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Small-Molecule Inhibitors of the MDM2-p53 Protein—Protein Interaction Based on an
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From a set of weakly potent lead compounds, using in silico screening and small library synthesis, a series
of 2-alkyl-3-aryl-3-alkoxyisoindolinones has been identified as inhibitors of the MDM2-p53 interaction.
Two of the most potent compounds, 2-benzyl-3-(4-chlorophenyl)-3-(3-hydroxypropoxy)-2,3-dihydroisoindol-
1-one {6; ICso = 15.9+ 0.8uM) and 3-(4-chlorophenyl)-3-(4-hydroxy-3,5-dimethoxybenzyloxy)-2-propyl-
2,3-dihydroisoindol-1-one7@; ICso = 5.3 £ 0.9 M), induced p53-dependent gene transcription, in a dose-
dependent manner, in the MDM2 amplified, SJISA human sarcoma cell line.

Introduction

The X-ray crystal structure of the N-terminal domain of

The p53 tumor suppressor acts as “the guardian of the MDM2 bound to a 15-residue peptide, corresponding to a region
genome” by reacting to cellular stress, which may be caused Of the transactivation domain of p53, which had been mapped

by hypoxia and DNA damage. This protein activates the

as the binding site for MDM2, revealed a relatively small

transcription of a number of genes that govern progression binding pocket on MDMZ2? The protein interacts with three

through the cell cycle, the initiation of DNA repair, and
programmed cell deaft? The activity of p53 is tightly regulated
by the MDM2 protein, which is itself transcriptionally trans-
activated by p53. MDM2 binds to and inactivates the p53
transactivation domain and also ubiquitylates the MDNIB3
complex to target it for proteosomal degradation. In normal cells,

amino acid residues within a hexapeptide regio# @S D L

W23) of p53 arrayed in an amphipathichelix. The tractability

of this interaction as a target for small molecule inhibitors was
suggested by peptide mapping experiments, which defined a
hexapeptide region of p53 as the consensus sequence for MDM2
binding 1 Phage-display peptide libraries were used to identify

the balance between active p53 and inactive MDM2-bound p53 the 8-mer IP3 peptide (Ac-PHeMet-Asp-Tyr-Trp-Glu-Gly-

is maintained in a negative feedback logp.

Inactivation of p53 through mutation is common in ap-
proximately a half of all tumors. In about 7% of tumors,
amplification and overexpression of the MDM2 gene results in
the loss of functional p53, allowing transformation and uncon-
trolled tumor growtt?. Inhibitors of the MDM2-p53 binding
interaction are expected to restore normal p53 activity in
MDM2-overexpressing cells and thus exert an antitumor effect.

Traditionally, the disruption of proteinprotein interactions

Lew5-NH,) that inhibits p53 binding to MDM2 (165 = 9 uM).%"
This sequence was used as a lead for the rational design of the
potent AP peptide (Ac-PAR&Met-Aib-Pmp-6-Cl-Trp-Glu-Agc-
Lew?s-NH,; ICso = 5 nM) in which replacements with unnatural
amino acids have been used to stabilizedHeelical structure
and to introduce a salt-bridge interaction between the Pmp
residue and Ly¥ outside the p53 binding domain of MDM2.

A number of small-molecule inhibitors of the p58DM2
interaction have been reported, for example, chalcone deriva-

has been regarded as a difficult or even impossible goal for tives, such ad, which are weak inhibitors (1§ = 49 uM).**
drug development. These interactions occur over large surfaceComputational methods have been used to identify potential

areas (average~ 800 A?), frequently with relatively flat
topologies, typically have high binding affinities resulting from

the sum of a large number of relatively weak noncovalent bonds.

This suggests that each protein will be devoid of high-affinity
sites for small-molecule inhibitors} However, several examples

inhibitors from combinatorial scaffolds, for examp&,some

of which have been shown to display inhibitory activity in cell-
free and cellular assay$2! The natural product chlorofusin
inhibits MDM2—p53 binding with an I1G, of 4.6 «M.%2 More
recently, highly potent small-molecule inhibitors have been

of small-molecule antagonists of protein-receptor targets havereported, including the Nutlins (e.ab),202*"2% and benzo-

been reported recentdi® The targets include: IL-2! Bcly,/
Bax interactiond2 p60c-src SH2 interactions with phosphoryl-
ated tyrosine residué$,the association of HIV-1 Tat with
PCAF4 and bid/Bax interaction®.
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diazepinediones, such 4526

The cellular effects of MDM2p53 inhibition have been
investigated using a variety of agents. Inhibition of MDM2
expression with antisense oligonucleotides in cell lines with
elevated and normal levels of MDM2, for example, JAR, SJSA,
and MCF7 cell lines, was observed to induce increased levels
of p5327:28 Additionally, apoptosis was observed with the JAR
cells. Antisense oligonucleotides synergistically increased the
potency of the DNA damaging agent camptothecin in MDM2-
overexpressing and normal cell lin¥sPeptide inhibitors have
also been used to evaluate the effects of MDN$B3 inhibition.
Wasylyk et al. observed a cytotoxic effect when the IP3 peptide
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induce cellular levels of p53, MDM2, and p21Wafl/Cipl in
Q o the p53 wild-type HCT116 cell line, but not in the p53 mutant
HN SW480. This small-molecule antagonist also showed a dose-
OH dependent antiproliferative activity, which was dependent on
o the p53 status of the cell line. An in vivo antitumor effect was
NH o also demonstrated for Nutlin-3 in an MDM2 amplified SISA-1
©/ xenograft model at a 10 mg/kg do%e.

In this paper, we present a full report of the development of
small-molecule inhibitors of the MDM2p53 interaction based
1 2 on an isoindolinone scaffold, which display cellular activity.
Preliminary screening studies, using an in vitro p58DM2
_< Cl binding assay, identified compounds 6, and 7 as weak
O 0 O inhibitors of the p53-MDM2 interaction (IGo ~ 200 uM).
/N \o d /:N These compounds also displayed growth inhibitory activity in
N the NCI 60 cell line screen, and importantly, were rated
Ho~__ ,Q O N O COMPARE negative with respect to any known classes of
N\) Br HNW o cl antitumor agent The versatility of the isoindolinone scaffold
4 for the synthesis of combinatorial libraries and the availability
Nutlin-2 (3a) Nutlin-3 (3b) of a high-resolution X-ray structure of the MDM2 protein target
in complex with a p53-derived peptide encouraged us to pursue
Cl o the optimization of this class of compounds. A program of a
focused library synthesis, guided by virtual screening, has
resulted in the discovery of novel isoindolinone inhibitors of
the MDM2—p53 interaction with low micromolar affinity and
cellular activity.

