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Abstract
Numerous biomolecular interactions involve unstructured protein regions, but how to exploit

such interactions to enhance the affinity of a lead molecule in the context of rational drug de-

sign remains uncertain. Here clarification was sought for cases where interactions of differ-

ent ligands with the same disordered protein region yield qualitatively different results.

Specifically, conformational ensembles for the disordered lid region of the N-terminal domain

of the oncoprotein MDM2 in the presence of different ligands were computed by means of a

novel combination of accelerated molecular dynamics, umbrella sampling, and variational

free energy profile methodologies. The resulting conformational ensembles for MDM2, free

and bound to p53 TAD (17-29) peptide identify lid states compatible with previous NMR

measurements. Remarkably, the MDM2 lid region is shown to adopt distinct conformational

states in the presence of different small-molecule ligands. Detailed analyses of small-mole-

cule bound ensembles reveal that the ca. 25-fold affinity improvement of the piperidinone

family of inhibitors for MDM2 constructs that include the full lid correlates with interactions

between ligand hydrophobic groups and the C-terminal lid region that is already partially or-

dered in apo MDM2. By contrast, Nutlin or benzodiazepinedione inhibitors, that bind with

similar affinity to full lid and lid-truncated MDM2 constructs, interact additionally through their

solubilizing groups with N-terminal lid residues that are more disordered in apo MDM2.

Author Summary

Life as we know it depends on interactions between proteins. There is substantial evidence
that many interactions between proteins involve very flexible protein regions. These disor-
dered regions may undergo disorder/order transitions upon forming an interaction with
another protein. Many successful approaches to medicinal chemistry are based on mim-
icking the interactions of biological molecules with man-made small molecules. However
how drug-like small-molecules may modulate protein disorder is currently poorly under-
stood, largely because it is difficult to measure in details this type of interaction with exper-
imental methods. Here we have used computer simulations to resolve with great details
the process by which different small-molecules modulate the flexibility of a disordered
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region of the protein MDM2. This protein is overexpressed in many cancers and small-
molecules that recognize MDM2 have been developed over the last decade as possible
novel anti-cancer agents. We show that the flexible MDM2 “lid” region adopts different
conformational states in the presence of different small-molecules. Our results suggest
why some classes of small-molecules form favorable interactions with the lid region,
whereas others do not. These findings may prove crucial to develop new and more effec-
tive MDM2 inhibitors, and more generally to help drug designers target disordered pro-
teins regions with small-molecules.

Introduction
A large fraction of proteins contain substantial regions that are unstructured in native condi-
tions [1,2]. Protein disorder plays a key role in biomolecular function, enabling proteins to
tune binding affinity and specificity to diverse partners [3]. In particular protein-complexes
that involve interactions with disordered protein regions often involve disorder-to-order tran-
sitions (and vice versa) in one or both partner [4]. Nature is a rich source of inspiration in the
search for new therapeutic-agents. Much successful medicinal chemistry has arisen from efforts
to mimic biomolecular recognition mechanisms, prominent examples include GPCR-(ant)ago-
nists or transition state analogue enzyme inhibitors. Likewise, there is evidence that small-mol-
ecules can productively target disordered protein regions [5]. For instance the Metallo lab has
reported several small-molecule ligands that interact with disordered regions of the transcrip-
tion factor c-Myc [6], though concerns about binding specificity have been raised [7]. Herbert
et al. discovered an allosteric inhibitor of FGFR that induces ordering of an unstructured seg-
ment into a helical region [8]. Similar mechanisms have been inferred for allosteric inhibitors
of pyruvate kinase [9]. How to anticipate productive interactions in the context of rational
drug design with experimental or computational methods remains however uncertain [10],
and detailed investigations are necessary to progress our understanding of this molecular
recognition mechanism.

This report focusses on the consequences of small-molecule interactions with disordered
protein regions, and their computational treatment. A clear illustration of the opportunities is
provided by the oncoprotein MDM2. Disrupting the interaction of MDM2 with the tumor sup-
pressor p53 is an attractive strategy in oncology [11–15]. The N-terminal domain of human
MDM2 (ca. 120 residues) interacts with the transactivation domain (TAD) of p53. This interac-
tion is mediated by Phe19, Trp23 and Leu26 of p53 that protrude into three hydrophobic pock-
ets of MDM2 [16,17]. Additionally, the first 24 residues of the N-terminal domain of MDM2
form an unstructured flexible lid, that can adopt both “open” or “closed” states, the latter com-
peting for the p53-binding site through a pseudo-substrate mechanism (Fig 1A) [1,2,18–20].

Ground breaking NMR studies from Showalter et al. indicated that the exchange between
open and closed lid conformations occur on a>10 ms time-scale [3,18]. Potent p53/MDM2 in-
hibitors that bind to the p53-binding site of MDM2 have been developed, including Nutlins
[4,21,22], 1,4-benzodiazepine-2,5-diones [5,23], and piperidinones [6,24] (Fig 1B). Many other
classes of inhibitors have been reported, and some have progressed to clinical trials [7,25,26].
Although it has been known for some time that the lid responds differentially to large peptide-
like ligands and small-molecules [18], this MDM2 region has not historically been fully consid-
ered in structure-based campaigns since the high lid flexibility hinders considerably biochemi-
cal studies and biophysical measurements [8,25]. Also, similar binding affinities to full-length
MDM2 and shorter truncated lid constructs (typically 17–125) were reported for earlier
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inhibitors, suggesting that interactions with the lid region are of little importance to optimize
binding affinity and selectivity of p53/MDM2 antagonists. However in late 2012, Michelsen
et al. reported a remarkable disorder-to-order transition of the lid region upon binding of
piperidinone-2 (Pip2) ligands [24], with the lid adopting a short α-helix (residues 21–24) fol-
lowed by a β-turn (residues 17–20) and β-strand (residues 14–16). Significantly, unlike other li-
gands, the binding affinity of Pip2 towards lid-truncated MDM2 decreased by ca. 25 fold,
leading Michelsen et al. to suggest that targeting this ordered MDM2 lid conformation may
provide new opportunities for the design of potent and selective p53/MDM2 inhibitors.

Given the surprising outcome and high-potential for drug design purposes, clarification into
the details of small-molecule lid interactions was sought for this ligand-dependent disorder-
order transition. To this purpose extensive computation of atomistic lid conformational ensem-
bles in explicit solvent for apo MDM2 and for MDM2 in complex with the four ligands depicted

Fig 1. N-terminal domain of apo-MDM2 (residues 1–119) displaying several lid conformations and four
representative MDM2 binders. (A) The exchange between open and closed states of the lid (1–24, in green)
takes place over a 10-ms time-scale.[11–15,18] In the closed state, the lid occupies the p53-binding pocket in
the MDM2 core region (25–119, in blue). The structures are representative snapshots from the umbrella
sampling simulations. (B) Structure of p53 TAD (17–29) and chemical structures of three small molecule
MDM2 ligands: Nutlin-3a, 1,4-benzodiazepine-2,5-dione (Bzd) and Piperidinone-2 (Pip2). Fold-
improvements in binding affinity between lid containing MDM2 constructs (MDM2 (2–118) for Nutlin-3a and
Pip2, MDM2 (2–188) for Bzd) and lid-less constructs (MDM2 (17–125)) are quoted below each structure and
are derived from Kd data fromMichelsen et al.[24] (isothermal titration calorimetry assay) and Parks et al.[25]
(fluorescence polarization assay).

doi:10.1371/journal.pcbi.1004282.g001
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in Fig 1B was pursued with the aid of an enhanced molecular simulation protocol. This featured
accelerated molecular dynamics (aMD) [27–29], umbrella sampling (US) [30], and variational
free energy profile (vFEP) methods [31,32]. Analysis of the resulting lid structural ensembles
identified significant differences in lid recognition mechanisms for the different ligands, and sug-
gested a rationale for the high affinity of Pip2 ligands for extended-lid MDM2 constructs.

