
Abstract. Thermal stability of p53 is crucial in preventing
cancer proliferation. Critical mutations which significantly
destabilize p53 conformation prevent normal interaction
between p53 and DNA and consequently interfere with its
inhibitory function against cancer proliferation. The purpose
of this study was to discover the small compounds called
‘chemical chaperons’ that can efficiently stabilize the
functional p53 conformation and restore the anti-cancer
activity. To search for such compounds, we performed a
docking simulation using the AutoDock program and the
ZINC database. Simply based on the docking energy, we
extracted 70 compounds (GJC1-GJC70) and examined their
anti-cancer activity using the MTT assay of the human colon
cancer cells, HCT116. We found that two compounds,
GJC29 and GJC30, significantly inhibited the proliferation of
cancer cells compared to the positive control staurosporine.
Interaction between p53 and novel anti-cancer compounds
were confirmed using SPR measurements. Intriguingly, in
the simulated binding mode, both compounds bind to the
pocket in the vicinity of the residue V143, one of the
mutation hot-spots in p53. Finally, we injected each
compound subcutaneously into the nude mice implanted with
HCT116 and found that GJC29 has a strong suppressive
effect against cancer proliferation in vivo. In conclusion, p53
is an appropriate target for the rational design of the chemical
chaperon for cancer treatment.

Introduction

p53 is a tumor suppressor, i.e. a potent inducer of apoptosis and
cell cycle arrest. In particular, DNA damage and aberrantly
activated oncogenes activate p53 to prevent the emergence of
cancer cells (1). The importance of p53 in preventing cancer is
supported by the fact that p53 is the most frequently mutated
gene observed in human cancers. Approximately 50% of all

human sporadically arising cancers incur loss or mutation in
the p53 gene and it has been estimated that at least 80% of
all human cancers have dysfunctions of p53 (2,3). Thus,
restoration of normal p53 function may be an important
strategy for the cancer treatment.

p53 consists of three domains: the N-terminal domain
which activates the transcription, the DNA binding domain
and the C-terminal domain which is responsible for the
tetramer formation, as illustrated in Fig. 1a. Intriguingly,
causative mutations of p53 protein are concentrated on the
DNA binding domain which is well conserved over various
species and thus it is called a ‘hot-spot’ (4). On the other
hand, p53 is known to be one of the natively unfolded proteins
(5-8) and it folds only upon binding with DNA. However, if
p53 has a mutation at one of the critical regions, it may not
fold properly and lose the normal function of inducing
apoptosis, cell cycle arrest and allow the progression of
cancer (8).

In general, normal p53 function is impaired in almost all
the cancer cells, implying that the population of normally-
structured p53 decreases because of various reasons, c.f. low
expression of p53, any mutation at one of the critical regions,
environmental alterations to hamper the p53 folding process
resulting in the activation of ubiquitine-dependent degradation
pathway (9) and so on.

Hopefully, we may be able to increase the population of
functional p53 by stabilizing its folded conformation using a
designed compound termed ‘chemical chaperon’ (10-23),
thereby inducing the apoptosis and cell cycle arrest. Here we
tried to design such compounds rationally and to suppress the
proliferation of colon cancer HCT116 cells.

Initially we employed the in silico screening to discover
chemical chaperons based on the three dimensional structure
of p53 forming a complex with DNA (24). The chemical
chaperons are expected to stabilize the functional conformation
of p53, as in case of other conformational diseases, such as
prion diseases (10) or cancer (11-23) and restore its native
conformation. Then, we examined their anti-cancer effects
using ex vivo screening, the binding assay using surface
plasmon resonance (SPR) and in vivo screening, according to
the general flow of rational drug design illustrated in Fig. 1b.

Materials and methods

In silico screening. The lead-like subset (~600,000 compounds)
of the ZINC database (25) was used for docking simulations.
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The flexibility of compounds were determined automatically
using AUTOTORS, which is a program of the AutoDock
package (26) and the united-atom model for the compound
was created also with AUTOTORs: Non-polar hydrogen atoms
of compounds were deleted after the partial charge of non-
polar hydrogen atom was moved to a carbon atom bonded
covalently, where the original charge information was given
in the ZINC database. Chain A picked up from 1TUP (PDB
code) was used for the target structure of p53. AutoDockTools
were used for giving charge information (Kollman united-
atom charge) and building an united-atom model for the
protein. The solvation parameters were set automatically
using ADDSOL, which is also a program of the AutoDock
package. The dimensions of the grids for the docking were
with 120x120x120 points (45Å*45Å*45Å), a grid-point
spacing of 0.375 Å. The center position of grid box was set
to the center of mass of the protein. AutoDock ver. 3.05 was
used for automated docking simulation (25). Standard
parameters were used, which were created with mkdpf3, a
script program of AutoDock package: a population size of 50,
a random starting position and conformation, a maximal
mutation of 2 Å in translation and 50 degrees in rotations, an
elitism of 1, a mutation rate of 0.02, a crossover rate of 0.8,
runs of 10 times, energy evaluations of 250,000, selecting the
Lamarckian genetic search algorithm (LGA). Calculations
were performed with a 26-node PC-cluster where each node
has a dual core CPU (Intel Pentium-D 2.8GHz). Therefore,
52 parallel calculations can be performed without large loss of
calculation efficiency in the PC-cluster.