0w
Ly L L
was expressed in ceff8. The more potent AP peptide, used _@ b
o} o] o]

exogenously, has been shown to induce p53, albeit weakly, in
HCT116, JAR, and SJSA-1 cell lines, which express low,
intermediate, and high MDM2 levels, respectively. A large
induction of the p2a/Cirl cyclin-dependent kinase inhibitor,
the gene for which is a transcriptional target of p53, was also
observed in all three cell lines, but not in p53 null and p53  Inthe absence of structural data on the isoindolirdvi®M?2
mutant cell lines. Induction of apoptosis was observed in the interaction, docking was applied to determine a single, low-
JAR and SJSA-1 cell line%. Nutlin-3 was demonstrated to  energy binding mode for the initial lead compoursiand 7

H02

5 6 7

Computational Chemistry

Table 1. Inhibition of the MDM2—p53 Binding Interaction by Seed Compounds Used in the Second Round of Binding-Mode Determinations
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Scheme 1.Synthesis of Substituted Isoindolinones from thé\cid Chloride 92

R2
Q cl Ar X YA
AT —2 - b —>d
COOH
(0] [¢] e)
8 9 10 X=0H — Y=0,NH
[of
11 X=Cl=—-

2Reagents and conditions: (a) SQADMF, THF; (b) RNH,, EtN, THF; (

Scheme 2.Synthesis of Substituted Isoindolinones from the
Thioethersl2aand 127

R2

X Ar S Ar ! Ar

0 (0] (0]

10 X=OH —— 12ab 74,76, 77

11 X=Cl=—-

a Reagents and conditions: (a) SQ@MF, THF; (b) PhCHSH, EgN,
THF; (c) ROH, NIS, CSA, THF.

Scheme 3.Synthesis of Substituted Isoindolinob&*

HO, ph C,_ph
a
N — N
©f:< \_oreOMS @fg \or
o o)
10q 52 R= OTBDMS ——

63 R=0OH=—

aReagents and conditions: (a) (i) SQAMF, THF; (i) n-PrOH, THF;
(b) TBAF, THF.

with MDM2. Both stereoisomers of these compounds were
docked into the published MDM2 crystal structure 1Y&R,
using the program easyDoék.As a result of the lipophilic

¢) SOC}, DMF, THF; (d) ROH or RRNH,, K-CO; or E&N, THF.

round of virtual screening of new substituents. A selection of
these “virtual hits” were synthesized. Disappointingly, the
compounds suggested by the virtual screening described above
were no more active than a series of compounds selected for
synthesis on the basis of diversity and accessibility (see
Supporting Information).

The strategy for the binding mode prediction was reassessed
in the light of these preliminary results. The open and lipophilic
nature of the p53 binding site on MDM2 makes the determi-
nation of a single binding mode for the isoindolinone scaffold
difficult. The possibility that there are multiple binding modes
for the scaffold, depending on the substituents present, has to
be considered. The use of multiple binding modes in this setting
has been shown to increase significantly the probability of
predicting correctly the experimental binding md8eThis
approach was deemed more likely to succeed with the selection
of a larger, more diverse set of “seed” compounds in the binding
mode determination.

An ensemble of six “seed” compounds were used, with an
ICso range from 27 to 92M (8—13; Table 1), as the basis for
a second round of virtual screening. Each of these compounds
was docked into the MDM2 crystal structure 1Y¢Rusing
the programs easyDotkand GOLD?3® again resulting in a large
number of solutions. A total of 24 high-scoring, unique binding
modes were chosen providing starting points for the second
round of virtual screening, that is, one binding mode per
compound, stereoisomer, and docking program combination.

For each binding mode, the docked position of the isoindoli-
none scaffold was preserved and novel ligands were generated

properties of the compounds and the open shape and lipophilicityby the addition of either Ror R? substituents from a list of

of the MDMZ2 binding site, a large number of possible docking
solutions were identified. A single, high-scoring binding mode
was chosen for both and7 from a large number of low-energy
docking solutions. This was selected as the basis for the first

Scheme 4.Synthesis of Substituted Isoindolinob&

C\ pn X Ph
0] 2. NH
o o)

10r X=0H —

X=Cl

T\ N
e @NPh _f» E:E\?NPh
(L, ( H

56

commercially available reagents. The interaction between the
ligands and the MDM2 protein was explored using a simulated
annealing optimization of an empirical scoring function using
the program Skelgefi.Ligands able to form at least one H-bond

-
Ph
~C ENH
[e] OR

54 R=TBDMS —

OTBDMS

55 R=H<——

OCHg
HzCO

57

aReagents and conditions: (a) SG@MF, THF; (b) TBDMSOGHsNH,, THF; (c) SOC4, DMF, THF: (d) TBAF, THF; (e) COG), DMSO, —78 °C:

(f) MeOH, NH,CI.
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Scheme 5. Synthesis of Substituted Isoindolinon24 and 30?

10a 23 4-R = OCH,CHCH, —
29 3-R = OCH,CHCH, b
24 4-R = OH ~—
30 3-R=0OH
aReagents and conditions: (a) (i) SQADMF, THF; (ii) 4-allyloxy-
benzyl alcohol or 3-allyloxybenzyl alcohol, ;KOs THF; (b) KxCOs,
Pd(PPg)s, MeOH.

Scheme 6. Synthesis of Substituted Isoindolino6&

OR
le Ph
o
0

Ph—
OR
/

. HO,_Ph BN b
N L N
—_— [ I : xo [ :[ ; _\_O
o H o] H
o o

10d X = OH j 66 R=TBDMSj
b d
X=Cl 67R=H

aReagents and conditions: (a) (i) SGADMF, THF; (b) 2-aminoethyl

methacrylate hydrochloride, #, THF; (b) SOC}, DMF, THF; (c)

2-(TBDMSO)-1-(TBDMSOmethyl)-2-phenylethylamine, 38t DMF; (d)
TBAF, THF.

Scheme 7.Synthesis of Substituted Isoindolinod&

HaCO
HO oy
N ‘\—\
o} OTBDMS (
10s 42R,R = OTBDMS —

43 RR'=OH=——

aReagents and conditions: (a) () SQCDMF, THF; (i) (R)-2-
(TBDMSO)-2-(4-methoxyphenyl)ethylamine J&t DMF; (b) TBAF, THF.

with target residues of MDM2 were selected as “virtual hits”
and suggested for synthesis, and a set of 57 ligands were

identified and suggested for synthesis.

Chemistry

Hardcastle et al.