Results

The MDM2 lid region adopts different structural ensembles in the
presence of different classes of small-molecule ligands
As expected in light of the anticipated time scale for transitions between open and closed lid
states, unbiased equilibriumMD simulations on the timescale of several hundreds of ns of apo
MDM2, initiated from a range of different initial lid conformations, failed to generate a single
transition from open to closed states of the lid (S1 Fig). By contrast the aMD simulation proto-
col sampled transitions between open and closed apo lid states in simulations of ca. 100 ns (S1
Fig). In the simulations of small molecule bound complexes, complete lid opening was not ob-
served with cMD or aMD protocols, but enhanced conformational fluctuations were observed
with the latter protocol (S1 Fig). Though some variability is apparent and no low-dimensionali-
ty projection is fully satisfactory for such complex system, the present protocol enabled the de-
tection of significant differences between the different complexes, and a broad range of lid
conformations were observed (Fig 2).

Uncertainties in the computed free energy surfaces for each system were assessed by moni-
toring convergence over regular time-intervals (S2–S3 Figs). Equilibrium properties of the li-
gand-bound complexes are reasonably reproducible, with greater uncertainties observed for
the most flexible lid residues in apo MDM2 (Figs 3–5). Three major low free energy regions
were identified in the FES of apo MDM2 (Fig 2A). The lowest corresponds to a “closed” state
(CV1 = 31 Å; CV2 = 62°), with the lid adopting a semi-extended conformation in contact with
α2 helix residues. While this conformation would hinder binding of the p53 TAD as a result of
steric clashes with the lid, the Phe19-Trp23-Leu26 cleft was still accessible to small molecules
such as Nutlins. The second region (CV1 = 7 Å; CV2 = 119°) corresponds to an “open”, com-
pact state of the lid. In this state, the p53-binding site is fully accessible to large and small li-
gands. No open, extended lid conformations were observed, thus the lid in the open state
adopts collapsed structures. A third additional region (CV1 = 10 Å; CV2 = 64°) corresponds to
an intermediate “semi-open” state. In this conformation, the lid approaches the core of
MDM2. Although the hydrophobic pocket was still fully accessible to small ligands, binding of
the larger p53 TAD would be hindered.

On the basis of NMR spin relaxation measurements, Showalter et al. found that apo MDM2
favors a closed state over an open state by ca. 1.2 kcal/mol. While the definition of an open or
closed state is somewhat arbitrary, comparison with the present results was pursued by classify-
ing each bin in the computed two-dimensional free energy surface as “open” or “closed”. De-
fining a closed state for bins with a cutoff>23 Å for the lid extension and<80° for the lid-core
angle collective variables, the closed state is favored over the open state by 0.3±0.1 kcal/mol.
Varying this cutoff by ±3 Å and ±6° has little effect on the result (±0.1 kcal/mol). Thus the sim-
ulations predict a higher population of open states than the NMR data, though the agreement
is still reasonable. This finding is consistent with reports from Best and co-workers that have
found unfolded conformational ensembles to be too compact and stabilized by residual second-
ary structures with current classical force fields [33,34]. The p53 TAD-MDM2 simulations (Fig
2B) revealed a single broad free energy basin corresponding to a range of fully “open” and com-
pact conformations (CV1 = 12 Å; CV2 = 105°). Due to the presence of the p53 peptide in the
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hydrophobic pocket, the lid is displaced towards a broad range of open disordered states. Nev-
ertheless, the most stable lid conformations detected for the p53 TAD-MDM2 complex were
similar to the most open conformations shown in the apo-MDM2 system, both displaying a lid
core angle of ca. 120° and a compact state of the lid (CV1 ca. 10 Å).

A low free energy basin (Fig 2C) corresponding to a “closed”, extended state was found for
Nutlin-3a/MDM2 (CV1 = 27 Å; CV2 = 41°). In comparison with apo MDM2, the occurrence
of open lid state is not only decreased, but the closed state differs in nature, adopting even
lower lid-core angle values. This is because the position of the lid in the closed state shifts from
contacting helix α2 to cover Nutlin-3a. Thus, Nutlin-3a does not compete with the lid for ac-
cess to the p53-binding site, and stabilizes a different “closed” lid state than observed in apo
MDM2. An additional local minimum, corresponding to “semi-open” conformations, was also
observed for the Nutlin-3a/MDM2 complex, with the lid region still interacting with the ligand
but in a more compact conformation. In the presence of Bzd, a change in favored “closed” lid
state is also observed (Fig 2D). In this case the FES presented a single free energy basin

Fig 2. Ligand-dependent modulation of MDM2 lid free energy landscapes. CV1 (lid extension) in Å, and CV2 (lid-core angle) in degrees. Free energy
contours (kcal mol-1) are shown as a color coded heat map. Free energies are relative to the lowest free energy bin and are shown up to 12 kcal mol-1 above
the lowest free energy bin. For every system, representative structures of MDM2 displaying 10 lid conformations from selected bins are shown. A) apo
MDM2. B) p53-TAD(17–29)/MDM2 C) Nutlin-3a/MDM2 D) Bzd/MDM2 E) Pip2/MDM2. The lid conformation seen in the x-ray structure of MDM2 (6–125)
reported by Michelsen et al. is shown in red cartoon representation [24].

doi:10.1371/journal.pcbi.1004282.g002
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(minimum at CV1 = 38 Å; CV2 = 37°) that corresponds to a “closed” and fully extended lid
conformation over the hydrophobic cleft. The lid extension in this case was ca. 10 Å greater
than that observed in low free energy conformations in the apo and Nutlin3a-MDM2 systems.
The lid may readily adopt even lower CV2 angle (<40°) values than with Nutlin-3a, because
the smaller size of the Bzd ligand enables the lid to close further the p53 binding cleft. The FES
of MDM2 in complex with Pip2 displayed a major free energy basin (CV1 = 16 Å; CV2 = 62°)
indicative of a relatively compact “Pip2” lid state (Fig 2E) that significantly differs from the pre-
viously observed states. Lid conformations in this region of the FES contain a short ordered α-
helix at residues 21–24, a sharp bend around residues 17–20, and residues 10–16 adopt an ex-
tended conformation. This lid conformation is consistent with the X-ray and NMR data re-
ported by Michelsen et al. for MDM2 (6–125) [24]. A secondary minimum is also apparent
(CV1 = 10 Å; CV2 = 85°), in this “open-Pip2” conformation the lid still contains a short α-
helix at residues 21–24, but segment 1–16 adopts a collapsed rather than extended conforma-
tion. Taken together, these results indicate that the conformational preferences of the MDM2
lid region are remarkably influenced by the chemical structure of the different classes of small-
molecule MDM2 antagonists, and that multiple distinct closed states are readily achieved by
the MDM2 lid region.

Impact of ligand binding on lid dynamics
Ligand binding maintains or even increases overall lid flexibility. Quantitative insights

into lid interactions behavior was pursued by computing flexibility profiles for every lid resi-
due. Lid-backbone RMSD calculations indicate a trend for decreased flexibility along the lid se-
quence, and this is apparent for all systems (Fig 3).

