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Fluorescent Biosensor for Detection of the R248Q
Aggregation-Prone Mutant of p53

Morgan Pellerano,” Delphine Naud-Martin,” Florence Mahuteau-Betzer,” Marie Morille,"

and May C. Morris*®

The p53 tumour suppressor and guardian of the genome
undergoes missense mutations that lead to functional inactiva-
tion in 50% of human cancers. These mutations occur mostly
in the DNA-binding domain of the protein, and several of
these result in conformational changes that lead to amyloid-
like protein aggregation. Herein, we describe a fluorescent bio-
sensor that reports on the R248Q mutant of p53 in vitro and in
living cells, engineered through conjugation of an environmen-

Introduction

The p53 protein was first identified in 1979 as a cellular protein
physically associated with the simian virus SV40 large tumour
antigen."™ The subsequent finding that it was abundantly
expressed in many tumours, compared with normal tissue,
suggested that p53 might be a cellular oncogene.®™ Further
studies revealed that p53 was a transcription factor induced by
stress that played an important role in regulating expression of
genes required for DNA repair to preserve DNA integrity, re-
sulting in cell cycle arrest, apoptosis or senescence.* In un-
stressed cells, p53 levels are very low, but are rapidly induced
and stabilised in response to various intra- and extracellular
stresses, including DNA damage, hypoxia, oxidant metabolism,
aging and oncogenic signalling, thereby promoting transcrip-
tion of a wide variety of genes that modulate cellular functions
(such as G1 arrest through induction of p21 or G2 arrest
through induction of 14-3-3s, Gadd45 and p21), and conse-
quently, playing a key role in maintaining genomic integrity
and preventing tumour formation.""'? Today, p53 is recog-
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tally sensitive probe onto a peptide derived from the primary
aggregation segment of p53. This biosensor was characterised
both in vitro and by means of fluorescence microscopy follow-
ing facilitated delivery into cultured cells. It is shown that this
biosensor preferentially reports on the p53 R248Q mutant in
the PC9 lung cancer cell line compared with other lung cancer
cell lines harbouring either wild-type or no p53.

nised as one of the most functionally important proteins for
cell cycle and transcriptional regulation and a major tumour
suppressor.

p53 is a nuclear protein that tetramerises to bind DNA and
regulate gene transactivation, and its transcriptional activity is
critical for its tumour-suppressive functions because p53 muta-
tion in human cancers abrogates its transcriptional activity."
Unfortunately, it is also the most frequently mutated protein in
human cancers, with mutations or alternative splicing that in-
validate its normal function occurring in approximately 50% of
tumours.®*™ Although most tumour-suppressor genes are de-
leted or truncated in human cancers, the TP53 gene frequently
undergoes missense mutations, resulting in single amino acid
substitutions, which cause loss of wild-type (WT) function, but
may also exert a dominant negative effect through binding
and inhibition of WT p53.1"! Moreover, several mutations result
in gain of function, which endows p53 mutants with activities
that contribute to hyperproliferation; increased tumourigenici-
ty; anchorage-independent cell growth, metastasis and inva-
siveness; decreased sensitivity to chemotherapeutic drugs; dis-
ruption of the spindle checkpoint; activated topoisomerase |
activity and induction of gene ampilification.® "’ For instance,
the R175H gain-of-function mutation promotes activation of
the multidrug resistance gene MDR1."™® Gain of function
R248Q and R273C mutants induce HER2 over-expression in
cancer cells."” Moreover, p53 R248Q, but not R248W, has been
shown to enhance in vitro invasiveness of human lung cancer
NCI-H1299 cells.””

The WT p53 protein comprises an acidic and unstructured
N-terminal domain that bears two transcriptional activation do-
mains, TAD1 and TAD2, and a proline-rich domain (residues 1-
100), a core DNA-binding domain (DBD; residues 102-292), a
C-terminal region that contains a nuclear localisation signalling
domain, an oligomerisation domain and a negative regulation
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domain (residues 293-393.'*'?Y1 Beyond its ability to interact
with gene transactivation sequences, the structural flexibility of
p53 endows it with functional plasticity, which enables it to
interact with protein partners involved in biological functions
beyond transcription.?>?*?*) About 80% of the single-point
missense mutations are located within the DBD, and about a
third of these occur at six mutational hotspots: R175, G245,
R248, R249, R273 and R282.%3 p53 mutants are commonly
distinguished as “contact” and “structural” or “conformational”
mutants, the former, including R273H or R248W, directly dis-
rupting sequence-specific interactions between p53 and DNA,
the latter, exemplified by R175H, G245S and R282W, inducing
conformational changes that affect the thermodynamic stabili-
ty of the protein, and consequently, the structural integrity of
protein/DNA and protein/protein interaction interfaces.?"??

