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SLMP53-1 interacts with wild-type and mutant p53 DNA-binding domain
and reactivates multiple hotspot mutations
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ARTICLE INFO ABSTRACT

Keywords: Background: Half of human cancers harbour TP53 mutations that render p53 inactive as a tumor suppressor. As
pS3 such, reactivation of mutant (mut)p53 through restoration of wild-type (wt)-like function represents one of the
Mutant most promising therapeutic strategies in cancer treatment. Recently, we have reported the (S)-tryptophanol-
Cancer

derived oxazoloisoindolinone SLMP53-1 as a new reactivator of wt and mutp53 R280K with in vitro and in vivo

li:::i(:/iltirrapy p53-dependent antitumor activity. The present work aimed a mechanistic elucidation of mutp53 reactivation by
SLMP53-1.
Methods and results: By cellular thermal shift assay (CETSA), it is shown that SLMP53-1 induces wt and mutp53
R280K thermal stabilization, which is indicative of intermolecular interactions with these proteins. Accordingly,
in silico studies of wt and mutp53 R280K DNA-binding domain with SLMP53-1 unveiled that the compound
binds at the interface of the p53 homodimer with the DNA minor groove. Additionally, using yeast and p53-null
tumor cells ectopically expressing distinct highly prevalent mutp53, the ability of SLMP53-1 to reactivate
multiple mutp53 is evidenced.
Conclusions: SLMP53-1 is a p53-activating agent with the ability to directly target wt and a set of hotspot
mutp53.
General Significance: This work reinforces the encouraging application of SLMP53-1 in the personalized treat-
ment of cancer patients harboring distinct p53 status.
1. Introduction head and neck, esophagus, female genital organs, pancreas and skin
cancers exhibiting the highest prevalence of TP53 mutations [2,3]. The
The tumor suppressor protein p53 coordinates a myriad of essential majority of TP53 mutations are missense and occur within the p53
cellular processes, including DNA repair, cell cycle arrest, and death, DNA-binding domain (DBD). Despite the huge diversity of mutations in
mostly by acting as a transcription factor [1]. The impairment or loss of the TP53 gene, there are six hotspot amino acid residues (R175, G245,
p53 is a pivotal event in cancer formation and progression [1]. In about R248, R249, R273, and R282) located in (or close to) the DNA-binding
half of human cancers, p53 is inactivated by mutation, with colorectal, surface with high clinical relevance [2,3]. Mutant p53 (mutp53)

Abbreviations: DBD, DNA-binding domain; mutp53, mutant p53; wt, wild-type; CETSA, cellular thermal shift assay; SRB, sulforhodamine B
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proteins have been broadly classified as contact (e.g., R248Q, R273H,
and R280K) or structural (e.g, R175H, Y220C, and R282W). In contact
mutp53, the amino acid substitution occurs on a residue directly in-
volved in DNA binding with complete or partial loss of p53 transcrip-
tional activity, despite the preservation of wild-type (wt)-like con-
formation. Conversely, in structural mutp53, localized structural
distortions induced by the replacement of amino acid residues lead to
p53 thermal destabilization with alteration of the active conformation,
and to the subsequent disruption of its normal function [4]. Never-
theless, this classification lacks clinical relevance. In fact, besides p53
loss-of-function, mutp53 can exert a dominant-negative effect over
wtp53, and acquire new oncogenic properties, called gain-of-function
(GOF) [5]. All these functions of mutp53 have a different impact in
tumor cell survival and proliferation, with worst prognosis for GOF
mutants [5]. However, it remains unclear why both contact and
structural mutants can display these diverse biological functions.

In this way, mutp53 has represented one of the most important
candidate targets against cancer. Indeed, many studies have been fo-
cused on the development of small-molecule reactivators able to restore
wt-like function to mutp53 [5]. Although several small-molecule
mutp53 reactivators have been reported to date, only two (PRIMA-1MET
and COTI-2) are under clinical trials, and so far, none has reached the
clinic [1,6-8]. As such, several issues remain unclear regarding these
mutp53 reactivators, particularly their clinical efficacy in cancer
treatment and potential complications of long-term treatments [1,6-8].