p53. Recombinant full length p53 (residue 1-393) was
purchased from Santa Cruz Biotechnology (Lot # L11305).
This construct includes all the elements shown in Fig. 1b.

Compounds. We selected compounds depending on the lowest
docked energy among 10 runs. Seventy compounds were
purchased from ASINEX (Russia) and Enamine (Ukraine) and
tested for anti-cancer activity.

Ex vivo experiment. HCT116, colon cancer cells with wild-
type p53 were purchased from ATCC (American type culture
collection, Manassus, VA). Cells used in this study were
maintained in either DMEM or McCoy's 5A medium, both
supplemented with 10% FBS, penicillin (120 μg/ml) and
streptomycin (200 μg/ml) at 37˚C in a 5% CO2 atmosphere.
Cells were seeded into 96-well plates with an initial density
of 0.5x104 cells per well of 100 μl volume and grown for
two days. Compounds were dissolved in DMSO at a
concentration of 1 mM and administered 1 μl of DMSO
solution to 99 μl of HCT116 cells. Thus the final concentration
of compounds was 10 μM. After incubation for an additional
24 h, cell viability was determined with the MTT assay (Roche,
Cell Proliferation Kit). In the MTT assay, absorbance at
550 nm was detected to determine the formazan level.

Interaction of compound with p53. To determine the binding
affinity of compounds with p53, we used the surface plasmon
resonance (SPR). All SPR measurements were performed
using the BIAcore-T100 apparatus (GE Healthcare, Sweden)
at 25˚C. We used the sensor chip CM5 for all the experiments.
The immobilization of p53 was performed using the amine
coupling kit at a flow rate 10 μl/min. We used HBS-EP+
(0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA) (pH 7.4)
in the presence of 0.005% surfactant, P20 (polyoxyethylene
sorbitan monolaurate) for running buffer. The dextran on the
chip was initially equilibrated with running buffer and
carboxymethylated matrix was activated with an EDC/NHS
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Figure 1. (a) Functional domains in p53 molecule. N-terminal domain of the p53 includes the region for transcriptional activity, while C-terminal domain
includes a region for tetramer formation. (b) General scheme of the structure-based drug discovery (SBDD) utilized for the design of a chemical chaperon.
Here we started from the in silico screening because the target structure was already determined (24).
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mixture. p53 (100 μl) (50 μg/ml) in 5 mM sodium acetate
(pH 4.0) was injected for coupling reaction and finally
unreacted carboxymethylated groups were blocked by injecting
ethanolamine (pH 8.5). The responses for immobilized p53
were around 2000 Response Unit (RU). The dissociation
constants of small compounds were obtained by fitting RU
values at different compound concentrations to the theoretical
curve assuming a single binding site using the BIA evaluation
3.0 software.

In vivo experiment. Human colon cancer HCT116 cells
(2.5x107/200 μl) were implanted to the left and right lateral
abdominal regions of nude mice by a subcutaneous injection,
as shown in Fig. 5a. At three weeks after the implantation,
the average size of tumors reached 0.5 cm3. For in vivo
treatment, compounds were suspended in saline with a
concentration of 1 mM. Then 5 mg/kg of the solution was
administered to each cancerous region every day by
subcutaneous injection. Then tumor volumes were monitored
also each day.

Results

In silico screening. We selected 70 compounds based on the
docked energy among 10 runs. Docked energy of these
compounds were almost the same: The lowest and highest
ones were -11.85 to -10.65, respectively. However, their

binding modes are quite different. In Fig. 2, the structure of
two hit compounds in ex vivo screening and their binding
modes are shown. Intriguingly, both compounds bind with
residues around the pocket which is located near a hot-spot,
V143 (4,14). In GJC29 side chain of W146 is expected to be
stacked on the carbazole rings of GJC29, possibly by a π-π
interaction and E144 side chain also interacts with the
carbazole moiety, possibly by CH-π interactions, aromatic ring
of the other side of GJC29 is exposed to the solvent. In GJC30,
W146 also stacks with the similar indole ring of GJC30 and
the other aromatic rings interact with the H115 side chains both
by the π-π interactions.

