
Imino-tetrahydro-benzothiazole Derivatives as p53 Inhibitors: Discovery of a Highly Potent in
Vivo Inhibitor and Its Action Mechanism

Nicolas Pietrancosta,†,‡ Anice Moumen,† Rosanna Dono,† Paul Lingor,§ Veronique Planchamp,§ Fabienne Lamballe,†
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Several neurological disorders manifest symptoms that result from the degeneration and death of specific
neurons. p53 is an important modulator of cell death, and its inhibition could be a therapeutic approach to
several neuropathologies. Here, we report the design, synthesis, and biological evaluation of novel p53
inhibitors based on the imino-tetrahydrobenzothiazole scaffold. By performing studies on their mechanism
of action, we find that cyclic analogue4b and its open precursor2b are more potent than pifithrin-R (PFT-
R), which is known to block p53 pro-apoptotic activity in vitro and in vivo without acting on other pro-
apoptotic pathways. Using spectroscopic methods, we also demonstrate that open form2b is more stable
than4b in biological media. Compound2b is converted into its corresponding active cyclic form through
an intramolecular dehydration process and was found two log values more active in vivo thanPFT-R.
Thus,2b can be considered as a new prodrug prototype that prevents in vivo p53-triggered cell death in
several neuropathologies and possibly reduces cancer therapy side effects.

Introduction

Neurodegenerative disorders, such as stroke, Alzheimer’s, and
Parkinson’s disease, manifest symptoms of degeneration and
progressive loss of specific neuron populations.1-3 Whereas
different neuronal subpopulations are affected in each of these
pathologies, the biochemical and cellular events leading to
neuronal dysfunction and cell death share a common final
cascade, which involves increased oxidative stress, the disruption
of calcium homeostasis, and the activation of an intrinsic
apoptotic program.3,4 The activation of the tumor suppressor
gene p53 plays a crucial role in regulating the death of neurons
in vitro, following apoptotic stimuli involving molecules such
as glutamate or DNA-damaging agents.5-8 Studies of p53-
deficient mice have confirmed the essential role of p53 in
neuronal apoptosis caused by ischemic and excitotoxic insults.6,9

In vivo evidence of p53 implication in neuronal death has also
been reported in stroke,10,11 traumatic brain injury,12 and
Alzheimer’s disease.13 The biological function of p53 is largely
mediated through the transactivation of specific target genes,
such as p21, Bax, and PUMA.14 Moreover, p53 promotes
apoptosis by preventing the expression of survival genes, by
interference with the activity of specific transcription factors,
or by regulating the mitochondrial translocation of Bax.15

The involvement of p53 in neuronal death raises the pos-
sibility that p53 inhibitors might prove effective in suppressing
the degenerative processes in neurodegenerative disorders. The
antiparasitic compound,PFT-R (Figure 1) has been identified
for its ability to protect cells against radiation, excitotoxic, and
amyloid-induced neuronal death.16

Moreover, PFT-R protects cultured hippocampal neurons
against death induced by DNA-damaging agents.17,18 PFT-R
prevents cell death by inhibiting p53 transcriptional activity,
mitochondrial damage, and caspase activation, whereas it has
no effects on p53 protein levels and phosphorylation.17 Its
specificity to block p53 has been proven by its failure to prevent
p53-independent cell death.17 Recent in vivo studies further
emphasized the potential ofPFT-R in preventing neuronal death
and delaying neurodegeneration.17-19 On the basis of these
observations, the identification of more potent chemical com-
pounds able to efficiently inactivate p53 activity and an
understanding of their action mechanism are promising contri-
butions to neurodegenerative disease progression. Some com-
pounds based on thePFT-R scaffold and their preliminary
biological activities have already been published by our group,20

and some other compounds described by Bachechath have been
reported as inhibitors of apoptosis in Lymphocytes.21 In this
article, we report the complete synthesis of all of the p53
inhibitors, their unique specific neuroprotective activity through
p53 inhibition, and their action mechanism in vitro and in vivo.

Chemistry

We sought to develop novel p53 inhibitors able to efficiently
block p53 pro-apoptotic activity both in vitro and in vivo.
Although the similarity property principle states that structurally
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Figure 1. Structure of Pifithrin-R (PFT-r) and the general structure
of related analogues.
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similar compounds are expected to have similar activities,22

small structural modifications can nevertheless produce either
a slight modulation or a dramatic loss of activity. Therefore,
considering thePFT-R scaffold as a privileged structure
according to Evans’ definition,23 we introduced chemical
modifications to generate a series of novelPFT-R analogues
(Scheme 1).

The synthesis of 2-aminothiazole hydroiodide salt precursors
was carried out according to the method described by King et
al.24 The solvent free reaction was performed by heating various
cyclic ketones (cyclohexanone, 2-decalone, and cycloheptanone)
with thiourea in the presence of iodine. Basic treatment of the
hydroiodide salt allowed the isolation of the corresponding free
aminothiazoles3a-c, which could be N-alkylated at the
endocyclic N3-position by selectedR-bromoacetophenones at
room temperature in toluene. The resulting N3-substituted
2-iminothiazole derivativesPFT-r and2a-g were isolated in
yields ranging from 40 to 70% after purification by crystalliza-
tion.

