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Here, we report the design of new analogues of spirooxoindolepyrrolidine nucleus as modulators of p53
activity. Compounds (3R,7aR)-6-(4-chlorobenzyl)-1H-spiro[imidazo[1,5-c]thiazole-3,3’-indoline]-
2',5,7(6 H,7aH)-trione (9¢) and (3R,7aR)-5'-methyl-6-(3,4,5-trimethoxybenzyl)-1 H-spiro[imidazo-
[1,5-c]thiazole-3,3/-indoline]-2",5,7(6 H,7a H)-trione (10d) are the most potent compounds of this series,
inhibiting cell growth of different human tumor cells at submicromolar and micromolar concentrations,
respectively. Compound 9¢ induces apoptotic cell death in human melanoma cell line M 14 at 24 h, while
in the same condition, treatment with 10d showes a clear arrest at G2/M phase inducing delay of cell
cycle progression. Possibly, these activities may be due to inhibition of p53—MDM?2 interaction and

subsequent p53 release and activation.

Introduction

The ability of p53 to respond to stress signals by triggering
cell-cycle arrest and cell death by apoptosis is crucial to
inhibit tumor development and for the response to anticancer
therapy.' > Inactivation of p53 by mutation occurs in about
half of all human tumors.* Tumors that retain wild-type p53
often acquire an alternative mechanism for its inactivation,
largely through deregulation of MDM?2 (murin double minute-2)
protein. Negative regulation of p53 activity and stability is
enhanced in many human tumors and effectively impairs the
activities of the p53 pathway.” ® Therefore, recovery of p53
activity in cancer cells by antagonizing MDM?2 has been
proposed as a novel approach for treating cancer and vali-
dated in vitro by macromolecular studies.””"' More recently,
genetic and biochemical analysis of the p53—MDM2 interac-
tion have revealed structural features suggesting that it might
be targetable by small molecules.'?

The interaction of MDM2 and p53 was shown to be
mediated by a deep well-defined hydrophobic cavity on the
surface of MDM2."® This cleft is filled only by three side
chains of the helical region of p53, making this site an attrac-
tive target to design a small molecule able to mimic the con-
tacts and the orientations of these key amino acids, thereby
disrupting p53—MDM? interaction.'* Several low molecular
weight inhibitors, including [2.2.1]bicyclic derivatives'® sulfon-
amides'® and benzodiazepinediones'” have been identified
and reported (Figure 1). The first potent and selective small
molecule identified as an antagonist of the p53—MDM2
interaction, both in vitro and in vivo, were the cis-imidazolidines
nutlins. These molecules inhibit xenograft tumor growth with
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no reported side effects in normal murine tissues.'® More
recently, Wang et al. used structure-based design to develop
a new class of small molecule pS3—MDM2 antagonists
based on a spiro-oxindole core.!” All these inhibitors share a
common design of a rigid heterocyclic scaffold that can be
functionalized with the appropriate side chains. A different
type of inhibitor of the pS3—MDM?2 interactions, termed
RITA,* activates p53 by a nongenotoxic mechanism invol-
ving the disruption of this interaction. However, RITA binds
to p53 and not to MDM2. The mechanism by which it
interferes with p53—MDM2 binding and its effects on the
functionality of p53 are not fully understood yet.

On the basis of these findings and on identification of new
activators of p53 pathway in tumor cells, we have designed
and synthesized two focused libraries of compounds based on
the spiro(oxindole-3,3’-thiazolidine) nucleus, a structural ana-
logue of spirooxoindole pyrrolidine template.?! Recently, we
have described the use of this template to construct new
heterocyclic systems designed as potential modulators of cell
cycle.?? In this context, the 3',4’ hydantoin derived tetracyclic
nucleus has turned out to be a very easily derivatizable
scaffold. In particular, N-6 and N-1’ positions were substi-
tuted with aryl and alkyl groups (Figure 2).

In our design strategy, oxoindole, aryl, and alkyl groups are
supposed to mimic the critical p53 residues that binds MDM2,
i.e., Trp23, Phel9, and Leu26, respectively, while the imidazo-
[1,5-c]thiazole nucleus would define the orientation among
them. For the construction of the first library, we selected
derivatives containing weak releasing (CHs) and acceptor (Br)
electron groups on the oxoindole moiety and benzyl substi-
tuted or 4,4-dimethylcyclohexyl side chain on the imidazo-
thiazoledione scaffold. On the basis of the “three finger
pharmacophore model” described by Démling® and according
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Figure 1. Small-molecule inhibitors of p5S3—MDM?2 interaction.

to the preliminary results of cytotoxic activities, we further
developed, from the most interesting compounds, a series of
derivatives containing a third hydrophobic group. In this case,
benzoyl, 4-methylbenzoyl, 4-chlorobenzoyl, and propyonyl
groups were introduced into our template at the N-1 position
(Figure 2).

The aims of the current study were to screen a range of
appropriately functionalized spiro[imidazo[l,5-c]thiazole-
3,3'-indoline]-2',5,7(6 H,7aH)-trione derivatives for cytotoxi-
city against different cancer cell lines and to explore some of
the basic biochemical events correlated to their activity usinga
range of cell based approaches. The present manuscript deals
with the synthesis of this new series of derivatives and with the
understanding of their cytotoxic activity, the mechanism of
cell cycle perturbation, the pS3 expression, and the inhibition
of p53—MDM2 interaction.

Results and Discussion

Chemistry. The new 5',6-disubstituted spiro[imidazo-
[1,5-c]-thiazole-3,3’-indoline]-2',5,7(6 H,7aH)-trione deri-
vatives (9a—e/12a—e, Table 1) were prepared applying
the synthetic route shown in Scheme 1. The starting spiro-
(oxoindolethiazolidine) ethyl ester derivatives (5—8) were
obtained with 80—90% yields through microwave assisted
condensation between the corresponding isatin derivatives
(1—4) and cysteine ethyl ester as we described previously.>?
The reaction with triphosgene in tetrahydrofuran and
triethylamine followed by the in situ addition of amines
(a—e) led to the corresponding N-carbamoyl derivatives,
9'—12’, as a single isomer as observed by NMR spectrum.
The synthesis of 3’-N-carbamoyl intermediates starting
from spiro(oxoindolethiazolidine) ethyl ester derivatives
5—7 (R; = H) was strongly influenced by the solvent.
Thus, the use of CH,Cl, gave exclusively 1-N-carbamoyl
derivatives while the reaction performed in THF“ led to
the formation of the desired 3/-N intermediate.

The intramolecular cyclization of these derivatives was
performed in methanol in the presence of TEA at reflux

“ Abbreviations: THF, tetrahydrofuran; TEA, triethylamine; NOE,
nuclear Overhauser effect; DMSO, dimethylsulfoxide; HSQC, hetero-
nuclear single-quantum coherence spectra; AIDA, antagonist induced
dissociation assay; TLC, thin-layer chromatography; MS, mass spectro-
metry; ESI, electrospray ionization; PBS, phosphate buffered saline;
EDTA, ethylenediaminetetraacetic acid; TBS, Tris buffered saline;
IPTG, isopropyl -p-1-thiogalactopyranoside; ODgponm, optical density
at 600 nm; DTT, dithiothrietol. Abbreviations used for amino acids
follow the rules of the IUPAC-IUB Commission of Biochemical
Nomenclature in J. Biol. Chem. 1972, 247, 977—983.
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Figure 2. Design of new derivatives from spiro(oxindole-3,3'-
thiazolidine): R = H, CHs, Br; R’ = benzyl derivatives or alkyl;
R” = H or acyl derivatives.

temperature, and the corresponding spiro[imidazo[1,5-c]-
thiazole-3,3’-indoline]-2',5,7(6 H,7a H)-trione derivatives
(9a—d/12a—d) were obtained with 39—56% overall yields as
simple isomer. This cyclization was stereospecific’*
toward the 3R,7aR isomer, as the corresponding C-3 epimer
was not detected in the reaction mixture. The assignment of
the relative configuration at the C-3 asymmetric center as 3R
was determined on the basis of a NOE enhancement between
H-4' and H-7a observed in the 2D NOESY spectra of all
compounds. Absolute configurations were defined hypothe-
sizing configuration retention at C-7a.

Finally, the 1’-acylspiro[imidazo[l,5-c]thiazole-3,3’-
indoline]-2',5,7(6 H,7aH)-trione derivatives (13f—i/14f—i) were
prepared in 85—89% yields by treatment of starting deriva-
tives 9¢ and 10d with the corresponding acyl chloride (f—i) as
depicted in Scheme 2.

