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ABSTRACT: The p53 pathway is inactivated in almost all types of
cancer by mutations in the p53 encoding gene or overexpression of the
p53 negative regulators, Mdm2 and/or Mdmx. Restoration of the p53
function by inhibition of the p53-Mdm2/Mdmx interaction opens up a
prospect for a nongenotoxic anticancer therapy. Here, we present the
syntheses, activities, and crystal structures of two novel classes of Mdm2-
p53 inhibitors that are based on the 3-pyrrolin-2-one and 2-furanone
scaffolds. The structures of the complexes formed by these inhibitors and
Mdm2 reveal the dimeric protein molecular organization that has not
been observed in the small-molecule/Mdm2 complexes described until
now. In particular, the 6-chloroindole group does not occupy the usual
Trp-23 pocket of Mdm2 but instead is engaged in dimerization. This
entirely unique binding mode of the compounds opens new possibilities
for optimization of the Mdm2−p53 interaction inhibitors.

The tumor suppressor p53 protein pathway is inactivated in
the majority of human cancer either by mutations within

the p53 gene or by overexpression of negative regulators of
p53, predominantly Mdm2 and/or Mdmx proteins. Restoration
of active p53 has been demonstrated to be a promising strategy
against cancer.1−3 Mutations in the p53 encoding gene are
found in about 50% of all human cancers.1−6 In the tumors that
contain the wildtype p53, liberation of its activity by disrupting
the interaction with the Mdm2/Mdmx, using low-molecular-
weight inhibitors, should provide an efficient, nongenotoxic
anticancer therapy.1 Although tremendous progress was
observed in the latter strategy4−6 since the initial demonstration
of the efficacy of an early inhibitor nutlin-3a,7 constant
development of yet novel compounds with better pharmaco-
logical properties is sought.8−12

The interaction of the transactivation domain of p53 with the
N-terminal domain of Mdm2 is mediated primarily by the side
chains of Phe19, Trp23, and Leu26 of p53, which occupy three
hydrophobic subpockets within Mdm2.13,14 These interactions
define a three finger pharmacophore which characterizes the
vast majority of the currently available small-molecule Mdm2
inhibitors.8,9 Since the early discovery by Garciá-Echeverriá et
al. that substitution of the indole moiety of Trp23 in the p53

peptide with that of 6-chloroindole significantly potentiates

Mdm2 affinity,15 a large number of small-molecule inhibitors

have been developed in which a major interaction with Mdm2

is provided by a 6-chloroindole moiety occupying the Trp23

subpocket.16−18 Nevertheless, certain new approaches were

recently proposed.5,6,19−23

In this study, we describe novel Mdm2 inhibitors based on

the 3-pyrrolin-2-one and 2-furanone scaffolds, which by design

contain the 6-chloroindole structure anchoring pharmacophore

and a maximal number of halogenated phenyl groups. Crystals

of the complexes formed by these inhibitors and Mdm2

unexpectedly revealed dimeric protein arrangement formed by

the chloroindole−protein and protein−protein interactions in

which the 6-chloroindole group does not occupy the usual Trp-

23 pocket of Mdm2.
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■ RESULTS AND DISCUSION

Design of Novel Antagonists of the Mdm2-p53
Interaction. The patent space of Mdm2 antagonists based
on a five-membered heterocyclic core is tightly packed
nowadays. Nevertheless, using a three finger pharmacophore
model and assuming a five-membered core, we have designed
two series of novel compounds, derivatives of 5-hydroxy-1,5-
dihydydro-2H-pyrrol-2-one and 5-hydroxy-1,5-dihydro-2H-fur-
ran-2-one. The compounds selected for synthesis and
evaluation of their activity are shown in Table 1.
Synthesis of the Substituted 3-Pyrrolin-2-ones. To

