BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Investigating the Intrinsic Aggregation Potential of Evolutionarily

Conserved Segments in p53

Saikat Ghosh, Dhiman Ghosh, Srivastav Ranganathan, A Anoop, Santosh Kumar P, Narendra Nath Jha,

Ranjith Padinhateeri, and Samir K. Maji*

Department of Biosciences and Bioengineering, IIT Bombay, Powai, Mumbai 400076, India

© Supporting Information

ABSTRACT: Protein aggregation and amyloid formation are known to
play a role both in diseases and in biological functions. Transcription factor
pS3 plays a major role in tumor suppression by maintaining genomic
stability. Recent studies have suggested that amyloid formation of pS3 could
lead to its loss of physiological function as a tumor suppressor. Here, we
investigated the intrinsic amyloidogenic nature of wild-type pS3 using
sequence analysis. We used bioinformatics and aggregation prediction
algorithms to establish the evolutionarily conserved nature of aggregation-

prone sequences in wild-type p53. Further, we analyzed the amyloid

forming capacity of conserved and aggregation-prone pS53-derived peptides PILTIITL and YFTLQI in vitro using various
biophysical techniques, including all atom molecular dynamics simulation. Finally, we probed the seeding ability of the PILTIITL
peptide on pS3 aggregation in vitro and in cells. Our data demonstrate the intrinsic amyloid forming ability of a sequence stretch
of the p53 DNA binding domain (DBD) and its aggregation templating behavior on full-length and pS3 core domain. Therefore,
pS3 aggregation, instigated through an amyloidogenic segment in its DBD, could be a putative driving force for pS3 aggregation

in vivo.

myloidosis is a group of diseases characterized by
abnormal protein folding and assembly into insoluble
protein fibrils."” Depending upon the disease, protein fibrils are
deposited either extracellularly or intracellularly.' Deposition of
amyloid fibrils causes cell and organ dysfunction and eventually
cell death. More than 24 different proteins and polypeptides are
known to form amyloid deposits in vivo that are associated with
human diseases.' In addition, many proteins, which are
apparently not associated with any disease, have also been
found to form amyloid fibrils in vitro under certain environ-
mental conditions,”* suggesting that amyloid fibril formation
might be a generic property of (m)any proteins and
polypeptides.” The exact structure of amyloid fibrils is very
difficult to determine because of their insolubility and
noncrystallinity.” However, they can be characterized as cross-
P-sheet structures, with the hydrogen bonds parallel and the j-
strands perpendicular to the fibril axis.” Substantial efforts have
been made to understand the molecular and physiochemical
factors that transform a natively folded/unfolded protein into
amyloid fibrils. Moreover, many studies have supported the fact
that amyloid fibrils are widespread in nature for performing
native biological functions of the host.*™®
Transcriptional regulator pS3 plays an essential role in tumor
suppression.”'® When pS$3 is active inside the nucleus as a
tetrameric Zn-bound form, it binds to DNA and thus
suppresses cell cycle progression or induces apoptosis in
response to DNA damage.”'" In normal cells, pS3 levels are
tightly regulated as a result of a short halflife (15—30 min)"*
and cannot be detected by immunocytochemistry.' It has been
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reported that point mutations in p53 promote oncogenesis
through multiple mechanisms."*"> These include loss of wild-
type pS3 functions in cells, gain of “dominant-negative”
functions, in which mutant pS3 is incorporated into a functional
tetramer of wild-type p53, making it nonfunctional, and gain of
oncogenic functions like invasiveness, increased levels of
migration, and unregulated cell proliferation.'* In addition to
point mutations, nonsense or frameshift mutations in pS3
might completely abolish the expression of the protein.'* Other
than these mechanisms, cancer-related point mutations in any
of the three domains of pS3 (N-terminal, DNA binding, and
tetramerization) prolong the half-life of pS3, leading to its
accumulation in cells, which can be readily detected by
immunocytochemistry.'® Interestingly, many cancers are often
characterized by the loss of function of p5S3 that frequently
accumulates in nucleus as well as in some cases in the
cytoplasm.'®™?® The exact reason and nature of these
cytoplasmic pS3 inclusions are not clearly understood.

Recent findings suggest that the individual domains as well as
the full-length pS3 protein aggregate into amyloids in vitro. For
example, the recombinant protein fragments, DNA binding
domain (DBD),*" and tetramerization domain (TD)** of p53
have been shown to form amyloid under certain experimental
conditions in vitro. Furthermore, it was also shown that the
isolated N-terminal transactivation domain (residues 1—63) of
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pS53 formed aggregates under acidic conditions, which bind to
thioflavin T (ThT), suggesting that those aggregates are
amyloid fibrils.** The level of aggregation of the wild-type DBD
was observed to increase exponentially in the presence of zinc-
depleted DBD (apo DBD), which suggested that apo DBD
catalyzed the aggregation of the wild-type DBD.**

Recently, it has been demonstrated that full-length p53 can
form both oligomers and amyloid fibrils in vitro.”>* In addition
to biophysical studies, immunofluorescence colocalization
studies using amyloid fibril and oligomer-specific antibodies,
OC and Al1, respectively, have identified intracellular amyloid
aggregates of mutant p53 in tumor tissue biopsies and cancer
cell lines.> >’ Moreover, pS3 aggregation and amyloid
formation by inflammation-derived cholesterol $,6-secosterol
aldehydes, atheronal-A (KA) and atheronal-B (ALD), have also
been reported.”® Recently, it has been shown that misfolded
mutant pS3 can cause a loss of wild-type pS3 functions using a
mechanism similar to that of prions.*® Interestingly, it also has
been reported that mutant p53 can co-aggregate with its
paralogs p63 and p73 and can attenuate their antitumorigenic
functions with a subsequent gain of oncogenic functions.” In
another study, it was reported that p53 aggregates could enter
cells and template the aggregation of endogenous p53.*°
Therefore, previous in vitro and in vivo studies clearly indicate
that aggregation and amyloid formation of pS3 in cytoplasm
and/or nucleus could result in a loss of function of pS3 as a
tumor suppressor.”> >* Understanding the mechanism of
aggregation of pS3 into amyloid and the segments of pS3
that are potentially involved in amyloid formation is important
for developing therapeutics against p53 loss of function.

In this study, we analyzed the intrinsic amyloid forming
tendency of p53 using the amyloid prediction algorithm
TANGO,*" which showed that human pS3 possesses two
regions with high amyloidogenicity corresponding to the amino
acid sequences PILTIITL (pS3 250—257) and YFTLQI (pS3
327-332). To gain further insight into the amyloid forming
capabilities of pS3 across species, we performed multiple-
sequence alignment and TANGO analysis of pS3 from 60
different species. The results suggest a conservation of the pS3
DBD across species. Importantly, the putative amyloidogenic
regions (PILTIITL and YFTLQI), as predicted by TANGO,
also showed a high degree of conservation. We analyzed the
aggregation and amyloid formation by these two sequences
using synthetic peptides corresponding to PILTIITL (eight
residues, P8) and YFTLQI (six residues, P6) in vitro, using
various biophysical techniques, and our data showed amyloid
formation by the P8 peptide. The aggregation of these peptides
was further probed in atomistic detail using all atom MD
simulations; these results suggested a high S-sheet forming
potency of P8, while these characteristics were observed to a
lesser degree in P6. Interestingly, the “amyloid gatekeeper
amino acid” (arginine, Arg)*> substitution of the residues
involved in H-bonding, as analyzed from our in silico study,
showed a diminished level of aggregation in vitro. Residue
shuffling of P8 also abolished its ability to aggregate. Further,
we showed P8 fibrils induced aggregation of pS3 core domain
in vitro and full-length pS3 aggregation in cells. Overall, this
study shows the aggregation capabilities of a conserved stretch
in wild-type pS3 (PILTIITL), which might drive full-length pS3

aggregatlon mn vwo.
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B EXPERIMENTAL PROCEDURES

Chemicals and Reagents. All chemicals used for the
experimental studies were purchased from Sigma and Merck
and were of high purity. Water was double distilled and
deionized using a Milli-Q system (Millipore Corp., Bedford,
MA). Peptides were custom synthesized by USV Ltd. using a
solid-phase peptide synthesis method and purified. Peptide
mass was confirmed by matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry,
and >98% pure peptides were used for the aggregation study.

