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Half of human tumours have mutated p53 while in the other half, defective signalling pathways block its function. One
such defect is the overexpression of the MDM2 and MDMX proteins. This has led to an intense effort to develop inhibitors
of p53-MDM2/MDMX interactions. Nutlin is the first such compound described to block p53-MDM2 interactions.
Molecular dynamics simulations have been used to explore the differences in binding of p53 and nutlin to MDM2/MDMX.
Simulations reveal that p53 has a higher affinity for MDM2 than MDMX, driven by stronger electrostatic interactions. p53
is displaced from MDM2 by nutlin because it is more flexible, thus paying a larger entropic penalty upon sequestration
by MDM2. The inherent plasticity of MDM2 is higher than that of MDMX, enabling it to bind both p53 and nutlin. The
less flexible MDMX interacts with the more mobile p53 because the peptide can adapt conformationally to dock into
MDMYX, albeit with a reduced affinity; nutlin, however is rigid and hence can only interact with MDMX with low affinity.
Evolutionarily, the higher affinity of MDM2 for p53 may enable MDM2 to bind p53 for longer periods as it shuttles it out
of the nucleus; in contrast, MDMX only needs to mask the p53 TA domain. This study enables us to hypothesize gain of
function mutations or those that have decreased affinity for nutlin. These conclusions provide insight into future drug
design for dual inhibitors of MDM2 and MDMX, both of which are oncoproteins found overexpressed in many cancers.

Thomas Leonard Joseph,'" Arumugam Madhumalar,'t Christopher John Brown,? David P. Lane? and Chandra Verma'*

Introduction

The tumour suppressor protein p53, also called “the guardian
of the genome”,! plays a key role in maintaining the integrity of
eukaryotic cells. Upon cellular stress, p53 is stabilized and acti-
vates pathways that can either lead to cell cycle arrest, senescence
or apoptosis.”? The levels of p53 in normal cells are tightly main-
tained by the Murine Double Minute 2 (MDM2) oncoprotein in
an important negative feed back loop. MDM2, whose transcrip-
tion is stimulated by p53, prevents transactivation of other tar-
get genes by p53 as well as targeting it for degradation.* MDM2
interacts with p53, via the N-terminal transactivation (TA)* and
the DNA-binding (DBD) domains of p53,’ and then stimulates
ubiquitination of p53 followed by its proteosomal degradation.
More recently MDM2 has also been shown to associate with the
mRNA of p53 and regulate p53 translation.®” When normal cells
undergo stress, posttranslational modifications induce the release
of p53 from its negative regulator, MDM2. This is primarily
achieved through the phosphorylation of the N-terminus of both
the proteins, which disrupts the MDM2-p53 interaction, leading
to the accumulation of p53.%> Indeed, many cancer cells have over-
expressed MDM2, leading to the degradation of p53.5"!
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MDMX (also known as MDM4), a close homolog of MDM2,
is another negative regulator of p53.'>'> MDMX potentiates the
ubiquitin ligase activity of MDM?2 and enhances p53 degrada-
tion."'® Both MDM2 and MDMX regulate p53 through interac-
tions mediated by their N-terminal domains and the N-terminal
TA domain of p53. However, unlike MDM2, MDMX is not a
functional ubiquitin E3 ligase or a target for p53 transactiva-
tion."'® The residues Phel9, Trp23 and Leu26, located in the TA
domain of p53, contribute a majority of the binding energy in the
interaction of p53 with both MDM2 and MDMX."?! MDM2
also ubiquitinates MDMX and targets it for proteosomal degra-
dation.”? MDMX has also been found to be overexpressed in sev-
eral cancers.”? Elevated MdmX mRNA occurs in tumours with
wild-type p53, and MdmX knockdown in breast carcinoma and
retinoblastoma cell lines leads to p53-dependent growth-arrest
or apoptosis.?*?® This implies that in the absence of any other
regulatory changes, MdmX-dependent inhibition of p53 is also
critical for tumorigenesis. The inhibition of the p53 interaction
with MDM2 and MDMX has been shown to be therapeuti-
cally important?” and hence it is essential to develop a detailed
understanding of the structural and energetic aspects of these
interactions.
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Figure 1. (A) Sequence alignment of MDM2 (25-109) and MDMX (23-108); (B) The crystal structures of p53 complexed to MDM2 (orange, 1YCR.pdb)
and MDMX (green, 3DAB.pdb) shown superposed with the three key interacting residues of p53 shown in sticks. For clarity only the p35 peptide (in

The N-terminal domains of MDM2 and MDMX are similar
in sequence (identity ~54%, Fig. 1A) and their crystal structures
in complex with a p53 TA domain derived peptide (hereafter
referred to as the p53 peptide) have been determined, revealing
the same overall structural fold and similar interactions (Fig.
1B). The p53 bound states of both MDM2 and MDMX show
that the environments are highly similar for Phel9 and Trp23 but
not for Leu26. The key differences lie at 3 positions—Leu54 in
MDM2, Met53 in MDMX; His96 in MDM2, Pro95 in MDMX
and I1e99 in MDM2, Leu98 in MDMX (Fig. 2A and B). Several
peptides, small molecules and peptidomimetics have been identi-
fied as inhibitors of this interaction between p53 and MDM2/
MDMX."72428-7 The crystal structure of nutlin complexed to
MDM2, PDB code 1RV1,% has been resolved at 2.3 A. It shows
(Fig. 3A) that the chemical groups of nutlin (Fig. 3B) mimic the
three key interactions of p53 mentioned above: the imidazoline
sits on the binding site projecting three hydrophobic groups into
subpockets that are occupied by the Phel9, Trp23 and Leu26
side chains in MDM2, while the piperazine ring (as a solubilis-
ing group) attached to the N1 of the imidazoline remains outside
the binding site and does not contact MDM2. However nutlin
is dramatically weaker in its ability to disrupt the interaction
between MDMX and p53.24%>3 Recently several high affinity
phage derived peptides have shown vast improvements in their
dual affinity for both MDM2 and MDMX_2%24:32:34:36