Recently, we have reported the (S)-tryptophanol-derived ox-
azoloisoindolinone, SLMP53-1, as a new reactivator of contact mutp53
R280K, which is also able to activate wtp53 [9,10]. SLMP53-1 restored
DNA-binding ability, and subsequent transcriptional activity, to
mutp53 R280K. Additionally, it displayed in vitro and in vivo p53-de-
pendent antitumor activity against tumors bearing wtp53 or mutp53
R280K, with no apparent undesirable toxicity [10]. However, there was
still a lack of understanding about the molecular mechanism by which
SLMP53-1 reactivates mutp53 R280K, as well as its potential to re-
activate other mutp53 besides R280K. An additional aspect requiring
further elucidation was related to the observed biological inactivity of
SLMP53-1 (R)-enantiomer [10].

In the present work, it is shown that SLMP53-1 binds to wt and
mutp53 R280K, and also reactivates a set of hotspot mutp53.

2. Material and methods
2.1. Compounds

The (S)-tryptophanol-derived oxazoloisoindolinone SLMP53-1 was
synthesized as described [10]. For all experiments, SLMP53-1 was
dissolved in dimethyl sulfoxide (DMSO) from Sigma-Aldrich (Sintra,
Portugal).

2.2. Construction of yeast and mammalian expression vectors

2.2.1. Yeast expression vectors

The yeast expression vectors pLLS89 (GALI-10, LEU2) encoding
full-length human mutp53 (R175H, G245D, G245S, R248Q, R248W,
R273H, R273C or R282W) were constructed through Sgral/Stul (New
England Biolabs, Ipswich, Massachusetts, USA) digestion of available
pLS76 (ADHI, LEU2) vectors [11] and subsequent ligation (T4 DNA
ligase, New England Biolabs) of the gel purified mutp53 fragment in a
Sgral/Stul digested and gel purified pLLS89-based vector (generous gift
of Prof. Alberto Inga). The creation of the mutp53 expression vectors
was confirmed after XL1-Blue E. coli extraction (GenEluteTM Plasmid
Miniprep Kit, Sigma-Aldrich, St. Louis, Missouri, USA) by digestion and
DNA sequencing (BMR Genomics, Padua, Italy).

2.2.2. Mammalian expression vectors
The full-length coding sequence of mutp53 was PCR-amplified from
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the yeast vector with Vent DNA polymerase (New England Biolabs,
Werfen, Porto, Portugal), using the primers pair 5 GGG GTA CCA TGG
AGG AGC CGC AGT CAG 3’ and 5’ CCG CTC GAG TCA GTC TGA GTC
AGG CCC TTC 3, where the restriction sites for Kpnl/Xhol (in bold)
were included, respectively. The PCR products and the mammalian
expression vector pcDNA3 (Invitrogen, Alfagene, Lisboa, Portugal)
were digested with Kpnl/Xhol (New England Biolabs, Werfen), purified
from agarose gel, and ligated with T4 DNA ligase (Promega, VWR,
Carnaxide, Portugal), originating the expression vectors pcDNA3-
mutp53. These constructs were propagated in NZY5a E. coli cells
(NZYTech, Lisboa, Portugal) as described [12]. The sequence of each
mutp53 in the constructed vectors was confirmed by sequencing
(Eurofins GATC Biotech, Konstanz, Germany) with specific pcDNA3
primers. pcDNA3-mutp53 vectors were extracted using the Pure-
YieldTM Plasmid Miniprep System kit (Promega, VWR).

2.3. Modeling

The starting structure for the modeling was the crystal structure of
the wtp53 DBD tetramer bound to a DNA target (Protein Data Bank
(PDB) code: 2ACO0) [13]. Missing hydrogen atoms were added to these
structures according to the assigned protonation states. The DNA bound
mutp53 R280K was obtained by replacing the guanidine group in re-
sidue 280 by the butylammonium side chain of lysine in the wtp53
model, and was subjected to a geometry optimization with the Amber
18 (parm99SB) force field [14].

