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ABSTRACT. The oncoprotein MDMZ2 inhibits the tumor suppressor protein p53 by binding to the p53
transactivation domain. The p53 gene is inactivated in many human tumors either by mutations or by
binding to oncogenic proteins. In some tumors, such as soft tissue sarcomas, overexpression of MDM2
inactivates an otherwise intact p53, disabling the genome integrity checkpoint and allowing cell cycle
progression of defective cells. Disruption of the MDM2/p53 interaction leads to increased p53 levels and
restored p53 transcriptional activity, indicating restoration of the genome integrity check and therapeutic
potential for MDM2/p53 binding antagonists. Here, we show by multidimensional NMR spectroscopy
that chalcones (1,3-diphenyl-2-propen-1-ones) are MDM2 inhibitors that bind to a subsite of the p53
binding cleft of human MDM2. Biochemical experiments showed that these compounds can disrupt the
MDM2/p53 protein complex, releasing p53 from both the p53/MDM2 and DNA-bound p53/MDM2
complexes. These results thus offer a starting basis for structure-based drug design of cancer therapeutics.

Amplification of theMDM2 gene is observed in a variety cancer, and other tumorigenic effecig). Licochalcone-A,
of human tumorsy, 2). MDM2 is an oncogene product that a chalcone derivative found in the licorice root, has been
binds to the transactivation domain of the p53 tumor associated with a wide variety of anticancer effects, along
suppressor proteir8{-6). By binding to p53, MDM2 inhibits with other potential benefits1g). Chalcone synthesis is
the ability of p53 to activate transcriptioi)(and promotes  relatively straightforward using Claisen-Schmidt aldol con-
the rapid degradation of p58,(9). Increasing MDM2 levels  densation protocols, while the compounds themselves are
thus raises the signal threshold necessary for p53-inducedsusceptible to Michael addition at the ene-one {8FH—
apoptosis T—11) and retards the rate of the p53-induced CO) moiety (4, 19). These broad antitumor properties of
expression of the cell cycle inhibitor p21@, 12). Studies chalcones prompted us to characterize these compounds at
comparing MDM2 overexpression and p53 mutation con- the molecular level for possible interactions with the p53/
cluded that these are mutually exclusive events, supportingMDM2 system. Here, we describe NMR evidence for binding
the notion that the primary impact of MDM2 amplification of chalcones in and near the tryptophan binding pocket of
in cancer cells is the inactivation of the resident wild-type the p53 binding cleft of human MDM2 and propose three-
p53 (@, 2, 7). It has been shown recently that a peptide dimensional models consistent with these data.
homologue of p53 is sufficient to induce p53-dependent cell
death in cells overexpressing MDM2L3). This result RESULTS AND DISCUSSION
provides clear evidence that disruption of the p53/MDM2
complex might be effective in cancer therapy.

Chalcone derivatives (compounds derived from 1,3-
diphenyl-2-propen-1-on&have been described in the lit-
erature as inhibitors of chemoresistanté)( ovarian cancer
cell proliferation (L5), pulmonary carcinogenesi&®), pro-
liferation of HGC-27 cells derived from human gastric

Chalcones Are MDM2 Antagonist®erivatives of the
chalcone class have been shown to inhibit MDM2 binding
to a p53 peptide in a two-site ELISA (Figure 1). The
biotinylated optimized p53 peptide, which was coated to a
Streptavidin-coated plate, was bound to MDM2 protein.
Compounds interfering with the interaction were selected.
Since only an 11-mer peptide was used in the ELISA
carrying the MDM2 binding site, possible artifacts of
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Ficure 1: A representative collection of basic chalcone skeletons used in our study. Inhibition of MDM2 binding to p53 measured by
ELISA (ICsp values given on the left side of the slash) and by NMR titration experim&atsdlues given on the right side of the slash).
Compound D was studied as a negative control. For details refer to text.

secondary or allosteric binding sites are excluded. Becausenteraction. In either case, the substance would inactivate
chalcones at certain concentrations induce precipitation/the p53-specific interaction and lead to degradation of cellular
aggregation of MDM2, caution has to be exercised in MDM2.