Scheme 8.Synthesis of Substituted Isoindolinod&
H3CO

Py TR,

46 R =0TBDMS —
b

47 R=OH~—
aReagents and conditions: (a) (i) SQCDMF, THF; (i) (R)-2-
(TBDMSO)-2-(4-methoxyphenyl)ethylamine 3&t DMF; (b) TBAF, THF.

Scheme 9.Synthesis of Substituted Isoindolino6&?

C\_ph X Ph Q_pn
d
o] N —_— N
@Q _\—N‘H @Q _\_NH
o} e} R o —
o
10u R=H —
X =OH b 65
10vR=COCHz ~—
X =OH c
X=Cl =—
R =COCH;
aReagents and conditions: (a) ethylenediamine, THF; (BDApyridine;
(c) SOCh, DMF, THF; (d) 4tert-butylbenzyl alcohol, EN, THF.

Scheme 10.Synthesis of Substituted Isoindolinon28 and 412
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Substituted isoindolinones were prepared according to Scheme
1. The appropriate benzoylbenzoic aci@swere converted into
the y-acid chlorides 9) under Vilsmeier conditions and
condensed with the Rorimary amines to give the 4-hydroxy-

41
a2 Reagents and conditions: (a) 2-bromoethanol, THF; (b) piperazine,

MeOH, reflux; (c) sodium sulfite, DME, water, reflux.

isoindolinones 10). The 4-hydroxy compoundslQ) were

converted into their respective chloriddg) and, subsequently,
reacted with appropriate alcohols in the presence of bagh (Et

or K,CGOg) to give the final substituted isoindolinonels3( 19—
22, 25, 26, 3140, 44, 45, 48—51, 64, 65, 68—73, 75, and78—
83) as racemates (Scheme3%).

The instability of the intermediate chlorideklj to hydrolysis

posed some difficulties in their efficient handling in a parallel

to nucleophilic displacement by oxidation is an established
strategy in the synthesis of substituted pyrimidines, with
m-chloroperbenzoic acid as oxida#fTo investigate this route,
4-hydroxyl compoundslO were converted into the unstable
chlorides (1) and trapped with benzylmercaptan to give the
stable thioethersl@ab). The oxidation ofl2a or 12b using
mCPBA was attempted, followed by displacement with an
alcohol. However, this resulted in decomposition of the starting

synthesis approach. Consequently, we sought a stable intermedimaterial, with no product identified by LC-MS or NMR in the
ate that could be activated in situ. The activation of thioethers crude reaction mixture. Successful activation of the thioethers
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Scheme 11.Synthesis of Substituted Isoindolinones via a was required for both the 2-(3-hydroxypropyl) substituent and
Directedortho-Metalation Reactioh the secondary hydroxy!l group of the 2-hydroxy-2-(4-methoxy-
H R2 phenyl)ethanol used in the synthesis4® (Scheme 7). Silyl
O Nopr X ar Y. Ar protection was also employed in the synthesis4@ffrom
a @Q\‘_Pr borc @N_Pr 2-hydroxy-(4-methoxyphenyl)ethanol (Scheme 8).
The synthesis of 2-ethylacetamide derivatives could be
o] o] achieved by direct synthesis, albeit in low yield. In the case of
10j,1 X=OH Y=0: 58-64, 84-87 the tert-butylbenzyloxy derivative, ethane-1,2-diamine was
10m,n X = NH, Y = NH: 16,17

reacted with thep-acid chloride to give the isoindolinoridu,
which was acetylated tbOv prior to conversion into the chloride
and subsequent reaction to gigb (Scheme 9).

12a and 12b to nucleophilic displacement was achieved by TWO i_soindolinones were synthesi_zed from_the 2-bromoeth(_)xy
treatment withN-iodosuccinimide (NIS) in the presence of isoindolinone 27) as the common intermediate. Nucleophilic

aReagents and conditions: (&BuLi, TMEDA, THF, —78 °C; (b) (i)
SOCh, DMF, THF; (ii) R20OH, E&N, THF; (c) RCOCI, E{N, DCM.

catalytic camphorsulfonic acid (CSA)The oxidized intermedi- displacement of b(omide with either piperazine or sulfite gave
ates were reacted in situ with the appropriateaRohol to give 28 and41, respectively (Scheme 10). o
compounds74, 76, and77 (Scheme 2). An alternative route to substitutedr2propyl isoindolinones

In selected cases, where thé-&nine substituent contained ~Proceeded by directeartho-metalation ofn-propylbenzamide
additional nucleophilic amino or hydroxyl groups, a protecting and reaction with thg appropriate benzoat(_a ester or b.enzonltrlle
group strategy was required. Similarly, isoindolinoriex,r to give the hydroxyisoindolinon&0l or aminoisoindolinones
were prepared using the requirgdrt-butyldimethylsilyl- 10myn, respectively. The hydroxyisoindolinoridl was con-
protected amino alcohols, which proved stable under the verted into the chloride and substituted with the appropriate
Vilsmeier conditions employed. Following appropriate substitu- &/Cohol or amine to give the desired isoindolinobés-64 and
tion at C-3 to give52 and 54, deprotection with tetrabutyl- 84—87. Aminoisoindolinones10mn were treated with the

ammonium fluoride (TBAF) gave the alcoho&3 and 55, appropr_iate acid chloride to give the amidé§ and 17,
respectively (Schemes 3 and 4). The alcobBlwas used as  respectively (Scheme 11).

the precursor to the dimethylace&il. Oxidation of55 under The silylethoxymethoxybenzoic acifiZ) was prepared from
Swern conditions gave the aldehy8@& which was converted ~ Phenolphthalein by hydrolysis to the benzoic ad@)(** which
into the 57 under mild acidic conditions in methanol. was esterified t&9 before conversion to the SEM eth@d and

Protection was also required to ensure the correct regio_ Saponification t®1. The benzoic aci®1 was converted into
selectivity for R-substitutions with multiple nucleophilic groups. ~ the y-acid chloride and onto the hydroxyisoindolinorfedy.
The 3- and 4-hydroxybenzyl alcohol substituents were intro- Isoindolinonel0i was converted into the chloride and treated
duced as their allyl ethers giving9 and 23, respectively. ~ With syringic alcohol to gived2 (Scheme 12).

Deprotection was effected under Pd(0) catalysis with methanol
and potassium carbonate giving pher@@saand24, respectively
(Scheme 5). 2-Hydroxy-1-hydroxymethyl-2-phenylethylamine  Structure —Activity Relationships for Inhibition of the

was introduced as its biert-butyldimethylsilyl ether givings7 MDM2 —p53 Interaction. The virtual screening using multiple
following deprotection (Scheme 6). Similarly, silyl protection binding modes suggested a large set of novel ligands. A set of

Results and Discussion

Scheme 12.Synthesis of Substituted Isoindolinogg?