Both the N-terminal and core domains of p53 have been
shown to form fB-sheet-rich fibrillar aggregates in either mild
denaturing or low-pH conditions.®"*? Recent studies have sug-
gested that the formation of p53 aggregates is associated with
loss-of-function, dominant-negative and gain-of-function muta-
tions and can be explained by a prion-like behaviour of
mutant proteins.®® Mutant p53 was shown to co-localise with
amyloid-like protein aggregates in cancer biopsies.*¥ Recent
studies have shown that several structural mutants, in particu-
lar, R248Q, promote exposure of a domain that is naturally
buried in WT p53 (251-257), leading to formation of amyloid-
type aggregates of dysfunctional p53 in the cytoplasm.=>3¢
Segment 251-257 has been reported as necessary and suffi-
cient to drive p53 aggregation in vitro and in cell lines, al-
though secondary structure prediction studies of the aggrega-
tion propensity of the p53 DBD reveal that several other re-
gions are also prone to aggregation.***® The R248Q mutant
exhibits a particularly high tendency to partially unfold and
has been inferred to display an increased aggregation propen-
sity.*” Moreover, NMR spectroscopy studies reveal that it indu-
ces conformational changes in the DBD far from the mutation
site and beyond the site of interaction with DNA, associated
with an aggressive gain of function, which induces early onset
of cancer in Li-Fraumeni patients.***"" Finally, aggregated
mutant p53 induces co-aggregation of WT p53 and its paral-
ogs p63 and p73.5”

Misfolded, aggregated p53 mutants constitute attractive tar-
gets for therapeutics that can restore WT structure and func-
tion. In this respect, a recent study by Soragni et al. demon-
strated that a peptide derived from the aggregation domain
could reverse mutant p53 aggregation and restore its nuclear
localisation and function as a transcription factor in vivo.k®
Nevertheless, there are currently no tools that report on the
conformational status of p53. To address this challenge, we
have developed and characterised a fluorescent peptide bio-
sensor that recognises the R248Q aggregation-prone mutant
of p53. The biosensor was engineered through conjugation of
an environmentally sensitive probe onto a peptide derived
from the primary aggregation segment of p53 and character-
ised both in vitro and by means of fluorescence microscopy
following facilitated delivery into cultured cells. This fluores-
cent peptide biosensor preferentially reports on the p53
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mutant R248Q over that of WT p53 both in cell extracts and in
cultured lung cancer cells.

Results and Discussion

Design and in vitro characterisation of a fluorescent peptide
biosensor for detection of the R248Q mutant of p53

To probe mutants of p53, which have a tendency to aggregate,
we took advantage of the aggregation-nucleating sequence
(residues 251-257: ILTIITL) reported by Xu et al. within the DBD
of p53, which induces aggregation of p53 mutants due to con-
formational changes promoting its exposure.’® Because this
motif self-aggregated if exposed, we hypothesised it constitut-
ed a good target for detection of the aggregation-prone
mutant, and could also be used to engineer a biosensor for de-
tection of R248Q. To this aim, we designed a 27 aa peptide de-
rived from the aggregation sequence that spanned residues
248 to 274 (encompassing beta sheets S9 and S10) and in
which we introduced a cysteine to replace isoleucine at posi-
tion 254 (p254C peptide), to enable site-specific, thiol-mediat-
ed conjugation of a fluorescent probe (Scheme 1).

WT p53 with buried aggregation sequence
). N =06

p53 mutant with exposed aggregation sequence
IO

p254C Peptide Biosensor Sequence
RRPILTCITLEDSSGNLLGRNSFEVRV

Scheme 1. The p254C peptide biosensor was derived from the S9-510 f3-
sheets (residues 248-274, cyan) within the core DBD of p53 (green), har-
bouring the aggregation-nucleating sequence ILTIITL (251-257, cyan). 1254
was replaced by a cysteine (yellow stick) for conjugation of an environmen-
tally sensitive probe to generate a biosensor that preferentially recognises
aggregation-prone mutants, in which this domain is exposed. PDB ID: TTUP.

We first verified whether the p254C peptide could recognise
the native peptide sequence derived from the p53 aggregation
site, which is normally buried in WT p53, but exposed in aggre-
gation-prone mutants, such as R248Q. To this aim, p254C was
labelled with fluorescein isothiocyanate (FITC) and titrated with
a peptide spanning beta sheets S9 and S10 and bearing an iso-
leucine at position 254 (p254l). This led to significant fluores-
cence enhancement, and curve fitting allowed us to determine
a dissociation constant value of 913 nm+242 between these
peptides, whereas titration of p254C-FITC with an irrelevant
control (Ctrl) peptide,*? or conversely titration of FITC-labelled
Ctrl peptide with the p254l peptide, exhibited significantly
lower changes in fluorescence emission (Figure 1A).