prepare compounds 1a and 1b, we devised a six stage synthetic
route (Scheme 1). Compound 5 was easily available from N-
methylpyrrol (3), through the bromination−oxidation proce-
dure24 (obtaining 4), and subsequent nucleophilic substitution
of a single bromine with 6-chloroindole according to known
procedures.25 Then, a Suzuki−Miyaura reaction allowed
substitution of the second bromine with a benzyl moiety
resulting in compound 7.26 Before that, the N−H proton
within 6-chloroindole was protected with tert-butyldicarbonate,
according to the standard DMAP-catalyzed reaction.27 The
Grignard reaction was used to convert 7 into 8a and 8b,28 and
the protecting group was removed under mild conditions by
treatment with methylamine solution.29 Resulting compounds
1a and 1b were separated by column chromatography.
Compounds 1c−1h were prepared using a shorter route

(Scheme 2). Compound 13 was obtained by cyclization30 of a
(4-chlorophenyl)acetamide (10) and a (6-chloro-1H-indol-3-

yl)oxoacetic acid methyl ester (12) previously prepared from
commercially available substrates, 9 and 11, respectively.
Compound 13 was methylated to yield monomethylated 14
and dimethylated 15 derivatives or alternatively benzylated to
yield 16. This was done efficiently under mild conditions with
potassium carbonate while different evaluated bases (NaH,
NaOH, and Cs2CO3) led to a number of side-products.
Compounds 1c−1f were obtained from 14 and 15, respectively,
using the Grignard reaction as described above for 1a and 1b.
Compounds 1g−1h were obtained by reduction of 16 with
either NaBH4 or alternatively LiAlH4 (ref 31) with similarly
high yields. Adapting the shorter synthetic route depicted in
Scheme 2 for the preparation of 1a and 1b proved impossible
due to low yields, multiple side products of the N-methylation
step, and resulting difficulties in purification.

Synthesis of the Substituted 2-Furanones. Substituted
2-furanones 2a−2f were prepared from a maleimide
intermediate of 3-pyrrolin-2-one by trans-cyclization (Scheme
3).32 Compound 13a was obtained in the same manner as 13,
from 3-(4-chlorophenyl)propionic amide (10a) and (6-chloro-
1H-indol-3-yl)oxoacetic acid methyl ester (12). Substituted
maleimides 13 or 13a were refluxed in basic water−ethanol
solution yielding respective substituted maleic anhydrides (17
and 18, respectively). These were further modified using the
Grignard method as described above to yield substituted 2-
furanones 2a−2d and 2e and 2f, respectively.

Structure−Activity Relationship. To quantify the affin-
ities of our compounds toward Mdm2, we determined the Kd of

Table 1. Structures and Activity of Mdm2 Inhibitors Reported in This Study

aThe experimental error of the measured Kd values is ca. 30%.
bKd of compound 2d could not be determined by NMR.
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the compound-Mdm2 interaction using NMR33,34 and the
microscale thermophoresis (MST). For NMR, the 15N-labeled
Mdm2 was titrated with increasing concentration of each
evaluated compound, and 1H−15N 2D-HSQC spectra were
recorded after each new portion of the compound was added
(Figure 1, Figures S1 and S2).
This method is based on monitoring of chemical shift

changes in protein amide backbone resonances upon protein
interaction with a small molecule.34−37 It allows not only
qualitative evaluation of the fact of interaction but also to
semiquantitative estimation of the binding affinity. Moreover,
the strong binding of a small molecule to the target protein, for
example, 1d to Mdm2, results in NMR signal doubling,
indicating the Kd’s of less than 1 μM (and a slow chemical
exchange). Assignment of the amide groups of Mdm2 was
obtained after Stoll et al.38 The results are summarized in Table
1.
The compounds substituted with the 4-chlorophenyl group

at position 3 of the central ring (1c−1h, 2e, and 2f, numbering
of atoms in the central ring is shown in Schemes 1 and 3)
exhibited weak affinity (Kd > 50 μM) regardless of the scaffold
being that of 3-pyrrolin-2-one or 2-furanone. At the same time,
the compounds substituted at position 3 with the 4-
chlorobenzyl group (1a, 1b, 2a−2d) exhibited better affinities
toward Mdm2 compared to the 4-chlorophenyl substituted

