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Abstract

The p53 tumor suppressor is a tetrameric transcriptional enhancer, and its activity is compromised
by mutations that cause amino acid substitutions in its tetramerization domain. Here we analyze the
biochemical and biophysical properties of peptides corresponding to amino acids 319 to 358 of wild-
type human p53, which includes the tetramerization domain, and that of a cancer-derived mutant
with valine substituted for glycine 334. Unlike the wild-type peptide, the G334V peptide forms
amyloid fibrils by a two step process under physiological conditions of temperature and pH.
Nevertheless, the G334V peptide is capable of forming hetero-oligomers with a wild-type peptide.
Computational modeling of the G334V peptide structure suggests that substitution of valine for
glycine 334 causes a local distortion that contributes to a B-dominated structural transition leading
to amyloid formation. Since the distortion is mostly on the surface, the mutant peptide is still able to
form a pseudo-native tetramer complex at higher concentrations and/or lower temperatures. Our
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study suggests a new potential mechanism by which mutations that compromise tetramer formation
inactivate p53 as a tumor suppressor.
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The tumor suppressor protein p53 is a 393 amino acid phosphoprotein that acts as a
transcriptional enhancer in tetrameric form and suppresses cell cycle progression or induces
apoptosis in response to DNA damage (1,2). Inactivation of p53 through mutation of its gene
or interaction with cellular or viral proteins appears to be a critical step in the etiology of many
cancers. The tetramerization domain of p53 is essential for efficient site-specific DNA binding
and contributes to the ability of p53 to activate transcription from natural promoters (3). The
core tetramerization domain is located in the carboxy-terminal region just distal to the site-
specific DNA binding domain (2). The structure of the p53 tetramerization domain has been
determined by both NMR and X-ray crystallography (4-7). Each subunit consists of a -strand
(residues 326—333) and an a-helix (residues 335—356) that are separated by a sharp hairpin at
residue Gly334. As shown in Figure 1, the tetramer is best described as a dimer of two primary
dimers. The core of the tetramer is a four-helix bundle (i.e., one helix from each monomer),
and the two anti-parallel B-sheets of each primary dimer are on opposing faces of the surface.

Mutations in the p53 gene have been found in more than 50% of human tumors (8). The majority
of cancer-associated p53 mutations is located within the DNA-binding domain and disrupts
DNA binding activity. However, it has been reported that many mutations within the
tetramerization domain are also associated with human cancer (9). To date, 206 mutations have
been found in 26 positions among 31 residues of the tetramerization domain (IARC TP53
Mutation Database, release R9). A mutation of Gly334 to Val was reported to be linked to
small- and non-small cell lung cancer and to squamous cell carcinoma (10,11). Interestingly,
this mutation in exon 10 represents a G to T transversion, a type of mutation that is frequently
found in lung cancers from patients who smoke (12). However, the biophysical properties of
p53 with Gly334 changed to Val have not been studied.

Amyloidosis is a group of diseases characterized by abnormal protein folding and assembly
that result in the accumulation of insoluble protein fibrils (13-16). Deposition of amyloid causes
cell and organ dysfunction, and in many cases, apoptosis. At least 20 different, non-
homologous proteins and polypeptides are known to form amyloid deposits in vivo that are
associated with human diseases. In addition, many other proteins have also been found to form
amyloid fibrils in vitro under more extreme environmental conditions (e.g., sub-physiologic
pH or organic solvents), suggesting that it is a shared potential of all proteins (17). The exact
structure of amyloid fibrils has been hard to determine, due at least in part to their insolubility.
However, they can generally be characterized as hollow-tubes formed by several B-sheet-rich
protofibrils, with the hydrogen bonds parallel and the B-strands perpendicular to the fibril axis
(18). That it is primarily inter-backbone hydrogen bonding that holds each -sheet together
and not interactions between the side chains explains why it is a potential structure of all
proteins (17). Substantial effort has gone into understanding the molecular and physiochemical
factors that transform a natively folded protein into amyloid fibrils (17,19-24). Protein
aggregation and amyloid formation is governed by the interplay of sequence and environmental
conditions. An important first step is destabilization of the native protein structure to an at least
partially unfolded state, which may be accomplished by energetically unfavorable site
mutations (19). This partially denatured, “ molten globule” state provides an alternate
environment that may stabilize “ non-native” secondary structure elements along different
regions of the sequence. At this stage, the specific sequence and physiochemical properties of
the amino acids, such as hydrophobicity, secondary structure propensity and electrostatic
charge, are very influential in determining aggregation of the protein strands, and subsequent
fibril formation (25).
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In the present study, we characterized the biophysical properties of the tetramer domain of p53
with substitution of Val for Gly334 (G334V) by circular dichroism (CD), ultracentrifugation,
chemical dye binding and atomic force microscopy (AFM). The mutant tetramerization domain
clearly showed amyloid formation and hetero-tetramerization at physiological pH and
temperature, which suggests a new potential mechanism for the inactivation of p53 in tumor
cells. We also did theoretical sequence and structural modeling to better understand how the
G334V single-site mutation can increase the physiochemical propensity for amyloid fibril
formation.

