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Dysregulation of protein–protein interactions (PPIs) plays a key role in disease progression. PPI interfaces

have long been considered challenging targets to drug due to their large surface areas and lack of well-

defined binding sites suitable for small molecules. Peptide-based ligands offer the opportunity to mimic the

action of a native binding partner to inhibit PPIs. Previously, we have used the extensively characterized de

novo, parallel, homodimeric coiled coil, CC-Di, as a template to design selective inhibitors of the NOXA-B/

MCL-1 PPI. To further establish that coiled coils offer the possibility of modulating a helix-mediated PPIs,

we show that this approach can be adapted to design coiled coils that are competitive inhibitors of the

p53/hDM2 PPI with sub-micromolar (mM) affinities, as demonstrated by fluorescence anisotropy.

Introduction

Protein–protein interactions (PPIs) mediate the vast majority of
biological processes1–3 and can play important roles in disease.
The use of synthetic molecules to modulate PPIs is therefore
attractive; for instance, they can be used as probes to under-
stand the role of a protein or PPI in a biological process and
serve as starting points for drug discovery. The last 10–15 years
has seen progress in the development of small molecule, anti-
body and peptide-based modulators of PPIs for a number of

indications.4–6 However, developing potent and selective com-
petitive PPI inhibitors remains challenging; this arises due to the
large surface area, lack of well-defined pockets and dispersed
arrangement of recognition handles that define many PPIs.
Peptides are a particularly promising class of PPI inhibitor6 owing
to the molecular recognition capabilities they offer for high affinity
and selective target binding. Moreover, peptides and peptidomi-
metics can mimic a native binding partner with high fidelity.6 For
instance, mini-,7,8 and designed proteins,9–13 stapled peptides,14–17

foldamers18–21 and grafted proteins22 are all suitable design tem-
plates for inhibition of a-helix mediated PPIs.

An alternative approach to present a helical binding epitope is
within the context of a coiled coil. Coiled-coil peptide assemblies
are stable well-understood scaffolds.23 Typically, coiled-coil
sequences have heptad repeats (abcdefg)n where the a and d
positions are often hydrophobic residues that promote the folding
and direct association of two or more a-helical peptides (Fig. 1a).23

Moreover, the solvent-exposed b, c and f positions can be varied to
graft on functional residues, e.g. for target binding. Coiled-coil
assemblies have been used to rewire & regulate signalling path-
ways, and, as delivery or therapeutic reagents.24–27 Many PPIs are
categorised by hot-spot residues (i.e. residues that make a
significant contribution to the free energy of association –
DDG Z 4.2 kJ mol�1 – as demonstrated by methods such as
alanine scanning).28 Our groups29,30 and others31,32 have
shown that grafting of hot-spot residues onto the outer surface
of coiled coils offers promise as an approach to develop potent
PPI inhibitors. Previously, we used parallel homo and hetero-
dimeric coiled coils as templates for the design of potent and
selective NOXA-B/MCL-1 inhibitors (Fig. 1a and b);29 members
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of the BCL-2 family that regulate apoptosis33–35 and which have
received attention as therapeutic targets.36,37 Here, we demon-
strate the generality and adaptability of this approach through
the design of parallel coiled coils that selectively inhibit the
p53/hDM2 interaction. We chose p53/hDM2 because, like
NOXA-B/MCL-1, it is a helix mediated interaction that relies
on an i, i + 4 and i + 7 constellation of hot spot residues,38

whilst overexpression of hDM2 in many tumour cells inacti-
vates the tumour suppressor p53, promoting tumour growth,
making it a therapeutically important target39,40

To develop parallel coiled coils as p53/hDM2 inhibitors we
selected the de novo designed coiled-coil peptide CC-Di (Fig. 1a;
PDB: 4DZM)41 as a template, based on our success in using it to
develop inhibitors of the NOXA-B/MCL-1 interaction. CC-Di has
been extensively characterised. It relies upon the g, a, d and e
sites of the heptad repeat for assembly, leaving the b, c and f
positions available for grafting. The scaffold exhibits well-
defined oligomerization behaviour (i.e. forms only homodimers,
not higher order oligomers), unlike variants of the naturally
occurring GCN4 leucine zipper that have been exploited pre-
viously in protein grafting involving the C-terminal region of
HIV-1 gp41, which mediates HIV-1 entry into cells,42 and the p53
transactivation domain (p5315-29 or p53TAD).32 The p53TAD recog-
nises hDM2 primarily through an i, i + 4 and i + 7 constellation
of residues, F19, W23 and L26,38 whilst BH3 domains such as
NOXA-B also employ i, i + 4, i + 7 and i + 11 constellations
together with additional residues in recognizing their BCL-2

