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The anti-oncogenic protein p53 is a transcription factor that prevents tumorigenesis by
inducing gene repair proteins or apoptosis under DNA damage. Since the DNA-binding
domain of p53 (p53C) is aggregation-prone, the anti-oncogenic function of p53 is often lost
in cancer cells. This tendency is rather severe in some tumor-related p53 mutants, such as
R175H. In this study, we examined the effect of salts, including KCI and sugars, on the
aggregation of p53C by monitoring two distinct aggregates: amorphous-like and amyloid-
ike. The amorphous aggregates are detectable with 8-(phenylamino)-1-
naphthalenesulfonic acid (ANS) fluorescence, whereas the amyloid aggregates are
sensitive to thioflavin-T (ThT) fluorescence. We found that KCI inhibited the formation
of amorphous aggregates but promoted the formation of amyloid aggregates in a p53C
R175H mutant. The salts exhibited different effects against the wild-type and R175H
mutants of p53C. However, the ratio of ANS/ThT fluorescence for the wild-type and
R175H mutant remained constant. KCI also suppressed the structural transition and loss
of the DNA-binding function of p53C. These observations indicate the existence of multiple
steps of p53C aggregation, probably coupled with the dissociation of Zn. Notably,
amorphous aggregates and amyloid aggregates have distinct properties that could be
discriminated by various small additives upon aggregation.

Keywords: thioflavin-T, tumor suppressor p53, amyloid aggregation, DNA-binding domain, p53 core domain,
amorphous aggregation

INTRODUCTION

The oncogenic suppressor protein p53 is a transcription factor that induces the expression of genes
involved in the DNA repair process when DNA damage occurs, or that induces apoptosis when DNA
damage is severe. Thus, p53 is called “the guardian of the genome” because it prevents cells from
tumorigenesis (Lane, 1992). Reduced p53 function is shown to promote cancer, and half of all cancers
show mutations in p53.

p53 harbors three functional/structural domains—the DNA-binding domain or core domain
(p53C), the transcriptional activation domain, and the tetramerization domain. Particularly
common mutations in cancer are called hotspot mutations, which are frequently observed in the
p53C (Olivier et al.,, 2002; Bouaoun et al., 2016; Wang et al., 2016). p53 with hotspot mutations is
further classified into two classes: contact mutants and structural mutants (Wong et al., 1999; Bullock
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et al., 2000; Ishimaru et al., 2003b; Hibino and Hiroaki., 2022).
Some severe p53 mutants are no longer able to bind to their native
target DNA sequence (Kim and Lozano, 2018).

p53C is aggregation-prone (Ishimaru et al., 2003a) and its
aggregative tendency increases with hotspot mutations
(Ishimaru et al., 2003a; Pedrote et al.,, 2018). At least two
types of p53C aggregates—amorphous-like aggregates and
amyloid-like aggregates—have been reported. However, the
detailed mechanisms of the aggregation processes, including
whether the amorphous and amyloid aggregates form
simultaneously or distinctly, remain unclear (Ishimaru et al.,
2004; Ghosh et al., 2017; Yang et al.,, 2021). Moreover, many
hotspot mutations seem to represent dominant negative
phenotypes, such that the functional wild-type p53 proteins
are entrapped in the aggregates formed by the mutant
molecules, and these aggregates even propagate to gain
certain toxicity (Ano Bom et al, 2012; Wang and Fersht,
2015; Garg et al.,, 2020). Accordingly, it is assumed that the
Zn coordinating to p53 can contribute to the structural
stabilization of p53, whereas the removal of Zn destabilizes
the overall structure (Duan and Nilsson, 2006). The dissociation
of Zn triggers overall aggregation (Butler and Loh, 2003). A
process of the structural transition between Zn-binding form
and unstructured form without Zn of p53 can be monitored by
the change in fluorescence of tryptophan and tyrosine residues
in the p53 polypeptide (Rangel et al., 2019).

Accordingly, a therapeutic strategy of inhibiting p53
aggregation (Shigemitsu and Hiroaki, 2018) has been
challenged by many research groups, and several candidates
have been reported, including ReAC peptide, resveratrol,
PRIMA-I, pk9318, and so on (Soragni et al., 2016; da Costa
et al.,, 2018; Bauer et al., 2019; Rangel et al.,, 2019). We also
hypothesize that some sugars and/or osmolytes can inhibit p53
aggregation by stabilizing the monomeric p53 molecules,
similar to the osmolyte inhibition of Ap (1-42) fibril
formation, which we previously reported (Iwaya et al., 2020).

Thus, we further attempt to describe a mechanism for
suppressing p53 aggregation to maintain its function, because
p53 is aggregation-prone even in the wild-type, and the p53
aggregates can propagate and inactivate healthy p53 molecules,
which results in a dominant negative phenotype (Iwashita et al.,
2018; Shiraki et al., 2020).

In this study, we focused on several additives (salts and
osmolytes), which are important for cell maintenance. We
have previously studied the effects of osmolytes and phenolic
compounds on amyloid aggregation of AP (Iwaya et al., 2020).
Thus, we decided to investigate the effect of small molecules that
control p53 aggregation. The aggregation tendencies of p53 in the
presence and absence of various additives, including potassium
ion and glucose, were investigated for wild-type p53C (p53C-wt)
and p53C R175H (p53C-R175H). The R175H mutation is one of
the hotspot mutations classified as a structural mutation and has
been reported to promote aggregation (Butler and Loh, 2003). We
employed two different fluorescent dyes simultaneously: 8-
(phenylamino)-1-naphthalenesulfonic acid (ANS), which can
detect amorphous aggregates, and Thioflavin T (ThT), which
can detect amyloid aggregates (Khan et al., 2014).

Osmolytes Regulate p53C Aggregation

We succeeded in reproducing the result that the amorphous
aggregates could be suppressed in a concentration-dependent
manner by KCl, as reported previously (Kovachev et al., 2017).
However, we found that KCI did not affect the formation of the
amyloid aggregates of the p53C-wt, and even accelerated the
formation of amyloid of p53C-R175H. All salts examined in this
study increased the ratio of ThT/ANS fluorescence, whereas
glucose and trehalose did not affect the ThT/ANS ratio.
Moreover, under conditions of promoted amyloid aggregation,
the ability of DNA binding was retained. The relationship
between Zn binding and DNA binding activity upon p53C
aggregation is further discussed.