The ligands (S)-tryptophanol-derived oxazoloisoindolinone
SLMP53-1 and the corresponding enantiomer (R)-tryptophanol-derived
oxazoloisoindolinone were geometry optimized in Gaussian09 using
B3LYP [15] and a Polarizable Continuum Model (PCM) solvent de-
scription [16]. Atomic partial charges were calculated resorting to the
Restrained Electrostatic Potential (RESP) [17] method from HF/6-
31G(d) single point energy calculations. The zinc atoms in p53 were
described with the semi-bonded model [18,19].

2.3.1. Molecular docking

The ligands SLMP53-1 and respective enantiomer were docked to
the wtp53 and mutp53 R280K DBD models. Molecular docking was
performed using the AutoDock 4.2 suite of programs with the
Lamarckian genetic algorithm (LGA) [20]. A grid box was centered on
residue 280 of chain A. A total of 100 LGA runs were carried out for
each DNA:protein complex or free protein. The population was 300, the
maximum number of generations was 27,000 and the maximum
number of energy evaluations was 2,500,000.

2.3.2. Molecular dynamics (MD) simulations

MD simulations were performed for the following complexes:
DNA:wtp53 with SLMP53-1 and its enantiomer; DNA:mutp53 R280K
with SLMP53-1 and its enantiomer. All MD simulations were performed
using the Amber 18 molecular dynamics program with the parm99SB
[14] and GAFF force fields [21]. The structures were placed within an
octahedral box of TIP3P waters [22,23] and counter ions were added to
make the entire system neutral. The systems were subjected to two
initial energy minimizations and to 500 ps of equilibration in a NVT
ensemble using Langevin dynamics with small restraints on the protein
(10 kcal/mol) to heat the system from O to 300 K. Production simula-
tions were carried out at 300K in the NPT ensemble using Langevin
dynamics with a collision frequency of 1.0ps~'. Constant pressure
periodic boundary conditions were imposed with an average pressure of
1 atm. Isotropic position scaling was used to maintain pressure with a
relaxation time of 2 ps. The time step was set to 2 fs. SHAKE constraints
were applied to all bonds involving hydrogen atoms [24,25]. The par-
ticle mesh Ewald (PME) method [26] was used to calculate electrostatic
interactions with a cut off distance of 10 A. Three replicas with different
initial velocities were performed for each system. The total combined
time of the simulations was 280 ns. The reference structures of the
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simulations were calculated as described [27].

2.4. Yeast assay

Saccharomyces cerevisiae CG379 (Yeast Genetic Stock Center,
University of California, Berkeley, CA, USA) was transformed with
PLLS89 expressing human mutp53 (or empty vector as control), using
the LiAc/SS Carrier DNA/PEG method [28]. Yeast cells expressing
human wtp53 were obtained in previous work [10]. For expression of
human wt or mutp53, cells (routinely grown in minimal selective
medium) were incubated in galactose selective medium with all the
amino acids required for yeast growth (50 pg/mL) except leucine as
described [10], in the presence of 10 uM of SLMP53-1 or 0.1% DMSO,
for approximately 42 h (time required by control yeast incubated with
DMSO to achieve 0.4 ODgqgo). Yeast growth was analyzed by colony-
forming unit (CFU) counts as described [10]. Percentage of growth
inhibition was calculated considering the wtp53-induced yeast growth
inhibition as 100%.