MATERIALS AND METHODS

Peptide Synthesis and Purification

Peptides were synthesized using Fmoc-chemistry on Rink amide resin with an Applied
Biosystems 431A peptide synthesizer (Applied Biosystems Inc., Foster City, CA). Fmoc-
amino acids were activated with HBTU in the presence of HOBt and DIEA. Peptide resin
cleavage and peptide deprotection were accomplished in a single step using reagent K
(TFA:H,0:thioanisole:ethanedithiol:phenol = 85:5:5:2.5:2.5) to yield crude peptide amide. All
synthetic peptides were purified using a Beckman HPLC system with a Vydac C-8 column,
eluted with a linear gradient of water containing 0.05% TFA and acetonitrile containing 0.04%
TFA. Molecular weights were confirmed by electron spray ionization mass spectroscopy
performed with a Finnigan MAT SSQ 7000 (Finnigan MAT, San Jose, CA). Peptide
concentrations were measured spectrophotometrically, using an extinction coefficient of eygg
=1280 M1 cm™1 (26). All buffer solutions were degassed and purged with Argon gas.

Circular Dichroism

The CD spectra were recorded on a JASCO J-710 spectropolarimeter using a 1-mm path length
quartz cell. The instrument was calibrated with recrystallized D(+)-10-camphorsulfonic acid.
A Lauda water bath was used to control the temperature of the cell. CD spectra were recorded
in 50 mM sodium phosphate buffer containing 100 mM NaCl, pH 7.5 or 25 mM sodium acetate
buffer, pH 3.6 as indicated. Peptide concentrations were 10 uM obtained by quantitative serial
dilution of a 500 uM stock solution. All spectra were the average of 4 to 8 repeats obtained by
collecting data from 260 nm to 190 nm at 0.2 nm intervals and at a rate of 50 nm/min with a
response time of 2 s for each point. For GdnHCI denaturation studies, the prepared samples
were incubated at room temperature for 1 h before acquisitions of CD spectra were started. For
thermal denaturation studies, spectra were recorded at discrete temperatures from 10°C to 90°
C in 5°C intervals. CD spectra were obtained after 10 min of equilibration of the sample at
each temperature point. For mixing experiments, a mixture of two peptide stock solutions was
boiled for 5 min, the same volume of acetonitrile was added, and the mixture then was
lyophilized to denature the peptides. The mixtures of lyophilized peptides were reconstituted
in 50 mM sodium phosphate buffer. Then, the peptide mixtures were incubated for 1 hr at room
temperature before obtaining the CD spectra. Analysis of the mixing experiments was
performed by comparing the spectra of the two peptides mixed in the solution (experimental
spectrum) to the sum of the individual spectra of each peptide. The predicted content of
secondary structure was calculated using the SELCON3 program (27).

Congo Red Assay

The G334V mutant (10 uM) was pre-incubated in 50 mM sodium phosphate buffer, pH7.5,
100 mM NaCl at 37°C for 10 days. Congo red was added to the sample solutions at the final
concentration of 0.2% (w/v) (28). After incubation with Congo red at 37°C for 3 hours, the
samples were centrifuged at 15,000 rpm for 10 minutes. The pellets were resuspended in 100
ul of the phosphate buffer and spread onto glass slides for examination with a light microscope
using cross polarizers.
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Atomic Force Microscopy

A 2 uL drop of sample solution was spotted on a freshly prepared oxidized Si(111) surface at
room temperature, and the surface was dried in air until the solvent was completely removed.
Tapping mode AFM measurements in air were performed with a Nanoscope Illa system
(Digital Instruments, Santa Barbara, CA). Standard etched silicon probes (nominal spring
constant ~40 N/m, resonance frequency ~300 kHz) were used. Typical imaging parameters
were: drive amplitude 50—200 kHz with set points of 0.2-0.3 V, scan frequencies of 1.0-1.2
Hz, image resolution 512 by 512 points.

Thioflavin T Assay

The assay was performed in a Shimadzu RF-5000 spectrofluorometer. Excitation and emission
wavelengths were 444 and 485 nm, respectively. Peptides at the concentration of 10 uM were
incubated in 50 mM sodium phosphate buffer, pH 7.5, 100 mM NaCl at 37°C. Then the sample
solutions (0.1 ml) were added into 1.9 ml of the same buffer containing thioflavin T at a final
concentration of 5 pM, which had been pre-incubated at 37°C with stirring (29). Fluorescence
change of the sample solutions was measured at each incubation time.

Analytical Ultracentrifugation

Analytical centrifugation was carried out using a Beckman XL-A analytical ultracentrifuge
with a four-place titanium rotor and cells with carbon-filled epoxy double-sector centerpieces.
Rotor speeds were in the range of 30,000 rpm. With column lengths of approximately 5 mm,
48 hours were allowed for the initial equilibrium and 24 hours were allowed for re-equilibration
following temperature changes. All scans were performed at 230 nm. Samples were prepared
with appropriate buffers as indicated in the Results section. The data were edited using the XL-
A software and analyzed by mathematical modeling using MLAB (Civilized Software,
Bethesda, MD) to perform non-linear least-squares curve-fitting of the data with mathematical
models as described (30,31).

Precipitation of biotinylated peptides with avidin beads

Wild-type or G334V peptides were mixed with an equal concentration of biotinylated p53(319
—393) with a final acetonitrile concentration of 50%, and the solution was boiled for 5 min.
After lyophilizing, the samples were dissolved in 50 mM sodium phosphate buffer, pH 7.5,
containing 100 mM NacCl to give a final concentration of 10 uM for each peptide; then they
were incubated for 1 hr. at room temperature. The peptides mixtures were incubated with
UltraLink Immobilized NeutrAvidin beads (Pierce, Rockford, IL) for 30 min, and the beads
were washed with 50 mM sodium phosphate buffer. The peptides then were extracted with
20% acetic acid and analyzed by analytical HPLC on a C-18 reverse-phase column. For G334V
peptide forming a hetero-oligomer with the biotinylated WT peptide, a peak containing the
mutant peptide was identified by HPLC elution and by mass spectrometry.

