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ABSTRACT: Alzheimer’s disease, Parkinson’s disease, cystic fibrosis, prion diseases, and many types of
cancer are considered to be protein conformation diseases. Most of them are also known as amyloidogenic
diseases due to the occurrence of pathological accumulation of insoluble aggregates with fibrillar con-
formation. Some neuroblastomas, carcinomas, and myelomas show an abnormal accumulation of the wild-
type tumor suppressor protein p53 either in the cytoplasm or in the nucleus of the cell. Here we show that
the wild-type p53 core domain (p53C) can form fibrillar aggregates after mild perturbation. Gentle
denaturation of p53C by pressure induces fibrillar aggregates, as shown by electron and atomic force
microscopies, by binding of thioflavin T, and by circular dichroism. On the other hand, heat denaturation
produced granular-shaped aggregates. Annular aggregates similar to those found in the early aggregation
stages ofR-synuclein and amyloid-â were also observed by atomic force microscopy immediately after
pressure treatment. Annular and fibrillar aggregates of p53C were toxic to cells, as shown by MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] reduction assay. Interestingly, the hot-spot mutant
R248Q underwent similar aggregation behavior when perturbed by pressure or high temperature. Fibrillar
aggregates of p53C contribute to the loss of function of p53 and seed the accumulation of conformationally
altered protein in some cancerous cells.

Many diseases arise from mutations in proteins, causing
loss of their functions, which can be attributed to loss of
catalytic activity, loss of structural functions, or even
diminished protein stability (1). A common feature in these
diseases is the altered protein conformation, generating the
so-called protein conformation diseases. Protein conformation
diseases (PCD’s)1 can be divided into two groups. In the
group of diseases known as amyloidosis, large masses of
misfolded proteins aggregate in cells of the brain and other

organs, causing their destruction (2-6). Such disorders
include Alzheimer’s disease, Parkinson’s disease, transmis-
sible spongiform encephalopathies, familial amyloid poly-
neuropathy, Huntington’s disease, type II diabetes, and a
number of other well-known diseases. In the other group, a
small genetic error, usually affecting a single amino acid
residue, leads to a misfolded conformation that is either
functionally defective or extremely susceptible to cellular
proteases (5). This group of diseases includes cystic fibrosis,
inherited emphysema, and many types of cancer. More
recently, it has been demonstrated that some proteins, which
are not associated with any known amyloid disease, can
aggregate into amyloid-like fibrils under some special
conditions (7-9). Thus it is quite likely that proteins
produced by cells involved in the second group of PCD’s
also exhibit fibrillar behavior.

The tumor suppressor protein p53 is typical of the proteins
that go awry in the second group, and it is involved in∼50%
of human cancers. Mutations in its core domain (p53C) affect
its stability and/or its ability to bind DNA (10-12). Amino
acid residue Arg248 is the amino acid residue that is most
frequently mutated in human cancers. Mutations in its codon
are the most common mutant in breast, colon, head and neck,
lymphoma/leukemia, and skin cancers and the second most
frequent in esophageal, gastric, lung, ovarian, and prostate
cancers (13). Because this residue is essential for the DNA-
binding activity of p53 (14), its mutants were classified as
contact mutants. However, resolution of the1H-15N HSQC
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NMR spectra of the core domain of R248Q mutant (15)
revealed that it could also be classified as a structural mutant,
since the switch from an Arg to a Gln induced conformational
changes not only in residues directly related to DNA binding
but in other residues located in helix H2, loop L1, and strands
S2 and S2′ as well.

Although p53 mutation is the most frequent genetic change
observed in human cancers, it is not the only means by which
p53 can be inactivated (12, 16, 17). Cells with wild-type
p53 can also have an inactive p53, allowing malignant cells
to arise. Impaired wild-type p53 has been described for
neuroblastomas, breast cancer, and colon cancer as well as
retinoblastoma (16, 18). Moreover, these cancerous cells have
an abnormal accumulation of impaired wild-type p53 that
form large protein aggregates (18). In these cases, wild-type
p53 has been reported to accumulate in the cytoplasm and/
or the nucleus (16). In a recent article, Wolff et al. proposed
that cytoplasmic accumulation of p53 in neuroblastoma cells
occurs because of a conformational change in p53 (19). Even
though in all of these studies there seems to be evidence
that the protein is aggregated in the cell, the nature of these
aggregates remains unclear.