10i X=0H — 92

X =Cl-—ro

aReagents and conditions: (a) KOH, hydroxylamine hydrochlorid®,l80°C; (b) AcCl, MeOH; (c) CsCOs, SEMCI, CHCN; (d) TMSOK, DCM; (e)
SOCb, DMF, THF; (f) BnNH,, EtN, THF; (g) SOC}H, DMF, THF; (h) syringic alcohol, THF.
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Table 2. Inhibition of the MDM2—-p53 Binding Interaction by Isoindolinones witht @nd R Reagents Selected from the Second Virtual Screen,
Considering Multiple Binding Modes

R2
X/

Ar

o)
ELISA L. o
Compound Ar _R! XR? ICs inding
Mode
(uM)
~o NO, o1
19 Ph ) @ e .
20 Ph — SOy 393£54 01
[e]
21 Ph F@ PN 439435 01
—~ ) N 02
N
# P ~g N\ WN/\/\ 7816 Unique
<:: OH 02
# Ph /0v©/ =l Unique
O OMe 03
25 Ph ) V\@ LSS e
OMe
o
26 Ph @—Q ,Owuk 281+ 70 03
/0\./\N
28 Ph @—O Q . 31572 03
30 — ) ﬁ s8£14 05
Ph o o
Cl
06
31 Ph ;@ /Ov@m 206537 it
C HO. 06
- Ph /O\/\OD 221+£25 Unique
HNT\
33 Ph N \/©)< 214+56 06
/\)\/ _o
B
+
34 Ph g-@ ST 97£30 06
HO. OH
35 Ph 0 \0/\/“71;@ 96 + 30 08
e}
H
36 Ph 0 \oN”O 116220 09
N
37 Ph ;@ PN : _ 24310 09
e 09
0.
38 Ph —~ oy rsas 0
e
NO,
39 Ph 0 \°“© 232516 10
OMe
OH 10
40 Ph r@ B 179403
OMe
o]
n 1 0
» m s SN
QH
43 Ph Ao /OV\Q 326+ 64 10
OMe
1
44 Ph f@ Oy wos10 M
Q 11
T ™ s S DR
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ELISA

Compound Ar -R! XR? ICs Binding
Mode
(1M)
OH
° - 12
/0
v Ph AE/) \/\©\ 18146 Unique
OMe
19
48 Ph /\@LO/ PN 4354l
0Os_OMe_~__OH /@
49 Ph m Py 88+ 13 19
L_cen
0._OMe OH NO,
50 Ph I/@ A 5£14 19
=N
Ph 0. OM OH o
51 380+ 53 19
X P
19
OH
53 Ph A A >500 Unique
OMe 19
57 Ph /\/\o/Me PPN 056 Unicue
0. (o]
58 ~@—§ N - \/\nge 290 + 40 15
0] OH Is
o~
59 < > <‘ WS - M\@ 01228 0
OoN o
60 ﬁ 702+43 15
”@‘é W P o>
OH
61 WW RO \O/\/©/ 69.7:88 16
O,
NH
62 M@—é RN - 743 +3.1 16
HN
63 N@—é wNS /OV/WN 643£77 16
NO,
64 w()-OSEM o~ 103+44 21
- NO,
N o 06
65 Ph N \f v©)< 144403 Unee
o)
H OH 0
/\/Ow/u\ AN
o Ph o \/'\© 103 +43 Unique
SoH

43 compounds from this set were prepared, covering 14 of theas they suggested the most active compouédsand 65,

24 binding modes (BM01BM24; Table 2). Where possible, respectively (Figure 1).

substituents that only appeared in a single binding mode were BMO06 models the isoindolinone scaffold occupying the Trp23
chosen with the intention that a small number of preferred binding pocket, thé&\-ethylacetamide group making a hydrogen
binding modes would be identified. Compounds with such bond to GIn72 in the region occupied by Phel9 of p53 and the
substituents are labelemhiquein Table 2. Of the 43 compounds  tert-butylbenzyl group overlaying the surface of MDM2. In
evaluated, five displayed little or no inhibitory activit®1, 44, contrast, BM10 models the isoindolinone scaffold overlaying
45, 48, and53; ICso > 400 uM). Approximately half of the the surface of MDM2 with the Trp23 pocket occupied by the
group inhibited in the range 16€100uM. Twelve compounds 3-phenyl group, the syringic alcohol substituent occupies the
(22, 24, 30, 34, 35, 49, 57, and59—-63) displayed similar activity Leu26 pocket and makes a hydrogen bond to Tyr100, and the
(ICs0 = 50—100 uM) to the six seed compounds used in the N-benzyl substituent occupies the Phel9 pocket. In comparison,
binding mode study. Two compound40(and 65) displayed the X-ray structures of Nutlin-23@) and thed, both the Leu26
improved activity over the most potent seed compod6d and Trp23 pockets are occupied by 4-bromophenyl and 4-chloro-
Compounds displaying similar or improved activity were phenyl residues, respectively, and the Phel9 pocket is occupied
identified from a number of potential binding modes, suggesting by a combination of the 2-ethoxy-4-methoxyphenyl and the
that the isoindolinone may adopt different orientations within N-hydroxyethylpiperazine residues f8a and the 7-iodobenzo-
the MDM2 binding pocket depending on the! Rnd R diazepinedione ring of.

substituents. A number of binding modes suggested compounds Bearing in mind that these compounds were uniquely
with no significant activity (e.g., BMO1, BM03, and BM11), identified for specific binding modes it is tempting to consider
and so, it may be reasonable to disregard these orientations. Irthese binding modes as possible experimental solutions. The
contrast, two binding modes, BM06 and BM10, are of interest, SARs indicate that multiple binding modes are likely to exist
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3

Ly

NH /,GIn?Z
o) ):o’
BMO06 65
JTyr100
o’H’
OCHj
HsCO
BM10 RN z

Figure 1. Compounds5 and 40 docked into MDM2 structure (1YCR) showing binding modes BM06 and BM10, respectively, and cartoons
indicating the predicted hydrogen bond; p53 residues (purple) are included for reference.

for the isoindolinone compounds. The fact that binding modes activity with the parent compounds; a#g, 65, 76, 77, 79, and
BMO06 and BM10 also suggested a number of compounds with 80 were the most potent in the group. A comparison of the
poorer activity than the seed compounds might not necessarilyresults between the?RBubstituents reveals that the 4-trimethyl-
indicate a flaw in the binding mode prediction, but perhaps silylethoxymethoxyphenyl was not favorable in all cases. The
instead that those reagents were false positives in the virtualmodest activity of some compounds bearing the 4-SEMOPh may
screen. Determination of the structure of the isoindolirene be due to nonspecific hydrophobic interactions between the
MDM2 complex is in progress and will provide experimental bulky lipophilic substituent and the largely hydrophobic binding
validation of the binding modes and shed further light onto the pocket of MDM2. Comparison between the-phenyl and
results of the virtual screening. 4-chlorophenyl series reveals contrasting SAR forHeenzyl