Molecular modeling and sequence analysis

The p53 tetramerization domain crystal structure of Jeffrey et al. (6) was used as the starting
point for all 3D molecular modeling. This is file 1C26.pdb in the Protein Data Bank (32:
http://www.pdb.org/). Formation of the G334V mutant and energy minimization were done
with the CHARMM software package (33) using the all hydrogen top_all22_prot and
par_all22_prot residue topologies and parameters (34). The minimization procedures were
carried out in two phases: first with all but the hairpin residues fixed in space (i.e., residues
333-335 for the left-handed a-helix and 333—337 for the antiparallel p-sheet forced
conformations), and then with all atoms allowed to move. Each phase employed 200 steps of
the Steepest Descents algorithm, and then 1000 steps of the Adopted Basis Newton-Raphson
algorithm. The dihedral constraint facility was used through-out both phases to maintain the
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amide bonds of the most effected residues in idealized trans (180°) conformations: i.e., residues
331336 for the left-handed a-helix and 331—338 for the antiparallel -sheet forced
conformations. Additionally, the (¢, y) backbone dihedral angles of residue V334, and
sometimes Arg333, were also constrained to idealized secondary structure values as indicated
in the text. The shielding effect of the solvent was represented by using a 1/r distant-dependent
dielectric term. The pairwise non-bonded atom list was truncated by the shift algorithm for the
electrostatic interactions (cutnb 8.0 A) and by the switch algorithm for the van der Waals'
interactions (ctonnb 6.5 A and ctofnb 7.5 A). The non-bonded list was updated every 25 steps
of the minimization. The constraints were applied identically to each monomer of the tetramer
complex, which was minimized as a whole.

The p53 tetramerization domain WT and G334V mutant sequences (residues 319—358) were
subjected to three secondary structure prediction computer programs that use different
algorithmic strategies. The programs were accessed over the World Wide Web at the given
addresses. These were: 1) the Chou and Fasman method (35:
http://fasta.bioch.virginia.edu/fasta_www/chofas.htm), which uses statistically derived
structural propensities for each amino acid type; 2) PROF (36) through the PredictProtein
server (37: http://cubic.bioc.columbia.edu/predictprotein/), which calculates a divergent
profile and uses neural networks; and 3) CSSP (38,39: http://askb.umdnj.edu/), which uses an
artificial neural network to quantify the influence of tertiary contacts on the secondary structure
propensities.

Conformational change of the mutant peptide G334V

Wild-type (WT) and G334V mutant p53 peptides corresponding to residues 319—358 were
chemically synthesized (Figure. 1A), and their secondary structures were characterized by
circular dichroism (CD) in sodium phosphate buffer, pH 7.5 at 20°C over a range of
concentrations (Figure 2A). Under these conditions, the WT peptide exhibited double
minimum bands at 208 and 222 nm, which is a characteristic of the p53 tetramer structure
(30). The helicity of the WT peptide reached a plateau at 10 uM peptide concentration with
negative [0],20 values. Deconvolution of the CD spectra of the WT peptide revealed a
secondary structure content of 45% a-helix, 23% [-sheet, 6% turn and 26% random, which
agreed with the one based on NMR and crystal structures (55% a-helix, 20% B-sheet, 7.5%
turn and 17.5% random). The spectrum of the G334V peptide was almost identical to that of
the WT peptide at a concentration of 10 uM or higher (Figure 2A). However, at low
concentrations, the CD spectrum of G334V exhibited a weak band at 200 nm, indicating a non-
ordered structure.

Figure 2B shows the temperature-dependent conformational change of WT and G334V
peptides at physiological ionic strength and pH. With increasing temperature at pH 7.5, both
peptides underwent a conformational transition from p53 tetramer to a largely disordered
structure. The spectra of the WT peptide showed a clear isodichroic point near 206 nm,
indicating that the thermal unfolding process of the WT peptide occurred as a one state process
from tetramer to disordered monomer. On the other hand, the G334V spectra did not have an
isodichroic point and showed increased content of a -structure at temperatures higher than
35°C. This result indicated that the thermal conformational change of G334V is distinct from
the wild-type peptide and occurs through a B-dominant structural change.

Upon close examination, we noticed that prolonged incubation of G334V peptide at 37°C
induced a significant change in the CD spectra although the mutant peptide showed a wild-
type conformation in the early time period (Figure 2C). After 10 min, the double minima at
208 nm and 222 nm disappeared, and the spectra exhibited a new broad band with a minimum
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at 217 nm (25% o-helix, 28% B-sheet, 27% turn and 20% random). After 120 min, the G334V
peptide displayed a spectrum with a broad band at 215 nm and a shoulder at 203 nm, which is
typical of a B-sheet conformation. The structural conversion of the mutant peptide was
effectively irreversible under these conditions. Interestingly, the G334V peptide showed few
structural changes at lower temperatures, whereas the WT peptide did not exhibit any time-
dependent conformational changes (data not shown).

Under acidic conditions, the spectrum of the G334V peptide indicated a predominantly B-sheet
structure with the typical minimum around 215 nm, while the WT peptide had a native
conformation (see Figure S1 in Supporting Information). The p-sheet structure content
increased with prolonged incubation time at 37°C. The spectrum also had a shoulder around
203 nm, which is a characteristic of a fine precipitate suspension (40).