Cyclic analogues were obtained from the open form simply
by stirring nitroPFT-r analogues2b ande in protic solvents
(EtOH, iPrOH). The corresponding tricyclic nitro derivatives
4b ande resulting from a dehydration process were isolated in
quantitative yields and fully characterized. Some of these
derivatives have already been reported.20,21The ability ofPFT-r
analogues to undergo this dehydration process depends on the
electron-donating or electron-withdrawing properties of the
phenyl ring substituents. Compounds bearing withdrawing
substituents such as a nitro group on the phenyl ring, for
example,2b and e, were found to be more sensitive to the
dehydration process (few hours at room temperature) than
analogues bearing electron-donating substituents, which needed
a longer time to cyclize (2a, c, d, f) (The cyclization process
will be discussed in more detail below.) The new opened PFT
analogues (2a-f), cyclic PFT analogues (4a-g) as well as

oxime derivative2g were tested for their ability to block p53-
induced death.

Results and Discussion

Cell-Based Assay in Vitro Evaluation.The compounds were
submitted first to an in vitro cell-based assay as a primary
screening. As the read-out system for p53 inhibitor screening,
a survival assay was performed using primary cultures of E15.5
cortical neurons exposed to DNA-damaging agents (PFT-R
being considered as a p53 reference inhibitor). Before screening
the new analogues, we first verified that anticancer drugs
etoposide or camptothecin induced the death of primary cortical
neuron cultures in a time- and concentration-dependent manner
as shown in Figure 2, and then, we ensured that cortical neuron-
induced death was p53-dependent. For this purpose, primary
cultures ofp53-/- cortical neurons were submitted to etoposide
treatment, and as expected (Figure 2), no death was observed
after the etoposide treatment of these p53-mutated cortical
neurons.

We next performed an assay to discover whether the new
synthesizedPFT-r analogues (2a-g, 4b, 4e) prevented cortical
neuron death induced by etoposide (Figure 3).

As can be seen in Figure 3, tricyclic analogue4b (ED50 )
30nM) is one order magnitude more active thanPFT-r in
protecting cortical neurons exposed to etoposide. In contrast,
the replacement of the cyclohexene ring by larger cycles (e.g.,
cycloheptene or octahydro-naphthalene:2f andc, respectively)
abolished inhibitory effects, showing that ring size is determina-
tive of activity. Moreover, the introduction of different substit-
uents on the aromatic ring (2a ande) modulate their inhibitory
activities. Interestingly,2b, the corresponding open form of the
cyclic analogue4b, shows a p53 inhibitory activity similar to
that of PFT-r, whereas oxime2g was found inactive in
preventing p53-induced death. This later observation is of
interest because oxime2g cannot be cyclized.

Scheme 1a

a (i) Thiourea, I2, 110°C, 12 h; (ii) saturated Na2CO3, H2O; 1a (52%),1b (47%),1c (37%), for 2 steps; (iii) 4-R2-C6H4-C(O)-CH(R1)Br, toluene, rt, 48
h; PFT-r (54%),2a (61%),2b (55%),2c (80%),2d (41%),2e (47%),2f (40%); (iv) MeOH, rt; quantitative for4b and4e; (v) biological medium, 37°C;
quantitative for4, 4b, 4e; (vi) NH2-OH, 2b, CH2Cl2, 3 h; 2g (35%).
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At this point, we selected analogue2b (open form) and its
corresponding cyclic form4b as the most representative
analogues for mechanistic biochemistry studies and in vivo
activities.

Action Mechanism Studies. Specificity of 4b Inhibitory
Activity. This primary screening allowed us to identify4b as
the most efficient inhibitor of p53-triggered neuronal death in
vitro. We first investigated whether4b would also affect p53-
independent cell death. Knowing that the overexpression of a
cytoplasmic fragment of the Met receptor tyrosine kinase
(p40Met) in cortical neurons induces apoptosis25 in a p53-
independent manner, we took advantage of this experimental
system to test the action of4b andPFT-r (reference compound)
on other pro-apoptotic pathways. Interestingly,4b andPFT-r
did not prevent cortical neuronal death induced by p40Met,
showing the remarkable specificity in the inhibitory action of
4b on p53 (Figure 4). In contrast to published results, which
have shown that some PFT analogues prevent apoptosis in
lymphocytes through both dependent and independent p53
pathways,21 we found that the tested analogues were clearly p53-
dependent inhibitors in our cortical neuron apoptosis assay.

p53 Posttranscriptional Activity of 4b. We next biochemi-
cally assayed the ability of compounds2b, 4b, andPFT-r to
antagonize p53 by testing p53 phosphorylation and the induction
of its downstream target, p21/WAF1.