We further asked whether the biosensor would potentially
discriminate between WT p53 and the R248Q mutant. Ex-
periments performed with GST-tagged recombinant proteins
revealed preferential recognition of the R248Q mutant by
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Figure 1. p254C-FITC binds the aggregation-nucleating sequence of p53.

A) Fluorescence emission of 200 nm p254C-FITC following titration with the
p2541 peptide (@) or an irrelevant Ctrl peptide (m), or fluorescence emission
of 200 nwm irrelevant peptide labelled with FITC following titration with the
p2541 peptide (2). B) Fluorescence emission of 200 nm p254C-FITC following
titration with recombinant glutathione S-transferase (GST)-tagged p53 (e),
GST-tagged R248Q mutant (a) or GST (m).

p254C-FITC, with a dissociation constant value of 240 nm £ 70,
whereas GST WT p53 binding was much poorer, in the micro-
molar affinity, with a dissociation constant value of 252 pm +
404 (Figure 1B and Table S1 in the Supporting Information),
which was reminiscent of thioflavin T titration experiments pre-
viously reported by Bom et al., who showed that the R248Q
mutant had a greater propensity to form amyloid-like aggre-
gates under physiological conditions than that of WT p53 and
could also seed aggregation of WT p53.5%

To further explore the ability of the p254C peptide to probe
the aggregation-nucleating sequence of p53, we asked wheth-
er it could report on its induced exposure if recombinant p53
was subject to thermo-denaturation. To this aim, we first asked
whether other fluorescent probes than FITC might enable a
greater response to R248Q, relative to WT p53 (Figure 2A). Re-
sults revealed TP2Rho, a highly sensitive water-soluble solvato-
chromic vinyltriphenylamine dye, which we previously used to
probe peptide and protein interactions in vitro,**¥ as the best
candidate. We therefore prepared the p254C-TP2Rho conju-
gate (Scheme 2), for incubation with recombinant GST-tagged
p53 expressed in Escherichia coli, purified by means of fast pro-
tein liquid chromatography (FPLC) and subjected to thermo-
denaturation at different temperatures for 15 min. The fluores-
cence emission of p254C-TP2Rho was significantly enhanced
following incubation of recombinant p53 at 60 and 95°C; thus
indicating greater recognition of the p254l motif, exposure of
which was induced by thermo-denaturation (Figure 2B). In
contrast, incubation of samples with thioflavin following ther-
mal treatment revealed little if any aggregation under the con-
ditions and concentrations used in our assay. These findings
indicate that the p254C biosensor reports on heat-induced un-
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folding and exposure of the aggregation sequence, whereas
thioflavin only responds to p53 aggregation. In contrast, the
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Figure 2. The p254C-TP2Rho biosensor responds preferentially to thermo-
denatured p53. A) Relative fluorescence enhancement of the p254C-TP2Rho
biosensor to WT (green) and R248Q (red) p53. B) Relative fluorescence en-
hancement of 25 pm thioflavin (blue) or 200 nm TP2Rho-labelled p254C
(orange) following incubation with 1 um recombinant GST-tagged p53 pre-
incubated for 15 min at 4, 25, 37, 60 or 95°C (n=7; student test: ***p <
0.001). C) Relative fluorescence enhancement of 25 um thioflavin (blue) or
200 nm TP2Rho-labelled p254C (orange) following incubation with 1 um re-
combinant Tau pre-incubated for 15 min at 4, 25, 37, 60 or 95°C (n=4; stu-
dent test reveals no statistically significant differences between values).
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Scheme 2. The p254C-TP2Rho peptide biosensor derived from residues 248-
274 of p53, which harbours the aggregation-nucleating sequence ILTIITL
(251-257), in which 1254 has been replaced by a cysteine for conjugation of
the TP2Rho fluorophore.
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FITC-labelled p254C biosensor did not respond to p53 denatu-
ration (Figure S2A). Moreover, incubation of the thermostable
microtubule-associated protein Tau had no effect on either the
p254C biosensor or thioflavin fluorescence following treatment
at higher temperatures, in line with the well-known lack of Tau
denaturation (Figure 2C). Likewise, incubation of TP2Rho
alone, or of the TP2Rho-labelled Ctrl peptide, with thermo-
denatured p53 did not promote any significant fluorescence
enhancement; thus indicating that TP2Rho probe did not re-
spond non-specifically (Figure S2B).