These results indicate that the mutant G334V peptide structure is converted to a B-structure
dominant conformation from the wild-type tetramer-like conformation under physiological
conditions of 37°C and pH 7.5 as well as at acidic pH.

Formation of amyloid-like fibrils and globular aggregation of the G334V peptide

The formation of a B-structure dominant conformation is consistent with the formation of
amyloid. Characteristics of amyloid fibrils include strong binding by the chemical dyes Congo
red (28) and thioflavin T (29). As shown in Figure 3A, the G334V peptide displayed a strong
apple-green birefringence under a polarizing microscope after staining with Congo red, an
effect that is characteristic of amyloid fibers. Examination by AFM detected not only amyloid-
like fibrils but also globular aggregates. Representative atomic force microscopy (AFM)
images of G334V aggregates after incubation in the pH 7.5 buffer for 10 days at 37°C are
shown in Figure 3B. The height of the fibrils rarely exceeded 1 nm, and their apparent width
typically was 25 nm with a length of 150 — 300 nm. The size of the aggregates was 60 nm in
diameter and their height was 3 nm. In contrast, no fibrils were obseved with the WT peptide
under the same conditions (Figure 3C).

To further examine the Kinetics of the G334V peptide fibril formation, we performed a
fluorescent assay using thioflavin T (ThT). Samples of the peptides were incubated in sodium
phosphate buffer, pH 7.5, at 37°C and then with ThT. The fluorescence intensity of ThT
gradually increased and reached a maximum after 5 days (Figure 4A); amyloid formation could
be detected with this assay at concentrations as low as 2 M (Figure S3, Supporting
Information). Such an increase in ThT fluorescence is diagnostic of amyloid formation (29).
In contrast, the WT peptide and the monomeric mutant L330A did not show any change of
fluorescence intensity even after 10 days. These results indicated that the G334V peptide forms
amyloid-like molecular ribbons when incubated under physiological conditions. However, the
increase in fluorescence was accelerated at elevated temperatures (Figure 4B) and at acidic pH
(Figure 4C).

Conformational Stability of the G334V peptide

Figure 5A shows the change in ellipticity at 222 nm as plotted against temperature for the WT
and G334V peptides. The WT peptide had a transition temperature (Tm) of 72°C while this
value for G334V dropped to 48°C. The conformational stability of the mutant peptide also was
determined by monitoring changes in the CD spectra at various concentrations of GdnHCl
(Figure 5B). The midpoint of the chemical denaturation curve for the WT peptide was observed
at 2.2 M GdnHCI while that for the G334V peptide was observed at 0.6 M GdnHCI. The
denaturation curve of the WT peptide exhibited the characteristic sigmoid shape associated
with cooperative unfolding of proteins. In contrast, the curve of the G334V peptide did not
show a typical sigmoid shape, suggesting a lack of cooperativity for the GdnHCI-dependent
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denaturation, which is consistent with results obtained for other aggregated structures
comprised of B-strands (41).

Effects of TFE on G334V secondary structure and oligomerization state

TFE is a co-solvent known to destabilize hydrophobic interactions within polypeptide chains
and to stabilize local hydrogen bonds between residues close in the amino acid sequence,
particularly those forming a-helices and B-hairpins (42). Therefore, we analyzed the effect of
TFE addition on structural changes of p53 peptides at pH 7.5 and pH 3.6. At pH 7.5, the WT
peptide showed a decreased ellipticity at 208 nm upon the addition of TFE (Figure 6A). The
ellipticity ratio of [0]y0, to [0]0g decreased steadily from 1.26 to 0.82 over the range 0-50%
TFE, suggesting that the peptide might become monomeric at high TFE concentrations (43).
The G334V peptide showed a broad negative ellipticity at 217 nm in the presence of 5-20%
TFE, suggesting that TFE induced more B-sheet structure in the peptide (Figure 6B). The
G334V peptide showed the highest content of B-sheet (>40%) in 20% TFE. At higher TFE
concentrations, the B-sheet spectra were replaced by spectra typical for an a-helix similar to
that of the WT peptide. At pH 3.6 in presence of 20% TFE, the WT peptide displayed the
characteristics of a monomer-tetramer and/or a monomer-dimer-tetramer by sedimentation
equilibrium (Table 1). Addition of 20% TFE did not significantly affect the free energy of WT
tetramer formation. The WT peptide was monomeric in 50% TFE and exhibited an increased
a-helical content. In contrast, the G334V peptide formed a high-degree polymer in 0 and 20%
TFE solution at pH 3.6 (see Figure S2 in Supporting Information). In the presence of 50% TFE,
the G334V peptide formed a monomeric helical structure. Similar results also were obtained
in the case of methanol addition (data not shown).

To determine the oligomeric state of the p53 tetramerization peptides, we performed analytical
ultracentrifugation of the p53 tetramer in the presence or absence of TFE. Since measurement
of the oligomeric state of G334V was difficult due to rapid aggregation of the peptide in
phosphate buffer, pH 7.5, we used a sodium acetate buffer, pH 3.6, for this experiment. In the
absence of TFE, the WT peptide self-associated via a monomer-tetramer equilibrium as it did
in the pH 7.5 buffer (Table 1). In contrast, the G334V peptide formed a higher-order polymer
in phosphate buffer (pH 7.5) with a polymeric value of 20 to 30 (data not shown).

As noted above, the WT peptide was monomeric in 50% TFE concentrations. The G334V
peptide, however, formed a high-degree polymer in 0 and 20% TFE solution at pH 3.6 (see
Figure S2 in Supporting Information). In the presence of 50% TFE, the G334V peptide formed
a monomeric helical structure. These results suggest that the G334V mutant preferentially
forms a B-dominant structure and aggregates through p-strand formation.