We found that etoposide treatment triggered p53 phospho-
rylation on the S15 residue26 and the up-regulation of the p53
transcriptional target p21/WAF126,27 in wild-type cortical neu-
rons but not in p53-/-mutant cells. Similar toPFT-r,26

analogues4b and2b did not prevent p53 phosphorylation on
the S15 residue (data not shown). We therefore used p21/WAF1
increased protein levels as a read-out to evaluate the effects of

Figure 2. Survival of wild-type (+/+) andp53-/- mutant cells exposed to etoposide, evaluated in a time- and dose-dependent manner. Cortical
neuron cultures without etoposide treatment are set to 100%.p < 0.001 (*).

Figure 3. Percentage of survival effect of p53 inhibitors. None of the new derivatives were toxic at 10µM. Cortical neuron cultures without
etoposide treatment are set to 100%. Plots show means of at least six independent experiments, each performed in triplicate, with standard errors
(sem).p < 0.01 (*) andp < 0.001 (**).

Figure 4. p53-independent death of cortical neurons was not prevented
by 4b treatment. Mouse embryonic cortical neurons were electroporated
with either an empty vector (-) or with the pro-apoptotic fragment of
Met tyrosine kinase receptor (p40Met) and then treated with either
PFT-r or 4b at indicated concentrations. Forty hours after transfection,
TUNEL was performed, and the percentage of TUNEL-positive cells
was determined. Results are the mean values of two independent
experiments.
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the studied compounds on p53 transcriptional activity. Com-
pounds4b and2b prevented p53-triggered increase in protein
levels of p21/WAF1 similar to that inPFT-r (Figure 5),
indicating that these analogues behaved as p53 posttranscrip-
tional activity inhibitors.16

Performing time course as well as concentration-dependent
experiments, we found that lower concentrations of4b (30 nM)
were sufficient to prevent the increase of p21/WAF1 levels
compared to those inPFT-r and 2b, which required higher
concentrations (300 nM) to induce the same effect (data not
shown). Altogether, these results indicate that4b efficiently
blocks p53-triggered cell death and p21/WAF1 expression in
cortical neurons exposed to etoposide at concentrations one order
magnitude lower than that inPFT-r.

Evaluation in Vivo. We next examined whether2b and4b
could suppress p53-dependent neuronal death in vivo. For these
studies, we analyzed the survival of retinal ganglion cells
(RGCs) in the paradigm of axotomy-induced apoptotic cell
death. The phosphorylation of p53 on the S15 residue occurs at
day 1 after optic nerve transection with a peak at day 4 in the
RGC layer and returns to control levels at day 7 post axotomy.
The p53 phosphorylation correlates with a protracted up-
regulation of p21/WAF1 expression with a peak at day 7 after
optic nerve axotomy (data not shown). These results show that
p53 plays an important role in neuronal death in this model.
We assayed the survival of RGCs after the intravitreal treatment
with 2b, 4b, andPFT-r. Both 4b and2b inhibitors were well
tolerated in rats after intraocular injections, as has been
previously reported forPFT-r after injection in mice.28 The
intraocular administration ofPFT-r resulted in the increased
survival of RGCs at a concentration of 6µM (131 ( 27%) but
not at 0.06µM (98 ( 15%), relative to that of the vehicle control
(100 ( 18%) (Figure 6).

Remarkably,2b already showed significant protective effects
on RGCs at 0.06µM (150% ( 5). In contrast,4b was not
effective in vivo, even at 6µM. These studies clearly show
that cyclic analogue4b, the most active compound in vitro, does
not show any activity in vivo. In contrast, the corresponding
open compound2b is as efficient asPFT-r in preventing cell
death in vitro but two log values more active in vivo. To explain
these in vivo observations, we then performed stability and
degradation studies of compounds2b and4b.

Stability and Degradation Studies. In contrast to ketone
analogue2b, which could be cyclized into its correspond-
ing analogue4b (Scheme 2), oxime analogue2g, known as
a stable protecting group in various conditions (acido-
basic media, aqueous, or different organic solvents),29 can-
not be cyclized. Recall that2g was found to be inactive
in preventing p53-induced death in vitro (Figure 3), indicat-
ing that the ability of open compounds to undergo the cycliza-
tion process is an essential feature for inhibitory activity (Figure
3).

Compounds2b, 4b, and oxime 2g stabilities were next
assayed in different media: ethanol/H2O, serum, or neurobasal
culture media. Using an NMR technique, we found that2b was
converted into4b when incubated in chemical and/or biological

media. We also found by analytical chromatography that the
degradation process of2b was negligible. Indeed,2b was only
converted into its corresponding cyclic derivative4b (t1/2 ) 8
h ( 0.5) when incubated in biological conditions (data not
shown). Consistent with our data, the same cyclization process
has been recently reported forPFT-r.21,30 Interestingly, the
longer preincubation time of2b in biological media significantly
increased its inhibitory activity.

As expected, oxime derivative2gwas found to be very stable
after incubation in the same biological media for more than 2
days. In contrast, cyclic compound4b was no longer detected
after 24 h of incubation, and its half-life (t1/2 ) 6 h ( 0.5) was
higher than that ofPFT-r (t1/2 ) 4 h ( 0.5).