Ex vivo screening. Then we conducted ex vivo screening
using HCT116 cells. In MTT assay, the absorbance at 550 nm
in case of positive control, i.e. staurosporin was 0.092±0.007
as shown in Fig. 3. Among 70 selected compounds, GJC29
and GJC30 significantly suppressed the proliferation of cancer
cells compared to staurosporine as indicated by the absorbance
intensity shown in Fig. 3.

Interaction with p53. The interactions between compounds
and p53 were monitored with SPR. Fig. 4a and b shows the
binding isotherm for GJC29 and GJC30, respectively, using
RU values. Although the contribution of non-specific
interaction was hard to remove in the case of GJC29,
apparent dissociation constants for GJC29 and GJC30 were
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Figure 2. Chemical structures of (a) GJC29 and (b) GJC30 and binding modes (c) between GJC29 and p53, and (d) between GJC30 and p53, which were
obtained by the docking simulation using AutoDock.
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roughly estimated to be 2.6 and 2.0 mM, respectively. In case
of GJC29, binding site may not be unique but may promote
the p53 folding upon binding (cooperative binding).

In vivo screening. We examined whether GJC29 and GJC30
could suppress the growth of tumor xenografts in nude mice
implanted with human colon cancer, HCT116. Three weeks
after the implantation of HCT116 cells, tumors attained a
mass of ~500 mg. Then they were treated by subcutaneous
injection of saline, GJC29, GJC30 or staurosporine dissolved
in 0.9% saline. Four mice were treated with saline (control)
and no mice died though the experiment. Five mice were
treated with staurosporine and one mouse died the 11th day.
Four mice were treated with GJC29 and two mice died at the
5th and 12th day, respectively. Five mice were treated with
GJC30, and two mice died at the 11th day. In Fig. 5b and c,
average tumor volumes are plotted as a function of days after
subcutaneous injection. In the group treated with saline or
GJC29, the tumor size was gradually increased after injection
(Fig. 5b), while in that with staurosporine, growth of tumor
was moderately suppressed (Fig. 5c). On the other hand, in
the group treated with GJC29, averaged tumor size was
reduced dramatically (Fig. 5c).

Discussion

We discovered an anti-cancer substance, 1,2,3,4- tetrahydro-·-
[[(phenylmethyl)amino]methyl]-9H-carbozole 9-ethanol,
termed GJC29 by performing a series of experiments according
to the rational drug design scheme shown in Fig. 1b. Since
three dimensional structure of p53 was already clarified (24),
we started from the in silico screening of 600,000 compounds
in the ZINC database and identified two compounds, GJC29
and GJC30, which suppressed the tumor growth in ex vivo
experiments. We confirmed the direct binding of GJC29 with
p53 using SPR. Then we finally confirmed that the small
molecule GJC29 with molecular weight of 334, can suppress
tumor growth in vitro. Meanwhile, in vivo experiments

showed that GJC29 administered only peripherally could
profoundly reduce the size of the implanted human colon
cancer cells in nude mice.

Development of the in silico screening techniques has
enabled us to search for candidates for novel therapeutic
drugs among over ten millions of compounds. Currently,
100,000 compounds per day could be tested via high
throughput screening (HTS) technology, but it is almost
impossible to test all compounds in a compound database, such
as ACD (Available Chemicals Directory, MDL Information
Systems), which includes over 107 compounds.

To date, various in silico screening computer programs
have been widely applied for the discovery of small
compounds such as enzyme inhibitors, where the well-defined
active sites usually serve as the target regions. Since p53 has
not any catalytic activity, we did not assume any potential
binding target region for in silico screening. Each compound
in the database was evaluated through an analysis of the
binding energy. Obtained compound GJC29 may stabilize the
p53 conformation possibly through the specific binding with
the region near the hot-spot, V143, as shown in Fig. 2a and
works as a chemical chaperone.
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Figure 3. Ex vivo experiment using MTT assay. Absorbance intensity at
550 nm in the MTT assay for positive control, staurosporine was 0.092±0.007
(shown by the red line). Among 70 selected compounds (GJC1 to GJC70),
GJC29 and GJC30 significantly inhibited the proliferation of cancer cells
compared to staurosporine.