While much insight has been gained in structural biology and
drug discovery using experimental techniques such as NMR and
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crystallography, it is increasingly becoming clear that the underly-
39,40

ing dynamics®*° are critical. Towards this goal, the technique of
molecular dynamics (MD) simulations have been applied exten-
sively to investigate biochemical phenomena.*** Several groups
have applied MD to understand the binding of p53 peptides to
MDM2,1820:3245-47 and MDMX* providing valuable insights
into this interaction. Here we examine the differential binding
of p53 peptide and nutlin to MDM2 and MDMX using MD
simulations. This, to our knowledge, has not been reported else-
where. We then turn our attention towards asking if our methods
could usefully be employed in gaining some understanding of the
development of resistance in tumours to both nutlin treatment
and for gain of function in MDM2. The development of resis-
tance to drugs and gain of function mutants of p53, MDM2 is of
much clinical interest.”%

Results

The MD simulations were judged to be stable as evidenced by
the time dependant evolution of RMSD and radius of gyration
(Fig. SIA-D). The positional fluctuations of the Co atoms (Fig.
4A—C) show that MDMX is more mobile than MDM2 in its
apo as well as in its complexed states. This mobility is particu-
larly pronounced in the loops that connect 0.2 and 1', B1' and
ol', B2' and 02" (Fig. 1B). These are also the regions that dis-
play differential fluctuations between the two proteins. Residues

Glu69, Lys70 and Val93 have the largest fluctuations in MDM2
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Figure 2. The differences in residue location and composition of MDM2 (orange, A) and MDMX (green, B).

while GIn69, Glu70, Asp79 and Asp94 have the largest fluctua-
tions in MDMX. These residues are also in the neighbourhood
of the ligand/peptide binding sites of both proteins (Fig. 2A
and B). The largest differences in fluctuations are seen in the
B2'-02' loop and are two-fold larger in MDMX. We probe the
origin of this in later sections. Overall, the region encompass-
ing the B2'-02" loop and the 02" helix displays higher flexibility
in both MDM2 and in MDMX in their apo and nutlin-bound
states than in their p53 bound states. This region interacts with
p53 but not with nutlin, thus leading to the observed higher
mobility in the presence of nutlin. The peptides, when bound,
show a large difference at the Cterminus, with much larger
mobility in MDMX (Fig. 4D).
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Protein motions of MDM2 and MDMX in the free and
complexed states. The nature of motions explored by MDM2/
MDMX during the simulations can best be assessed by comput-
ing their phase space portraits. The technique of principal compo-
nent analysis (PCA) is the most widely used for this purpose.’**’
This technique decomposes the intrinsic flexibility of a protein
into motions of different frequencies of vibrations. These are
then ordered such that the first component (PC1) characterizes
the motion with the largest amplitude and lowest frequency. The
advantage of this technique is that it enables a direct comparison
with experimentally determined structural data. Principal com-
ponents were computed for MDM?2 and MDMX in their various
states: apo, complex with p53 and complex with nutlin. From
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Figure 3. (A) Nutlin2 (blue sticks) complexed to the p53-binding pocket of MDM2 (orange) taken from the crystal structure 1RV1 and superposed on
to the structure of p53 peptide when complexed (magenta, taken from 1YCR.pdb). (B) The chemical structure of nutlin2.

Figure 5A and B it is clear that PC1 (Principal Component 1)
dominates the motions of MDM2 (covering 30-37% of overall
motion). In contrast, the motion is more distributed across other
modes in MDMX (Fig. 5A and B inset). The extent of the cov-
erage of phase space or entropy in MDM2 is in the order apo >
nutlin > p53. This is understandable since p53 makes extensive
contacts with MDM2 than does nutlin, and hence is much less
flexible. When we examine the distributions in this space of the
experimentally determined structures of MDM2, we find that
the phase space of apo simulations covers the structures of apo
MDM2 determined by NMR; indeed the simulations cover a
larger region of phase space. Comparing the data for the com-
plexes, we find that the MDM2 crystal structures divide into
two regions of the phase space: the ones that are closer to the
p53-MDM2 complex simulations are those representing MDM?2
crystal structures complexed to peptides or peptidomimetics.
In contrast, the structures that are within the region of phase
space covered by the MDM2-nutlin simulations are those crys-
tals where MDM2 is complexed to small molecules. Together,
this suggests that our simulations are indeed covering regions of
phase space that truly represent the experimental states. Indeed,
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the fact that our apo simulations cover the experimental data,
despite the fact that our apo state was derived from the com-
plex of MDM2 with p53, further strengthens the validity of our
simulations. In MDMX, the coverage of phase space by the apo
protein is much smaller than for MDM2, highlighting its lower
flexibility (and hence adaptability). When complexed to p53 and
to nutlin, the coverage is somewhat larger than in MDM2; it is
more pronounced for nutlin. As we shall see later, this rational-
izes the basis of differential binding. The experimental states of
MDMX are covered by the simulations; there is no small mole-
cule-MDMX structure available.

Evolution of the secondary structures during the simulations
show that in its free state, the p53 peptide (Fig. S2) can exist as
interconverting conformers, with the helical conformation domi-
nant, in particular in the region Phel9-Trp23 (the region essen-
tial for binding to MDM2/MDMX). This is in agreement with
experimental (NMR observations show that the Thr18-Leu26
region is helical in solution®®) and with other simulation stud-
ies."#1%% Interestingly, the p53 peptide exists as a somewhat longer
helix when complexed with MDM2 (Fig. S2) than with MDMX.
This difference arises because during the MD simulations, the

Volume 9 Issue 6



o =2 N W kR O =2 N WA O

Root mean square fluctuation

o = N W A O

D 254

1.5 1

05 ——

23 28 33 38 43 48 53 58 63 68 73 78 83 88 93 98 103 108

_

0547 18 19 20 21 22

Residue number

23 24 25 26 27 28 29

Figure 4. Root mean squared fluctuations of the Ca. atoms of MDM2 (in magenta) and MDMX (in blue) in their (A) apo (B) p53-complexed (C) nutlin-
complexed states. (D) Root mean squared fluctuations of Coc atoms of p53 when complexed to MDM2 (magenta) and MDMX (blue).

anionic Glul7 of p53 forms a salt bridge with Arg65 in MDM2
(Fig. 2A) resulting in the p53 adopting an extra helical turn at its
N-terminus (this is not possible in MDMX since the equivalent
residue is GIn64, Fig. 2B).