Prediction of Aggregation Propensity Using Predic-
tion Algorithms. To ascertain and predict any inherent
aggregation propensity in the pS3 tumor suppressor protein,
pS3 protein sequences from various organisms were subjected
to TANGO* and WALTZ? analysis, which predicts the
propensity of amyloid aggregation in proteins and peptides.
The TANGO algorithm is primarily based on simple
physiochemical principles of secondary structure formation
and the assumption that aggregating sequence in proteins is
fully buried.*’ TANGO was performed at pH 7.0, 298 K, and
an ijonic strength of 0.02. The WALTZ algorithm uses a
position-specific scoring matrix to predict aggregation-prone
residues in proteins.>> WALTZ analysis was performed at pH
7.0 using a threshold of “best overall performance” for
analyzing the 60 species and “high sensitivity” for the separate
analysis of human p$3. Algorithms AGGRESCAN,**~3
PASTA,*” and Zipper DB*® were used to predict “hot spots”
of p-aggregation in human pS3.

Multiple-Sequence Alignment (MSA) and Phyloge-
netic Tree Analysis. The pS3 protein sequences for various
organisms were obtained from the UniProtKB protein database.
Multiple-sequence alignment was performed to search for
sequence similarity between the p53 sequences of various
species using Clustal Omega (clustalO0).* The phylogenetic
tree was constructed using TreeDyn.*

In Vitro Aggregation Studies of p53 (250-257,
PILTITL) and p53 (327-332, YFTLQI). Peptides (P8,
NH,-PILTIITL-COOH; P6, NH,-YFTLQI-COOH) were
dissolved in 0.5 mL of 5% p-mannitol and 0.01% sodium
azide (pH S5.5) at a concentration of 1 mM in 1.5 mL
Eppendorf tubes. P6 was easily dissolved, but P8 formed a
suspension. To make a clear solution of P8, the suspension was
sonicated using a bath sonicator. The Eppendorf tubes
containing peptide solutions were placed in an EchoTherm
model RT11 rotating mixture (Torrey Pines Scientific) with a
speed of SO rpm inside a 37 °C incubator. At suitable time
intervals, circular dichroism (CD) spectroscopy and thioflavin
T (ThT) fluorescence studies were performed. At the end,
electron microscopy (EM), Congo red (CR) absorption, CR
fluorescence, and CR birefringence studies were performed (as
described below).

Expression and Purification of p53 Core Domain. The
pS3 core domain (residues 94—312) construct, which was
generously shared by C. Arrowsmith, was purchased from
Addgene (plasmid 24866).*" pS3 core was expressed and
purified from Escherichia coli host strain BL21(DE3)-(pLys-S)
as a fusion protein with an N-terminal His, tag according to the
protocol of Ayed et al.*' Briefly, expression of p33 core protein
was induced using 1 mM isopropyl B-p-1-thiogalactopyranoside
in Luria broth (LB) containing 100 yg/mL ampicillin and 34
ug/mL chloramphenicol. After being induced at 25 °C for 16 h,
cells were harvested and lysed in buffer containing 50 mM
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sodium phosphate (pH 8.0), 0.3 M NaCl, 1 mg/mL lysozyme,
15% glycerol, S mM f-mercaptoethanol, and 1 mM PMSE. The
His, tag pS3 core protein was purified from the cell lysate using
Ni-Sepharose affinity chromatography (GE Healthcare). The
purity of the protein was confirmed by a single band in sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE) and MALDI-TOF analysis (Figure S12A,B of the
Supporting Information).

Circular Dichroism (CD) Spectroscopy. CD spectrosco-
py is a useful technique in determining the change in the
secondary structure of a protein or peptide during aggregation
and amyloid formation.*”** For measurement of CD spectra,
16 L of each of the two peptide solutions was diluted in 5% b-
mannitol and 0.01% (w/v) sodium azide to a final volume of
200 pL such that the final concentration of the peptide solution
reached 80 uM. In some cases, peptide concentrations of 50
and 100 uM were also used to conduct CD spectroscopy. The
peptide solutions were placed into a 0.1 cm path-length quartz
cell (Hellma, Forest Hills, NY). Spectra were acquired using a
JASCO 810 instrument, and measurements were taken at 25
°C. Spectra were recorded over the wavelength range of 198—
260 nm. Smoothing of raw data and subtraction of buffer
spectra were conducted according to the manufacturer’s
instructions.

Thioflavin T (ThT) Fluorescence. ThT is a dye frequently
used to characterize amyloid formation of a protein or peptide,
as it binds to amyloid without showing significant binding to
the corresponding monomeric protein or peptide.”*~** To
determine the aggregation of protein/peptide samples, a ThT
binding experiment was performed. A 1 mM stock solution of
ThT in Tris-HCl buffer (pH 8.0) was prepared. Two
microliters of this stock solution was mixed with the peptide
solution such that final volume reached 150 uL and the final
peptide concentration reached 50 M. Then the fluorescence
was immediately measured. The fluorescence experiments were
conducted using a Horiba-JY (Fluoromax 4) spectrofluorom-
eter, with excitation at 450 nm and an emission range of 460—
500 nm. The intensity values at 480 nm were plotted. A 10 mm
rectangular quartz microcuvette was used for the fluorescence
measurements.

Congo Red (CR) Binding. Congo red is a dye commonly
used to detect amyloids in vitro and in vivo.**® Similar to ThT,
CR binds to the amyloid form of proteins or peptides but not
to their monomeric form. This property of CR makes it a
suitable dye for characterizing amyloid fibrils.%*” Three
different techniques were used for the CR binding studies:
CR absorbance,” CR ﬂuorescence,6 and CR birefringence.46
For the CR binding studies, 25 mg of Congo red was dissolved
in 100 mL of autoclaved Milli-Q water containing 10% ethanol.
It was filtered through a 0.22 um syringe filter and immediately
used for the CR binding study. A 15 uL CR solution was added
to 85 uL of p-mannitol containing 50 yuM P8 and P6. CR
absorbance spectra was recorded in the wavelength range of
200—700 nm using a Jasco spectrophotometer (V-650). A 15
uL CR solution added to 85 uL of a 5% D-mannitol solution,
which was used as a control. For CR fluorescence, 15 uL of CR
was separately added to the 5% p-mannitol solution containing
50 uM P6 and P8. The fluorescence was recorded using a
Horiba-JY (Fluoromax 4) spectrofluorometer, with excitation at
550 nm and emission recorded in the range of 600—700 nm,
keeping a slit widths of 10 nm each. For Congo red
birefringence analysis, 1 mg of peptide was dissolved in 100
UL of 5% Dp-mannitol and sonicated for 1 min prior to a 30 min
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incubation at room temperature. The solution was centrifuged
for 15 min at 12000g to isolate the fibrils. The fibrils obtained
were resuspended in autoclaved Milli-Q water by vortexing; 85
UL of this solution was mixed with 15 uL of a freshly prepared
Congo red solution and incubated at room temperature for S
min in the dark. The solution was again centrifuged at 12000g
for 10 min, and the pellet obtained was washed thrice with
water to remove the excess CR dye. Finally, the solution was
spread evenly onto a glass slide, air-dried at room temperature,
and imaged using a microscope (Olympus SZ61 stereo zoom)
equipped with two polarizers and a CCD camera.