family (such as MCL-1) targets, resulting in strong binding
interactions.43

For the first approach, alignment of the crystal structures of
CC-Di (PDB ID:4DZM) and p53/hDM2 (PDB ID:1T4F) in PyMOL
overlayed the key i, i + 4 and i + 7 of the p53TAD in two alternate
registries: the e, b and e positions (CC-Di-p53-1-3) or f, c and f
positions (CC-Di-p53-4) across two heptads. Although the e
position plays a role in coiled-coil stability we hypothesized
that residue variation may be tolerated, given this was the case
in our original MCL-1 study. Therefore, CC-Di-p53-1-4 (Table 1,
light orange/brown) were proposed, bearing the key p53 hot-
spot residues and a number of further modifications intro-
duced on visual analyses of the aligned structure (CC-Di-p53-2:
Phe at c in heptad 2; CC-Di-p53-3: Glu at b in heptad 1, Phe at c
in heptad 2; CC-Di-p53-4: Glu at b in heptad 4). For the second
approach, whilst our MCL-1 binding coiled coils (e.g. CC-Di_S)
required grafting at b, c, e, f and b positions across two central
heptads to cover i, i + 4, i + 7 and other key residues, a minimal
hDM2 binding motif only required grafting of the solvent
exposed f, b, c and f positions across two heptads, to mimic
the i, i + 4 and i + 7 positions and one further residue (Table 1,
dark orange). Using b, f, b, positions might also have been
possible, but this would have placed the L22 mimicking side
chain at position e closer to the helix–helix interface, which was
less desirable than our chosen f, b, c and f positions. The first
design – CC-Di-p53-5 – contained only the minimal F.LW.L
sequence. For the second design – CC-Di-p53-6 – we analysed a

Fig. 1 Design of coiled coils as PPI inhibitors: (a) structure of parallel homodimeric coiled coil (CC-Di, PDB ID: 4DZM, orange) characterised by a series
of heptad repeats as illustrated. In prior work, (b) hot-spot residues (cyan sticks) from NOXA-B (cyan) have been grafted onto solvent exposed residues of
CC-Di to generate NOXA-B/MCL-1 inhibitors (MCL-1 in forest green, PDB ID: 2JM6). In this work; (c) p53 (cyan) and CC-Di (orange) were aligned and
residues (shown as sticks) manually selected for grafting to generate candidate p53/hDM2 inhibitors; or, (d) hot-spot residues (cyan sticks) from p53
(cyan) were grafted onto similar positions as used previously (hDM2 in forest green, PDB ID: 1T4F).
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number of published p53/hDM2 co-crystal structures44–48 with
BUDE Alanine Scan (BAlaS)49 (see Table S1) and implemented
the best predicted sequence variations alongside others shown
to improve potency (e.g. the pMI peptide).50 This resulted in the
grafted sequence: FL.YW.LL; we also altered the starting regis-
ter of CC-Di to place this grafted sequence as central as
possible.

AlphaFold3 was used to predict structures for peptide/hDM2
complexes using CC-Di-p53-1 and 5 as representative examples,
with pLDDT and pAE scores giving an indication of predictive
certainty (i.e. confidence) in the models (Fig. 2). The coiled-coil
peptides alone gave expected models for parallel, homodimeric
coiled coils with low pAE and high pLDDT scores. Hybrid coiled
coils where the hot residues were grafted between heptad 1 and
2 were predicted to behave differently compared to those where
the recognition site was grafted into heptads 2 and 3 of the
coiled coil. The models for CC-Di-p53-1 indicated that neither
2 : 1 nor 2 : 2 complexes (peptide:protein) are likely to be stable,
and that the grafted residues failed to reproduce the spatial
orientation of the p53 binding residues into the expected sites
on hDM2 for any oligomer state (1 : 1, 2 : 1 or 2 : 2). It should be
highlighted that grafting residues at e positions of the heptad
(CC-Di-p53-1) removes two lysine residues from the scaffold that
are known to support coiled-coil formation.41 Modelling of CC-
Di-p53-5 suggests that multiple oligomerization states may be
observed upon introduction of hDM2 including a 2 : 2 complex
whereby the designed dimer recruits two copies of protein. In

the case of CC-Di-p53-5, the models suggest that the f, c, f
placement of hot spots on CC-Di does not hinder dimeric assem-
bly of the peptide when bound to the protein. The models also
suggest that the coiled coil effectively recapitulates the spatial
orientation of the grafted residues into the expected sites on hDM2
where the hot-spot residues bind for all stoichiometries.

