twice) selected for their agreement
with experimental Ipara/Idia intensity ratios from PRE NMR measure-
ments (Fig. 4, Supplementary Figs. 26–28 and Supplementary Data 2).
This ensemble matches experimental CSP profiles (Figs. 1 and 4) and
flexibility data derived from 15N relaxation measurements, indicating
that the central part of FOXO4-DBD (region 100–180) is rigid, while the
N- and C-terminal segments are flexible (Fig. 2). This model suggests
that the p53-TAD-binding surface of FOXO4-DBD is formed by the
N-terminal segment (residues 86-106), the bend between helices H2
and H4, helix H3, and the C-terminal segment (residues 186–211). In
addition, models of the FOXO4-DBD:p53-TAD complex, constructed
either by HADDOCK simulation based on CSP analysis or by Alpha-
Fold2, show a considerably lower agreement with experimental values
of Ipara/Idia intensity ratios (Supplementary Figs. 29 and 30). This lower
agreement confirms the importance of using distance constraints to
obtain a reliable structural model for a dynamic system such as the
FOXO4-DBD:p53-TAD complex.

As expected, the conformations of p53-TAD and both terminal
segments of FOXO4-DBD is highly variable, in line with the results of
our 15N relaxation measurements (Fig. 2). The TAD2 region, which is
located approximately in themiddle of the p53-TAD construct and has
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the highest CSP values, usually adopts a relatively compact con-
formation with a number of inter- and intramolecular interactions.
Contact with FOXO4-DBD never involves the whole TAD2, and the
remaining section of this region interacts with other parts of the p53-
TAD. However, the pattern of individual interactions varies con-
siderably from one conformer to another. The N-terminal region of
FOXO4-DBD that precedes helix H1 and contains the residues with the
most significant CSPs is always involved in interactions with p53-TAD
(Fig. 4 and Supplementary Fig. 28). Furthermore, the C-terminal seg-
ment of FOXO4-DBD is also frequently involved in interactions with
p53-TAD, even though no significant CSPswere observed in this region
(Fig. 1a). This lack of significant CSPs is likely related to the high het-
erogeneity of interactions between FOXO4-DBD and p53-TAD. Based
on the HADDOCK model of the FOXO4-DBD:p53-TAD complex, the
interactions between p53-TAD and FOXO4-DBD are highly hetero-
geneous, and p53-TAD mainly interacts with the N-terminal region of
FOXO4-DBD but remains highly flexible, nonetheless. Such interac-
tionsmay explain both the relatively weak binding affinity (Fig. 1e) and
the small number of FOXO4 residues affected by complex forma-
tion (Fig. 1a).

Hydrophobic residuesof TADhelp tomaintain complex stability
Conserved hydrophobic residues, such as F19, L22, W23, L25, L26,
I50, W53, and F54, are crucial for TAD1 and TAD2 function because
they mediate interactions with several p53-TAD binding partners, as
shown in previous studies16–18,35. To assess whether hydrophobic
residues are also important for interactions between p53-TAD and
FOXO4-DBD, we prepared ten p53-TAD single mutants and their
combinations, namely F19A, W23A, W53A, F54A, F19A +W23A,
L22A + L26A, V31A + L32A, W53A + F54A, F19A +W23A +W53A + F54A,
and F19A + L22A +W23A + L26A + L31A + L32A +W53A + F54A. All