Here, we demonstrate that the core domain of the tumor
suppressor protein (p53C) forms fibrillar aggregates rich in
â-sheet. Images of atomic force microscopy and transmission
electron microscopy provide clear-cut evidence for the
formation of typical fibrillar aggregates of p53C when the
protein is subjected to mild denaturing conditions. These
aggregates are toxic to cells and may be important to the
loss of function of p53 in some types of cancer.

EXPERIMENTAL PROCEDURES

Protein Purification.The plasmid pET11a containing the
cDNA of the core domain of the tumor suppressor human
protein p53 was transformed intoEscherichia colistrain
BL21(DE3).E. coli strain BL21(DE3) was grown at 25°C
to an OD600 ) 1.0 before overnight induction at 15°C with
0.1 mM isopropylâ-D-thiogalactosidase. Purification was
performed as previously described (10). p53C at 5µM in
50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 5 mM DTT, and
5% glycerol was used throughout this paper.

Protein Aggregate Production.p53C was exposed to high
temperature or pressure. For heat denaturation, samples were
incubated at 25°C, and temperature was increased stepwise
to 55°C. For pressure denaturation, samples were incubated
at 37°C, and pressure was increased stepwise to 2.9 kbar.
Both heat and pressure treatments were 6 h long, and images
were collected 24 h, 1 week, and 1 month after heat or
pressure treatments. For pressure experiments, the high-
pressure cell and principles have been described (20, 21);
the cell was purchased from ISS (Champaign, IL).

Fluorescence Spectroscopy and Light Scattering Analysis.
Intrinsic fluorescence based on tyrosine/tryptophan emission
spectra was analyzed in an ISS/K2 spectrofluorometer (ISS,
Champaign, IL). Samples were excited at 278 nm, and
emission was collected from 295 to 415 nm. Light scattering
experiments were performed with excitation and emission
wavelengths set at 320 nm.

Transmission Electron Microscopy.The ultrastructure of
proteins subjected to high temperature or pressure treatment
was analyzed by TEM using negative staining. A drop

containing 5µL of the protein solution was deposited on a
Formvar-coated copper grid. Excess solution was removed,
and 5µL of uranyl acetate (2%) was added. After 1 min,
the solution was drawn off with a filter paper, and the sample
was examined in a Zeiss 900 EM operated at 80 kV.

Atomic Force Microscopy (AFM) Measurements.For
contact mode, we have used an AFM built in collaboration
with the Ludwig-Maximilians-Universita¨t (Lehrstuhl für
Angewandte Physik) in Munich, Germany. Coverslips were
glued to magnetic stainless steel punches and mounted in a
fluid cell, and scans were performed with a standard silicon
nitride tip (Digital Instruments Inc., Santa Barbara, CA) with
a 4 µm2 pyramidal base mounted on a V-shaped cantilever
of spring constant 0.06 N/m. Scan rates were approximately
10µm/s, and scan forces were maintained below 1 nN, which
was high enough to achieve good contrast. Tapping mode
images were performed in liquid using a commercial
Topometrix AFM. Cantilevers (CSC11, MikroMasch) with
a nominal spring constant of 0.35 N/m were used with an
oscillation frequency of∼35 kHz. Samples were scanned
in 50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 5 mM DTT,
and 5% glycerol at room temperature.

ThioflaVin T Fluorescence and MTT Reduction Assay.
Protein aggregates (300µL) were incubated with 5µM ThT
in 25 mM phosphate buffer, pH 7.0. Fluorescence was
recorded on an ISSPC1 spectrofluorometer (ISS, Champaign,
IL) immediately after mixing. The excitation wavelength was
440 nm, and emission was collected from 470 to 540 nm.
For the MTT reduction assay, protein samples and RAW
macrophage cells were processed as previously described
(22). Briefly, aggregates were incubated in RPMI medium
without phenol red and immediately added to a confluent
monolayer of RAW macrophage cells. After a 24 h incuba-
tion, 10µL of a MTT stock solution in PBS was added to a
final concentration of 0.5 mg/mL. After a 4 hincubation at
37 °C, 100 µL of lysis buffer (20% SDS, 50%N,N-
dimethylformamide, pH 7.4) was added to each well, and
samples were incubated at 37°C for 15 h. Absorbance values
of blue formazan were detected at 540 and 590 nm.