In Vitro Seeding Experiment. Aggregation of a protein or
peptide into amyloid fibrils follows a nucleation-dependent
polymerization mechansim, which consists of a lag phase in
which the protein or peptide slowly forms aggregation-
competent fibril nuclei.*® In this mechanism of aggregation,
the preformed fibril seeds reduce the lag time of amyloid
formation by the protein or peptide undergoing amyloido-
genesis. To analyze whether P8 fibrils seed the aggregation of
P53 core domain, an in vitro seeding experiment was performed
at room temperature. A 100 M stock solution of P8 fibrils was
prepared as described above, which was confirmed by ThT
binding and electron microscopy. The fibril solution was then
sonicated on ice for 3 min at an amplitude of 20% with three
pulses “on” and one pulse “off” per cycle. Presonicated P8 fibril
seed was added to 400 uL of freshly dissolved 10 uM pS3 core
such that final seed concentration reached 1% (v/v) and 2% (v/
v), respectively. Five microliters of 1 mM ThT was added to the
solution mixture and incubated at 25 °C without agitation. The
ThT fluorescence was monitored at regular intervals using a
Horiba-JY (Fluoromax 4) spectrofluorometer using an
excitation wavelength of 450 nm, and emission was measured
in the range of 460—500 nm, with excitation and emission slit
widths of 5 nm each. ThT fluorescence intensity values at 475
nm were extracted and plotted versus time. p53 core, 1% seed,
and 2% seed alone were also used as controls.

Transmission Electron Microscopy (TEM). To analyze
the morphology of the protein/peptide aggregates, TEM was
conducted. For this, the peptide stock (1 mM) after incubation
was diluted to 80 uM for electron microscopy and spotted on a
carbon-coated Formvar grid (Electron Microscopy Sciences,
Fort Washington, PA) and incubated for S min at room
temperature. For the seeding study, pS3 core (in the presence
and absence of P8 seeds) at a concentration of 10 uM was
spotted on a grid. The samples were washed twice with
autoclaved distilled water. The samples were then stained with
a 1% (w/v) aqueous uranyl formate solution for S min,
followed by air drying. The images were taken at different
magnifications (26000%, 43000X, and 60000x) at 120 kV using
a transmission electron microscope (TECNAI12 D312, FEI).

Fourier Transform Infrared Spectroscopy (FTIR). FTIR
is frequently used for the determination of protein/peptide
secondary structure.*”>® Previous studies have suggested that
FTIR is also useful in detecting the secondary structural
transformation during protein aggregation and amyloid
formation.**' For FTIR analysis, 5 uL of the incubated
stock solutions (1 mM) of peptides P6 and P8 and 10 uM pS3
core protein (both unseeded and seeded) were spotted on thin
translucent KBr pellets, kept below the IR lamp, and dried
immediately.>> For the background spectrum, 5 uL of 5% p-
mannitol was used. The FTIR spectra were acquired as the
average of 32 scans at a resolution of 4 cm™" in the range of
1800—1500 cm™ by using a Bruker Vertex-80 instrument
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Figure 1. Domain organization in pS3 tumor suppressor protein. (A) Schematic representation of the different functional domains within p$3: the
N-terminal domain (residues 1-93), the DNA binding domain (residues 102—192), and the tetramerization domain (residues 292—393). (B)
TANGO-predicted f-aggregation-prone regions within the human pS53 protein showing two amyloidogenic regions, one within the DNA binding
domain (PILTIITL) and the other in the tetramerization domain (YFTLQI). (C) Three-dimensional (3D) structure of the DNA binding domain
with the amyloidogenic region (250—257) colored blue (PDB entry 20CJ). (D) 3D structure of the tetramerization domain with the region colored

blue representing amyloidogenic region 327—332 (PDB entry 1AIE).

equipped with a DTGS detector. For secondary structure
analysis, the FTIR spectra corresponding to the amide I region
(1700—1600 cm™") were subjected to Fourier self-deconvolu-
tion (FSD) followed by a Lorentzian curve fitting procedure in
opus-65 software.

Molecular Dynamics Simulation. The all atom molecular
dynamics (MD) simulation is a vital tool for probing the
dynamics of proteins/peptides during folding and aggrega-
tion.****>7¢ In this study, we used MD simulation to probe the
aggregation propensities and subsequent secondary structural
transitions in two short peptide sequences from the p53 tumor
suppressor protein. The two following sequences were probed
in this study: (i) region 250—257 with the sequence PILTIITL
and (ii) region 327—332 with the sequence YFTLQI The in
silico study was performed using conventional MD simulation
protocols similar to those used in previous studies.****® The
initial structures of the two short peptide sequences were
obtained from the pS3 native protein structures (PDB entry
20(] for DBD and 1AIE for TD). The monomeric structures
for the two peptides PILTIITL and YFTLQI were energy-
minimized, first in vacaum and then via solvation. The solvated
peptides were then energy-minimized again, and a molecular
dynamics run of 2 ns each was performed on both peptides.
The resulting structures were then used as starting structures
for the protein aggregation simulation. The peptides were
solvated in a TIP3P water box keeping their initial orientations
random and then charge-neutralized with Na" and CI” ions.
The two systems were thus set up in the following manner: (i)
24 molecules of PILTIITL in a charge-neutralized water box
(labeled A—X) and (ii) 24 molecules of YFTLQI (labeled P1—
P24) in a charge-neutralized water box. The two systems were
then energy-minimized for 15000 steps using the conjugate
gradient algorithm followed by a linear scaled heating from 0 to
310 K. The systems were then equilibrated for 2 ns under NPT
conditions until the density of the water box reached 0.98 g/
cm’. The equilibrated system was then used to perform further
NPT simulations for 65 ns. The equilibration and final
dynamics simulation were performed at 310 K and 1 atm of
pressure. The van der Waals interaction cutoff used was 9 A,
and the electrostatic interaction cutoff was 12 A. All the
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simulations were
packag;; NAMD,
VMD.

Dot Blot Analysis. To determine the amyloid nature of a
protein or peptide, the immunoreactivity of the samples against
an amyloid fibril-specific OC antibody™ and an amyloid
oligomer-specific A1l antibody® was studied. Two microliters
of each sample was spotted on a nitrocellulose membrane and
air-dried. The membrane was blocked with 5% skim milk for 1
h at 25 °C and then incubated with an anti-amyloid fibril-
specific rabbit polyclonal OC antibody (diluted 1:4500,
Millipore) and an oligomer-specific rabbit polyclonal All
antibody (1:5000, Millipore). Blots were treated with an anti-
rabbit HRP-tagged secondary antibody (diluted 1:5000,
Molecular Probes), and detection was conducted using Super
Signal West-Femto Detection reagent (Thermo Scientific).
Blots were developed on photographic X-ray film (Kodak).