interpreting the ELISA and EMSA data presented here. Release of p53 Acte for DNA Binding by Chalcones.
However, the ELISA data exhibited a range otd®@alues  Since the compounds were able to compete with MDM2 for
generating a rough structuractivity relationship profile. binding to the p53 peptide as shown by ELISA, it was then
Compounds B, N, and O denature MDM2. Compound B-1 tested whether they could dissociate preincubated p53/
(Figure 1) leads to aggregation of the MDM2 but not of the MDM2 complexes and release p53 active for DNA-binding
human p194d protein when applied in the same molar in an electrophoretic gel mobility shift assay (EMSA). Here,
excess, as visualized by NMR. Induction of protein aggrega- full-length, tetrameric p53 protein was used instead of a short
tion is usually considered as a nonspecific effect of com- peptide. In this setting, the MDM2 protein supershifts p53
pounds and therefore an indicator of low therapeutic bound to its consensus DNA, confirming previously pub-
potential. However, aggregation may either arise as alished data 2Z4) (Figure 2). Since the compounds are
biochemical artifact or as a consequence of a specific dissolved in DMSO, incubation with 5% DMSO was shown
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Ficure 2: Effect of chalcones on DNA binding activity of p53/
MDM2 complexes. Human p53 was analyzed for DNA binding
following incubation with and without MDM2 using a electro-
phoretic gel mobility shift assay (EMSA). Preformed p53/MDM2

Stoll et al.

cleft of the MDM2 domain. The interaction is primarily
hydrophobic in character; only two hydrogen bonds are found
between MDM2 and the p53 peptide. The hydrophobic
surfaces of MDM2 and p53 are sterically complementary at
the interface. The binding surface of p53 is dominated by a
triad of p53 amino acids (F19, W23, and L26) that bind along
the MDM2 cleft and define the corresponding phenylalanine,
tryptophan, and leucine subpockets for the p53/MDM2
interaction 6) (Figure 6). In this classification, the leucine
pocket is defined by Y100, T101, and V53, the tryptophan
pocket is defined by S92, V93, L54, G58, Y60, V93, and
F91, the phenylalanine pocket is defined by R65, Y67, E69,
H73, 174, V75, M62, and V934).

As a control experiment using a known stable MDM2/
inhibitor complex, MDM2 was titrated with the p53 peptide
comprising residues E17 to N29 (Figure 5, panel A, and
Figure 6). NMR spectra showed that the p53 peptide/MDM2
complex was long-lived on the NMR chemical shift time
scale (ref20; see also Materials and Methods). This is in
agreement with the ELISA data that showed an appdtent
of 0.6 uM (6). As can be seen in Figure 5, panel A, and
Figure 6, panel B, almost all amino acids of the free MDM2
exhibit changes in chemical shifts upon complexation with
the p53 peptide. The analysis of ligand-induéei and the
N shifts was performed by applying the equation of
Pythagoras to weighted chemical shifts which is in concor-

complexes were subjected to incubation with competing p53 peptide dance with the recent literatur2). The largest shifts lined

(250 uM) or low molecular weight compounds (1 mM). Since the
compounds contained a final concentration of 5% DMSO, a DMSO
control of 5% was included.

not to influence complex formation, as well as a control
compound D (Figure 2). However, the binding of p53 and
MDM2 was dissociated by addition of a p53 peptide
containing the MDM2 binding site, which thus competes with
p53 protein for binding to MDM2 (Figure 2).

Compounds A and C resolve the p53/MDM2 complex,
however, without releasing active p53 (Figure 2). Thus, the

the three binding subpockets of p53 on MDM2 (Figure 5,
panel A, and Figure 6, panel B). The full set of MDM2/p53
interface residues comprises M50, L54, L57, G58, 161, M62,
Y67, H73, V75, F91, V93, H96, 199, and Y100 of MDM2

(6). Additionally, significant shifts are observed f6+strand
residues T26, L27, V28, R29, L107, and V108 and for
residues L34, L37, and K64 (Figure 5, panel A, and Figure
6, panel B). Shifts observed for amides outside the binding
regions may be caused by secondary effects, such as allostery
or change in mobility upon binding, and do not necessarily

compound interaction seems to additionally influence the p53 indicate direct binding of the p53 peptide to MDM2. Such

protein, which would not be anticipated from the ELISA.
Compounds B, N, and O partially remove MDM2 from the
complex with p53 by lowering the supershift. The released
p53 still migrates higher than the p53 only control, which
could indicate some molecules are MDM2 bound. Despite
good IGy values in the ELISA, the effect of the compound
seems to be lower in the context of the full-length p53 protein
complexed to MDM2. Compound B-1 completely resolves

possible secondary effects (e.g., residues L34, L37, and K64)
must be considered when analyzing ligand binding to
allosteric proteins.