In Vitro Cytotoxicity. The spiroimidazothiazoloxoindole
derivatives were examined for antiproliferative activity
against three cell lines: the transformed human embryonic
kidney HEK, the human melanoma M 14, and the human
leukemia monocyte lymphoma U937 cell lines. The obtained
1Csq values are summarized in Table 1. Doxorubicin was
used as reference cytotoxic agent. The most interesting
results were obtained with the isatin 9 series. Compound 9¢
containing a 4-chlorobenzyl substituent at position N-6
showed an elevated cytotoxic activity with 1Csq values of
0.44, 0.53, and 0.87 uM in HEK, M 14, and U937 cell lines,
respectively. Compounds 9a, 9b, and 9d, with a diverse
substituted benzyl group at the N-6 position, retained the
cytotoxic activity at micromolar concentration on the HEK
and U930 cell lines, while they were less active in the M 14
melanoma cell line. The introduction of an electron-releasing
group as the —CHj; group at C-5' position of the indol ring
produced different effects: while the derivative 10c¢ reduced
activity in the three cell lines compared to 9¢ (8-, 12-, and
3-fold, respectively), compounds 10a, 10b, and 10d increased
their biological effect in all cell lines compared to 9a, 9b, and
9d. In particular, these compounds were 2- to 4-fold more
potent than the corresponding analogues 9 against M 14 cell
line. The introduction at the C-5' position of the isatin moiety
of an electron-withdrawing group such as the bromide group
caused a reduction of the activity of the corresponding
analogues 11a, 11b, 11c¢, and 11d in all cell lines. On the
other hand, substitution of an aryl group for an alkyl group
at the N-6 position was tolerated only in the isatin series 9
(compound 9e) even with a loss in activity with respect to 9¢
(8-, 14-, and 4-fold in the three cell lines, respectively).
Compounds 10e, 11e, and 12e showed a dramatic loss of
activity. Finally, the derivatives 12a, 12¢, and 12d, which
incorporate at position N-1" a methyl group, retained cytotoxic
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Table 1. Cytotoxic Activity of Spiro[imidazo[1,5-c]thiazole-3,3'-indoline]-2’,5,7(6 H,7a H)-trione Derivatives 9a—e/12a—e

ICso & SD* (uM)

compd R R, R, HEK? M14¢ u9374
9a H H -CH,C¢Hs 4.80 £0.15 10.64 + 0.04 3.90 £ 0.01
9b H H -CH,CcH4(4-CHj) 4.53£0.15 13.27 £ 0.03 591 £0.02
9¢ H H -CH,CeHy4(4-Cl) 0.44 £0.01 0.53 +£0.01 0.87 £ 0.01
9d H H -CH,C¢H»(3.,4,5-OCH3) 3.80 £ 0.08 4.73 £0.02 2.51 £0.05
9e H H 4-dimethylcyclohexyl 4.22 +£0.07 7.07 £0.01 2.61 +£0.05
10a CH; H -CH,CeHs 3.30 £ 0.07 3.88 +£0.02 2.09 £ 0.04
10b CH; H -CH,CeH4(4-CHj) 3.01 £0.06 3.39+£0.03 2.77 £ 0.02
10c¢ CH; H -CH,CcHy4(4-Cl) 3.88 +£0.05 6.65 £0.02 3.31 £0.04
10d CH; H -CH,C¢H»(3,4,5-OCH3) 2.04 £0.03 2.40 £0.02 2.06 £+ 0.04
10e CH; H 4-dimethylcyclohexyl 16.01 £ 0.05 19.12 £ 0.07 12.48 £ 0.05
11a Br H -CH,C¢Hs 8.48 £0.09 12.04 +0.03 7.58 £0.05
11b Br H -CH,C¢H4(4-CH3) 7.61 £0.10 10.24 £ 0.10 6.23+£0.14
11c Br H -CH,CgHy4(4-Cl) 7.13 £0.06 7.06 £ 0.05 5.01 £0.03
11d Br H -CH,C¢H»(3,4,5-OCH3) 9.31 £0.09 11.04 £ 0.02 5.02+£0.03
11e Br H 4-dimethylcyclohexyl >40 >40 >40
12a H CH; -CH,CeHs 3.98 £0.05 6.37 £0.04 2.89 £0.03
12b H CH; -CH,CeH4(4-CHj) 10.71 £0.10 31.79 + 0.04 16.75 £ 0.02
12¢ H CH; -CH,C¢H4(4-Cl) 2.11 +£0.05 2.47 £ 0.02 2.91 £0.01
12d H CH; -CH,C¢H»(3,4,5-OCH3) 6.01 £0.06 7.66 £ 0.23 5.70 £ 0.05
12e H CH3; 4-dimethylcyclohexyl >40 >40 >40
doxorubicin 0.9 +£0.08 1.0 £0.05 0.8 +£0.01

“Data represent mean values (SD) of three independent determinations. ” Transformed human embryonic kidney cell line.  Human melenoma cell

line. “Human leukemia monocyte lymphoma.

Scheme 1. Synthesis of Spiro[imidazo[1,5-c]-thiazole-3,3'-indoline]-2,5,7(6 H,7a H)-trione Derivatives 9a—e/12a—e
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14 58
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“Reagents and conditions: (i) Cys-OEt, NaHCO3 in MeOH, microwave; (ii) triphosgene, TEA, THF, room temp, 10 min, then R,-NHo; (iii) MeOH,

TEA, reflux, 1-3 h.

levels within the micromolar range. The same substitution
was detrimental for the activity of analogues 12b and 12e.
The preliminary results on citotoxicity and morphological
cellular differences after treatment with 9¢ and 10d (see
below) motivated us to study further the mode of action of
these compounds. We have performed a comparative analysis
of their effects on growth in immortalized normal thyroid
TAD-2 and human papillary thyroid carcinoma TPCI cell
lines to establish a safety profile of these derivatives. Inhibi-
tion of proliferation of both cell lines was measured after
treatment with 100 nM and 1 uM of 9¢ and 10d at 48 h.

Figure 3a shows that at 100 nM, 9¢ and 10d caused a net
decrease in the total number of cells in the carcinoma TPC1
cell line (70% and 58%, respectively), whereas the percentage
of cellular growth inhibition in the TAD-2 cell line was only
of 10% for 9c¢ and void for 10d (Figure 3b). At 1 uM, both
compounds were cytotoxic for the TAD-2 cell line. These
data seem to indicate that at 100 nM, 9¢ and 10d have a good
profile of “cell selectivity”.

Futhermore, the introduction into 9¢ and/or 10d of a third
hydrophobic group at the N-1’ position appeared to have an
important effect upon cytotoxicity, particularly in the case of
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Scheme 2. Synthesis of 1’-Acylspiro[imidazo[l,5-c]thiazole-
3,3’-indoline]-2’,5,7(6 H,7a H)-trione derivatives (13f—i/14f—i)

ArylCOCI
THF,TEA

o )
S/RHKN N R S/\Q [ g,
O O e

9c, 10d 13 f-iM41-i

S 2y
9c.13 R=H, R, =4Cl fR= hR=

10d, 14 R = CH3, Ry = 3,4,5-OMe

compounds 13. Derivatives 13f—i were 3- to 10-fold less
potent than the corresponding analogue 9¢, though they
maintain their activity in the micromolar range (ICs, of
2.01-5.01 uM, Table 2). These results are in agreement with
those found for 12¢ (ICso of 2.11—2.91 uM, Table 1), which
has a CH; group at the N-1’ position, indicating that the
introduction of hydrophobic groups in this position limits
the optimal side chain accommodation in the target, independent
of their electronic and steric properties.

The introduction of acyl side chains in N-1’ position of 10d
led to slight or moderate decreases in the cytotoxic activity.
Derivatives 14f—i were only 1.5- to 3-fold less active than
their analogue 10d. These findings imply a lower tolerance of
compound 9c¢ to structural modification.

Phase-Contrast Microscopic Analysis of Cell Morphology
and Apoptosis. Figure 4 shows that vehicle-treated M 14 cells
grew normally, while treatment with 9¢ and 10d impaired
their morphology as determined by video time lapse micro-
scopy. A 10 h treatment with these compounds caused the
emergence of round and damaged shapes followed by the
formation of numerous blebs and a progressive detachment
from the plastic well (48 h treatment).

Treated cells displayed a lower number of cell division
compared to control cells (Figure 4). These modifications
were more pronounced and appeared earlier in cell cultures
treated with 9¢ than with 10d and were consistent with induc-
tion of apoptotic cell death.*® To confirm this observation,
we measured caspase-3 activity. Upon cleavage by upstream
proteases in an intracellular cascade, the activation of caspase-3
is considered a hallmark of the apoptotic process.”® The
levels of cleaved active subunits of executioner caspase-3
were evaluated by Western blotting of M14 cell lysates
following 9¢ (0.1—0.3 uM) and 10d (1.0—5.0 uM) treatment
for 16 and 24 h (Figure 5a). Compound 10d did not lead to
any caspase cleavage even at supra-1Cs, concentration. 9¢
increased caspase-3 activity after a 16 h exposure. Next, we
examined the activation-mediated cleavage of caspase-3
substrate, poly(ADP-ribose) polymerase (PARP), which is
a reliable marker of apoptosis (Figure 5b).?’ By use of the
cysteine protease activity, caspases separate N-terminal
DNA-binding domain of PARP from its C-terminal cataly-
tic domain (85 kDa) showing that 9c increased caspase-3
activity and PARP cleavage following 16 h of exposure,
suggesting that 9¢ induced apoptotic cell death in M 14 cells.
On the contrary, after 24 h and at cytotoxic concentration,
compound 10d did not induce apoptotic death

Cell Cycle Effects and Expression of p53. On the basis of
previous data, we analyzed the effect of 9¢ and 10d on cell

Gomez-Monterrey et al.

1Y
—

90 4
80 1
70 9
60 1
50 1
40 A
30 A
20 1
10 1

m9%
= 10d

% decrease

100nM

g

80 -
80 1
70 9
60
50 1
40 4
30
20 1

10 4
o | I

-10 - 100nM

m9c
w10d

% decrease

1uM

Figure 3. Effect of 9¢ and 10d derivatives on cell growth of
(a) human papillary thyroid carcinoma TPCI and (b) normal
thyroid TAD-2 cell lines.

cycle progression. The cytometric investigation showed a
clear arrest at G2/M cell cycle phase of M 14 cells treated with
10d (3 uM) for 24 h compared to control cells (Figure 6a).
Accumulation of cells in the G2 phase increased about
47% (p <0.001) with a corresponding decrease of cells in the
G0/G1 phase (down to 20%, p < 0.001). Under the same
conditions, treatment of M 14 cells with 9¢ (0.3 and 1 uM) did
not show any significant effect on the cell cycle progression.
The arrest of cell cycle induced by 10d correlated well with a
decreased expression of cyclin Bl compared to the control
cells (Figure 6b), indicating that cell cycle progression of cells
in the G2/M phase was markedly delayed and cells did not
progress into M phase.

Subsequently, we examined expression of the p53 as key
regulator of both cell-cycle arrest and cell apoptotic death.
Treatment of M 14 cells with subcytotoxic concentrations of
9¢ and 10c produced, in both cases, a gradual increase of the
p53 levels from 24 to 48 h. As observed in Figure 7, this
increase is more significant in the case of 9¢ at 24 h compared
to control cells.

