Small-molecule stabilization of the p53 – 14-3-3
protein-protein interaction
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14-3-3 proteins are positive regulators of the tumor suppressor p53, the mutation of which is implicated in many human cancers. Current strategies for
targeting of p53 involve restoration of wild-type function or inhibition of the
interaction with MDM2, its key negative regulator. Despite the efficacy of
these strategies, the alternate approach of stabilizing the interaction of p53
with positive regulators and, thus, enhancing tumor suppressor activity, has
not been explored. Here, we report the first example of small-molecule stabilization of the 14-3-3 – p53 protein-protein interaction (PPI) and demonstrate
the potential of this approach as a therapeutic modality. We also observed a
disconnect between biophysical and crystallographic data in the presence of a
stabilizing molecule, which is unusual in 14-3-3 PPIs.
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The tumor suppressor protein p53 plays a critical role
in the regulation of a number of genes with functions
associated to DNA repair, cell cycle arrest and apoptosis [1]. Mutations to this transcription factor render

it inactive in over 50% of all cancers and thus the p53
pathway has become an important therapeutic target
[2]. One significant approach has been to target mutant
p53 and restore the wild-type tumor suppression

Abbreviations
CTD, C-terminal domain; FC-A, fusicoccin A; FP, fluorescence polarization; ITC, isothermal titration calorimetry; PPI, protein-protein
interaction.
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function [3–5]. However, the major small moleculebased strategy for activating wild-type p53 function
has been centered on inhibition of the p53 interaction
with its primary negative regulator, MDM2. This
approach has had considerable success, with a number
of compounds progressing to clinical trials [2,6].
Despite this, the modulation of other protein-protein
interactions (PPI) in the p53 interactome has received
little attention.
The 14-3-3 family of proteins are a class of dimeric
adapter proteins with seven isoforms in humans (b, c,
e, g, r, s, f). They play a diverse set of roles within
the cell including cell-cycle control, signal transduction, apoptosis and protein trafficking or sub-cellular
localization [7]. 14-3-3 proteins exert their function
through binding of several hundred partner proteins
usually bearing a phosphorylated binding motif and
many of which are involved in human disease [8]. The
modulation of 14-3-3 PPIs has been widely demonstrated [9,10], but in particular the stabilization of
interactions with partner proteins by the natural product fusicoccin A (FC-A; Fig. 1A) and derivatives is
significant [11]. In this context stabilization is defined
as an increased binding affinity (as shown by a
reduced Kd) between protein and partner protein peptide mimic as a direct result of small-molecule binding
at the PPI interface. This ‘molecular glue’ stabilizing
effect is most pronounced with binding partners bearing a C-terminal 14-3-3 recognition motif, or ‘mode 3’
motif (Fig. 1C) – clinically important examples include
ERa [12], human protein glycoprotein (GP)Iba [13]

and TASK3 [14]. More recently it has been shown that
fusicoccane derivatives can also stabilise internal or
‘mode 1 or 2’ partner protein recognition motifs. For
example FC-A has been shown to stabilize the 14-3-3
interaction with CFTR [15], the semi-synthetic derivative ISIR-005 stabilizes the interaction with Gab2 [16]
and related natural product cotylenin the interaction
with C-Raf [17].
14-3-3 proteins act as positive regulators of p53
through binding to the disordered C-terminal domain
(CTD) following stress-induced phosphorylation of
key residues (Ser378, Ser366 or Thr387) [18–20]. This
important PPI network consists of a number of 14-3-3
isoform-specific functions. The r isoform has been
shown to positively regulate p53 in cells and supress
tumor growth, presumably by antagonising MDM2mediated ubiquitination of p53 [18]. The c and e isoforms have been linked with enhanced p53 tetramerization and thus transcriptional activity [19,20]. A
recent study also reported the negative regulation of
14-3-3c as a result of downstream p53 transcriptional
activity and further highlights the complexity of the
network [21]. Never-the-less the stabilization of the
p53 – 14-3-3r PPI represents a highly attractive, if
challenging, drug discovery strategy.
In 2010 our Group reported the crystal structure of
14-3-3r bound to the extreme C-terminus of p53 (9
amino acid residues) with phosphorylation at Thr387
[22]. This provided a structural basis for 14-3-3r binding to p53 which occurs via a recognition motif that is
distinct from the classical ‘mode 1, 2 or 3’ model