In the absence of a confirmed binding mode for the iso- and N-n-propyl substituents. In théN-n-propyl series, the
indolinone inhibitors, we decided to employ a combinatorial 4-chlorophenyl substituent confers improved activity over the
approach to optimize the activity of this series of compounds. parent phenyl in every case. The effect is most striking between
Based on the experimental data (Table®}, the most favorable  the 3-hydroxypropoxy derivativer2, which is essentially
substituents at each of the three positions of variation on the inactive, andB0 (ICso = 16.4uM). In the case of the syringic
isoindolinone template were identified. At the! Rosition alcohol derivatives71 and 79, a 16-fold gain in activity is
benzyl, n-propyl, and 2-acetamidoethyl were selected. At the observed for the 4-chloro compound. In contrast, inNHeenzyl
R? position phenyl, 4-chlorophenyl, and 4-trimethylsilyl- series, the 4-chloro substituent is favorable in the case of the
ethoxymethoxyphenyl (4-SEMOPh) were chosen as the most3-hydroxypropoxy and 2-(2-pyridyl)ethoxy derivativé8@nd
favorable aromatic substituents, ande#t-butylbenzoxy, 3,5- 69 vs 76 and 77) but unfavorable for the syringic alcohol
dimethoxy-4-hydroxybenzoxy, 3-hydroxypropoxy, and 2-(2- substituent40 vs 75). For the one comparable example in the
pyridyl)ethoxy were selected as the ether substituents conferringN-(2-acetamidoethyl) series the 4-chloro substituent is not
the best activity. An array of 36 isoindolinones of covering every favored. These results suggest thatithleenzyl and\-n-propyl
possible combination of substituent was designed. For certainisoindolinones bind to MDM2 in different orientations, resulting
substituents, where the preliminary biological activity was in different SARs. The most potent isoindolinone identified from
discouraging and the synthesis lengthy or problematic, the the array is79 (NU8231; 1Gy = 5.3 + 0.9), which shows a
synthesis of every combination was not attempted. A total of 4-fold improvement in potency over the pareitt
24 array compounds were synthesized and assayed (Table 3). The presence of 4-haloaromatic substituents in potent MBM2

The results shown in Table 3 indicate the following8— p53 inhibitors demonstrates that these substituents produce
70, 72, 73, 78, 84—87, and 92 displayed lower potency than favorable binding interactions in both the Trp23 and the Leu26
their parentsi3, 71, 74, 75, and81—83 displayed comparable  binding pocket$3-26 The gains in potency seen for the 4-chloro-
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Table 3. Inhibition of the MDM2—p53 Binding Interaction by
Isoindolinones Members of the Combinatorial Array

R2
0 Ar
O
Compound Ar R' R’ ICsp (uM)
OMe
40 Ph ) OH 179403
OMe
68 Ph ) O 245
N=
6 Ph ) ) 20630
70 Ph n-Pr >500
OMe
7 Ph n-Pr OH  82%8
OMe
7 Ph n-Pr SNOH >500
N=
73 Ph n-Pr M,/_\\__/> 100 + 14
H
65 Ph rr”'\/N\[éo )€ =03
74 ~_)-ci ) 99418
OMe
75 ~)-c ) FQ-OH s
OMe
76 M’O—CI F@ ooH 159208
N=
77 ~_)-ci ) ) w242
78 ~)-c n-Pr ) s
OMe
79 w@—Cl n-Pr OH 5309
OMe
80 ~v©—0| n-Pr SNoH 16416
N=
81 w~)-cl nePr Ky s1s6
H
82 ~)-c N“\/N\fo )€ 940
H OMe
83 W@—CI »'“”\/N\fo FQOH 76+ 4
OMe
84~ )-OSEM n-Pr )€ asasn
OMe
85 ~(_)-OsEm n-Pr FQOH 118:+24
OMe
36 M@osem n-Pr oon | 476424
N=
87~ )-OSEM n-Pr ) sz
OMe
92~ )-osem ) OH 257434
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Figure 2. Western blot analysis of SISA cells treated with increasing
concentrations (520 uM) of compounds76 and 79, showing the
induction of dose-dependent increases in MDM2 and p21 protein levels.
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Figure 3. Change in p53-dependent luciferase activity in SISA cells
treated with increasing concentrations-@ uM) of 76 for 6 h. The

bars represent the mean and standard errors for three independent
experiments. Increases that were significantly higlper (0.05; two-

tailed t-test) than the DMSO control level (broken line) are marked by
an asterisk.

Cell Biology. The most potent compounds identified were
selected for further evaluation to ascertain whether they had
effects on intact cells that were consistent with inhibition of
MDM2 —p53 binding. Compoundas and79 showed significant
biological activity. SJSA cells, in which the MDM2 gene is
amplified, were treated with increasing concentrations (5, 10,
and 20uM) of 76 and79. Cells were lysedts6 h and protein
extracts were analyzed by western immunoblotting for p53,
p21WAFL and actin (Figure 1). Compound$8 and79 produced
a dose-dependent increase in MDM2 and p21, consistent with
the release of p53 transcriptional activity. Surprisingly, the
accumulation of p53 protein levels was not observed in the SJISA
cells under these conditions. To test for further evidence of
increased p53 transcriptional activity in response to treatment
with the compounds, a luciferase-based reporter gene assay was
used. This assay again showed the induction of a dose-dependent
increase in p53 transcriptional activity for boflé (Figures 2
and 3) andr9 (data not shown).