In-Cell Seeding and Immunocytochemistry. SH-SYSY,
a human neuroblastoma cell line, in which p53 is functionally
wild-type, was used for the in-cell seeding experiment.’’ SH-
SYSY cells were cultured in Dulbecco’s modified essential
medium (DMEM) up to ~80% confluency. After this, cells
were treated with S uM prefibrillized unlabeled and/or
AlexaFluor647-labeled P8 fibrils for 24 h. Untreated cells
were kept as a control. Cells were washed with phosphate-
buffered saline (PBS) and fixed with 3.7% paraformaldehyde.
Fixed cells were permeabilized using 0.1% Triton X-100 and
blocked with 2% bovine serum albumin (BSA) in PBS at 25 °C.
pS53 was immunostained using a 1:300 anti-p53 DO1 primary
antibody, sc-126 (Santa Cruz Biotechnology Inc.), and a 1:500
goat anti-mouse FITC-conjugated secondary antibody (Molec-
ular Probes). Cells were mounted with VECTASHIELD
mounting medium (Vector laboratories), observed, and imaged
under an Olympus FV-500 IX 81 confocal microscope.

gerformed using molecular dynamics software
7 and the trajectories were analyzed using

B RESULTS

p53 Sequence Analysis Using Amyloid Predicting
Algorithms and Multiple-Sequence Alignment Suggest
the Presence of Amyloidogenic Segments within
Conserved Regions of p53. Previously, it has been suggested
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Figure 2. Sequence conservation of the two amyloidogenic regions within p33. Multiple-sequence alignment showing a high degree of conservation
in the region spanned by residues 250—257 of the DNA binding domain and comparatively less conservation in the region spanned by residues 327—

332 of the tetramerization domain. The first

sequence (PILTIITL) is found to be present in 57 of 60 organisms chosen for the study, while the

second (YFTLQI) was found in only 22 of them.

that pS3 can form amyloid in vitro and in cancer tissues.”**” To domain (DBD) consists of residues 102—292 and this is the
understand the amyloidogenicity of p53 protein, we were main domain responsible for interaction with DNA. The C-
interested in finding out whether p53 and its family of proteins terminal domain (CTD) comprising residues 293—393
contain any segment predicted to form amyloid and whether contains a tetramerization domain (TD) and a regulatory
these segments are conserved across different species. domain.> When we tested the amyloid prediction of p53 with
Structurally, pS3 is organized into three distinct domains the TANGO algorithm,>" we found that two peptide segments
(Figure 1A).°* The unstructured N-terminal domain (NTD) corresponding to pS3 (250—257) and pS3 (327—332) showed
consists of amino acid residues 1—93. The DNA binding core amyloidogenic potential with higher amyloid-forming potential
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Figure 3. Structural transition and aggregation of pS3 (250—257) in vitro. (A) Circular dichroism spectroscopy of P8 at different concentrations (1
mM, 500 uM, 250 uM, and 100 gM) showing f-sheet secondary structure. (B) Deconvoluted FTIR spectra of P8 showing ff-sheet rich structures
corresponding to the peaks at 1616, 1630, and 1693 cm™" along with the presence of random coil (1646 cm™), 3,p-helix (1665 cm™), and f-turn
(1678 cm™) secondary structures. (C) Thioflavin T binding of P8 showing high ThT fluorescence upon binding at different P8 concentrations (1
mM, 500 uM, 250 uM, and 100 uM). (D) Schematic representation of solubilization of P8 and the fractions used for CD and ThT binding
experiments. P8 was dissolved in 5% p-mannitol and sonicated, leading to the formation of a suspension solution, which was then centrifuged at
14000g for 30 min. The supernatant and pellet fractions were used for CD and ThT binding assays to detect amyloid formation by P8. The
supernatant fraction showed a time-dependent structural transition from random coil (0 h) to -sheet (8 h). (E) Congo red binding showing the
increase in molar absorptivity of CR after binding to P8. (F) Increase in Congo red fluorescence intensity upon binding to P8. (G) Light microscope
images showing CR binding by P8 under bright-field and cross-polarized light. The latter shows apple-green birefringence characteristic of cross -
sheet rich amyloid. (H) Electron micrograph of P8 showing the fibrillar morphology of amyloids. The inset shows a magnified area of P8 fibrils, in
which individual filaments were laterally associated with each other to form dense clusters. Scale bars are 500 nm.

of the pS3 (250—257) segment (Figure 1B), which was
consistent with previous reports.zg’Z’5 These two segments
spanning regions 250—257 and 327-332 had corresponding
sequences of PILTIITL and YFTLQI, respectively. Region

6000

250—257 is known to be a part of the DBD of pS53, whereas
region 327—332 is a part of the TD (Figure 1C,D).

pS3 protein is known to be present in most vertebrates, and
certain variants of pS3 are also found in some invertebrates like
the fruit fly Drosophila melanogaster®® and the nematode worm

dx.doi.org/10.1021/bi500825d | Biochemistry 2014, 53, 5995—6010
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Caenorhabditis elegansé4 and even in bacteriophage APSE-1,
which possesses a putative pS3-like protein.® This shows a
functional conservation of pS3 protein in spite of millions of
years of evolution and speciation. To estimate sequence
conservation and/or species-specific variation of pS3, we
performed multiple-sequence alignment (MSA) of pS3
sequences belonging to 60 different species. The species
chosen for the study were representative of a large evolutionary
time scale. MSA results showed a high level of conservation
among organisms belonging to primates and also among
various fishes and rodents. MSA also indicated the presence of a
highly conserved region spanned by amino acids 126—286 as
compared to the other regions (Figure S1 of the Supporting
Information). The phylogenetic relationship between the
various organisms based upon divergence of pS53 is shown in
Figure S2 of the Supporting Information. The conserved region
is also associated with the DNA binding activity of p53 and is a
part of its core domain (Figure 1C).

To assess whether the pS3 sequences from other species
possess regions with potential aggregation propensity similar to
that of human pS3, we performed an exhaustive TANGO and
WALTZ analysis of 60 different species (Table S15 of the
Supporting Information). The number of regions predicted to
have f-aggregation propensity varies among various species.
Results of the TANGO algorithm range from species predicted
to have only one amyloidogenic region, such as Equus asinus
(donkey) and Spermophilus tridecemlineatus (thirteen-lined
ground squirrel), to species that might have as many as five
regions with amyloid forming propensity, such as Callorhynchus
milli (elephant fish) (Figure S3 of the Supporting Information).
WALTZ analysis of pS3 sequences from 60 species, performed
using a threshold of “best overall performance”, also showed a
variation in the number of potential hot spots of aggregation
(Table S1S of the Supporting Information). Sequence align-
ment data also reflect the high degree of conservation of these
two putative aggregation-prone sequences (P1 and P2). When
we analyzed these two segments for their extent of conservation
across different species, we found that the sequence PILTIITL
was present in 57 of the 60 studied species with minor point
variations in the other three. On the other hand, the sequence
YFTLQ], which is a part of the tetramerization domain (TD) of
pS3, was relatively less conserved; it was found in only 22
species with random variations in others. This segment was
totally absent from five species. The degree of conservation of
these two regions is depicted in Figure 2. The amyloidogenic
regions within pS3 protein from various organisms and their
respective amyloidogenic propensities (in percentage) are listed
in Table S15 of the Supporting Information. The average f-
aggregation propensity predicted for PILTIITL was 95.5%, and
that for YFTLQI was 18% according to the TANGO algorithm.
These results were corroborated using other aggregation
prediction algorithms like AGGRESCAN, WALTZ, PASTA,
and Zipper DB (Figure S14 of the Supporting Information).
The data suggest that pS3 is highly amyloidogenic, as reported
by previous aggregation prediction studies,’ and showed that
pS3 contains a primary amyloidogenic segment in its DBD/
core domain and an additional aggregation-prone region in the
tetramerization domain (TD).