Fig. 1. (A) Structure of fusicoccin A (FC-A). (B) Comparison of 14-3-3 partner protein binding motifs: Mode 1 and 2, mode 3 and p53.
Phosphorylated residues are shown in red and key proline/glycine residues in green. (C) Binary crystal structure showing a p53-CTD 9mer
peptide (pThr387, coloured according to atom with red residue labels) bound to 14-3-3r (grey with black residue labels). The potential ligand
binding pocket is identified. (3LW1: wwpdb.org).
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(Fig. 1B). In this case Gly followed by Pro at +2 and
+3 residues C-terminal to the phosphorylated Thr387
cause the peptide to fold back on itself and as a result
form a potential ligand binding pocket at the interaction interface (Fig. 1C). However, it was hypothesised
that the Glu388 side-chain that is orientated directly
into that space would prevent interface binding of, and
thus stabilization by, fusicoccane derivatives [22]. Since
then, enhancement of the 14-3-3r – p53 interaction by
amifostine, a radioprotector in its dephosphorylated
form, has been demonstrated in a cellular and radiative-independent context although there is as yet no
chemical rationale for these observations [23].
Here, we report that FC-A does in fact act as a stabilizer of this important PPI despite the previous
hypotheses to the contrary. This finding marks a significant milestone toward demonstrating proof-of-concept
for targeting the p53 – 14-3-3r interface as a therapeutic modality. However, our discovery is also met with a
paradox that is highly unusual in the case of 14-3-3 proteins: Although the biophysical data clearly points to
stabilization, crystallographic studies indicate greater
disorder in the ternary complex. This could be
explained as an artefact of crystal soaking but may also
suggest that FC-A acts via an allosteric rather than a
‘molecular glue’ mode-of-action in this case.

Materials and methods
Peptide synthesis
Thr387 p53 CTD phosphopeptides were either obtained
from commercial sources (TAMRA-32mer and 12mer for
crystallography) or prepared in-house by Fmoc solid phase
peptide synthesis (15mer). Peptide sequences and sources
are summarised in Table 1. Detailed synthetic procedures
are described in the Supporting Information.

with TEV-protease to cleave off the His6-tag, followed by a
second Ni2+-affinity column and size exclusion chromatography.

Fluorescence polarization
Fluorescence polarization experiments were conducted in
FP buffer (10 mM HEPES pH 7.5, 150 mM NaCl, 0.1%
Tween20, 1.0 mgmL 1 BSA) using fixed concentrations of
TAMRA-labelled 32mer peptide (10 nM) and DMSO (1%
v/v) in Corning black, round-bottom, low-binding 384-well
plates. Plates were incubated at room temperature for 1 h
before measuring polarization with a Tecan (Tecan Group
Ltd., Männedorf, Switzerland) Infinite F500 plate reader
(excitation: 535 nm; emission: 590 nm). FP data was analyzed in ORIGIN 2015 Sr2 (OriginLab Corporation, Northampton, MA, USA) and sigmoidal curves were fitted using
the Levenburg-Marquardt iteration algorithm. Detailed
procedures for 14-3-3r titration and dose-response experiments are described in the Supporting Information.

Isothermal titration calorimetry
Isothermal titration calorimetry experiments were conducted using a Malvern MicroCal iTC200 (Malvern Instruments Ltd., Malvern, UK) instrument at 25 °C in ITC
buffer (25 mM HEPES pH 7.5, 100 mM NaCl, 10 mM
MgCl2, 0.50 mM TCEP). 15mer peptide (1.0 mM) was
titrated (2 9 18 injections of 2 lL) to 14-3-3r (0.10 mM) in
the cell. DMSO (1% v/v  FC-A to a final concentration
of 1.0 mM) was added to both cell and titrant. Data from
the two titration series was merged using CONCAT32 software (Malvern Instruments Ltd). ORIGIN 7.0 (OriginLab
Corporation) software was used for data analysis by a nonlinear least squares routine using a single-site binding
model with varying stoichiometry (N), association constant
and molar binding enthalpy (DH). The data presented are
representative of three replicates. For full experimental
details and results see the Supporting Information.