All Kp values determined by NMR spectroscopy fully
agree with the affinities measured by the ELISA binding
assay (Figure 1). Compound A, with an ELISAst(value
of 206 uM, shows the strongest shifts at the peptide groups
of E52, V53, L54, F55, Y56, L57, G58, Y60, 161, and H73

the supershift induced by MDM2 binding and releases active (Figure 1, Figure 5, panel B, and Figure 7, panel A). Except

p53.

NMR Spectroscopyetermination of binding sites of lead
chalcone compounds were carried out usihgHSQC NMR
spectroscopy of thé®N isotopically enriched domain of
human MDM2 including residues-1118. A nearly complete
assignment of the backborEN and®N NMR resonances
was obtained for the uncomplexed MDM2 (apo-MDM2;
Figure 3). The NMRN-{?H} NOE experiment indicated
that the folded core of the MDM2 domain in solution extends
from T26 to N111 (Figure 4). This is in good agreement
with the crystal structures of N-terminal domains of human
and Xenopus MDMZ2 in complex with a transactivation
domain peptide of p53, where the MDM2 structure was also
defined from T26 to V109&). The p53 peptide, comprising

for H73, all of these are found on the-helix comprising
residues M50-R65; we attribute the H73 shift to secondary
or allosteric effects. The shift pattern is consistent with
binding in the tryptophan pocket of MDM2. Compounds B
and B-1 yielded similar chemical shift patterns as compared
to compound A (Figure 5, panels B, C, and D). The shifts
observed for compounds B and B-1 cannot reliably be used
to localize the inhibitor interaction site because these
inhibitors induce precipitating MDM2/MDM?2 interactions
that also contribute to the chemical shift pattern. The same
is true for compounds N and O.

Chalcone C differs from A by the addition of two methyl
groups near the acid terminus, an alteration that insignifi-
cantly affects the 16 value (250uM). The overall NMR

the residues 15 to 29, binds to an elongated hydrophobicshift perturbation pattern is similar to that observed for
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Ficure 3: 500 MHz 2DH-5N HSQC spectrum of human MDM2 titrated with increasing amounts of chalcone C. Cross-peaks for apo-
MDM2 are marked in blue; green and red cross-peaks indicate 50 and 100% complexation of MDM2 by chalcone C. Residue specific
assignment of the backbordke and!®N frequencies is indicated.

1.5 the rigid chalcone about the monochlorophenyl group would
displace the perturbations from the “lower” region of helix
M50—R65 toward the N-terminus to the “upper” region of
0.5 the helix of the tryptophan subsite. This reflects the perturba-
tion patterns of compound A (including 161 and Y56) and

N{'H}-NOE

0 ; :
10 20 30 40 50 60 70 80 90 10011 C (T26, K51, E52). Chalgones A gnd C docked into the
-0.5 tryptophan subsite, are oriented with acid groups extended
1 toward the solution; the chalcone carbonyl group is also

solvent-exposed (Figure 8). The second phenyl group is also
-1.5 relatively solvent-exposed but encounters the similarly

E'IGD‘:\;‘S ‘; l.ZN{le}'Noh'.E gor the tl’taCkbO”ﬁ amides of h‘émfm exposed F55 of MDM2 to join a cluster of aromats that
. Residues for which no results are shown correspond either . " ,

to prolines or to residues where relaxation data could not be 'U'ther includes Y56. In addition, the acid group can be
extracted. placed near the base of K51, which is found in a salt bridge

interaction with E25 in the crystal structu®.(An intriguing

chalcone A (Figures 1 and 3, Figure 5, panel E, and Figure hypothetical possibility is that a salt bridge is formed between
7, panel B). The detailed shift perturbation pattern, however, K51 and the acid of compound C, with the two methyl groups
is changed by the dimethyl substitution: the perturbations in a hydrophobic interaction with the aliphatic portion of
observed for T26, K51, and E52 are new or greater, while the lysine side chain. This would break the salt bridge with
the perturbations at Y56 and 161 caused by compound CE25; a conformational change here could cause the amide
are weakened (Figure 5, panels B and E, and Figure 7, panelshift perturbation at T26 as the amide proton is oriented to
A and B). the same side of thg-sheet T26-P30. Without the two