Similar trends were observed when all heavy-atom RMSD values were computed (S4 Fig).
As expected, overall the lid is considerably more flexible than the core region. Comparison
with the apo results (Fig 3A) indicates that p53 binding generally increases lid flexibility, in
agreement with the notion that suppression of the closed lid states increases lid disorder (Fig
3B).[18] Nutlin-3a (Fig 3C) and Bzd (Fig 3D) decrease the lid flexibility in intermediate seg-
ments that were substantially disordered in apo (residues 9–14 and 7–17 respectively). Intrigu-
ingly, the lid in Nutlin-3a bound MDM2 is nevertheless on average slightly more disordered
than in apo. Thus lid residues in close contact with the ligand exhibit decreased flexibility,
whereas the remainder of the lid shows increased flexibility. On the other hand, similar overall
average lid flexibility (within error bars) is seen for Bzd-bound MDM2. By contrast, Pip2 (Fig
3E) significantly orders residues at the base of the lid (residues 20–24). These residues were al-
ready among the most ordered in apo MDM2. However Pip2 also significantly increases the
flexibility of the lid residues at the beginning of the sequence, and overall the lid flexibility is
comparable to apo MDM2. Taken together these results demonstrate that, although the bind-
ing of small-molecules considerably reduces the flexibility of some segments of the lid region,
the flexibility of the lid region is overall maintained or even increased. ITC measurements re-
ported by Michelsen et al. suggest that Pip2 ligands have more unfavorable binding entropy for
MDM2 constructs that include the lid, versus those that lack this region [24]. By contrast
Nutlin ligands have similar binding entropy for lid and lidless MDM2 constructs. This was in-
terpreted by Michelsen et al. as evidence that MDM2 lid ordering by Pip2 is entropically unfa-
vorable. The present results complicate this analysis since the base of the lid region is shown to
have decreased flexibility in presence of Pip2, but this is overall offset by an increase in lid flexi-
bility at the N-terminal region of the lid. The issue is not fully addressed here since converging
precise and accurate conformational entropy estimates fromMD simulations remain challeng-
ing for large disordered protein regions, and RMSDs provide a convenient albeit approximate
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Fig 3. Ligand-dependent modulation of MDM2 lid flexibility. Left) per-lid residue average backbone
RMSD. Right) Backbone RMSD over full lid (green) or core (blue) regions. From top to bottom, A) apo MDM2,
B) p53-bound MDM2, C) Nutlin-3a-bound MDM2, D) Bzd-bound MDM2, E) Pip2-bound MDM2.

doi:10.1371/journal.pcbi.1004282.g003
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metric to estimate conformational entropy changes. Additionally it isn’t possible to de-convo-
lute from the ITC data changes in protein entropy from changes in solvent entropy, which
could also account for a large fraction of the overall entropy changes upon binding.

Impact of ligand binding on lid structure
Ligand binding induces turn or helical segments in the lid region. Secondary structure

propensities for every lid residue are depicted in Fig 4 [35,36].
In the apo structure, the lid displays small α-helical propensities near residues 9–13, notice-

able turn propensities near residues 8–13, 15–16 and 23–24, with other regions predominantly
in a coil state (Fig 4A). In the NMR data of apo MDM2 from Uhrinova et al.,[19] a noticeable
turn propensity was only observed at the base of the lid (Fig 5A).

There is less evidence for strong secondary structure preferences in the lid region when the
p53 peptide is bound to MDM2, although a small propensity for turns between residues 8–11
is maintained (Fig 4B). Interestingly, in Nutlin-3a-bound MDM2, the lid shows a strong ten-
dency to form a turn region between residues 13–17 (Fig 4C), whereas a short turn region is
frequently seen near residues 9–10 for Bzd-bound MDM2 (Fig 4D). Thus the lid responds to
different ligands by increasing turn propensities at specific lid positions. In the Pip2-MDM2
complex, a α-helix (21–24) and turn (17–18) motif is clearly identified (Fig 4E), thus explaining
the significant decrease in flexibility seen at the base of the lid in Fig 3E. This motif is also ap-
parent in the crystallographic data of Michelsen et al [24] (Fig 5B). By contrast, the β-strand
motif around residues 14–16 that was discussed by Michelsen et al. is not observed in the simu-
lations. Neither is this motif detected by the DSSP algorithm when applied to the crystallo-
graphic structure reported by Michelsen et al. (Fig 5B), Thus even though the Pip2-bound lid
backbone conformations of residues 14–16 present in the low free energy regions of the com-
puted FES (Fig 2E) broadly match the lid conformations seen in the experimental data, there is
some ambiguity in the assignment of a given secondary structure to this lid segment.

Small-molecules engage the lid with different patterns of hydrophobic
and polar interactions
Further insights into these intriguing results are gained by qualitative inspection of equilibrium
lid intermolecular and intramolecular interaction patterns. Attention was focused on lid resi-
dues that exhibit an average number of hydrophobic contacts or hydrogen bonds that is signifi-
cantly above typically observed values. Cutoff values of 4 hydrophobic contacts or 0.25
hydrogen bonds for intermolecular interactions, and 4 hydrophobic contacts or 1.0 hydrogen
bond for intramolecular lid interactions were deemed sufficient to identify the most significant
interactions. In addition, the observed contacts were mapped to specific MDM2 core residues
and ligand functional groups involved in interactions with the lid. This was done by generating
and visualizing representative structural ensembles of each complex by resampling of comput-
ed conformations according to their equilibrium probabilities.

Apo MDM2. Under these conditions, apo MDM2 (Fig 6A, left panel) shows significant
lid-core contacts involving Met1, Met6, Pro9, Thr15, Ile19, Pro20 and lid-core hydrogen bond
involving Asp11.

The lid-core hydrophobic contacts arise mainly from the closed state conformations, where-
as the hydrogen bond involving Asp11 is seen in the open state conformations. The significant
lid-lid hydrophobic contacts fromMet1, Val14 and Gln18 originate from open and compact
lid conformations, whereas the significant hydrogen-bonding interactions for lid residues
Thr15 and Ile19 arise mainly from closed conformations (Fig 6A, right panel). Fig 7A1. depicts
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Fig 4. Ligand-dependent modulation of MDM2 lid secondary structure propensity.Red: helix; Green:
Turn; Yellow: β-Strand. Black: Coil. Secondary structure definitions follow the DSSP code [34]. From top to
bottom, A) apo MDM2, B) p53-bound MDM2, C) Nutlin-3a-bound MDM2, D) Bzd-bound MDM2, E)
Pip2-bound MDM2.

doi:10.1371/journal.pcbi.1004282.g004
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a representation of the apo MDM2 structural ensemble that highlights the greater disorder of
open versus closed lid states.

Fig 7A2 shows that the majority of the lid contacts in the closed state involve helix α2,
whereas Asp11 engages Arg97 to stabilize the open state (Fig 7A3). Ile19 and Pro20 adopt the
same conformation in both open and closed states, interacting with Tyr100 and Tyr104, thus
explaining their relative low flexibility seen in Fig 3A.

p53-bound MDM2. With the exception of Met6, the p53-bound MDM2 lid (Fig 6B, left
panel) shows no significant lid-core or lid-ligand contacts. This is not balanced by a significant
increase in lid-lid interactions in comparison with apo MDM2 (Fig 6B, right panel), explaining
why the lid region is significantly more disordered whenMDM2 is bound to p53. Consequently
in the p53 TAD bound complex the lid structural ensemble is largely shifted to an open state (Fig
7B1). The only significant contacts involve Met6 with multiple residues from the core (Fig 7B2).