14-3-3 Expression and purification
His6-tagged 14-3-3r protein (full-length and DC) was
expressed in NiCo21(DE3) competent cells with a pPROEX
HTb plasmid, and purified using Ni2+-affinity chromatography. The proteins were dialyzed against fluorescence polarization (FP) or isothermal titration calorimetry (ITC) buffer
before usage. The DC variant for crystallization was treated

Protein crystallisation and structure
determination
Crystals of the binary complex of p53 and 14-3-3r were
grown by mixing 10 mgmL 1 14-3-3rΔC in a molar ratio
of 1 : 1.5 with p53 12-mer C-terminal peptide in 20 mM
Hepes pH 7.5, 2 mM MgCl2 and 2 mM BME and

Table 1. Peptide sequences and sources.
Peptide

Sequence

Source

12mer
15mer
TAMRA-32mer

H2N-KLMFK(pT)EGPDSD-COOH
H2N-RHKKLMFK(pT)EGPDSD-COOH
TAMRA-LC-SRAHSSHLKSKKGQSTSRHKKLMFK(pT)EGPDSD-COOH

Caslo
In-house
Anaspec
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incubating overnight at 277 K. The formed complex was
then set up for crystallization by mixing 1 : 1 with 0.095 M
HEPES pH 7.1, 26% PEG400, 0.19 M CaCl2 and 5% glycerol at 277 K. Crystals grew within a week and were fished
and directly flash cooled in liquid nitrogen before measuring.
For soaking of the crystals a 10 mM solution of FC-A in
ethanol (2.0 lL) was pipetted on a crystallization plate and
left to evaporate forming a thin FC-A layer. About 2.0 lL
of equilibrated crystallization liquor was then pipetted on
top of this layer and 14-3-3rΔC/p53 12-mer crystals were
transferred into this new drop.
X-ray diffraction data was collected using an in-house
Rigaku Micromax-003 (Rigaku Europe, Kemsing Sevenoaks, UK) sealed tube X-ray source and a Dectris Pilatus
200K detector (DECTRIS Ltd., Baden-Daettwil, Switzerland) at 100 K or at the DESY PETRAIII P11 synchrotron
beamline (DESY, Hamburg, Germany). The data was
indexed and integrated using iMosflm and scaled and merged
using AIMLESS. Phasing was done by molecular replacement
using PHASER (www.ccp4.ac.uk) and 3LW1 (wwpdb.org) as a
starting model and was followed by iterative rounds of
refinement and manual model building using PHENIX.REFINE
(https://www.phenix-online.org) and COOT (https://www2.
mrc-lmb.cam.ac.uk/personal/pemsley/coot/)
respectively.
Model validation was performed using MOLPROBITY (http://
molprobity.biochem.duke.edu/) prior to PDB submission.
14-3-3rΔC/p53 12-mer CTD, 5MOC: wwpdb.org.
14-3-3rΔC/p53 12-mer CTD/FC-A, 5MXO: wwpdb.org.

For further details see the Supporting Information.

Results
Identification of FC-A as a stabilizer: fluorescence
polarization
As part of a broad search for stabilizer molecules we
developed a robust FP assay suitable for medium to
high-throughput screening of compound libraries. To
this end we used a TAMRA-labelled 32mer peptide
with phosphorylation at Thr387 to mimic the p53
CTD that binds to the amphipathic groove of 14-3-3
monomers. Titration of 14-3-3r to this peptide
resulted in the expected increase in polarization and
characteristic sigmoidal curve for a one site binding
event (Fig. 2A, black). From this data an apparent Kd
of 13.7  1.8 lM could be extracted, in line with previously published values (FP, 14-3-3c = 14.0  3 lM
[19]; ITC, 14-3-3r = 16.3 lM [22]).
To unambiguously define an FP assay window suitable for the identification of both stabilizers and inhibitors of the interaction required both positive and
negative control compounds are required. We
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Fig. 2. FP experiments show FC-A stabilization. (A) 14-3-3r
titration to TAMRA-p53-CTD 32mer peptide (pThr387, 10 nM) in the
presence of increasing concentrations of FC-A (0.00 mM, 0.10 mM,
1.0 mM). (B) Dose-response experiment showing change in
polarization from the DMSO control (DPolarization) upon titration of
FC-A and p53-CTD 15mer peptide (pThr387) to 14-3-3r (10 lM) and
TAMRA-p53-CTD 32mer peptide (pThr387, 10 nM). Data shown are
mean  SD of three separate experiments each with triplicate
measurements.

