
Abstract. The p53 tumor suppressor gene (TP53; OMIM:
191170) plays an important role in tumorigenesis in lung
epithelial cells. TP53 encodes a sequence-specific DNA-
binding protein that regulates transcription of several genes in
response to DNA damage promoting cell cycle arrest, DNA
repair or apoptosis. A mutation does not necessarily alter the
protein function and since not all altered tumor protein p53
(TP53) conformations lead to the same biological properties,
we studied Cys135Arg TP53 gene mutation in squamous cell
type of non-small cell lung cancers (NSCLCs), by polymerase
chain reaction-single-strand conformation polymorphism
(PCR-SSCP) and direct sequencing. Cys135Arg TP53
mutation, rare in databases (11/23544 in R11, IARC TP53
database), was detected. We chose p.C135R in order to
examine DNA-TP53 interaction. A comparison with the
wild-type after 1 nano-second molecular dynamic simulation
analysis revealed a significant structural change (over 4Å
displacement) in the contact loop Lys-Ser-Val which lies
upstream and next to the mutated site in the TP53, that
sterically prevents its DNA-binding activity. Additionally, the
mutation produced a change in the electrostatic potential
surface of the protein in the same loop where the structural
modification took place. To demonstrate the degree of loss of
function, functional assays in yeast and bacteria with
oligonucleotides for competitive electrophoretic mobility
shift assays (EMSAs) were done proving that this mutation
decreases TP53 ability to bind DNA of the TP53 response
element from the human p21 gene. These results demonstrate

that the amino acid change C135R in the human TP53
generates the loss of TP53 DNA-binding activity directly
affecting its role as a transcription factor and suggests that
this observation can explain part of the phenotype described
in patients affected by this type of tumor.

Introduction

Somatic TP53 mutations have been described in almost all
types of cancers with a variable prevalence depending on the
type of cancer. In cancers of the upper aero-digestive tract
(oral, esophageal or bronchial cancers), TP53 is mutated in up
to 75% of the cases of invasive cancers and particularly in
smokers who are exposed to mutagens, it is often detectable in
early, pre-neoplastic lesions (1,2) and according to smoking
status (3).

The tumor-derived missense mutations may inactivate
TP53 by affecting its ability to bind to DNA. Accordingly, a
number of tumor-derived missense mutations were shown to
be functionally defective and differ by their degree of loss of
function. Functional assays in yeast, zebrafish and human
cells have shown that some mutant proteins retain residual
transcriptional activity for a subset of target genes (4). Indeed,
the wild-type TP53 protein does not bind equally to the
different TP53-targeted promoters. For example, the p21
promoter appears to contain binding sites of higher affinity
than the BAX promoter (5). Some mutants, as for example,
arginine to proline at codon 175 (R175P) and arginine to
cysteine at codon 181 (R181C), retain the capacity to
transactivate p21 but are defective for BAX activation and fail
to induce apoptosis (6,7). It was shown that a majority of
mutants affected in the DNA-binding domain have an
impaired transcriptional activity, whereas most of the mutants
affected in other regions retain, at least partially, transcriptional
activity on various p53-responsive promoters (8). Lung cancer
tumors of non-small cell lung cancer (NSCLC) have an
incidence between 75-95% in relation to small cell lung cancer
(SCLC). Squamous cell carcinoma, adenocarcinoma and
large cell carcinoma are three types of NSCLC (9). In Chile,
mortality rates were 27.15/100.000 for men and 8.45 for
women (2). 
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In this study, we carried out an investigation of the
structure and functional activities of a possible new spot
mutant in squamous cell carcinoma in Latin America.

Materials and methods

Study subjects. Patients with non-small cell lung cancer were
recruited at the hospitals responsible for diagnosis and
treatment of lung cancer. The study was approved by the
Ethics Committee, informed consent was obtained and
detailed exposure data were collected, usually after the time
of bronchoscope biopsies or surgically resected tumor
specimen's collection. Of the 35 patients with squamous cell
carcinoma analyzed in the present study, 75% were men.