Hetero-oligomerization of G334V with WT

We investigated whether the G334V mutant peptide could form a hetero-oligomer with the
wild-type sequence. When biotinylated p53(319—393) was mixed with the G334V peptide and
precipitated with avidin beads, the G334V peptide was co-precipitated with the biotinylated
WT peptide (Figure 7A). The amount of co-precipitated G334V peptide was comparable to
the amount recovered from the WT peptide under the conditions employed. The C-terminal
basic peptide p53(361—393), which does not contain a tetramerization domain, was not co-
precipitated. These results indicated that the G334V peptide can interact and form hetero-
oligomers with the wild-type tetramerization domain sequence. Figure 7B shows the spectrum
of WT and G334V mixed in solution at room temperature. At this temperature, the G334V
peptide shows a wild-type conformation. Interestingly, the mixture of WT and G334V
displayed the spectrum of a B-structure. In addition, the experimental spectrum of the peptide
mixture differed from a simple summation of the individual spectra of the WT and mutant
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peptides. This result suggests that the structural changes in G334V and/or WT were induced
by the hetero oligomerization of G334V with the WT peptide.

Structural modeling of the G334V mutant

As seen in Figure 1B and C, the Gly334 turn regions are on the outside surface of the core
helical bundle, where they form the tight, VV-shaped backbone connections with the outer, 2-
stranded B-sheets. For each subunit, the amide nitrogen of Gly334 makes the last 3-strand
hydrogen bond, and its carbonyl oxygen makes the first hydrogen bond of the a-helix (6). This
tight hairpin turn over a single residue requires backbone dihedral angles (o, ) that are
sterically accessible only to a glycine residue, which lacks a side chain. As has been noted, this
explains the conservation of glycine at this position among all species of the p53 protein (5,
6). For the Jeffrey et al. (6) and Mittl et al. (7) crystal structures (1C26.pdb & 1AIE.pdb), these
values are (99°,130°) and (101°, 125°), respectively. For the minimized average solution NMR
structures of Clore et al. (Clore et al. 1995), the values are (86°, 140°) and (97°, 136°) using
two different sets of effective van der Waals' atomic radii for non-bonded contacts (1SAK.pdb
& 1SAL.pdb). For the NMR structure of Lee et al. (4) the values are (156°, —136°) (1PES.pdb).
The small variation among the first four structures, and the larger difference with the last
structure, likely reflect the use of different energy/scoring functions in the refinement process,
the number and types of constrains, and differences between the crystal and solution
environments.

In the absence of X-ray diffraction and NMR data on the G334V mutant tetramer, we used
atomic-scale molecular modeling to reveal the broad outline of the conformational effects.
Unfortunately, the current state of theoretical energy functions and computational power are
insufficient to accurately determine the structure de novo using molecular dynamics
simulations and/or other computer methods. Instead, we used limiting assumptions by
constraining the backbone dihedral angles of the substituted VVal334 residue into two idealized,
energetically favorable conformations. The first was the left-handed a-helix (57°, 47°), which
is the closest minimum in the Ramachandran plot (44) to the wild type in the crystal and Clore
et al. (5) NMR structures. The results are shown in Figure 8A, where the distorted portion of
the minimized structure is superimposed on the wild-type crystal structure. As seen in the
companion Figure 8B, the Val334 side chain extends freely on the surface of the protein, where
it is predominantly exposed to the solvent. Figure 8A also shows that this distortion of the
hairpin results in fraying of the B-sheet on the N-terminal side, and tightening of the a-helix
on the C-terminal side. However, in globular proteins valine is most often found in p-sheet
structures (45). Thus, the backbone dihedral angles of VVal334 were also constrained into an
idealized antiparallel B-sheet conformation (—139°, 135°) as a second possible limiting
assumption. The backbone of the preceding residue (Arg333) was also constrained to the same
values to continue the B-strand-structure of the N-terminal portion of the peptide through to
Val334. As seen in Figure 8C, the shift to a more distant region of the Ramachandran map
leads to even larger disruptions of the B-sheet and a-helix structures near the hairpin region.
The companion Figure 8D shows that the VVal334 side chain again ends-up in an unencumbered,
solvent exposed position on the protein surface.

Secondary structure analyses

Recently, Kallberg et al. (45) identified “ a-helix/ B-strand-discordance” as a predictor of
proteins that will form B-strand-rich, amyloid fibrils (21). A discordant segment is one that
forms an a-helix in the native state of a protein despite having a predominant prediction for
B-strand by theoretical methods. Analysis of the tetramerization domain peptide by the Chou
and Fasman and PROF methods failed to indicate any discordance for the a-helix in the C-
terminal half of the native peptide structure. Rather, both methods predicted the same secondary
structure for the WT sequence as is present in the native crystal and NMR structures of the
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tetramer complex (results not shown). For the G334V mutant sequence, both programs
predicted extension of the N-terminal 3-strand through the hairpin turn region as would be
expected by the predominant -strand propensity of valine (45). However, as shown in Figure
9, analysis of the sequences for “ hidden (3 propensity” by the CSSP method of Yoon and Welsh
(38,39) predicted that the C-terminal a-helix will transform to B-strand--loop-- B-strand as the
number of tertiary contacts increase. Such an increase in tertiary contacts is assumed to occur
to peptides as they go from their native structure to a disordered, aggregated state. Additionally,
like the other two methods, the CSSP method predicted enhanced B-strand propensity at the
hairpin region for the G334V mutant compared to the WT.

