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rotein disorder–order transition in
small molecule recognition†

Cesar Mendoza-Martinez,‡§ Michail Papadourakis,‡{ Salomé Llabrés,k
Arun A. Gupta,** Paul N. Barlow and Julien Michel *

Many proteins recognise other proteins via mechanisms that involve the folding of intrinsically disordered

regions upon complex formation. Here we investigate how the selectivity of a drug-like small molecule

arises from its modulation of a protein disorder-to-order transition. Binding of the compound AM-7209

has been reported to confer order upon an intrinsically disordered ‘lid’ region of the oncoprotein MDM2.

Calorimetric measurements revealed that truncation of the lid region of MDM2 increases the apparent

dissociation constant of AM-7209 250-fold. By contrast, lid truncation has little effect on the binding of

the ligand Nutlin-3a. Insights into these differential binding energetics were obtained via a complete

thermodynamic analysis that featured adaptive absolute alchemical free energy of binding calculations

with enhanced-sampling molecular dynamics simulations. The simulations reveal that in apo MDM2 the

ordered lid state is energetically disfavoured. AM-7209, but not Nutlin-3a, shows a significant energetic

preference for ordered lid conformations, thus shifting the balance towards ordering of the lid in the

AM-7209/MDM2 complex. The methodology reported herein should facilitate broader targeting of

intrinsically disordered regions in medicinal chemistry.
Introduction

Over 25% of proteomes in eukaryotes consist of proteins that
lack a well-dened tertiary structure.1,2 Nearly half of all
proteins contain signicant intrinsically disordered regions
(IDRs), i.e. contiguous stretches of 20–50 amino acids that
remain disordered in native conditions. IDRs are oen key
players in molecular recognition processes that underpin the
affinity and selectivity of protein–protein interactions (PPIs).3 A
common scenario is that an IDR motif in a protein undergoes
a disorder-to-order transition upon binding to another protein,
leading to formation of a low-affinity high-selectivity complex.4

Classical examples of disorder-to-order transitions include PPIs
where one or both partner fold(s) into a well-structured protein
upon binding.5–7 However a growing number examples
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illustrate that one or both partner in a PPI may remain signi-
cantly disordered in the complex.8–12

Ample evidence points to the important roles of IDRs in the
pathophysiology of diverse diseases such as cancers, diabetes or
neurodegenerative disorders.13 Consequently there is strong
interest in developing therapeutic agents that interact with IDRs
to modulate protein–protein interactions.14,15 An appealing
strategy would be to mimic Nature and identify small molecules
that induce disorder-to-order transitions on binding to a target of
interest.16–18 To date examples of such small molecules have been
largely discovered by serendipity. Consequently there is an unmet
need for methodologies that facilitate the design of modulators
of disorder-to-order transition in protein structures.19–26

With the view of advancing general understanding of small
molecule–IDR interactions, the present report focuses on eluci-
dating the energetics of a disorder-to-order transitionmechanism
observed upon binding of the small molecule AM-7209 to the N-
terminal domain of the MDM2 protein (Fig. 1A and C). MDM2 is
a negative regulator of the tumor suppressor p53.27,28 The binding
mechanism of p53 to MDM2 has been investigated previously via
a variety of computational and experimental methods.29–33 MDM2
is a validated drug target that has attracted vigorous medicinal
chemistry efforts.34–36 Several p53/MDM2 antagonists have
entered clinical trials for diverse oncology indications.37,38 AM-
7209 is a lead molecule from the piperidinone family of MDM2
ligands.39 Michelsen et al. used X-ray crystallography, NMR and
biophysical experiments to demonstrate that piperidinone
ligands order the N-terminal ‘lid’ IDR of MDM2 upon binding
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Ligand-specific modulation of conformational preferences of
the MDM2N-terminal domain lid IDR. (A) In apo MDM2 the lid region is
disordered and exchanges on a millisecond timescale between ‘open’
and ‘closed’ disordered conformational states that regulate access to
the p53-binding site.30,32 (B) Previous work from Bueren-Calabuig and
Michel suggests the ligand Nutlin-3a binds MDM2 with the lid in
‘closed’ state broadly similar to that seen in apo.31 (C) Binding of the
MDM2 ligand AM-7209 orders the MDM2 lid region into a helix-turn-
strandmotif.31,40 Representative snapshots of the lid conformations are
taken from the simulations reported in this manuscript.
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(Fig. 1C).40 By contrast the p53/MDM2 antagonist Nutlin-3a binds
to MDM2 without ordering the lid region (Fig. 1B).40,41