Conformational Transition and Amyloid Formation
by p53 (250—257) in Vitro. Because of the conserved nature
of pS3 region 250—257 (PILTIITL) across different species,
which was also predicted to be highly amyloidogenic by the
TANGO algorithm, we were interested in studying the
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aggregation behavior of this segment in vitro. Therefore, P8
(peptide representing PILTIITL) was synthesized by the solid-
phase peptide synthesis method, and a >98% pure peptide was
used for the study. The peptide was dissolved at a
concentration of 1 mM in 5% D-mannitol and 0.01% sodium
azide (pH 5.5) and incubated at 37 °C. CD spectra were
analyzed to elucidate the secondary structure of the peptide in
vitro.%® P8 formed a suspension solution immediately upon
dissolution, probably because of its highly hydrophobic
character. To solubilize the peptide, the peptide suspension
was sonicated for 5 s using a bath sonicator that resulted in a
clear and suspension-free solution. Interestingly, immediately
after sonication and dissolution, CD spectra of P8 showed f-
sheet secondary structure characterized by single minima at
~218 nm. To rule out the possibilty that a higher concentration
(1 mM) was responsible for P8’s rapid structural transition to
P-sheet, lower concentrations of P8 (500, 250, and 100 uM)
were prepared. However, all of the samples showed character-
istic ff-sheet secondary structure via CD spectroscopy (Figure
3A). The conformation of aggregates was further probed using
FTIR spectroscopy.” The 1 mM samples of P8 primarily
showed f-sheet rich structures corresponding to the peaks at
1616, 1630, and 1693 cm™" (Figure 3B). Additionally, P8 also
showed the occurrence of random coil (1646 cm™), 3, -helix
(1665 cm™), and B-turn (1678 cm™') secondary structures.
ThT fluorescence was used to monitor amyloid formation.>*
The P8 solution at all concentrations studied (100 yM to 1
mM) showed a high level of ThT binding. The data suggest
that P8 formed amyloid immediately at all these peptide
concentrations (Figure 3C). The rapid formation of f-sheet
structure and the absence of random coil could be due to the
strong tendency of P8 to form amyloid, and/or sonication
might have accelerated the aggregation kinetics. To verify this
observation, we prepared a P8 solution in 5% D-mannitol and
vortexed it, which resulted in a suspension solution. This
solution was then centrifuged at 14000g for 30 min, and the
supernatant and pellet fractions were separated. The schematic
in Figure 3D represents the experimental plan followed for
dissolving P8 and analyzing its secondary structural transition in
vitro. CD spectra of the pellet fraction showed p-sheet
secondary structure (Figure 3D), which also showed a high
level of ThT binding, confirming amyloid formation. The
supernatant fraction showed mostly random coil conformation,
and upon incubation for 8 h, this fraction showed a structural
transition to f-sheet secondary structure with an increase in the
level of ThT binding (Figure 3D).

To ascertain the amyloid formation of peptide P8, Congo red
(CR) binding was performed. CR is another dye frequently
used for amyloid detection in vitro and in vivo.**>*” Three
different techniques (CR absorbance, CR fluorescence, and CR
birefringence) were used to confirm the amyloid formation by
P8. After addition of CR to P8 aggregates, increases in the
molar absorbance and CR fluorescence intensity were observed
(Figure 3E,F). The binding of CR to P8 amyloids was further
confirmed by the classical CR birefringence analysis.***” Upon
binding with CR, P8 showed an apple-green birefringence, a
characterictic of amyloids (Figure 3G). Aiming to characterize
the morphology of the aggregates formed by P8, we further
subjected the incubated P8 peptide to electron microscopy.
Electron micrographs revealed the fibrillar morphology of the
P8 aggregates. The fibrils formed were seen to be very thin,
straight, and laterally associated with each other, forming highly
dense clusters (Figure 3H and inset). Overall, our results
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suggest that P8 is amyloidogenic in nature and can assemble method and purified by high-performance liquid chromatog-
into higher-order amyloid aggregates. raphy to >98% purity. The mass of the peptide was also

p53 (327-332) Does Not Aggregate into Amyloid. To confirmed by MALDI-TOF mass spectroscopy. P6 was
study the aggregation and amyloid formation by peptide dissolved at a concentration of 1 mM in 5% D-mannitol and

sequence corresponding to pS3 (327—332, P6), the peptide 0.01% sodium azide (pH S5.5) and incubated at 37 °C. P6
was also synthesized using the solid-phase peptide synthesis dissolved readily, unlike P8. The CD study suggested that
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immediately after dissolution, P6 mostly adopts a random coil
secondary structure, represented by a single minimum at 198
nm. It did not show any structural change after being incubated
for up to S days (Figure 4A). However, after being incubated
for 15 days, it adopted a helical secondary structure
characterized by two minima at ~208 and ~222 nm. The
solution was incubated for a longer period to observe any
further secondary structural changes. Even after being
incubated for 30 days, P6 retained its helical structure. FTIR
spectra of incubated samples of P6 showed the presence of a-
helix rich structure characterized by the most intense peak at
1653 cm™" (Figure 4B). However, it also showed some amount
of B-sheet structure corresponding to the peaks at 1621, 1634,
and 1697 cm™. The peak at 1683 cm™" indicates the presence
of a certain amount of f-turn. Electron microscopy revealed
that P6 formed nonfibrillar amorphous aggregates characteristic
of a nonamyloidogenic protein or peptide (Figure 4F). ThT of
P6 showed insignificant binding immediately after dissolution,
and after incubation for 30 days, no significant increase in the
level of ThT binding was observed, suggesting the absence of
amyloid formation by P6 (Figure 4C). Aggregation and
amyloid formation were further analyzed by CR binding
using the CR absorbance and birefringence method. Neither a
significant increase in CR molar absorbance nor apple-green
birefringence was observed for the incubated P6 sample (Figure
4D,E). The biophysical study suggests that P6 did not form
amyloid in vitro irrespective of the aggregation potential
(although it was low compared to that of P8) observed from
TANGO analysis.

6003

p53 (250—257) Shows a Structural Transition to f-
Sheet Structures in Silico. To probe the aggregation of p53
250—257 (PILTITL) in residue-specific detail, we performed
all atom MD simulation of the peptide in explicit solvent with
24 molecules of P8 in a solvent box. Snapshots of the PILTIITL
system at various time points during the simulation are shown
in Figure SA and Figure S4 of the Supporting Information.
While the peptides remained mostly unassociated and
monomeric initially, the development of various self-associated
clusters was apparent as the simulation progressed. Interest-
ingly, the PILTIITL peptide not only showed the ability to self-
assemble but also displayed a significant tendency to undergo a
secondary structural transition from random coil-like structures
to f-sheet rich aggregates. This is evident from the 65 ns
simulation, where the earliest traces of f-sheet signatures were
apparent as early as 10 ns (Figure S4 of the Supporting
Information). The initially formed f-sheets remained stable
until the end of the study. The secondary structural progression
of selected peptides, those that showed a transition from
random coil to the f-sheet configuration, is represented in
Figure SB. However, the secondary structural transition of the
entire system is shown in Figure SS of the Supporting
Information, representing the conformations accessed by all the
P8 peptides during the simulation. Crucially, the development
of a stable predominantly f-sheet rich cluster was evident
toward the latter part of the simulation (~50—65 ns). This self-
assembled cluster of f-sheet structures showed a mixture of
parallel and antiparallel f-sheets. A detailed look at one of the
major p-sheet aggregated structures formed during the

dx.doi.org/10.1021/bi500825d | Biochemistry 2014, 53, 5995—6010
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simulation is also shown in Figure 5A. This strong tendency to
not only self-associate but also undergo a structural transition
to f-sheet-like structures even on very early time scales thus
strongly indicates the amyloidogenic potential of this sequence
within the DBD of p53. We further analyzed the interpeptide
contact during the simulation. The data showed negligible
interpeptide contacts at the start of the simulation (Figure S6A
of the Supporting Information), which increased considerably
after simulation for 65 ns, as represented by the dots on either
side of the diagonal in the contact map in Figure 5C. An
increased level of self-association was also accompanied by an
increase in the level of interpeptide hydrogen bonding during
the duration of the simulation as shown in Figure 5D. The most
frequently observed hydrogen bonds (which exist for >50% of
the simulation time) are summarized in Table S16 of the
Supporting Information. The data suggest that residues Leu*?,
Thr*3, Tle*>, 1e*, and Leu*>” were found to be the most
frequently involved in hydrogen bonding, stabilizing the f-
sheets formed by PILTIITL peptides.