Hydrogen bond patterns in the complexed states of MDM2
and MDMX. We next investigated the hydrogen bond (hbond)
landscapes of the two complexes. The crystal structure 1YCR
shows the following hbonds between p53 and MDM2: Glul7
and MDM2-Lys94 side chains, Asp21 side chain and Thrl8
backbone, Trp23 side chain and MDM2-Leu54 backbone, Asn29
and MDM2-Glu25 side chains and between the C-terminal car-
boxylate of p53 and MDM2-Tyr100/Tyrl04 side chains (Fig.
S3A). During the simulations of the p53-MDM2 complex the
only hbond that is retained is that between Trp23-Nel and
Leu54-CO. The intra peptide Thr18-Asp21 hbond exists for only
8% of the total time; there is an hbond between Glul7-CO and
Ser20-Oy for about 49% of the simulation, which arises from
the extra helicity of the peptide at the N-terminal. This extra
turn is enabled because of a salt bridge that is formed dynami-
cally between Glul7 of p53 and Arg65 of MDM2. In the crystal-
lographic state, Arg65 is 15.7 A from Glul7 and is hbonded to
Glu69 of a neighbouring MDM2 molecule while Glul7 interacts
weakly with Lys94. However, during the simulations, with the
constraint imposed by the symmetry copies released, localized

www.landesbioscience.com
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fluctuations disrupt this weak Glul7-Lys94 interaction. By 3 ns,
Glul7 undergoes large fluctuations (characteristic of terminal
residues) and moves towards Arg65, which is stabilized also by
Tyr67. By 7 ns this Glul7-Arg65 interaction has stabilized and
remains stable for the subsequent 8 ns. This Arg65 is replaced by
GIn64 in MDMX and hence this salt bridge with Glul7 cannot
form.

The crystal structure 3DAB shows the following hbonds
between the p53 peptide and MDMX: between Trp23-Nel and
the Met53-CO, between Phel9-N and Gln17-O¢l (Fig. S3B). In
the simulations of the p53-MDMX complex, the former hbond
was retained with an occupancy of 48%. The Phel9 and Trp23
backbones make an hbond whose occupancy during the simula-
tion is 66%. In summary, it appears that the additional hbonds
in p53 complexed to MDM2 enables it to have a stabler and lon-
ger helix than when complexed to MDMX.

The crystal structure 1RV1 also shows an hbond between
GIn72-Nel and hydroxyl attached to the piperazine moiety of
nutlin (Fig. S$3C). During the simulation this hbond is lost and
this group remains exposed to solvent water. The MDMX-nutlin
structure was modelled and contains no hbonds between nutlin
and MDMX either in the beginning or during the simulations;
the hydroxyl attached to the piperazine moiety again remains
exposed to solvent, as in the MDM2-nutlin simulation.
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Figure 5. The distribution of the structures in the phase space defined by principal components 1
and 2 showing that the apo states of MDM2 are more flexible than MDMX and capture the varia-
tions seen in both simulated and experimental structures. MDM2 covers the region also occupied
by p53 bound and nutlin bound states, highlighting its adaptability; in contrast MDMX is much
more clustered in all its states. The black, red and blue dots represent the respective simulations in
apo, p53-bound and nutlin bound states for MDM2 (A) and MDMX (B). Green circles represent the
crystal structures of MDM2/MDMX complexed with peptides; Green squares represent the crystal
structures of MDM2 complexed with small molecules; Majenta triangles represent the structures
of apo MDM2 derived by NMR. Inset histograms refer to the contributions of individual principal
components to the overall fluctuations and, in descending order, refer to the apo, p53-complex and
nutlin-complex respectively for MDM2 (in A) and MDMX (in B).

Energy calculations for the MDM2 and MDMX with the
p53 peptide and nutlin. Free energy of binding of p53. The AG,_,
of p53 and MDM2 was computed to be -6.4 kcal/mol (Table 1)
which is close to both experimental®®®! (-6.6 to -7.8 kcal/mol)
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and other computational estimates'®°

(-69 to -7.4 kcal/mol). In contrast,
AG,, , for p53 and MDMX is computed
to be -3.7 kcal/mol (Table 2); this trend
is in accord with experimental estimates
that MDMX has a lower affinity for
p53.176060 With this benchmark estab-
lished, we now examine the origins of
these differences.

Global electrostatics of MDM2 and
MDMX (Fig. S4) show that MDM?2
is highly cationic compared to MDMX
with net charges being +5 and +1 respec-
tively. This is seen in a larger intramo-
lecular electrostatic energy component
of MDM2 (Tables 1 and 2). Indeed
dynamic electrostatic maps (Suppl.
movies SM1-SM5) show that the sur-
face of p53 is complementary to that of
highly cationic MDM2 than it is to the
MDMX surface. This also suggests that
k_of the p53 peptide (net charge -2) for
MDM2 may be higher than for MDMX.
It is also likely that the weaker interac-
tions of p53 with MDMX (Tables 1 and
2) may lead to a higher k . Together
these may partly explain why the affinity
of p53 for MDMX is very low compared
to that for MDM2.” A further clue
emerges from inhibition studies of Lane

1761 where the removal of

and colleagues
a negative charge from p53, by mutat-
ing Glul7, lead to a lower affinity for
MDM2, while the change for MDMX
was smaller. The free energy of binding
of the p53 peptide and MDM2/MDMX
is enthalpically driven in both cases; in
MDM2, enthalpy dominates entropy by
an excess of 15%, while in MDMX, it
does so only by 6%. The enthalpic com-
ponent in MDM2 is 25% stronger than
it is in MDMX and clearly originates
in the electrostatic interactions (-494.2
vs. -146.1 kcal/mol respectively; Suppl.
movies SM6 and SM7).