It should be emphasized that we never observed the retro-
conversion of cyclic compound4b into its open analogue2b,
confirming that the observed dehydration is an irreversible
process. These results show that open form2b should be
transformed, in situ, into its cyclic form4b to become active.
Thus, 2b can be viewed as a prodrug of4b. Open form2b,
allows the generation over the time of the cyclic active form
4b. A stationary state occurred, during which a sufficient
concentration of4b remained present to allow an efficient p53
inhibition in vivo.

We next analyzed the stability of4b when incubated in
different experimental conditions: in ethanol/H2O solution or
in horse serum for 1 or 24 h. Compound4b showed a
characteristic absorption atλmax ) 323 nm in ethanol/H2O
solution. After 24 h of incubation in horse serum, a total
disappearance of this peak was observed, suggesting that no
more free4b was present in the incubation media. In contrast,
a new absorption peack appeared atλmax ) 398 nm, indicating
that new products were formed. Because the incubation biologi-

Figure 5. Time course experiment to assay the abilities of4b (300
nM), 2b (3 µM) and PFT-r (3 µM) to prevent p21/WAF1-increased
protein levels.

Figure 6. Upper panel: representative areas of flat mounted middle
retinal diameters after intraocular injections of DMSO,2b (0.06µM),
andPFT-r (0.06µM) showing RGC after staining with FluoroGold.
Bar ) 40 µm. Lower panel: increased RGC survival after treatment
with p53 inhibitors. RGC numbers in DMSO injected animals are set
to zero. Intraocular injection ofPFT-r slightly increased survival of
RGC at the concentration of 6µM but not at 0.06µM. p53 inhibition
only partially restored RGC levels, indicating that RGC degeneration
is also controlled by p53-independent pathways. Compound2b showed
significant protective effects on RGC survival at 0.06µM, whereas
PFT-r was only active at 6µM, and compound4b was not effective
in vivo. RGC counts are given at the inner retinal diameters. All data
is given as mean( sem.p < 0.01 (**); p < 0.001 (***).
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cal media contained several reactive moieties (free amino acids
and proteins), we hypothesized that biological species could
react with4b to form new adducts.

The disappearance of4b in the biological condition could
explain the observed loss of in vivo activity. It could also be
possible that during the time taken (4 days) because of low
solubility a deposition of active compound4b in biological
conditions could occur in vivo.

Conclusion

The presented mechanistic studies as well as the stability
studies support the hypothesis that cyclic compound4b could
be the active form generated over time from its corresponding
open precursor2b, which acts as a prodrug precursor. Indeed,
longer2b preincubation time in the biological assay enhanced
its in vitro inhibitory activity. Moreover, the noncyclizable
oxime analogue2g, inactive in blocking p53-induced death,
confirms the requirement of cyclic analogues for p53 inhibition.
Open form2b being more stable than its cyclic analogue4b,
slowly released this later and remained active until its reaction
with the alkylating species present in biological media. Thus,
the increased availability of2b over time is likely to ensure a
prolonged p53 inhibition after injection in vivo, which is an
essential feature for possible therapeutic application. These
results support the finding that a subtle balance between the
open prodrug precursor and the cyclic active form of the imino-
tetrahydrobenzothiazole analogues regulates their inhibitory
activity in vivo. Issues of potency and efficacy of this scaffold
as p53 inhibitors have to take into account this slow kinetic of
intramolecular cyclization to design analogues that could be
attractive drugs for in vivo therapeutic perspectives.

The identification of open analogue2b, a two log values more
active p53 inhibitor than reference p53 inhibitorPFT-r in vivo,
and its action mechanism studies strengthen the interest to
develop novel p53 inhibitors based on the imino-tetrahydro-
benzothiazole scaffold with reduced cyclization kinetics. Further
studies are needed to address their true therapeutic potential.
This strategy may be applicable not only to block p53-triggered
death but may result in more effective treatments when
combined with the trophic support provided by survival signals.

Experimental Section
Chemistry. Unless otherwise noted, starting materials and

reagents were obtained from commercial suppliers and were used

without purification. Tetrahydrofuran (THF) was distilled over
sodium benzophenone ketyl immediately prior to use. Methylene
dichloride (CH2Cl2) was distilled over P2O5 just prior to use.
Toluene and dimethylformamide (DMF) were of anhydrous quality
from commercial suppliers (Aldrich, Acros, Carlo Erba Reagents).
Nuclear magnetic resonance spectra were recorded at 250 MHz
for 1H and 62.9 MHz for13C on a Brüker AC-250 spectrometer.
Chemical shifts are expressed asδ units (part per million) downfield
from TMS (tetramethylsilane). Electro-spray mass spectral analysis
and LC-MS analysis were obtained on a Waters Micromass ZMD
spectrometer for the ES-MS analysis by direct injection of the
sample solubilized in acetonitrile. The LC-MS analysis was carried
out by using a Waters model 2690 pump and a Waters C18
Symmetry column with a two-mobile phase system (0.1% formic
acid in water and 0.1% formic acid in acetonitrile). Microanalyses
were carried out by Service Central d’Analyses du CNRS (Venai-
son, France) and were within 0.4% of the theoretical values.
Analytical thin layer chromatographies (TLC) and preparative thin
layers chromatographies (PLC) were performed using silica gel
plates 0.2 mm thick and 1 mm thick, respectively (60F254 Merck).
Preparative flash column chromatographies were carried out on
silica gel (230-240 mesh, G60 Merck). The melting points were
not determined because of the amorphous character of our peptides
and derivatives.