compounds, again regardless of the core scaffold. It is thus clear
that the extra flexibility provided by an additional methylene
group is a prerequisite of the efficient binding in these types of
compounds. For all tested structural isomers (i.e., 1a vs 1b etc.;
except 1e and 1f), those substituted at position 2 exhibited
weaker activities compared to those substituted at position 5,
irrespective of the substituent at position 3 and the central ring
scaffold. The N-methylated 6-chloroindole substituent at
position 4 is clearly not compatible with Mdm2 binding as
evidenced by weak affinities of compounds 1e and 1f.
The affinities of all compounds were additionally tested by

microscale thermophoresis (MST; Figure S3). The best binding
compounds, 1a and 2a demonstrate affinities comparable to
those determined by NMR. The occurrence of disparities may
be explained by the low solubility of compounds, which was the
major issue for NMR. For compounds with NMR Kd’s of up to
100 μM, which is considered an “intermediate exchange” NMR
range,35 the MST data demonstrate slightly lower affinities
(below 30 μM) compared to NMR data. The apparent NMR
Kd’s determined in the intermediate exchange range are
however expected to be higher than the ones from MST, and
the relative differences in affinities of compounds within the
series determined using each method are consistent.39,40 The
worst binding compounds (with NMR Kd’s higher than 100

Scheme 1. Synthesis of Compounds 1a and 1b (Numbering of Atoms in the Central Ring of 3-Pyrrolin-2-ones Depicted in
Blue)a

aReagents and conditions: (a) (i) compd 3 (1 equiv), NBS (2.5 equiv), −78 °C to RT, 16 h, anh. THF; (ii) conc. HNO3, 0 °C, 1 h, hexane. (b) (i)
6-chloroindole (1 equiv), LiHMDS (2.5 equiv), −78 °C, anh. THF; (ii) compd 4 (1 equiv), −20 °C, anh. THF. (c) compd 5 (1 equiv), (Boc)2O (2
equiv), anh. Et3N (2 equiv), DMAP (0.1 equiv), RT, 16 h, anh. THF; (d) (i) 4-chlorobenzyl chloride (1.5 equiv), Mg (1.5 equiv), 2 h, reflux, anh.
Et2O; (ii) B(OMe)3 (1 equiv), −78 °C, anh. THF; (iii) KHF2 (4.5 equiv), H2O, 0 °C, 0.5 h. (e) compd 6 (1 equiv), potassium (4-
chlorobenzyl)trifluoroborate (1.1 equiv), Cs2CO3 (3.5 equiv), Pd(dppf)Cl2 complex with CH2Cl2 (0.1 equiv), 80 °C, 5 h, toluene/water (5:1). (f)
(i) 4-chlorobenzyl bromide (1.5 equiv), Mg (1.5 equiv), 2 h, reflux, anh. Et2O; (ii) cmpd 7 (1 equiv), 4 h, reflux, anh. THF. (g) compd 8a or 8b
excess of MeNH2 in MeOH (2 M), 36−72 h, RT.
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μM) are also characterized by highest values (>30 μM) in
MST.
The two “best” identified inhibitors, 1a and 2a, show

affinities in the low single digit micromolar range. Comparable
affinities and the fact that 1a and 2a differ only within the
central ring scaffold indicate that both scaffolds identified

within this study are equally suitable for the further
development of Mdm2 inhibitors.