To gain further insight into the behaviour of TP2Rho-p254C,
we asked whether it might potentially self-aggregate. However,
this appears unlikely because increasing concentrations of the
p254C-TP2Rho biosensor exhibit a significant and linear in-
crease in both absorbance and fluorescence emission, whereas
the response of TP2Rho alone is less linear (Figure S2C and D).
p254C-TP2Rho was further investigated by means of nanopar-
ticle tracking analysis (NTA) relative to the p254C peptide,
TP2Rho alone, Ctrl peptide alone and TP2Rho-labelled Ctrl
peptide (Figure S2E). Results revealed a very small proportion
of particulate entities in solution for all of these peptides,
whether labelled or not, and more so for TP2Rho alone or for
the labelled Ctrl peptide, but not representative of aggregates,
compared with a standard reference (AR peptide™®). Finally, we
determined the quantum yield of TP2Rho, p254C-TP2Rho and
p254C-TP2Rho in the presence of the R248Q mutant, in phos-
phate-buffered saline (PBS) and relative to rhodamine (Fig-
ure S3). Calculated values reveal that the quantum yield of
TP2Rho conjugated onto p254C undergoes a significant in-
crease relative to that of TP2Rho in PBS: ¢ TP2Rho <0.005 and
¢ p254C-TP2Rho: 0.07. The quantum yield increases further if
p254C-TP2Rho is incubated with the R248Q mutant: ¢ p254C-
Tp2Rho/ R248Q: 0.20.

The p254C peptide biosensor discriminates between the
R248Q mutant and WT p53 in lung cancer cell extracts

To characterise the p254C biosensor in a more physiological
environment, we chose to use cell extracts from the PC9 lung
cancer cell line, which expressed the R248Q mutant. To assess
the abundance of this mutant in PC9 cell extracts, we per-
formed western blotting of recombinant GST-p53 R248Q to
establish a calibration curve and compared the signal corre-
sponding to R248Q in 20 ug PC9, thereby determining an aver-
age concentration of 170 nm p53 R248Q (Figure S4A).

To choose the most suitable probe for the p254C biosensor,
we conjugated the p254C peptide to several fluorescent
probes and assayed their response following incubation with
40 ug PC9 cell extracts (Figure 3A). The TP2Rho probe yielded
by far the greatest response, with a 12-fold fluorescence en-
hancement of basal biosensor fluorescence emission in the
absence of cell extracts, and was therefore selected for further
experiments. Moreover, we noticed that the fluorescence emis-
sion of TP2Rho-labelled biosensor was somewhat greater upon
excitation at A=392 nm and emission acquired between 1=
510 and 570 nm, compared with excitation at A=510 nm fol-
lowed by fluorescence emission at =614 nm (Figure S5).
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Figure 3. Characterisation and optimisation of the p53 response to R248Q in
PC9 lung cancer cell extracts. A) Maximal fluorescence enhancement of

200 nm p53 biosensor labelled with TP2Rho (1.,=392 nm; A, =510 nm),
Cy3 (Aex=530 Nnm; A, =580 nm), Cy5 (A, =610 nm; A.,, =675 nm), tetrame-
thylrhodamine (TAMRA; A.,=535 nm; A, =585 nm) and FITC (1.,,=483 nm;
Aem=530 nm), incubated with (red) or without (blue) 40 ug PC9 cell extracts
(p53 R248Q). B) Dose-dependent response of 200 nm TP2Rho-biosensor
(Aex=392 nm; A, =510 nm) to increasing amounts of PC9 (red; p53 R248Q)
cell extracts from 5 to 200 ug (n=5; student test: **p <0.01; ***p <0.001);
BSA (orange) was used as a negative control. C) Dose-dependent response
of 40 ug PC9 (red) extract to increasing concentrations of TP2Rho-biosensor
(Aex=392 nm; A, =510 nm) from 50 nm to 1 pm (n=3; student test: *p <
0.05) compared to the biosensor alone without any cell extracts (blue).

These conditions were therefore retained for all further experi-
ments performed with cell extracts. To determine the optimal
concentrations of cell extracts, on the one hand, and the most
suitable concentration of TP2Rho-labelled biosensor on the
other, to achieve the most significant and sensitive response,
we performed dose-dependent experiments with 5 to 200 ug
cell extracts and 50 nm to 1 pum biosensor (Figure 3B and Q).
With 200 nm p254C-TP2Rho biosensor, we observed a dose-
dependent increase in fluorescence enhancement of TP2Rho,
in response to increasing concentrations of PC9 cell extracts, in
line with an expected increase in biosensor response to in-
creased p53 levels, with a saturating response at 100-200 ug
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extract. In comparison, bovine serum albumin (BSA) induced
much less fluorescence enhancement, with an optimum for
20-40 pg extracts, which become more important at higher
concentrations of BSA, indicating loss of specific response.
Conversely, we observed a dose-dependent response of in-
creasing biosensor concentrations to 40 ug PC9 extracts, with
a plateau at around 750-1000 nm biosensor. Taken together,
these results indicate that the p254C biosensor can detect
nanomolar concentrations of p53 mutant in cell extracts, and
that the dynamic range of response varies up to 20-fold fluo-
rescence enhancement.