Inhibition of pS3—MDM2 Interaction. The ability of com-
pounds 9¢ and 10d to block p53—MDM?2 interaction was
investigated by NMR analysis. Holak et al. have recently
described a two-dimensional '"’N-HSQC based NMR assay
to determine the effect of antagonists on protein—protein
interactions.”® The method, named AIDA (for antagonist
induced dissociation assay), provides information on whether an
antagonist of a protein—protein interaction is strong enough
to dissociate the complex and whether its mode of action is
modulated by denaturation, precipitation, or release of a
protein in its functional folded state. AIDA requires the use
of a large protein fragment (larger than 30 kDa) to bind to a
small reporter protein (less than 20 kDa). In appropriate
conditions (flexible residues), 1D proton NMR spectra may
suffice for monitoring the states of proteins in complexes
upon treatment with ligands. Because of the highly flexible
nature of the N-terminal domain of p53, p53—MDM?2
complex is suitable for 1D proton NMR application.
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Table 2. Cytotoxic Activity of 1’-Acylspiro[(dihydroimidazo[1,5-c]-thiazolo-5,7-dione)-3,3’-(dehydroindol-2-one)] Derivatives 13f—i/14f—i

07 R
13,14
1Cso £ SD“ (uM)
compd R R/ R, HEK M14 U937

9¢ H 4-Cl 0.44 £ 0.01 0.53 £ 0.01 0.87 £ 0.01
13f H -CeHs 4-Cl 3.50 £0.02 3.25+0.36 3.12+0.07
13g H -CgHy4(4-CH3) 4-Cl 2.50 £ 0.10 2.08 £0.10 2.01 £0.15
13h H -CHy4(4-Cl) 4-Cl 5.01 £0.15 3.37+£0.37 2.61 £0.05
13i H -CH,CH,CH; 4-Cl 2.01 £0.05 2.04 £0.34 2.10 £ 0.09
10d CH; 3,4,5-OCH; 2.04 £0.03 2.40 £0.02 2.06 £ 0.04
14f CH; -C¢Hs 3,4,5-OMe 422+0.14 7.84 £0.02 4.31 +£0.02
14g CH; -CgH4(4-CH3) 3,4,5-OMe 3.81 £0.05 5.95+0.01 2.42 £0.04
14h CH; -CgHy(4-Cl) 3.4,5-OMe 471 £0.15 8.14 £ 0.02 3.11 £ 0.01
14i CH; -CH,CH,CHj3; 3,4,5-OMe 442 +0.16 7.40 £0.0126 4.10 £ 0.02

“Data represent mean values (SD) of three independent determinations.

a)
16h 24h
K 10d  9c¢ K 9¢ 10d

Figure 4. Morphological changes induced by treatment of M 14 cell
line with 9¢ and 10d after 10, 24, and 48 h at ICs, concentration.
Cells had a doubling time of 19 h in culture (confirmed by cell
counts, data not shown).

In particular, the YH? side chains of W23 and W53 produce
sharp lines in the free p53 1D proton spectrum. On formation
of the complex with MDM2, W23 signal disappears, since
W23, together with the p53 residues 17—26, comprises
the primary binding site for MDM2. Upon binding, these
residues participate in well-defined structures of large
p53—MDM2 complexes, whereas W53 is still not structured
when p53 is bound to MDM2.%*% The observed 1/T,
transverse relaxation rate of the bound W23 in the complexes
increases significantly, and the broadening of NMR reso-
nances results in the disappearance of this signal from the
spectra. Figure 8a shows the NMR spectrum of the trypto-
phan residues of the p53—MDM2 complex (only W53 NH*
side chains signal can be detected). After the addition of 9¢ or
10d to the p53—MDM2 complex, the W23 peak appears
(Figure 8b and Figure 8c, respectively). Nutlin-3 was also
used as positive control (Figure 8d), causing a complete p53
release.”® Both compounds 9¢ and 10d released p53—MDM?2
complex but were not as efficient as nutlin-3 causing about
80% and 60% p53 release, respectively.

3 03 01 03 1 3 5 pM

Cleaved
caspase-3
b) 16h
K 9c 10d
03 3 M
PARP
Cleaved PARP

Figure 5. Caspase-3 (a) and PARP (b) cleavages induced for
9¢ and 10d.

Conclusion

Here we report the design, synthesis, and biological evalua-
tion of new spiro[imidazo[1,5-c]thiazole-3,3'-indoline]-2’,5,7-
trione derivatives which exhibit activity against different
tumor cell lines. In particular, compound 9c¢ showed high
efficacy in HEK-293 (kidney), M-14 (melanoma), and U937
(leukemia) human cell lines with ICsq values of 0.44, 0.53, and
0.87 uM, respectively. The derivative containing a trimetoxy-
benzyl group at N-6 position, 10d, was 3- to 5-fold less
cytotoxic in all tested cell lines and showed a time-dependent
activity different from that of 9¢. Preliminary studies on the
induction of apoptosis and cell cycle progression in M 14 cell
line confirmed a different behavior of these compounds.
Compound 9¢ induced apoptotic cell death after 24 h of
treatment at cytotoxic concentration, while 10d did not induce
apoptotic death in the same period of time. On the other hand,
10d markedly prolonged the G2 phase, causing a delay of cell
cycle progression in responsive cells, while treatment with
9¢ did not alter the normal course of cell cycle. However,
both compounds induce a time-dependent increment of
p53 expression, indicating that the activity profiles of these
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Figure 6. Effects of 9¢c and 10d on the distribution of cell populations. Data represent the percentage of cells in each cellular cycle phase (a).
Shown is the Western blot expression of cyclin Bl in the control and induced by 9¢ and 10d (b).

Figure 7. Western blot analysis of cytoplasmatic p53 levels in M 14
cells untreated (K) and treated with 9¢ (0.3 uM) and 10d (3 uM) after
24 and 48 h.

derivatives might be regulated by this protein. NMR investi-
gation performed on compounds 9¢ and 10d demonstrated
that the ability of these compounds to block p5S3—MDM?2
interaction caused release of p53. Taken together, these find-
ings show that chemical modification at the pyrrolidine
moiety of spirooxoindole system is an effective approach to
study the modulation of p53 activity through p5S3—MDM?2
inhibition. Further experiments aimed both to identify more
potent and selective spirothiazolidin-based derivatives and to
better understand the mechanisms of inhibition of growth are
currently underway.

Experimental Section

General. Reagents, starting materials, and solvents were
purchased from commercial suppliers and used as received.
Analytical TLC was performed on plates coated with a 0.25 mm
layer of silica gel 60 F254 Merck and preparative TLC on 20 cm %
20 cm glass plates coated with a 0.5 mm layer of'silica gel PF254
Merck. Silica gel 60 (300—400 mesh, Merck) was used for flash
chromatography. Melting points were determined by a Kofler
apparatus and are uncorrected. Optical rotations were measured on
an Atago Polax 2-L polarimeter. "H NMR and '*C NMR spectra
were recorded with a Varian-400 spectrometer, operating at
400 and 100 MHz, respectively. Chemical shifts are reported
in O values (ppm) relative to internal Me4Si, and J values are
reported in hertz (Hz). ESIMS experiments were performed on
an Applied Biosystem API 2000 triple-quadrupole spectrom-
eter. Starting spiro(oxoindolethiazolidine) ethyl ester deriva-
tives (5—8) were synthesized as described in ref 22. Combustion

W53e
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pE3
c w23
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Figure 8. One-dimensional proton spectrum of the side chains of
tryptophans (W) of p5S3—MDM2 complex (a) and after addition of
9¢ (b), 10d (c), and nutlin-3 (d).

microanalyses were performed on a Carlo Erba CNH 1106
analyzer, and all reported values are within 0.4% of calculated values.
These elemental analyses confirmed > 95% purity.

General Procedure for the Synthesis of the (3R,7aR)-6-(Alkyl
or benzylsubstituted)-spiro[imidazo[1,5-c]thiazole-3,3'-indoline]-
2',5,7(6H,7aH)-trione Derivatives (9a—e/12a—e). Triphosgene
(0.3 mmol) and TEA (0.9 mmol) were added to a solution of
(2’RA4' R)- and (2'S,4' R)-ethyl 2-oxospiro[indoline-3,2'-thiazo-
lidine]-4'-carboxylate derivatives (5—8, 200 mg, 0.7 mmol) in dry
THF (15 mL). After the mixture was stirred at room tempera-
ture for 10 min, a solution in dry THF of corresponding amines
(benzylamine, 4-methylbenzylamine, 4-chlorobenzylamine,
3.4,5-trimethoxybenzylamine, or 4,4-dimethylcicloesilamine,
a—e) (0.75 mmol) was added. The reaction mixture was then
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stirred at room temperature for 3 h. Solvent was evaporated,
and the residue was dissolved in dichloromethane. The organic
solution was washed with water (3 x 100 mL), dried over
Na,S0Oy4, and evaporated in vacuo. The residues were dis-
solved in MeOH and TEA until pH 8.0 was obtained, and the
mixture was heated to reflux temperature for 2 h. The mixture
was then cooled to ambient temperature, and solvent was
removed in vacuo. The residue was dissolved in dichloro-
methane and washed with water (3 x 100 mL). Flash chro-
matography on silica gel, using ethyl acetate/n-hexane in
3/2 ratio as eluent, yielded the correspondent final deriva-
tives. The achieved compounds were crystallized with MeOH
to give white solids.