Despite the structural differences we
have seen above, the fact that the van der
Waals interactions are similar (~-52 kcal/
mol) suggests that the packing is driven
largely by the interactions of Phel9,
Trp23 and Leu26, which are conserved
in the two complexes. As expected, the

penalty paid for burying charges upon complexation is higher
(~3-fold) in MDM2-p53. Entropically, the vibrational contribu-
tion in MDM2 is twice as stabilizing as it is in MDMX. This is
expected because the amplitude of motion as described by the

Volume 9 Issue 6



Table 1. Components of binding free energy (in kcal/mol) of MDM2
with p53 peptide

MDM2-p53 MDM2 p53 Delta
Mean Std Mean Std Mean Std
ELE -30439 783 -23788 489 -1709 26.8 -494.2
VDW -395.4 16.6 -319.0 15.2 -23.8 6.2 -52.6
INT 1743.6 28.6 1516.6  26.1 224.3 1.1 2.8
GAS -1695.7  83.1 -1181.2  53.0 29.6 279  -5441
GBSUR 35.0 0.8 329 0.6 10.0 0.4 -7.9
GB -1296.6 69.6 -1321.2 43.0 -484.0 254 508.6
GBSOL -1261.6 689 -1288.3 427 -4740 254 500.7
GBELE -4340.5 175 -3700.0 15.0 -654.9 4.7 14.4
GBTOT 29573 30.5 -2469.5 276 -4444 113 -43.4
TSTRA 16.2 0.0 16.0 0.0 14.4 0.0 -14.3
TSROT 16.0 0.0 15.8 0.0 13.1 0.1 -12.9
TSVIB 1180.7 4.6 1025.7 4.2 164.8 2.8 -9.9
TSTOT 1212.9 4.6 1057.6 4.2 192.3 29 -37.0
AG -6.4

bind

lowest frequency mode (as evidenced from principal components
of the fluctuations)®** is higher in MDM2 than it is in MDMX
(Fig. 5A and B).

Free energy of binding of nutlin. Experiments have demon-
strated that nutlin displaces p53 from MDM2 and has a low
affinity for MDMX;**?¢ our own simulations concur with these
(Tables 3 and 4). The interaction with MDM2 is enthalpically
driven and dominated by van der Waals interactions which arise
mainly from the differential packing of the residues near the
binding pocket (mainly from the loop connecting 32" and 0.2'
and the residues comprising helix 02" as we have seen above,
Fig. 4C). Structurally the nutlin interactions with MDMX
are not very stable and this is reflected in the reduction of the
interaction energy by ~35%. These interactions are destabilized
due to MDMX having a smaller binding pocket than MDM2.
This arises largely due to the Leu54 in MDM2 replaced by the
larger Met53 in MDMX. As a result, the electrostatic and van
der Waals components of the interactions are 3-fold and 30%
stronger respectively in MDM2 than in MDMX. The relatively
small differences in the entropic components arise because nut-
lin is small and rigid. In contrast, the p53-MDM2 interaction
extends over a large interface. This results in a larger vibrational
entropy.” In the case of the p53-MDMX complex, the p53 does
not have the extra helical turn which results in a smaller interface
and hence lower vibrational entropy.

Binding of p53 to MDM2 is largely electrostatically driven
but does have a significant van der Waals component (arising
from extensive packing against a large surface). However, the
burial of charged residues upon complexation with p53 is penal-
ized and on balance it turns out that the enthalpic components
of the binding of both p53 and of nutlin to MDM2 are similar.
In contrast, the reduction of p53 upon sequestration by MDM2
incurs a larger entropic penalty than does nutlin because p53 is
larger and more flexible (Tables 1 and 3). This leads to a higher
affinity of nutlin for MDM2. In contrast, the reduced affinity

www.landesbioscience.com
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Table 2. Components of binding free energy (in kcal/mol) of MDMX
with p53 peptide

MDMX-p53 MDMX p53 Delta
Mean Std Mean Std Mean  Std
ELE -2932.7 61.2 -26157 464 -1709 26.8 -146.1
VDW -406.0 14.6 -330.0 14.0 -23.8 6.2 -52.2
INT 1760.6  28.2 1542.0 25.5 224.3 1.1 E516)
GAS -1578.1  66.0 -1403.7 52.2 29.6 279  -204.0
GBSUR 36.6 0.7 334 0.5 10.0 0.4 -6.8
GB -13771 56.0 -1068.8 419 -484.0 254 175.8
GBSOL -1340.5 556 -1035.5 418 -4740 254 169.0
GBELE -4309.7 16.2 -36845 146 -6549 4.7 29.6
GBTOT 29186 299 -2439.2 282 -4444 113 -35.0
TSTRA 16.2 0.0 16.0 0.0 14.4 0.0 -14.3
TSROT 16.1 0.0 15.9 0.0 13.1 0.1 1219
TSVIB 1183.1 5.6 1022.4 4.8 164.8 2.8 -4.1
TSTOT 1215.4 5.7 1054.3 4.8 192.3 29 -31.2
AG -3.7

bind

of nutlin over p53 for MDMX arises from both reduced elec-
trostatic as well as van der Waals components (Tables 2 and 4).
The relatively more open and less stable binding site of MDMX
(in contrast to that of MDM2) is unable to yield a well-packed
complex with nutlin.

Energetic contributions of individual residues in the p53
peptide. The contributions of the individual residues of p53 to
its binding to MDM2 and MDMX are dominated by the three
critical residues of p53 (Phel9, Trp23 and Leu26, Table 5), and
also by Leu22; this is in accord with experimental” and other
computational studies.'®" The C-terminal of p53 cannot embed
in the binding pocket of MDMX due to the bulky Met53 leading
to diminished interactions (~kT') of Leu25, Leu26, Pro27, Glu28
and Asn29 (Table 5). The residues comprising the helix 02" in
MDMX (Pro95/Tyr99) do not pack well against Leu25/Leu26
of p53 in contrast to equivalent residues in MDM2 (His96/
Tyrl00) (Fig. 6A and B). This arises because the local topol-
ogy in MDM2 creates a curvature that nestles Pro27 (Fig. 6A);
this feature is missing in the MDMX surface (Fig. 6B). This is
further associated with a favourable interaction between Asn29
of p53 and Glu25 of MDM2. This is not possible in MDMX as
there is no anionic residue in the vicinity (the equivalent residue
in MDMX is Q26).