Currently it is not understood why piperidone ligands order
the MDM2 lid IDR, whereas other ligands such as Nutlin-3a do
not. Such knowledge would greatly facilitate the rational design
of ligands targeting protein IDRs, and open new opportunities to
modulate protein function with small molecules. Here we
provide a rationale for the different binding mechanisms of AM-
7209 and Nutlin-3a by combining calorimetric measurements
with a novel method for performing absolute free energy of
binding calculations, and with enhanced-sampling molecular
dynamics (MD) simulations. The results pave the way for broader
targeting of IDRs in structure-based drug design campaigns.
Fig. 2 MDM2 lid truncation has a differential effect on thermodynamic
signatures of Nutlin-3 and AM-7209 binding. (A) Apparent standard
Gibbs free energies of binding and dissociation constants measured by
ITC experiments. (B) Enthalpies of binding. (C) Entropies of binding.
Dark blue: Nutlin-3a/MDM2-Lid. Light blue: Nutlin-3a/MDM2-Lid/
short. Dark green: AM-7209/MDM2-Lid. Light green: AM-7209/
MDM2-Lid/short. Error bars denote �1s (n ¼ 3).
Results and discussion
Truncation of the MDM2 lid IDR modulates AM-7209 affinity
by 250-fold

We prepared protein constructs for human MDM2 6-125 and
MDM2 17-125 (Fig. S1 and S2,† referred to as MDM2-Lid and
© 2022 The Author(s). Published by the Royal Society of Chemistry
MDM2-Lid/short from here on). These constructs were chosen
to be similar to those used by Michelsen et al. for ITC
measurements on Nutlin-3a and selected piperidone ligands.40

Michelsen et al. showed that truncation of the rst ve residues
of the N-terminal region of MDM2 has negligible effects on
measured binding affinities, whereas truncation of the rst
sixteen residues signicantly affects the binding affinity of
piperidinone ligands only.40 As measurements of the binding
affinity of AM-7209 to a MDM2-Lid/short variant have not been
reported we carried out ITC measurements to study the effect of
lid truncation on Nutlin-3a and AM-7209 binding. Previous
reports indicate that both compounds bind to MDM2 with
a 1 : 1 stoichiometry.39,41 The present experiments gave well
behaved titrations with similar errors for all complexes (Fig. S3,
S4 and Table S1†). In the case of Nutlin-3a lid truncation only
weakly increases the apparent dissociation constant, by 1.2–2.3
fold (Fig. 2A), without signicant changes in enthalpy or
entropy of binding (Fig. 2B and C). These observations are in
broad agreement with previous reports.40 Our measurements
Chem. Sci., 2022, 13, 5220–5229 | 5221
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reveal that AM-7209 is an extraordinarily potent ligand for
MDM2-Lid, with an apparent Kd value of ca. 5 � 1 pM (Fig. 2A).
In the case of AM-7209, lid truncation causes a signicant
increase in the enthalpy of binding, and a decrease in the
entropy of binding (Fig. 2B and C). Thus, changes in enthalpy
favour binding of AM-7209 to MDM2-Lid over MDM2-Lid/short.
This suggests that additional interactions between the MDM2
lid region and AM-7209 or the MDM2 core region are present in
the AM-7209/MDM2-Lid complex in comparison with the AM-
7209/MDM2-Lid/short complex. The lack of difference in
enthalpies of binding of Nutlin-3a between the two MDM2
constructs suggest that AM-7209 induces a distinct conforma-
tional change in the MDM2 lid region over Nutlin-3a. As
changes in entropy disfavour binding of AM-7209 to MDM2-Lid
over MDM2-Lid/short, this suggests that such lid conforma-
tional change is associated with increased rigidity of the lid
region in the AM-7209/MDM2-Lid complex over the Nutlin-3a/
MDM2-Lid complex. The net effect of lid truncation in the
case of AM-7209 binding to MDM2 is a remarkable 250-fold
increase in apparent Kd.