Nutlin-3a bound MDM2. When bound to Nutlin-3a, (Fig 6C, left panel) the lid exhibits
hydrophobic contacts with Thr10 (mainly ligand contacts), Val14 (ligand contacts), Ile19, Pro20,
Glu23. Hydrogen-bonding interactions are observed with Glu23 and Asp11 (with the core) and
to a lesser extent Thr10 (with the ligand). Bulky hydrophobic lid residues in the N-terminal re-
gion of the lid (Met1, Met6, Val8, Val14) are frequently in contact with other lid residues (Fig
6C, right panel). The structural ensemble for the Nutlin-3a complex (Fig 7C1) captures the trend
for lid ordering around residues 10–15. Hydrogen bonding interactions (Fig 7C2) seen in Fig 6C
predominantly involve Glu23 with Arg105, Asp11 with His96 and Thr10 with the Nutlin-3a

Fig 5. Secondary structure propensity of the lid region from experimental methods. A) NMR ensemble of apo MDM2 lid (1–24) from Uhrinova et al [19].
B) crystal structure of Pip2-MDM2 lid (6–24) fromMichelsen et al.[24]. Red: helix; Green: Turn; Yellow: β-Strand. Black: Coil.

doi:10.1371/journal.pcbi.1004282.g005
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imidazoline carbonyl group. Val14 is in contact with Leu54 and the chloro-phenyl ring of
Nutlin-3a, while Ile19 and Pro20 approach helix α2 and are in contact with Lys51.

Bzd boundMDM2. When bound to Bzd (Fig 6D, left panel) the lid shows substantial con-
tacts with Met6, Val8, Pro9, Thr10, Val14 (mainly with the ligand), Thr15, Ile19, Gln24. Signif-
icant hydrogen-bonding interactions are observed with Thr16 and Ser17 (with the ligand).

Fig 6. Ligand-dependent modulation of MDM2 lid intermolecular and intramolecular interactions. Lid-core hydrophobic contacts are displayed in red;
lid-ligand hydrophobic contacts are displayed in orange; lid-lid hydrophobic contacts are displayed in maroon. Lid-core hydrogen bonds are displayed in dark
blue; lid-ligand hydrogen bonds are displayed in light blue; lid-lid hydrogen bonds are displayed in green. From top to bottom, A) apo MDM2, B) p53-bound
MDM2, C) Nutlin-3a-bound MDM2, D) Bzd-bound MDM2, E) Pip2-bound MDM2.

doi:10.1371/journal.pcbi.1004282.g006
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Hydrogen-bonding interactions between lid residues are more frequently observed in the N-
terminal region of the lid, notably Thr4, Met6, Asp11 (Fig 6D, right panel). In agreement with
Fig 3D, the Bzd-bound lid conformational ensemble (Fig 7D1) indicates significant decrease in
lid flexibility around residues 8–18. This correlates with the several hydrophobic contacts re-
corded in Fig 6D. Although Asp11, Gly12 and Ala13 were significantly ordered, these lid resi-
dues remained solvent-exposed and no significant additional interactions with core residues or
ligand functional groups were observed. The backbone NH of Thr16 and Ser17 interact with
the carboxylate group of Bdz (Fig 7D2), whereas less frequent hydrogen bonding interactions
of Thr10 and Thr15 involved the Bzd ring. Val14 is frequently in contact with the benzodiaze-
pine ring. Pro9 and Val8 interact with Met62 from the α2 helix while Ile19 is both in contact
with the chloro-phenyl ring of Bzd and with the His96 imidazole ring.

Fig 7. MDM2 lid structural ensembles and contact details from representative structures for the five systems studied. A) Apo-MDM2. Structural
ensemble (A1) and structural details of the closed (A2) and open states (A3). B) p53-MDM2 complex. Structural ensemble (B1) and structural details (B2). C)
Nutlin3a-MDM2 complex. Structural ensemble (C1) and structural details (C2). D) Bzd-MDM2 complex. Structural ensemble (D1) and structural details (D2).
E). Pip2-MDM2 complex. Structural ensemble (E1) and structural details (E2). The X-ray structure of Pip2-MDM2 fromMichelsen et al. is shown in red
cartoon.[24] Representatives PDB files are included in the Supporting Information.

doi:10.1371/journal.pcbi.1004282.g007
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Pip2 bound MDM2. Finally, when bound to Pip2 (Fig 6E, left panel), the lid shows strong
contacts with Pro9, Val14, Ile19, Glu23, Gln24. Significant hydrogen-bonding with core resi-
dues interactions involve Glu23 and Gln24. In comparison with Nutlin-3a and Bzd, the major
qualitative difference is that the majority of the contacts occur towards the C-terminal region
of the lid. Inspection of the intramolecular interaction patterns (Fig 6E, right panel) also reveals
that the majority of the significant lid-lid contacts (Ile19, Pro20, Glu23, Gln24) and hydrogen-
bonding lid-lid interactions (Thr16, Pro20, Gln24) also occur near the C-terminal region of the
lid. This interaction pattern matches well with the interaction pattern observed in region 13–24
of the X-ray structure of Michelsen et al.[24], although the number of contacts or hydrogen-
bonding interactions per residue are usually greater in the crystallographic structure (Fig 8).

This likely reflects the different environments experience by the lid, i.e. the lid is flexible in
the simulations that reproduce solution conditions, but is ordered in the X-ray structure be-
cause of crystal packing contacts and of the temperature at which the X-ray diffraction patterns
were collected. The Pip2 bound structural ensemble (Fig 7E1) recapitulates well the trends seen
in Fig 3E, with a significant ordering around residues 19–24 that adopt an α-helical conforma-
tion, and increased flexibility in N-terminal regions of the lid. Fig 7E2 indicates that the lid α-
helix is stabilized by a salt-bridge between Glu23 and Arg97. Strikingly, unlike Nutlin-3a and

Fig 8. MDM2 lid intermolecular and intramolecular interactions observed in the Pip2-MDM2 crystal structure of Michelsen et al [24]. Top) Lid-core
hydrophobic contacts are displayed in red and lid-ligand hydrophobic contacts, in orange. Lid-core hydrogen bonds are shown in dark blue and lid-ligand
hydrogen bonds in light blue. Bottom) Lid-lid hydrophobic contacts are displayed in maroon. Lid-lid hydrogen bonds are displayed in green.

doi:10.1371/journal.pcbi.1004282.g008
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Bzd solubilizing groups, the carboxylate group of Pip2 was found to exclusively form hydro-
gen-bonding interactions with the MDM2 core residue His96. This interaction appears some-
what stabilized by occasional hydrogen-bonding interactions between Nδ of His96 and Oε of
Gln18. Themeta-chloro phenyl group of Pip2 also forms contacts with Val14 and Thr16, as
observed in the X-ray structure of Michelsen et al [24], Pro9 makes contact with Glu52 and
Phe55 from the α2-helix, while Ile19 and Gln24 interact with Tyr100.

Overall the results indicate that the pattern of lid-core interactions observed in apo MDM2
are strongly perturbed by the binding of all ligands, and that each of the four ligands studied
here form a distinct pattern of interactions with the lid.