Based on these results, we selected intermediate conditions
(200 nm biosensor-TP2Rho and 40 pg protein extracts) for fur-
ther experiments, to limit the non-specific response of irrele-
vant proteins, such as BSA.

To further validate the utility of this biosensor to detect the
R248Q mutant, we next asked whether it could report on dif-
ferences between three lung cancer cell lines: A549 (p53WT)
PC9 (p53 R248Q) or H1299 (p53—/—). Normalised cell extracts
prepared from A549, expressing p53 WT, PC9 expressing the
mutant p53 R248Q and H1229 lacking p53 were incubated
with 200 nm p254C-TP2Rho biosensor. These experiments re-
vealed that the relative increase in p254C-TP2Rho fluorescence
emission upon incubation with protein extracts containing p53
R248Q was 83 % greater than that with extracts expressing WT
p53 or lacking p53 (Figure 4A and Table S2).

To confirm these fluorescence-based experiments, we per-
formed pull-down experiments by immobilising the p254C
peptide on CNBr-Sepharose. Western blotting of the samples
incubated with the biosensor-conjugated beads revealed that
only the p53 R248Q mutant was expressed in PC9 cell extracts,
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Figure 4. Quantification of the p53 biosensor response to WT p53 and
R248Q mutant in different lung cancer cell extracts. A) Relative fluorescence
emission of 200 nm TP2Rho-biosensor to 40 ug A549 (p53WT), PC9 (p53
R248Q) and H1299 (p53—/—) lung cancer cell extracts (n=17; student test:
***p <0.001). B) Response of p254C-TP2Rho to induction of the p53 R248Q
mutant in PC9 cells following UV irradiation (IRR; NI: no irradiation; n=4;
student test: *p <0.05).
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but no WT p53 expressed in A549 cells was retained by the
biosensor (Figure S4B).

Because p53 is induced by UV-B irradiation,"” we asked
whether the p254C biosensor was sufficiently sensitive to mon-
itor differences in R248Q protein expression following irradia-
tion of PC9 cells with UV-B (300 mJcm™2), which were then
returned to the incubator to allow for protein expression, and
harvested after 30 min; 1 h or 2 h to assess the relative levels
of p53 mutant expression with the p254C-TP2Rho biosensor.
This experiment revealed that R248Q expression was induced
after 30 min and maximal after 1 h (Figure 4B). In contrast, the
biosensor did not report on any significant difference in the
A549 cell line, which expressed WT p53; thus again underscor-
ing its preferential response to the R248Q mutant (Figure S6).

The p53 biosensor reports on the R248Q mutant in living
cells

Having established the optimal working conditions and limita-
tions of the biosensor in vitro, we asked whether we could
apply it to report on the R248Q mutant in living cells by fluo-
rescence imaging. To this aim, we first introduced the biosen-
sor into cultured cells thanks to the amphipathic cell-penetrat-
ing peptide Pep1 (Figure 5).% Control experiments showed
that the TP2Rho-labelled p254C peptide could not enter cells
alone. In contrast, complexation of p254C-TP2Rho with Pep1
at a 1:40 molar ratio enabled efficient and homogeneous deliv-
ery into PC9 cells (Figure S7 and S8A).

We therefore introduced p254C-TP2Rho into PC9 and A549
cells and acquired their relative fluorescence emission, which
we quantified relative to the nuclear DNA staining signal with
Hoechst dye (Figure 6 and Table S3). These experiments re-
vealed a significantly greater fluorescence ratio (twofold) in the
PC9 cell line that expressed the R248Q mutant compared with
that in the A549 cell line (Table S3); thus indicating that the
p254C biosensor is a useful tool to monitor the expression of
the R248Q mutant in living cells.

Finally, we asked whether biosensor internalisation might
induce any toxicity. Crystal violet assays revealed that neither
p254C-TP2Rho alone, nor complexed with Pep1, led to any sig-
nificant inhibition of cell viability (Figure S8B).

Conclusion

Several therapeutic strategies have been proposed to target
mutant p53 in cancer, including gene therapy, restoring WT
p53 function thanks to small molecules, promoting mutant
p53 degradation and/or targeting mutant p53 regulated path-
ways.®*¥ The more recent discovery of the prion-like proper-
ties of p53 aggregates has provided further insight into the
molecular basis of p53 regulation and opened up new avenues
to explore therapeutic strategies. Indeed, targeting the amy-
loid-like aggregation of p53 mutants in ovarian cancer has
recently been demonstrated to constitute an effective thera-
peutic strategy for rescuing p53 tumour suppression.©%3

50% of human cancers harbour p53 mutations, most of
which are missense mutations within the DBD, and several of
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Figure 5. Internalisation of the p254C-TP2Rho biosensor in living cells.