DISCUSSION

The p53 gene is mutated in about half of all human tumors (8,9). Although the vast majority
of cancer associated mutations occur in codons specifying the central sequence-specific DNA
binding domain and disrupt DNA binding, a significant number of mutations associated with
human cancer occur in other regions, including the tetramerization domain. The formation of
p53 tetramers is known to be important for p53’s activity as a transcription factor (3), but few
cancer-associated mutants outside the DNA-binding domain have been characterized
biochemically or biophysically. In this study, we demonstrate that a p53 peptide (319-358)
corresponding to the tetramerization domain of a lung cancer-associated mutant (10) formed
amyloid-like fibrils under physiological pH and temperature conditions. At concentrations
below 10 uM, CD analysis revealed rapid and significant changes in structure caused by the
G334V substitution. The conversion from a wild-type-like structure started within 5 min and
was accompanied by an increase in B-strand-containing structure (Figure 2C). After 30 min,
the intensity of the CD signal began to decrease, probably due to the formation of very fine
aggregates. The subsequent slower formation of amyloid fibrils was then detected by the Congo
red and thioflavine T assays. These results clearly indicate that amyloid formation by the
G334V peptide goes through at least two different stages.

We are aware of only two other studies in which p53 was shown to specifically form amyloid
fibrils. One is of the DNA-binding domain of p53, which forms fibrils after partial denaturation
by both elevated hydrostatic pressure and temperature (46). This process was found to be
enhanced for the “ hot-spot” R248Q contact and structural mutant, which is one of many
changes in this domain known to destabilize the native structure (47). The other is for the
R337H mutation in the tetramerization domain (48,49), which is associated with adrenocortical
carcinoma (ACC) in children from southern Brazil (50). Both the WT and mutant peptides
formed amyloid-like fibrils when incubated at pH 4.0 and elevated temperatures, with the
mutant being susceptible at a lower temperature. The pH-dependence of the process was
attributed to protonation of Asp352 under acidic conditions, which disrupts the two salt bridges
with Arg337 (His337 in the mutant) in the native conformation of the primary dimer.
Interestingly, unlike many other amyloidgenic systems, the process was found to be reversible
with elevation of the pH from 4.0 to 8.5.

In contrast to these other cases, the present study demonstrates that the G334V mutant peptide
can undergo amyloid fibril formation under relatively mild, physiological conditions of
temperature, pressure, solvent polarity and pH. This is because, irrespective of environmental
conditions, valine is sterically prohibited from assuming the same backbone dihedral angles
as the highly conserved glycine that forms the tight hairpin of the native p53 monomer structure
(5,6). Mutations that changed G334 to other amino acids with bulky side chains also would
disrupt the tight hairpin of the native structure, but they would not necessarily increase the
propensity for amyloid formation. As shown in Figure 8 A and C, the substitution is consistent
with a variable degree of local distortion and loss of hydrogen bonds depending on which of
the allowed regions of the Ramachandran map the backbone dihedral angles assume. As shown
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in Figure 8 B and D, the G334V mutation also is consistent with exposure of the hydrophobic
valine side chain to the aqueous solvent, which also would help destabilize the native
conformation. These observations are the same for all nearby conformations resulting from
modeling. However, even with a distorted conformation, the G334V mutant peptide is able to
maintain a predominantly native tetramer structure under the conditions of lower temperature
and/or higher concentration (Figure 2). This ability is explained by the fact that the locally
distorted hairpin segments are on the surface of the complex and are not part of the stabilizing,
four-helix bundle of the hydrophobic core (Figure 1). As shown in Figure 2C, at 10 uM
monomer concentration and pH 7.5 the distorted conformation of the mutant does not disrupt
the tetramer until it reaches approximately normal body temperature (37°C). This
thermodynamic balance at physiological conditions places the G334V mutant tetramerization
domain peptide in league with the 20 or so other proteins known to form amyloid fibrils in
vivo (14).

It should be noted, however, that it is not simply disruption of the quaternary structure that
causes the G334V mutant peptide to form amyloid fibrils. For example, previous investigations
have revealed a number of naturally occurring and engineered single site mutations that cause
varying degrees of destabilization of the tetramer complex without subsequent fibril formation
(51). Among these are substitutions of hydrophobic residues buried at the primary dimer and
tetramer interfaces and polar residues participating in salt-bridges and/or hydrogen bond
networks. We experimentally confirmed for the L330A mutant, which was one of the three
most destabilizing to the tetramer (51), that it doesn't form fibrils or even aggregate under the
conditions used in this present study (data not shown).

One possible explanation for the observed fibrillogenic potential of the G334V mutant is that,
unlike glycine, valine has a high propensity for forming p-strands (45), which is the primary
secondary structure component of amyloid fibrils. This is consistent with the experimental
findings presented here that the tetramer structure must unfold for -structure to appear (Figure
2). However, the location of this mutation only covers the hinge region. What then explains
the conversion of the C-terminal a-helix in the native monomer structure to -strand? Previous
experimental studies have demonstrated the importance of a-helical intermediates and the a-
helix to B-sheet transition to amyloid fibril formation (52-54). As a theoretical explanation, it
recently was demonstrated that a-helical segments in the native structures of many
physiological amyloidgenic proteins actually have a high propensity for B-sheet formation as
determined by secondary structure prediction methods (21,45). As described above, for the
both the WT or G334V mutant, the Chou and Fasman and PROF prediction methods did not
detect significant B-strand potential for the C-terminal helix. However, using the new CSSP
method of Yoon and Welsh, two regions of “ hidden B-strand propensity” separated by three
residues of random coil were identified in this segment under the condition of high tertiary
contact (Figure 9). This is interpreted to mean that in an environment of enhanced protein-
protein contact, such as in an aggregated state, the helix in the native structure is less
thermodynamically stable than a B-strand--loop-- B-strand conformation. That the G334V
mutant is more prone to aggregation than the WT in aqueous solution at pH 7.5 was
demonstrated by analytical ultracentrifugation experiments (described above). This may, at
least in part, be due to the greater hydrophobic character of valine in the mutant compared to
glycine in the WT sequence.