The designed peptides were prepared using solid phase
synthesis bearing 5,6-carboxyfluorescein following an amino-
hexanoic acid linker or acetyl groups at the N-terminus and C-
terminal amidation. Circular dichroism (CD) spectroscopy was
used to examine the secondary structure and stability of the
peptides in solution. In these experiments, acetonitrile was used
as a co-solvent to ensure solubilisation of the peptides; the effect
of acetonitrile was found to have minimal impact on secondary
structure and reduced thermal stability slightly (see Fig. S1).
Hybrid coiled coils that more closely retained the parent scaf-
fold exhibited a high a-helical content with ellipticity compar-
able to CC-Di (MRE222 reported �31.650).29 In contrast, CC-Di-
p53-5 and CC-Di-p53-6 adopted assemblies with lower helical
content, likely due to increased scaffold decoration with resi-
dues for recognition of hDM2 (Fig. 3a). Thermal denaturation
experiments (Fig. 3b) further demonstrated that these sequence
modifications influenced coiled-coil stability compared to the
parent CC-Di (Tm reported 75 1C).29 Peptides containing more
extensive substitutions showed reduced thermal stability, con-
sistent with the incorporation of helix-destabilising residues to
enhance target binding (Fig. 3b). Despite CC-Di-p53-1-3 lacking

Table 1 Library of designed peptides used in this study (with hot-spot residues bold and underlined, and additional variant residues bold, X = Ac or FAM-
Ahx-) NOXA-B (grey) and p53 (cyan) with underlined amino acids signifying hot-spot residues. The canonical parent CC-Di (black) is used to generate
hybrid sequences that assemble into parallel homodimeric coiled coils via two design strategies; (i) alignment of CC-Di (PDB ID:4DZM) and p53/hDM2
(PDB ID:1T4F) structures, swapping coiled coil residues for the overlayed p53 hot-spot residues (light orange); (ii) grafted residues involved in p53/hDM2
binding at f, b, c and f positions of the heptad as exploited in our previous study (dark orange). (Notes: CC-Di-p53-4 arose from a different alignment
which matches the (ii) series and is shown brown)
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the e to g salt bridge in the first heptad due to substitution at the
e position, their melting temperatures were shown to be com-
parable to those of CC-Di-p53-4 and CC-Di-p53-5. Notably, CC-
Di-p53-6 displayed the lowest stability yet had the highest
affinity for hDM2 by fluorescence anisotropy experiments and
native mass spectrometry (see below).

The ability of the peptides to competitively inhibit the p53/
hDM2 interaction was evaluated by fluorescence anisotropy com-
petition assays whereby a fluorescently labelled p53 ligand (FAM-
Ahx-p53-Opt) was displaced from hDM2 using the acetylated

coiled-coil p53 mimics (Fig. 4a and b, see Fig. S2 for direct titration
of FAM-Ahx-p53-Opt). CC-Di-p53-1 did not fit well to the logistic
model for a 1 : 1 competition process suggesting the possibility of a
non-specific element to binding and/or tracer interaction, as has
been observed previously for p53/hDM2 inhibitors.51 Peptides
CC-Di-p53-2 to 6 showed competitive inhibition in the low or
sub-micromolar range. As expected from the sequence design,
CC-Di-p53-6 (IC50 = 240 � 3 nM) was the most potent inhibitor,
which can be attributed to the more extensive hot-spot grafting
onto the scaffold. FAM labelled variants of the coiled coils were