therefore screened a narrow selection of potential
modulators in single-shot format. It was envisaged that
shorter, unlabelled peptides mimicking the p53 CTD
(e.g. a 15mer peptide) or other 14-3-3 binding partners
(e.g. ERa) [12] would likely compete for binding to 143-3 and thus prove to be ideal negative controls and
indeed this was the case (see Fig. S1). No tool-compounds to probe for stabilization of this interaction
had previously been reported and, as already discussed, it was not expected that other known 14-3-3
stabilizers would be effective at the unique binding

FEBS Letters 591 (2017) 2449–2457 ª 2017 Federation of European Biochemical Societies

R. G. Doveston et al.

interface of p53. Never-the-less, in the interest of thoroughness we screened four fusicoccanes (FC-A, FC-A
aglycone, FC-H-OMe [11] and FC-THF [14]) along
with epibestatin, a synthetic 14-3-3 stabilizer [24] (see
Fig. S1). To our surprise, FC-A showed a notable
increase in polarization and intriguingly was the only
fusicoccane screened to do so.
To confirm that the observed increase in polarization
could be directly attributed to modulation of the interaction, 14-3-3r was titrated to TAMRA-32mer in the
presence of FC-A at two concentrations (Fig. 2A, red
and blue). As the FC-A concentration increased the
apparent Kds were clearly reduced (indicating increased
peptide affinity for protein) from 13.7  1.8 lM in the
absence of FC-A to 6.3  0.6 lM at 0.10 mM FC-A
and 1.7  0.1 lM at 1.0 mM FC-A. Thus, albeit with
relatively low potency FC-A (at 1.0 mM) induced an 8fold stabilization of the 14-3-3r interaction with the
TAMRA-labelled p53 CTD peptide. Next, doseresponse experiments were performed whereby FC-A
and the p53 CTD 15mer peptide were titrated to fixed
concentrations of 14-3-3r and TAMRA-peptide. Here,
FC-A showed a dose-dependent increase in polarization, further indicating genuine stabilization although
with low potency: EC50 = 135 lM (12 lM). A series of
control experiments were also performed that ruled out
changes in fluorescent intensity upon 14-3-3 and/or FCA binding to the TAMRA labelled peptide being the
reason for observed changes in polarization (see
Fig. S1). Displacement of the TAMRA-peptide by
15mer p53 CTD peptide was also shown to be dosedependent (Fig. 2B, red), although the IC50 value was
found to be high and beyond the limits of accurate
determination in this assay (IC50 > 200 lM).
Isothermal titration calorimetry confirms FC-A
stabilization
In order to corroborate our FP findings thermodynamically we used ITC to compare binding of the unlabelled p53 CTD 15mer peptide to 14-3-3r with and
without FC-A. In the absence of FC-A the peptide
was shown to bind 14-3-3r with a Kd of
23.6  2.2 lM (Fig. 3A) which again corresponded
well to previously reported values (vide supra). In
alignment with our FP analyses, the binding affinity
was again enhanced in the presence of FC-A (1.0 mM)
and the obtained Kd value was reduced to
5.40  0.84 lM (Fig. 3B). In this experiment the factor
of stabilization induced by FC-A was not as pronounced as that determined by FP: 4.5-fold stabilization c.f. 8-fold shown in FP. However, the values
remain in the same order of magnitude and, whilst the
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two experiments are complimentary, the two Kds
obtained for different peptides cannot be directly compared. Control experiments showed no calorimetric
changes when the same titrations were performed in
the absence of 14-3-3r protein (see Fig. S2).
The ITC data also revealed that a more negative
enthalpy change (DH) upon peptide binding in the
presence of FC-A is the significant contributing factor
to a more negative DG and thus stabilization
( 3657 calmol 1 c.f. 2807 calmol 1 in the control
experiment; Fig. 3C). Although the entropic contribution is significant in both cases (indicating the importance of hydrophobic effects), there was no difference in
the measured change in entropy (DS) between experiments with or without FC-A (Fig. 3C). These observations indicate a binding profile with more hydrogen
bonding character in the ternary compared to binary system and no change in disorder between the two complexes. Thus, our ITC data (and FP experiments)
provide compelling evidence for FC-A-induced enhancement of the affinity for p53 CTD peptides to 14-3-3r.
Protein crystallography reveals paradoxical
evidence
To gain structural insight into our biophysical observations we first sought an improved binary crystal structure that might reveal more electron density around the
most C-terminal part of the p53 CTD peptide than was
previously obtained [22]. Gratifyingly, a p53 CTD peptide consisting of the C-terminal 12 amino acid residues
(including pThr387) in complex with 14-3-3r yielded
 resocrystals that showed in-house diffraction to 1.8 A
lution. The electron density obtained after molecular
replacement allowed the building of all 12 C-terminal
amino acid residues of the peptide (Fig. 4A). As
expected, the phosphorylated threonine residue
(pThr387) is seen to bind in the conserved basic pocket
of the 14-3-3 amphipathic groove formed by Lys49,
Arg56, Arg129 and Tyr130. The other residues also
show good agreement with the previously reported
structure [19]. Significantly, Glu388 is indeed observed
to protrude into the proposed ligand binding pocket.
Although the three most C-terminal residues appear
to be relatively flexible, as illustrated by an average B2 for the whole
2 compared to 30.2 A
factor of 43.7 A
peptide, a key feature of this novel binary structure is
the clearly visible C-terminus forming a salt bridge with
Arg60 of the 14-3-3r protein. An explanation for the
presence of the C-terminus in this structure and the lack
thereof in our previously reported structure with the 9mer peptide lies in the presence of Met384 in the 12-mer
peptide. In the 9-mer structure Met384 and Lys382 of
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Fig. 3. ITC further confirms FC-A stabilization. p53-CTD 15mer peptide (pThr387, 1.0 mM syringe concentration) was titrated to 14-3-3r
(0.10 mM) in the presence of: (A) DMSO control; (B) 1.0 mM FC-A. (C) DH and TDS contributions to DG. DMSO was used at 1% v/v
throughout. Data are representative of three replicates (see Fig. S2).