The energetic contributions of the residues to binding of p53
follows the order: Phel9 > Trp23 > Leu26 > Leu22 (Phel9 con-
tributes ~1 kcal/mol more favourably than Trp23; this is due to
a higher desolvation penalty for the polar sidechain of Trp23)
for both MDM2 and MDMX with almost equal contributions
in both proteins. The discrimination of 8 kcal/mol in favour of
MDM2 arises from Leu25 (excess of 2 kT'), Pro27 (~2.5 kT) and
Asn29 (~6 kT).

Among the residues of MDM2 (Fig. 7A-C), Arg65, Lys70,
Arg97 and Lys98 make large stabilizing electrostatic contribu-
tions and do not have equivalent contributions in MDMX; a sim-
ilarly stabilizing Argl03 in MDMX does not have an equivalent
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Table 3. Components of binding free energy (in kcal/mol) of MDM2
with nutlin

MDM2-nutlin MDM2 Nutlin Delta
Mean Std Mean Std Mean Std
ELE -2463.3 58.3 -2378.8 489 -62.4 3.6 -22.2
VDW -353.8 15.3 -319.0 15.2 12.3 3.0 -47.1
INT 1616.3 284 1516.6 26.1 108.2 6.3 -8.5
GAS -1200.8  62.0 -1181.2 53.0 58.2 6.9 -77.8
GBSUR 329 0.7 329 0.6 54 0.1 -5.4
GB -1306.1 50.8 -1321.2  43.0 -24.6 19 39.7
GBSOL  -1273.2 50.5 -1288.3 427 -19.2 1.8 34.3
GBELE -3769.4 15.2  -3700.0 15.0 -87.0 2.2 17.5
GBTOT 24740 303 -2469.5 276 39.0 6.2 -43.5
TSTRA 16.1 0.0 16.0 0.0 13.6 0.0 -13.6
TSROT 15.9 0.0 15.8 0.0 11.8 0.0 -11.8
TSVIB 1074.2 6.7 1025.7 4.2 48.7 0.3 -0.3
TSTOT 1106.2 6.7 1057.6 4.2 74.2 0.3 -25.6
AG -17.9

bind

contribution in MDM2. It is interesting that of these residues,
none make direct interactions with p53 in the crystal structure,
thus further emphasizing the importance of understanding the
dynamics of these interactions. The destabilizing contributions in
both proteins arise from anionic residues and these are conserved
across all species (Fig. 11). When we examine the van der Waals
interactions, we find that the dominant interactions that favour
the affinity of p53 for MDM2 are Met62, His96 and Tyr100.
The binding of nutlin to MDM2 and MDMX is dominated by
packing interactions (Tables 3 and 4). The stronger binding of
nutlin to MDM2, compared to MDMX, arises predominantly
from (energy values in parentheses are in kcal/mol and refer to
contributions from MDM2/MDMX): Leu54 (-2.1/-1.4), Gly58
(-1.8/-1.3), Met62 (-1.8/-0.8), GIn72 (-2.3/-1.3) and His73
(-1.4/-0.9) and Val93 (-2.9/-2.4).

Discussion

We have carried out MD simulations of MDM2 and MDMX in
three states—apo, complexes with p53 peptide and with nutlin.
The phase space covered during the simulations encapsulates the
experimentally determined structures of MDM2 and MDMX.
This strengthens the reliability of the simulations in reflect-
ing, at the very least, in-vitro conditions. An argument could
be made that the simulations were initiated from the crystal
structures and hence it is no surprise that they are in the vicin-
ity of such structures; however, these simulations also adequately
reflect the motions of the apo states and these structures were
determined using NMR, a technique that is very different from
crystallography.

How do p53 and nutlin differentiate between MDM2 and
MDMX? Structural basis for differential nutlin binding. At the
N-terminus of the p53 peptide, near the Phel9 pocket, the resi-
dues comprising the 0:2-B1' loop enable better packing of p53 in
MDM2 than in MDMX. This enhancement in packing arises
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Table 4. Components of binding free energy (in kcal/mol) of MDMX
with nutlin

MDMX-nutlin MDMX Nutlin Delta
Mean Std Mean Std Mean Std

ELE -2686.7  39.5 -2615.7 46.4 -62.4 3.6 -8.7
VDW -352.3 15.4 -330.0 14.0 12.3 3.0 -34.6
INT 1655.9 30.8 1542.0 25.5 108.2 6.3 5.7
GAS -1383.1 504  -1403.7 52.2 58.2 6.9 -37.5
GBSUR 339 0.7 334 0.5 54 0.1 -4.8
GB -1075.0 345 -1068.8 419 -24.6 19 18.4
GBSOL -1041.1 34.2 -1035.5 41.8 -19.2 1.8 13.6
GBELE -3761.7 144  -3684.5 14.6 -87.0 2.2 9.7
GBTOT  -2424.2 31.1 -2439.2  28.2 39.0 6.2 -24.0
TSTRA 16.1 0.0 16.0 0.0 13.6 0.0 -13.6
TSROT 15.9 0.0 15.9 0.0 11.8 0.0 -11.8
TSVIB 1072.7 5.2 1022.4 4.8 48.7 0.3 1.6
TSTOT 1104.7 5.2 1054.3 4.8 74.2 0.3 -23.7
AG -0.3

bind

due to the favorable interaction of Arg65 with Glul7 of p53; this
is not possible in MDMX as the equivalent residue is Gln64.
Additional cationicity in this region of MDM2 is brought about
by the presence of Lys70. Although this residue does not make
direct contacts with Glul7, yet modulates its dynamics through
charge-charge interactions; this is replaced by neutral GIn69 in
MDMX. Further, in MDM2, Arg65 also interacts with Glu69
of the 0:2-B1' loop, stabilizing the loop. This in turn provides a
compact fit for p53 in MDM2. In MDMX, the corresponding
interaction is weakened because the equivalent residue is GIn68.