Further, the root-mean-square deviation (rmsd) plot suggests
that the system undergoes an initial period of fluctuations
where the peptides assemble into self-associated clusters
(Figure S6B of the Supporting Information). The system
then stabilizes following the formation of these clusters. The
radii of gyration of the peptides during the simulation also
advocate the system having reached stability after the 65 ns
simulation (Figure S7 of the Supporting Information).

P53 (327—-332) Shows a Minimal Structural Transition
during the 65 ns Simulation Even after Self-Association.
To further probe the aggregation of P6, which showed a weaker
tendency to aggregate predicted by TANGO (Figure 1B) and
did not show any amyloid formation in vitro (Figure 4), we
performed an all atom simulation using 24 peptides of P6 in the
explicit water. The detailed progression of the 24-peptide P6
system is shown in Figure S8 of the Supporting Information,
where the peptides undergo a transition from an initial
monomeric state to a self-assembled state at the end of the
simulation. The peptides showed aggregation into a single self-
associated cluster (around 30 ns) and remained stable until the
end of the simulation. The initial and final configurations of the
YFTLQI system clearly reveal the self-association of P6 (Figure
6A). The analysis of interpeptide contacts formed by 24 P6 at
the beginning of the simulation (Figure S10A of the Supporting
Information) and at the end of the 65 ns simulation (Figure
6B) revealed that very few interpeptide contacts were present
between the peptides initially (Figure S10A of the Supporting
Information). However, an increase in the number of
interpeptide contacts during the 65 ns simulation was observed
(Figure 6B). An overview of the secondary structural
conformations (Figure 6C) assumed by all the peptides during
the simulation suggests a negligible conformational transition of
the P6 system. However, few of the peptides showed a
transition to the helical state. The secondary structure
progression of each peptide (peptides P1 and P24) during
the simulation is shown in Figure S9 of the Supporting
Information. The analysis of interpeptide hydrogen bonds
showed an increase in the level of interpeptide hydrogen
bonding during the simulation (Figure 6D). The rmsd
progression data suggest that the system stabilized after an
initial period of arrangement and self-association (Figure S10B
of the Supporting Information). The radii of gyration (Ry) of
YFTLQI peptides during the simulation showed that the
peptides remained stable or showed a sharp decrease in the case
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of some of the peptides; those peptides showed a tendency to
assume a helical conformation (Figure S11 of the Supporting
Information).

Arginine Substitution and Residue Shuffling Abolish
the Amyloidogenic Potential of p53 (250—257). The
analysis of the MD simulation data of pS3 (250—257) revealed
that residues Leu®%?, Tle?**, 11e**°, and L**7 are most frequently
involved in H-bonding during the self-aggregation of this
peptide in silico. Therefore, we intended to study the
aggregation of the native pS3 (250—257) segment with one
or more of the four residues listed above substituted with Arg,
an amyloid gatekeeper amino acid.’> We designed and
chemically synthesized two peptides, PIRTIITR and
PIRTRRTL, with multiple substitutions of Leu®?, Il
le**, and Leu®’ (Figure 7A). Interestingly, the TANGO
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Figure 7. Arginine substitution and residue shuffling abolish the
amyloid potential of pS3 (250—257). (A) Amino acid sequences of
pS3 (250—257) (PILTIITL), the Arg-substituted peptides, PIRTIITR
and PIRTRRTL, and the scrambled peptide, ITLPITLL (B) TANGO
prediction showing elimination of amyloidogenic potential of the
arginine-substituted and scrambled peptides. (C) CD spectra of native,
Arg-substituted, and scrambled p53 (250—257) peptides immediately
after dissolution and (D) after incubation for 15 days, showing a lack
of structural transition in both the Arg-substituted and scrambled
peptides. (E) ThT binding data showing the inability of Arg-modified

segments and scrambled peptide to aggregate into amyloid.

analysis of these two modified peptides showed complete
diminution of the J-aggregation propensity of the peptides
(Figure 7B). Both of these modified peptides showed random
coil secondary structure immediately after dissolution (Figure
7C), which did not change even after incubation for 15 days
(Figure 7D). The ThT binding study also showed that both of
these peptides did not bind ThT (Figure 7E), suggesting that
Arg substitution of key contact residues (deduced from our MD
results) eliminated amyloid formation by the P8 peptide.
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To further ascertain the importance of sequence specificity of
P8 (PILTHUTL) for its aggregation, a scrambled peptide
(ITLPITLI) was designed. TANGO analysis did not display
any predicted f-aggregation tendency of the scrambled peptide
(Figure 7B). Upon dissolution, the scrambled ITLPITLI
peptide showed random coil secondary structure by circular
dichroism spectroscopy analysis (Figure 7C), which persisted
even after incubation for 15 days (Figure 7D). Binding of ThT
dye by the scrambled ITLPITLI peptide was negligible even
after incubation (Figure 7E), suggesting that this peptide is
unable to form any amyloid-like aggregates as predicted by
TANGO analysis.

p53 (250-257) Fibrils Seed the Aggregation of p53
Core Domain in Vitro and Native p53 in Cells. To
determine whether the pS3 (250—257) amyloid fibrils can
recognize and interact with their identical sequence in the p53
protein and possibly drive its aggregation, we performed
seeding experiments in vitro and in cultured cells. Using diluted
preformed P8 fibrils, which were sonicated to generate smaller
fibril fragments (P8 fibril seeds), we performed a seeding
experiment with the recombinantly expressed p53 core domain
(Figure 8A). The pS3 core domain possesses most of the
cancer-associated mutations and is known to retain DNA
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binding activity.***® The isolated core domain has also been
shown to form aggregates similar to those of full-length
p53.2%* The SDS—PAGE and MALDI-TOF data of the
purified p53 core protein are provided in Figure S12A,B of the
Supporting Information. The purified recombinant p53 core
domain (10 uM) was incubated with 1 and 2% P8 seeds (v/v)
at room temperature, and protein aggregation was monitored
using ThT fluorescence. We observed that both 1 and 2% seeds
induced aggregation of the pS3 core in a concentration-
dependent manner as shown by their high level of ThT binding
during incubation. The pS53 core protein and P8 seeds by
themselves did not show any significant ThT binding
throughout the experiment. The data revealed a high seeding
potential of the P8 amyloid fibrils.

We further analyzed and compared the morphologies of the
pS3 core and seeded pS3 core protein via electron microscopy
to detect any visible morphological changes (Figure 8B). It was
interesting to observe that seeded aggregates of the pS3 core
were extensively denser and of higher order as compared to
those of the unseeded protein. Although the classical feature of
amyloid fibrils was not seen in seeded aggregates of the pS3
core via EM, the ThT binding data indicate the amyloidogenic
nature of the aggregates. To further verify whether seeded
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aggregates of the p353 core possess an amyloid fibril-like
conformation, we conducted dot blot analysis using amyloid-
specific antibodies OC and All and CR dye binding studies.
Among all the samples tested, undiluted P8 amyloid (positive
control) showed positive immunoreactivity with the OC
antibody but not with the anti-oligomer All antibody,
specifying the presence of the fibrillar conformation and the
absence of the prefibrillar oligomeric conformation in P8
amyloid. The p53 core incubated with 1 and 2% seeds showed
positive immunoreactivity with both OC and All antibodies,
indicating the presence of both amyloid fibril and prefibrillar
oligomeric aggregates (Figure 8C and Figure S12C of the
Supporting Information). The individual 1 and 2% seed
samples and unseeded pS3 core, which were used as controls,
showed negligible OC and All immunoreactivity. Scrambled
P8 (negative control) did not show any OC or All
immunoreactivity. Similarly, in the CR binding assay, the
seeded aggregates of the pS3 core showed CR absorbance at
500 nm higher than that of the incubated p53 core alone and
P8 seeds (Figure 8D). CR dye in buffer was used as a control.