Conclusions

We have demonstrated the utility of docking and in silico
combinatorial methods in the optimization of a series of
inhibitors of the MDM2-p53 interaction based on an iso-
indolinone scaffold. We consider that the isoindolinones pre-
sented are an interesting addition to the small-molecule inhibitors

phenyl-substituted isoindolinones series are consistent with theseof the MDM2—p53 proteir-protein interaction. Further opti-

observations and with the predicted binding mode BM10.

mization of this class of compounds is in progress.
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Experimental Section when the appropriate constraints are satisfied and conferred a
positive value otherwise. The constraints used in this work included
intramolecular ligand van der Waals clashes and intermolecular

X . . A . ligand—protein van der Waals clashes, both according to the Bondi
virtual screening of substituents for the isoindolinone scaffold. For ggi46 p reagent was deemed to be successful in the virtual screen,

both purposes, the crystal structure 1Y.€& MDM2 was prepared = yie|ding a “hit”, if it was able to form at least one H-bond with the
by removing the pS3 peptide and adding hydrogen atoms in t5)16ing H-bond anchoring points of MDM2: Leu 54 O, Phe 55
Insightll/Discover3 (Accelrys, Inc., San Diego, CA) at pH 7.0. Their  § G|n 59 NE2. GIn 72 O and OE1. Val 93 O. His 96 ND1. and
positions were subject to 500 iterations of steepest descentyy, 100 OH. The isoindolinone scaffold was held rigid during the
minimization, followed by 500 steps of conjugate gradient mini-  gcreen. For ranking purposes, a scoring function very similar to
mization using the CFF force fief All nonhydrogen atoms were  gshnys empirical scoring function was used as a measure of
held rigid during these minimizations. ligand—protein interactiond’48The scoring function is knowledge-
Docking studies were carried out using the programs easyBock hased and includes H bonds, ionic interactions, lipophilic pretein
and GOLD? The selection of binding modes from the large pool  jigand contacts, and the number of rotatable bonds in the ligand.
of solutions for the second round of docklng_ was p_erformed Synthesis. General Procedure A: Synthesis of 3-Hydroxy-
according to a protocol described previou¥iyn brief, the ligand  isoindolin-1-ones. To a solution of the appropriate 2-benzoyl-
binding modes were ordered according to their binding energies. henzoic acid (1.0 equiv) in THF was added thionyl chloride (2.2
Then, starting from the lowest-energy solution, the rmsd of each equiv) and DMF (3 drops). The mixture was stirred at room
pose with respect to all the previous lower-energy poses wastemperature 16 h and then concentrated in vacuo to give a clear
computed. If the rmsd was higher than a given threshold (1.5 A), | The residues were dissolved in THF (10 mL), the appropriate
then that pose was added to a list of d.IStInCt S'Olu'tlons. The result primary amine (10 equiv) and triethy'amine (22 equivl) were
of this procedure was a list of distinct ligand-binding mode poses zqded, and the mixture was stirred at room temperature for 16 h.
that had rmsds between one another of more than the predefinedrhe mixture was either filtered and submitted to extraction with
threshold. The number of binding modes selected to be used in thegtpac (15 mL), sodium bicarbonate (20 mL), and water (15 mL)
second round of virtual screening was set to 24. This number was oy treated immediately with EtOAc (15 mL), saturated sodium
based on the fact that six compounds were used for the dockingpjcarbonate (15 mL), and water (15 mL). The organic layers were
study, each of these with one stereocenter on the |50|ndoI|nonecombined’ dried (Ng8O,), and concentrated in vacuo. Chroma-

Computational Chemistry. The computational methods used
for this work include binding-mode prediction through docking and

scaffold, and that two different docking programs were used.  tography (EtOAc, petrol 1:4) or crystallization, with a minimum
Reagents derived from primary amines)Rucid chlorides (F?, of EtOAc and an excess of petrol, gave the desired product.
and primary alcohols (@ were extracted from the Daylight General Procedure B: 3-Alkoxy-2,3-dihydroisoindol-1-ones.

Available Chemicals Directory (ACD; Daylight Chemical Informa-  To a solution ofL1a(0.51 g, 1.50 mmol) in THF (7 mL) was added
tion Systems, Inc., CA). Reagents containing atoms other than C, the appropriate alcohol (3.0 or 4.0 mol equiv). The reactions were
O, N, S, Na, Ca, K, or halogens were removed from the set, as stirred at room temperature for 72 h, unless stated otherwise, and
were molecules containing chains of more than five sequential then concentrated in vacuo. The residue was dissolved in EtOAc
carbon atoms, azides, aldehydes, and hydrazones, and molecule@0 mL) and washed with water (8 10 mL). The organic layer
with MW > 350. For each reagent, the physiologically relevant was dried (MgS@ and concentrated in vacuo to give the crude
protonation states were selected. 3-alkoxy-2,3-dihydroisoindol-1-one.

The de novo drug design program Skelgen was used for the  General Procedure C: 3-Alkoxy-2,3-dihydroisoindol-1-ones
virtual screen. A brief discussion of the Skelgen algorithm is given (NIS Method). The appropriate 3-benzylsulfanylisoindol-1-one (1
below, and further details of the principles involved as well as mol equiv) in THF (4 mL) was added to a solution of NIS (1.1
practical applications of the method can be found in previous mol equiv), CSA (0.1 mol equiv), and the appropriate alcohol (2.2
publications’”43-45 Skelgen takes as input the three-dimensional mol equiv) in THF (3 mL). The reaction was stirred in the dark for
coordinates of the protein, a rectangular box that defines the binding 4 h at room temperature and then concentrated in vadhmresidue
site pocket, and a predefined set of fragments. The algorithm was dissolved in EtOAc (30 mL) and washed with aqueous sodium
invokes a simulated annealing procedure to minimize a function thiosulfate (2x 30 mL). The organic layer was collected, dried
that assesses the suitability of molecular structures within the active(Na,SQy), and concentrated in vacuo to give the 3-alkoxy-isoindol-
site box. In this process, a set of initial fragments are randomly 1-one.
selected and connected together. The putative ligand is then altered 2-Benzyl-3-(4-chlorophenyl)-3-(3-hydroxypropoxy)-2,3-dihy-
by several transitions, which include rigid-body displacements, droisoindol-1-one (76). General Procedure C. 12(0.50 g, 1.10
conformational changes, and fragment addition, deletion, and mmol) in THF (4 mL), NIS (0.27 g, 1.21 mmol), CSA (0.03 g),
replacement. The transition type is randomly chosen, and at eachand propane-1,3-diol (0.17 mL, 2.35 mmol) in THF (3 mL) was
step the value of the objective function is determined. The modified purified by chromatography (silica gel, 40:60 EtOAc/petrol),
structure is accepted or rejected on the basis of the Metropolis followed by recrystallization (EtOAc, petroleum ether) to gik@
condition,p = exp(AF/T), whereAF represents the change in value  as a white solid (0.17 g, 0.42 mmol, 39%); mp %1 °C. IR
of the objective function resulting from the transitioh,is the (Diamond ATR)vmax (cm™1): 3431 (OH), 1669 (CO), 1426, 1399,
temperature, which is lowered during the annealing procedure, and1359, 1066, 1012, 818, 766, 7064 NMR (300 MHz, CDC}) ¢
p is the probability of acceptance of the transition. The length of 1.21-1.43 (2H, m, OCHCH,CH,OH), 1.53 (s, CHOH, ex), 2.69-
each Skelgen annealing run is defined by the number of transitions2.74 (2H, m, G1,0H), 3.40-3.44 (2H, m, OG,CH,CH,0), 3.89-
at each temperature setting, termed the Markov chain length, and3.94 (1H, d,J = 14.5 Hz, NGH,), 4.69-4.74 (1H, d,J = 14.5 Hz,
by the number of Markov chains as the temperature is depressedNCH,), 7.01-7.10 (1H, m, ArH), 7.12-7.23 (9H, m, ArH), 7.40-