MATERIALS AND METHODS

Protein Expression and Purification

The expression vector for the recombinant GST-tagged form of
the DNA-binding domain of p53 (residues 94-312) was
constructed. To prepare a plasmid for p53C-wt expression, the
genomic sequence encoding the corresponding amino acid
sequence was amplified with two primers designed from
human adult normal kidney cDNA (BioChain Institute,
Hayward, CA, United States) and placed into pGEX-6P-3
(Cytiva, Tokyo, Japan) using an In-Fusion HD Cloning Kit
(Takara bio, Kusatsu, Japan) according to the manufacturer’s
protocol. To prepare a plasmid for p53C-R175H expression, two
complementary oligonucleotides with the mutated sequence were
used as primers to introduce a mutation that replaced the amino
acid encoding Argl75 with His. The protein was prepared by
expression in Escherichia coli BL21 (DE3), and the cells were
cultured in LB medium. Isopropyl-B-D-thiogalactopyranoside
was added at an ODgy of approximately 0.6 to a final
concentration of 0.2 mM, and the cells were incubated at 20°C
overnight. The harvested cells were resuspended in lysis buffer
(20 mM phosphate buffer, pH 6.0, 300 mM NaCl) and disrupted
by sonication. The supernatant was applied to a DEAE-Sepharose
(Cytiva) column and affinity purified using Glutathione
Sepharose 4 Fast Flow (Cytiva) chromatography. The GST tag
was removed by HRV 3C protease on beads. The protein was
subsequently purified by size exclusion chromatography using a
HiLoad 26/60 Superdex 75pg (Cytiva) in 20 mM phosphate
buffer, pH 6.0, 140 mM NaCl, and 1 mM dithiothreitol (DTT).
After purification, the sample was concentrated on an
ultrafiltration membrane and stored at —80°C. For use, the
samples were dialyzed in an assay buffer of 20 mM Tris-HCI
and 1 mM DTT at pH 7.3. After dialysis, the supernatant was
separated by centrifugation at 15,000 xg at 4°C for 2 min and
placed on ice until just before use.

Fluorescence Measurements on a
Fluorescence Spectrophotometer

The aggregation of p53C was monitored by fluorescence
enhancement upon both ANS (Sigma-Aldrich; Merck KGaA)
and ThT (Sigma-Aldrich) binding (Yoshimura et al, 2012;
Adachi et al., 2015; So and Yoshimura, 2020). ANS and ThT
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were added simultaneously to contain 10 and 20 pM, respectively,
and the concentration of the p53 protein was 4 puM. The
measurement samples were prepared at room temperature
within 2 min, aliquoted into a quartz cell pre-warmed with the
cell holder to 37°C in an F-7000 fluorescence spectrophotometer
(Hitachi High-Tech Co., Tokyo, Japan), and measured
immediately using the FL Solutions program of the
instrument. The fluorescence intensity was measured every
2 min for 1h. The fluorescence wavelength was set to 485 nm,
the excitation spectrum was scanned, and the values at 375 and
445 nm were extracted as the fluorescence of ANS and ThT,
respectively.

Fluorescence Measurements on Microplate

Reader

The ANS/ThT values after 60 min of aggregation were measured
with an EnSpire Multimode Plate Reader (PerkinElmer Inc.,
Waltham, MA, United States). The p53C solution at a
concentration of 4 uM with 10 pM ANS and 20 uM ThT was
prepared on a black 96-well plate (OptiPlate-96 F; PerkinElmer
Inc.) on ice and measured before incubation to use as the blank.
After incubation at 37°C for 1h, the reaction was stopped by
placing the plate on ice. The excitation wavelength was set to 375
and 445 nm for ANS and ThT, respectively, and the detection
wavelength was set to 485 nm for both fluorophores. Each sample
was measured three times, and the average of the measurements
was used as a single datum. The samples were # = 3, and the mean
and standard deviations were calculated.

Fluorescence Microscopy

p53C solution at a concentration of 4 uM was incubated on a
transparent 96-well microplate (AGC Techno Glass Co., Ltd,,
Shizuoka, Japan) for 2 h at 37°C. Both ThT and ANS were added
to a concentration of 40 pM, and observation was performed. The
fluorescence images were obtained at x10 magnification using
fluorescence microscopy (IX-71; Olympus, Tokyo, Japan).

Nanoparticle Tracking Analysis

After aggregation, all samples were diluted 100 times in a buffer of
20 mM Tris-HCl and 1 mM DTT at pH7.3 to a final volume of
1ml. Measurements on Nanosight NS300 (Malvern,
United Kingdom) were executed according to the
manufacturer’s software manual. The measurements were
performed at 25°C. The sample solution was collected in a
1 ml disposable syringe and measured while pumping with a
syringe pump. The NTA 2.3 software was used for video capture
and data analysis. The data of the five measurements were
averaged, and the standard deviation was calculated.

DNA Binding Assay

The DNA to bind p53 was prepared by introducing AGGCAT
GCCTAGGCATGCCT (Chen et al.,, 2010) into pGEX-6P-3 using
an In-Fusion HD Cloning Kit. DNA of 100 bp length containing
this sequence was amplified using PCR and purified using a
Wizard SV Gel and PCR Clean-Up System (Promega, Madison,
WI, United States). A solution of 4 uM p53C was incubated at

Osmolytes Regulate p53C Aggregation

37°C, and a part was sampled at the appropriate time and placed
on ice. When all sampling was completed, 20 ng of purified
100 bp DNA was added, and then the samples were run on a
6% TBE gel. The gel was stained with ethidium bromide and
detected on a LED transilluminator (GELmieru; FUJIFILM
Wako, Osaka). The band intensities were analyzed using
Image] software.

Nuclear Magnetic Resonance

A solution of 15 uM p53C in a buffer of 20 mM phosphate and
10% (v/v) D,0O at pH 7.3 was incubated at 37°C and placed on ice.
A deuterated glucose (Cambridge Isotope Laboratories, Inc.,
Andover, MA, United States) was used as a glucose for NMR
measurements. One-dimensional 'H-NMR was measured at 15°C
on a 900 MHz NMR spectrometer (Avance III; Bruker, Karlsruhe,
Germany) equipped with a cryogenic triple-resonance probe. All
NMR data were obtained using Topspin software and analyzed
using NMRPipe software packages.

Tryptophan and Tyrosine Fluorescence

Measurements

The fluorescence intensity of tyrosine and tryptophan to detect
the structural transition of p53C was monitored on an F-7000
fluorescence spectrophotometer. The concentration of the p53
protein was 4 uM. The measurement samples were prepared at
room temperature within 2 min, entered into a quartz cell pre-
warmed to 37°C with the cell holder in the fluorescence
spectrophotometer, and immediately measured using the FL
Solutions program of the instrument. The fluorescence
intensity was measured every 2min for 1h. The excitation
wavelength was set to 280 nm, the fluorescence spectrum was
acquired, and then the ratio of the value at 333 nm to the value at
305 nm was calculated.

RESULTS

KCI Promotes p53C-R175H Amyloid
Aggregation

The wild-type of p53C (p53C-wt) and R175H mutant of p53C
(p53C-R175H), which is a type of hotspot mutation, were
reported to aggregate (Butler and Loh, 2003). First, we
monitored the aggregation of p53C using two kinds of
fluorophores: ANS and ThT. The fluorescence intensity of
ANS increases in hydrophobic environments and that of
ThT increases by binding to cross- sheet structures, which
is characteristic of amyloid structures (Khan et al., 2015). As a
result, the fluorescence intensity of both ANS and ThT
increased with time; we were able to reproduce these
previous reports (Figures 1A-D). We then examined the
effect of the presence of KCl, a type of charged osmolyte in
cells, on the aggregation of p53C-wt and p53C-R175H. The
increase in the fluorescence intensity of ANS was reduced
(Figures 1A,B). Although p53C-wt could not increase or
decrease the fluorescence intensity of ThT (Figure 1C),
p53C-R175H caused a increase in ThT fluorescence intensity
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FIGURE 1 | (A-D) Effect of KCl on aggregation of p53C-wt and p53C-R175H. p53C solution was aggregated at 37°C in the absence of KCI (black), with 200 mM