Structural Basis of the Interaction of 1a with Mdm2.
In order to better understand the structural basis of interactions
of the reported compounds at the binding pocket of Mdm2, we
have determined the crystal structure of 1a in complex with the

Scheme 2. Synthesis of Compounds 1c−1ha

aReagents and conditions: (a) (i) (9) or 9a (1 equiv) thionyl chloride (5 equiv), reflux, 3 h; (ii) NH3(aq) (20 equiv), 0−5 °C to RT, 16 h. (b) (i) 6-
chloroindole (11) (1 equiv), oxalyl chloride (1.1 equiv), 0 °C, 1 h, anh. THF; (ii) sodium methoxide in MeOH (2 equiv), 60 to 0 °C, 2 h. (c) (i)
compd 10 or 10a (1 equiv), 12 (1 equiv), potassium tert-butoxide (4 equiv), 0 °C, 0.5 h, anh. THF; (ii) 55 °C, 5 h; (iii) conc. HCl, RT, 0.5 h. (d)
compd 13 (1 equiv), methyl iodide or benzyl bromide (1 equiv), K2CO3 (5 equiv), RT, 16 h, anh. DMF. (e) (i) 4-chlorobenzyl bromide (1.5 or 2.5
equiv), Mg (1.5 or 2.5 equiv), 2 h, reflux, anh. Et2O; (ii) compds 14 or 15 (1 equiv), 4 h, reflux, anh. THF. (f) Compd 16 (1eq ), LiAlH4 (2.5 equiv),
0 °C to RT, 1 h, anh. Et2O-THF.

Scheme 3. Synthesis of Compounds 2a−2f (Numbering of Atoms in the Central Ring of 2-Furanones Depicted in Blue)a

aReagents and conditions: (a) compd 13 or 13a (1 equiv), NaOH (15 equiv), water/ethanol (5:1), reflux, 1 h. (b) (i) 4-Chlorobenzyl bromide or 4-
fluorobenzyl bromide (2.5 equiv), Mg (2.5 equiv), 2 h, reflux, anh. Et2O; (ii) compds 17 or 18 (1 equiv), 4 h, reflux, anh. THF. The numbering of
the central ring is shown in blue based on formulas 2a and 2b.
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target protein. The obtained crystals diffracted to 2.0 Å
resolution and contain four protein molecules in the
asymmetric unit. Each Mdm2 molecule contains a single
inhibitor molecule at the binding pocket. No additional
inhibitor molecules were found within the structure. The
inhibitors were well-defined by their electron density. The
Leu26 subpocket is occupied by the 4-chlorobenzyl substituent
found at position 3 of 1a. The aromatic ring of the substituent
forms a π−π stacking interaction with the imidazole ring of
His96. The interaction is further stabilized by hydrophobic
contacts mediated by the side chains of Leu54, Ile99, and
Tyr100. The second 4-chlorobenzyl substituent, located at
position 5 of 1a, occupies the Trp23 subpocket of Mdm2. Its
interaction is stabilized by numerous hydrophobic contacts
mediated by the side chains of Leu54, Leu57, Ile61, Phe86,
Phe91, Ile99, and Ile103 and the Cα of Gly58. The central 3-
pyrrolin-2-one ring of the inhibitor molecule covers the
entrance to the binding pocket. The oxygen atom of the
carbonyl group at position 2 is involved in a water mediated
interaction with the Nε of His96 and the carbonyl oxygen of
Val93. The N-methyl group forms hydrophobic contact with
the side chain of Val93 and is in relatively close contact with the
hydroxyl oxygen of Tyr67. Most interestingly, the Phe19
subpocket within Mdm2 is not utilized by the inhibitor. Instead,
it is occupied by the side chain of Tyr67, which is oriented
differently compared to what is observed in the structure of the
Mdm2−p53 complex (Figure 2, Figure S4).
Notably, the 6-chloroindole substituent found at position 4

of 1a does not occupy the Trp23 pocket as found in a number
of structures of previously reported inhibitors. Instead, it
interacts with the solvent-exposed residues of Mdm2. The Nε1

of 6-chloroindole forms a water-mediated interaction with the
carbonyl oxygen of Lys51. The significance of this interaction is
exemplified by the poor activity of compounds 1e and 1f, which
are methylated at Nε1 and, as such, not capable of forming this
interaction. Another water molecule, tightly coordinated by the
carbonyl oxygen of Phe55 and Nε1 of Gln59, forms a canonical
lone-pair−π interaction with the 6-chloroindole. Finally, the 6-

chloroindole forms halogen−π interaction with the aromatic
ring of the Phe55 side chain.