mutants also contained the A63C mutation for their labeling with a
fluorescent probe. Binding experiments based on fluorescence ani-
sotropy measurements demonstrated that the F19A, W23A, F19A +
W23A, L22A + L26A and V31A + L32Amutants interacted with FOXO4-
DBD with a slightly higher binding affinity, that the W53A mutation
had no effect and that the F54A, W53A + F54A, F19A +W23A +
W53A + F54A and F19A + L22A +W23A + L26A + L31A + L32A +W53A +
F54A mutants interacted with FOXO4-DBD with a significantly lower
binding affinity than p53-TAD with only the A63C mutation (denoted
asWT; Fig. 5a). Given the lack of a uniform binding interface between
FOXO4-DBD and p53-TAD, indicated by the HADDOCK model, the
reason for these changes in binding affinity remains unclear. Never-
theless, the mutated hydrophobic residues participate in both
intramolecular and intermolecular contacts in the complex (Sup-
plementary Fig. 31). In addition, residues W53 and F54 of TAD2 often
form part of the binding interface, as suggested by conformers #6, 11,
61, 84, 90 and 95. Thus, these mutations might have affected both
the conformational dynamics of p53-TAD and its interactions with
FOXO4-DBD.

Phosphorylation of p53-TAD affects its affinity for FOXO4-DBD
The FOXO4-DBD and p53-TAD proteins are highly charged, as FOXO4-
DBD is basic (theoretical pI 10.7) and p53-TAD is acidic (theoretical pI
3.47) (Supplementary Figs. 32 and 33). Therefore, electrostatic inter-
actions should play a key role in complex formation. In line with this
assumption, increasing the ionic strength significantly decreases the
stability of the FOXO4-DBD:p53-TADcomplex (Fig. 5b). In addition, the
HADDOCK model of the FOXO4-DBD:p53-TAD complex suggested
that the positively charged residues of the N- and C-termini of FOXO4-
DBD (R92, K93, R97, R98, K189, R192-194, K203, R206, R208 and K210)
are often close to the phosphorylation sites of p53-TAD (S15, T18, S20,
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S33, S37, S46 and T55) (Supplementary Fig. 34), which are targeted by
different kinases in response to DNA damage or constitutively phos-
phorylated in unstressed cells18,22,23. Therefore, introducing a
negative charge by phosphorylating these residues may significantly
modulate p53-TAD interactions with positively charged surfaces of
FOXO4-DBD.

To test this hypothesis, phosphorylation mimicking mutants of
p53-TAD S15E, S20E, S46E, T55E, S15E + S20E, and S15E + S20E +
S46E + T55E were prepared. FA measurements revealed that all
phospho-mimicking p53-TAD mutants bind to FOXO4-DBD with
higher affinity than p53-TAD WT. The S46E and T55E mutations in
TAD2 had a slightly stronger effect than the S15E and S20E mutations
in TAD1. The S46E + T55E and S15E+ S20E + S46E + T55E mutants
showed the highest binding affinities, with KD values of 14.3 ± 1.6 and
12 ± 3 μM, respectively (Fig. 5c). In conclusion, p53-TAD phosphoryla-
tion increases its binding affinity for FOXO4-DBD.

Discussion
p53-TAD and FOXO4-DBD establish highly heterogeneous interac-
tions. p53-TAD primarily interacts with the N-terminal region of
FOXO4-DBDbut remains flexible in the complex, nonetheless (Fig. 2b).

In fact, p53-TAD may interact with FOXO4-DBD through multiple
binding modes, based on our NMR-driven molecular simulations
(Fig. 4 and Supplementary Fig. 28).

Althoughp53-TAD is an inherently unstructuredprotein domain15,
previous structural studies of p53-TAD complexes with different
binding partners have identified disorder-to-order transitions in TAD1
and/or TAD2, regions that form short helical structures upon binding
to target proteins36. However, our data indicate that p53-TAD and
FOXO4-DBD establish dynamic interactions, with p53-TAD remaining
highly flexible in the complex and likely adopting interchangeable
conformations. These dynamic interactions and interchangeable con-
formations are supported by the moderate stability of the FOXO4-
DBD:p53-TAD complex (Fig. 1e) and by the absence of a secondary
structure of p53-TAD based on backbone chemical shifts (Supple-
mentary Fig. 11)28.