TP53 mutation analysis. Tumor and normal genomic DNA
was extracted as previously described (10) from tumor and
adjacent normal tissue samples of the same patient. The DNA
was screened for mutations in the DNA-binding domain
‘mutation hotspots’ (exons 5-9), using polymerase chain
reaction and single-strand conformation polymorphism
(PCR-SSCP) (11). Reactions with ß-actin or GAPDH genes
and reactions without DNA were used as an internal control in
PCR amplifications. All mutations were confirmed by
complete repeats of the experimental procedure. The amplified
fragments were analyzed by 1.5% agarose gel electrophoresis
in TAE buffer. Cold single-strand conformational poly-
morphism (SSCP) was performed in a 15% non-denaturating
polyacrylamide gels (11) at 4˚C, 100 V for 8 h in a mini-V
8-10 (Gibco). The criterion used for a positive finding in
SSCP was that the same band pattern had to be detected in at
least two independent PCR products from the original tumor
DNA.

Exons showing aberrant band shifts on SSCP were re-
amplified and the PCR products were directly sequenced.
PCR-SSCP analysis and DNA sequencing were performed in
parallel on the tumor and normal lung tissue samples. One
mutated sample was confirmed by denaturing high-
performance liquid chromatography (DHPLC) at the
International Agency for Research on Cancer, Lyon, France
(IARC). Databases were revised to determine the frequency
of the mutation in this type of carcinoma (http://www.
p53.iarc.fr).

Molecular dynamics methodology. Atomic coordinates of
TP53 were taken from the crystallographic structures at the
Brookhaven Protein Data Bank (PDB): PDB code, 1TUP (12);
resolution (2.20 Å). To simplify the analysis, the DNA and the
monomer unit A and C were deleted from the TP53 pdb file.
The structure of monomer B was taken as reference to build a
model for wild-type TP53 and p.C135R. These models
represented the TP53 in a free state, without interaction with
the DNA, so we could study the structural perturbation
caused only by the mutation C135R. To analyse the wild-type
and the mutant TP53, both proteins were submitted to the
same Molecular Dynamics protocols. The models were built
and relaxed for 1 ns using the force field CHARMm 27 (13).
All hydrating water molecules within 3 Å from the protein
were preserved. Protein hydrogens were added by using the
HBUILD module of CHARMm. The tautomeric states of

histidines were assigned according to the local environment in
the models. His 179, Cys 176, 238 and 242 were protonated to
improve the coordination of S atom with the Zn+2 cation.

Electrostatic potential and electrostatic solvation properties
between TP53 and DNA were calculated using DelPhi
software (14) with the following parameters: solute dielectric
constant (2.0), solute extent (50.00), solvent dielectric
constant (90), solvent radius (1.4), solvent ionic strength
(1.45), solvent ionic radius (2.00) and number of grid points
(81). Electrostatic potential grids generated by DelPhi were
viewed as contour maps using MSI's 3D graphical interface,
Insight II (Insight II Reference Guide). By viewing 3D
potential contours, DelPhi enabled the evaluation of shape and
extent of electrostatic potential inside and around the wild-
type and p.C135R. The solvent accessible surface or
Connolly surface and the root mean square distance (RMSD)
were used for figures.

Cloning TP53 PCR product. pBAD/TP53 plasmid was
generated to clone, express and purify the human TP53 protein
in E. coli. Plasmid pBAD/TP53 was constructed by insertion
of the TP53 PCR amplified gene product into the expression
vector pBADTOPO (Invitrogen). Briefly, the TP53 gene was
amplified using chromosomal DNA as a template. The PCR
product was ligated to pBAD-TOPO and cloned into E. coli.
Top10 as recommended by the vendor. PCR insert orientation
was confirmed by NcoI endonuclease digestion and TP53
protein expression was confirmed by Western blot (15).

To express the TP53 gene in S. cereviseae, the plasmid
pYES2/CT/TP53 was constructed. The amplified TP53 gene
was ligated to pGEMTeasy and cloned in E. coli DH5α using
the protocol suggested by the vendor (Invitrogen). The
primers used for the PCR amplification were: 5' gcgaagcttgc
cctcaacaagatgtttcgccaa 3' (mutant) and 5' gcgaagcttgccctcaac
aagatgttttgccaa 3' (wild-type) and the reverse primer 5' cccag
gatccccagttgcaaaccagacctcag 3'. Recombinant plasmids were
extracted and digested with HindIII-BamHI endonucleases for
3 h at 37˚C. Bands were extracted from the gel using a mini-
prep plasmid extraction kit (Qiagen). The band corresponding
to TP53 gene digested with HindIII-BamHI were ligated to a
pYES2/CT plasmid previously digested with HindIII-BamHI.
Ligation mix was used to electroporate the yeast PUK-3B
ade- ura- (400 volts, 10 μF and low resistant; Biorad
MicroPulser™ electroporation apparatus). The presence of
colonies was evident after 5 days of incubation. For PCR
amplification of transformed S. cereviseae, primers containing
restriction sites of HindIII (forward) and BamHI (reverse)
were used.