KCI (orange), or with 400 mM KCI (cyan), and the values were plotted every 2 min. (A) ANS fluorescence in p53C-wt; (B) ANS fluorescence in p53C-R175H; (C) ThT
fluorescence in p53C-wt; and (D) ThT fluorescence in p53C-R175H. (E) The ratio of ThT to ANS of p53C-wt (gray, open circle) and p53C-R175H (black, solid circle) were
plotted against the concentration of KCI. (F) Results of NTA. The size of the aggregates of p53C-wt and p53C-R175H formed in the absence of KCl or in 400 mM

KClwas divided into 200 nm increments. (G,H) The number of particles in the size range 0-199 nm is plotted on the horizontal axis and the number of particles in the size
range 200-999 nm on the vertical axis for p53C-wt (G) and p53C-R175H (H), respectively. The data are identical to those in Panel (F). Black is in the absence of KCI, and
cyan is under 400 mM KCI.
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(Figure 1D). There was concern that these fluorescence
fluctuations were due to the ionic effect of 400 mM KCI.
Thus, we examined the effect of KCl in the presence of

either p53C-wt or p53C-R175H. For ANS fluorescence,
approximately 180% and 140% fluorescence enhancement
were observed against non-aggregated p53C-wt and p53C-
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R175H, respectively. In contrast, approximately 55% and 45%
reduction of ThT fluorescence were observed (Supplementary
Figures S2A,B). We showed the normalized fluorescence
changes upon aggregation of p53C-wt and p53C-R175H
monitored by ANS or ThT (Supplementary Figures S2C,D).
Taking all these effects into consideration, we confirmed the
tendency of the salt-dependent suppression of the ANS
fluorescence and the salt-dependent enhancement of ThT
fluorescence. To analyze the change in the ratio of ANS and
ThT based on the concentration of KCl, we measured the
increased ANS and ThT fluorescence values on the
microplate for high-throughput analysis. p53C solution was
aggregated for 1 h at 37°C on a 96-well microplate, and we
plotted the calculated value of ThT/ANS on the vertical axis
and the concentration of KCl on the horizontal axis. The results
showed that the value of ThT/ANS increased in a KCI
concentration-dependent manner and that the values were
similar for p53C-wt and p53C-R175H (Figure 1E).

To clarify the difference in the shape of aggregates with and
without 400 mM KCI, we tried to observe the aggregates stained
with ANS and ThT by fluorescence microscopy. Aggregates
stained with ThT were so few in both p53C-wt and p53C-
R175H that they were not visible under fluorescence
microscopy at 10-fold magnification, but aggregates stained
with ANS were visible. Under conditions without KCI, the
aggregates of p53C-R175H were larger than those of p53C-wt
(Supplementary Figures S1A,B). In the 400 mM KCl condition,
both p53C-wt and p53C-R175H mutants showed much less
aggregation (Supplementary Figures S1CD), which was
consistent ~ with  the results of the fluorescence
spectrophotometer experiments.

Fluorescence microscopy suggested that the morphologies of
the p53C-wt and p53C-R175H aggregates differed and were
dependent on salt concentrations. Therefore, to analyze the
aggregate size in detail, an NTA assay was performed. We
incubated the p53C solution at a concentration of 4 uM for
1h at 37°C and then placed it on ice to stop aggregation. To
allow for proper NTA analysis, the samples were diluted 100-fold
after aggregation and then assayed (Supplementary Figure S3).
To facilitate understanding of the measurement results, the
number of particles observed at each 200 nm was summed
(Figure 1F). The results showed that in 0 mM KCI, p53C-wt
had approximate equal amounts of 0-199 nm and 200-399 nm
particles, whereas in 400 mM KCIl, the majority of p53C-wt
particles were 0-199nm. The aggregates of p53C-R175H
under 0 mM KCI conditions were larger than those of p53C-
wt, and there were more particles larger than 200 nm than those
under other conditions. The aggregates of p53C-R175H and
p53C-wt in 400 mM KCI showed mostly 0-199 nm particles.

For further analysis, the number of particles with a size of
0-199 nm was plotted on the horizontal axis and the number of
particles with a size of 200 nm or larger was plotted on the vertical
axis (Figures 1G,H). Both p53C-wt and p53C-R175H shifted to
the lower right; that is, the particle size became smaller with an
increase in salt concentration.

The relationship between the aggregation conditions and the
size of the aggregates was consistent with that observed by

Osmolytes Regulate p53C Aggregation

fluorescence microscopy, although particles with a size of less
than 20 uM observed in the fluorescence microscopy could not be
detected because they were beyond the detection limit of the
NTA assay.

The Effects of Other Charged Osmolytes

and Uncharged Osmolytes

The aggregation-inhibiting and aggregation-promoting effects
of salt follow the Hofmeister series. To clarify the Hofmeister
effect on the aggregation of p53C, chloride salts of Na*, NH,",
and Rb* or potassium salts of CH;COO™ and Br~ were added.
According to Hofmeister (1888), anions Br~, Cl, and
CH;COO7, in that order, and cations NH,", Rb*, K*, and
Na', in that order, are more effective in salting out proteins.
Upon aggregation in a 96-well microplate at 37°C for 60 min,
both p53C-wt and p53C-R175H exhibited a similar fluorescence
ratio of ThT/ANS in the presence of each tested salt (Figure 2A;
Supplementary Figure S4). Further, the order of the strength of
the salting-out effect did not correspond to the order of the
increase or decrease in ANS or ThT, suggesting that the
inhibition of aggregation was different from that observed in
other amyloids due to the salting-in and salting-out effects of
ions (Rabbani et al., 2012).

We then examined the effects of glucose (Glc) and trehalose
(Trh) on p53 aggregation; these uncharged osmolytes reportedly
affect protein aggregation (Iwaya et al., 2020). Since Glc and Trh
are monosaccharide and disaccharide, respectively, a
concentration of 200 mM was adopted for Trh to match the
monosaccharide concentration (Rabbani and Choi, 2018). As in
the case of charged osmolytes, we calculated the ratio of ThT/
ANS. The results showed that neither Glc nor Trh had any effect
on the ratio of ThT/ANS after 60 min of aggregation of p53C
(Figure 2B). The changes in the fluorescence intensity of ANS
and ThT were measured over time using a fluorophotometer, and
we found that the values of both ANS and ThT showed an
increasing tendency (Figures 2C-F). Since the fluorescence
intensity of ANS and ThT increased in a similar manner, the
ratios were close.