Circular Dichroism.Experiments were carried out at least
three times. Far-UV spectra were monitored from 200 to 260
nm in a 2 cmquartz cuvette and recorded in a Jasco J-715
spectropolarimeter (Jasco Corp., Tokyo, Japan) at 25°C.

RESULTS

Folding intermediates that give rise to aggregates can be
obtained either by pressure or by heat denaturation. Heat
denaturation and the accompanying aggregation have been
described for a number of proteins, including p53C (10). In
Figure 1, we observed that p53C remains relatively stable
at physiological temperatures but undergoes denaturation and
aggregation above 37°C as previously demonstrated (10).
An identical pattern was observed for the hot-spot mutant
R248Q, although it showed a greater denaturation and
aggregation (Figure 1A). Applying hydrostatic pressure,
which has been used extensively to study protein folding,
misfolding, and aggregation (21, 23-28), elicited a similar
behavior: Panels B and C of Figure 1 show the result of
pressurizing wild-type p53C up to 2.9 kbar at 37°C and
R248Q up to 2.9 kbar at 25°C, respectively. Because the
R248Q mutant was very unstable at 37°C, the high-pressure
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experiments with this mutant had to be performed at 25°C.
Interestingly, wild-type p53C showed a similar behavior to
the hot-spot mutant R248Q when subjected to high temper-
atures and high pressure, with both proteins presenting
denaturation associated with aggregation, for heat and
pressure treatments. The extent of the aggregation and the
structure of the aggregates depend on the final pressure as
well as on the temperature.

To characterize the nature of the heat- and pressure-
induced aggregates, atomic force microscopy (AFM) and
transmission electron microscopy (TEM) were performed
(Figure 2). AFM and TEM are standard techniques to analyze
protein aggregates (7). Heat-induced aggregates had a
granular appearance, as demonstrated by AFM and TEM
(Figure 2A,B). TEM revealed that these aggregates consisted

of large granular spheres (500( 70 nm in diameter) with a
substructure of smaller ones (Figure 2B). These images were
similar 24 h, 1 week, or 1 month after heating the sample.
In contrast, pressure-induced aggregates observed by contact
mode AFM, 24 h after pressure release (early aggregates),
were annular structures of variable sizes (outer diameter, 310
( 10 nm by 220( 20 nm; inner diameter, 130( 30 nm by
60 ( 10 nm) (Figure 2C). These particles resemble the
amyloid pores described for Alzheimer’s Aâ(1-40) “arctic”
mutant E22G and Parkinson’sR-synuclein A53T and A30P
mutants (6), except that the ones formed by p53C are much
larger. Pressure-induced aggregates older than 1 week or 1
month were not suitable for contact mode AFM imaging. In
this case images were acquired by intermittent contact
(tapping) mode, revealing large fibers (larger than 1µm
length; 20( 5 nm width) (Figure 2D). TEM images from
pressure-treated samples 1 week after release of pressure
revealed clusters of granular aggregates along with some
fibrils (data not shown), while after 1 month aggregates (late
aggregates) were very large and visible even to the naked
eye. When aggregates from the supernatant of the latter
sample were analyzed by TEM (Figure 2E), they appeared
as multifibrillar species of variable size (260( 60 nm length;
60 ( 3 nm width) with frayed ends, resembling the

FIGURE 1: Denaturation and aggregation of p53C. Denaturation
was monitored by the average emission wavelength of intrinsic
fluorescence (closed symbols), and aggregation was measured by
light scattering (open symbols). (A) Protein samples were incubated
at increasing temperatures to 55°C: wild-type p53C (circles) and
R248Q p53C mutant (triangles). (B, C) Protein samples were
pressurized stepwise to 2.9 kbar. (B) Wild-type p53C at 37°C.
(C) R248Q p53C mutant at 25°C. p53C at 5µM was used
throughout this paper. Other conditions are as described under
Experimental Procedures. Isolated symbols at the left correspond
to the values of average emission wavelength and light scattering
measured after return to 25°C (A) or after decompression (B, C).