Spontaneous ordering of the MDM2 lid is energetically
disfavoured in apo MDM2

Clarication of the intrinsic energetic preferences of the MDM2
lid IDR was sought by using molecular dynamics (MD) simu-
lation methodologies. Forceeld development for molecular
Fig. 3 The lid IDR predominantly adopts a closed and disordered mac
calculations. (B) Free-energy surface of apo MDM2. Heatmap scale in kca
with solid lines (open and ordered macrostate) or dashed lines (closed an
macrostates highlighted in the free-energy surface are shownwith the lid
states highlighted in panels (B) and (C). Error bars denote �1s from the

5222 | Chem. Sci., 2022, 13, 5220–5229
dynamics simulations of IDPs is an active research area.25,42 The
choice of solvent model and protein forceeld greatly inuences
the conformational ensembles gathered from MD simula-
tions.43–45 For the specic case of protein IDRs simulations,
forceelds that correctly describe both the intrinsically disor-
dered regions and the folded regions of the protein are
required.25,46 There is no consensus yet on which is the best
forceeld for IDRs as the accuracy of the predictions seem to
depend on the studied protein. Here we used the amber99SB-
ildn-nmr forceeld because it was shown to reproduce reason-
ably the behaviour of ordered motifs in proteins,47 and the
disordered N-terminal tail region of histone H3.48 Previous
studies with this forceeld have also given a reasonable
description of the MDM2 lid IDR dynamics.31–33

Estimation of a free-energy surface for the lid region was
carried out using a MD simulation-sampling protocol that
combines accelerated molecular dynamics (aMD),49 Umbrella
Sampling (US),50 and variational free-energy prole (vFEP)
methodologies (see ESI text, Table S2 for protocol details and
Fig. S5 for convergence estimates†).51 This approach has been
used in previous studies of MDM2 lid dynamics,31,32 but ordered
lid conformations could not be detected in the computed apo
ensembles. Evaluation of the conformational energetics of the
MDM2 lid IDR by use of a free energy surface requires nding
a low-dimensionality projection that separates ordered and
disordered lid conformations. This was achieved here by carrying
rostate in apo MDM2. (A) Collective variables used for aMD/US/vFEP
l mol�1. Contours used to estimate macrostate populations are shown
d disordered macrostate). (C) Representative snapshots from different
IDR highlighted in blue. (D) Structural properties of the lid in the distinct
first and last halves of the US simulations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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out independent aMD simulations on models of apo-MDM2,
Nutlin-3a/MDM2 and AM-7209/MDM2, initiated with the lid
IDR in distinct conformations observed in NMR and X-ray
experiments. Snapshots sampled from the different aMD simu-
lations were pooled and projected on different 2D and 3D
collective variables drawn from geometric descriptors supported
by the AMBER16 suite for follow up US simulations. To avoid
excessively time-consuming Umbrella sampling calculations, we
settled down on a 2D representation that monitors the end-to-
end distance of the lid and the relative position of the lid with
respect to the core region (Fig. 3A). Such representation was able
to separate ordered lid conformations observed in the AM-7209
complex from other conformations seen during the aMD simu-
lations. Analysis of the free-energy surface obtained aer vFEP
processing of the US trajectories indicates that in apo MDM2 the
lid IDR adopts a major “closed and disordered” lid macrostate
that accounts for ca. 75–80% of the lid's conformational
ensemble (Table S3†). This macrostate is characterised by
a diverse range of lid conformations that extend above helix a2
and the p53-binding site, with occasional formation of helical
motifs in the middle of the IDR region (Fig. 3B–D). Formation of
an “open and disordered” macrostate is energetically strongly
disfavoured, and it accounts for less than 1% of the ensemble in
Fig. 4 Adaptive sampling of the l-schedule significantly improves the e
Schematic description of static and adaptive alchemical absolute bindi
binding free energies for Pip-2 in complex with MDM2-Lid/short with a st
blue line denotes the mean of the five replicates and the orange shade
replicates. Standard-state corrections have not been applied. (C) Evolutio
5) over time for successive pairs of windows i, i + 1 across the l-schedule.
purposes only. (D) Convergence profile for free-energies of Pip-2 binding
blue dotted lines denote successive epochs of the adaptive protocol. O