The DNA-Binding Activity of p53 is Retained
by Osmolytes

Since p53 is a transcription factor, its binding to DNA is
essential for its function. To evaluate the effect of KCl on
this protein-DNA binding, we performed a gel shift assay. A
graphical overview of the experiment is shown in Figure 3A. A
p53C solution at a concentration of 4 uM was prepared on ice
and incubated at 37°C for 30, 60, 90, and 120 min for the p53C-
wt and 5, 10, 15, and 20 min for the p53C-R175H, and then
placed on ice again to stop p53C aggregation. The DNA for the
assay was a 100-bp sequence that contained a p53C binding site,
which was amplified by PCR and purified. The sample was
placed on ice and mixed with the 100 bp DNA, and the KCI
concentration was adjusted so that the final concentration of
KCI was 200 mM, a concentration at which the salt had no effect
on p53C-DNA binding (Ishimaru et al., 2009). The DNA was
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(C-E) Effect of glucose and Trh on aggregation of p53C-wt and p53C-R175H. The data for non-additives are identical to those in Figures 1A-D, and have been redrawn
for comparison. p53C solution was aggregated at 37°C with 400 mM Glc (magenta) or with 200 mM Trh (light green), and the values were plotted every 2 min. (C) ANS
fluorescence in p53C-wt; (D) ANS fluorescence in p53C-R175H; (E) ThT fluorescence in p53C-wt; and (F) ThT fluorescence in p53C-R175H. The inset of (C,D) is

also mixed after aggregation because binding to DNA and RNA
stabilizes p53 and inhibits aggregation (Palecek et al., 1997;
Ishimaru et al., 2009; Silva et al., 2010; Kovachev et al., 2017).
After electrophoresis of the mixture of p53C and DNA on a TBE
gel, the gel was stained with ethidium bromide to detect DNA
bands, and the protein complex fraction and the unbound DNA
fraction were analyzed and normalized by binding rate (Figures
3B,C; Supplementary Figure S5). Unless they were exposed to
37°C, we confirmed that not only p53C-wt but also p53C-R175H
retained their DNA-binding capacity. We also found that the
DNA-binding activities of p53C-wt and p53C-R175H in
samples with no additives were lost because of aggregation.
As expected, both p53C-wt and p53C-R175H with KCl retained
their DNA-binding ability. The addition of Glc also kept the
DNA binding activity of p53C-wt equivalent to that of KCL.
However, Glc was not as effective as KCl in maintaining the
DNA-binding activity of p53C-R175H. Intriguingly, the DNA-
binding activity of p53C-wt was maintained under the

conditions of a high ratio of ThT/ANS or increased ThT
fluorescence.

Detection of Structural Transition by

One-Dimensional 'H-NMR

To detect the aggregation details of p53C-wt and p53C-R175H
with and without KCl or Glc, we obtained one-dimensional
"H-NMR spectra. In the NMR experiment, the structure of the
monomer should be detectable because the aggregates increase in
molecular weight, with the peaks broadening, and should not be
detected. Almost all experiments were performed at a protein
concentration of 4pM, but NMR was performed at a
concentration of 15uM to increase the signal-to-noise ratio.
To suppress the appearance of peaks other than p53C in the
ID-NMR spectrum, phosphate buffer and deuterated glucose
were substituted for Tris-HCI buffer and glucose, respectively,
and DTT was not added. Samples were prepared on ice and
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incubated at 37°C for 15 or 30 min for the p53C-wt, 5 or 10 min
for the p53C-R175H, and then placed back on ice to stop
aggregation, followed by NMR measurements at 15°C. Note
that we checked separately that the NMR spectrum of p53C
did not change for at least 16 h at 15°C. To capture slight changes
in proteins, we focused on the amide proton region, which reflects
subtle changes around the amino acids that constitute the protein.
We initially monitored the structural changes associated with the
aggregation of p53C-wt and p53C-R175H without any small
additives. A comparison of p53C-wt and p53C-R175H without
additives revealed no significant differences in the peak patterns,
but sharper peaks were observed for p53C-wt (Figures 4A,D).
The peak intensities of both p53C-wt and p53C-R175H decreased
markedly over time, probably due to the increase in molecular
weight caused by aggregation and the marked decrease in
mobility.

With the addition of Glc, there was an increase in peak
intensity in both p53C-wt and p53C-R175H, prominent in
p53C-R175H (Figures 4B,E). The peaks of p53C-wt with Glc
were still detectable after 30 min. However, the peak intensity of
p53C-R175H with Glc decreased at the 5-min time point, as with
the samples with no additives.

These results of 1D '"H-NMR experiments for Glc are
consistent with those of the DNA binding assay, which
showed that p53C-wt retained its DNA-binding ability in the
presence of Glc, whereas p53C-R175H with Glc or samples with
no additives lost that ability.

The patterns of the spectra of both p53C-wt and p53C-R175H
under 400 mM KCl conditions were different from those under
non-additive conditions before aggregation (Figures 4C,F). In
the 400 mM KCI condition, a decrease in peak intensity due to

aggregation was observed, as in the non-additive condition, but
there was no change in the pattern of peaks due to aggregation for
both p53C-wt and p53C-R175H. The peaks of p53C-R175H with
KCl were still observable after 5 min.

Considering these results together, we propose that the DNA-
binding ability of both p53-wt and p53-R175H can be retained by
the addition of KCI, and that both the residual peaks and the peak
pattern observed in this study might be related to the DNA-
binding structure of p53C.

Detection of Structural Transition by

Tryptophan Fluorescence Spectroscopy
The substitution of the 175th arginine with histidine makes it
difficult for the Zn ion to coordinate (Butler and Loh, 2003). The
structural transition due to Zn removal can be monitored by the
change in the ratio of the fluorescence intensity at 305-333 nm
when excited at 280 nm. We monitored the structural transition
of p53C-wt in the presence and absence of EDTA, as well as that
of p53C-R175H without additives (Figure 5A). The profile of
p53C-wt with EDTA was close to that of p53C-R175H. The
plateau value of p53C-R175H seemed to be the endpoint of the
Zn-dislocated structure.

Subsequently, we also monitored p53C-wt and p53C-R175H
with 400 mM KCl and 400 mM Glc to reveal the effects of those
additives on the structural transition (Figures 5B,C). The results
showed that KCl suppressed the structural transition in both
p53C-wt and p53C-R175H. Glc also suppressed the structural
transition, but the ratio of the final structural transition in p53C-
wt was also reduced, whereas in p53C-R175H, the structural
transition slowed down, but the ratio of the final structural
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FIGURE 4 | The subtle structural changes associated with the aggregation of the p53C solution were monitored by 1D "H-NMR. (A=C) 1D "H-NMR spectra of
p53C-wt at 0, 15, and 30 min, without additives (A), with 400 mM deuterated Glc (B), or with 400 mM KCI (C). (D-F) 1D "H-NMR spectra of p53C-R175H at 0, 15, and
30 min, without additives (D), with 400 mM deuterated Glc (E), or with 400 mM KCI (F).

transition was almost the same as that with no additives. These
results are consistent with the observations of NMR experiments,
although the protein concentrations were different. This result
showed that KCI and Glc could interfere with the structural
change due to the loss of Zn.

DISCUSSION

In this study, we introduced an unconventional experimental
strategy to simultaneously monitor p53C aggregation by two
different fluorescent probes: ThT and ANS. Some of the results
were further assessed using two additional biophysical methods:
NTA and NMR. As far as we know, this simultaneous

employment of two different fluorescence probes is not
popular, probably because its merit is unclear. However, while
monitoring p53C aggregation with a single fluorescent probe
provides only limited information, the use of multiple fluorescent
probes and measuring the excitation spectrum of fluorescence at
485 nm provides various information (Yoshimura et al., 2012;
Adachi et al., 2015; So and Yoshimura, 2020). It should be noted
that ANS has been reported to increase its fluorescence intensity
by binding to the solvent exposed hydrophobic cluster, thereby
useful for detecting molten-globules. In this study, we employed
ANS to monitor amorphous-like aggregates since it has been
reported to be useful to monitor aggregated state (Hawe et al.,
2008). We reproduced these previous results by observing a
decrease in the fluorescence intensity of ANS upon KCl
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FIGURE 5 | The structural transition was monitored from the ratio of the
fluorescence intensity at 333-305 nm when excited at 280 nm. (A) Time
course of the ratio of the fluorescence intensity at 333 nm to that at 305 nm for
p53C-wt without additives (black, open circle), p53C-wt with 5 mM
EDTA (yellow), and p53C-R175H without additives (black, solid circle). (B,C)
Time course of the ratio of the fluorescence intensity at 333 nm to that at
305 nm for p53C-wt (B) and p53C-R175H (C) without additives (black), with
400 mM KCI (cyan), and with 400 mM Glc (magenta). The data for non-
additives are identical to those for Panel (A) and have been redrawn for
comparison.