The Binding Mode of 2a in the p53 Pocket of Mdm2.
We also crystallized 2a in complex with Mdm2 using different
crystallization conditions and obtaining crystals exhibiting
different arrangement of the molecules within the asymmetric
unit compared to the 1a-containing complex. Despite the
differences in overall crystallographic arrangement, the
structure of 2a in complex with Mdm2 demonstrates an almost
identical binding mode of 2a to that observed for 1a, strongly
suggesting that the observed binding mode is compound
specific, rather than induced within the crystal. The 4-
chlorobenzyl substituents at positions 3 and 5 of 2a occupy
the Leu26 and Trp23 subpockets, respectively, identically as
found in the structure containing 1a. The 2-furanone central

Figure 1. Example NMR spectra for the HSQC-based titration of Mdm2 with 1a. Red, reference, Mdm2 alone; blue, molar ratio protein/ligand
1:0.5; green, overtitrated Mdm2 (the ratio protein/ligand 1:2).

Figure 2. Interaction of the Mdm2 protein and compound 1a (yellow
sticks). (A) Stereoview comparison between the binding modes of 1a
and the p53 peptide (purple; PDB ID: 1YCR).13 (B) Mdm2−1a
complex. Left, ribbon representation; right, surface representation.
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ring is located identically to the 3-pyrrolin-2-one ring of 1a.
The only difference is that the N-methyl group is missing in the
structure of 2a, and an additional water mediated interaction
between oxygen within the 2-furanone ring and the side chain
hydroxyl group of Tyr67 is observed. However, this interaction
is present only in one of the molecules contained in the
asymmetric unit, which suggests its low contribution to the
overall binding energy. This is corroborated by the high
temperature factor characterizing the water molecule mediating
the interaction. The 6-chloroindole substituent of 2a is oriented
identically to that of 1a and is involved in analogous
interactions. Overall, both compounds 2a and 1a and the
fragments of Mdm2 containing interacting residues super-
impose with an RMSD of 0.21 Å, demonstrating almost
identical orientation of both compounds within the Mdm2
binding pocket (Figure 3, Figures S5−S7).

Compounds 1a and 2a Induce Dimerization of Mdm2.
The arrangement of molecules within the crystal lattice in both
structures may suggest the inhibitor-induced dimerization of
Mdm2. In the 2a-containing structure, the asymmetric unit
accommodates two Mdm2 molecules which face each other via
their p53 binding pocket side. This implies that the bound
inhibitor molecules also directly face each other. Such a dimer
is built around a pseudo-2-fold rotation axis. Mdm2 molecules
create multiple hydrogen bonds and water mediated contacts as
well as a ring stacking interaction of the Phe55 side chains. The
6-chloroindole moiety of each inhibitor provides a halogen
bond41 with a carbonyl oxygen of Lys51 of the adjacent Mdm2
molecule and water-mediated interaction between the chlorines
and Nε1 atoms of neighboring inhibitor molecules. Identical
dimers are recreated by symmetry operations in the 1a−Mdm2
structure (Figure 4, Figure S8).
To test if the inhibitor induced Mdm2 dimerization observed

in the crystal is retained in solution, we recorded 1H NMR
spectra of Mdm2 in the presence and absence of 1a. The
addition of 1a to the Mdm2 containing NMR sample resulted
in broadening of the NMR signals of the protein, the NMR line
widths being consistent with the induction of the oligomeric
state of Mdm2 upon its interaction with 1a (Figures S9 and
S10). This indicates that 1a induces Mdm2 dimerization in
solution, and therefore the dimers observed in the crystal
structure reflect biological assemblies and not only crystal
packing artifacts.
To further confirm the presence of the dimer in solution, we

performed a DOSY NMR experiment. The comparison of log
D of the complex of Mdm2 with our compound (1a, log D =
−9.82) and with RG7388 (ref 42; used as a reference
compound which does not induce the dimerization of Mdm2,
logD = −9.72) clearly indicates that compound 1a induces
Mdm2 dimerization in solution (Figure S11). This is also

confirmed by the hydrodynamic radii calculated from the
Stokes−Einstein equation from the DOSY experiments, which
were equal to 12.6 and 16.9 Å for the monomer and dimer,
respectively.