© 2022 The Author(s). Published by the Royal Society of Chemistry
the present simulations (Fig. 3B–D). An “open and ordered”
macrostate featuring comparatively lower positional uctuations
throughout the lid IDR and a helix-turn-strand motif, similar to
that seen in X-ray structures of AM-7209/MDM2 complexes,
accounts for ca. 6–8% of the ensemble (Fig. 3B and C). Such a low
population may explain why it would have been difficult to
observe directly the “open and ordered” lid macrostate in
previous NMR experiments performed on apo MDM2.30
An adaptive sampling protocol enables efficient computation
of binding energetics for MDM2 ligands

The free energy surface analysis indicates that the “open and
ordered” lid macrostate is less stable than the “closed and
disordered”macrostate by ca. 1.4� 0.2 kcal mol�1. To clarify why
such a macrostate is predominant in the AM-7209/MDM2
complex it is necessary to determine ligand-binding energetics
to distinct lid macrostates. Alchemical absolute binding free-
energy calculations (ABFE) may in principle be used for this
purpose. Here we use a double decoupling methodology with
orientational restraints (Fig. S8†) and standard state corrections to
compute standard free energies of binding (Fig. S6 and ESI
text†).52–57
fficiency of alchemical absolute binding free-energy calculations. (A)
ng free energy calculation protocols. (B) Convergence of computed
atic protocol. Dashed lines are for individual replicates (n¼ 5). The solid
d area denotes the 95% confidence interval on the mean of the five
n of the standard deviation of the mean MBAR free-energy change (n¼
Data for each window pair plotted with a different colour for illustrative
using an adaptive protocol and threshold, s¼ 0.100 kcal mol�1. Vertical
ther details similar to panel (B).

Chem. Sci., 2022, 13, 5220–5229 | 5223
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Achieving reasonable convergence of the computed binding
free energies with ABFE methodologies remains very chal-
lenging for lead-like molecules bound to exible protein
regions. Here we addressed this issue by developing an adaptive
sampling protocol that optimises resource allocation to
produce free-energy of binding estimates at a fraction of the
computing costs required for a standard protocol (Fig. 4A). The
adaptive protocol was initially benchmarked on the structurally
related but simpler ligand, Pip-2, in complex with MDM2-Lid/
short. These calculations were carried out using the
Amberff14SB forceeld as the amber99SB-ildn-nmr forceeld
was not supported by our ABFE setup tool FESetup version 1.2.
Reliable binding free-energy estimates could be obtained with
a standard protocol where the same sampling time of 50 ns is
allocated to each of the windows used to decouple the ligand in
the bound and the free state (12 for decoupling electrostatic
interactions, 26 for decoupling Lennard-Jones interactions in
each bound/free stages, giving a total of 76 windows for the full
l-schedule). Five replicates are carried out to estimate a mean
binding free energy and condence interval, which amounts to
a cumulative sampling time of 19 ms (Fig. 4B). Fig. 4C indicates
that uctuations in the mean free energy changes between
successive windows are unevenly distributed along the l-
schedule. A few windows require signicantly more sampling
time to decrease statistical uctuations to a level where the
mean binding free energy estimate reaches a plateau. These
windows correspond to stages of the l-schedule where the
Fig. 5 Adaptive ABFE calculations reveal a marked preference of AM-720
of binding for Nutlin-3a. (B) Computed standard binding free-energies f

5224 | Chem. Sci., 2022, 13, 5220–5229
bound state ligand Lennard-Jones interactions are partially
decoupled. Such states give noisy free energy changes unless
long sampling time are used because diffusion of water mole-
cules in the protein binding site is frustrated by the presence of
the partially decoupled ligand.