2.5. Human tumor cell lines and growth conditions

Human colon adenocarcinoma HCT116 cell lines expressing wt p53
were provided by B. Vogelstein (The Johns Hopkins Kimmel Cancer
Center, Baltimore, MD, USA); human breast adenocarcinoma MDA-MB-
231 (expressing mutp53 R280K) and MDA-MB-468 (expressing mutp53
R273H) cells, and human non-small cell lung cancer NCI-H1299 cells,
lacking p53 expression due to a homozygous partial deletion of the
TP53 gene, were purchased from ATCC (Rockville, Maryland, USA).
Cells were cultured in RPMI-1640 with UltraGlutamine (Lonza, VWR),
supplemented with 10% fetal bovine serum (Merck Millipore, VWR),
and incubated at 37 °C with 5% CO,. Cells were routinely tested for
mycoplasma infection using the MycoAlert™ PLUS mycoplasma detec-
tion kit (Lonza, VWR). Cells were recently characterized and authen-
ticated, by short tandem repeat DNA profiling [29].

2.6. Cellular thermal shift assay (CETSA)

To evaluate drug target interactions in cells, the CETSA analysis was
performed basically as described [30-32]. Briefly, HCT116 or MDA-
MB-231 cell lysates were incubated with SLMP53-1 or solvent for 1 h at
room temperature, and then heated at different temperatures for 3 min,
cooled to room temperature for 3 min, and placed on ice. Soluble pro-
tein was detected by western blot. At 39 °C (HCT116) or 40 °C (MDA-
MB-231), the increase in non-denatured p53 of lysates treated with
1-50 uM SLMP53-1 was calculated relative to solvent at 25 °C, set as 1.

2.7. Transient transfection assay of mutp53 in human NCI-H1299 tumor
cells

NCI-H1299 cells were transfected at 7.5 x 10° cells/well density in
96-well plates with 75 ng of pcDNA3-mutp53 (or empty vector), using
ScreenFect®A (ScreenFectA GmbH, GRiSP, Porto, Portugal) according
to the manufacturer's instructions.

2.8. Sulforhodamine B (SRB) assay

NCI-H1299 transfected cells were seeded in 96-well plates at
7.5 x 10° cells/well density, followed by analysis of SLMP53-1 effect
on cell proliferation after 48h treatment with serial dilutions
(3.13-50 uM) of compound, as described [33]. The solvent (DMSO;
maximum concentration used 0.25%) was included as control. ICsq
(concentration that causes 50% of growth inhibition) values were de-
termined as described [33].
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2.9. Western blot analysis

To evaluate the expression levels of human wt and mutp53 in yeast,
cells were grown in galactose selective medium for 42h. To evaluate
the expression levels of p53 targets (in MDA-MB-468 cells) and ectopic
human mutp53 (in transfected NCI-H1299 cells), cells were seeded in 6-
well plates at 2.25 x 10° cells/well density for 48 h. Yeast and human
tumor cells were lysed and protein fractions were analyzed as described
[33]. Antibodies are listed in Table S1.

2.10. Statistical analysis

Data were statistically analyzed using the GraphPad Prism 7
(GraphPad software, California, USA). Differences between means were
tested for significance wusing the Student's t-test (**p < .01;
*kp < .001).