The algorithm generates one structure for each run, and as a resul7.46 (2H, m, ArH), 7.82-7.88 (1H, m, isoindolinonét). 13C NMR
of the stochastic nature of the simulation, different random starts (300 MHz, CDC}) 6 32.02 (OCHCH,CH,OH), 43.35 (NCH,),
can lead to different solutions. 60.70 and 60.83 (OH,CH,CH,0H), 95.38 C-3), 123.11, 124.04,

In this work, Skelgen was used in reagent screening mode, such127.58, 128.16, 128.53, 128.96, 129.55, 130.15, 131.81, 133.08,
that each reagent in our data set was attached to a fixed isoindoli-134.73, 137.50, 137.89, 145.51, 165.781). LC-MS (ESH) m/z
none core and individually subject to a Skelgen simulated annealing 332, 334, 408 [M+ H]*. Anal. (G4H2.CINOs3) C, H, N.
run, and thus, transition types for fragment addition, deletion, and  General Procedure D: Synthesis of Isoindolin-1-ones Deriva-
replacement were switched off, as were the translation and rotationtives with R4 Amino Substitutions. A solution of the appropriate
of the whole ligand. Only transition types for conformational 3-hydroxyisoindolinond0 (1.0 equiv) in THF (10 mL) was treated
changes of the attached reagent were retained. The objectivewith a solution of thionyl chloride (2.2 equiv) and a catalytic amount
function comprises several terms, which are conferred a zero valueof DMF. The mixture was stirred 16 h and then concentrated in
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vacuo. The residues were dissolved in either DMF (10 mL) or 1/200 dilution), then washed three times with TBS-Tween before
acetonitrile (10 mL), as appropriate, and treated with the appropriateincubation for 45 min at 20C with a goat-anti-mouse horseradish
primary amine (1.1 equiv) and either anhydrous potassium carbonateperoxidase (HRP) conjugated secondary antibody (Dako, used at
(2.2 equiv) or triethylamine (2.2 equiv). The mixture was stirred 1/2000). The unbound secondary antibody was removed by washing
at room temperature under a nitrogen atmosphere, (EtOAc/petrol,three times with TBS-Tween. The bound HRP activity was
3:2). After 20 h, the solvent was removed in vacuo. The crude measured by enhanced chemiluminescence (ECL, Amersham
product was extracted with EtOAc (15 mL) and water (20 mL). Biosciences) using the oxidation of the diacylhydrazide substrate,
The organic layers were combined, dried §8@&), and concen- luminol, to generate a quantifiable light signal. The luminol substrate
trated in vacuo. Purification was done by flash chromatography together with enhancer was automatically injected into each well
(EtOAc/petrol, 1:4) and by recrystallization from suitable solvents. and the relative luminescence units (RLU) measured over a 30 s
General Procedure E: Synthesis of Isoindolin-1-ones Deriva- interval using a Berthold MicroLumat-Plus LB 96 V microplate
tives with R4 Alkoxy Substitution. A solution of the appropriate ~ luminometer. The percentage MDM2 inhibition at a given concen-
3-hydroxyisoindolinond 0 (1.0 equiv) in THF (10 mL) was treated  tration is calculated as the (RLU detected in the compound treated
with a solution of thionyl chloride (2.2 equiv) and a catalytic amount sample+ RLU of DMSO controls)x 100. The I, was calculated
of DMF. After 16 h, the mixture was concentrated in vacuo. The using a plot of % MDM2 inhibition versus concentration and is
residues were dissolved in either DMF%0 mL) or THF (5-10 the average of three independent experiments. The results (mean
mL), as appropriate, and treated with the appropriate primary £ S.D.) are presented in Table 1.
alcohol (1.1 equiv or 2.2 equiv) with or without triethylamine (2.2 Cell-Based Assays. Western Blot AnalysisSJSA cells were
equiv). The reaction mixture was stirred at room temperature for treated fo 6 h with 5, 10, and 2@M of compounds7/6 and79in
20 h, and the workup was performed as for general procedure D.1% DMSO. The cells together with 1% DMSO only controls were
3-(4-Chlorophenyl)-3-(4-hydroxy-3,5-dimethoxybenzyloxy)- washed with ice-cold phosphate buffered saline (PBS) and protein
2-propyl-2,3-dihydroisoindol-1-one (79). General Procedure E: extracts prepared by lysing the cells in SDS buffer (62.5 mM Tris
10k (250 mg, 0.82 mmol) and syringic alcohol (331 mg, 1.80 mmol) pH 6.8; 2% sodium dodecy! sulfate (SDS); 10% glycerol) with
were purified by chromatography (45% EtOAc, petroleum ether) sonication for 2x 5 s (Soniprep 150ME) to break down high
and HPLC (Genesis C18;,8/CH;CN, 270 nm) to giver9 as a molecular weight DNA and reduce the viscosity of the samples.
light red oil (180 mg, 0.38 mmol, 46%}. max (CHzOH)/nm 209, The protein concentration of the samples was estimated using the
Abs 0.550. IR: 3360, 2933, 1692, 1604, 1504, 1450cAtH NMR Pierce BCA assay system (Pierce, Rockford, IL) angi@liquots
(300 MHz, CDC}) 6 0.74 (t, 3H,J = 7.4 Hz, CHCH,CHj3), 1.31 of protein analyzed using standard SDS-polyacrylamide gel elec-
(m, 1H, NCHCH,), 1.44 (m, 1H, NCHCHy), 3.03 (m, 1H, NCH), trophoresis (SDS-PAGE) and western immunoblotting procedures.
3.23, (m, 1H, NCH), 3.79 (s, 6H, OMe), 3.84 (d, 1H = 11.1 p-Mercaptoethanol (5%) and bromophenol blue (0.05%) were added
Hz, OCH,), 4.08 (d, 1H,J = 11.2 Hz, OCH), 5.45 (s, 1H, OH), and the samples, which were then boiled for 5 min, followed by
6.38 (s, 2H, Ar-H), 7.05 (m, 1H, Ar-H), 7.22 (d, 2H,= 8.9 Hz, brief centrifugation, before loading onto a precas®% gradient
Ar-H), 7.28 (d, 2H,J = 8.7 Hz, Ar-H), 7.42 (m, 2H, Ar-H), 7.83 Tris-glycine buffered SDS-polyacrylamide gel (Invitrogen). Mo-
(m, 1H, Ar-H). 13C NMR (75 MHz, CDC}) 6 12.1, 22.1, 41.9, lecular weight standards (SeeBlue, Invitrogen) were included on
56.7, 65.6, 95.1, 104.8, 123.5, 123.8, 128.2, 128.7, 129.1, 130.2,every gel, and electrophoresis was carried out in a Novex XL tank
132.3,132.8,134.7, 134.8, 138, 145.5, 147.3, 168.6. LC/IMSHESI  (Invitrogen) at 180 V for 90 min. The separated proteins were
m/z 302.1, 489.9, 500. Anal. (GH26CINOs-0.1CGHs0;) C, H, N. transferred electrophoretically overnight from the gel onto a Hybond
MDM2-p53 interaction using a 96-well plate binding assay C nitrocellulose membrane (Amersham) using a BioRad electro-
(ELISA). The 96-well black and white high binding luminometry  phoresis tank and 25 mM Tris, 190 mM glycine, and 20% methanol
isoplates (Wallac, Cat N140-155) were coated by overnight transfer buffer at 30 V. Primary antibodies used for immuno-
incubation at 35C with 200uL per well of 5ug mL~? streptavidin detection of the transferred proteins were: mouse monoclonal NCL-
(Chemicon International) in coating buffer (0.1 M PO, 2H,0; p53D0O-7 (Novocastra) at 1:1000; MDM2 (Ab-1, clone IF2;
0.1 M citric acid; pH 5.0). The plates were washed five times in Oncogene) at 1:500; WAF1 (Ab-1, clone 4D10; Oncogene) at
1x dissociation enhanced lanthanide fluorescence immunoassayl:100; Actin (AC40; Sigma) at 1:1000. The secondary antibody
(DELFIA) buffer (Wallac) and then incubated rf@ h atroom used was peroxidase conjugated, affinity purified, goat anti-mouse
temperature with saturation buffer (0.3 dsorbitol; 50 mM Tris; (Dako) at 1:1000. Protein detection and visualization was performed
150 mM NaCl; 0.1% BSA; 0.05% sodium azide; pH 7.0) to block by ECL (Amersham) with light detection by exposure to blue-
nonspecific protein binding sites on the plate. After removal of the sensitive autoradiography film (Super RX, Fuji).
buffer from the plates, they were allowed to dry in a sterile laminar ~ Results of the analysis by western immunoblotting for p53,