Hypothetical models for the binding modes may be methyl groups of compound C to contribute to K51 binding
generated using these data (Figures 7 and 8). First, a surveyand compete with E25 for salt bridge formation, compound
of chalcones from the Cambridge Database confirms the A would be free to optimize the aromatic group interactions
overall rigidity and planarity of the extendedsystem. Thus,  with F55, Y56, and the tryptophan pocket, leading to a
with the assumption described above that the monosubstitutedinding conformation in the region and the greater number
phenyl group binds in the tryptophan pocket, a rotation of of perturbations observed for this compound (Figure 8).
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Ficure 5: Plots of induced differences in the NMR chemical shifts
versus the amino acid sequence. (A) The p53 peptide; (B) inhibitor
A; (C) inhibitor B; (D) inhibitor B-1 (for the maximum induced
shifts for B and B-1 see explanation in experimental procedures);
(E) inhibitor C. Red, blue, and green dots mark the leucin-,
tryptophan-, and the phenylalanine-binding site on human MDM2
(refer to Figure 6).

Other non-main chain amide (GIn, Asn) shifts are observ-
able in the spectra and can in principle contribute additional
information. One such side chain is Q72 that is bound to
the p53 peptide in the crystal structu®.(If the outlying

Stoll et al.

protonation state of the solvent-exposed imidazole ring as
the pH of 7.4 the sample was close to th& pf the histidine
side chain. Another hypothetical explanation for the shifts
of H73 observed upon binding of chalcone derivatives is
sensitivity toy-rotamer transitions.

In conclusion, we have shown that chalcone derivatives
bind to the tryptophan pocket of the p53 binding site of
MDM2 and are able to dissociate the p53/MDM2 complexes.
Therefore chalcones, as antagonists of the p53/MDM2
interaction, offer the starting point for structure-based drug
design for cancer therapeutics in strategies that abolish
constitutive inhibition of p53 in tumors with elevated levels
of MDM2 or, more generally, in strategies that enhance p53
activity.

MATERIAL AND METHODS

Protein Expression and PurificationThe recombinant
human MDM2 protein was obtained from &scherichia
coli BL21(DE3) expression system and contained the first
118 N-terminal residues of human MDM2 cloned in a pQE-
40 vector (Qiagen), C-terminally extended by an additional
serine residue. The protein was renatured fremcoli
inclusion bodies as previously publishe@5). Refolded
MDM2 was applied first to a butyl Sepharose 4 Fast Flow
(Pharmacia) and then to a HiLoad 16/60 Superdex75
gelfiltration column (Pharmacia). The uniformiC/°N, and
15N isotopically enriched protein samples were prepared by
growing the bacteria in minimal media containif{H,Cl
either with or without*Ce-glucose. For selectively enriched
samples N-Val, *N-Leu, and !*N-Phe), the minimal
medium consisted of 3661000 mg L ! of the isotopically
enriched amino acids and all other amino aci2ig 7). A
reverse'*N-His sample of human MDM2 was prepared by
adding 306-1000 mg L-* of *“N-His to the minimal medium
containing **NH4Cl (26). The p53 peptide comprising
residues E17 to N29 of human p53 was chemically synthe-
sized and contained an additional cysteine at the N-terminus.
The peptide was purified by reversed phase chromatography.