3. Results
3.1. SLMP53-1 binds to wt and mutp53 R280K

To uncover the molecular mechanism by which SLMP53-1 re-
activates wtp53 and mutp53 R280K, we performed the CETSA analysis.
This technique enlightens about the possibility of direct binding of
small molecules to macromolecules. Specifically, it gives insights about
the ability of small molecules to induce thermal stabilization of cellular
proteins as a consequence of intermolecular interactions [34]. As such,
using HCT116 and MDA-MB-231 tumor cells expressing wtp53 and
mutp53 R280K, respectively, it was evaluated the impact of SLMP53-1
on wt and mutp53 R280K thermal stabilization. For that, the amount of
soluble wt and mutp53 R280K was measured upon heating of HCT116
or MDA-MB-231 cell lysates. In fact, whereas unbound (non-stabilized)
proteins denature and precipitate after heating, ligand-bound (stabi-
lized) proteins remain in solution [34]. The results showed that 10 M
SLMP53-1 induced a slight mutp53 R280K thermal stabilization at
39°C and 40°C (Fig. 1A). Consistently, at 40°C, SLMP53-1 caused
concentration-dependent mutp53 R280K thermal stabilization, with a
two-fold increase of non-denatured mutp53 R280K thermal stabiliza-
tion achieved at 50 uM SLMP53-1, when compared to solvent (Fig. 1B).
In fact, considering the amount of mutp53 R280K obtained with DMSO
at 25°C, a complete protein stabilization was achieved with 50 uM
SLMP53-1 at 40°C. Similarly, in wtp53-expressing tumor -cells,
SLMP53-1 induced a dose-dependent thermal stabilization at 39 °C
(Fig. 1C), with a complete stabilization achieved with 10 uM (Fig. 1C).
These results showed that SLMP53-1 led to wt and mutp53 R280K
thermal stabilization, which was indicative of intermolecular interac-
tions between the compound and wt/mutp53. In fact, these results were
further supported by microscale thermophoresis (MST) analysis, using
recombinant human mutp53 R280K DBD, which unveiled a direct in-
teraction of SLMP53-1 to this contact mutp53 (Kd of 10.7 uM, Fig. S1).

3.2. SLMP53-1 potentially binds to a hydrophobic pocket formed at the
interface of the p53 homodimer with the DNA minor groove

To predict SLMP53-1 binding in a more biologically relevant con-
text with p53 DNA recognition, the models of wt and mutp53 R280K
DBD tetramer in complex with DNA were used. Consistently with pre-
vious data [13], the MD simulations showed that, in the wtp53 DBD
crystal structure, the R280 establishes two hydrogen bonds with a
conserved guanine base at the DNA major groove (Fig. 2A). Moreover,
as reported [12] in mutp53 R280K, the arginine to lysine substitution
abolishes these direct interactions with DNA (Fig. 2A), and no sub-
stantial differences were found in the structural motifs' conformational
rearrangements. Docking and MD simulations of wt and mutp53 R280K
DBD with SLMP53-1 showed that the compound binds at the interface
of the p53 homodimer with the minor groove of the DNA target half-site
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Fig. 1. SLMP53-1 thermally stabilizes wt and mutp53 R280K. CETSA experiments were performed in mutp53 R280K-expressing MDA-MB-231 lysates (A) and (B) and
wtp53-expressing HCT116 lysates (C). (A) Lysate samples treated with DMSO (—) or 10 uM SLMP53-1 (+) were heated at different temperatures; immunoblot
represents one of three independent experiments. Lysate samples treated with increasing concentrations of SLMP53-1 were heated at 40 °C (B) or 39 °C (C); im-
munoblot represents one of five independent experiments; plotted data represent the amount of non-denatured mutp53 after heating in SLMP53-1-treated lysates

+

relatively to DMSO at 25°C (set as 1); data are mean

SEM of five independent experiments; values significantly different from DMSO at 40°C: **p < .01,

**¥%p < .001 (unpaired Student's t-test). In (A-C), GAPDH was used as a loading control.

(Fig. 2B). This pocket is located on the opposite DNA side from residue
280. SLMP53-1 interacted with p53, mainly with a methionine from
each monomer (M243A and M243B), through its indole moiety via
sulfur-ir and methyl-rt interactions, being closer to M243A (Fig. 2B and
C; Table S2). Furthermore, these interactions were closer in mutp53
R280K:SLMP53-1 compared to wtp53:SLMP53-1 complex (Table S2).
The isoindolinone moiety of SLMP53-1 further established stacking
interactions with the DNA bases (DA18, DT19, DA6, DT7), and a hy-
drogen bond (with DG12) through its carbonyl group (Fig. 2B and C;
Table S2). Consequently, the loss of direct contacts between residue 280
and the DNA major groove was partially compensated by the indirect
protein-DNA interactions mediated by SLMP53-1 at the DNA minor
groove (Fig. 2B and C).