Representative conformers of the FOXO4-DBD:p53-TAD complex
highlight inter- and intramolecular contacts consistent with our CSP
analysis (Fig. 1a–d). The highest CSP values were observed in residues
D48, Q52, W53, and T55 of p53-TAD2, which likely adopts a compact
loop conformation when interacting with the N-terminal segment and
helices H4 and H3 of FOXO4-DBD. p53-TAD1 also often adopts a
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Fig. 5 | Hydrophobic and electrostatic interactions are critical for the forma-
tion of the FOXO4-DBD:p53-TAD complex. Binding of (a) 5-IAF-labeled p53-TAD
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cates (n = 3).
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compact loop conformation, which transiently interacts with various
parts of FOXO4-DBD, including the C-terminal portion (Supplemen-
tary Fig. 28). Although no significant CSPswere observed in this part of
FOXO4-DBD, these contacts may explain the reduced flexibility of this
domain after p53-TAD binding (Fig. 2a).

Another factor that likely contributes to the plasticity of FOXO4-
DBD:p53-TAD interactions is the high flexibility of the N- and
C-terminal segments of FOXO4-DBD (residues 86–103 and 186–211,
respectively). The N-terminal segment of FOXO4 contains the residues
with the largest CSPs (N99, W101 and G102) that interact inter-
molecularly with various parts of p53-TAD and/or intramolecularly
with the helix H4 of FOXO4-DBD (Supplementary Fig. 28) and is thus
crucial for p53-TAD binding (Fig. 1a), remaining highly mobile in the
complex (Fig. 2a). The various binding modes suggested by our NMR-
driven docking simulations differ in these interactions, though; the
TAD2 region interacts directly with the N-terminal segment and/or the
helix H4 of FOXO4-DBD in some conformers, but not in others.
Therefore, the p53-TAD2-binding surface of FOXO4-DBD is primarily
formed by the area at the interface of the N-terminal segment, by the
N-termini of helices H1 and H3 and by helix H4 (Fig. 4 and Supple-
mentary Fig. 28).

A comparison of the solution structures of FOXO1-, FOXO3-, and
FOXO4-DBD has revealed differences in interactions between
hydrophobic residues at this interface37. These structural differences
could explain not only the different binding affinities of individual
FOXO-DBDs to p53-TAD but also subtle differences in CSP profiles
(Fig. 1). Corroborating these findings, our results also show that the
p53- and DNA-binding surfaces of FOXO4-DBD overlap considerably.
The N-terminal segment and the region at the interface of helices H1
and H3 of FOXO4-DBD that interact with various regions of p53-TAD
also establish nonspecific contacts with the DNA backbone (Fig. 2c
and Supplemental Fig. 1b). Consequently, DNA binding inhibits
interactions between FOXO4-DBD and p53-TAD, in line with our
previous report according to which the formation of the FOXO4:p53
complex blocks p53 binding to DNA but does not affect the DNA-
binding properties of FOXO428. The same DNA-mediated displace-
ment of p53-TADwas also observed for FOXO1-DBD and FOXO3-DBD
(Supplementary Fig. 16), most likely because the p53-TAD-binding
affinities of all three FOXO-DBDs are significantly lower than their
DNA-binding affinities, which are in the nM range38–40. The exact
mechanism of FOXO4/p53-dependent activation of p21 transcription
is still unclear, especially considering the FOXO4-mediated inhibition
of p53 binding to DNA28. Their interaction may increase the local
concentration of both transcription factors, thereby stimulating p21
transcription, or modulate the binding of other transcriptional reg-
ulators such as p300/CBP and/or the transcriptional machinery3. In
any event, further studies are needed to clarify this mechanism and
the exact role of the interaction between FOXO4 and p53 in DNA
binding.