A) Schematic representation of complexation and facilitated delivery of
Pep1/ p254C-TP2Rho peptide into living cells. B) Fluorescence micrographs
illustrating internalisation of p254C-TP2Rho in PC9 cells following overlay of
the Pep1/biosensor complexes, but not of the biosensor alone. Nuclear
staining with Hoechst dye is shown in the upper panels; TP2Rho fluores-
cence is shown in the lower panels (Cy3 filter of the microscope).

these mutants have been shown to be prone to aggregation,
due to structural destabilisation, although the actual fraction
of aggregated p53 mutant remains unknown. Current diagnos-
tic approaches based on genetic sequencing allow the identifi-
cation of specific mutations in p53, but they do not inform on
its conformational status. Tools enabling probing and reporting
on differential structural organisations, such as misfolding and
exposure of aggregation-nucleating epitopes, would be of
major benefit to complete molecular profiling studies.

In this study, we reported on the design and characterisation
of a fluorescent peptide biosensor derived from the main ag-
gregation-nucleating motif of p53, for detection of the R248Q
mutant. This biosensor was engineered through conjugation of
a highly sensitive solvatochromic dye, TP2Rho, that we previ-
ously implemented to monitor protein—protein and protein—
peptide interactions in vitro.*¥ We have shown that this bio-
sensor interacts with the self-aggregation motif of p53 itself in
vitro and that it preferentially interacts with recombinant
R248Q mutant over WT p53. This biosensor further reports on
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Figure 6. Response of the p254C-TP2Rho biosensor to the WT and R248Q
mutant in lung cancer cells. A) Micrographs of A549 and PC9 cells into
which the p254C-TP2Rho biosensor was delivered following complexation
with Pep1. Nuclear staining with Hoechst dye is shown in the upper panels;
TP2Rho fluorescence is shown in the lower panels (Cy3 filter of the micro-
scope). B) Ratiometric quantification analysis of n=9 different regions of in-
terest (ROIs) from acquisitions of TP2Rho and Hoechst dye signals in A549
and PC9 cell lines (n=9: student test: ***p <0.001).

exposure of the self-aggregation domain of p53 upon thermo-
denaturation, in a sensitive fashion, prior to detection of pro-
tein aggregates by thioflavin. We have also shown that this
biosensor can detect nanomolar concentrations and discrimi-
nate between R248Q and WT p53 in lung cancer cell extracts
in both fluorescence-based and pull-down experiments. The
relative increase in p254C-TP2Rho fluorescence emission upon
incubation with protein extracts containing p53 R248Q was
83 % greater than that with extracts expressing p53WT or lack-
ing of p53. Finally, we have shown that delivery of this biosen-
sor into living cells enables quantification of relative differen-
ces between cell lines expressing R248Q and WT p53 by
means of fluorescence imaging.

Because the R248Q mutant has been identified as a gain-of-
function aggressive mutant that enhances in vitro invasiveness
of human lung cancer cells,”™ the biosensor we have devel-
oped could constitute a useful tool to quantify this conforma-
tionally destabilised mutant in lung cancer biopsies and guide
towards appropriate treatments. The most straightforward
application of this new tool is its implementation for ex vivo
diagnostics through measurement of fluorescence emission
upon incubation with protein samples. Moreover, the peptide
nature of this biosensor enables simultaneous acquisition and
comparison of several samples in a plate reader. Beyond the
diagnostic potential of this biosensor, it has an clear and natu-
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ral purpose for drug discovery because it could enable screen-
ing of compounds that could reverse mutant aggregation-
prone conformation to restore WT function. A second applica-
tion of interest would involve intracellular internalisation of the
biosensor and fluorescence imaging to identify the presence
of misfolded p53 and potentially investigate the heterogeneity
of cells. Because it cannot be excluded that the efficiency of
internalisation of the cell-penetrating peptide/biosensor com-
plexes may differ between cell lines, it would be wise to nor-
malise biosensor response to its intracellular levels if different
cell lines are being studied. This tool could also allow the ap-
pearance of misfolded p53 mutants to be followed over time,
and upon exposure to mutation-inducing environments or re-
agents that might affect p53 folding. Ultimately, the biosensor
could serve to develop companion assays to monitor the ther-
apeutic efficacy of drugs capable of reversing p53 aggregation.