Although the SLMP53-1 enantiomer could bind to the same pocket
in the wtp53 and mutp53 R280K DBD models, its different arrangement
prevented the formation of the same interactions established by
SLMP53-1 with p53. In fact, due to its spatial orientation, the SLMP53-1
enantiomer interacted mainly with the DNA minor groove in detriment
of protein interactions (Fig. 2D), justifying its inactivity as a mutp53
reactivator [10].

3.3. SLMP53-1 reactivates distinct hotspot mutp53

It was previously demonstrated that SLMP53-1 was able to restore
wt-like function to contact mutp53 R280K, but not to structural mutp53
Y220C [10]. Based on that, we interrogated whether the activity of
SLMP53-1 was restricted to mutp53 R280K, or instead it would be also
observed in other mutp53, including structural mutp53. To answer this
question, the yeast assay, previously developed to screen reactivators of
mutp53 R280K and Y220C [10], was extended to other contact (R248Q,
R248W, R273H, R273C) and structural (R175H, G245D, G245S,
R282W) mutp53, known for their high prevalence and clinical re-
levance in human cancers [35-38]. To this end, the heterologous ex-
pression of each human mutp53 was carried out in yeast, and their

effect on the growth of transformed yeast was analyzed (Fig. 3A and B).
By western blot analysis, we confirmed no substantial differences
among mutp53 protein expression levels (Fig. 3A). Contrary to the
growth inhibitory effect induced by wtp53, none of the expressed
mutp53 considerably interfered with yeast cell growth (Fig. 3B, DMSO;
Fig. S2). Since potential reactivators of mutp53 would restore the wt-
like growth inhibitory effect to mutp53 expressed in yeast, as observed
for R280K [10], we next evaluated the effect of SLMP53-1, at 10 uM
(concentration that caused the maximal effect on mutp53 R280K, re-
establishing over 79% of wtp53-induced growth inhibitory effect) [10],
on the growth of mutp53-expressing yeast cells. Despite the negligible
effect on G245S and R273C, SLMP53-1 restored the wtp53-induced
growth inhibition to the remaining tested mutp53 by > 50% (Fig. 3B).

To validate the results obtained in yeast, the effect of SLMP53-1 was
evaluated on the same set of hotspot mutp53 ectopically expressed in
p53-null NCI-H1299 tumor cells, through analysis of cell proliferation
by SRB assay, after 48 h treatment (Fig. 3C and D). No considerable
differences among mutp53 protein expression levels were detected by
western blot analysis in mutp53-transfected NCI-H1299 cells (Fig. 3C).
Notably, like in yeast, SLMP53-1 caused a significant reduction of the
ICso values in NCI-H1299 cells expressing R175H, G245D, R248Q,
R248W, R273H, and R282W, when compared to empty vector
(Fig. 3D). These results further supported the ability of SLMP53-1 to
reactivate distinct contact and structural hotspot mutp53. Moreover,
they reinforced the mutp53-dependent cytotoxic effect of SLMP53-1
evidenced in previous work by knocking down mutp53 R280K by
siRNA, in MDA-MB-231 tumor cells [10].

To further confirm the growth inhibition induced by SLMP53-1 in
mutp53-transfected tumor cells, this effect was also evaluated in human
breast adenocarcinoma MDA-MB-468 cells endogenously expressing
one of the most prevalent hotspot mutp53 (R273H). As expected, a
significant growth arrest was observed (Fig. 3E) with an ICs value of
10.3 = 2.4uM (n = 5) determined by SRB assay, after 48 h treatment
with SLMP53-1. This was associated with alterations in the protein
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Fig. 2. SLMP53-1 potentially binds at the interface of the p53 homodimer with
the DNA minor groove. (A-D) MD reference structures. (A) Image from the DNA
major groove side showing the wtp53:SLMP53-1 complex superposed with
mutp53 R280K:SLMP53-1 complex (only residue K280, in pink, is depicted
from the mutp53 R280K:SLMP53-1 complex). (B) Image from the DNA minor
groove side showing the binding of SLMP53-1 to the protein and to the DNA.
(C) Superposition of wtp53:SLMP53-1 complex (in purple) with mutp53
R280K:SLMP53-1 complex (in pink) showing the similar binding pose for
SLMP53-1. (D) wtp53:SLMP53-1 complex (in purple) superposed with
wtp53:SLMP53-1 enantiomer (*) complex (in gray).
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levels of p53 transcriptional targets. In fact, 10.3uM SLMP53-1 in-
creased the levels of the cell cycle inhibitor p21 and the pro-apoptotic
protein PUMA, while decreasing the anti-apoptotic BCL-2 protein levels
(Fig. 3F).