Discussion and Conclusions. Since the early discovery by
Garciá-Echeverriá et al.15 that substitution of the indole moiety
of Trp23 in the p53 peptide with that of 6-chloroindole
significantly potentiates Mdm2 affinity,15 a large number of
small-molecule inhibitors have been developed in which a
major interaction with Mdm2 is provided by a 6-chloroindole
moiety occupying the Trp23 subpocket. These include, among
others, imidazoles,16 pyrazoles,43 pyrrolidines,17 and spiroox-
indoles.18 In fact, 6-chloroindole itself binds weakly to Mdm2,
as can be appreciated from our NMR titration experiments
(Figure S12). The moieties filling the other two subpockets
(Phe19 and Leu26) belong to many different classes in
previously published inhibitors; however, substituted phenyls
and benzyls predominate. Our design approach was initially
based on the same premises. Surprisingly, the binding modes of
both the 3-pyrrolin-2-one- and 2-furanone-based inhibitors
described in this study differ from those anticipated in
modeling. In our structures, the 6-chloroindole moiety does
not occupy the Trp23 binding pocket but instead provides a
number of interactions at the surface of the Mdm2 molecule
and with the adjacent Mdm2 and inhibitor molecules thereby
inducing dimerization.
Graves et al.44 recently reported a class of Mdm2 inhibitors,

exemplified by RO-2443, which induce Mdm2 dimerization by
inserting a difluorobenzyl moiety into the Trp23 binding
pocket of one Mdm2 molecule and the 6-chloro-7-methyl-
indole moiety into the extended Phe19 pocket of the other
Mdm2 molecule within the dimer. The dimeric protein
complex is kept together by a dimeric small-molecule core.
Therefore, the interaction of RO-2443 with Mdm2 is

Figure 3. Comparison of the interactions of compounds: 1a (magenta
sticks) and 2a (yellow sticks) with Mdm2 (shown in ribbon (left
panel) and surface (right panel) representation).

Figure 4. Key interactions that support the dimerization of Mdm2 by
1a. The Mdm2 molecules forming the dimer: gray and magenta.
Residues involved in the Mdm2 dimerization are highlighted as sticks
and shown in gray. The inhibitor molecules are shown in yellow and
orange. Hydrogen bonds are depicted as blue dotted lines. The ring
stacking is depicted as red dotted lines. Halogen bonds are depicted as
green dotted lines. Water molecule mediating inhibitor−adjacent
Mdm2 molecule interaction is shown in blue. (A) Stereo view. (B−D)
Mixed ribbon/surface representations of Mdm2 protein molecules.
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comparable to that of the inhibitors described within this study
only in the fact that the 6-chloroindole moiety is located
outside the Trp23 pocket and that the dimers are stable in
solution. The modes by which the inhibitors induce
dimerization are, however, completely different, including the
fact that the 6-chloroindole moieties of adjacent inhibitors
within the dimer do not directly interact in the 1a- or 2a-
containing structures contrary to that containing RO-2443.
Consistently with the different mode of interaction and
mechanism of dimerization, the relative orientation of Mdm2
monomers within the dimer is utterly different in the RO-2443-
containing structure compared to the 1a- or 2a-containing
structures (Supporting Text S1, Figure S13).
The SAR for the series of compounds reported in this study