Experimental Section

Design, synthesis and labelling of the peptide biosensor: The
p53 peptide biosensor was derived from the sequence of the S9-
S10 P sheets, harbouring the aggregation domain of p53 (residues
248-274), in which lle254 was replaced by a cysteine to enable
site-specific  labelling  with  fluorescent probes. RRPILTCI-
TLEDSSGNLLGRNSFEVRV p254C peptide and the native p254l pep-
tide RRPILTIITLEDSSGNLLGRNSFEVRV were synthesised by using
the fluorenylmethyloxycarbonyl (Fmoc) strategy with the liberty
blue robot from CEM. Peptides were purified by HPLC and the
purity was analysed by LCMS (see the Supporting Information).
p254C was then labelled on the single cysteine residue with FITC,
TP2Rho, or other maleimide dye derivatives, in the presence of a
five- to tenfold excess of dye overnight, and then purified from
free dye on NAP-5 columns (GE Healthcare). Ctrl peptide: VESSD-
TIDNVKSKIQDKEGC was synthesised by GLS Biochem."*?

Protein expression and purification: Recombinant WT GST-p53
and GST-p53 R248Q mutant were expressed in E. coli (BL21 DEA3)
following induction with T mm isopropyl 3-p-1-thiogalactopyrano-
side (IPTG) for 3 h at 37°C and purified by FPLC on a GSTrap HP
5 mL column (GE Healthcare) equilibrated in buffer A (50 mm phos-
phate, pH 7.4, 150 mm NaCl). GST-tagged proteins were eluted
with buffer A containing glutathione (50 mm; Euromedex), and
then further injected onto a desalting column (GE Healthcare)
equilibrated in buffer A to eliminate free glutathione. Recombinant
Tau was expressed in E. coli following induction with 1 mm IPTG
for 3h at 37°C. The soluble-protein fraction was incubated for
15 min at 75 °C. After centrifugation, the supernatant was incubat-
ed with 60% ammonium sulfate overnight. After centrifugation,
the pellet was resuspended in bufferB (50 mm TRIS, pH 7.4,
150 mm NaCl) and purified by FPLC on a HiLoad 16/600 Superdex
75 prep-grade column (GE Healthcare) equilibrated in buffer B.

Recombinant protein thermo-denaturation and fluorescence ex-
periments: For thermo-denaturation experiments, 1 um recombi-
nant GST-p53 was incubated for 15 min at 4, 25, 37, 60 and 95°C.
Fluorescence titration assays were performed in 96-well plates
thermostatted at 30°C with a Clariostar spectrofluorimeter (BMG).
Samples (200 uL) were prepared in potassium phosphate buffer
(50 mm KH,PO,/K,PO, pH 7.4, 150 mm NaCl, 200 nm). FITC-labelled
peptides were excited at =483 nm, and emission signals were
acquired at =530 nm. TP2Rho-labelled peptides were excited at
A=510 nm and fluorescence emission was acquired at A =614 nm.
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Thioflavin fluorescence emission was monitored at A =492 nm fol-
lowing excitation at =450 nm. Experiments were performed in
triplicate, and error bars indicate standard deviations from averag-
es.

Curve fitting and determination of dissociation constants for pep-
tide/peptide and GST-R248Q p53/biosensor binding were per-
formed with the GraFit software (Erithacus, Ltd., Horley, UK) by
using quadratic Equation (1):

Ke+L+p—(/(Ki+L+p)*—4p)
2p

F:Fmax+(Fmax_Fmin)><

M

in which L is the concentration of ligand and p is the concentration
of fluorescent peptide biosensor.

Curve fitting and determination of dissociation constants for GST-
WT p53/ biosensor interactions was performed by using a coopera-
tive fitting of Equation (2) (+ background):

[ x Cap

= k 2
y K+ + background (2)

In which L is the concentration of ligand, Cap is the capacity and n
is the cooperativity.

Determination of quantum yield (¢): Fluorescence quantum
yields of TP2Rho, p254C-TP2Rho or p254C-TP2Rho with p53 R248Q
were calculated by using rhodamine R (in ethanol) as a standard
(¢p=0.95). Fluorescence emission spectra were recorded between
A=570 and 670 nm following excitation at =560 nm for the stan-
dard, and between =550 and 720 nm following excitation at 1=
510 nm for samples. Absorbance was recorded at A=560 nm for
the standard and at A=510 nm for the samples. Quantum yields
were calculated according to Equation (3), in which ¢, is the quan-
tum yield of the reference; A, and A, are the areas under the
emission spectra of the sample and reference, respectively; ODq, e
and OD, are the absorbances of the sample and reference, respec-
tively, measured at the excitation wavelength; and ngqm,e. and n
are the refractive indices of the sample (PBS: 1.33) and reference
(ethanol: 1.47), respectively.