(3R,7aR)-6-Benzyl-1 H-spiro[imidazo[1,5-c]thiazole-3,3'-
indoline]-2',5,7(6 H,7aH)-trione (9a). Yield 44%, mp 181—182 °C,
[0]*p —6.9° (¢ 0.11, MeOH). "H NMR (400 MHz, CDCl5) 6 3.35
(dd, IH,J = 5.6 and 11.6 Hz, Ha-1); 3.72 (t, IH, Hb-1); 4.56 (d, 1H,
J = 148 Hz, CH,); 4.71 (d, 1H, CH,); 5.00 (dd, 1H, J = 5.6 and
11.2 Hz, H-7a); 6.83 (d, 1H, J = 7.6 Hz, H-7'); 7.07 (t, 1H, H-6);
7.26—17.34 (m, 6H, H-5 and aryl); 7.39 (d, 1H, H-4'); 7.81 (s, 1H,
NH). *C NMR (100 MHz, CDCl;) 6 32.4 (C-1), 43.0 (CH,), 68.9
(C-7a), 70.1 (C-3), 110.3, 123.4, 125.3, 125.8, 129.1, 130.2, 131.5,
133.4, 1354, 138.2 (aryl), 156.3, 169.9, 176.0 (C=0). ESIMS m/z
caled for Ci9H5sN305S, 365.08; found, 365.13.

(3R,7aR)-6-(4-Methylbenzyl)-1H-spiro[imidazo[1,5-c]thiazole-
3,3 -indoline;-Z’ ,5,7(6 H,7aH)-trione (9b). Yield 48%, mp 212—
213 °C, [a]*p —7.1° (¢ 0.1, MeOH). 'H NMR (400 MHz,
CDCl3) 6 2.29 (s, 3H, CH3); 3.33 (dd, 1H, J = 5.6 and 11.2
Hz, Ha-1); 3.71 (t, lH, Hb-1); 4.51 (d, 1H, J = 14.4 Hz, CH,);
4.67(d, 1H,CH>);4.97(dd, 1H,J = 5.6and 10.8 Hz, H-7a); 6.81
(d,1H,J = 7.6 Hz,H-7"); 7.04—7.11 (m, 6H, H-6" and aryl); 7.28
(t, IH, H-5); 7.37 (d, 1H, J = 7.6 Hz, H-4'); 8.06 (s, 1H, NH).
13C NMR (100 MHz, CDCl5) 6 21.2 (CH3), 32.5 (C-1), 43.1
(CH,), 68.9 (C-7a), 70.2 (C-3), 110.9, 123.6, 125.3,125.9, 128.1,
128.4,128.9,131.7,133.4,135.2, 138.0 (aryl), 156.4, 169.6, 176.2
(C=0). ESIMS m/z calcd for C,yH{7N305S, 379.10; found,
379.18.

(3R,7aR)-6-(4-Chlorobenzyl)-1H-spiro[imidazo[1,5-c]thiazole-
3,3 -indoline2]-2’ ,5,7(6 H,7a H)-trione (9¢). Yield 48%, mp 205—
206 °C, [a]*p —8.8° (¢ 0.12, MeOH). '"H NMR (400 MHz,
CDCl3) 6 3.35(dd, 1H, J = 5.6 and 11.2 Hz, Ha-1); 3.71 (t, 1H,
Hb-1); 4.53 (d, 1H, J = 15.2 Hz, CH»); 4.67 (d, 1H, CH,); 5.00
(dd, 1H, J = 5.6 and 10.8 Hz, H-7a); 6.78 (d, 1H, J = 8.0 Hz,
H-7'); 7.06 (t, 1H, H-6); 7.25—7.30 (m, 5H, H-5" and aryl); 7.39
(d, 1H, H-4); 8.43 (s, 1H, NH). '*C NMR (100 MHz, CDCl5) ¢
32.4 (C-1), 42.5 (CH,), 68.9 (C-7a), 70.1 (C-3), 111.2, 123.7,
125.3,125.4,129.2,130.1, 131.2,133.8, 134.2, 140.8 (aryl), 156.4,
169.9, 176.1 (C=0). ESIMS m/z calcd for C;oH;4CIN;O5S,
399.04; found, 399.13.

(3R,7aR)-6-(3,4,5-Trimethoxybenzyl)-1H-spiro[imidazo[1,5-c]-
thiazole-3,3’ -indolinel—Z’ ,5,7(6H,7aH)-trione (9d). Yield 47%,
mp 219—220 °C, [0]*’p —8.2° (¢ 0.12, MeOH). '"H NMR (400
MHz, CDCl;) 6 3.34 (dd, 1H, J' = 5.6 and 11.6 Hz, Ha-1); 3.66
(t, 1H, Hb-1); 3.72 (s, 3H, OCHSs;,); 3.81 (s, 6H, OCH3,); 4.46
(d, 1H,J = 14.4 Hz, CH>); 4.64 (d, 1H, CH>); 5.00 (dd, |H, J =
5.2 and 10.6 Hz, H-7a); 6.56 (s, 2H, aryl); 6.83 (d, 1H, J =
7.2 Hz, H-7"); 7.09 (t, 1H, H-6"); 7.25 (t, 1H, H-5); 7.38 (d, 1H,
H-4); 8.22 (s, IH, NH). >*C NMR (100 MHz, CDCl3) § 32.5
(C-1), 43.3 (CH»), 56.4 (OCH3), 68.9 (C-7a), 70.6 (C-3), 105.4,
110.8,125.4,126.0,130.9,131.2,133.5,137.2, 138.4, 154.9 (aryl),
156.3,169.4, 175.7 (C=0). ESIMS m/z calcd for Cy,H» N3OS,
455.12; found, 455.25.