In response to various stress stimuli, p53-TAD is phosphorylated
at several residues, likely modulating p53-TAD interactions with some
binding partners18,22,23. If so, the interaction between p53-TAD and
FOXO4-DBD may also be modulated by phosphorylation. This possi-
bility is also implied by the proximity of somephosphorylation sites of
p53-TAD to positively charged residues of FOXO4-DBD in their com-
plex (Supplementary Fig. 34) and by the higher binding affinity of the
phosphorylation mimicking p53-TAD mutants for FOXO4-
DBD (Fig. 5c).

Notwithstanding these advances in our structural understanding
of interactions between FOXO4-DBD and p53-TAD, further research is
needed to ascertain whether post-translational modifications, espe-
cially in p53-TAD, affect interactions between FOXO4 and p53. Fur-
thermore, our study was performed using isolated domains, so these
interactions between FOXO4-DBD and p53-TAD may differ in the
context of the corresponding full-length proteins. Nevertheless, our

CSP profiles of the isolated domains (Fig. 1) are highly similar to tho-
se of the longer proteins28. This similarity suggests that the
binding interface between p53-TAD and FOXO4-DBD is the same in
both cases.

In conclusion, p53-TAD and FOXO4-DBD establish highly hetero-
geneous interactions, with p53-TAD primarily interacting with the
N-terminal part of FOXO4-DBD but remaining flexible in the complex.
p53-TAD adopts interchangeable conformations, which, together with
theflexibility of theN- andC-terminal segments of FOXO4-DBD, enable
multiple binding modes. A key part of the p53-binding surface of
FOXO4-DBD is the region at the interface of the N-terminal segment,
the N-termini of helices H1 and H3, and the helix H4. This region of the
FOXO Forkhead domain may be targeted by low molecular weight
compounds to modulate transcriptional activity41,42 and by small
peptides to reduce the number of senescent cells, thereby improving
tissue homeostasis4.

Considering their key role in regulating cellular senescence,
interactions between p53-TAD and FOXO4-DBD stand out as promis-
ing targets in the treatment of aging-associated diseases. Under-
standing these interactions opens up opportunities for developing
specific drug inhibitors aimed at selectively eliminating senescent
cells. Such efforts have long been hampered by the lack of structural
data. Now, our findings should prompt further research on these
interactions and on strategies for their inhibition, with significant
translational outputs.

Methods
Protein expression and purification
All FOXO-DBD constructs (FOXO1144-270, FOXO3142-267, and FOXO486-
211) were cloned into the pET-15b vector and expressed as N-terminal
(His)6-tagged proteins in Escherichia coli BL21(DE3) cells28. The fusion
proteins were purified using Chelating-Sepharose Fast Flow (GE
Healthcare, Chicago, Illinois, USA) according to a standard protocol.
The fusion proteins were eluted using 25mM Tris-HCl (pH 8.0) buffer
containing 500mM NaCl, 2mM β-mercaptoethanol and 600mM imi-
dazole, and the affinity tag was removed using thrombin protease (10
U per 1mg of fusion protein) during overnight dialysis against 25mM
Tris-HCl (pH 7.5) buffer containing 150mM NaCl, 1mM EDTA and
2mM β-mercaptoethanol. Subsequently, heparin chromatography on
a HiTrap Heparin HP column (GE Healthcare, Chicago, Illinois, USA)
was performed in 25mM Tris-HCl (pH 7.5) buffer containing 150mM
NaCl, 1mM EDTA, and 2mM DTT. The last purification step was size
exclusion chromatography on a Superdex 75 HiLoad column (GE
Healthcare, Chicago, Illinois, USA) in 25mM Tris-HCl (pH 7.5) buffer
containing 150mM NaCl, 1mM EDTA, 2mM DTT, and 10 % (w/v)
glycerol.