p53 are not physically present and Arg60 of the 14-3-3
protein is seen to be flexible, adopting two conformations. In this structure this is not possible as the alternative Arg60 site is occupied by Met384 and Lys382 of
the p53 peptide, forcing Arg60 to adopt a conformation
pointing towards the p53 C-terminus.
To study the mode of stabilization of the p53 – 14-33r complex by FC-A, we soaked the obtained crystals
2454

of the binary complex with FC-A. The soaked crystals
were then measured at a synchrotron (PETRA III;
 resolution.
DESY) and yielded diffraction to 1.2 A
After molecular replacement using the initial 12-mer
structure we observed 14-3-3 in its expected fold and,
crucially, additional electron density consistent with
binding of FC-A. However, a large part of the electron
density of the peptide was no longer observed, only
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A

B

Fig. 4. (A) Binary crystal structure showing a p53-CTD 12mer
peptide (pThr387, coloured according to atom with red residue
labels) bound to 14-3-3r (grey with black residue labels). 5MOC:
wwpdb.org. (B) Ternary crystal structure showing a p53-CTD
12mer peptide (pThr387, coloured according to atom with red
residue labels) bound to 14-3-3r (grey with black residue labels)
and FC-A (black). 5MXO: wwpdb.org.

allowing us to build in the key phosphorylated threonine pThr387 and two N-terminal amino acids
(Fig. 4B). As a result, the C-terminus of the peptide is
no longer visible and Arg60 of the protein is again
observed to adopt two conformations. While there is
some electron density where Glu388 would be expected,
we were not able to build in any conformation of that
amino acid, probably due to the presence of multiple
peptide conformations required to accommodate binding of FC-A. Significantly, a shift in helix 9 common to
other FC-A containing 14-3-3 crystal structures is
observed [12,14]. The electron density in this region is
difficult to interpret, but it is clear that the shift is driven
by Asp215 of 14-3-3 making polar contacts with FC-A
which is also consistent with previous crystal structures.