Figure 4. (a) Binding isotherm for the interaction between GJC29 and p53,
obtained by SPR. RU values were obtained as a function of compound
concentrations. Kd was estimated to be 2.6 mM by the non-linear curve fit.
Non-specific interaction is rather overwhelming (see text). (b) Binding
isotherm for the interaction between GJC30 and p53, obtained by SPR. RU
values were obtained as a function of compound concentrations. Kd was
estimated to be 2.0 mM by the non-linear curve fit.
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The hit rate of the in silico screening in this study is ~1.4%.
Thus it is conceivable that the in silico screening from huge
compound libraries would be valuable for the discovery of the
potential anti-cancer drugs.

Moreover, applying in silico screening in combination
with ex vivo screening would provide us with a hint regarding

the functional mechanism of p53, as well as the way of its
regulation using small compounds. The calculated docked
energy differences among selected compounds were quite
small and not statistically significant. This is because the
evaluation function utilized in the software was not necessarily
designed for the interaction between p53 and small compounds.
In view of the p53 folding reaction upon binding with DNA,
it may be necessary to further evaluate the change in the
entropy of solvation associated with binding and the change
in the chain entropy of the p53. Rigorous evaluation of these
effects in future would also help provide information on the
physiological function of p53.

Calculated binding modes showed that both GJC29 and
GJC30 bind with the pocket constructed by residues around
V143, which correspond to one of the mutation hot-spots
(4,14). V143 is located in strand S3 of the ß-sandwich and
deeply buried to participate in the packing of the hydrophobic
core (26). Truncation of two methyl groups from Val to Ala143
dramatically destabilized the structure by 3.34 kcal/mol (14).
According to Bullock and Fersht (15), ~80% of the V143A
mutant is denatured at 37˚C. Since this mutation also
causes the chemical-shift changes in almost all residues in
the ß-sandwich and the DNA-binding surface, long-range
effects of V143A mutation may also affect the specificity of
DNA binding. Increase of the thermal stability of this region
is thus considered to be critical for the chemical chaperon
activity. Effective compounds, GJC29 and GJC30 confirmed
by ex vivo experiments may bind with the cavity formed by
V143 and stabilize the p53 conformation.

More importantly, the docking simulation suggests that
GJC29 and GJC30 intercalate amino and residue, W146 and
E144, and W146 and H115 by π-π interaction or CH-π
interactions. These interactions would help stabilize the p53
conformation by reducing the global conformational fluctuation
around biding sites.

Measurements of the dissociation constant Kd were
complicated, as shown in Fig. 4a and b. In the case of GJC29,
non-specificity is rather overwhelming and it was technically
impossible to remove it. Sometimes this kind of non-
specificity must be avoided because many side effects may
result from the non-specific binding with many physiologically
important proteins other than p53, which is unfavorable from
a pharmacological point of view. It may be conceivable that
GJC29 induce the p53 folding thereby increasing the binding
sites non-specifically. The cooperative binding may help
stabilize the functional p53 conformation. We need to further
optimize the chemical structure of the anti-cancer lead
compound GJC29.

The discrepancy in the ex vivo and in vivo effects may be
partly explained by the differences in the drug delivery
efficiency and/or the metabolism between GJC29 and GJC30
in the body. For instance, xlog P-values for GJC29 and GJC30
are predicted to be 4.2 and 3.5, respectively. Therefore, the
former would be relatively easy to deliver to the intranuclear
compartment where the compound is expected to interact
with p53 molecules. This point is quite important and must
be clarified further. Five mice died during the treatment with
staurosporine, GCJ29 or GJC30 suggesting the toxicity of the
three compounds. Thus side effects of the lead compound,
GJC29 must be carefully examined before future optimization.
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Figure 5. (a) A nude mouse at 3 weeks after implantation of cancer cells,
HCT116. Cancer cells were implanted at right and left lateral abdominal
regions as indicated by dotted circles. (b) In vivo experiment. We examined
the effects of GJC29 or GJC30 on the growth of tumor xenograft in nude
mice. The tumor volumes are plotted as a function of time after
subcutaneous injection. In the control group treated with saline (‡), GJC30
(●), the tumor size increased similarly with the date after injection. (c) Effects
of staurosporine (‡) and GJC29 (●). In the group treated by GJC29, the tumor
volume reduced significantly after the injection, even compared to the positive
control, staurosporine.
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Quite recently Boeckler et al (27) reported the anti-cancer
compound, phikan 059, whose structure is somewhat similar
to GJC29. The interaction sites between p53 and phikan 059
include W149 as evidenced by X-ray crystallography (24).
However, unfortunately biological effects of phikan 059
were not examined (27). Thus, our study could be comple-
mentary to their study.

In conclusion, a novel anti-cancer compound was identified
in our screening of the 600,000 compounds in the ZINC
database. This potent inhibitor has chemical structures that
may be easily optimized and those derivatives might become
candidates of cancer therapeutics.
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