FIGURE 2: Atomic force (AFM) and transmission electron (TEM)
microscopy of p53C aggregates. (A, C, D) AFM images of granular
aggregates induced by heating (A), annular aggregates induced by
pressure (C), both 24 h after treatment, and fibrillar aggregates 1
month after pressure release (D). Calibration bars: 645 nm (A),
240 nm (C), and 265 nm (D). Insert panel shows an original area
of 340 × 260 nm. (B, E) TEM images of the samples treated as
shown in (A) and (D), respectively, 1 month after heat (B) or pres-
sure (E) treatments. Calibration bars: 320 nm (B) and 240 nm (E).
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protofibrils from the amino-terminal domain of theE. coli
HypN-F protein (22). Our demonstration of fibrillar ag-
gregates in vitro is consistent with previous reports that show
impaired wild-type p53 localized as aggregated structures
in both the cytoplasm and nucleus coexisting with diffuse
cytoplasmic and/or nuclear p53 (16, 18, 29). Previously, it
was shown that because pressure is a much milder way to
denature proteins (23-28), it gives rise to folding intermedi-
ates that can seed amyloid fibrils (5).

It has been demonstrated that fibrillar proteins are rich in
â-sheet structures (30). To assess the secondary structure of
p53C fibrils, we used circular dichroism (Figure 3A). Native
p53C showed aâ-sheet-rich structure, an expected result
since estimation of its secondary structure from the primary
sequence gives anR-helical content of 8.1% and 46.4% for
â-sheet (31). The CD spectrum of the p53C fibrillar aggre-
gate revealed the predominance ofâ-sheet structure with no
contribution forR-helix (the ellipticity at 208 nm was close
to zero) supporting the fibrillar nature observed for pressure-
treated p53C. Pressure-induced formation of fibrils was also
investigated by the increase in thioflavin T (ThT) fluores-
cence (Figure 3B). Thioflavin T is a fluorophore widely used
to detect amyloid structure in proteins. In contrast, the
nonfibrillar aggregates obtained by heating did not bind
thioflavin T to any greater extent than the soluble protein.
Thioflavin T usually does not bind to amorphous aggregates.

Protofibrillar aggregates have been suggested to be the
toxic, pathogenic species in Alzheimer’s disease (6) and
Parkinson’s disease (32). In fact, these aggregates as well
as amorphous ones have been shown to be cytotoxic in NIH-
3T3 cells (22). To determine whether p53C aggregates were
cytotoxic, we performed assays for cell stress evaluated by
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] reduction inhibition assay on RAW mouse mac-

rophage cells (Figure 4). Early aggregates of p53C obtained
from high-pressure treatment inhibited MTT reduction by
42.5( 3.5%, whereas late, fibrillar aggregates inhibited by
34 ( 1% (bars 3 and 4 in Figure 4). Heat-induced granular
aggregates were more toxic (inhibition was 53.5( 2.5%).
Overall, our data show that the aggregates have different
toxicities, with granular being more toxic, followed by the
early and late fibrils.

DISCUSSION

Although p53 is considered to be typical of the proteins
that may go awry and become defective, it has never been
shown to make fibrillar aggregates similar to those found in
other protein conformation diseases. p53 has been the target
most investigated for new anticancer drugs due to the fact
that mutation in thep53 gene is the most frequent genetic
change observed in human cancers. However, mutation in
both p53 alleles is not the only means by which the protein
can be inactivated. Mutation of only one allele can cause
p53 inactivation to occur, as a result of the dominant-negative
effect (33, 34). In this case, mutant forms of p53 drive the
wild-type protein into an inactive, mutant conformation by
heterotetramerization. In other words, some mutants are able
to replicate their inactive structural information. In fact, most
p53 point mutants have been shown to have different degrees
of negative dominance (35). Cancer cells with mutant p53
have been described to accumulate p53 (36). It has been
demonstrated that several p53 mutants, including the most
frequent ones (also known as hot-spot mutants), have lower
protein stability than the wild-type protein (10, 12, 37). This
result suggests that the accumulated mutant protein believed
to represent p53 with higher stability may in fact represent
less stable forms of the protein. Therefore, the status of the
accumulated mutant protein remains unsolved. In addition,
cancer cells containing only wild-type p53 have also been
described to accumulate protein (16, 18). Interestingly, in
these cases, p53 has been described to form not only
punctuate structures in the cytoplasm and/or the nucleus of
the cells but also aggregates. Here we report for the first
time that the core domain of p53 may form amyloid-like
fibrils, rich in â-sheet. The fibrils are very similar to those
found with proteins related to amyloidogenic diseases.