Impact of ligand binding on lid energetics
Pip2 stabilizes lid-core interaction energetics. Further insights into the improved bind-

ing affinity of Pip2 for lid-including constructs were sought by evaluation of lid energetics. Full
consideration of binding energetics was not pursued here as solvation free energy estimates
from the reweighted trajectories were found to be too imprecise to enable meaningful compari-
son between ligands. Further as discussed before, changes in conformational entropies of the
lid region were not computed. Thus attention was focused on lid interaction energy compo-
nents as these were found to be sufficiently well converged to enable meaningful comparisons
of energetic profiles between different ligands. Fig 9A depicts lid-ligand interaction energies.

As expected the p53 peptide exhibits only a small favorable contribution from Lennard-
Jones interactions with the lid given the small number of contacts observed. However unfavor-
able Coulombic interactions with the lid contribute overall to a positive lid-p53 interaction en-
ergy profile. The situation differs for Nutlin-3a and Bzd that show more negative Lennard-
Jones interaction energies owing to their extended contacts with the lid, and additionally the
Bzd complex is further stabilized by significant Coulombic interactions owing the interactions
of the carboxylic group of Bzd with Thr16 and Ser17 (Fig 8D2). By contrast Pip2 shows modest
Lennard-Jones interactions with the lid, and unfavorable Coulombic interactions. Thus the en-
hanced affinity of Pip2 for lid including constructs does not arise from direct interactions be-
tween the ligand and the lid.

Fig 9B shows the changes in lid-core interaction energies for each complex. Binding of p53
TAD is associated with a significant loss of Lennard-Jones energy owing to the loss of several
contacts between the lid and core regions. The same applies in the Nutlin-3a complex, but this
time the loss of Lennard-Jones interactions is offset by favorable lid-core interactions, such that
changes in lid-core energetics slightly favor complex formation. This is not the case for the Bzd
complex where overall the lid-core interactions are destabilizing. In stark contrast, strong lid-
core Coulombic interactions contribute favorably to the stabilization of the Pip2-MDM2 com-
plex, and further breakdown into of the lid-core energetics indicate that the strongest pairwise
contribution arise from the formed salt bridge between Glu23 and Arg97 (Fig 8E2).

Fig 9C depicts changes in lid-lid intramolecular non-bonded energetics. The contribution is
always positive, indicating that ligand binding has introduced strain in the lid in all instances,
but particularly so in the Nutlin-3a and Bzd complexes. The result may appear surprising for
the Pip2 complex, since α-helix formation in the lid is associated with the formation of several
hydrogen-bonds between the backbone of several lid residues in segment 16–24. However fur-
ther breakdown of the lid-lid interaction energy profiles indicates that while the additional hy-
drogen-bonding interactions and several hydrophobic contacts in segment 16–24 do indeed
contribute favorably to complex formation, this contribution is offset by a loss of intramolecu-
lar interactions in segment 1–15 that adopts a more extended conformation than seen in apo
MDM2 (S5 Fig).
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Overall summation of all components in Fig 9 for each ligand indicates that ligand binding
is associated with favorable lid energetics only for Pip2 and a key stabilizing interactions can be
traced to favorable lid-core Coulombic interactions between lid residues Glu23 and core resi-
due Arg97.

Fig 9. Impact of ligand binding on MDM2 lid energetics. A) Ensemble average of lid-ligand interaction
energies Elig-lid = <Elig-lid>. B) Changes in ensemble average of lid-core interaction energies ΔElid-core = <Elid-

core,holo>—<Elid-core,apo>. C) Changes in ensemble average of lid-lid interaction energies ΔElid-lid = <Elid-lid,

holo>—<Elid-lid,apo>. Lennard-Jones energies are depicted in red, Coulombic energies in blue, and total
interaction energies in gray. Energies are shown in kcal.mol-1.

doi:10.1371/journal.pcbi.1004282.g009
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Discussion

An ensemble-view of MDM2 lid-ligand interactions
Little is known about the conformational preferences of the MDM2 lid region owing to its con-
siderable flexibility that hinders experimental studies, and a slow rate of exchange (>10 ms) be-
tween open and closed states that is inaccessible to conventional molecular simulations.
Further, because the lid is highly flexible in its distinct closed or open states, an accurate char-
acterization of lid interactions necessitates a description in terms of structural ensembles rather
than a single representative structure. The present study addressed the technical challenge of
computing atomically detailed lid structural ensembles with the aid of accelerated molecular
dynamics, umbrella sampling and variational free energy profile methodologies. Altogether,
over 10 microseconds of biased molecular dynamics simulations was used to generate free-en-
ergy landscapes for the MDM2 lid region in five different conditions. This likely represents the
largest effort to date to resolve the conformational ensembles of the MDM2 lid region by
means of explicit-solvent atomistic molecular dynamics simulations. The computed FES were
deemed reasonably well converged (S2–S3 Figs), and the predicted free energy difference be-
tween open and closed lid states in apo MDM2 was in reasonable agreement with experimental
data (within 1 kcal.mol-1). The shift to an open lid state in the MDM2-p53 peptide complex
was observed, in expectation with previous NMR studies.[18] These observations give confi-
dence in the accuracy of the computed lid ensembles for the small-molecule bound simula-
tions, for which relatively little was known prior to this study.

Evidence for multiple closed states of the MDM2 lid
A striking novel result from this study is that the MDM2 lid adopts different closed states when
bound to different classes of small-molecules. In apo MDM2 the closed state of the lid lies
mainly over helix α2, but in Nutlin-3a or Bzd bound simulations, the lid moves away from
helix α2 to cover the small-molecule ligands. In Pip2 bound simulations, the base of the lid or-
ders into a α-helix/β-turn motif, with the rest of the lid showing considerable disorder. Thus it
is inadequate to picture the MDM2 lid in equilibrium between a well-defined open and closed
lid state. Instead the flexibility of the lid enables considerable adjustments in the closed state to
best accommodate chemically distinct ligands. Comparison of the structures sampled in the
FES depicted in Fig 2 shows that the conformations the lid adopts when p53 is bound are
broadly present in the apo FES. However, conformations similar to the major conformations
seen in the presence of the small-molecule ligands were not detected in the apo ensemble. This
suggests that significant induced-fit is necessary to fine-tune interactions between the small-
molecule ligands and the lid region.

The solubilizing groups of MDM2 antagonists are potential MDM2 lid-
interacting groups
The Nutlin-3a and Bzd ligands were both found to establish significant interactions with the
lid region (Figs 6C, 6D, 8C2 and 8D2). In the case of Nutlin-3a, significant hydrophobic con-
tacts and hydrogen-bonding interactions involve lid residue Thr10 and the piperazinone car-
bonyl group. In the case of Bzd, the carboxylate moiety forms significant hydrogen-bonding
interactions with lid residues Thr16 and Ser17. By comparison with the structural ensembles of
apo-MDM2 and Pip2-bound MDM2, it can be seen that these additional interactions drag the
lid further over these ligands. In the Pip2-MDM2 complex, the lid cannot easily access the Pip2
carboxylate moiety because it is partially covered by core residues His96 and Lys94. Successful
MDM2 antagonists generally position hydrophobic moieties in the p53/MDM2 binding cleft
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owing to the relatively apolar character of this binding site. Acceptable solubility of MDM2
small-molecule antagonists typically requires the introduction of an additional solubilizing
group. On the basis of structural models where the MDM2 lid was absent, solubilizing groups
in many classes of MDM2 antagonists have generally been positioned to lie over the surface or
away from the protein towards region of space that have been assumed to be occupied solely by
solvent molecules [37]. Although, it has been known for a long time that the precise chemical
nature of the solubilizing group can substantially modulate the binding affinity of MDM2 li-
gands, an explanation for this observation has been lacking. For instance, removal of the solu-
bilizing group in Nutlin derivative RG7112 decreases binding affinity by a factor of 100,
whereas in Bzd analogues, the length and acidic/basic nature of the solubilizing group can
modulate binding affinity by a factor of 85 [37,38]. The present results suggest that MDM2 an-
tagonist design programs should routinely consider the possibility that solubilizing groups may
interact with the lid region and that this may significantly impact binding affinities.