_ Asample ODref Nyef g
d)sample - ¢ref Aref X oD X n (3)

sample sample

NTA: NTA measurements were performed with a NanoSight NS
300 instrument (Malvern Panalytical, UK) equipped with a A=
405 nm laser and a temperature-controlled sample chamber. After
a 5 min sonication step, peptide suspensions (200 nm peptide or
probe) were injected into the chamber by using a syringe pump at
40 AU (arbitrary unit). The temperature was set at 25°C and three
videos of 60 s were recorded. Videos were then analysed by using
the NanoSight NTA 3.2 software (the threshold was fixed at 5 for
all measurements).

Cell culture, UV irradiation and cell-extract preparation: Cell cul-
ture media were purchased from Life Technology. Serum and anti-
biotics were purchased from Sigma. All cell lines were cultured in
RPMI + Glutamax supplemented with 10% foetal calf serum (FCS),
100 unitsmL™" penicillin (G sodium salt) and 100 ugmL™" strepto-
mycin at 37°C in an atmosphere containing 5% CO,. Lung cancer
cell lines used in this study: A549: p53 WT; PC9: p53 R248Q
mutant; H1299: p53 —/—. Cell extracts were prepared in PBS lysis
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buffer containing PBS (Sigma), pH 7.4, 150 mm NaCl, 0.2% NP40,
1 mm ethylenediaminetetraacetic acid (EDTA), 2 mm phenylmeth-
ane sulfonyl fluoride (PMSF) and complete protease inhibitors
(Roche), and normalised following spectrophotometric dosage at
A=280 nm. Cells were irradiated with UV-B at 300 mJcm 2 (Wald-
mann 800 K), then returned to the incubator and scraped after
30 min, 1h or 2h to prepare cell extracts. Fluorescence experi-
ments with cell extracts were performed in 96-well plates thermo-
statted at 30°C with a Clariostar spectrofluorimeter (BMG). Samples
(200 pL) were prepared in potassium phosphate buffer (50 mm,
pH 7.4, 150 mm NaCl). Tp2Rho-labelled peptides (200 nm) were ex-
cited at 1=392 nm, and emission signals were acquired at 1=
510 nm.

Pull-down assays and western blotting: The p254C peptide was
coupled onto CNBr Sepharose resin (1073 m peptide per g resin; GE
Healthcare) and incubated with 200 ug cell extracts from A549
(p53 WT), PC9 (p53 R248Q) or H1299 (p53—/—) for 1 h at 4°C,
washed twice in PBS, and the resin was boiled in Laemmli and
loaded onto SDS-PAGE. Western blotting was performed following
transfer of proteins onto polyvinylidene fluoride (PVDF) membrane,
pre-blocked with 5% milk/TRIS-buffered saline (TBS), with the anti-
p53 antibody DO-1 in TBS/Tween.

Cell culture, internalisation and microscopy: For introduction
into living cells, p254C-TP2Rho was complexed with the cell-pene-
trating peptide Pep1“® (1:40, molar ratio unless otherwise stated)
and overlaid onto cultured cells grown to sub-confluency for 1 h at
37°C, then for 16 h in the presence of RPMI-+ Glutamax comple-
mented with 10% serum. Cells were then fixed with 4% parafor-
maldehyde in PBS for 10 min, washed with PBS and nuclei stained
with Hoechst, washed with water and mounted on glass slides in
Mowiol. Fluorescent cells were observed with a Zeiss microscope
equipped with a CoolSnap camera and images were acquired by
using MetaMorph software. Excitation band/dichroic/emission
band filters for imaging fluorescent signals were as follows:
Hoechst: 1 =340-380/400/450-490 nm; TP2Rho fluorescence was
imaged by using Cy3 filters: 1=525-565/565/572-647 nm. For
quantification of biosensor fluorescence emission, images were an-
alysed by using ImageJ software and average pixel intensity deter-
mined in ROIs corresponding to groups of three to four cells (n=
9). TP2Rho fluorescence was normalised to that of Hoechst dye in
the ROIs.

Cell viability assays: PC9 cells were grown to sub-confluency for
24 h and overlaid with p254C-TP2Rho or p254C-TP2Rho/Pep1 com-
plexes prepared as described above. After 24 h, cell proliferation
was determined by means of crystal violet staining. Cells were
washed with PBS, fixed with 3.7% formaldehyde for 10 min and
then incubated with 0.1% crystal violet dye for 30 min. After rins-
ing, crystals were dissolved in 10% acetic acid and viability was de-
termined by absorbance at A =595 nm with a microplate reader.

Statistics: Statistical significance was calculated through the stu-
dent’s test: *p <0.05, **p <0.01, ***p <0.001
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