The Trp23 pocket is similar in both MDM2 and MDMX. In
the Leu26 pocket, His96 in MDM2 together with Leu54 and
Tyr100 lead to the creation of a cavity that enables a compact fit
for Leu25 and Leu26 of p53 (Fig. 6A and Suppl. movies SM6
and SM7). In MDMX, this site is occupied by Pro95 which pre-
vents the formation of any such pocket and hence there is no
compact fit for Leu26 (Fig. 6B). In addition, bulkier Met53 in
MDMX localizes in the position occupied by Leu54 in MDM?2
(Fig. 7). This prevents the Leu26 part of p53 from embedding
in MDMX as deep as it does in MDM2. Hence the individual
energy contributions from the residues around the Leu26 pocket
in MDMX are reduced considerably. In addition, formation of a
salt-bridge between Glu95 and Lys98 (70% lifetime) in MDM2,
both located in helix 02, further stabilize the Leu pocket. In
contrast, in MDMX, this Glu is replaced by Asp94; the shorter
side chain of this Asp cannot form a salt bridge since the equiva-
lent residue in MDMX is Pro97. This Asp instead hbonds with
Ser96 and also appears to be pulled by long range electrostatic
interactions with Arg87 (present in the o1'-B2'), thus pulling
this loop (B2'-012") away from the p53 peptide (this is also evi-
dent in the somewhat higher fluctuations, Fig. 4B). In the crystal
structure, Arg87 makes a salt bridge with Asp94 of a neighboring
molecule in the unit cell while Asp94 makes a salt bridge with
Arg87 and an hbond with Ser89 of the neighboring subunit of
the unit cell through a water molecule. During the simulation,

Volume 9 Issue 6



Table 5. Residue wise energy contributions (in kcal/mol) of the p53
peptide for its interactions with MDM2 and MDMX

MDM2-p53 complex MDMX-p53 complex

E17 -0.3 0.2
T18 -0.8 -0.8
F19 -6.6 -6.5
S20 0.0 0.4
D21 0.3 0.3
L22 -2.5 2.4
w23 -5.5 5.4
K24 0.6 0.6
L25 -1.7 -0.4
L26 -3.9 -34
P27 -2.2 -0.8
E28 0.0 0.1
N29 -1.7 1.2

these neighboring copies do not exist. In addition, the helix 0.2
in MDMX is destabilized towards the $2'-0t2" loop by the pres-
ence of Pro95 and Pro97.%” This salt bridge in MDMX occurs
over regions that are spatially separated (02" and a1'), in con-
trast to originating in the same secondary structural element in
MDM2, appears to facilitate the opening of the Leu26 pocket
in MDMX and making it shallow. This further destabilizes
the local p53 interactions, which is in accord with experimen-
tal observations of Holak and colleagues® that the 02" region
in MDMX is responsible for the change in the shape of the
p53 binding pocket, particularly near the Leu26 binding area.
Carotti et al.*® have also made similar observations from their
simulation studies of the MDMX-p53 interactions. We have
now isolated the specific interactions that contribute to this
local instability. Overall, the 02" region/C-terminal in MDM?2
is more positively charged (+3) than it is in MDMX (+1). This
presumably enhances the overall affinity of the anionic car-
boxy terminal of p53. There is a further stabilization of p53 in
MDM2 that is brought about by the interaction of Arg97 with
the carbonyl backbone of Asn29 and with the anionic carboxy
terminal of p53; the equivalent residue in MDMX is Ser96
whose sidechain is not long enough to enable such an interac-
tion. This results in higher mobility of p53 at its C-terminus
when complexed to MDMX (Fig. 4D).

The bulky side chain of Met53 in MDMX (Leu54 in MDM2)
‘pushes’” the C-terminal part of p53 against Leu98 and Leul0l,
effectively occluding this region from p53 (Fig. 8). This in turn
enables Tyr99 to move to a “closed” conformation (both open
and closed conformations have been reported experimentally
and computationally);® in contrast, the analogous Leu54 in
MDM2 is well packed against p53 which remains stably bound,
and, Tyr100 is in the “out” position. In summary, it appears that
an overall perturbation of the MDMX active site, a concomitant
“pushing” out of the p53 peptide, the lack of an extra-helical turn
of p53, and, reduced overall intermolecular electrostatic interac-
tions are the source of the lower affinity of p53 for MDMX,?
(Figs. 6A and B, 9A and B; Movies SM6, SM7).
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B ProosTyras

GIn26

Figure 6. The role of His96/Tyr100 (blue patch) in MDM2 enables the
formation of a curvature that embeds the Pro27 of p53 (A). The homo-
logus region in MDMX (Pro95/Tyr99 blue patch) is unable to do so (B).
Further stabilization of p53 in MDM2 comes from interactions between
the C-terminal region of p53 with Glu25 in MDM2 (A) which is not pos-
sible in MDMX (GIn26 in B).

Nutlin reduces the motions observed in MDM2 but not in
MDMX. Overall, the pocket of MDMX is more open at the
side which docks the N-terminus of p53 and narrow at the side
which docks the C-terminus of p53,%733¢¢ compared to MDM?2
(as seen in the last section); the B2-02' loop undergoes much
higher fluctuations in the presence of nutlin than in the pres-
ence of p53 (Fig. 4C). Met53 in MDMX (Leu54 in MDM2)
together with Tyr99 make a narrower binding pocket. Pro95 in
MDMX, unlike its equivalent His96 in MDM2, cannot reori-
ent and hence makes this region less dynamic (Fig. 6A and B).
Additionally, in MDM2, correlated motions between Tyrl00
and Tyrl04 are modulated by interactions with Arg97 and with
the N-terminal region of MDM2, which further enables a com-
paction of the binding site. These dynamic modulations of the
binding site are absent in MDMX (Fig. S5) where the equivalent
residues are Ser96 and Argl03 respectively. This effect is further
coupled to the Phe pocket where it is clear that nutlin is embed-
ded deeper in MDM2 than in MDMX. The spatially contiguous
02-B1' loop in MDM2 has Glu69 lying between Lys70 and Arg65
which is replaced in MDMX by polar residues GIn68, GIn69
and GIn64 respectively (Fig. 2A and B); the reduced packing
and hence higher mobility of the latter is evident in Figure 4C.
It is clear that these differences are more pronounced for nutlin
because it is a small molecule whose binding is driven by short
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Figure 7. Histogram of contributions of energies by individual residues to the net binding energy of p53 and nutlin to MDM2 (orange) and MDMX
(green). (A and B) refer to the electrostatic and van der Waals energies of interactions with p53 respectively; (C) shows the van der Waals interactions