addition; however, the ThT fluorescence of p53C-R175H
increased. Subsequently, we focused on the unique feature of
the ratio of the fluorescence of ThT/ANS. Interestingly, although
the ratio of p53C-wt or p53C-R175H varied according to the
different additives, the ratios were always constant between
p53C-wt and p53C-R175H. In other words, only the difference
in ions affected the ratio of ThT/ANS, regardless of the mutation

Osmolytes Regulate p53C Aggregation

on the p53 polypeptide. We assumed that the ratio of ThT/ANS
may roughly reflect the ratio of the amount of amyloid-like and
amorphous-like aggregates in the system. Thus, according to the
basic theorem of chemical reaction kinetics, the ratio is
considered to reflect the difference in the relative
thermodynamic stability of amyloid-like and amorphous-like
aggregates (Thakur et al, 2017). Our observation partially
suggested that the amino acid substitution of R175 to H did
not affect this difference in the stability of amyloid and
amorphous aggregates, whereas R175H only affected the
transition states between the folded monomeric p53C (wt and
mutant) and each aggregate. Thus, our proposed method, in
which simultaneous monitoring of amorphous and amyloid was
further analyzed by ThT/ANS fluorescence ratio, is useful for
investigating the pathway and the mechanism of p53C
aggregation.

We observed both the common and unique effects of the additives
KCl and Glc on p53C aggregation. An increase in ThT fluorescence
of p53C-R175H was observed upon the addition of KCl and Glc. By
contrast, for ANS fluorescence, the opposite responses were observed
for KCl and Glc. KCI contributed to reduce amorphous-like aggregate
of p53C that were monitored by ANS fluorescence, fluorescent
microscopy, and NTA particle analyzer, probably because KCI
could suppress the denaturation of p53C. Since ANS binds
exposed hydrophobic regions of proteins (Cardamone and Puri,
1992), the increase in ANS fluorescence is attributed to its
binding of either the denatured states or amorphous aggregates
(Rabbani et al, 2011). Both additives (KCl and Glc) sharpened
the "H NMR signals of p53C-wt and p53C-R175H. Taking all
these observations into account, KCl and Glc may stabilize the
monomeric p53C species, whereas only Glc can stabilize the
amorphous aggregate. Thus, the ratio of ThT/ANS fluorescence of
p53C-wt and p53C-R175H remained constant with the addition
of Gle.

Among the many pathologically relevant hotspot mutants of
p53, p53C-R175H, which is classified as a structural mutant, is
prone to release the Zn ion, since R175 is spatially close to the
coordination site (Butler and Loh, 2003). Zn ions are involved in
the DNA-binding activity of p53C (Pavletich et al., 1993). We also
reproduced the loss of the DNA-binding ability of p53C-R175H
5min after aggregation initiation, whereas the DNA-binding
ability of p53C-wt remained for 60-90 min. We examined the
DNA-binding ability of p53C-wt and p53C-R175H in the
presence of KCl and Glc. Surprisingly, the DNA-binding
ability of p53C-wt in the presence of KCl and Glc remained at
a high level for a long time. Notably, at both conditions, the level
of amyloid-like aggregation did not change or even slightly
increased, whereas the amorphous aggregates changed in the
opposite directions, decreasing (KCl) or increasing (Glc). We
concluded that p53C retained its function despite conditions that
increased amorphous or amyloid aggregate formation. In other
words, an increase in ANS and ThT fluorescence is not directly
linked to the loss of the DNA-binding function of p53C. By
contrast, the DNA-binding activity of p53C seemed to be related
to the proportion of the Zn-coordinating native-like structure
monitored by tryptophan fluorescence. We hypothesize that the
aggregation process of p53C may contain at least two steps, and
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that the dissociation of Zn seems prior to either amorphous-like
or amyloid-like aggregation.

In the 1ID-NMR experiments, p53C showed different spectra in
the absence of additives, the presence of 400 mM KCl, and that of Glc.
Both KCl and Glc were considered to act on the monomer molecules
as stabilizers for the native structure, since many shaper peaks were
observed in the presence of these additives. In the case of p53C-
R175H, both additives promoted amyloid-like aggregation. Thus, we
assumed that p53C forms amyloid aggregates without undergoing a
structural transition from its -sheet-rich monomeric structure, in
contrast to other amyloidogenic proteins that undergo a structural
transition from their native conformation prior to amyloid
formation. Our putative explanation is that stabilizing the Zn-
bound form promotes an increase in amyloid-like aggregation.
The addition of sugar, especially to p53C-wt, increased the DNA-
binding ability, suggesting that the native structure of p53C-wt was
stabilized by Glc. However, we observed an increase in ANS
fluorescence upon sugar addition, probably because sugar
stabilizes the denatured state in the monomeric state and prevents
aggregation. The increase in the surface area of p53C may have
facilitated ANS binding, resulting in a significant increase in ANS
fluorescence. High concentrations of sugars have been shown to
inhibit amyloid fibril formation of AP (1-42), probably by stabilizing
the compact conformation (Iwaya et al., 2020). We assumed that the
effect of sugars on p53C was not the case in this study.

Given the structural transition of p53C-wt and p53C-R175H
revealed by tryptophan fluorescence, we further assessed the
relationship between Zn coordination and the additives. When
EDTA was added to p53C-wt to sequester Zn ions, the 333 nm/
305 nm fluorescence intensity ratio increased to a plateau value
similar to that of p53C-R175H. The fluorescence ratio (333 nm/
305 nm) of p53C-wt was suppressed by KCl and Glc, and the ratio
(333 nm/305 nm) of p53C-R175H was suppressed by KCl. In all
these conditions, the DNA-binding activity of both p53C-wt and
p53C-R175H was retained, which suggests that the function of p53-
wt is maintained by various small molecules in the cell unlike the
in vitro system. Note that full-length p53 form liquid-liquid phase
separation (LLPS) (Safari et al., 2019) as well as p53C (Petronilho
etal,, 2021); LLPS is considered to be a precursor to aggregation (Patel
et al,, 2015; Shin and Brangwynne, 2017). Since aggregation of full-
length p53 has been also observed in cancer cells, the findings on
p53C in our study may reflect the behavior of full-length p53.

To summarize the molecular mechanisms above, we illustrated a
schematic diagram (Figure 6). For p53C-wt, both KCl and Glc
showed an increase in the Zn-bound monomer of DNA-binding
activity. We assumed that KCl inhibited the two processes—the
dissociation of Zn and the denaturation of p53C-wt. For p53C-
R175H, KCl increased the DNA binding of the Zn-bound monomer.
Although the denaturation was not inhibited by Glc, the increase in
monomer molecules suggests that it stabilized the monomer,
regardless of whether it was a native or denatured structure.
Therefore, we speculate that amyloid aggregates increase due to
an increase in the number of molecules that have a native
structure but are devoid of Zn. Further investigations are
necessary to elaborate on such details of p53C aggregation.