Aggregates have been described for a variety of proteins,
regardless of their relationship to disease states (2, 3, 9, 10,

FIGURE 3: Structural properties of p53C aggregates. (A) Far-UV
CD spectra of p53C: black line, wild-type p53C; red line, high-
pressure-induced fibrillar aggregate. (B) Index of fibrillar structure
in pressure- and heat-induced aggregates based on enhancement
of thioflavin T fluorescence. The control corresponds to soluble,
native protein.

FIGURE 4: Cytotoxicity of p53C aggregates. Toxicity of heat-
induced granular aggregates and pressure-induced protofibrillar and
fibrillar aggregates. Aggregates were incubated with RAW mac-
rophage cells for 24 h. Cell cultures were incubated with MTT
(0.5 mg/mL) for 4 h. Toxicity was evaluated after cell lysis and
blue formazan detection at 540 and 590 nm.
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21, 22, 25). Even myoglobin, anR-helical protein, can
undergo aggregation intoâ-sheet fibrils under certain condi-
tions (including high pressure) (9, 25). It has been proposed
that aggregation is not a random process but one that occurs
through specific pathways (38, 39). Significant advances
toward the understanding of protein aggregates related to
human diseases have been made by the achievement of
partially folded intermediates, and pioneer studies were
crucial to the idea that protein aggregates contain specific
interactions contributing to the polymerization of these
partially folding intermediates (40, 41). Here, we took
advantage of the fact that high pressure allows one to
investigate partially folded intermediates (27). The biological
relevance of partially folded conformations may lie in the
fact that 75% of p53 mutations are point mutations; in other
words, the majority of p53 mutants have the full-length
protein with a single amino acid substitution and could be
seen as alternative conformers of the p53 protein. Our data
provide new information regarding the structure of p53C
aggregates, raising the possibility that the p53 aggregates
already described in cancer cells (16, 18) may represent well-
organized structures. Furthermore, irrespective of the struc-
ture of these aggregates, we also demonstrated a significant
toxicity of aggregates, as has been described for the SH3
domain from bovine phosphatidylinositol 3′-kinase (PI3-SH3)
and the amino-terminal domain of theE. coli HypN-F protein
(HypF-N) (22). It has been described that protein aggregates
in mammalian cells can occur independently of inclusion-
body formation and may form foci (38). Although aggrega-
tion is generally specific, reflecting precise interactions
between partially folded intermediates, other proteins, pos-
sibly natural binding partners, can be recruited into an
aggregate, providing another mechanism by which protein
aggregates disrupt cellular metabolism (38). Therefore, a
better understanding of how p53 aggregates are formed
would be helpful in the search for new anticancer treatments.

In conclusion, in addition to an association with incorrectly
folded tumor suppressor protein p53, the pathogenesis of

cancer may involve the aggregation of the wrongly folded
conformation into fibrils. Besides forming inactive tetramers
(33, 42), aggregation could act as a sink to sequester native
protein into the inactive conformation, replicating this
structural information, as depicted in Figure 5. Hot-spot
mutations of p53C, related to highly malignant tumors,
usually destabilize the folded conformation (10, 12, 37),
exposing hydrophobic surfaces and presenting a greater
tendency to aggregate (Figure 1B). This aggregation is likely
to include wild-type subunits (12), as has been described
for dominant-negative p53 mutants (33, 42). Moreover, p53
has been proposed to belong to the family of loosely folded
or partially unstructured native proteins (43), which might
explain the adoption of mutant-like conformations by the
wild-type protein under physiological conditions (44). The
toxicity of the aggregates of misfolded p53 shown here
suggests one more level by which cancer cells can be
compromised. One can envisage a gene therapy to combat
the conversion of p53 into the inactive and aggregated
conformation based on use of a trans-suppressor strategy,
as proposed for transthyretin familial amyloid polyneuropathy
(45). A more stable variant of p53 would shift the equilibrium
toward the soluble and active form of the protein (12). For
several amyloidogenic diseases such as Parkinson’s, the early
steps of fibrillar formation appear to play a role in the
oncogenic process. p53C may provide another example of
this route to cellular destruction.
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