4. Discussion

The promising pre-clinical results attained with SLMP53-1 in our
previous work [10] led us to further delve into the molecular me-
chanism of action of this potential anticancer drug candidate. The re-
sults obtained in this work support a direct interaction of SLMP53-1 to
wt and mutp53 with subsequent enhancement of their thermal stability.
It is worth noting that despite this thermal stability, additional results
unveiled that SLMP53-1 did not interfere with wt/mutp53 half-life (Fig.
S3), supporting that its activity is not related to an inhibition of p53
degradation pathways.

To better understand the binding mode of SLMP53-1 to wt and
mutp53 R280K, in silico docking studies were performed using struc-
tural models of wtp53 tetramer in complex with DNA and the equiva-
lent model with R280K mutagenesis. With this strategy, we intended to
simulate a more biologically relevant context, in which the p53 tran-
scriptional activity depends on its DNA-binding ability. In fact, it was
previously demonstrated that SLMP53-1 enhanced wtp53 and mutp53
R280K DNA-binding ability, at the promoter regions of target genes,
and subsequent transcriptional activity [10]. In the presence of DNA,
the p53 protein organizes as a dimer of dimers (homotetramer) [39].
The results showed that SLMP53-1 binds to a hydrophobic pocket of the
p53 homodimer, establishing an interface with the DNA minor groove,
and compensating for the loss of direct contacts between the K280 re-
sidue and the DNA. Interestingly, the superposition of wt and mutp53
R280K models showed that SLMP53-1 has a similar binding pattern to
the wtp53 model, which is consistent with the reported activation of
wtp53 by SLMP53-1 [10]. The in silico studies also revealed that the two
SLMP53-1 enantiomers presented different binding patterns to p53,
therefore justifying the described inability of the SLMP53-1 enantiomer
to reactivate both wt and mutp53 R280K [10]. In fact, whereas
SLMP53-1 interacts with the protein via sulfur-it and sulfur-hydrogen
bonds and with DNA via stacking interactions and a hydrogen bond, its
enantiomer interacts mainly with the DNA minor groove. As such,
SLMP53-1 seems to bridge an extra interaction between the protein and
DNA, on the opposite site to the mutation, rescuing the DNA binding
and subsequent transcription activity to mutp53.

This work also showed that, besides wt and mutp53 R280K [10],
SLMP53-1 also has the ability to reactivate other hotspot p53 mutations
with high clinical relevance. The ability of SLMP53-1 to reactivate
wtp53, as well as contact and structural mutp53, supports that its
molecular mechanism of action is irrespective of the formation of
pockets derived from specific mutation sites. In fact, in silico models of
wtp53, contact mutp53 R280K, and structural mutp53 R282W (Fig. S4)
indicate that the region of L3 (involved in the homodimer interface) is
also conserved in this particular structural mutp53.