Synthesis of 2-Aminothiazole Hydroiodide Salts Derivatives.
General Procedure I.A mixture of ketone (20.0 mmol, 1.0 equiv),
thiourea (40.0 mmol, 2.0 equiv) and iodine (20.0 mmol, 1.0 equiv)
was stirred at 110°C for 12 h. The reaction mixture was cooled to
room temperature. Hot water (20 mL) was then added to solubilize
the crude material, and the resulting solution was stirred for 30
min. The aqueous solution was washed with diethyl ether and then
neutralized by the addition of solid NaHCO3. The pale yellow
crystals were collected by filtration and identified without any
further purification as the expected compound.

2-Amino-4,5,6,7-tetrahydrobenzothiazole Hydroiodide Salt
(1a). The title compound was obtained by condensation of
cyclohexanone with thiourea according to general procedure I.
Yield: 57%. Mp ) 185-187 °C. 1H NMR (DMSO-d6) δ
2.50-2.48 (m, 4 H), 1.78-1.75 (m, 4 H). MS-ESm/z 283
(M + H)+.

2-Amino-5,6,7,8-tetrahydro-4H-cycloheptathiazole Hydro-
iodide Salt (1b).The title compound was obtained by condensation
of cycloheptanone with thiourea according to general procedure I.
Yield: 52%. Mp) 110 °C. 1H NMR (DMSO-d6) δ 8.2 (s, 2 H),
2.65-2.50 (m, 4 H), 1.74 (m, 6 H). MS-ESm/z 297 (M + H)+.

2-Amino-4,4a,5,6,7,8,8a,9-octahydro-naphtho[2,3-d]thiazole
Hydroiodide Salt (1c). The title compound was obtained by

Scheme 2a

a (i) NH2-OH, 2b, CH2Cl2, 3 h; 2g (35%).
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condensation of decalone with thiourea according to general
procedure I. Yield: 55%. Mp) 58 °C. 1H NMR (DMSO-d6) δ
6.40 (s, 2 H), 1.20-2.50 (m, 14 H). (M+ H+))336. MS-ESm/z
337 (M + H)+.

Synthesis of 2-Aminothiazole Derivatives. General Procedure
II. The previous 2-aminothiazole hydroiodide salt derivative was
dissolved in a hot saturated aqueous solution of Na2CO3 (20 mL).
After cooling, the aqueous solution was extracted with CH2Cl2 (3
× 20 mL). The organic layer was dried over anhydrous MgSO4,
filtered, and concentrated under reduced pressure. The desired
compound was purified by flash chromatography to yield the desired
compound as an oil, which was solidified by trituration in diethyl
ether.

2-Amino-4,5,6,7-tetrahydrobenzothiazole (3a).The title com-
pound was obtained according to general procedure II. Yield: 92%.
Rf 0.35 (toluene/EtOAc 3:1). Mp) 38 °C. 1H NMR (DMSO-d6)
δ 6.40 (s, 2 H), 1.20-2.50 (m, 14 H). MS-ESm/z 155 (M + H)+.

2-Amino-4,4a,5,6,7,8,8a,9-octahydro-naphtho[2,3-d]thiazole
(3b). The title compound was obtained according to general
procedure II. Yield: 87%.Rf 0.30 (toluene/EtOAc 3:1). Mp) 36
°C. 1H NMR (DMSO-d6) δ 5.3 (s, 2 H), 1.20-2.50 (m, 14 H).
MS-ESm/z 209 (M + H)+.

2-Amino-5,6,7,8-tetrahydro-4H-cycloheptathiazole (3c).The
title compound was obtained according to general procedure II.
Yield: 90%.Rf 0.35 (toluene/EtOAc 3:1). Mp) 35 °C. 1H NMR
(DMSO-d6) δ 5.2 (s, 2 H), 2.65-2.50 (m, 4 H), 1.74 (m, 6 H).
MS-ESm/z 169 (M + H)+.

Preparation of 2-Iminothiazole Derivatives. General Proce-
dure III. A mixture of the previous 2-aminothiazole derivative (1.0
mmol, 1.0 equiv) andR-bromomethyl ketone (1.0 mmol, 1.0 equiv)
were solubilized in anhydrous toluene (20 mL). The reaction
mixture was stirred at room temperature for several hours while
the desired compound precipitated as an hydrobromide salt. The
precipitate was then filtered from the reaction mixture, washed with
a small amount of toluene, and recrystallized from either MeOH/
EtOAc or EtOH/EtOAc.