p53/MDM2 Binding ELISA.Interference of the p53/
MDM2 binding by low molecular weight compounds was
measured in a 96-well polypropylene round-bottom microtiter
plate (Costar, Serocluster). Human MDM2 (amino acids
1-118, at 40 nM) was preincubated with PBS/0.05%
Tween50 (PBST)/10% DMSO or low molecular weight
compounds. After 15-min incubation of the sample, 100 nM
of a p53-derived peptide (MPRFMDYWEDL, biotinylated,
synthesized on solid phase) was addg®).(As a negative
control, buffer only was added into separate wells (blanks).
After another 30 min, the incubation mixture was added to
96-well plates coated with streptavidin. After 1 h, the wells
were extensively washed with PBS/0.05% Tween50. Then,
the MDM2 specific antibody (N20, Santa Cruz Biotechnol-

amide shift at H73 observed in our experiments is causedogy) in PBST and 1% casein was added. After 1 h, the wells

by direct ligand binding interactions, the amide of the
adjacent side chain Q72 might shift as well. However, for
all derivatives of chalcones used in this study, we did not
observe any prominent shifts for the side chain protopns H
of Q72. This is further corroborative evidence for the binding
site of A and C in the tryptophan pocket and distant from
Q72—-H73. Therefore, we conclude that the shifts observed

were thoroughly washed with PBST and the secondary
antibody (anti-rabbit-IlgG-POD, RMB) in PBST and 1%
casein was added. After another hour, the wells were washed
with PBST, and the peroxidase subtrate ABTS was added.
After 30 min, OD405/490 nm was determined with a
Dynatech MR 7000 ELISA reader. Calculation of inhibition
was done as follows: [+ (OD405/490 nm compounds

for H73 are secondary and may be caused by changes in th@©D405/490 nm blanks)/(OD405/490 nm 100% values
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FiGure 6: (A) Contact surface of human MDM2 (residues-289) generated with MOLMOL from the 1YCR data st 88). The atom

radius was set to the van der Waals value and the solvent radius to 1.4 A. The p53 peptide is superimposed in blue sticks as a reference
with side chain residues of F19, W23, and L26 colored in light blue. Residues of human MDM2 that constitute the leucin-, tryptophan-, and
the phenylalanine-binding are colored in red, blue, and green, respectively. (B) Contact surface of human MDM2 as in panel A. Residues
that show significant induced NMR chemical shifts upon complexation with the p53 peptide are highlighted. These residues are shown in
yellow, orange, light red, and dark red for observed vectorial shifts smaller than 0.08,00123 and 0.120.2 ppm and greater than 0.2

ppm, respectively. The p53 peptide is superimposed in blue sticks as a reference with side chain residues of F19, W23, and L26 colored
in light blue.

0OD405/490 nm blanks)k 100= % inhibition. Compounds 40 vector (Qiagen) and expresseddncoli BL21 (DE3) at
were titrated to determine kg values twice (range of 22 °C as soluble protein. The lysate was purified using a
compound concentration: 0.5, 1, 5, 10, 25, 50, 125,280 Talon column (Clontech) according to standard protocols.
Gel Shift AssaysThe DNA binding assay was performed p53 was bound to its specific, double-stranded DNA
using active fractions of human p53 protein expressed in consensus site (PG2J), which was labeled withy[-32P]-
baculovirus-infected insect cells and purified on Hi-Trap ATP. To ensure sequence-specific binding, a 20-fold (200
Heparin-Sepharose (Pharmacia Biotech) in a linear gradientng) excess of nonlabeled supercoiled competitor DNA
from 0.1 to 0.85 M KCI 22). MDM2 containing the first (pBluescript Il SKt, Stratagene) was included. p53 protein
118 amino acids was cloned as a GFP (green fluorescentwas used at a concentration of 200 nM and MDM2 at\2
protein) fusion protein at its N-terminus, which served to Despite the apparent excess of the proteins over the used
enlarge the protein to obtain a significant shift in the DNA, the active fraction of the total protein preparation is
electrophoretic gel mobility shift assay (EMSA). (Larger so small that the DNA is still in excess, as can also be seen
fragments of the MDM2 protein tended to aggregate and from the free DNA in Figure 2. The p53 peptide was used
were therefore not used.) Additionally, MDM2 was His- at 250uM, compounds at 1 mM. p53 was preincubated with
tagged C-terminally by (His) which were added via a linker MDM2 at RT for 30 min prior to addition of compounds
segment containing (SeArg—Gly—Ser) for convenient  for 30 min at 4°C and, finally, addition of DNA in DNA
purification. The construct was cloned in a modified pQE- binding buffer for another 15 min atC. The DNA binding
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Ficure 7: Residues that show significant induced NMR chemical shifts upon complexation with chalcone derivatives. These residues are
shown in yellow, orange, light red, and dark red for observed vectorial shifts smaller than 0.680@.P8and 0.120.2 ppm, and greater

than 0.2 ppm, respectively. Contact surface of human MDM2 (residued@® generated with MOLMOL from the 1YCR data s6t (