The DNA-binding activity of p53 is indispensable for
physiological p53 function as a guardian of the genome that

Osmolytes Regulate p53C Aggregation

prevents cells from carcinogenesis. We found that the
relationship between the DNA-binding activity of p53C and
aggregate formation is not straightforward to explain by any
single experimental method. Since the structural transition is
followed by the formation of amorphous aggregates, the
structural transition should become a primary target for
preventing p53 aggregation. By contrast, amyloid-like aggregates
seem less important in the process of the loss of p53 function,
although the prion-like transmission hypothesis of p53 amyloid is
still attractive (Ghosh et al., 2017). There are various methods for
monitoring p53 aggregation and denaturation, and all the results of
each method are often inconsistent. We are also aware that the gel
shift assay is not a perfect method, since the additives themselves
may affect the DNA-binding process. Nevertheless, it is necessary to
analyze p53 aggregation in a combined approach that uses different
biochemical and biophysical methods with various small additives.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

Conceptualization, EH and HH; Investigation, EH; Data curation,
EH and HH; Resources, EH; Formal analysis, EH; Visualization,
EH; Writing-original draft, EH and HH; Writing-review and
editing, EH, TT, and HH; Supervision, HH; Project
administration, HH; Funding acquisition, EH. All authors have
read and agreed with the published version of this manuscript.

FUNDING

This work was supported by the Aichi Cancer Research
Foundation and the Uehara Memorial Foundation.

ACKNOWLEDGMENTS

This work was performed in part under the Collaborative
Research Program of Institute for Protein Research, Osaka
University, NMRCR-21-05. This work was partially supported
by collaboration research project of Integrated Radiation and
Nuclear Science,Kyoto University (KURNS) (No.R4109). The
authors would like to thank Scribendi Editing Services
(https://www.scribendi.com/) for the English language
review.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.869851/
full#supplementary-material

Frontiers in Molecular Biosciences | www.frontiersin.org

April 2022 | Volume 9 | Article 869851


https://www.scribendi.com/
https://www.frontiersin.org/articles/10.3389/fmolb.2022.869851/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.869851/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Hibino et al.

REFERENCES

Adachi, M., So, M., Sakurai, K., Kardos, J., and Goto, Y. (2015). Supersaturation-
Limited and Unlimited Phase Transitions Compete to Produce the Pathway
Complexity in Amyloid Fibrillation. J. Biol. Chem. 290, 18134-18145. doi:10.
1074/jbc.M115.648139

Ano Bom, A. P. D,, Rangel, L. P., Costa, D. C. F,, de Oliveira, G. A. P., Sanches, D.,
Braga, C. A, et al. (2012). Mutant p53 Aggregates into Prion-like Amyloid
Oligomers and Fibrils: Implications for Cancer. J. Biol. Chem. 287,
28152-28162. doi:10.1074/jbc.M112.340638

Bauer, M. R, Jones, R. N., Tareque, R. K,, Springett, B., Dingler, F. A, Verdudi, L.,
etal. (2019). A Structure-Guided Molecular Chaperone Approach for Restoring
the Transcriptional Activity of the p53 Cancer Mutant Y220C. Future Med.
Chem. 11, 2491-2504. doi:10.4155/fmc-2019-0181

Bouaoun, L., Sonkin, D., Ardin, M., Hollstein, M., Byrnes, G., Zavadil, J., et al.
(2016). TP53Variations in Human Cancers: New Lessons from the IARC TP53
Database and Genomics Data. Hum. Mutat. 37, 865-876. doi:10.1002/humu.
23035

Bullock, A. N., Henckel, J., and Fersht, A. R. (2000). Quantitative Analysis of
Residual Folding and DNA Binding in Mutant p53 Core Domain: Definition of
Mutant States for rescue in Cancer Therapy. Oncogene 19, 1245-1256. doi:10.
1038/sj.onc.1203434

Butler, J. S., and Loh, S. N. (2003). Structure, Function, and Aggregation of the
Zinc-free Form of the p53 DNA Binding Domain. Biochemistry 42, 2396-2403.
doi:10.1021/bi026635n

Cardamone, M., and Puri, N. K. (1992). Spectrofluorimetric Assessment of the
Surface Hydrophobicity of Proteins. Biochem. J. 282, 589-593. do0i:10.1042/
bj2820589

Chen, Y., Dey, R., and Chen, L. (2010). Crystal Structure of the p53 Core Domain
Bound to a Full Consensus Site as a Self-Assembled Tetramer. Structure 18,
246-256. doi:10.1016/j.5tr.2009.11.011

Ferraz da Costa, D. C., Campos, N. P. C, Santos, R. A., Guedes-da-Silva, F. H.,
Martins-Dinis, M. M. D. C., Zanphorlin, L., et al. (2018). Resveratrol Prevents
p53 Aggregation In Vitro and in Breast Cancer Cells. Oncotarget 9,
29112-29122. doi:10.18632/oncotarget.25631

Duan, J., and Nilsson, L. (2006). Effect of Zn** on DNA Recognition and Stability
of the p53 DNA-Binding Domain. Biochemistry 45, 7483-7492. doi:10.1021/
bi0603165

Garg, A,, Hazra, J. P., Sannigrahi, M. K,, Rakshit, S., and Sinha, S. (2020). Variable
Mutations at the p53-R273 Oncogenic Hotspot Position Leads to Altered
Properties. Biophys. J. 118, 720-728. doi:10.1016/j.bpj.2019.12.015

Ghosh, S., Salot, S., Sengupta, S., Navalkar, A., Ghosh, D., Jacob, R, et al. (2017).
p53 Amyloid Formation Leading to its Loss of Function: Implications in Cancer
Pathogenesis. Cell Death Differ 24, 1784-1798. d0i:10.1038/cdd.2017.105

Hawe, A., Sutter, M., and Jiskoot, W. (2008). Extrinsic Fluorescent Dyes as Tools
for Protein Characterization. Pharm. Res. 25, 1487-1499. doi:10.1007/s11095-
007-9516-9

Hibino, E., and Hiroaki, H. (2022). Potential of rescue and Reactivation of Tumor
Suppressor p53 for Cancer Therapy. Biophys. Rev. 14, 267-275. doi:10.1007/
s12551-021-00915-5

Hofmeister, F. (1888). Zur Lehre von der Wirkung der Salze. Archiv F. Exp. Pathol.
U. Pharmakol. 24, 247-260. doi:10.1007/BF0183816110.1007/bf01918191

Ishimaru, D., Andrade, L. R., Teixeira, L. S. P., Quesado, P. A., Maiolino, L. M.,
Lopez, P. M, et al. (2003a). Fibrillar Aggregates of the Tumor Suppressor p53
Core Domain. Biochemistry 42, 9022-9027. doi:10.1021/bi034218k

Ishimaru, D., Maia, L. F., Maiolino, L. M., Quesado, P. A, Lopez, P. C. M., Almeida,
F. C. L, et al. (2003b). Conversion of Wild-type p53 Core Domain into a
Conformation that Mimics a Hot-Spot Mutant. J. Mol. Biol. 333, 443-451.
doi:10.1016/j.jmb.2003.08.026