To address this sampling difficulty whilst minimising use of
computing resources we implement an adaptive sampling
protocol. Quintuplicate simulations are carried out for a period
of 5 ns (an “epoch”) across a predened l-schedule. Once an
epoch has completed, the free-energy change between neigh-
bouring windows is estimated using the Multistate Bennett
Acceptance Ratio method (MBAR).58 Windows whose standard
deviation of the mean free-energy change exceeds a threshold
parameter, s, are automatically carried forward to the next
epoch. The protocol is iterated for a set number of epochs or
until the standard deviation of all windows drops below s. Thus,
as the simulations progress, computing resources are auto-
matically focussed on parts of the l-schedule that require more
effort to compute sufficiently precise free energy changes.
Signicant savings of compute resource may therefore be ach-
ieved by the early termination of sampling of well-behaved
windows. Fig. 4D depicts a convergence prole for an adaptive
sampling run with s ¼ 0.100 kcal mol�1. The threshold
parameter s must be chosen with care. A too low value yields
little savings in computing time, a too high value may cause the
simulations to terminate prematurely and yield a biased
binding free energy estimate. Additional experiments
9 for the MDM2/Lid-closed state. (A) Computed standard free-energies
or AM-7209. Error bars denote �1s (n ¼ 5).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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determined that s ¼ 0.100 kcal mol�1 gives the best speed/
accuracy trade-off for the present system (see ESI text and
Fig. S7 for convergence plots†). Results statistically indistin-
guishable from the brute-force calculation are achieved with an
almost six-fold decrease in computing resources requirement.
AM-7209 but not Nutlin-3a shows a marked preference for
binding to ordered lid conformations

The efficiency gains observed with the adaptive sampling
encouraged us to pursue the more challenging ABFE simula-
tions of AM-7209 and Nutlin-3a in complex with MDM2/Lid-
short and MDM2/Lid. For the version with lid, two representa-
tive “closed and disordered” and “open and ordered” lid
conformations were constructed from the free-energy surface
depicted in Fig. 3B and previous crystallographic data. The
standard free energies of binding computed for the two ligands
and the three different MDM2 states are summarised in Fig. 5
(Fig. S9† for detailed convergence proles).

The calculated binding free energies show that Nutlin-3a binds
more favourably toMDM2/Lid-closed thanMDM2/Lid-short by ca.
1 kcal mol�1 (Fig. 5A). This is consistent with the slight preference
Fig. 6 Mechanistic interpretation of ligand-dependent disorder–order
Representative snapshot from simulations of MDM2/Lid-closed in com
MDM2/Lid-closed in complex with AM-7209.

© 2022 The Author(s). Published by the Royal Society of Chemistry
for MDM2/Lid observed in ITC experiments. Nutlin-3a further
shows a ca. 0.5 kcal mol�1 preference for binding to MDM2/Lid-
ordered when compared to MDM2/Lid-closed. In the case of
AM-7209 the MDM2/Lid-closed state is the least preferred, fol-
lowed by MDM2/Lid-short, and MDM2/Lid-ordered. The latter is
favoured over MDM2/Lid-closed by ca. 3 kcal mol�1 and over
MDM2/Lid-short by ca. 1.5 kcal mol�1 (Fig. 5B).

The overall picture that emerges is that the “open and
ordered” lid macrostate of MDM2 is barely detectable in apo
MDM2 because it is ca. 1.5 kcal mol�1 less stable than the major
“closed and disordered” lid microstate. This corresponds to an
“open and ordered” equilibrium population of ca. 7%. Upon
binding to MDM2 Nutlin-3a shows a slight energetic preference
of ca. 0.5 kcal mol�1 for the “open and ordered” lid macrostate,
which is insufficient to populate the ordered state to a signi-
cant extent (the equilibrium population of ''open and ordered”
increases to ca. 15%). By contrast the strong (ca. 3 kcal mol�1)
preference in binding energetics of AM-7209 for the “open and
ordered” lid macrostate is sufficient to shi the energetic
balance towards signicantly populating this macrostate (the
equilibrium population of “open and ordered” increases to ca.
90%) in the protein–ligand complex (Fig. 6A).
transition of the MDM2 lid IDR. (A) Schematic energy landscapes. (B)
plex with Nutlin-3a. (C) Representative snapshot from simulations of