1-(4-Methylphenyl)-2-(4,5,6,7-tetrahydro-2-imino-3(2H)-ben-
zothiazolyl)ethanone Hydrobromide Salt (1) (PFT-r). The title
compound was obtained according to general procedure III. Yield:
54%. Mp) 256-257°C. 1H NMR (250 MHz, DMSO-d6) δ 9.60
(s, 1 H), 7.95 (d, 2 H,J ) 8.2 Hz), 7.45 (d, 2 H,J ) 8.2 Hz), 5.70
(s, 2 H), 2.51-2.31 (m, 5 H), 1.83-1.79 (m, 2 H), 1.36 (br s, 1
H), 1.02 (d, 3 H,J ) 6.5 Hz). ES/MSm/z 287 (M + H)+.

1-(4-Methoxyphenyl)-2-(4,5,6,7-tetrahydro-2-imino-3(2H)-
benzothiazolyl)ethanone Hydrobromide Salt (2a).The title
compound was obtained according to general procedure III. Yield:
61%. Mp) 205°C (EtOH/EtOAc).1H NMR (250 MHz, DMSO-
d6) δ 9.47 (s, 1 H), 8.03 (d, 2 H,J ) 8.9 Hz), 7.16 (d, 2 H,J ) 8.9
Hz), 5.67 (s, 2 H), 3.89 (s, 3 H), 2.55 (m, 2 H), 2.32 (m, 2 H), 1.73
(m, 4 H). ESM/MSm/z 303 (M + H)+.

1-(4-Nitrophenyl)-2-(4,5,6,7-tetrahydro-2-imino-3(2H)-ben-
zothiazolyl)ethanone Hydrobromide Salt (2b).The title com-
pound was obtained according to general procedure III. Yield: 55%.
Mp ) 240°C (MeOH/EtOAc).1H NMR (250 MHz, DMSO-d6) δ
9.54 (s, 1 H), 8.46 (d, 2 H,J ) 8.9 Hz), 8.28 (d, 2 H,J ) 8.9 Hz),
5.80 (s, 2 H), 2.56-2.37 (m, 4 H), 1.74 (m, 4 H). ES/MSm/z 318
(M + H)+.

1-(4-Methylphenyl)-2-(4,4a,5,6,7,8,8a,9-octahydro-2-imino-
3(2H)-naphthothiazolyl)ethanone Hydrobromide Salt (2c).The
title compound was obtained according to general procedure III.
Yield: 80%. Mp) 205°C (MeOH/EtOAc).1H NMR (250 MHz,
DMSO-d6) δ 9.71 (s, 1 H), 8.34 (d, 2 H,J ) 8.9 Hz), 8.18 (d, 2 H,
J ) 8.9 Hz), 5.80 (s, 2 H), 2.61-1.20 (m, 17 H). ES/MSm/z 341
(M + H)+.

1-(4-Methoxyphenyl)-2-(4,4a,5,6,7,8,8a,9-octahydro-2-imino-
3(2H)-naphthothiazolyl)ethanone Hydrobromide Salt (2d).The
title compound was obtained according to general procedure III.
Yield: 41%. Mp ) 190 °C (EtOH/EtOAc).1H NMR (250 MHz,
DMSO-d6) δ 9.47 (s, 1 H), 8.03 (d, 2 H,J ) 8.9 Hz), 7.16 (d, 2 H,
J ) 8.9 Hz), 5.67 (s, 2 H), 3.89 (s, 3 H), 2.55-1.25 (m, 14 H).
ES/MSm/z 357 (M + H)+.

1-(4-Nitrophenyl)-2-(4,4a,5,6,7,8,8a,9-octahydro-2-imino-3(2H)-
naphthothiazolyl)ethanone Hydrobromide Salt (2e).The title
compound was obtained according to general procedure III. Yield:
47%. Mp ) 239-240 °C (MeOH/EtOAc).1H NMR (250 MHz,
DMSO-d6) δ 9.71 (s, 1 H), 8.34 (d, 2 H,J ) 8.9 Hz), 8.18 (d, 2 H,
J ) 8.9 Hz), 5.80 (s, 2 H), 2.61-1.20 (m, 14 H). ES/MSm/z 372
(M + H)+.

1-(4-Methylphenyl)-2-(5,6,7,8-tetrahydro-2-imino-4H-cyclo-
heptathiazolyl)ethanone Hydrobromide Salt (2f). The title
compound was obtained according to general procedure III. Yield:
61%. Mp) 175°C. (EtOH/EtOAc).1H NMR (250 MHz, DMSO-
d6) δ 9.60 (s, 1 H), 7.95 (d, 2 H,J ) 8.2 Hz), 7.45 (d, 2 H,J ) 8.2
Hz), 5.22 (s, 2 H), 2.65-2.50 (m, 7 H), 1.74 (m, 6 H). ES/MSm/z
301 (M + H)+.

2-(4-Nitro-phenyl)-2-(4,5,6,7-tetrahydro-2-imino-3(2H)-ben-
zothiazolyl)ethanone Oxime, Hydrobromide Salt (2g).A mixture
of NH2-OH (10 mmol, 1 equiv) and2b (10 mmol, 1 equiv) was
stirred for 3 h in CH2Cl2 (70 mL) at room temperature. The title
compound was obtained after filtration and recristalization in
AcOEt/MeOH (3:1). Yield: 35%. Mp) 235 °C. 1H NMR (250
MHz, DMSO-d6) δ 9.65 (s, 1 H), 8.18 (d, 2 H,J ) 8.9 Hz), 7.93
(d, 2 H,J ) 8.9 Hz), 6.10 (s, 2 H), 2.56-2.37 (m, 4 H), 2.12 (br,
1 H), 1.74 (m, 4 H). ES/MSm/z 413 (M + H)+.