Fig. 2 AlphaFold3 models of representative coiled coils CC-Di-p53-1 and CC-Di-p53-5 (yellow and orange) in the absence and presence of hDM2: (a)
side and top view of the wildtype p53TAD/hDM2 PPI (PDB ID: 1T4F); (b) side and (c) top view of CC-Di-p53-1 as (i) a coiled coil in the absence of protein, (ii)
a 1 : 1 complex, (iii) a 2 : 1 complex and (iv) a 2 : 2 complex with hDM2 (forest green); (d) average pAE and pLDDT scores for each CC-Di-p53-1 complex
with hDM2 (blue indicates greater predictive certainty in the model), where complexes of CC-Di-p53-1 with hDM2 become increasingly less likely to
form; (e) side and (f) top view of CC-Di-p53-5 as (i) a coiled coil in the absence of protein, (ii) a 1 : 1 complex, (iii) a 2 : 1 complex and (iv) a 2 : 2 complex
with hDM2; (g) average pAE and pLDDT scores for each CC-Di-p53-5 complex with hDM2.
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tested for direct binding to hDM2, and to assess selectivity to a
different helix binding target – BCL-xL – and a further non-helix
binding protein – SPOP (Fig. 4b and c). All designs bound to
hDM2 with single digit mM affinity or better; the most potent
ligands were CC-Di-p53-5 (Kd = 0.35 � 0.05 mM) and CC-Di-p53-6

(Kd = 0.07� 0.01 mM) in concordance with the competition assay
and which is comparable in affinity to the tracer peptide (FAM-
Ahx-p53-Opt Kd = 0.08 � 0.01 mM. This is in the same affinity
regime as previously described coiled coils, based on grafted
GCN4-derived peptides;32 the well-defined assembly behaviour

Fig. 3 Circular dichroism spectroscopy analyses of p53-coiled coil hybrids: (a) spectral scans of the peptides at 20 1C; (b) thermal denaturation from
20–90 1C, scanning at a wavelength of 222 nm; (c) table of reported Tm values (experiments were performed at a concentration of 20 mM peptide in PBS
pH 7.4 with 30% acetonitrile in a 1 mm cell). The effect of 30% acetonitrile on coiled coil assembly in this case was negligible (Fig. S1).

Fig. 4 hDM2 binding experiments measured by fluorescence anisotropy (FA): (a) fluorescence anisotropy competition assays against the FAM-Ahx-p53-
Opt/hDM2 interaction (20 mM Tris, 150 mM NaCl, pH 7.6, assays performed in triplicate, peptides acetylated at the N-terminus); (b) table summarising
IC50 and Kd values, determined by FA. CC-Di-p53-1 did not fit well to a logistic model and consequently an IC50 value could not be determined; (c)
variation in peptide tracer anisotropy as protein was titrated in a direct binding assay (Kd determined using total peptide concentration, titrated against
hDM2, BCL-xL or SPOP in 20 mM Tris, 150 mM NaCl, pH 7.4, assays performed in triplicate, peptides functionalised with 5,6,carboxy fluoresceine (FAM)
and an aminohexanoic acid at the N-terminus).
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of the CC-Di template used here and the ability to rationally
engineer it, may make it advantageous for grafting hot-spot
residues. In addition, the peptides did not bind to either of BCL-
xL or SPOP, indicating good selectivity for hDM2 relative to these
two targets. The template CC-Di coiled coil was previously
shown to have no inhibitory potency when tested against
NOXA-B/MCL-1, BH3/BCL-xL, or p53/hDM2, whilst CC-Di_S
inhibited only NOXA-B/MCL-1, further emphasizing the ability
to tune target selectivity for this series of designed coiled coils
by choice of grafted residue, which has not yet been demon-
strated with GCN4-derived coiled coils.