is clearly explained by provided crystal structures. The methyl
substituent at position 1 of the 3-pyrrolin-2-one ring provides
additional hydrophobic contact with Val99 compared to the 2-
furanone scaffold, but the absence of a hydrophobic interaction
is compensated in the latter scaffold by a weak, water-mediated
interaction of the oxygen within the 2-furanone ring and the
side chain hydroxyl group of Tyr67. The geometry of the 4-
chlorophenyl group at positon 3 of the central ring (1c−1h, 2e,
and 2f) is not compatible with the π−π interaction with the
side chain of His96, one of the prominent interactions observed
in the structure of 1a and 2a containing a more flexible 4-
chlorobenzyl at position 3. This explains higher affinities of the
4-chlorobenzyl substituted compounds. Inhibitors substituted
at position 5 exhibit higher affinities compared to those
substituted at position 2 most probably because the latter are
not capable of forming a water mediated interaction of the
central ring with the side chain of His96 due to the different
orientation of the oxygen atom at position 2. The methyl group
at the Nε atom of the 6-chloroindole substituent prevents its
water mediated interaction with the carbonyl oxygen of Lys51,
thereby negatively affecting the affinity of such compounds.
Despite the unexpected localization of the 6-chloroindole

group in the Mdm2 complexes of the inhibitors described in
this study, certain other features describing the inhibitor−
Mdm2 interaction are comparable to those previously observed
for other Mdm2 inhibitors, rationalizing further optimization of
1a and 2a (Supporting Text S2, Figure S14).45,46 The π-
stacking interaction of 1a/2a and His96 of Mdm2 resembles a
similar interaction of YH239 (Figure S15B,C).46 Hydrophobic
interactions of chlorobenzyl moieties of 1a and 2a at the Leu26
and Trp23 subpockets of the Mdm2 binding site are
reminiscent of those of nutlin (Figure S15A) and its
derivatives.47

In conclusion, we have developed two novel classes of Mdm2
inhibitors. The fact that the inhibitors based on two different
scaffolds both interact with Mdm2 in an unexpected,
noncanonical fashion opens multiple avenues for further
rational optimization.

■ METHODS
Synthesis. Compounds were synthesized as depicted in Schemes

1−3. For details of the reported syntheses and compound analysis, see
the Supporting Information.
Protein Expression and Purification. Variants of the N-terminal

domain of human Mdm2 were cloned into pET-20 vector (Novagen)
and expressed in the Escherichia coli BL21(DE3) as described
previously.48 In brief, cells were grown at 37 °C and induced with 1
mM IPTG at an OD600 of 0.8 and grown for an additional 5 h at 37
°C. Cells were collected by centrifugation and lysed by sonication.
Inclusion bodies were collected by centrifugation, washed with PBS

containing 0.05% Triton-X100, and solubilized in 6 M guanidine
hydrochloride in 100 mM Tris-HCl at pH 8.0, containing 1 mM
EDTA and 10 mM β-mercaptoethanol. The protein was dialyzed
against 4 M guanidine hydrochloride at pH 3.5 with 10 mM β-
mercaptoethanol. The protein was refolded by dropwise addition into
10 mM Tris-HCl at pH 7.0, containing 1 mM EDTA and 10 mM β-
mercaptoethanol and slow mixing overnight at 4 °C. Ammonium
sulfate was added to the final concentration of 1.5 M, and the refolded
protein was recovered on a Butyl Sepharose 4 Fast Flow (GE
Healthcare). The protein was eluted using 100 mM Tris-HCl at pH
7.2, containing 5 mM β-mercaptoethanol and further purified by gel
filtration using HiLoad 16/600 Superdex75 (GE Healthcare).