Altogether, the results herein obtained denote a distinct molecular
mechanism of mutp53 reactivation by SLMP53-1, non-dependent on
covalent bonds or mutation-created hydrophobic pockets as described
for other mutp53 reactivators. In fact, PRIMA-1MT is transformed into
a metabolite that is a Michael acceptor, which binds covalently to p53
free cysteines (C124 and C277), with adducts formation, inducing
protein stabilization in both contact and structural mutp53 [40,41]. On
the other hand, the carbazole PK08325 and the pyrazole derivative
PK708826 bind to a hydrophobic pocket in the cleft induced by the
Y220C amino acid substitution in mutp53 structure [42,43]. Since wt
and many mutp53 do not have well-defined pockets to accommodate
ligands (particularly contact mutants, such as R280K), our work high-
lights alternatives to the design and development of new mutp53 re-
activators. Consistently, it was previously suggested that an interesting
strategy to reactivate mutp53 would rely on bridging the interaction
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Fig. 3. SLMP53-1 reactivates distinct hotspot mutp53. (A) Immunoblot of human wt and mutp53 expressed in yeast, after 42 h incubation of yeast cells treated with
solvent; results represent one out of three independent experiments; Pgklp was used as loading control. (B) Percentage of wt-like growth inhibition obtained in
mutp53-expressing yeast treated with 10 uM SLMP53-1 or DMSO, for 42 h (yeast assay is schematically represented). Plotted data correspond to the percentage of
growth inhibition achieved with wtp53-expressing yeast cells treated with DMSO (set as 100%); data are shown as mean + SEM of 4-8 independent experiments;
values significantly different from DMSO: **p < .01; ***p < .001 (unpaired Student's t-test). (C) Immunoblot of mutp53 ectopically expressed in p53-null NCI-
H1299 tumor cells after 72 h incubation; results represent one out of three independent experiments; GAPDH was used as loading control. (D) Growth inhibitory
effect of SLMP53-1 on NCI-H1299 tumor cells transfected with pcDNA3 encoding human mutp53 (or empty vector). Plotted data of ICso values were determined by
SRB assay after 48 h treatment with SLMP53-1; data are shown as mean + SEM of 3-8 independent experiments; values significantly different from empty vector:
***%p < .001 (unpaired Student's t-test). (E) Representative microscopy images of MDA-MB-468 cells treated with ICsq (10.3 uM) and 2 X ICsq (20.6 uM) SLMP53-1 or
DMSO, for 48 h (Scale bar = 50 um, magnification = 200 x ). (F) Protein levels of p53 targets p21, PUMA, and BCL-2, after 48 h treatment with 10.3 pM SLMP53-1

(+) or DMSO (—), in MDA-MB-468 cells. Inmunoblots are representative of three independent experiments.

between the protein and DNA through a small molecule [44]. Fur-
thermore, an in silico study of mutp53 R273H with curcumin, alpinetin
and flavokawain has hypothesized that these small molecules might
also rescue mutp53:DNA contact by binding between the protein and
DNA next to the mutation site [45].

It is worth noting that this work also validates the yeast model as a
reliable cell system for the high-throughput screening of mutp53 re-
activators. This simplified and highly effective yeast-based assay may
streamline the identification of improved mutp53 reactivators with
therapeutic application in cancer treatment.

Interestingly, all mutp53 tested appear to have a similar functional
activity when tested in yeast. Nevertheless, this homogeneity contrasts
with the heterogeneous ability of SLMP53-1 to reactivate mutp53 oc-
curring at the same codon but with different amino acid substitutions.
Thus, it would be worth doing further studies to better understand the
inability of SLMP53-1 to reactivate mutp53 Y220C, R273C, and G245S.
By addressing this question, deeper insights on mutp53 pharmacology
will be achieved, paving new ways in anticancer drug discovery by
targeting mutp53.

5. Conclusion

Because of its high prevalence in human cancers and critical role in
tumor formation and progression, mutp53 is one of the most promising
targets in anticancer drug development [1]. As such, the search for
more efficient and selective therapeutic options, capable of reactivating
a broader panel of mutp53 forms, remains a priority, particularly in the
context of precision medicine. The present work reinforces the clinical
potential of SLMP53-1 as a p53-activating agent, with encouraging
applications in personalized cancer therapy by extending the possibility
of treatment to a broader panel of patients harboring both wtp53 and
distinct structural or contact mutp53 forms.
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