Preparation of 2-Iminothiazole Derivatives. General Proce-
dure IV. The corresponding hydrobromide salt was stirred in
MeOH at room temperature for 6 h or in abiological medium at
37 °C for 6 h. The medium was concentrated and extracted with
CH2Cl2 after evaporation, and the compound was purified by
chromatography.

2-(4-Methylphenyl)imidazo[2,1-b]-5,6,7,8-tetrahydrobenzothi-
azole (4) (PFT-â). The title compound was obtained according to
general procedure IV.1H NMR (250 MHz, DMSO-d6) δ 7.95 (d,
2 H, J ) 8.2 Hz), 7.45 (d, 2 H,J ) 8.2 Hz), 7.3 (s, 1 H), 2.51-
2.31 (m, 5 H), 1.83-1.79 (m, 2 H), 1.36 (br s, 1 H), 1.02 (d, 3 H,
J ) 6.5 Hz). ES/MSm/z 269 (M + H)+.

2-(4-Nitrophenyl)imidazo[2,1-b]-5,6,7,8-tetrahydrobenzothia-
zole (4b).The title compound was obtained according to general
procedure IV. Yield: 55%. Mp) 240 °C. 1H NMR (250 MHz,
DMSO-d6) δ 7.65 (d, 2 H,J ) 8.5 Hz), 7.45 (s, 1 H), 7.15 (d, 2 H,
J ) 8.5 Hz), 2.40-2.50 (m, 4 H), 1.80-1.95 (m, 4 H). ES/MSm/z
300 (M + H)+

2-(4-Nitrophenyl)imidazo[2,1-b]- 4,4a,5,6,7,8,8a,9-octahydro-
naphthothiazole (4e).The title compound was obtained according
to general procedure IV. Yield: 30%. Mp) 211 °C. 1H NMR
(250 MHz, DMSO-d6) δ 7.65 (d, 2 H,J ) 8.5 Hz), 7.45 (s, 1 H),
7.15 (d, 2 H,J ) 8.5 Hz), 2.55-1.25 (m, 14 H). ES/MSm/z 354
(M + H)+.

Stability Assay. The stability of compounds was established
according to the following procedure. First, the compounds were
incubated in the same biological conditions used to evaluate the
inhibitory activity on cortical neurons (37°C; neurobasal medium
+ B27+ glutamate). Then, the extraction of the biological medium
was performed with methylene chloride, and after solvent evapora-
tion, the residue was analyzed by NMR. The disappearance of the
Hb (5.4 ppm) proton in open form2b as well as the appearance of
the Ha proton (7.3 ppm) in corresponding cyclic form4b allowed
us to characterize both the structure and half-lives of the two
analogues during in situ conversion.

Antibodies and Reagents.The antibodies used were anti-tubulin
(Sigma), anti-phospho p53 (Cell Signaling), and anti-p21 (Santa
Cruz) and Cy-3 labeled anti-rabbit (Dianova, Hamburg, Germany).
Etoposide (Sigma) was used at the concentrations indicated in the
figure legends. No toxic effects were observed at the concentrations
used.

Cortical Neuron Culture and Mice. Cortical neuron cultures
were performed according to the following procedure. Neocortices
were removed from 15 day-old wild-type orp53-/- mutant mouse
embryos and digested with trypsin-EDTA for 15 min at 37°C.
Cortical neurons were washed twice with a DMEM/F-12 medium
supplemented with 10% horse serum (DMEM/HS), once with a
neurobasal medium supplemented with a B27 nutrient (NB/B27,
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50:1) (all from Invitrogen), and were then dissociated with a fire-
polished glass Pasteur pipet. For biochemistry, the dissociated cells
were seeded on poly-DL-ornithine (poly-O, Sigma)-coated 6 cm
diameter dishes (Falcon) at a density of 6× 106/dish in DMEM/
HS. Four hours later, the medium was replaced by NB/B27. The
cells were cultured for 3 days (3DIV). Electroporation of cortical
neurons was performed as previously described.25 All mice were
kept at the IBDM animal facilities, and all experiments were
performed in accordance with institutional guide lines.

Survival Assays.Compounds were assessed for their ability to
protect cortical neurons against etoposide (1.25 and 2.5µM)
alongside DMSO, and etoposide alone was used as the control.
Cells were plated in 96-well plates. Th living cells were visualized
using AM-calcein; 10µL of calcein (1/24) was added per well,
and 45 min after incubation, 15µL of a solution of hemoglobin in
PBS (100 mg/mL) was used to quench the reaction. Images of the
whole wells were captured using a Flash Cytometer plate reader.
The number of surviving cells was automatically evaluated by
TYNA software. All experiments were done at least six times. No
toxicity of compounds was found at 10µM. For TUNEL staining,
electroporated cortical neurons were fixed with 4% PFA 40 h after
electroporation. Following permeabilization with 0.1% Triton
X-100, TUNEL was performed according to manufacturer’s
instructions (Apoptag, In situ apoptosis detection kit, Serologicals
Corp.). Cover slips were mounted in Vectashield/Dapi (Vector).
All assays were performed in triplicate.