38). The atom radius was set to the van der Waals value and the solvent radius was set to 1.4 A. No shift perturbations greater than 0.08
ppm were observed for residues located on the backside of MDM2 for compounds in panels A and B. (A) Chalcone A; (B) chalcone C.

buffer contained: 20% (v/v) glycerol, 50 mM KCI, 40 mM was obtained for the uncomplexed MDM2 (apo-MDM2;
Hepes, pH 8, 5 mM DTT, 0.1% Triton X-100, 10 mM Figure 3). Backbone sequential resonances were assigned
MgCl,, 1.0 mg mL! bovine serum albumin. The reaction with CT-HNCA, CBCA(CO)NH using the WATERGATE
mix was loaded onto a 4% native polyacrylamide gel and sequence, and in part with 2D TOCSY (mixing time of 42
separated at 200 V f® h at 4°C. The gel was dried and ms), 2D NOESY (mixing time 120 ms), 3BN-TOCSY-
the DNA was detected by autoradiography. HSQC (spin-lock period of 36 ms), and 3BN-NOESY-
NMR Spectra and Assignmentsll NMR spectra were ~ HSQC (mixing time of 120 ms) experiment3g&-33), and
acquired at 290 and 300 K on Bruker AMX500, DRX500, by selective enrichment usid@N-Leu, Phe, Val, and reverse
DRX600, and DMX750 spectrometers. Typically, NMR **N-His samples of MDM2**N-{*H} heteronuclear NOE
samples contained up to 0.5 mM of protein in 50 MM KH  was measured using a modified version of the experiments
PO, 50 MM NgaHPQ;, 150 mM NaCl, pH 7.4, 5 mM DTT, as described previousI®4, 35). NOE values were calculated
0.02% NaN, and protease inhibitors. The quality of the by scaling ratios of peak heights in the NOE experiment with
spectra for MDM2 with and without inhibitors was reduced *H presaturation and the standard HSQC experiment obtained
by aggregation, especially at concentrations higher than 0.5from the same sample. Recording of the NOE experiment
mM at pH 7.4 and 300 K. Since concentrated samples without proton saturation using the same sample was not
remained stable for approximately 1 day, only highly possible due to the fast precipitation of apo-MDM2 samples.
sensitive experiments could be performed. A nearly complete This simplified approach introduces an additional error of
assignment of the backborEN and**N NMR resonances  approximately 16-20% to the NOE values. The experiment
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Ficure 8: Model of human MDM2 in complex with chalcone C (shown in yellow sticks) superimposed with the p53 peptide (shown in

blue). The colored spheres indicate residues that showed significant induced chemical shifts upon complexation with the chalcone. For

details refer to text.