Binding Analysis by Microscale Thermophoresis (MST). MST
(NanoTemper Technologies GmbH) was used to determine the
binding affinities between Mdm2 (residues 1−118 T47W; 500 nM)
and inhibitors. T47W mutation was introduced to facilitate label-free
measurements and did not interfere with small molecule binding, as
evidenced by unaffected affinity toward a reference compound, nutlin-
3. Experiments were performed in 50 mM phosphate buffer at pH 7.4
containing 150 mM NaCl, 5 mM DTT, and 5% DMSO. Inhibitors at
increasing concentration (0.763 nM to 25 μM; highest concentration
was limited by solubility) were incubated with the protein for 5 min
prior to measurement at 25 °C (excitation 280 nm, emission 350 nm).
An inhibitor concentration-dependent decrease in tryptophan
fluorescence was observed. Inhibitor binding-specific fluorescence
quenching was evidenced by a loss of the effect in samples containing
the inhibitor, but denatured by heating (95 °C for 5 min) in the
presence of 2% SDS and 20 mM DTT. Kd values and uncertainties
were calculated using the MO Affinity Analysis software.

NMR Measurements. Uniform 15N isotope labeling was achieved
by expression of the protein in the M9 minimal media containing
15NH4Cl as the sole nitrogen source. The final step of purification of
Mdm2 (residues 1−118, chosen to enable interactions of N-terminal
Mdm2 part49) for NMR consisted of gel filtration into the NMR buffer
(50 mM phosphate buffer at pH 7.4 containing 150 mM NaCl, 5 mM
DTT). Then, 10% (v/v) D2O was added to the samples to provide a
lock signal. All the spectra were recorded at 300 K using a Bruker
Avance 600 MHz spectrometer. 1H−15N heteronuclear correlations
were obtained using the fast HSQC pulse sequence.50 Assignment of
the amide groups of Mdm2 was obtained after Stoll et al.38

Crystal Structure Determination. Human Mdm2 (18−125) was
prepared in 5 mM Tris−HCl at pH 8.0 containing 50 mM NaCl and
10 mM β-mercaptoethanol. A molar excess (3×) of 1a or 2a was
added. The Mdm2 inhibitor complex was concentrated to 20 mg
mL−1, and screening for crystallization conditions was performed using
a sitting drop vapor diffusion method and commercially available
buffer sets. Crystals of the Mdm2(18−125)−1a complex appeared
after a few days at 4 °C in 0.1 M HEPES at pH 7.5 containing 0.2 M
sodium chloride and 25% (w/v) PEG 3350. The crystals of the
Mdm2(18−111)−2a complex were obtained from 0.1 M HEPES at
pH 7.5 containing 30% (w/v) PEG 1000. Crystals were flash-cooled in
liquid nitrogen without further cryoprotection. The data collection and
refinement description and statistics (Table S2) are summarized in the
Supporting Information.

The structure factors and final models were deposited into the
Protein Data Bank with accession numbers 4ZFI and 4ZGK, for the
structure with inhibitors 1a and 2a, respectively.

Small-Molecule Crystal Structure Determination. For details
of small molecule crystallography experiments, data collection, and
compound structures, see the Supporting Information (Figure S16,
Table S1).
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Supporting text S1 and S2, synthesis, NMR measure-
ments for KD determination, crystal structures determi-
nation of protein complexes, small-molecule crystal
structures determination, supplemental figures and
tables, references, and copies of small molecules NMR
spectra (PDF)

Accession Codes
The structure factors and final models of Mdm2 complexes
with inhibitors were deposited into the Protein Data Bank with
the accession numbers 4ZFI and 4ZGK, for the structure
containing inhibitors 1a and 2a, respectively. All crystallo-
graphic data for the small molecule structures have been
deposited at the Cambridge Crystallographic Data Centre
under accession numbers: CCDC 1054955, 1e; CCDC
1054956, 1g; and CCDC 1054957, 1d.
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(8) Popowicz, G. M., Dömling, A., and Holak, T. A. (2011) The
structure-based design of Mdm2/Mdmx-p53 inhibitors gets serious.
Angew. Chem., Int. Ed. 50, 2680−2688.
(9) Zak, K., Pecak, A., Rys, B., Wladyka, B., Dömling, A., Weber, L.,
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