Structural basis for favorable Pip2-MDM2 lid interactions
The Nutlin-3a and Bzd ligands are known to show little gains in potency through lid interac-
tions, yet significant interactions with a large portion of the lid region were observed (Fig 6C
and 6D). Energetic analysis revealed that the favorable ligand-lid interactions are here offset by
unfavorable lid-core and lid-lid interactions (Fig 9). By contrast, the potency of Pip2 ligands
benefits significantly from the presence of the lid region, yet relatively fewer contacts between
the ligand and the lid are observed (Fig 6E). This is corroborated by the energetic analysis (Fig
9) that revealed unfavorable lid-ligand and lid-lid interactions that are offset by favorable lid-
core interactions. Additionally all Pip2-lid contacts occur at or after residue 14 in the lid prima-
ry sequence, whereas Nutlin-3a and Bzd ligands also engage with lid residues in segment 6–14,
notably with their solubilizing groups. Interactions with this segment are associated with a sig-
nificant local decrease in lid flexibility (Fig 3A, 3C and 3D). These observations suggest an en-
tropy-enthalpy compensation mechanism is also at play; in other words Nutlin-3 and Bzd
ligands do not benefit significantly from the additional contacts formed with the lid because
those also involve residues that were significantly disordered in apo MDM2.

A significant difference in Pip2-bound simulations is that lid residue Glu23 forms a stable
salt-bridge with Arg97 in the core of MDM2, while Gln24 is hydrogen bonded to backbone
atoms of Pro20, Ile19 and Thr16. This network of hydrogen-bonding interactions effectively
locks the base of the lid into the observed α-helix/β-turn motif (Fig 4E). However this pattern
of interactions is not observed in the apo MDM2 simulations, suggesting that this conforma-
tion is only stable in the Pip2 complex because themeta-chlorophenyl ring of Pip2 also packs
against lid residues 14–16 (Fig 8E2). Evidently Pip2 cannot engage directly with the lid region
in short MDM2 constructs that are truncated at residue 17. Therefore the origin of the high af-
finity of Pip2 for the extended lid MDM2 construct of Michelsen et al. is attributed to the indi-
rect stabilization of the lid α-helix at residues 21–24 via hydrophobic contacts between the
meta-chlorophenyl ring of Pip2 and Val14/Thr16.

Interestingly, Bista et al. have recently reported that chloroindole carboxylate derivatives are
also able to interact with the lid through conformational adjustments that fit a para-chlorobenzy-
loxy benzyl moiety deep near the α-helix lid [39]. Though the binding affinity data for these li-
gands was not reported for the MDM2 constructs studied here, this suggests that different
strategies may be available to stabilize the α-helix lid region. Intriguingly, although absent in the
Nutlin-3a and Bzd-bound MDM2 simulations, the α-helix lid has been observed in some crystal-
lographic complexes of these ligands with shorter MDM2 (17–125) constructs [21,23]. However
in the present simulations, lid residues 1–16 engage in interactions with the ligands and the
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MDM2 core region that preclude formation of the α-helix lid in segment 19–24. This is corrobo-
rated by additional (ca. 100 ns timescale) MD simulations of Bzd/Nutlin-3a bound to MDM2
1–119 and 17–125 that suggest the α-helix lid is only stable in the short construct (S6–S7 Figs).

Taken together, these observations suggest that a strategy to productively exploit ligand-lid
interactions is to 1) stabilize with hydrophobic contacts a lid conformation where lid residues
14–16 packs against the α-helix lid, and 2) hinder undesirable lid interactions with residues
1–13 by positioning solubilizing groups to interact with ordered MDM2 core residues. In Pip2
this is achieved through hydrophobic contacts of themeta-chlorophenyl ring with Val14/
Thr16 and hydrogen-bonding interactions of a carboxylate moiety with His96 and Lys94, but
other solutions may be possible.

Conclusion
In summary, a detailed analysis of the interactions of the N-terminal domain of MDM2 with
several ligands was undertaken to elucidate conformational preferences of the MDM2 lid re-
gion and to rationalize the origin of the ca. 25-fold activity improvement of the Pip2 ligand for
constructs including an extended lid region. The simulations of apo-MDM2 indicate that the
lid is disordered, adopting a mixture of open and closed lid states. Binding of p53 shifts the
equilibrium towards an open disordered state, in agreement with reported NMR data.[18] A
novel significant finding is that the MDM2 lid exhibits different conformational preferences
and significant interactions with different classes of small-molecule p53/MDM2 antagonists.
Structural and energetic analyses show that the enhanced affinity of Pip2 for MDM2 constructs
that include the full lid is due to hydrophobic contacts that facilitate structuring of an α-helix/
β-turn motif in lid residues 17–24. Nutlin-3a or Bzd ligands that show similar affinity for short
or long MDM2 lid constructs hinder formation of this motif because they also engage through
their solubilizing groups segments of the lid earlier in the primary sequence that are more dis-
ordered in apo MDM2. Taken together, these findings suggest that a strategy to productively
exploit MDM2 lid-interactions for inhibitor design is to target the base of the lid with deep hy-
drophobic contacts, and to position solubilizing groups so as to minimize the likelihood of in-
teractions with polar lid residues and lid residues distant from the lid base. These findings may
be of significance to facilitate the development of novel potent and selective p53/MDM2 li-
gands as putative anti-cancer agents, and more generally to suggest new hypotheses for pro-
ductively targeting disordered protein regions in structure-based drug design efforts.

Materials and Methods

1. Systems setup
1.1 apo-MDM2. Five different structures (models 2, 3, 4, 10 and 13) from a NMR solu-

tion ensemble of the N-terminal domain of MDM2 (residues 1–119) (PDB ID: 1Z1M)[19]
were selected as the initial conformations for preliminary MD simulations of MDM2 in the
apo state. These states were selected to provide an initial broad coverage of plausible lid
conformational states.

1.2. MDM2 complexes. To build models of the different MDM2 complexes, the following
PDB structures were used as templates: 1YCR (p53) [16], 4HG7 (Nutlin-3a) [21], 1T4E (Bzd)
[23], and 4HBM (Pip2) [24]. Each complex was superimposed onto the apo NMR ensemble
(model 4 for p53-MDM2, model 2 for the ligand-bound systems) such that each complex in-
cluded a complete form of the lid (residues 1–119). Models were prepared with the leap utility
from the AMBER12 suite,[40] using the ff99SBildnnmr force field [41].