Discussion
In this communication we report the first example of
small-molecule stabilization of the 14-3-3 – p53 PPI.

Stabilization of the 14-3-3/p53 PPI

Although FC-A is not selective for this 14-3-3 PPI and
lacks the potency seen in systems with a ‘mode 3’
binding motif, it does represent a highly valuable toolcompound for further fundamental studies. The discovery also demonstrates the potential of this
approach as a strategy to develop novel anti-cancer
treatments and provides a useful starting point for
rational drug design.
This study revealed an unusual paradox in the context of 14-3-3 PPI stabilization whereby biophysical
and crystallographic data do not unambiguously corroborate each other. Our findings show a counterintuitive relationship between biophysical and crystallographic experimental data. Whilst our biophysical
data clearly point to FC-A-induced stabilization of the
p53 – 14-3-3r PPI, the crystal structure reveals a ternary structure with a highly disordered peptide binding
partner compared to the binary structure. Therefore, if
the crystallographic data was considered in isolation, it
could be concluded that FC-A actually destabilizes the
PPI interface. However this is not logical given that:
First, the disorder observed in the ternary structure is
not reflected in the DS values obtained by ITC which
are unchanged between binary and ternary systems.
Second, FC-A binding would not only need to compensate for the loss of key enthalpic contacts between
the C-terminus of the p53 peptide and 14-3-3r (as
observed in the ternary structure) but also enhance the
enthalpic contribution to binding as shown by the DH
values obtained by ITC. Such a paradox might be
explained by differing behaviour of the full length 143-3 construct used in our biophysical experiments compared to the truncated 14-3-3 DC construct used for
crystallization. To investigate this we performed FP
and ITC experiments with the truncated complex (see
Fig. S3). In both cases this data mirrored the results
obtained for the full length construct very closely and
thus cannot explain these observations.
A likely explanation therefore is that the current
crystal lattice does not allow the peptide to occupy its
preferred conformation in the presence of FC-A. This
artefactual result of crystal soaking would mean that
the current data is not an accurate description of the
ternary complex in solution. The data could also suggest that in this case stabilization is predominantly the
result of a FC-A induced conformational change to
14-3-3 (i.e. the shift in helix 9 and that is common to
other FC-A stabilized systems). This ‘allosteric’ rather
than ‘molecular glue’ mode-of-action does not necessitate contact between FC-A and the p53 CTD peptide
and thus might also explain the apparent disorder
observed in the ternary structure. Ultimately, analysis
of a ternary structure obtained by co-crystallization
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would provide convincing evidence to prove one of
these theories. However, despite significant efforts we
have not yet been able to co-crystallize the ternary
structure.
In conclusion, our results provide the first evidence
that small-molecule stabilization of the p53 – 14-3-3
PPI is an interesting drug-discovery strategy that now
warrants an expansive search for more potent and
PPI-specific compounds. Our findings highlight the
need for continued efforts to fully characterise the
structural basis for p53 binding to 14-3-3 and stabilization of the interaction. With an improved and
expanded chemical toolkit it will then be possible to
test the viability of the stabilization approach in a cellular context.
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Supporting information
Additional Supporting Information may be found
online in the supporting information tab for this article:
Data S1. Experimental procedures.
Fig. S1. Fluorescence polarization supporting information.
Fig. S2. (A, B) Replicate ITC experiments where
Experiment 1 is shown in Fig. 3 (main text). 15mer
peptide (1.0 mM syringe concentration) was titrated to
14-3-3r (0.1 mM) in the presence of: (A) DMSO control; (B) 1.0 mM FC-A. (C) Control experiments where
p53 CTD 15mer peptide (1.0 mM) was titrated to buffer in the presence of DMSO or 1 mM FC-A. DMSO
was used at 1% v/v throughout. Further experimental
details can be found in the Data S1.
Fig. S3. Experiments performed with the 14-3-3r DC
construct.
Fig. S4. LC-MS analysis of the 15mer peptide prepared in-house.
Table S1. Crystallography data and refinement statistics for 5MOC and 5MXO.
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