(3R,7aR)-6-(4,4-Dimethylcyclohexyl)-1H-spiro[imidazo[1,5-c]-
thiazole-3,3'-indoline]-2',5,7(6 H,7a H)-trione (9¢). Yield 52%,
mp 180—181 °C, [a]*’p —8.1° (¢ 0.1, MeOH). '"H NMR (400
MHz, CDCl3) 6 0.89 (s, 3H, CH3); 0.93 (s, 3H, CH3); 1.19—1.25
(m, 2H, CH,); 1.41—1.49 (m, 4H, CH,); 2.21—-2.33 (m, 2H,
CH»);3.32(dd, 1H, J = 5.2 and 10.8 Hz, Ha-1); 3.71 (t, 1H, Hb-
1); 3.78—3.82 (m, 1H, CH); 4.93 (dd, 1H, J = 5.6 and 10.8 Hz,
H-7a); 6.85 (d, 1H, J = 7.6 Hz, H-7'); 7.08 (t, 1H, H-6'); 7.27
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(t, 1H, H-5'); 7.41 (d, 1H, H-4); 8.06 (s, 1H, NH). ">*C NMR (100
MHz, CDCl3) 6 24.8 (CH,); 25.4 (CH,); 26.7 (CH3); 29.9 (CH3);
32.3 (C-1), 38.7 (CH), 52.8 (C), 68.7 (C-7a), 70.6 (C-3), 109.6,
123.6, 125.0, 125.3, 131.1, 143.6 (aryl), 156.6, 170.5, 174.6
(C=0). ESIMS m/z calcd for C,yH»3N305S, 385.15; found,
385.21.
(3R,7aR)-6-Benzyl-5'-methyl-1H-spiro[imidazo[1,5-c]thiazole-
3,3'-indoline]-2',5,7(6 H,7a H)-trione (10a). Yield 45%, mp 193—
194 °C, [a]*p —12.4° (¢ 0.11, MeOH). '"H NMR (400 MHz,
CDCl;) 6 2.30 (s, 3H, CH3); 3.33(dd, IH, J = 5.2 and 11.2 Hz,
Ha-1); 3.73 (t, IH, Hb-1); 4.56 (d, |H, J = 14.8 Hz, CH>); 4.71
(d, 1H, CH>); 5.00 (dd, 1H, J = 5.6 and 10.8 Hz, H-7a); 6.70
(d, 1H, J = 8.0 Hz, H-7'); 7.05 (d, 1H, H-6'); 7.23 (s, 1H, H-4');
7.26—7.36 (m, 5H, aryl); 8.11 (s, 1H, NH). '*C NMR (100 MHz,
CDCl;) 0 21.2 (CH;); 32.4 (C-1), 43.2 (CH,), 68.9 (C-7a), 70.3
(C-3), 110.9, 125.3, 126.0, 128.3, 128.7, 128.9, 131.6, 133.4,
135.4,138.2 (aryl), 156.4, 169.9, 176.0 (C=0). ESIMS m/z calcd
for C20H17N303S, 37910, found, 379.23.
(3R,7aR)-5'-Methyl-6-(4-methylbenzyl)-1 H-spiro[imidazo-
[1,5-c]thiazole-3,3'-indoline]-2',5,7(6 H,7a H)-trione (10b). Yield
45%, mp 234-235 °C, [0]*’p —12.5° (¢ 0.11, MeOH). 'H
NMR (400 MHz, CDCl;) ¢ 2.30 (s, 6H, CH3); 3.31 (dd, 1H,
J =5.6and 11.6 Hz, Ha-1); 3.71 (t, 1H, Hb-1); 4.51 (d, IH, J =
14.8 Hz, CH,);4.67 (d, 1H, CH,);4.97 (dd, 1H,J = 5.2and 10.8
Hz, H-7a); 6.72 (d, 1H, J = 8.0 Hz, H-7'); 7.07—7.26 (m, 6H,
H-4', H-6, and aryl); 7.72 (s, 1H, NH). *CNMR (100 MHz,
CDCl3) 6 21.2 (CH3); 21.3 (CH3y); 32.5 (C-1), 42.9 (CH,), 68.9
(C-7a),70.2(C-3),110.7,125.3,126.1, 128.7, 129.5, 131.5, 133.6,
135.8, 138.0 (aryl), 156.5, 169.6, 176.1 (C=0). ESIMS m/z calcd
for C,1H19N3058S, 393.11; found, 393.24.
(3R,7aR)-6-(4-Chlorobenzyl)-5'-methyl-1H-spiro[imidazo-
[1,5-c]thiazole-3,3’-indoline;-2/ ,5,7(6 H,7a H)-trione (10c). Yield
39%, mp 208—209 °C, [a]*p —14.5° (¢ 0.13, MeOH). '"H NMR
(400 MHz, CDCl3) 6 2.29 (s, 3H, CH3); 3.30 (dd, 1H, J =
5.6 and 11.6 Hz, Ha-1); 3.69 (t, 1H, Hb-1); 4.50 (d, 1H, J =
15.2 Hz, CH,); 4.63 (d, 1H, CH;); 4.99 (dd, 1H, J = 4.8 and
10.4 Hz,H-7a);6.72(d, 1H,J = 8.0 Hz, H-7'); 7.05 (d, 1H, H-6');
7.20—7.26 (m, SH, H-4' and aryl); 8.54 (s, 1H, NH). >*C NMR
(100 MHz, CDCl3) 6 21.2 (CH3); 32.3(C-1),42.4 (CH»), 68.9 (C-
7a), 70.3 (C-3), 110.9, 125.3, 126.0, 129.1, 130.1, 131.6, 133.3,
133.9,134.2,138.4 (aryl), 156.3,169.9,176.1 (C=0). ESIMS m/z
caled for C,oH4CIN3O5S, 413.06; found, 413.17.
(3R,7aR)-5'-Methyl-6-(3,4,5-trimethoxybenzyl)-1 H-spiro-
[imidazo[1,5-c]thiazole-3,3’ -indoline;-Z/ ,5,7(6H,7aH)-trione (10d).
Yield 47%, mp 241—242 °C, [0]*°p —13.9° (¢ 0.11, MeOH).
"H NMR (400 MHz, CDCl5) 6 2.31 (s, 3H, CH3); 3.28 (dd, 1H,
J = 5.6 and 11.6 Hz, Ha-1); 3.64 (t, IH, Hb-1); 3.73 (s 3H,
OCH3,);3.76 (s 6H, OCHs3,);4.39 (d, 1H, J = 14.8 Hz, CH,); 4.59
(d, IH, CH»); 4.94 (dd, 1H, J = 5.6 and 10.8 Hz, H-7a); 6.50
(s2H, aryl);6.45(d, 1H,J = 8.0Hz, H-7); 6.99 (d, 1H, H-6'); 7.16
(s, 1H, H-4); 8.04 (s, 1H, NH). '*C NMR (100 MHz, CDCl;) ¢
21.2(CHj;);32.5(C-1),43.4(CH,), 56.4 (OCHj;); 68.9 (C-7a), 70.6
(C-3),105.5,110.9, 125.3,126.0, 131.1, 131.6, 133.4, 137.9, 138.2,
153.6 (aryl), 156.4, 169.9, 175.8 (C=0). ESIMS m/z caled for
C23H23N306S, 46913, found, 469.32.
(3R,7aR)-6-(4,4-Dimethylcyclohexyl)-5'-methyl-1H-spiro-
[imidazo[1,5-c]thiazole-3,3'-indoline]-2',5,7(6 H,7a H)-trione (10e).
Yield 54%, mp 183—184 °C, [0]”°p —13.6° (¢ 0.12, MeOH).
"H NMR (400 MHz, CDCl3) 6 0.89 (s, 3H, CHs); 0.93 (s, 3H,
CH3); 1.18—1.30 (m, 2H, CH;); 1.41—-1.48 (m, 4H, CH));
2.21-2.29 (m, 2H, CH,); 2.31 (s, 3H, CH;); 3.32 (dd, 1H, J =
5.2 and 11.2 Hz, Ha-1); 3.71 (t, 1H, Hb-1); 3.73—3.82 (m, 1H,
CH);4.91(dd, 1H, J = 5.6 and 10.8 Hz, H-7a); 6.75(d, 1H, J =
8.0 Hz, H-7'); 7.08 (d, 1H, H-6"); 7.24 (s, 1H, H-4'); 7.90 (s, 1H,
NH). '*C NMR (100 MHz, CDCl5) 6 22.4 (CH3); 24.1 (CH,);
24.9 (CHy); 25.0 (CH3); 29.7 (CH3), 32.5 (C-1), 38.6 (CH),
52.5 (0), 68.4 (C-7a), 70.8 (C-3), 109.2, 125.0, 125.3, 131.1,
143.6 (aryl), 156.6, 170.5, 174.6 (C=0). ESIMS m/z calcd for
C51H,5N;3058S, 399.16; found, 399.21.
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(3R,7aR)-6~(Benzyl)-5'-bromo-1 H-spiro[imidazo[1,5-¢]thiazole-
3,3'-indoline]-2’,5,7(6 H,7a H)-trione (11a). Yield 40%, mp 209—
210 °C, [a]”p —11.8° (¢ 0.1, MeOH). '"H NMR (400 MHz,
CDCl3) 6 3.35(dd, 1H, J = 5.3and 11.3 Hz, Ha-1); 3.72 (t, 1H,
Hb-1); 4.56 (d, 1H, J = 14.8 Hz, CH»); 4.71 (d, 1H, CH,); 5.00
(dd, IH, J = 5.6 and 11.1 Hz, H-7a); 6.77 (d, 1H, J = 7.2 Hz,
H-7'); 7.26—7.32 (m, 5H, aryl); 7.43 (d, 1H, H-6"); 7.54 (s, 1H,
H-4'); 8.01 (s, 1H, NH). '*C NMR (100 MHz, CDCl5) 6 32.3
(C-1), 43.9 (CH,), 69.1 (C-7a), 72.2 (C-3), 113.3, 123.4, 125.8,
128.3,130.2, 131.5,133.6, 136.2, 139.1 (aryl), 156.1, 169.8, 175.8
(C=0). ESIMS m/z calcd for C;9H4BrN;05S, 442.99; found,
443.16.

Data for (3R,7aR)-5'-Bromo-6-(4-methybenzyl)-1H-spiro-
[imidazo[1,5-c]thiazole-3,3'-indoline]-2',5,7(6 H,7a H)-trione (11b).
Yield 39%, mp 233—234 °C, [a]*’p —10.3° (¢ 0.1, MeOH).
"H NMR (400 MHz, CDCls) 6 2.29 (s, 3H, CH3); 3.33 (dd, 1H,
J =53 and 11.0 Hz, Ha-1); 3.71 (t, I[H, Hb-1); 4.51 (d, |H, J =
14.5 Hz, CH,); 4.67 (d, 1H, CH,); 4.97 (dd, 1H, J = 5.6 and
10.8 Hz, H-7a); 6.79 (d, IH, J = 7.5Hz, H-7"); 7.04—7.11 (m, 4H,
aryl); 7.41 (d, 1H, H-6'); 7.51 (s, 1H, H-4"); 8.00 (s, 1H, NH). '*C
NMR (100 MHz, CDCl;) 6 21.5 (CH3), 32.4 (C-1), 43.0 (CH»),
68.9 (C-7Ta), 71.9 (C-3), 115.2, 125.3, 128.1, 129.4, 129.9, 132.9,
133.7,136.2, 139.0 (aryl), 156.2, 169.6, 176.2 (C=0). ESIMS m/z
caled for CooH sBrNsOsS, 457.01; found, 457.11.

(3R,7aR)-5'-Bromo-6-(4-chlorobenzyl)-1 H-spiro[imidazo[1,5-c]-
thiazole-3,3'-indoline]-2',5,7(6 H,7aH)-trione (11¢). Yield 38%,
mp 202—203 °C, [a]*’p —11.9° (¢ 0.11, MeOH). '"H NMR
(400 MHz, CDCl;) 6 3.30 (dd, 1H, J = 5.5 and 11.1 Hz,
Ha-1); 3.69 (t, 1H, Hb-1); 4.50 (d, 1H, J = 15.2 Hz, CH>);
4.63(d, 1H,CH,);4.98 (dd, 1H,J = 4.8 and 10.4 Hz, H-7a); 6.75
(d, IH, J = 7.1 Hz, H-7"); 7.20—7.26 (m, 4H, aryl); 7.43 (d, 1H,
H-6'); 7.55 (s, IH, H-4'); 8.11 (s, |H, NH). '3C NMR (100 MHz,
CDCl3) 6 32.3 (C-1),42.4 (CH>), 69.0 (C-7a), 72.0 (C-3), 115.2,
125.3,126.0,129.1,130.1, 132.1, 133.9, 134.2, 140.7 (aryl), 156.4,
168.9, 176.0 (C=0). ESIMS m/z calcd for C19H;3BrCIN;O5S,
476.95; found, 476.89

(3R,7aR)-5'-Bromo-6-(3,4,5-trimethoxybenzyl)-1 H-spiro-
[imidazo[1,5-c]thiazole-3,3' -indoline;-Z’ ,5,7(6 H,7aH)-trione (11d).
Yield 40%, mp 255—256 °C, [0]”°p —12.3° (¢ 0.13, MeOH).
'"H NMR (400 MHz, CDCl;) 6 3.38 (dd, 1H, /' = 5.6 and
11.6 Hz, Ha-1); 3.72 (t, IH, Hb-1); 3.79 (s 3H, OCHSs;,); 3.82
(s, 6H, OCHs;,); 4.47 (d, 1H, J = 14.4 Hz, CH>); 4.64 (d, 1H,
CH>);5.02(dd, 1H, J = 5.2and 10.4 Hz, H-7a); 6.51 (s, 2H, aryl);
6.77 (d, 1H, J = 7.2 Hz, H-7"); 7.45 (d, 1H, H-6'); 7.56 (s, 1H,
H-4'); 8.02 (s, 1H, NH). >*C NMR (100 MHz, CDCl;) ¢ 32.5
(C-1), 43.3 (CH,), 56.2 (OCH3); 69.1 (C-7a), 71.9 (C-3), 105.3,
115.9,125.6,131.1, 131.6, 133.4, 137.9, 139.1, 153.6 (aryl), 156.4,
169.9, 175.8 (C=0). ESIMS m/z calcd for C,,H,0BrN3;OgS,
533.03; found, 533.21.