All p531-93 constructs were cloned into the pGEX-6P-1 vector and
expressed as N-terminal GST-fusion proteins in Escherichia coli
BL21(DE3) cells. The fusion protein was purified using Glutathione
Sepharose 4 Fast Flow (GE Healthcare, Chicago, Illinois, USA), and the
affinity tag was removed on the column over a 2 h incubation with
PreScission protease (10 U per 1mg of fusion protein). The cleaved
protein was eluted in 25mM Tris-HCl buffer (pH 7.5) containing
500mM NaCl, 1mM EDTA, 10 % (w/v) glycerol, and 10mM DTT. Sub-
sequently, p531-93 proteins were purified by anion exchange on a
HiTrapQ column (GEHealthcare, Chicago, Illinois, USA) in 50mMTris-
HCl buffer (pH 8.0) containing 1mM EDTA and 2mM DTT. The last
purification step was size exclusion chromatography on a HiLoad
Superdex 75 column (GEHealthcare, Chicago, Illinois, USA) and 25mM
Tris-HCl buffer (pH 7.5) containing 150mM NaCl, 1mM EDTA, 2mM
DTT, and 10 % (w/v) glycerol.

All 15N isotopically labeled constructs were expressed in minimal
media supplemented with 1 g/L of 15N NH4Cl (Cambridge Isotope
Laboratories, Inc., Tewksbury, Massachusetts, USA) as the sole nitro-
gen source and purified as described above.
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Site-specific labeling of single-cysteine mutants
For fluorescence anisotropy (FA) measurements, the p531-93 A63C
single-cysteinemutantwere labeledwith 5-iodoacetoamidofluorescein
(5-IAF) (Sigma-Aldrich s.r.o., St. Louis, Missouri, USA). In 50mM Tris-
HCl (pH 7.5), 100mM NaCl, and 1mM EDTA, the protein (50 µM) was
mixedwith a 40-foldmolar excess of 5-IAF. The reactionwas incubated
overnight at 4 °C in the dark. Excess-free 5-IAF was removed by size
exclusion chromatography on a Superdex 75 Increase 10/300 GL col-
umn (GE Healthcare, Chicago, Illinois, USA) and 10mM HEPES buffer
(pH 7.5) containing 150mMNaCl. The percentage of dye incorporation
was estimated in light absorption measurements and calculated
according to the protocol from Thermo Fisher Scientific. Protein
concentration was calculated using the following formula:

protein concentration Mð Þ= A280 � A494 � CF
� �
ε

ð1Þ

where ε is a protein extinction coefficient in M−1cm−1, using a value of
0.3 as the correction factor (CF). Subsequently, the degree of protein
labeling was calculated using the following formula:

moles dye per mol protein=
A494

ε0 � protein concentrationðMÞ : ð2Þ

where a value of 68 000M−1 cm−1 was used as the extinction coefficient
of the dye (ε´). The degree of labeling was ~ 100 %.

To characterize the interaction between FOXO4-DBD and p531-93,
we designed three FOXO486-211 single-cysteine mutants (at positions
96, 134, and 162) and four p531-93 single cysteine mutants (at positions
15, 37, 63, and 90). For PRE NMRmeasurements, we labeled the single-
Cys mutants with paramagnetic MTSSL (Sigma-Aldrich s.r.o., St. Louis,
Missouri, USA). All proteins were purified as described above and
dialyzed against 50mM Tris-HCl (pH 7.5) buffer containing 150mM
NaCl and 1mM EDTA. The PRE probe was dissolved in DMSO to a final
concentration of 100mM and added to the labeling reaction in a 20-
fold molar excess over the protein (the protein concentration was
100 − 150 µM). The reactionwas incubated for 4 h at room temperature
and then overnight at 4 °C, in the dark. Excess-free probewas removed
by size exclusion chromatography on a Superdex 75 Increase 10/300
GL column (GEHealthcare, Chicago, Illinois, USA) with 50mMTris-HCl
(pH 7.5) buffer containing 150mM NaCl. As shown by MS analysis,
labeling was ~ 100 %.