Western Blot Analysis. Total extracts were prepared using
boiling total protein extraction buffer (TPEB: 1 part of 10% SDS,
1 part of 1M Tris HCl at pH 6.8, 2 parts of water). Then, sonication
and protein determination were performed. Western blots were done
as previously described.31

Axotomy of the Optic Nerve, Retrograde Labeling, and
Animal Numbers. Optic nerve transection was performed as
previously described.32 In brief, adult male Wistar rats (300-400
g; Charles River, Sulzfeld, Germany) were anesthetized by intra-
peritoneal injection of chloral hydrate (420 mg/kg body weight).
The skin was incised close to the superior orbital rim, and the orbita
were opened leaving the supraorbital vein intact. The lacrimal gland
was moved aside, the superior extraocular muscles detached from
their tendinous insertion points, and the eye rotated to expose the
optic nerve. The optic nerve was exposed by longitudinal incision
of the perineurium and then transected∼2 mm from the posterior
eye pole without damaging the retinal blood supply. A 1× 1 mm
piece of gel foam was soaked in FluoroGold (FG; 5% dissolved in
0.9% NaCl; Fluorochrome Inc., Englewood, CO) and placed on
the optic nerve stump to retrogradely label retinal ganglion cells.
The retinal blood supply was verified by fundoscopy, and animals
with persistent retinal ischemia were excluded. For RGC counts, a
total of 26 animals were used, with a minimum ofn ) 3 per
experimental group: control (DMSO 2%),n ) 6; PFT-r 6 µM
and 0.06µM, n ) 3 each;2b 6 µM and 0.06µM, n ) 4 each;
0.006 µM, n ) 3; 4b 6 µM, n ) 3. For immuno-histological
visualization of protein regulation, two animals were operated on
for each condition, and the contra-lateral eyes served as nonaxo-
tomized controls. All animal experiments were carried out according
to the regulations of the local animal research council and state
legislation.

Intraocular Drug Administration. Intravitreal injections of p53-
inhibitors and vehicles were performed on day 0, 3, and 7 following
axotomy. Prior to injection, the animals were briefly anesthetized
with diethyl ether. Using a glass micropipet, 3µL of the inhibitor
or vehicle (DMSO 2%) were injected into the vitreous space. The
sclera was punctured∼1 mm away from the cornea-sclera junction
with the tip of the pipet directed toward the posterior eye pole,
taking care not to injure the lens. Animals with cataractogenic lens
injury were excluded from the study because lens injury has been
shown to have protective effects on RGC survival.

Retinal Flat Mounts and Cell Counting. For RGC survival
assays, the animals received an overdose of chloral hydrate, and
the eyes were extracted on day 14 post axotomy. The cornea, lens,
and the vitreous body were removed, and the remaining eye cup

containing the retina was fixed in 4% para-formaldehyde (Sigma)
for 1 h. The retinas were then extracted and flat mounted in
glycerol-PBS (1:1) on glass slides. The number of FG-positive
RGCs was determined by fluorescence microscopy (Zeiss-Axioplan,
Oberkochen, Germany) using a UV filter (365/420 nm). Three fields
of 62 500µm2 were counted in each retinal quadrant at eccentricities
of 1/6 (I, inner), 3/6 (M, middle), and 5/6 (O, outer) of the retinal
radius. The RGC counts were performed by two different investiga-
tors according to a blind protocol.

Immunohistochemistry. For protein expression studies, the
animals were sacrificed on day 1, 4, or 7 post axotomy by injecting
a chloral hydrate overdose, and the eyes were extracted. The cornea,
lens, and the vitreous body were removed, and the remaining eye
cup containing the retina was fixed in 4% para-formaldehyde for 1
h. The eye cups were then dehydrated in 30% sucrose at 4°C for
24 h and immersed in cryostat mounting liquid at-20 °C. Retinal
sections of 16µm were prepared using a Leica cryostat, collected
on gelatin-coated glass slides and stored at-20 °C. Tissue sections
were dehumidified at 37°C for 1 h, and antigen retrieval was
performed for 4 h in Tris-buffered saline (TBS; pH 9,0) at 60°C.
Unspecific binding was blocked by the application of 10% goat
serum, and primary antibodies were applied in a 1:100 dilution at
4 °C overnight. Secondary antibody was then applied for 45 min
at room temperature. The sections were then nuclear counter-stained
with DAPI (Sigma-Aldrich, Munich, Germany) and mounted in
Moviol (Hoechst, Frankfurt, Germany). All comparable images of
a series were taken using identical exposure times. Adjustments
for brightness and contrast were performed using Corel Draw 8 in
an identical manner for all comparable images of one series.

Statistical Analysis.All data is given as mean( sem. The values
were compared using one-way ANOVA and considered as signifi-
cantly different atp < 0.05.
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