(3R,7aR)-5'-Bromo-6-(4,4-dimethylcyclohexyl)-1 H-spiro-
[imidazo[1,5-c]thiazole-3,3’ -indoline;-z’ ,5,7(6H,7aH)-trione (11e).
Yield 42%, mp 200—201 °C, [a]*p —13.1° (¢ 0.12, MeOH).
"H NMR (400 MHz, CDCL3) 6 0.88 (s, 3H, CHs); 0.92 (s, 3H,
CH3); 1.18=1.26 (m, 2H, CH;); 1.41-1.49 (m, 4H, CH,);
2.23—2.33 (m, 2H, CH>); 3.32 (dd, 1H, J = 5.3 and 11.0 Hz,
Ha-1); 3.71 (t, 1H, Hb-1); 3.78—3.82 (m, 1H, CH); 4.93 (dd, 1H,
J = 5.3and 10.8 Hz, H-7a); 6.73 (d, 1H, J = 7.01 Hz, H-7'); 7.46
(d, 1H, H-6'); 7.56 (s, 1H, H-4'); 8.00 (s, IH, NH). '3*C NMR
(100 MHz, CDCl3) 6 249 (CH,), 25.2 (CHy), 27.9 (CH;),
29.3 (CHj3), 32.4 (C-1), 38.9 (CH), 52.7 (C), 69.0 (C-7a), 71.6
(C-3), 116.1, 125.3, 131.1, 133.9, 140.1 (aryl), 156.6, 170.5, 174.6
(C=0). ESIMS m/z calcd for CyH»,BrN3;O3S, 463.06; found,
463.19.

(3R,7aR)-6-Benzyl-1"-methyl-1H-spiro[imidazo[1,5-c]thiazole-
3,3'-indoline]-2’',5,7(6 H,7a H)-trione (12a). Yield 46%, mp 177—
178 °C, [a]”p —16.2° (¢ 0.11, MeOH). '"H NMR (400 MHz,
CDCl3) 6 3.27 (s, 3H, CH3); 3.35(dd, 1H, J = 5.2 and 11.2 Hz,
Ha-1); 3.76 (t, 1H, Hb-1);4.54 (d, 1H, J = 14.4 Hz, CH,); 4.71
(d, 1H, CH;); 4.98 (dd, 1H, J = 5.6 and 11.2 Hz, H-7a); 6.86 (d,
1H,J = 8.0 Hz, H-7'); 7.10 (t, 1H, H-6); 7.26—7.38 (m, 6H, H-5'

Gomez-Monterrey et al.

and aryl); 7.41 (d, 1H, H-4'). >*C NMR (100 MHz, CDCl3) ¢
26.8 (CH3), 32.4 (C-1), 42.9 (CH,), 68.7 (C-7a), 70.3 (C-3),
110.0,123.6,125.4,128.7,129.9,131.3,132.6, 138.1, 143.8 (aryl),
156.2,169.8, 174.5 (C=0). ESIMS m)/z caled for C,0H 7N;05S,
379.10; found, 379.19.

(3R,7aR)-1'-Methyl-6-(4-methylbenzyl)-1 H-spiro[imidazo-
[1,5-c]thiazole-3,3'-indoline]-2',5,7(6 H,7a H)-trione (12b). Yield
48%, mp 185—186 °C, [a]*p —15.3° (¢ 0.1, MeOH). '"H NMR
(400 MHz, CDCly) 6 2.29 (s, 3H, CH3); 3.28 (s, 3H, CH3); 3.33
(dd, 1H, J = 5.2 and 10.8 Hz, Ha-1); 3.74 (t, 1H, Hb-1); 4.48 (d,
1H,J = 14.4Hz, CH,);4.67(d, 1H, CH,);4.96 (dd, 1H,J = 5.6
and 11.2 Hz, H-7a); 6.85 (d, 1H, J = 7.6 Hz, H-7'); 7.09—7.26
(m, 5H, H-6' and aryl); 7.33—7.41 (m, 2H, H-5 and H-4). *C
NMR (100 MHz, CDCl3) 6 21.8 (CH3), 26.9 (CH3), 32.5 (C-1),
42.8 (CH»), 68.9 (C-7a), 70.2 (C-3), 109.2, 123.7, 125.1, 128.8,
129.6, 131.2, 132.5, 138.0, 143.6 (aryl), 156.2, 169.8, 174.5
(C=0). ESIMS m/z caled for C;;H9N303S, 393.11; found,
393.25.

(3R,7aR)-6-(4-Chlorobenzyl)-1"-methyl-1H-spiro[imidazo-
[1,5-c]thiazole-3,3'-indoline]-2',5,7(6 H,7a H)-trione (12¢). Yield
41%, mp 182—183 °C, [0J*’p —17.1° (¢ 0.13, MeOH). 'H
NMR (400 MHz, CDCl;) ¢ 3.30 (s, 3H, CH3); 3.33 (dd, 1H,
J = 5.2and 10.8 Hz, Ha-1); 3.74 (t, IH, Hb-1); 4.49 (d, 1H, J =
14.4Hz,CH,);4.67(d, 1H, CH>);4.96 (dd, 1H,J = 5.6and 11.2
Hz, H-7a); 6.85 (d, 1H, J = 8.0 Hz, H-7'); 7.09—7.26 (m, 5H,
H-6' and aryl); 7.33—7.41 (m, 2H, H-5" and H-4'); >*C NMR
(100 MHz, CDCl3) 6 26.4 (CH3); 32.7(C-1),42.8 (CH»), 68.9 (C-
7a), 70.4 (C-3), 110.9, 125.6, 126.2, 129.3, 130.4, 131.7, 133.5,
133.8,134.1, 138.2 (aryl), 156.3,169.9, 176.3 (C=0). ESIMS m/z
caled for CooH6CIN3O5S, 413.06; found, 413.12.

(3R,7aR)-1'-Methyl-6-(3,4,5-trimethoxybenzyl)-1 H-spiro-
[imidazo[1,5-c]thiazole-3,3 -indoline]-2',5,7(6 H,7a H)-trione (12d).
Yield 53%, mp 197—198 °C, [0]*p —16.1° (¢ 0.1, MeOH).
"H NMR (400 MHz, CDCl3) 6 3.18 (s, 3H, CHs,); 3.33 (dd,
1H, J = 5.6 and 11.6 Hz, Ha-1); 3.64 (t, 1H, Hb-1); 3.71 (s 3H,
OCHs,); 3.79 (s, 6H, OCHs;,); 4.48 (d, 1H, J = 14.4 Hz, CH));
4.62(d, 1H, CH,); 5.04 (dd, 1H, J = 5.2 and 10.4 Hz, H-7a); 6.48
(s 2H, benzyl); 6.81 (d, 1H, J = 7.2 Hz, H-7'); 7.12 (t, IH, H-6');
7.26(t, 1H,H-5);7.35(d, 1H, H4'). >'CNMR (100 MHz, CDCl5)
9, 26.2 (CH3); 32.6 (C-1), 43.8 (CH,), 56.7 (OCH3); 68.9 (C-7a),
70.3 (C-3), 105.7, 110.6, 125.3, 126.1, 129.8, 133.4, 138.2, 153.6
(aryl), 156.5, 169.8, 175.6 (C=0). ESIMS m/z caled for
C23H23N306S, 46913, found, 469.29.

(3R,7aR)-6-(4,4-Dimethylcyclohexyl)-1-methyl-1 H-spiro-
[imidazo[1,5-c]thiazole-3,3-indoline]-2',5,7(6 H,7a H)-trione (12e).
Yield 56%, mp 174—175 °C, [0]*p —16.8° (¢ 0.1, MeOH).
"H NMR (400 MHz, CDCl3) 6 0.89 (s, 3H, CHs); 0.94 (s, 3H,
CH;); 1.19—1.25 (m, 2H, CH,); 1.41—1.50 (m, 4H, CH,);
2.18—2.31 (m, 2H, CH,); 3.26 (s, 3H, CH;); 3.32 (dd, 1H, J =
5.2 and 10.8 Hz, Ha-1); 3.72 (t, 1H, Hb-1); 3.70—3.76 (m, 1H,
CH);4.90 (dd, 1H,J = 5.6 and 11.2 Hz, H-7a); 6.85(d, 1H, J =
7.6 Hz, H-7); 7.11 (t, 1H, H-6'); 7.34 (t, 1H, H-5); 7.43 (d, 1H,
H-4'). 3C NMR (100 MHz, CDCl;) 6 24.1 (CH,); 24.9 (CH>);
25.0 (CH3); 26.9 (CH3); 29.7 (CH3); 32.5 (C-1), 38.6 (CH), 52.5
(0), 68.3 (C-7a), 70.7 (C-3), 109.2, 123.6, 125.3, 131.0, 143.5
(aryl), 156.5, 170.5, 174.6 (C=0). ESIMS m/z calcd for
C21H25N303S, 39916, found, 399.27.

General Procedure for the Synthesis of the (3R,7aR)-1'-Acyl-
6-(benzylsubstituted)-1H-spiro[imidazo[1,5-c]thiazole-3,3 -indoline]-
2/,5,7(6 H,7a H)-trione Derivatives (13f—i/14f—i). 9¢ or 10d
(100 mg, 0.2 mmol) was dissolved in dichloromethane (10 mL),
and the appropriate acyl chloride (benzoyl chloride,
4-methylbenzoyl chloride, 4-chlorobenzoyl chloride or butirroyl
chloride, f—i) (0.22 mmol) and TEA (0.30 mmol) were added.
The mixture was stirred at room temperature for 2 h. Then the
organic solution was washed with 10% NaHCO; and water,
dried over Na,SOy, and evaporated to dryness. Flash chro-
matography was performed on silica gel, using as eluent a
mixture ethyl acetate/n-hexane, 1/3, to obtain the corre-
sponding N-substituted derivatives as white solids.
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(3R,7aR)-1'-Benzoyl-6-(4-chlorobenzyl)-1 H-spiro[imidazo-
[1,5-c]thiazole-3,3' -indolinel—Z/ ,5,7(6H,7aH)-trione (13f). Yield
85%, mp 245—246 °C, [0a]*°p —9.3° (¢ 0.1, MeOH). '"H NMR
(400 MHz, CDCl3) 6 3.36 (dd, 1H, J = 6.0 and 12.0 Hz, Ha-1);
3.60 (t, IH, Hb-1); 4.45 (d, IH, J = 14.4 Hz, CH,); 4.63 (d, 1H,
CH,); 5.03 (dd, 1H, J = 5.6 and 10.8 Hz, H-7a); 7.29 (t, 1H,
H-6); 7.42—7.48 (m, 3H, H-5' and aryl); 7.55 (d, IH, H-4'); 7.61
(t, 1H, aryl); 7.77—7.80 (m, 2H, aryl); 7.83 (d, 1H, H-7). '*C
NMR (100 MHz, CDCl;) 6 32.8 (C-1), 42.4 (CH,), 68.9 (C-7a),
71.5(C-3), 115.2, 124.4,125.5, 126.0, 128.7, 129.4, 130.1, 130.3,
131.7, 133.3, 137.6, 144.5 (aryl), 156.2, 167.8, 169.1, 174.3
(C=0). ESIMS m/z caled for CysH3CIN30,4S, 503.07; found,
503.16.