HSQC NMR titrations
1H-15N HSQC NMR titrations were acquired on a Bruker Avance III™
600MHz spectrometer (Bruker, Billerica, Massachusetts, USA) equip-
ped with a 13C/1H/15N cryoprobe. All HSQC experiments weremeasured
on 100 µM 15N-labeled protein and binding partner at a given con-
centration at 298K in Shigemi NMR tubes (Shigemi Co., LTD, Tokyo,
Japan) in 50mMphosphate buffer (pH6.5) supplementedwith 150mM
NaCl and 5% (v/v) 2H2O. The sequence-specific backbone resonance
assignments of FOXO1-DBD, FOXO3-DBD, FOXO4-DBD, and p53-TAD
were transferred from published data27,37,43,44. All spectra were pro-
cessed in TopSpin software (v3.6) and evaluated in NMRFAM-Sparky
software (v3.1)45. Derived from 2D 1H-15N HSQC experiments, the CSP
values were calculated according to the following formula46:

CSP=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δδ2

H + ð1
5
ΔδNÞ

2
" #vuut : ð3Þ

The average relative change in CSP values of selected 15N-labeled
p53-TAD residues (S20, W23, K24, L26, V31, S37, M44, L45, D49, and
D57) was plotted as a function of FOXO4-DBD concentration and fitted

to Eq. 4 46 to determine KD values:

CSP=CSPmax p53½ �+ FOXO4½ �+KD

� �� p53½ � + FOXO4½ � +KD

� �2 � 4 p53½ � FOXO4½ �
h i1

2

� �
=2 p53½ �

ð4Þ
where CSPmax is the CSP value at saturation, [p53] is the concentration
of p53-TAD (20 µM), and [FOXO4] is the concentration of FOXO4-DBD,
which ranged from 0 to 1250 µM.

Secondary structure prediction
The experiments for secondary structure prediction were measured
on samples containing 100 µM 13C, 15N-labeled protein, and 200 µM
binding partner on a Bruker Avance III™ 850MHz spectrometer (Bru-
ker, Billerica, Massachusetts, USA) equipped with a 13C/1H/15N cryop-
robe. All experiments were performed in 50mMphosphate buffer (pH
6.5) containing 150mM NaCl and 10% (v/v) 2H2O at 298K in Shigemi
NMR tubes (ShigemiCo., LTD, Tokyo, Japan). The secondary structures
of p53-TAD and FOXO4-DBD were predicted based on assigned back-
bone chemical shifts (HN, HA, CA, CB, CO, and N) using TALOS + 47.

PRE measurements
PRE experiments were measured on samples containing 100 µM
15N-labeled protein and 200 µM MTSSL-labeled binding partner on a
Bruker Avance III™ 850MHz spectrometer (Bruker, Billerica, Massa-
chusetts, USA) equipped with a 13C/1H/15N cryoprobe. All experiments
were performed in 50mM phosphate buffer (pH 6.5) containing
150mM NaCl and 10% (v/v) 2H2O at 298K in Shigemi NMR tubes
(Shigemi Co., LTD, Tokyo, Japan). Diamagnetic samples were prepared
by adding a 15-fold molar excess of ascorbic acid over the MTSSL-
labeled protein to the sample. Intensity ratios Ipara/Idia were deter-
mined in 1H-15N HSQC experiments with a 4 s recovery delay and
16 scans per free induction decay (FID). For measuring 1H transverse
relaxation rates, the pulse sequence wasײji_g2Hnײ kindly provided by
Dr. Junji Iwahara and previously described by Iwahara et al.34. All
spectra were processed in TopSpin software (v3.6) and evaluated in
NMRFAM-Sparky software (v3.1)45. The 1H-Γ2 rates were calculated in a
two-time-point measurement at ΔT =0 and ΔT = 10ms by setting the
recovery delay to 1 s, with 16 scans per FID, using the following for-
mula:

Γ2 =
1

0:01
ln

IdiaðT = 10msÞ � IparaðT =0msÞ
IparaðT = 10msÞ � IdiaðT =0msÞ ð5Þ

15N relaxation measurements
15N relaxation experiments were performed using samples containing
100 µM 15N-labeled protein and 200 µM binding partner on a Bruker
Avance III 850MHz spectrometer (Bruker, Billerica, Massachusetts,
USA) equipped with a 13C/1H/15N cryoprobe. All experiments were
performed in 50mM phosphate buffer (pH= 6.5) containing 150mM
NaCl and 10% (v/v) 2H2O at 298K in Shigemi NMR tubes (Shigemi Co.,
LTD, Tokyo, Japan). Standard Bruker pulse programs for T1 and T2 15N
relaxation times were used in NMRlib 2.048. The relaxation delays were
0.0448, 0.0672, 0.112, 0.179, 0.246, 0.381, 0.784, 1.23 s for R1 and 0,
0.0310, 0.0628,0.0931, 0.124, 0.186, 0.279 s forR2measurements. The
recoverydelaywas set to 1.2 swith 4or 8 scansper FID. All spectrawere
processed in TopSpin software (v3.6) and evaluated in NMRFAM-
SPARKY software (v3.1)45. The rotational correlation time was esti-
mated using the TRACT method49 as implemented in NMRlib 2.048. In
the DNA-addition experiment, FOXO4 consensus DNA containing the
DBE motif (sequence: 5′-GACTATGTAAACAACGC-3′) was used at a
molar ratio of 1:1. Relaxation data for 15N-labeled p53-TAD, 15N-labeled
p53-TAD in the presence of FOXO4-DBD, 15N-labeled FOXO4-DBD,
15N-labeled FOXO4-DBD in the presence of p53-TAD and 15N-labeled
p53-TAD in the presenceof FOXO4-DBD andDNAhave beendeposited
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in BMRB under accession codes 52703, 52704, 52705, 52706
and 52707.

Distance restrains generation
Ipara/Idia intensity ratios were converted into distances according to
Simon et al.50 with all constants identical except for proton Larmor
frequency (850MHz), R2dia (30 s-1), and τC (9 ns and 3 ns for FOXO4-
DBD and p53-TAD, respectively). As in Battiste and Wagner51, three
classes of distance restraints were used to calculate the structure.
Distances between spin-labeled FOXO4-DBD and 15N-labeled p53-TAD
were set as follows. Peaks with an intensity ratio < 0.1 were restrained,
with no lower bound and with an upper bound of 4 Å. Peaks with an
intensity ratio > 0.86 were restrained at the corresponding distance of
22.5 Å, with 4 Å lower and 100Å upper bounds. Peaks with intensity
ratios between 0.1 and 0.85 were restrained at the calculated distance,
with 4Å lower and 7Å upper bounds. As the actual unpaired electron
position was approximated by the CB atom, the upper limit was
increased to the maximal distance between the side-chain CB and N in
the MTSSL ring (cca 7 Å). For spin-labeled p53-TAD and 15N-labeled
FOXO4-DBD, the upper bound was further extended to 10Å (p53-TAD
S15C) and 8Å (p53-TAD S37C and A63C mutants) to describe the
inherent higher chain flexibility of p53-TAD.

High Ambiguity Driven protein-protein DOCKing simulations
To build a HADDOCK 2.452 model of the FOXO4-DBD:p53-TAD com-
plex, the Alphafold2 model of FOXO486-211 was used as the starting
structure. To enhance the conformational sampling of p53-TAD, a p53
ensemblewas downloaded from the Protein EnsembleDatabase (entry
PED00438)53. Residues 1–93 corresponding to p53-TADwere extracted
from the deposited models and used as the starting structures of the
ligand for the HADDOCK run. In total, 617 distance constraints were
calculated from experimental intensity ratios of paramagnetic and
diamagnetic samples (Ipara/Idia, the MTSSL spin label was attached at
three positions in FOXO4-DBD and four positions in p53-TAD)50,54. In
the HADDOCK run, the positions of spin labels were approximated by
methionine Cε atom (corresponding in-silico mutants were prepared
using Modeler55). The resulting starting pool of 1000 structures was
subjected to further analysis. An Ipara/Idia intensity ratios for each
conformer were predicted in DEER-PREdict software54. Excluding
conformers with steric clashes between the modeled MTSSL spin tag
and the protein yielded a final data set with 95 conformers. Upon
further analysis, sub-ensembles were selected using in-house scripts in
R, a programming language for statistical computing and data
visualization56. The standard Q factor50:

Q=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP Ipara
Idia

� �
backcalc

� Ipara
Idia

� �
exp

	 
2

P Ipara
Idia

� �
exp

	 
2

vuuuuuut , ð6Þ

where (Ipara/Idia)backcalc and (Ipara/Idia)exp stand for predicted and
experimental intensity ratios, respectively, was used to evaluate the
agreement between model and experimental intensity profiles. We
tested all possible combinations of sub-ensembles with sizes ranging
from N = 2 (4465 possibilities) to N = 6 conformers (869,107,785
possibilities). Except for the ensemble with N = 2, the best achievable
Q value decreased with the increase in ensemble size. Any sub-
ensemble beyond six conformers is impractical, requiring an exhaus-
tive search for all combinations. For this reason, the larger subsets
(N = 10, 13, 16, 20) were selected using an “incremental” approach, that
is, the previous best solution was expanded by combining 3 or 4 new
conformers. The plot ofQ value vs. ensemble size shows that a plateau
is reached at N = 10. The final ensemble of FOXO4-DBD:p53-TAD
conformers is available in Supplementary Data 1. Starting structures,

restraints, and run parameters of the HADDOCK simulation are
available in Supplementary Data 2.

Fluorescence anisotropy assay
To determine the binding affinity of FOXO-DBDs towards p531-93,
FOXO1-DBD, FOXO3-DBD, and FOXO4-DBD constructs were designed
with the boundaries described above. Using the fluorescein-labeled
A63C mutant of p531-93 as a probe, we performed fluorescence aniso-
tropy (FA) assay in a buffer containing 10mMHEPES (pH 7.5), 150mM
NaCl, 1mMTCEP, 0.1% (v/v) Tween 20 and 0.1% (w/v) BSA in a 384-well
plate (Corning, USA) using a CLARIO star micro-plate reader (BMG
Labtech, Germany). FOXO proteins at a starting concentration of
300μM and binary dilution series were incubated for 1 h with 50nM
FITC-labeled p531-93 A63C mutant. The excitation and emission wave-
lengths were 480nm and 530nm, respectively. To determine the KD

value, the data were fitted to the single-site-specific binding model
available in GraphPad Prism 8.4.2 (GraphPad Software, La Jolla, CA,
USA). All data points are expressed as the mean of three technical
replicates.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that data supporting the findings of this study are
available in the main text and its supplementary information files. An
ensemble of FOXO4-DBD:p53-TAD conformers is available in Supple-
mentary Data 1. Starting structures, restraints, and run parameters of
the HADDOCK simulation are available in Supplementary Data 2.
Relaxation data for 15N-labeled p53-TAD, 15N-labeled p53-TAD in the
presence of FOXO4-DBD, 15N-labeled FOXO4-DBD, 15N-labeled FOXO4-
DBD in the presence of p53-TAD and 15N-labeled p53-TAD in the pre-
sence of FOXO4-DBD and DNA have been deposited in BMRB under
accession codes 52703, 52704, 52705, 52706 and 52707, respectively.
PDB codes of previously published structures used in this study are
3L2C and 1E17. Further information may be requested from the cor-
responding authors. Source data are provided as a Source Data file.
Source data are provided in this paper.

Code availability
The in-house R scripts that were used to analyze and select sub-
ensembles have been deposited in Zenodo (https://doi.org/10.5281/
zenodo.13838563).
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