Several groups have proposed a two-stage model for the mechanism of amyloid formation
(15,55,56). We found that while there was a relatively rapid change in the G334V peptide
secondary structure at 37°C over about 2 hr toward a B-like conformation (Figure 2C), the rate
of ThT fluorescence increase (Figure 4A, indicating amyloid formation) and the rate of peptide
precipitation (data not shown) were much slower. These findings suggest a two-stage model
for amyloid formation by the G334V p53 mutant. In the first stage, the G334V peptide, which
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folds into a native-like tetramer structure under physiological conditions at elevated
concentrations, forms a partially unfolded intermediate with an extended region of B-structure.
When conditions are suitable, this first intermediate is converted to a second intermediate, the
structure of which should be similar to that of protofibrils. At this stage, the oligomerization
process is achieved by conformational reorganization to slowly form the mature amyloid-like
fibril. The first stage happens relatively quickly under physiological conditions and is
accelerated at acidic pH. Globular aggregates are formed directly from the first intermediate.

Interestingly, Stucki et al. (57) reported that a mutation that changes Gly292 in human
fibrinogen to Val, which is observed in the Fibrinogen St. Gallen | and the Fibrinogen variant
Baltimore I, led to an opening of a loop in the backbone chain compared to the structure of
normal fibrinogen and the loss of a hydrogen bond, resulting in defective polymerization and
fibrinogenolysis. However, this amino acid change is in the middle of an extended turn rather
than between an a-helix and a B-strand. A mutation that causes a valine-for-glycine change
also is associated with Gerstmann-Straussler-Scheinker syndrome, a rare form of prion disease
(58). Our study thus provides complementary further evidence for the existence of a linkage
between mutations that change Gly to Val and the formation of misfolded amyloid proteins,
and it highlights the importance of a molecular classification of disorders associated with
protein misfolding.

In contrast to the results of Atz et al. (59), we found that the G334V mutant p53 peptide formed
homotetramers, but these were only stable at high concentrations (>10 pM) that most likely
were much higher than those explored by Atz et al. We also found that the G334V peptide
interacts with wild-type p53 to form heterotetramers (Figure 7A), confirming, in this case, the
findings of Atz et al. (59). Hetero-oligomerization of the G334V mutant with wild-type p53
would be expected to destabilize the wild-type p53 tetramer, resulting in a loss of efficient site-
specific DNA binding and a consequent compromise of activity as a transcription factor for
either activation or repression. It should be noted, however, that in vivo the ability to form
homo- or hetero-oligomers also may be modulated by the present of DNA binding sites and
by the presence of several proteins that recently have been shown to specifically interact with
the tetramerization domain. Mutant p53 with Arg337 changed to Cys, a change which is
associated with Li-Fraumeni-like syndrome, also forms hetero-tetramers with wild-type p53;
however, the hetero-tetramer retains some functional activity including DNA binding and an
ability to activate transcription of some genes (49,59,60). However, the thermal stability of the
R337C mutant is much lower than that of wild-type p53, and at physiological temperatures,
less than half of this mutant is tetrameric. Another tetramerization mutant, L330H, also forms
heterotetramers with the wild-type p53 protein (unpublished data). Thus, hetero-
oligomerization could be a common mechanism for inactivation of wild-type p53 by mutations
occurring in the tetramerization domain. However, it remains to be determined if p53G334V
forms amyloid fibrils in vivo, either on its own or with wild-type p53, which might further
reduce the available functional p53 within precancerous cells harboring this mutation.

In summary, our findings show a mutation which changes Gly334 to Val induced formation
of amyloid fibrils through an a—f transition conformational change; the mutant peptide also
formed hetero-tetramers with wild-type p53 under physiological conditions. Mutations in at
least 23 of 30 codons that specify the p53 tetramerization domain are associated with tumors.
Biochemical characterization of tetramerization domain mutants, such as that reported here,
will be important for the development of drugs that restore functionality to p53 with these
mutations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CD, circular dichroism

DIEA, N,N-diisopropylethyl amine

G334V, mutant p53 peptide with Val in place of Gly at p53 amino acid position 334
HBTU, 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
HOBL, 1-hydroxybenzotriazole

L330A, mutant p53 peptide with Ala at position 330

GdnHCI, guanidine hydrochloride

TFA, trifluoroactic acid

TFE, trifluoroethanol

ThT, thioflavin T

WT, wild-type p53 peptide
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Figure 1.