Cellular growth conditions and protein overexpression. E. coli
cells transformed with pBAD/TP53 were grown in LB media
at 37˚C until an OD600 ≈ 0.6 was reached. At this point, the
expression of recombinant proteins was induced adding L-
arabinose (0.2%) and incubating the cells for a period of 4 h.
The cells were then obtained by centrifugation (13,000 rpm x
10 min) re-suspended in Tris-HCl 50 mM (pH 7.0) buffer and
lysed by sonic disruption. Streptomycin sulphate (2%) for
nucleic acids precipitation and protease inhibitor (PMSF) were
added to the supernatant obtained after centrifugation of the
lysates. After centrifugation (13,000 rpm x 10 min) the
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supernatant was obtained (crude extracts) and used for
protein purification. 

S. cereviseae cells were grown in YPD medium amended
with galactose at 37˚C during 4 h. Protein extracts were
obtained using a spheroplast preparation according to the
supplier's instructions.

Purification of proteins was performed using the Ni-NTA
purification system that allows purification of proteins that
contain a 6xHis tag (Invitrogen). Protein crude extracts were
charged in a Ni+2 column (Ni-TA) and imidazol was used to
elute the protein as recommended by the manufacturer. To
detect the mutant or wild-type proteins, a specific antibody
designed to recognize the 6xHis epitope was used. Protein
identity and purity was evaluated by Western blot and SDS-
PAGE respectively.

Probes. The sequence of oligonucleotides used in the EMSA
experiments corresponding to the TP53 response element from
the human p21 gene (REp21) were: 5'-CAAGCTGGTTGAA
CATGTCCCAACATGTTGGGCGGGAAGC-3'; 5'-GCT
TCCCGCCCAACATGTTGGGACATGTTCAACCAGC
TTG-3. The boldface nucleotides in the sequence indicate the
TP53 binding sites determined (16). 

DNA binding assays. The purified p53 wt and p.C135R
proteins were used to compare their affinities for p53 DNA
binding motifs present in the TP53 response element from
the human p21 gene (REp21). 32P-marked REp21 probe
(200 ng/μl) was incubated with the protein at a final
concentration of 10 ng/μl. Then the reaction products were
charged on a non-denaturing polyacrylamide gel and the
competitive EMSA assays were developed by autoradio-
graphy. Nucleotides were marked with γATP-P32 (~32000
cpm/μl) with T4 PNK (Fermenta).

Results

Mutations in TP53. During the study of 35 tumors, 4 were
found with a new mutation in the central domain of p53,
p.C135R. Additionally, known mutations involving amino
acids in the DNA-binding domain in the same or other types
of cancer, were identified (17).

Molecular simulations. Using molecular simulation tools, we
obtained the root mean square distance (RMSD) versus the
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Figure 1. Comparison of Connolly surface of relaxed TP53 wild-type (A)
and p.C135R (B). Electrostatic potential surface on the relaxed mutant TP53
seen in the same position. The chart (C) shows the RMSD between (A) and
(B) along the amino acid sequence. In purple, the pictures and the chart
show the contact surface with the DNA. In the mutant, the purple
corresponds to the amino acids that contact the DNA. In red, the largest
differences according to the chart are due to the C135R mutation. The green
point in the abscission axis represents the mutation position. As the mutation
is placed in an internal point of the structure, this is not shown.