In our prior study on NOXA-B grafted coiled coils for MCL-1,
AlphaFold2 modelling of the complexes suggested that dimeric
coiled coils could recruit two copies of MCL-1.30 The dimeric
coiled coils with high affinity for MCL-1 exhibited a preference
for 2 : 2 peptide:MCL-1 ternary complex formation as shown by
native mass spectrometry (MS) and analytical ultracentrifuga-
tion (AUC). To further probe the nature of hDM2 binding for
CC-Di-p53-1-6, we attempted AUC and native MS experiments.
Sedimentation velocity (SV) AUC on equimolar mixtures of
protein and peptide failed to provide interpretable data indi-
cating the complexes may not be stable and/or aggregate under
the conditions of the experiment. Consistent with circular dichro-
ism, fluorescence anisotropy experiments and AlphaFold3 predic-
tions, native MS analyses (Fig. S3) revealed minimal complex
formation of hDM2 with CC-Di-p53-1. The highest affinity inter-
action observed was between hDM2 and CC-Di-p53-6, whereby a
1 : 1 complex dominated the mass spectrum. This is consistent
with the high affinity measured by fluorescence anisotropy, and
the low coiled-coil stability of CC-Di-p53-6 measured by circular
dichroism, suggesting that as we increase grafting on to the
scaffold, the coiled coils more readily dissociate to bind to the
target. Indeed, it is possible that the low CC-Di-p53-6 coiled-coil
stability combined with the reduction in hydrophobic inter-
action strength during gas-phase analysis within the mass
spectrometer, prevented the observance of any 2 : 2 complexes
involving CC-Di-p53-6.

Overall, native MS data provides additional evidence of
binding between CC-Di-p53-1-6 and hDM2. In the case of CC-
Di-p53-1-3, the grafted hotspots are at positions in the heptad
that influence assembly, so these are more likely to dissociate in
order to bind to hDM2. For CC-Di-p53-4 and CC-Di-p53-5, coiled
coil dissociation on hDM2 binding may also occur; however,
native MS shows that 1 : 1, 2 : 1 and 2 : 2 (peptide/protein) com-
plexes are all feasible (Fig. S3). This is consistent with the
AlphaFold models. CC-Di-p53-4-6 were less helical, less ther-
mally stable or both, whilst the absence of stabilising interac-
tions in the 2 : 2 complex and steric effects may favour a broader
range of assembly states.

Conclusions

In this study we have further probed the scope of parallel,
homodimeric coiled coils as a scaffold in the design of PPI
inhibitors. Our biophysical analyses conclude that the strategy

can be adapted for the p53/hDM2 system to generate a set of a-
helical ligands where substitution of the parent CC-Di at the e
position of the heptad (close to the dimerization interface) is
tolerated. Coiled-coil stability is closely linked to the extent of
scaffold decoration and not only the positions on the heptad
where grafting occurs. AlphaFold3 models of representative
hDM2 complexes with CC-Di-p53-1 and CC-Di-p53-5 suggest
grafting of p53 hot residues at c and f positions of the heptad
may allow access to higher order oligomers to recruit an
additional unit of protein, but that grafting at e positions of
the heptad (CC-Di-p53-1) is not well tolerated, and the homo-
dimer is likely to dissociate to bind in a 1 : 1 complex with the
protein. Such a property could be harnessed, i.e. to switch
between coiled coils and peptide/protein recognition in future
studies. For the designs where residues were grafted only at b, c
and f positions across heptads 2 and 3, e.g. CC-Di-p53-4-6, the
assembly state of the coiled coils when bound to hDM2 and the
complex stoichiometries are more diverse. This may indicate a
requirement for high potency co-operative recognition in order
to form higher order (e.g. 2 : 2) ternary complexes, but also a
likely requirement for steric complementarity. Finally, as the
scaffold was increasingly substituted with hDM2 binding
residues, inhibitory potency of the peptides increased (e.g.
CC-Di-p53-6 IC50 = 0.24 � 0.03 mM). Selective recognition of
hDM2 was also achieved over two other proteins (BCL-xL and
SPOP). To improve the therapeutic relevance of this technique
in the future, surface-charge optimisation or the inclusion of
a solubility tag may address the poor solubility of the designs
in aqueous environments. Overall, these data provide valu-
able insight on the subtle interplay between coiled-coil
assembly and recognition of target proteins by grafted resi-
dues to inform future design of parallel coiled-coil based PPI
inhibitors.
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Verschueren, K. Verstraete, S. T. R. Walsh, N. Bennett, A. Phal,
A. Yang, L. Kozodoy, M. DeWitt, L. Picton, L. Miller, E.-
M. Strauch, N. D. DeBouver, A. Pires, A. K. Bera, S. Halabiya,
B. Hammerson, W. Yang, S. Bernard, L. Stewart, I. A. Wilson,
H. Ruohola-Baker, J. Schlessinger, S. Lee, S. N. Savvides,
K. C. Garcia and D. Baker, Nature, 2022, 605, 551–560.