range van der Waals interactions and lacks the long range elec-
trostatics that mediate interactions with p53. For example, the
positive charge on Lys51 lies in an anionic field created together
by the C-terminus of p53 (Fig. 10); this interaction creates a
stable binding pocket. Nutlin cannot create this anionic field to
constrain Lys51 and hence cannot enable the formation of an
analogous pocket. These differences support our eatlier findings
of how the MDM2 surface (and now MDMX) modulates and is
modulated by ligands."” Indeed, if we examine the distribution of
energies that are associated with the conformational states of the
proteins, we see that nutlin does destabilize MDMX by about 11

1176

Cell Cycle

kcal/mol; Table ST1 shows that this destabilization originates in
the internal strain of MDMX.

These observations suggest the possibility of designing mol-
ecules that could modulate the flexibility of MDMX and impart
less rigidity to it. This would be analogous to the development of
the new class of HIV-integrase drugs where additional pockets
were found to be created in the presence of bound molecules.®

Biological implications. The above data enables us to hypoth-
esize that the binding site of both MDM2 and MDMX and
the associated interactions with p53 have evolved functionally
in the following manner: MDM2 needs to hold on tightly to
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Figure 8. The steric occlusion of p53 due to Met53 in MDMX (A) that does not occur in MDM2 as the equivalent residue is Leu54 (B).

A

Figure 9. The role of salt bridges in modulating the binding site of p53 in MDM2/MDMX. The Asp94-Arg87 salt bridge in MDMX (A) occurs across dif-
ferent secondary structural elements and opens up the p53-binding pocket in MDMX leading to weaker interactions. In contrast the Glu95-Lys98 salt
bridge in MDM2 (B) occurs in the same secondary structural element and thus does not perturb the p53-MDM2 interaction.

Figure 10. Lys51 stabilizes the interactions with p53 by binding to an anionic potential created by the backbone of p53 in both MDM2 and MDMX
(only the structure of MDM2 is shown in A). This interaction is absent in the nutlin complexes (B).
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Figure 11. (A) Sequence alignment of the Nterminal domain of MDM2 from different species. (B) Nutlin bound to human MDM2 from the crystal
structure 1RV1. (C) Nutlin bound to a homology model of Zebra fish MDM2 constructed using 1YCR. The blue patches show how the cleft in Zebrafish
MDM2 (analogous to human MDMX) is narrow and will destabilize the interactions.

p53 as it shuttles it from the nucleus to the cytoplasm. In con-
trast, MDMX only needs to mask the TA domain of p53 and
hence does not need to hold it very tightly. This is also seen
in the different flexibilities of the proteins in the PCA plots of
the apo proteins, where a larger exploration of phase space by
MDM2 reflects its higher intrinsic flexibility. Upon compl-
exation, MDM2 adapts to p53 and binds tightly compared to
MDMX and hence the phase space of the MDM2-p53 complex
is smaller than that of the MDMX-p53 complex. This will pre-
sumably be reflected in very different kinetics of the interaction
between MDM2/MDMX and p53 (experimental data on the
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p53-MDMX is currently lacking). Interestingly we find that the
features of MDMX that are largely responsible for occlusion of
nutlin are preserved among the MDM2 of lower vertebrates such
as fishes (Fig. 11A). Indeed, prompted by unpublished data from
our lab, which shows that zebrafish MDM2 does not respond to
nutlin treatment, we built structural models that clearly point
towards a narrowing of the binding cleft, similar to that seen in
MDMX (Fig. 11B and C).

Oncogenic mutations in MDM?2 that can drive cancer
development. Having obtained some insights into the key dif-
ferences that characterize the differential binding of nutlin and
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Figure 12. Influence of the hypothetical L57W mutant (wild type MDM2 in orange and mutant MDM2 in cyan) is resistant strain of MDM2 on the
binding of p53 (A) and nutlin (B); p35 is shown in magenta in wild type and in cyan in mutant. It is clear that Trp23 of p53 can stack against the mutant
sidechain Trp57 and retain binding while nutlin is pushed out of the binding pocket.

the p53 peptide to MDM2/MDMX, we may now ask: is this
darta sufficient to enable us to hypothesize about the nature of
mutations that could arise in MDM2/MDMX in tumours.
There have been several insights into developing drugs to bypass
resistant mutations. One example was the ingenious design of
the so-called “adaptive” inhibitors of the HIV-1 protease. New
inhibitors were designed with an intrinsic flexibility that enabled
them to adapt structurally to the known resistance mutations in
HIV-protease by Friere and colleagues.”” More recently, a very
nice computational study has been used to address resistance
mutations and their structural and energetic coupling to inhibi-
tors in EGFR kinase.® However it would be nice if a method
could be developed that would predict the emergence of muta-
tions at key sites in proteins. Towards this, we begin by asking a
simple question: what mutation would enable MDM2/MDMX
to destabilize interactions with nutlin and strengthen them with
p53, and, what mutations would impart a gain-of-function phe-
notype to MDM2, i.e., enable it to bind p53 much tighter than
does wild type MDM2?