Figure 2. TP53 - Rep21 DNA interaction. Purified TP53 expressed by E. coli cells (A) and yeast PUK-3B ade-ura (B) were incubated with 32P-labeled DNA
probes and resolved by EMSA. Lane 1: control, negative probe + wt TP53. Lane 2: control, Rep21. Lanes 3 and 4: 50 ng protein. Lanes 5 and 6: 100 ng protein.
Lanes 7 and 8: 150 ng protein. Rep21 is the TP53 response element from the human p21 gene. F, the position of the free DNA probe.
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amino acid sequence (Fig. 1). The graphic representation of
the interface TP53-DNA and the region with structural
perturbation for the mutation C135R is shown. Clearly, the
greatest structural change occurred in the first of the contact
zones, involving at least three aminoacids (K-S-V). Fig. 1
shows the conformational alterations at the same position of
the Conolly surface of wild-type and mutant proteins after
structure energy minimization analysis. The changes in the
electrostatic potential pattern in mutant versus wild-type TP53
protein, including the DNA contact zones where significant
structural changes occurred, took place due to the mutation.
TP53 wt electrostatic potential changes significantly when
bound to DNA. From the structural analysis, we predicted that
p.C135R had an impaired capacity to bind to DNA. In order to
verify this experimentally, we used oligonucleotides for
competitive electrophoretic mobility shift assays.

Determination of protein-DNA interactions. By EMSA we
showed an inhibited DNA-binding capacity of p.C135R to a
TP53 response element from the human p21 gene,
nevertheless the wild-type protein was able to bind to the
sequence and remained as a strong band in the gel (Fig. 2).
Even at higher concentrations such as 150 ng of the mutant
protein, the binding capacity to the TP53 response element
from the human p21 gene was inhibited (Fig. 2).

Discussion

Mutant codon 135, TGC/CGC, was reported as a somatic
mutation in 11/23544 tumors (R11, IARC TP53 database)
non-functional in yeast (17). For all reported experimental
results, this mutant lost its capacity to transactivate the TP53
target genes. This mutation in the central domain of TP53
was not reported in NSCLC, but was reported once in SCLC
in Germany (17). Mathe et al established that substitutions at
positions that are highly conserved are strongly selected for
during tumorigenesis, in areas that contain the mutation
hotspots (residues 171–181, 237–258 and 270–282) of TP53
(18). The new mutation in the central domain of TP53,
pC135R, rare in this type of tumor, induces a change in the
structure of TP53 transcription factor that prevents its DNA
binding capacity. The molecular simulation suggests that this
amino acid change generates an important structural
perturbation that can modify the binding affinity of the protein
to the target DNA (over 4Å displacement). Specifically, the
mutation Cys135Arg produces modifications on the topology
of the TP53 epitopes that, in the wild-type, eventually
interact with the DNA. The chart (Fig. 1) shows the RMSD
between wild-type and mutant along the amino acid sequence.
In the mutant, we can see the largest differences are due to the
C135R mutation. Clearly, a significant change can be seen in
the electrostatic potential pattern, including the DNA contact
zones and other zones where significant structural change
occurred due to the mutation. This pattern change negatively
affects the process of union with the nucleic acid. Furthermore,
this change can be a second factor preventing the union with
DNA, together with geometrical surface changes caused by
the mutation.

As the mutation is placed in an internal point of the
structure, this suggests that 135Cys is essential in maintaining
the protein structure.

Based on the predictions obtained from the molecular
simulation results, we examined the effect of the Cys135Arg
in the affinity of this protein to DNA (Fig. 2). We demonstrated
that the TP53 mutant protein present in squamous cell
carcinoma is importantly affected the DNA-binding capacity
to the human p21 gene (a p53 response element). On
activation, TP53 binds to an array of gene promoters, such as
p21, some of which are responsible for stress-induced cell
cycle arrest, whereas others, such as bax and puma, are
responsible for driving cells into apoptosis. Recently it was
suggested that p21-activated kinase 1 (PAK1) through its
kinase inhibitory domain (KID) and induced a cell cycle arrest
with the accumulation of cells in the G1 phase of the cell
cycle producing an inhibition of cyclin D1 and D2 expression
(19,20). The activation of the TP53/p21 pathway by a DNA-
damaging agent up-regulates p27 and promulgates TP53/p21/
p27 axis as a significant component of checkpoint response
(21).

This situation directly affects the role as a transcription
factor and suggests that p.C135R cannot induce cell cycle
arrest by inhibition via TP53/p21 response and the genes
regulated by this protein are not regulated in cells expressing
the TP53 mutant protein. This observation can explain part
of the phenotype described in patients affected by this kind
of tumor. These findings warrant further testing in a larger
series of patients to determine a hotspot with a particular
epidemiology.
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