11 A. Chevalier, D.-A. Silva, G. J. Rocklin, D. R. Hicks,
R. Vergara, P. Murapa, S. M. Bernard, L. Zhang, K.-H. Lam,
G. Yao, C. D. Bahl, S.-I. Miyashita, I. Goreshnik, J. T. Fuller,
M. T. Koday, C. M. Jenkins, T. Colvin, L. Carter, A. Bohn,
C. M. Bryan, D. A. Fernández-Velasco, L. Stewart, M. Dong,
X. Huang, R. Jin, I. A. Wilson, D. H. Fuller and D. Baker,
Nature, 2017, 550, 74–79.

12 S. Berger, E. Procko, D. Margineantu, E. F. Lee, B. W. Shen,
A. Zelter, D.-A. Silva, K. Chawla, M. J. Herold, J.-M. Garnier,
R. Johnson, M. J. MacCoss, G. Lessene, T. N. Davis,

P. S. Stayton, B. L. Stoddard, W. D. Fairlie, D. M. Hockenbery
and D. Baker, eLife, 2016, 5, e20352.

13 E. Pannecoucke, M. Van Trimpont, J. Desmet, T. Pieters,
L. Reunes, L. Demoen, M. Vuylsteke, S. Loverix,
K. Vandenbroucke, P. Alard, P. Henderikx, S. Deroo, F. Baatz,
E. Lorent, S. Thiolloy, K. Somers, Y. McGrath, P. V. Vlierberghe,
I. Lasters and S. N. Savvides, Sci. Adv., 2021, 7, eabe1682.

14 M. T. J. Bluntzer, J. O’Connell, T. S. Baker, J. Michel and
A. N. Hulme, Pept. Sci., 2021, 113, e24191.

15 Y. Li, M. Wu, Y. Fu, J. Xue, F. Yuan, T. Qu, A. N. Rissanou,
Y. Wang, X. Li and H. Hu, Pharmacol. Res., 2024, 203, 107137.

16 P. M. Cromm, J. Spiegel and T. N. Grossmann, ACS Chem.
Biol., 2015, 10, 1362–1375.

17 N. S. Robertson and D. R. Spring, Molecules, 2018, 23, 959.
18 J. W. Checco, E. F. Lee, M. Evangelista, N. J. Sleebs, K. Rogers,

A. Pettikiriarachchi, N. J. Kershaw, G. A. Eddinger, D. G. Belair,
J. L. Wilson, C. H. Eller, R. T. Raines, W. L. Murphy, B. J. Smith,
S. H. Gellman and W. D. Fairlie, J. Am. Chem. Soc., 2015, 137,
11365–11375.

19 A. Barnard, K. Long, H. L. Martin, J. A. Miles, T. A. Edwards,
D. C. Tomlinson, A. Macdonald and A. J. Wilson, Angew.
Chem., Int. Ed., 2015, 54, 2960–2965.

20 C. M. Grison, J. A. Miles, S. Robin, A. J. Wilson and D. J.
Aitken, Angew. Chem., Int. Ed., 2016, 55, 11096–11100.

21 B. B. Lao, I. Grishagin, H. Mesallati, T. F. Brewer, B. Z. Olenyuk
and P. S. Arora, Proc. Natl. Acad. Sci. U. S. A., 2014, 111,
7531–7536.

22 S. N. Walker, R. L. Tennyson, A. M. Chapman, A. J. Kennan
and B. R. McNaughton, ChemBioChem, 2015, 16, 219–222.

23 D. N. Woolfson, J. Biol. Chem., 2023, 299, 104579.
24 J. Utterstrom, S. Naeimipour, R. Selegard and D. Aili, Adv.

Drug Delivery Rev., 2021, 170, 26–43.
25 G. G. Rhys, J. A. Cross, W. M. Dawson, H. F. Thompson,

S. Shanmugaratnam, N. J. Savery, M. P. Dodding, B. Hocker
and D. N. Woolfson, Nat. Chem. Biol., 2022, 18, 999–1004.

26 J. A. Cross, W. M. Dawson, S. R. Shukla, J. F. Weijman,
J. Mantell, M. P. Dodding and D. N. Woolfson, Nat. Chem.
Biol., 2024, 20, 916–923.

27 T. Plaper, E. Rihtar, T. Železnik Ramuta, V. Forstnerič,
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