(3R,7aR)-6-(4-Chlorobenzyl)-1'-(4-methylbenzoyl)-1 H-spiro-
[imidazo[1,S-c]thiazole-3,3’-ind0|inel—2’,5,7(6H,7aH)-tri0ne (13$).
Yield 87%, mp 261—262 °C, [0]*’p —8.1° (¢ 0.1, MeOH). 'H
NMR (400 MHz, CDCl3) 6 2.40 (s, 3H, CH3); 3.35(dd, 1H, J =
5.6 and 11.6 Hz, Ha-1); 3.62 (t, 1H, Hb-1); 446 (d, 1H, J =
14.8 Hz, CH,); 4.61 (d, 1H, CH>); 5.02 (dd, IH, J = 5.2 and
10.8 Hz, H-7a); 7.24 (t, IH, H-6'); 7.42 (t, 1H, H-5); 7.56 (d, 1H,

= 8.0 Hz, H-4); 7.78 (d, 2H, J = 8.0 Hz, aryl); 7.81 (d, 1H,
H-7'); 7.59 (d, 2H, aryl); '*C NMR (100 MHz, CDCl;) 6 21.8
(CH;), 32.7 (C-1), 42.5 (CH,), 68.9 (C-7a), 70.7 (C-3), 115.7,
124.8,125.2,125.9, 128.9,129.2, 129.9, 130.1, 130.2, 131.6, 133.7,
137.1, 144.6 (aryl), 156.6, 167.8, 169.5, 174.3 (C=0). ESIMS m/z
calcd for C,7H,oCIN3O4S, 517.09; found, 517.19.

(3R,7aR)-1'-(4-Chlorobenzoyl)-6-(4-chlorobenzyl)-1 H-spiro-
[imidazo[1,5-c]thiazole-3,3'-indoline]-2',5,7(6 H,7a H)-trione (13h).
Yield 90%, mp 258—259 °C, [0]*p —7.8° (¢ 0.12, MeOH).
'H NMR (400 MHz, CDCl3) 6 3.34 (dd, 1H, J = 5.6 and 11.6
Hz, Ha-1); 3.59 (t, 1H, Hb-1); 4.52 (d, IH, J = 14.8 Hz, CH>);
4.62(d, 1H, CH;); 5.02(dd, 1H, J = 5.2 and 10.8 Hz, H-7a); 7.31
(t, IH,H-6); 7.43(d,2H, J = 8.0 Hz, aryl); 7.48 (t, 1H, H-5'); 7.53
(d, 1H, J = 8.0 Hz, H-4'); 7.78 (d, 2H, aryl); 7.87 (d, 1H, H-7");
13C NMR (100 MHz, CDCl5) 6 32.5 (C-1), 43.6 (CH,), 68.9
(C-7a), 70.9 (C-3), 115.8, 124.4, 125.3, 126.2, 128.8, 129.2, 130.0,
131.4,131.7,137.7,137.9, 138.1, 139.0, 141.5 (aryl), 156.8, 167.6,
169.4, 174.1 (C=0). ESIMS m/z calcd for CysH17CLN30,S,
537.03; found, 537.12.

(3R,7aR)-1'-Butyryl-6-(4-chlorobenzyl)-1 H-spiro[imidazo-
[1,5-c]thiazole-3,3’-indolinel—Z’,5,7(6H,7aH)-tri0ne (13i). Yield
89%, mp 231-232 °C, [0]*’p —7.3° (¢ 0.1, MeOH). '"H NMR
(400 MHz, CDCl3) 0 1.04 (t, 3H, CH3); 1.72—1.82 (m, 2H, CH,);
2.96—3.08 (m, 2H, CH,); 3.37 (dd, 1H, J = 5.6 and 11.6 Hz,
Ha-1); 3.67 (t, 1H, Hb-1); 4.52 (d, |H, J = 14.4 Hz, CH,); 4.64
(d, 1H, CH»); 5.01 (dd, 1H, J = 5.2 and 10.8 Hz, H-7a); 7.24
(t, 1H, H-6); 7.41 (t, 1H, H-5); 7.47 (d, 1H, J = 8.0 Hz, H-4'),
8.25 (d, 1H, H-7"); 3C NMR (100 MHz, CDCl5) 6 13.9 (CH3),
17.9 (CH,), 32.8 (C-1),40.4 (CH,), 42.6 (CH,), 68.9 (C-7a), 71.3
(C-3), 117.5, 124.3, 124.9, 126.1, 129.2, 130.2, 131.7, 133.7,
134.4, 140.1 (aryl), 157.3, 169.5, 173.7, 175.2 (C=0). ESIMS
m/z caled for Co3H,CIN3O48S, 469.09; found, 469.18.

(3R,7aR)-1'-Benzoyl-5'-methyl-6-(3,4,5-trimethoxybenzyl)-
1H-spiro[imidazo[1,5-c]thiazole-3,3' -indoline]S-Z’ ,5,7(6 H,7aH)-
trione (14f). Yield 87%, mp 271—273 °C, [0’ —11.8° (¢ 0.11,
MeOH). '"H NMR (400 MHz, CDCl3) 6 2.39 (s, 3H, CH3); 3.34
(dd, 1H, J = 6.0 and 12.0 Hz, Ha-1); 3.59 (t, 1H, Hb-1); 3.66
(s, 3H, OCHs3,); 3.78 (s, 6H, OCH3,); 4.43 (d, IH, J = 14.4 Hz,
CH,); 4.62 (d, 1H, CH»); 5.02 (dd, 1H, J = 5.6 and 10.8 Hz,
H-7a); 6.47 (s, 2H, aryl); 7.23—7.26 (m, 2H, H-6' and H-7"); 7.36
(s, 1H, H-4'); 7.41-7.45 (m, 2H, aryl); 7.58 (t, 1H, aryl);
7.80—7.83 (m, 2H, aryl). '>*C NMR (100 MHz, CDCl;) § 21.5
(CH3); 32.4 (C-1), 42.8 (CH,), 56.9 (OCH3), 68.9 (C-7a), 71.2
(C-3), 105.5, 1159, 124.6, 125.8, 126.9, 128.7, 129.3, 130.2,
131.8, 131.3, 132.0, 133.6, 153.5 (aryl), 156.6, 167.2, 169.4,
174.1 (C=0). ESIMS m/z caled for C3oH,;N;0,S, 573.16;
found, 573.21.

(3R,7aR)-5'-Methyl-1'-(4-methylbenzoyl)-6-(3,4,5-trimethoxy-
benzyl)-1H-spiro[imidazo[1,5-c]thiazole-3,3'-indoline]-2',5,7-
(6H,7aH)-trione (14g). Yield 89%, mp 293—294 °C, [a]*p
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—12.7° (¢ 0.11, MeOH). '"H NMR (400 MHz, CDCl3) 6 2.38
(s, 3H, CH3); 2.42 (s, 3H, CH3); 3.33 (dd, 1H, J = 5.6 and 11.6
Hz, Ha-1); 3.60 (t, 1H, Hb-1); 3.67 (s 3H, OCHs,); 3.76 (s, 6H,
OCHs;,);4.42(d, IH,J = 14.8 Hz, CH>);4.62 (d, I|H, CH,); 5.01
(dd, 1H, J = 5.2and 10.8 Hz, H-7a); 6.49 (s 2H, aryl); 7.23—7.26
(m, 3H, H-6¢', H-7' and aryl); 7.35 (s, 1H, H-4"); 7.71=7.77 (m,
3H, aryl). *C NMR (100 MHz, CDCl;) 6: 21.2 (CH3); 21.8
(CH3), 32.6 (C-1), 42.7 (CH»), 56.5 (OCH3), 68.8 (C-7a), 70.9
(C-3), 105.4, 115.8, 124.7, 125.5, 128.9, 129.6, 130.4, 131.5,
131.6, 132.9, 133.6, 137.3, 154.0 (aryl), 156.8, 167.3, 169.1,
174.3 (C=O) ESIMS Wl/Z caled for C31H29N307S, 58717,
found, 587.29.

(3R,7aR)-1'-(4-Chlorobenzoyl)-5'-methyl-6-(3,4,5-trimethoxy-
benzyl)-1H-spiro[imidazo[1,5-c]thiazole-3,3'-indoline]-2',5,7-
(6H,7aH)-trione (14h). Yield 91%, mp 280—281 °C, [o]*p
—13.5° (¢ 0.13, MeOH). '"H NMR (400 MHz, CDCl3) 6 2.39
(s, 3H, CH>); 3.32 (dd, 1H, J' = 5.6 and 11.6 Hz, Ha-1); 3.61
(t, IH, Hb-1); 3.69 (s, 3H, OCHSs;,); 3.77 (s, 6H, OCHs3,); 4.43
(d, 1H,J = 14.8 Hz, CH,); 4.64 (d, 1H, CH>); 5.03 (dd, 1H, J =
5.2 and 10.8 Hz, H-7a); 6.49 (s, 2H, aryl); 7.26 (d, 1H, J =
8.0 Hz, H-7"); 7.36 (s, 1H, H-4'); 7.41—7.44 (m, 2H, H-¢, and
aryl); 7.72—7.83 (m, 3H, aryl). *C NMR (100 MHz, CDCl5) 6
21.4 (CH;); 32.9 (C-1), 43.5 (CH,), 56.3 (OCHs), 68.9 (C-7a),
71.3(C-3), 105.1, 115.8, 124.4, 125.6, 128.8, 129.1, 130.8, 131.2,
131.8,132.2,136.3,137.4,137.9,139.7,153.6 (aryl), 156.7,167.7,
169.5, 174.4 (C=0). ESIMS m/z calcd for C;yH»,CIN;0O5S,
607.12; found, 607.22.