p53 tetramerization domain. (A) Amino acid sequence of the human p53 tetramerization
domain (Lys319-Glu358); Gly334 is highlighted using a larger font. (B) Top and (C) side
schematic views of the 3D structure of the tetramer (6: 1C26.pdb). One primary dimer is color-
coded red and blue to indicate each peptide strands, and the second dimer is color-coded gray.
The two Gly334 residues of the first primary dimer are represented as green spheres. The a-
helices are shown as cylinders, and the B-strands are shown as wavy rectangular boxes.
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Conformational changes in WT and G334V mutant tetramer-domain peptides. (A)
Concentration dependencies of WT and G334V. CD spectra were recorded in 50 mM sodium
phosphate buffer (pH 7.5), 100 mM NacCl at 20°C as described in Materials and Methods.
(B) Thermal denaturation of WT and G334V. All spectra were recorded with 10 M peptide
in 50 mM sodium phosphate buffer (pH 7.5), 100 M NaCl. CD spectra were obtained after 10
min of equilibration at each temperature point. (C) Time-dependent secondary structural
transition of WT and G334V. CD spectra were measured with 10 M peptides in 50 mM sodium
phosphate buffer (pH 7.5), 100 mM NaCl. Samples were incubated for 1 min (line,——), 10
—————— ) and 2 hrs (dash and dots, —.—.—) at 30°C, 33°C and 37°C.

min (dots,......), 30 min (dash,
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Figure 3.

Characterization of aggregates formed by G334V mutant peptide. (A) Optical microscope
image obtained under cross-polarized light and containing G334V mutant aggregates stained
with Congo red. The photograph shows the blots of green bifringence coming from regions
rich in amyloid fibrils. (B) AFM images of G334V aggregates. Amyloid-like fibrils (bright
parts) were present in left panel. Right panel is the magnified image of G334V amyloid-like
fibrils. Small globular aggregates (white dots) also were present. (C) AFM images of WT
peptide. No fibrils were observed with the WT peptide.
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Formation of amyloid-like fibrils by G334V mutant peptide. (A) The time courses of the
increase in ThT fluorescence: G334V (Circle), L330A (square), and WT (triangle). (B)
Temperature dependency for amyloid formation of G334V. Temperatures used are: 30 (circle),

37 (square), and 45°C (triangle). (C) Amyloid formation at various pHs. Experimental

conditions are described in Material and Methods.
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Figure 5.

Thermal and GdnHCI denaturation of WT and G334V mutant peptides. All spectra were
recorded with peptides at 10 M in 50 mM sodium phosphate buffer (pH 7.5), 100 mM NaCl.
CD ellipticities at 222 nm were plotted, and these values were used to calculate the mol fraction
of denatured molecules (Fu) at each temperature (10—90°C) (A) or at each GdnHCI
concentrations (B): G334V (Filled triangle) and WT (circle).
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TFE-induced CD conformational change of WT (A) and G334V mutant (B) peptides. All
spectra were measured with peptides at 10 M in 50 mM sodium phosphate buffer, pH 7.5 in
the presence of TFE (0-50 %) at 20°C.
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Figure 7.

Formation of hetero-oligomers between wild-type and G334V peptides. (A) p53 peptides were
co-precipitated with biotinylated p53(319—393) using avidin beads as described in Materials
and Methods. The extracted peptides were analyzed by C-18 HPLC. Asterisks indicate the
eluting position of biotinylated p53(319—393). Arrows indicate the eluting position of each
p53 peptide. (B) CD spectra of a mixture of the p53(319—358) WT and G334V peptides. The
mixtures of peptides were prepared as described in Materials and Methods, reconstituted in 50
mM sodium phosphate buffer, and incubated for 1 hr at room temperature before CD spectra
were obtained. Experimental spectrum of 10 uM WT (open circle), experimental spectrum of
10 uM G334V (filled triangle), experimental spectrum of a mixture of 10 uM WT and 10 uM
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G334V (asterisk), and calculated sum of the spectrum of the WT and G334V peptide mixture
(open triangle).
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Figure 8.

Molecular modeling of the G334V mutation. (A) The backbone dihedral angles (o, v) of the
334V residue were constrained to an idealized left-handed a-helix (57°, 47°) during the
minimization procedure. The backbone of the mutant peptide and the valine side chain are
shown as thin sticks of green (carbon) and blue (nitrogen) superimposed on the WT native
structure in gray (carbon), blue (nitrogen), red (oxygen) and white (hydrogen). Hydrogen bonds
are shown in the native structure as white lines for the unaffected ones and magenta lines for
those lost in the minimized mutant structure. (B) Space-filling representation of the Val334
residue in the left-handed a-helical minimized structure. (C) and (D) are analogous to (A) and
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(B), except that the backbone dihedral angles of VVal334 and the preceeding Arg333 residues
were constrained to an idealized antiparallel B-sheet (—139°, 135°).
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Contact-dependent Secondary Structure Prediction
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Figure 9.

Analysis of the WT and G334V peptide sequences by the CSSP method. Secondary structure
predictions are presented as a function of amino acid sequence and the number of tertiary

contacts in 0.4 unit bins ce

ntered from 0.4 to 2.0. At each matrix position, the most likely of

the three secondary structure classes is presented as a red, blue or green-yellow rectangle for
a-helix, B-strand or random coil, respectively. The shade of the colors varies to indicate the
strength of the predicted propensity, which goes from 0.0 to 1.0 (see key).
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Table 1

Oligomeric state of WT and G334V in the presence of TFE.

Page 27

p53 peptides TFE (%) Oligomeric State

319-393 (WT) 0 monomer-tetramer
20 monomer-tetramer
50 monomer

G334V 0 polymer n=37.5
20 polymer n=28
50 monomer

All ultracentrifugation scans were performed at 230 nm, in 25 mM sodium acetate, pH 3.6 with 0-50% TFE as described in Materials and Methods. All

peptide concentrations were 10 uM.

*
The curve also could be modeled as a monomer-dimer-tetramer.
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