Ishimaru, D., Lima, L. M. T. R., Maia, L. F.,, Lopez, P. M., Ano Bom, A. P., Valente,
A. P, etal. (2004). Reversible Aggregation Plays a Crucial Role on the Folding
Landscape of p53 Core Domain. Biophys. J. 87, 2691-2700. doi:10.1529/
biophysj.104.044685

Ishimaru, D., Ano Bom, A. P. D,, Lima, L. M. T. R,, Quesado, P. A., Oyama, M. F.
C., de Moura Gallo, C. v., et al. (2009). Cognate DNA Stabilizes the Tumor
Suppressor p53 and Prevents Misfolding and Aggregation. Biochemistry 48,
6126-6135. doi:10.1021/bi9003028

Osmolytes Regulate p53C Aggregation

Iwashita, K., Mimura, M., and Shiraki, K. (2018). Control of Aggregation,
Coaggregation, and Liquid Droplet of Proteins Using Small Additives. Cpb
19, 946-955. doi:10.2174/1389201020666181204113054

Iwaya, N., Goda, N., Matsuzaki, M., Narita, A., Shigemitsu, Y., Tenno, T., et al. (2020).
Principal Component Analysis of Data from NMR Titration experiment of Uniformly
"*N Labeled Amyloid Beta (1-42) Peptide with Osmolytes and Phenolic Compounds.
Arch. Biochem. Biophys. 690, 108446. doi:10.1016/j.abb.2020.108446

Khan, M. V., Rabbani, G., Ahmad, E., and Khan, R. H. (2014). Fluoroalcohols-
induced Modulation and Amyloid Formation in Conalbumin. Int. J. Biol.
Macromol. 70, 606-614. doi:10.1016/j.ijbiomac.2014.07.027

Khan, M. V., Rabbani, G., Ishtikhar, M., Khan, S., Saini, G., and Khan, R. H. (2015).
Non-fluorinated Cosolvents: A Potent Amorphous Aggregate Inducer of
Metalloproteinase-Conalbumin (Ovotransferrin). Int. J. Biol. Macromol. 78,
417-428. doi:10.1016/j.ijbiomac.2015.04.021

Kim, M. P., and Lozano, G. (2018). Mutant p53 Partners in Crime. Cel Death Differ
25, 161-168. doi:10.1038/cdd.2017.185

Kovachev, P. S., Banerjee, D., Rangel, L. P., Eriksson, J., Pedrote, M. M., Martins-
Dinis, M. M. D. C,, et al. (2017). Distinct Modulatory Role of RNA in the
Aggregation of the Tumor Suppressor Protein p53 Core Domain. J. Biol. Chem.
292, 9345-9357. doi:10.1074/jbc.M116.762096

Lane, D. P. (1992). p53, Guardian of the Genome. Nature 358, 15-16. doi:10.1038/
358015a0

Olivier, M., Eeles, R., Hollstein, M., Khan, M. A., Harris, C. C., and Hainaut, P. (2002).
The IARC TP53 Database: New Online Mutation Analysis and
Recommendations to Users. Hum. Mutat. 19, 607-614. doi:10.1002/humu.10081

Palecek, E., VIk, D., Stanikova, V., Brazda, V., Vojtések, B., Hupp, T. R,, et al. (1997).
Tumor Suppressor Protein p53 Binds Preferentially to Supercoiled DNA.
Oncogene 15, 2201-2209. doi:10.1038/sj.onc.1201398

Patel, A., Lee, H. O., Jawerth, L., Maharana, S., Jahnel, M., Hein, M. Y., et al. (2015).
A Liquid-To-Solid Phase Transition of the ALS Protein FUS Accelerated by
Disease Mutation. Cell 162, 1066-1077. doi:10.1016/j.cell.2015.07.047

Pavletich, N. P., Chambers, K. A., and Pabo, C. O. (1993). The DNA-Binding
Domain of p53 Contains the Four Conserved Regions and the Major Mutation
Hot Spots. Genes Dev. 7, 2556-2564. doi:10.1101/gad.7.12b.2556

Pedrote, M. M., de Oliveira, G. A. P., Felix, A. L., Mota, M. F., Marques, M. d. A.,
Soares, I. N, et al. (2018). Aggregation-primed Molten Globule Conformers of
the p53 Core Domain Provide Potential Tools for Studying p53C Aggregation
in Cancer. J. Biol. Chem. 293, 11374-11387. doi:10.1074/jbc.RA118.003285

Petronilho, E. C., Pedrote, M. M., Marques, M. A., Passos, Y. M., Mota, M. F.,
Jakobus, B., et al. (2021). Phase Separation of p53 Precedes Aggregation and Is
Affected by Oncogenic Mutations and Ligands. Chem. Sci. 12, 7334-7349.
doi:10.1039/d1sc01739j

Rabbani, G., and Choi, I. (2018). Roles of Osmolytes in Protein Folding and
Aggregation in Cells and Their Biotechnological Applications. Int. J. Biol.
Macromol. 109, 483-491. doi:10.1016/j.ijbiomac.2017.12.100

Rabbani, G., Ahmad, E., Zaidi, N., and Khan, R. H. (2011). pH-Dependent
Conformational — Transitions in  Conalbumin  (Ovotransferrin), a
Metalloproteinase from Hen Egg White. Cel Biochem. Biophys. 61, 551-560.
doi:10.1007/s12013-011-9237-x

Rabbani, G., Ahmad, E., Zaidi, N., Fatima, S., and Khan, R. H. (2012). pH-induced
Molten Globule State of Rhizopus Niveus Lipase Is More Resistant against
Thermal and Chemical Denaturation Than its Native State. Cell Biochem.
Biophys. 62, 487-499. doi:10.1007/s12013-011-9335-9

Rangel, L. P., Ferretti, G. D. S., Costa, C. L., Andrade, S. M. M. V., Carvalho, R. S.,
Costa, D. C. F,, et al. (2019). p53 Reactivation with Induction of Massive
Apoptosis-1 (PRIMA-1) Inhibits Amyloid Aggregation of Mutant p53 in
Cancer Cells. J. Biol. Chem. 294, 3670-3682. doi:10.1074/jbc. RA118.004671

Safari, M. S., Wang, Z., Tailor, K., Kolomeisky, A. B., Conrad, J. C., and Vekilov, P. G.
(2019). Anomalous Dense Liquid Condensates Host the Nucleation of Tumor
Suppressor p53 Fibrils. iScience 12, 342-355. doi:10.1016/j.is¢i.2019.01.027

Shigemitsu, Y., and Hiroaki, H. (2018). Common Molecular Pathogenesis of
Disease-Related Intrinsically Disordered Proteins Revealed by NMR
Analysis. J. Biochem. 163, 11-18. doi:10.1093/jb/mvx056

Shin, Y., and Brangwynne, C. P. (2017). Liquid Phase Condensation in Cell
Physiology and Disease. Science 357. doi:10.1126/science.aaf4382

Shiraki, K., Mimura, M., Nishinami, S., and Ura, T. (2020). Effect of Additives on
Liquid Droplets and Aggregates of Proteins. Biophys. Rev. 12, 587-592. doi:10.
1007/s12551-020-00682-9