(3R,7aR)-1’-Butyryl-5'-methyl-6-(3,4,5-trimethoxybenzyl)-
1 H-spiro[imidazo[1,5-c]thiazole-3,3’ -indolinel—Z’ ,5,76 H,7aH)-
trione (14i). Yield 91%, mp 258—259 °C, [a]*p —14.2° (¢ 0.15,
MecOH). '"H NMR (400 MHz, CDCl;) 6 1.00 (t, 3H, CHs);
1.73—1.80 (m, 2H, CH,); 2.32 (s, 3H, CH3); 3.00 (t, 2H, CH>);
3.37(dd, 1H,J = 5.6and 11.6 Hz, Ha-1); 3.65(t, 1H, Hb-1); 3.81
(s, 3H, OCHs;); 3.85 (s, 6H, OCHs3,); 4.45 (d, 1H, J = 14.4 Hz,
CH,); 4.62 (d, 1H, CH»); 5.03 (dd, 1H, J = 5.2 and 10.8 Hz,
H-7a); 6.56 (s, 2H, aryl); 7.21 (d, 1H, J = 8.0 Hz, H-7'); 7.28
(s, 1H, H-4');8.12 (d, 1H, H-¢'). '>*C NMR (100 MHz, CDCl;) 8:
13.5(CH3), 17.6 (CH,), 21.5 (CH3), 32.7 (C-1), 40.6 (CH>), 42.9
(CH»), 56.6 (OCH3), 68.9 (C-7a), 71.5 (C-3), 105.6, 117.2, 124.6,
125.8,129.1,130.4,131.3,137.7,139.5, 152.1 (aryl), 157.1, 169.7,
173.2, 175.7 (C=0). ESIMS m/z caled for C,;H,9N;05S,
539.17; found, 539.28.

Biology. Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), trypsin—EDTA solution (1x), peni-
cillin and streptomycin, phosphate-buffered saline (PBS) were
from Cambrex Biosciences. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), propidium iodide (PI),
Triton X-100, sodium citrate, formamide, mouse monoclonal
anti-tubulin were purchased from Sigma (Milan, Italy). Rabbit
polyclonal anti-caspase-3, mouse monoclonal anti-PARP-1,
mouse monoclonal anti-actin, mouse monoclonal anti-p53,
and horseradish peroxidase (HRP) conjugated anti-mouse and
anti-rabbit secondary antibodies were purchased from Santa
Cruz Biotechnology (DBA; Milan, Italy). Rabbit polyclonal
anti-cyclin Bl primary antibody were from Cell Signaling
Technology (Celbio; Milan, Italy). ECL reagent was obtained
from Amersham Pharmacia Biotech, U.K.

Cell Culture. Human embryonic kidney HEK 293, human
melanoma M14, human monocytic leukemia U937, human
normal thyroid TAD-2, and human papillary thyroid carcinoma
TPC1 cell lines cell lines were grown at 37 °C in Dulbecco’s
modified Eagle’s medium containing 10 mM glucose (DM EM-
HG) supplemented with 10% fetal calf serum and 100 units/mL
each of penicillin and streptomycin and 2 mmol/L glutamine. In
each experiment, cells were placed in fresh medium, cultured in
the presence of synthesized compounds (from 0.1 to 25 mM),
and followed for further analyses.

Cell Viability Assay. Cell viability for M14, HEK, U937,
TPCln, and TAD-2 cell lines was determined using the 3-[4,5-
dimethylthiazol-2,5-diphenyl-2 H-tetrazolium bromide (MTT)
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colorimetric assay. The test is based on the ability of mitochon-
drial dehydrogenase to convert, in viable cells, the yellow MTT
reagent (Sigma Chemical Co., St. Louis, MO) into a soluble blue
formazan dye. Cells were seeded into 96-well plates to a density
of 105 cells/100 L well. After 24 h of growth to allow attach-
ment to the wells, compounds were added at various concentra-
tions (from 0.1 to 25 mM). After 24 or 48 h of growth and after
removal of the culture medium, 100 4L /well of medium contain-
ing 1 mg/mL of MTT was added. Cell cultures were further
incubated at 37 °C for 2 h in the dark. The solution was then
gently aspirated from each well, and the formazan crystals
within the cells were dissolved with 100 4L of DMSO. Optical
densities were read at 550 nm using a Multiskan Spectrum
Thermo Electron Corporation reader. Results were expressed
as percentage relative to vehicle-treated control (0.5% DMSO
was added to untreated cells). ICs, (concentration eliciting 50%
inhibition) values were determined by linear and polynomial
regression. Experiments were performed in triplicate.

Time-Lapse Microscopy. Logarithmically growing M 14 cells
were placed in 96-well tissue culture plates at 10° cells/mL. After
24 h cells were incubated with a concentration corresponding to
the 1Csy of the various synthesized compounds and observed
under an inverted phase-contrast microscope (Leica CTR6500
microscope). Images were captured every hour for 72 h. Plates
(96-well) were incubated under standard culture conditions and
kept at 37 °C in a 5% CO, atmosphere for the observation
period (up to 72 h).

Flow Cytometry. M14 cells (2,5 x 10° cells/mL) in 12-well
tissue culture plates were incubated for 24 h in the presence or
absence (vehicle-treated cells) of 9¢ and 10d. Cells were then
washed with PBS 1x and suspended by trypsinization. Cells
were centrifuged at 2000 rpm for 5 min, then washed with
PBS 1x and resuspended in fresh medium. Finally, cells were
incubated in the dark with a staining solution containing 0.1%
sodium citrate, 0.1% Triton X-100, and 50 mg/mL propidium
iodide at 4 °C for 30 min. Samples were analyzed by Becton
Dickinson FACScan flow cytometer. The cell cycle distribution,
expressed as percentage of cells in the G0/G1, S, and G2/M
phages, was calculated using ModFit LT 3.0 software. Apopto-
tic cells are expressed as percentage of hypodiploid nuclei.

Western Blotting Analysis. M 14 cells were plated in flasks (1 x
10 cells) in normal culture conditions and incubated with or
without 9¢ and 10d. At the indicated times, cells were lysed using
an ice cold lysis buffer (50 mM Tris, 150 mM NaCl, 10 mM
EDTA, 1% Triton) supplemented with a mixture of protease
inhibitors containing antipain, bestatin, chymostatin, leupeptin,
pepstatin, phosphoramidon, Pefabloc, EDTA, and aprotinin
(Boehringer, Mannheim, Germany). Equivalent amounts of
protein were loaded on 8—12% sodium dodecyl sulfate (SDS)—
polyacrylamide gels and electrophoresed followed by blotting
onto nitrocellulose membranes (Bio-Rad, Germany). After
blotting with 5% (w/v) fat-free milk powder and 0.1% Tween
20 in TBS, the membrane was incubated overnight at 4 °C with
specific antibodies at the concentrations indicated by the man-
ufacter’s protocol (Santa Cruz Biotechnology). The antibody
was diluted in Tris-buffered saline/Tween 20 5% milk powder.
Following incubation with horseradish peroxidase-conjugated
secondary antibodies, bands were detected by enhanced chemi-
luminescence (ECL kit, Amersham, Germany). Each filter was
then probed with mouse monoclonal anti-tubulin antibody.
Level of expression of detected bands was quantified by NIH
ImageJ 1.40 after normalization with a-tubulin.

Statistical Analysis. Data were analyzed using Prism 4.0
(GraphPad Software, Inc.). Results are expressed as the mean £
SEM. All statistical differences were evaluated by a two tailed
Student’s ¢ test and one way ANOVA. P values less than 0.05
were considered statistically significant.

Protein Expression and Purification for NMR Study. The
recombinant human MDM2 (residues 1—118) was overexpressed
in E. coli BL21(DE3) RIL using the pET-46Ek/LIC vector
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(Novagen). Cells were grown at 37 °C and induced with 1 mM
IPTG at an ODg of 0.7. The protein was purified and renatured
from inclusion bodies as described.”® The refolded protein was
applied on butyl Sepharose 4 Fast Flow (Amersham) and then
purified on a Sephadex G-75. The recombinant human p53
protein (residues 1—312) was overexpressed at 37 °C in E. coli
BL21 (DE3) RIL using a pET-46Ek/LIC vector (Novagen)
modified with N-terminal His-tag. The protein was purified
under denaturing conditions using a NiNTA (Qiagen) column,
refolded, and further purified using a gel filtration on Sephadex
G-75 as previously described.”® Complexes were made by mix-
ing p53 and MDM2 in a molar ratio of 1:2. The excess of MDM?2
was then removed by gel filtration on Sephadex G-75.

NMR Study of pS3—MDM2 Interaction. NMR spectra were
acquired at 25 °C on a Varian Unity INOVA 700 MHz spectrom-
eter equipped with a cryoprobe. Typically, NMR samples
contained up to 0.1 mM protein in 50 mM KH,PO,, 50 mM
Na,HPO,, 150 mM NacCl, pH 7.4, 5 mM DTT, 0.02% NaNs.
Water suppression was carried out by gradient echo.*® NMR
data were processed using the Bruker program BioSpin 3.0. For
NMR ligand binding experiments, 600 4L of the protein sample
containing 10% D50, at ~0.1 mM, and a 10 mM stock solution
of each compound in DMSO-d, were used in all experiments.
The final molar ratio protein/inhibitor was 1:1.
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