There is very little data available on mutations in the
N-terminal domain of MDM2 apart from the work by Levine
and colleagues.”” To rapidly test our hypothesis regarding the
emergence of mutations, we first carry out single point calcula-
tions, whereby the orientation of the mutated sidechain is ener-
getically optimised using SCWRL,”>”" and the effects of this on
the structure and interactions with p53 and nutlin are computed.
For speed, we do not carry out long MD simulations, although
a more comprehensive model will certainly have to; we are cur-
rently carrying out these studies. We find that the G58D muta-
tion in MDM2 that was found to have abrogated p53 binding by
the Levine group, does indeed have a reduced affinity for p53 by
5 kcal/mol (data not shown) relative to the wild type MDM2; as
expected the introduction of a negative charge in MDM2 leads
to a 20% destabilization of electrostatics. The G58D mutant is
located at the periphery of the pocket where Trp23 of p53 embeds
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and the large change is in accord with the introduction of a
charged and bulkier residue (D58). This motivated us to apply
the same technique to mutations at sites that were determined
based on their interaction energies with p53 and with nutlin in
our simulations. For the current study, we chose only a subset of
residues of MDM2, those that interacted favourably with nut
lin (Fig. 7). These were, as expected, hydrophobic residues. In
order to preserve the fold of MDM2, we explored mutations that
replaced these residues with other hydrophobic residues. The
mutations examined were: 154W, 154M, 1541, L54F, L57W,
L57M, L571, L57F, 161L, 161M, 161F, 161W, F861, F86L, F86M
and F86W. Out of these, we found two mutations (L57F and
L57W, Table ST2, Fig. 12), which appear to stabilize interac-
tions with p53 (marginally) and destabilize interactions with
nutlin (binding energies reduce by ~4-9 kcal/mol). The Leu57
sidechain is in the binding pocket of MDM2 and is localized
in the Trp binding pocket. The structural models suggest that
the p53 Trp23 can stack against the Trp57 sidechain of MDM?2
without disrupting binding; in contrast, Trp57 sidechain pushes
nutlin out of the binding pocket. Further, our calculations also
show that G58W, G58L, G58M could be gain of function muta-
tions (they increase the binding affinity for p53 by 2—4 kcal/mol
relative to wild type). In addition, the energetic contributions of
individual residues to the binding of p53 (Fig. 7A and B) provide
clues to hypothesize the second class of mutations. These may
arise at positions such as D46, E52 whereby charge-removing
mutations may (a) change the flexibility of MDM2 (b) increase
the affinity for p53 through electrostatics without any change in
affinity for nutlin; a similar feature has been reported for muta-
tions in the EGFR kinases whereby certain mutations thought
to destabilize drug binding were found to do so by increasing
their affinities for ATP.”? It is interesting that upon browsing the
UNIPROT database of MDM2 sequences, we did come across
4 sequences (QIH4C4, QIH4CS5, Q546E6 and Q8TE46 from
soft-tissue sarcoma’>’4) that have the mutations D46S and E52I,
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both of which remove the negative-charge induced destabiliza-
tion of p53 binding.

We have not carried out analogous computations for MDMX;
however we could hypothesize that MDMX could possibly
mutate in the N-terminal domain to become more MDM2-like
since the latter will bind p53 tighter, thus leading to a gain of
function phenotype (for example, Met53 — Leu; 1199 — Leu;
Ser96 — Arg; this will have the additional ability to bind tighter
to p53 due to enhanced charge-charge interactions). We eagerly
await data from sequencing of tumors to see if our hypothesis
and methodology can be extended to predictions of this class of
mutations.

Materials and Methods

The initial structure of MDM2-p53 was taken from the crystal
structure of p53 bound to MDM2 (PDB code 1YCR, resolved
at 2.6 A%); the structure of nutlin (Nutlin2) was taken from the
structure of MDM2 complexed with nutlin (PDB code 1RV1,
resolved at 2.3 A?%) and modelled on to the structure of MDM?2
taken from the crystal structure 1YCR (1RV1 contains a muta-
tion, L33E in MDM?2). The initial structure of MDMX-p53
was taken from the crystal structure of p53 bound to MDMX
(PDB code 3DAB, resolved at 1.9 A%); and the structure of p53
used with MDMX was taken from 1YCR since the p53 used in
3DAB was shorter in length. Nutlin was modelled using 1RV1
as for MDM2. The structures used included residues 25-109 of
human MDM2, residues 23—-109 of human MDMX and resi-
dues 17-29 of human p53. The N- and C-termini of MDM?2
were capped with acetyl (ACE) and N-methyl (NME) respec-
tively to keep them neutral; the N-terminii of p53 peptides were
capped with ACE. Molecular dynamics simulations were per-
formed with the SANDER module of the AMBERS,” package
employing the all-atom Cornell force field.”* Nutlin parameters
were built using antechamber.”””® Simulations were carried out

for the complexes of p53-MDM2, nutlin-MDM2, p53-MDMX
and nutlin-MDMX. In addition, simulations were also carried
out for the uncomplexed proteins, peptide and nutlin separately.
Each system was solvated with a TIP3P water box” whose sides
are at a minimum distance of 8 A to any protein atom. Particle
Mesh Ewald method (PME)®*® was used for treating the long
range electrostatics. All bonds involving hydrogen were con-
strained by SHAKE.® A time step of 2fs used for the integra-
tion. Initially, the whole system was minimized for 4,000 steps,
to remove any unfavourable interactions. Subsequently, the sys-
tems were each heated to 300 K for 75 ps under NPT condi-
tions. After this, each system was simulated for 15 ns at constant
temperature (300 K) and pressure (1 atm) and structures were
stored every 1 ps. The free energy of binding (AG,, ) of the pep-
tides to MDM2 was computed using the MM-GBSA (molecu-
lar mechanics/Generalized Born surface area) method®** using
the GB module®® in Amber while the non-polar component
was estimated from the solvent accessible surface area using
MOLSURF® using: AG, = 0.00542*SASA + 092.% Each
energy term was averaged over frames taken every 2 ps from
the simulation. Vibrational entropy was estimated using nor-
mal mode analysis (Nmode module of Amber)® and averaged
over 200 ps intervals. Electrostatic calculations were done using
APBS.# PyMOL® and Visual Molecular Dynamics® (VMD)
were used for visualizations. Scwrl” was used for side chain
refinement of mutations.
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