Chem. Sci., 2022, 13, 5220–5229 | 5225
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In the case of Nutlin-3a interactions with the lid are stabil-
ising as the calculated free-energy of binding to MDM2/Lid-
closed is more negative than to MDM2/Lid-short. For AM-7209
the opposite is observed. This difference is not reproduced
when using a docking approach, that favours lid-closed states
for both ligands (Fig. S10†). Analysis of the ABFE trajectories
suggests that in the “closed and disordered” macrostate the lid
lies more frequently above helix a2, and the piperazinone group
in Nutlin-3a frequently forms hydrogen-bonding interactions
with lid residues and in particular the backbone-NH of Thr10
(Fig. 6B). By contrast, bulkier ring substituents in AM-7209
hinder interactions of lid residues with helix a2 and offer
little opportunities for hydrogen-bonding interactions with lid
residues (Fig. 6C). In apo MDM2, “closed and disordered” lid
conformations remain well hydrated by interfacial water mole-
cules or engage in transient hydrogen bonding interactions
with MDM2 core residues. This suggests that energetic prefer-
ences for the closed lid state may be tuned by varying the nature
of contacts between ligands and lid residues. For instance, in
the case of Nutlin-3a replacement of the piperazinone solubil-
ising group by a bulkier and less polar moiety projecting over
helix a2 could be pursued to destabilise interactions of the
“closed and disordered” lid state with helix a2.

Conclusions

The present study combined calorimetric analysis of protein–
ligand interactions with simulations of molecular dynamics to
elucidate the energetics of a small molecule-dependent
disorder-to-order transition in the oncoprotein MDM2. Our
ndings provide an explanation for the observation that
piperidone ligands order the MDM2 lid IDR.40 The remarkable
250-fold loss in affinity for AM-7209 arising from truncation of
the lid IDR of MDM2 is shown to result from the strong selec-
tivity of this ligand for the “open and ordered” lid macrostate of
MDM2 over its “closed and, disordered” microstate. This illus-
trates the potential value of a ligand-design strategy that seeks
to maximise the difference in computed free-energies of
binding between ordered and disordered states of an appro-
priate IDR within the target protein. Such an exercise might be
hampered by its demands on computing resources, but the
adaptive sampling protocol described here for alchemical
absolute calculations of binding free energy affords signicant
savings in compute time. This should facilitate further investi-
gations of the performances of the diverse forceelds that have
been developed to model proteins containing ordered and
disordered regions.59

More broadly, the present computational strategy, when
applied to other IDRs, could benet future medicinal chemistry
programs that target exible proteins using small molecules.

Methods

Proteins were produced by using pET-20b expression vectors
hosted by Escherichia coli, C41 or C43 (DE3) cells. Nutlin-3a
samples were purchased from APExBio. AM-7209 samples
were kindly donated by Amgen. ITC measurements were carried
5226 | Chem. Sci., 2022, 13, 5220–5229
out on a Microcal Auto ITC-200 and the data analysed with
MicroCal PEAQ-ITC soware version 1.1.0.60 Accelerated
molecular-dynamics and Umbrella sampling simulations were
performed using the AMBER16 soware suite.61 Free-energy
surfaces were produced with vFEP 0.1.62 Alchemical free
energy calculations were prepared using utilities from the
soware FESetup,63 and AMBER16 release, and executed using
the SOMD soware,64 as available in Sire release 2019.1 (ref. 65)
linked to OpenMM 7.3.1.66 Detailed experimental and compu-
tational protocol details are provided in the ESI.†

Data availability

Input les and code to reproduce the computational results
associated with this article are freely available at https://
github.com/michellab/MDM2-DG_paper.
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64 G. Calabrò, C. J. Woods, F. Powlesland, A. S. J. S. Mey,
A. J. Mulholland and J. Michel, Elucidation of Nonadditive
Effects in Protein–Ligand Binding Energies: Thrombin as
a Case Study, J. Phys. Chem. B, 2016, 120(24), 5340–5350,
DOI: 10.1021/acs.jpcb.6b03296.

65 C. Woods, A. S. J. S. Mey G. Calabrò and J. Michel, Sire
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