was recorded in an interleaved manner so that precipitationinduced chemical shifts were performed on the basis of
of the protein results in broadening of the signals but does spectra obtained at saturating conditions of each chalcone.
not affect the extracted NOE value34j. Analysis of ligand-induced shifts was performed by applying
Ligand Binding All chalcone derivatives used in this study the equation of Pythagoras to weighted chemical shifis;-
have been synthesized according to standard Claisen (*H, ™N) = [{|AS(*H)|? + 0.2 x |AS(**N)|%°9. The p53
Schmidt aldol condensation protocols as previously published peptide/MDM2 complex was long-lived on the NMR chemi-
(14, 19). A total of 50 chalcone derivatives were synthesized. cal shift time scale (lifetimes> 2 ms) @0). Two separate
NMR measurements consisted of monitoring changes in sets of resonances were observed in tHe'>N HSQC
chemical shifts and line widths of the backbone amide spectra, one corresponding to free MDM2 and the other to
resonances of uniformiPN-enriched MDM2 samples36, MDM2 bound to the p53 peptide. For well-resolved, isolated
37) in a series of HSQC spectra as a function of a ligand peaks, the assignment of Figure 3 could be transferred to
concentration 36). No changes in chemical shifts were the resonances in the peptide complex (54% of all backbone
observed between samples of different concentrations{0.03 amide resonances in tRE-1>N HSQC). For the rest of the
0.5 mM) and pH values between 6.5 and 7.5. For titration shifts, assignment okd(*H, **N) upon complex formation
experiments, 0-£0.3 mM of human MDM2 in 50 mM Kk was carried out in a conservative manner, i.e., for these shifts
POy, 50 mM NaHPQ,, 150 mM NacCl, pH 7.4, and 5 mM the distance in ppm to the closest peak in complexed MDM2
DTT was used. The chalcone derivatives were lyophilized was chosen. In addition, all selectively enriched samples of
and finally dissolved in DMSQ@ls. No shifts were observed  human MDM2 {5N-Val, 1*N-Leu, **N-Phe, and reverséN-
in the presence of 1% DMSO (the maximum concentration His) were titrated with the p53 peptide to confirm a subset
of DMSO in all NMR experiments after addition of inhibi- of MDM2/p53 complex assignments. Onid(*H, °N)
tors). All chalcone-MDM2 complexes showed a continuous values larger than 0.1 ppm were considered to be significant.
movement of several NMR peaks upon addition of increasing Ad.(*H, '°N) smaller than 0.1 ppm were found for 37
amounts of inhibitors. From these experiments, the spectraresidues. Erroneous conclusions could result if some of the
of MDM2 could be assigned unambiguously. The complexes residues withAd.(*H, ®N) < 0.1 ppm were actually in
of human MDM2 and the chalcones were prepared by mixing contact with the inhibitor. However, the internal consistency
the protein and the ligand in the NMR tube. Typically, NMR of our results corroborates our analysis; for example, no core
spectra were recorded 15 min after mixing at room temper- buried residue was found that had (*H, 1°N) > 0.1 ppm.
ature. An initial screening of all compounds used in this study Furthermore, all residues of human MDM2 involved in
was performed with a 10-fold molar excess of chalcone to binding to the p53 peptide also show significant shiftk-
human MDMZ2. All subsequent titrations were carried out (*H, **N) upon complexation with the peptides)( For
until no further shifts were observed in the spectra. Saturatingcompounds B and B-1 (Figure 5, panels C and D), the
conditions were achieved at a molar ratio of chalcone to maximum shifts shown akd. = 0.5 ppm correspond to the
MDM2 of 6 for chalcone A, of 2 for chalcone B, of 2 for cross-peaks of the folded core of MDM2 whose line-widths
chalcone B-1, and of 6 for chalcone C, for example. broaden 2-fold upon addition of either B or B-1 in the molar
Typically, the concentration of human MDM2 was 0.1 mM ratio of B-1 to MDM2 1:1 and disappear thereafter at the
and the final concentration of the chalcone ligand was 50 titration ratio 2:1 87). Compound D (Figure 1) was studied
mM in each titration. AllKp values obtained by NMR  as a negative control because it did not inhibit MDM2
spectroscopy are based on at least six data points. From théinding to a p53 peptide as measured by ELISA. This
independently determined igvalues and th&p constants, compound does not bind to apo-MDM2, as b and >N
one ligand binding site for these chalcones per MDM2 is shifts greater than 0.1 ppm were observed in the NMR
calculated taking into account the molar ratio of ligand to spectra. As this compound was available in our laboratory
protein in the NMR experiments. Quantitative analysis of and because of its similar size as compared to the chalcone
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skeleton, we have selected this heterocyclic system as a 17. Shibata, S. (1994) Shibata Lab. Nat. Med. Mater., Minophagen

negative control for any organic compound. Other negative
control NMR titration experiments included the chemically
synthesized chromophore of the green fluorescent protein
as well as a synthetic 22-residue peptide. None of the control
ligands led to significant chemical shift pertubations (data
not shown). Chalcone B-1 generally enhances the intrinsic
tendency of MDM2 to aggregate at higher concentrations.
Therefore, an additional experiment was performed to test
their specificity and to rule out a property as a general protein
precipitant. For this purpose, the human tumor suppressor
p19Nk4d was purified as previously describetDf. Chalcone

B-1 did not induce aggregation of p'$*d when applied
under the same experimental conditions.
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