The parameters of each ligand were generated using the antechamber utility from the
AMBER12 suite of programs [40], in combination with the general AMBER force field
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(GAFF).[42] Atomic charges were assigned using the AM1-BCC method [43,44]. Each protein
or protein-ligand complex was immersed in a cubic periodic box of TIP3P water molecules
[45], (6600 to 6800 water molecules depending on the system) and neutralized by addition of
the appropriate number of Cl- ions.[46] This was followed by steepest-descent energy minimi-
zation to avoid steric clashes. To facilitate sampling of extended lid conformations the
box edges were located at least 15 Å away from the surface of the protein.

2. Molecular dynamics simulation protocols
The bulk of computational studies of MDM2 ligand interactions have neglected the lid,[47–56]
Notable exceptions include work from Verkhivker and Dastidar et al. that have studied lid con-
formations over ca. 10 ns time scales [57,58]. However work from Showalter et al. suggested
that the lid exchanges between closed and open states over a much slower (>10 ms) timescale
[18]. To overcome this technical challenge, a protocol featuring use of aMD [27–29], US [30],
and vFEP [31,32] was adopted.

2.1. Preliminary molecular dynamics simulations. Preliminary conventional MD (cMD)
simulations were performed to optimise aMD simulation protocols. All simulations were per-
formed using the pmemdmodule of AMBER12. The cut-off distance for the non-bonded inter-
actions was 10 Å and periodic boundary conditions were used. The particle mesh Ewald
method was used to treat long-range electrostatic interactions [59]. The SHAKE algorithm was
applied to all bonds involving hydrogens and an integration step of 2.0 fs was used throughout
[60]. Each system was heated to 300 K over a 50 ps interval using a weak coupling algorithm
[61], with the solute atoms restrained with positional restraints of 50.0 kcal mol-1 Å-2. Then a
200 ps equilibration was performed to allow the solvent to redistribute around the positionally
restrained solute. The system was subsequently allowed to evolve freely unrestrained at con-
stant temperature (300 K) and pressure (1 atm) using the weak-coupling algorithm [61]. Sys-
tem coordinates were collected every 20 ps for further analysis. Five cMD simulations of apo-
MDM2 were performed starting from different snapshots corresponding to Models 2, 3, 4, 10
and 13 from the NMR solution ensemble of apo-MDM2 [19]. The total simulation time for
apo-MDM2 was 750 ns. For the small-molecule MDM2 complexes, 100 (Nutlin3a, Bzd) to 200
(Pip2) ns of unrestrained cMD were performed. The p53-MDM2 complex was simulated for
100 ns. Two additional 100 ns cMD of Nutlin3a-MDM2 and Bzd-MDM2 were performed
using as starting points representative conformations from the lowest free energy bins. Two
more 100 ns cMD of Nutlin-3a-MDM2 and Bzd-MDM2 were performed using a truncated
form of the lid (17–125) with a previously the truncated lid adopting a α-helix at residues 20–
24. The N- terminus of this truncated lid was capped with acetyl (ACE).

2.2. Accelerated molecular dynamics (aMD). aMD adds a positive boost energy to the
potential energy function, effectively reducing the height of energetic barriers and enhancing
conformational sampling [29,62,63]. Unlike many other enhanced sampling methods such as
metadynamics [64,65], aMD does not require a prior definition of a collective variable to en-
hance sampling. A boost potential, ΔV(r), is applied when the average potential energy of the
system, V(r), is below a previously defined reference potential energy Ep. The modified poten-
tial used for MD simulations, V�(r), is then given by eq 1 [29,66]:

V � ðrÞ ¼ VðrÞ
VðrÞ þ DVðrÞ

VðrÞ > EP

VðrÞ < EP

ð1Þ
(
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A dual boost protocol was used (eq 2), with a boost potential energy applied to all the atoms in
the system with an extra dihedral boost to the torsions (using iamd = 3 keyword in AMBER 12):

DVðrÞ ¼ ðEP � VðrÞÞ2
ðaP þ EP � VðrÞÞ þ

ðED � VDðrÞÞ2
ðaD þ ED � VDðrÞÞ

ð2Þ

where VD is the dihedral energy, EP and ED are the reference potential and dihedral energies and
αP and αD are the acceleration parameters that describe the strength of the boost for each term.
To focus enhanced sampling on the lid conformations, positional restraints were applied to the
MDM2 core domain (residues 30 to 119) and the ligands (20 kcal mol-1 Å-2) whereas residues 1
to 30 were allowed to evolve freely. Those restrictions were subsequently removed prior to the be-
ginning of the US calculations. The chosen aMD parameters (EP, αP, ED, αD) were initially set ac-
cording to guidelines from previous work [67,68], and were subsequently tested andmodified
until an enhancement in the sampling of lid conformations was achieved. The final parameters
are given in Table 1.

aMD simulations were performed using the same conditions described for the cMD simula-
tion protocols, and were initiated from an equilibrated semi-closed conformation (Model 2).
The aMD simulations provided significantly enhanced lid sampling compared to cMD simula-
tions (S1 Fig), e.g. multiple transitions between open and closed states were observed in apo-
MDM2 (S1 Movie in S3 Dataset,), whereas no transitions were observed in any apo MDM2
cMD simulation. Additionally increased conformational fluctuations were observed for ligand-
bound aMD simulations (S2 Movie in S3 Dataset,). Equilibrium properties of the unbiased po-
tential can in principle be recovered by reweighting statistics with the exponential of the boost
potential, exp(βΔV(r)) [29]. In practice, especially for large biomolecular systems, a useful level
of enhanced sampling is only reached if large values of the boost potentials are used, which
usually leads to unacceptable variance in the reweighted results.[69,70] Different forms of
aMD have been tested to overcome these limitations although no methodology has yet been
successfully applied to large proteins [71–73]. Another drawback of the aMDmethodology is
that, in common with many enhanced sampling methodologies, it is difficult to recover infor-
mation about the kinetics of the sampled processes [74].

2.3 Umbrella sampling (US) calculations. By means of the above aMD protocol, a broad
range of lid conformations were obtained for apo and bound MDM2 complexes. Two suitable
collective variables were selected to discriminate between the different observed lid states: CV1
defines the extension of the lid as a function of the distance between the alpha carbons of resi-
dues 1 and 23. CV2 is the lid-core angle, i.e. the angle between the alpha carbons of residues 11,
50 and 62 (Fig 10).

Table 1. aMD parameters used in the present simulations.

System EP αP ED αD

Apo-MDM2 -125,306 10,000 3,000 83

p53-MDM2 -155,742 10,000 3,000 83

Nutlin3a-MDM2 -142,371 10,000 3,000 83

Bzd-MDM2 -150,118 10,000 3,000 83

Pip2-MDM2 -133,000 10,000 3,000 83

The choice of the parameters was initially done using according to guidelines from Bucher et al. [68] and

Pierce et al. [67], and further adjustments were done with the help of preliminary cMD simulations. All the

parameters are given in kcal.mol-1.

doi:10.1371/journal.pcbi.1004282.t001
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Such a choice allows the identification of the different states of the lid: the p53-binding site
is occluded by the lid (“closed” conformation) when the lid-core angle is below 80° and the lid
extension is larger than 24 Å. Other values lead to a solvent-exposed p53-binding site pocket
(lid “opened”).