air flow hood at room temperature before incubation ¥ch at 4 p2IWAFL and actin are shown in Figure 1. A dose-dependent
°C with 200uL per well of 100ug mL~! biotinylated IP3 peptide increase in MDM2 and p2#*1 was observed in MDM2 amplified
(b-1P3: Ac-Met-Pro-Arg-PhE-Met-Asp-Tyr-Trp-Glu-Gly-Led®- SJSA cells treated with compound8 and 79, consistent with the

Asn-NH,)'" dissolved in 0.05% DMS©PBS, pH 7.4 buffer. After release of transcriptionally active p53. No change was observed
washing the wells three times with PBS, the plates were ready to for p53 protein levels, although there was clear evidence of

use for MDM2 binding. increased MDM2 and p2%F1 expression.

For initial testing, the compounds and controls were plated out  p53-Dependent Reporter Gene Assaylhe reporter gene assay
in triplicate into clear 96-well plates (Nunc) in 14- aliquots to used in this investigation involved the transient transfection of a
give final concentrations of 500M, 100 M, and 20uM in the plasmid luciferase reporter gene construct, pLubP2, which was made
assay. Control samples consisted of 5% DMSO carrier alone as afrom a pGL3 plasmid (Invitrogen) into which a luciferase gene
negative control and 100 nM active peptide (AP-B: Ac-Phdet- had been introduced downstream of the p53 responsive MDM2 P2
Aib-Pmp-6-CI-Trp-Glu-Ag-Lel?®-NH,) as a positive control pep-  promoter?® The introduction of this plasmid into cells results in
tide antagonist of the MDM2p53 interaction (Igy = 5 nM).18 the expression of luciferase in a p53-dependent manner and, hence,
Compounds and controls aliquoted in 96-well plates were pre- an increase in the transcriptional activity of p53 is reflected in
incubated at 20C for 20 min with 190uL aliquots of optimized increased levels of luciferase. SJISA cells were seeded into 96-well

concentrations of in vitro translated MDM2, before transfer of the clear bottom luminometer plates (Wallac) in RPMI medium
MDM2-compound mixture to the b-IP3 streptavidin plates, and (GIBCO) supplemented with 5% fetal bovine serum and allowed
incubation at £C for 90 min. After washing three times with PBS  to attach overnight. Plasmid transfection was carried out using the
to remove unbound MDM2, each well was incubated at@Gor FUGENE 6 transfection reagent (Roche Molecular Biochemicals).
1 h with a TBS-Tween (50 mM Tris pH 7.5; 150 mM NaCl; 0.05% Each 25ulL transfection volume per well included 30 ng of the
Tween 20 nonionic detergent) buffered solution of primary mouse pLubP2 reporter plasmid or pGL3-basic empty vector as a negative
monoclonal anti-MDM2 antibody (Ab-5, Calbiochem, used at a control and 5 ng of pCM¥-galactosidase (Stratagene) as a
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transfection efficiency control per well, together with QR of
FUGENE 6, and the volume made up to 25 with serum-free
medium.

Following 24 h transfection, the cells were treated with the
MDM2 inhibitors, which were made up in cell culture medium to
the appropriate concentration from concentrated stocks dissolved
in DMSO. Five replicate wells were used for each inhibitor
concentration. In addition, DMSO controls and untreated wells were
included. Following the incubation period with the inhibitors, the
96-well plates were checked under a light microscope for possible
lifting of cells. All the experiments carried out resulted in no
detectable cell lifting. The medium from the wells was gently
aspirated, and 2&L of lysis buffer (Applied Biosystems) was added
into each well. The plate was then shaken on a rocker for 5 min
and stored at-20 °C until the luminometry was carried out.
Luciferase ang3-galactosidase activities were measured using a
dual light chemiluminescence detection kit (Applied Biosystems)
and a luminometer (LB 96 V, EG&G Berthold) to quantify the
light emission. Normalized luciferase activity levels are calculated
as a ratio of luciferasgtgalactosidase and fold-induction with the
compounds calculated relative to the background with DMSO
solvent control alone.
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