Frontiers in Molecular Biosciences | www.frontiersin.org

12

April 2022 | Volume 9 | Article 869851


https://doi.org/10.1074/jbc.M115.648139
https://doi.org/10.1074/jbc.M115.648139
https://doi.org/10.1074/jbc.M112.340638
https://doi.org/10.4155/fmc-2019-0181
https://doi.org/10.1002/humu.23035
https://doi.org/10.1002/humu.23035
https://doi.org/10.1038/sj.onc.1203434
https://doi.org/10.1038/sj.onc.1203434
https://doi.org/10.1021/bi026635n
https://doi.org/10.1042/bj2820589
https://doi.org/10.1042/bj2820589
https://doi.org/10.1016/j.str.2009.11.011
https://doi.org/10.18632/oncotarget.25631
https://doi.org/10.1021/bi0603165
https://doi.org/10.1021/bi0603165
https://doi.org/10.1016/j.bpj.2019.12.015
https://doi.org/10.1038/cdd.2017.105
https://doi.org/10.1007/s11095-007-9516-9
https://doi.org/10.1007/s11095-007-9516-9
https://doi.org/10.1007/s12551-021-00915-5
https://doi.org/10.1007/s12551-021-00915-5
https://doi.org/10.1007/BF0183816110.1007/bf01918191
https://doi.org/10.1021/bi034218k
https://doi.org/10.1016/j.jmb.2003.08.026
https://doi.org/10.1529/biophysj.104.044685
https://doi.org/10.1529/biophysj.104.044685
https://doi.org/10.1021/bi9003028
https://doi.org/10.2174/1389201020666181204113054
https://doi.org/10.1016/j.abb.2020.108446
https://doi.org/10.1016/j.ijbiomac.2014.07.027
https://doi.org/10.1016/j.ijbiomac.2015.04.021
https://doi.org/10.1038/cdd.2017.185
https://doi.org/10.1074/jbc.M116.762096
https://doi.org/10.1038/358015a0
https://doi.org/10.1038/358015a0
https://doi.org/10.1002/humu.10081
https://doi.org/10.1038/sj.onc.1201398
https://doi.org/10.1016/j.cell.2015.07.047
https://doi.org/10.1101/gad.7.12b.2556
https://doi.org/10.1074/jbc.RA118.003285
https://doi.org/10.1039/d1sc01739j
https://doi.org/10.1016/j.ijbiomac.2017.12.100
https://doi.org/10.1007/s12013-011-9237-x
https://doi.org/10.1007/s12013-011-9335-9
https://doi.org/10.1074/jbc.RA118.004671
https://doi.org/10.1016/j.isci.2019.01.027
https://doi.org/10.1093/jb/mvx056
https://doi.org/10.1126/science.aaf4382
https://doi.org/10.1007/s12551-020-00682-9
https://doi.org/10.1007/s12551-020-00682-9
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Hibino et al.

Silva, J. L., Vieira, T. C. R. G., Gomes, M. P. B., Bom, A. P. A, Lima, L. M. T. R,,
Freitas, M. S., et al. (2010). Ligand Binding and Hydration in Protein
Misfolding: Insights from Studies of Prion and p53 Tumor Suppressor
Proteins. Acc. Chem. Res. 43, 271-279. d0i:10.1021/ar900179t

So, M., and Yoshimura, Y. (2020). Monitoring Amyloid Fibril Formation with
Thioflavin T Fluorescence. PSSJ Arch. 13, €097.

Soragni, A., Janzen, D. M., Johnson, L. M., Lindgren, A. G., Thai-Quynh Nguyen,
A, Tiourin, E,, et al. (2016). A Designed Inhibitor of p53 Aggregation Rescues
p53 Tumor Suppression in Ovarian Carcinomas. Cancer Cell 29, 90-103.
doi:10.1016/j.ccell.2015.12.002

Thakur, K., Kaur, T., Singh, J., Rabbani, G., Khan, R. H., Hora, R,, et al. (2017).

Spectral Studies, Lectin-Carbohydrate
Interaction, Molecular Cloning and In Silico Analysis. Int. J. Biol.
Macromol. 104, 1267-1279. doi:10.1016/j.ijbiomac.2017.06.123

Wang, G., and Fersht, A. R. (2015). Propagation of Aggregated p53: Cross-Reaction
and Coaggregation vs. Seeding. Proc. Natl. Acad. Sci. U.S.A. 112, 2443-2448.
doi:10.1073/pnas.1500262112

Wang, Z., Jensen, M. A, and Zenklusen, J. C. (2016). A Practical Guide to the
Cancer Genome Atlas (TCGA). Methods Mol. Biol. 1418, 111-141. do0i:10.1007/
978-1-4939-3578-9_6

Wong, K.-B,, DeDecker, B. S., Freund, S. M. V., Proctor, M. R, Bycroft, M., and
Fersht, A. R. (1999). Hot-spot Mutants of p53 Core Domain Evince
Characteristic Local Structural Changes. Proc. Natl. Acad. Sci. US.A. 96,
8438-8442. doi:10.1073/pnas.96.15.8438

Yang, D. S, Saeedi, A., Davtyan, A., Fathi, M., Sherman, M. B,, Safari, M. S, et al.
(2021). Mesoscopic Protein-Rich Clusters Host the Nucleation of Mutant p53

Sauromatum Guttatum Lectin:

Osmolytes Regulate p53C Aggregation

Amyloid Fibrils. Proc. Natl. Acad. Sci. U.S.A. 118, €2015618118. doi:10.1073/
pnas.2015618118

Yoshimura, Y., Lin, Y., Yagi, H., Lee, Y.-H., Kitayama, H., Sakurai, K., et al. (2012).
Distinguishing crystal-like Amyloid Fibrils and Glass-like Amorphous
Aggregates from Their Kinetics of Formation. Proc. Natl. Acad. Sci. U.S.A.
109, 14446-14451. doi:10.1073/pnas.1208228109

Conflict of Interest: HH and TT are the founders of BeCellBar LLC., and TT is
employed by BeCellBar LLC.

The remaining author declares that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hibino, Tenno and Hiroaki. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

13

April 2022 | Volume 9 | Article 869851


https://doi.org/10.1021/ar900179t
https://doi.org/10.1016/j.ccell.2015.12.002
https://doi.org/10.1016/j.ijbiomac.2017.06.123
https://doi.org/10.1073/pnas.1500262112
https://doi.org/10.1007/978-1-4939-3578-9_6
https://doi.org/10.1007/978-1-4939-3578-9_6
https://doi.org/10.1073/pnas.96.15.8438
https://doi.org/10.1073/pnas.2015618118
https://doi.org/10.1073/pnas.2015618118
https://doi.org/10.1073/pnas.1208228109
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Relevance of Amorphous and Amyloid-Like Aggregates of the p53 Core Domain to Loss of its DNA-Binding Activity
	Introduction
	Materials and Methods
	Protein Expression and Purification
	Fluorescence Measurements on a Fluorescence Spectrophotometer
	Fluorescence Measurements on Microplate Reader
	Fluorescence Microscopy
	Nanoparticle Tracking Analysis
	DNA Binding Assay
	Nuclear Magnetic Resonance
	Tryptophan and Tyrosine Fluorescence Measurements

	Results
	KCl Promotes p53C-R175H Amyloid Aggregation
	The Effects of Other Charged Osmolytes and Uncharged Osmolytes
	The DNA-Binding Activity of p53 is Retained by Osmolytes
	Detection of Structural Transition by One-Dimensional 1H-NMR
	Detection of Structural Transition by Tryptophan Fluorescence Spectroscopy

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