Next, an US protocol was applied to compute an equilibrium distribution for each lid en-
semble. CV1 was sampled from 3 to 49 Å with a 2 Å interval and CV2 from 20 to 140° (158°
for p53 complex) with a 6° interval reaching a total of 504 windows for each system (576 for
p53 complex). No restraints on the MDM2 core region or the ligand were applied. The initial
coordinates for every window were taken from the closest snapshot sampled during the aMD
simulation. A similar strategy has been used successfully by Ostmeyer et al. to seed indepen-
dent US simulations with relaxed conformations from long-time MD simulations [75]. For
each simulation bin, 500 ps simulation were considered to re-equilibrate the system before run-
ning 4 ns in the production phase. The same conditions as in the cMD simulations were ap-
plied and in addition a harmonic potential restraint of 1 kcal mol-1Å-2 and 0.12 kcal mol-1deg-2

was used for CV1 and CV2 respectively. The force constants of the restraining potentials were
chosen to avoid excessive energetic penalties for conformations deviating slightly from the tar-
get CV values as this could otherwise hinder conformational sampling of the other degrees of
freedoms of the system during the US simulations. This risk was also lessened because relative-
ly loose collective variables were used in this study (i.e. there are several ways for the lid to
adopt a given extension/orientation as defined by CV1 and CV2). Values of the reaction coor-
dinates were stored every 10 fs for post-processing.

2.4. vFEP reweighting. The 2D variational Free Energy Profile (vFEP) method [31,32]
was used to obtain unbiased free energy profiles along the two collective variables. vFEP is a
maximum likelihood parametric approach to reweight biased simulation data. For smoothly
varying free energy surfaces, the method has been shown to yield converged FES with fewer
windows and with a fraction of the statistics required with WHAM [76]. To estimate

Fig 10. Definition of the collective variables used during the US simulations of the MDM2 lid
dynamics. CV1: lid extension (Met1(Cα)-Glu23(Cα) distance); CV2: lid-core angle (Met62(Cα)-Met50(Cα)-
Asp11(Cα).

doi:10.1371/journal.pcbi.1004282.g010
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uncertainties in bin free energies, all US trajectories were sub-divided into four parts of equal
duration and analysed separately (S2–S3 Figs). The 2D FES projection lumps together local
minima and no attempt was made to recover an estimate of the kinetics of the open/close lid
transitions from this projection.

3. Analysis of the molecular dynamics trajectories
Three-dimensional structures and trajectories were visually inspected using the computer
graphics programs PyMOL[77] and VMD [78]. Hydrogen bonds and hydrophobic contacts
between the MDM2 lid and MDM2 core/ligand regions were monitored using ptraj and cpptraj
modules in AmberTools 12 [40,79]. The formation of a hydrogen bond was considered when
the distance between donor and acceptor was shorter or equal to 3.0 Å and the angle between
the acceptor, hydrogen and donor atoms was equal or larger than 154°. A hydrophobic contact
was defined when the distance between two carbon atoms was less than 5 Å. To avoid counting
a large number of trivial contacts, for every lid residue i, intramolecular lid-lid hydrophobic
contacts with immediate neighboring residues (i+1, i-1) were excluded from the analysis.

Diverse ensemble-averages of lid-residue properties were computed, including the average
number of hydrogen bonds with core/ligand atoms, average hydrophobic contacts with core/li-
gand atoms, average backbone heavy-atom RMSD to a representative conformation taken from
the lowest free energy bin (RMSDi) and average helical (Hi), sheet (Si) turn (Ti) or coil (Ci) pro-
pensity, the latter four computed according to the DSSP code [35,36]. Lid energetics were also
characterized by component analysis of interaction energies using the mmpbsa.py software [80].
Specific quantities evaluated for each complex were: ligand-lid interaction energies (Elig-lid), lid-
core interaction energies (Elid-core), and lid-lid intramolecular non-bonded energies (Elid-lid).

All observables and quantities were obtained by reweighting statistics from the US sampled
snapshots according to eq 3.

hAii ¼
XN

j¼1
ð 1
M

XM

k¼1
Aj;kÞ � e�bDGjXN

j¼1
e�bDGj

ð3Þ

where<Ai> is the ensemble average of the property of interest for lid residue i, N is the num-
ber of US bins,M is the number of snapshots in bin j, Aj,k is the value of property Ai for snap-
shot k in bin j, and ΔGj is the free energy of bin j obtained by vFEP reweighting. To estimate
uncertainties in the computed properties, the simulation data was split in four consecutive
blocks of 1 ns each and property values computed separately. Mean<Ai> values are reported
along with one standard error. Lastly, graphical depictions of representative lid structural en-
sembles for each system were obtained by randomly sampling 20 snapshots from the pooled
US snapshots according to their computed equilibrium properties.

Supporting Information
S1 Fig. MDM2 lid distribution plot (in number of structures) projected on X: lid extension,
in Å and Y: lid-core angle, in degrees. Top: Apo-MDM2, cMD (left) and aMD (right). Bot-
tom. Nutlin3a-MDM2, cMD (left) and aMD (right).
(TIFF)

S2 Fig. Free energy surfaces for the MDM2 lid conformational changes projected on CV1
(lid extension, in Å) and CV2 (lid-core angle, in degrees) in different time windows. Ener-
gies are in kcal.mol-1. (Left) apo-MDM2 simulations. (Right) p53-MDM2 simulations.
(TIFF)
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S3 Fig. Free energy surfaces for the MDM2 lid conformational changes projected on CV1
(lid extension, in Å) and CV2 (lid-core angle, in degrees) in different time windows. Ener-
gies are in kcal.mol-1. (Left) Nutlin3a-MDM2 simulations. (Middle) Bdz-MDM2 simulations.
(Right) Pip2-MDM2 simulations.
(TIFF)

S4 Fig. Ligand-dependent modulation of MDM2 lid flexibility. Per-lid residue average back-
bone RMSD in Å considering heavy atoms. A) apo, B) p53, C) Nutlin-3a, D) Bzd, E) Pip2.
(TIFF)

S5 Fig. Changes in lid-lid interaction energy upon Pip2 binding for lid segments 16–24 and
lig segments 1–24. Lennard-Jones energies are depicted in red, Coulombic energies in blue
and total interaction energies in gray. Energies are in kcal.mol-1.
(TIFF)

S6 Fig. Secondary structure propensity of Pro20-Gln24 lid residues along cMD simulations
of Nutlin3a-MDM2 complex. A) cMD simulations using as starting point a representative
conformation from the minimum free energy well of the US of Nutlin3a-MDM2 complex (no
α-helix displayed) (Residues 1–119). B) cMD simulations using as starting point a truncated
form of the lid (Residues 17–25) starting from a previously formed α-helix between residues
Pro20 and Gln24. Red: helix; Green: Turn; Grey: Coil.
(TIFF)

S7 Fig. Secondary structure propensity of Pro20-Gln24 lid residues along cMD simulations
of Bzd-MDM2 complex. A) cMD simulations using as starting point a representative confor-
mation from the minimum free energy well of the US of Bzd-MDM2 complex (no α-helix dis-
played) (Residues 1–119). B) cMD simulations using as starting point a truncated form of the
lid (Residues 17–25) starting from a previously formed α-helix between residues Pro20 and
Gln24. Red: helix; Green: Turn; Grey: Coil.
(TIFF)

S1 Dataset. pdbs_SI.zip: PDB files corresponding to fig: 7A2, 7A3, 7B2, 7C2, 7D2 and 7E2.
(ZIP)

S2 Dataset. inputs_SI.zip: Sample input files for the aMD or US simulations.
(ZIP)

S3 Dataset. Movies.zip: Sample trajectories from representative aMD simulations of apo
MDM2 (S1 Movie) or Bzd-bound MDM2 (S2 Movie).
(ZIP)
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