To determine the effect of seeding on the secondary
structural transition in the p53 core protein by P8 fibrils, we
performed FTIR spectroscopy. FTIR analysis of the unseeded
pS3 core protein (freshly purified) showed f-sheet secondary
structure corresponding to the peaks at 1618 and 1637 cm™
and f-turn structure as evident from the peak at 1685 cm™
(Figure S13 of the Supporting Information). In addition, there
was a significant peak at 1653 cm™' representing a-helical
secondary structure. On the other hand, FTIR analysis of the
seeded p53 core sample showed an overall increase in S-sheet
content as represented by robust peaks at 1624 and 1637 cm ™.
Moreover, there was a compensatory reduction in the a-helical
and f-turn secondary structural content of the seeded sample.
These data are consistent with previous findings, which suggest
that upon aggregation, the pS3 core shows a higher amount of
P-sheet conformation than that of soluble pS3 as ascertained by
our FTIR study.26'29 Therefore, our FTIR data are in strong
agreement with our interpretation of the ThT and CR dye
binding experiments that P8 fibril seeds template the
aggregation of the pS3 core into f-sheet rich higher-order
aggregates.

Recently, it has been shown that p53 aggre§ates can also seed
the aggregation of native, functional p53 3536 and other
cellular proteins (such as p53 paralogs, p63 and p73),*” leading
to gain-of-function effects by inducing oncogenic properties in
cells. To test whether P8 amyloid can seed native full-length
pS53 in cells, we added S M P8 fibrils to the growth medium of
cultured SH-SYSY neuroblastoma cells. After the cells had been
cultured for 24 h, we immunostained the fixed cells to visualize
the status of pS3. As a control, we used P8 monomers. It has
been suggested that pS3 has a short half-life in cells and
therefore cannot be detected by immunostaining."> However,
in cells treated with P8 fibrils, positive immunostaining of p53
was observed and p53 was mostly localized in the cytoplasm.
The punctate nature of the cytoplasmic inclusions of pS53
suggests that P8 fibrils seed the aggregation of native full-length
pS3 into large protein aggregates (Figure 8E). On the other
hand, in cells treated with P8 monomers, we did not observe
any significant pS53 signal. In a similar experiment, Alexa-
Fluor647-labeled P8 (red fluorescence) was used, and we
obtained a visual confirmation of the internalization of P8 fibril
seeds and their localization in the cytoplasm (Figure 8F).
Colocalization signals between labeled P8 (red) and cellular
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pS3 (green) indicated that P8 fibrils may interact with its
identical sequence in native cellular full-length p53 and seeded
its aggregation. A magnified version of a cell showing
internalized P8 and pS3 aggregates in punctate form is shown
for better visual interpretation (Figure 8F).

B DISCUSSION

The tumor suppressor function of pS3 is dependent on its
structure and its localization in the nucleus, where it binds to its
cognate DNA sequence and triggers the expression of various
genes responsible for the maintenance of genome stability.”""
Although, in normal cells, p53 levels are tightly regulated
resulting in its short halflife (15—30 min),"*"® most point
mutations in any of the three domains of pS3 (NTD, DBD, and
TD) prolong the half-life of pS3, leading to cytoplasmic and/or
nuclear inclusions.'>*” The DBD of p33 contains 97% of
cancer-related missense mutations,”® and these mutations lead
to its loss of function either by changing the conformation of
the DBD or by decreasing the overall thermodynamic stability
of the protein. The most frequent cancer-related mutations
occur in six hot spot amino acid residues of pS3 (residues 175,
245, 248, 249, 273, and 282), which are located in the DBD of
the protein.”’ Mutations in the pS3 DBD may be responsible
for the structural destabilization of the protein and/or loss of its
DNA binding ability, both of which can result in a loss of
antitumor functions of p53.”>”> Many hot spot mutations have
been found to increase the level of accumulation of pS3 in both
the cytoplasm and nucleus,'****® suggesting that mutations can
induce aggregation in both compartments. Moreover, cytoplas-
mic sequestration of wild-type p53 protein has been observed
in a subset of primary human tumors, includin(g breast cancer,
colon cancer, and neuroblastoma (NB).'*®72" Several recent
in vitro and in-cell studies indicate that p53 loss of function
could also be due to the aggregation and amyloid formation by
wild-type, cancer-associated mutant and zinc-depleted pS3
(apo-p53).>"**72¢ The aggregation of pS3 may occur in the
nuclear and cytoplasmic compartments of the cell.'**® ps3
aggregation in the cytoplasm may hinder its transport to the
nucleus, thereby causing a loss of pS3’s function as a
transcription factor.>>”*”"® On the other hand, the nuclear
aggregates of pS3 may either be incapable of interacting with
p53’s consensus DNA binding site,”** or those aggregates
might aberrantly interact with DNA, driving the transcription of
genes with undesirable functions.”” The cytoplasmic pS3
aggregates may further not only interact with their native
protein counterpart and drive their aggregation similar to prion-
like seeding mechanism®®**3® but also sequester the pS3
paralogs, p63 and p73, which might make cells vulnerable to
tumor-inducing stress.”” Therefore, understanding the mecha-
nism of p53 loss of function and knowledge of regions in pS3
responsible for its aggregation and amyloid formation is an
important aspect of tumor cell biology.

Our MSA study showed that the DBD of p53 from all the
organisms under study is mostly conserved through evolution
(Figure S1 of the Supporting Information), signifying its
important role in aiding the protein’s normal cellular functions.
When aggregation prediction was conducted using the
TANGO algorithm (Figure S3 of the Supporting Information),
the data showed that p53 from different organisms contain
more than one aggregation-prone segment. The human p53
protein from the TANGO analysis showed two putative
aggregation-prone sequences, region 250—257 in the DBD
and region 327—332 in the TD (Figure 1B), consistent with
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previous studies.””* Similar to TANGO, when p53 from 60
different species were studied using the WALTZ algorithm, a
variable number of putative aggregation-prone stretches were
identified in those species (Table S15 of the Supporting
Information). Human pS3 showed seven hot spots of
aggregation along with pS3 (250—258), when analyzed by
WALTZ using a threshold of “high sensitivity” (Figure S14C of
the Supporting Information). The aggregation propensities of
pS3 were further analyzed using AGGRESCAN, PASTA, and
Zipper DB, all of which further confirmed the high aggregation
propensities of p53, consistent with previous aggregation
analysis (Figure S14 of the Supporting Information).**3¢
AGGRESCAN analysis of human pS53 revealed eight major
hot spots for aggregation, including one amyloidogenic region,
pS3 (251—257), ILTUTL segment (Figure S14B of the
Supporting Information). AGGRESCAN analysis also shows
an aggregation hot spot in the pS53 tetramerization domain
spanning residues 327—332, the YFTLQI region. The
aggregation analysis by all algorithms validated that among
other hot spots of aggregation in pS3, region 250—257 was the
most commonly identified amyloidogenic stretch (Figure S14
of the Supporting Information). When we compared the MSA
study of pS3 with the TANGO analysis for amyloid prediction,
we found the presence of a highly conserved and highly
amyloidogenic stretch of amino acids (pS3 residues 250—257,
PILTIITL) in the pS3 DBD across most of the studied species
(Figure 2). Moreover, we found another segment (YFTLQI) in
the tetramerization domain of human pS3 with relatively less
amyloidogenic potential, which was less conserved among the
studied species. The in vitro aggregation study using peptides
corresponding to pS3 (250—257) and pS3 (327—332) showed
that pS3 (250—257) formed f-sheet rich structure at all the
concentrations that were studied and formed amyloid fibrils
revealed by electron microscopy (Figure 3A,B,H). ThT and CR
dye binding studies confirmed the amyloid nature of these
fibrils (Figure 3C—G). In contrast to pS3 (250—257) however,
pS3 (327-332) (P6) did not show any conformational
transition to f-sheet structure and did not demonstrate any
fibril morphology after incubation for 15 days (Figure 4A,B,F).
The peptides also did not show any other characteristics of
amyloids such as CR and ThT binding even after incubation for
15 days (Figure 4C—E). The data suggest that irrespective of
the aggregation tendency predicted by TANGO (although it
was lower than that of P8), P6 did not form amyloid in vitro.
The all atom MD simulation study suggested that pS3 (250—
257) not only has the ability to self-assemble into aggregated
clusters at a very early time point during simulation but also
displays a remarkable secondary structural transition from
random coil to B-sheet rich structures, consistent with our in
vitro data (Figure S and Figure S4 of the Supporting
Information). Furthermore, the P8 peptides showed both
parallel and antiparalle]l f-sheet tendencies during the MD
simulation (Figure SA). While the structural transition
propensity of P8 is evident from our simulation, the exact
orientation of peptides within these f-sheet rich structures
cannot be ascertained from our simulation because of the
limited time scale of the study. From the results of the
simulation data, we can suggest that this ability of the pS33
(250—257) stretch in the protein to acquire the p-sheet
conformation could be crucial for the aggregation of native pS3.
Similar to that using pS3 (250—257), the simulation study
using pS3 (327—332) from the pS3 TD also showed significant
self-assembly, however with negligible secondary structural
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transition during the simulation (Figure 6 and Figure S8 of the
Supporting Information). The simulation results thus reveal
two vital differences in the self-association behavior of the two
regions of pS3: (i) a higher self-association potency of pS3
(250—257) and (ii) higher structural transition ability of pS3
(250—257) as opposed to pS3 (327—332). Therefore, while
pS3 (250—257) progresses toward f-sheet rich aggregates, the
region of the TD [p53 (327—332)] does not display any such
structural predisposition. The data thus directly indicate that
pS3 (250—257) might be the most important region for pS3
aggregation in vitro and in cells. Interestingly, upon analyzing
the most frequently observed hydrogen bonds during the
simulation, we found that residues Leu?? Ile**, 11e*>5, and
Leu®’ play a crucial role in stabilizing the aggregates of pS3
(250—257) (Table S16 of the Supporting Information). To
further test these findings, we analyzed the aggregation profile
of two chemically synthesized variants of the sequence
PILTHUTL [pS3 (250—257)], PIRTITR and PIRTRRTL, in
which we substituted either Leu®?, Tle*>, 1le*, or Leu®” with
Arg, an amyloid gatekeeper amino acid residue (Figure 7A).>*
Our results suggest that the substitution of these three essential
residues with Arg abrogates the amyloidogenic tendency of the
otherwise strongly amyloidogenic segment PILTIITL (Figure
7B—E). These results thus validate the findings from our MD
simulation. Similarly, the scrambled peptide, ITLPITLI, also did
not show any amyloid aggregation in vitro, consistent with its
TANGO analysis (Figure 7). This indicates that the amino acid
sequence of the pS3 (250—257) stretch, rather than its
constituent residues, is responsible for its amyloidogenicity.
Amyloid formation is generally considered a “nucleation-
dependent polymerization” process,*®”® in which soluble native
proteins are converted into “aggregation-templating nuclei”,
which can drive the conversion of endogenous proteins into
mature amyloid fibrils. Amyloid formation has also been shown
to be accelerated by the addition of “preformed nuclei” (fibril
seeds), which reduces the lag phase of nucleation.”® Previously,
many studies have reported that amyloids associated with
several human diseases (such as Alzheimer’s and Parkinson’s)
show infectious properties similar to those of prions (for a
review, see ref 79), where preformed amyloids act as corruptive
templates for the endogenous amplification of protein
aggregation. This seeding mechanism is eventually responsible
for the spreading and infectivity of the amyloid form of the
protein. In fact, it has been demonstrated that p53 aggregates
can be internalized into cells, which template the endogenous
aggregation of functional pS3, similar to other amyloid
diseases.”*** Recently, it was hypothesized that pS3 amyloid
could also possess prion-like properties where preformed pS3
aggregates can seed the aggregation of functional p53°%*3°
and sequester other p53 paralogs such as p63 and p73.* This
co-aggregation and templating effect of the preformed fibrils
may contribute to the loss of function of native p53 as well as
the gain-of-function effect of aggregated p53, leading to cancer
progression and metastasis. Because the pS3 (250—257) (P8)
stretch formed amyloid in vitro, we asked whether the P8 fibrils
could seed the aggregation of p53 in vitro and in cells. We chose
the pS3 core domain [pS3 (94—312)] for our in vitro seeding
study. The rationale for using the pS3 core domain is that (i)
the isolated pS3 core is folded and functional and retains DNA
binding activity®®® similar to full-length p33 and (ii) the p53
core has been widely used in many 2previous in vitro aggregation
and amyloid formation studies.***’*> Our data demonstrate
that pS3 alone did not show any aggregation, as measured by
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ThT binding; however, in the presence of 1 and 2% P8 fibril
seeds, pS3 aggregation occurs substantially (Figure 8A). The
seeded aggregates of the pS3 core bind amyloid fibril-specific
OC and oligomer-specific All antibodies, suggesting the
presence of both fibrillar and prefibrillar oligomeric species
(Figure 8C) among the pS3 aggregates. Consistent with these
data, previous in vitro studies have also shown that p53
aggregates contain both oligomers and fibrillar species.”®
Further, the P8 fibrils enter into cells when added exogenously
and induce the aggregation of normal pS33, as shown by the
punctate nature of pS3 inside the cells (Figure 8E,F). The
results clearly indicate that P8 fibrils are also capable of seeding
the aggregation of full-length pS3 similar to the pS3 core as
demonstrated in vitro. Therefore, our data suggest that P8 fibril
seeds can recognize its identical sequence in both the p53 core
and the full-length protein and template their aggregation into
large aggregates. These pS3 aggregates might further interact
with other proteins such as p63 and p73, as suggested
previously,” causing an impairment of important cellular
functions such as apoptosis. Additionally, pS3 aggregates in
cells might also sequester native, functional pS33, thereby
leading to a “dominant-negative” effect.*’

Our experimental and simulation data thus suggest the
presence of a putative amyloidogenic sequence in pS3. In
normal p53 (folded conformation), the aggregation-prone
sequence may reside inside the core domain of the structure.
However, if p5S3 mutations or various other factors expose this
segment, this process may drive full-length pS3 misfolding and
aggregation, leading to its loss of function. Further studies are
required to delineate the importance of this amyloidogenic
region in driving the aggregation and amyloid formation by p53
in vivo. However, the knowledge of important contact residues
that are responsible for p53 aggregation might aid in developing
strategies for tackling aggregation-associated pS53 loss of
function in cancer progression.
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