International Journal of Biological Macromolecules 337 (2026) 149435

Contents lists available at ScienceDirect

Biological
Macromolecul

International Journal of Biological Macromolecules

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/ijbiomac

Evaluating the therapeutic role of salvianolic acid A on pancreatic cancer
cells through interaction with the intrinsically disordered protein NUPR1

Maria Gabriela Alvarez-Rodriguez ™', Matias Estaras ™', Felipe Hornos“, Bruno Rizzuti ““,
Patricia Santofimia-Castafio °, Juan L. Iovanna ™", José L. Neira %"

2 IDIBE, Edificio Torregaitan, Universidad Miguel Herndndez, Avenida del Ferrocarril s/n, 03202, Elche, Alicante, Spain

b Centre de Recherche en Cancérologie de Marseille (CRCM), INSERM U1068, CNRS UMR 7258, Aix-Marseille Université and Institut Paoli-Calmettes, Parc Scientifique
et Technologique de Luminy, 13288, Marseille, France

¢ CNR-NANOTEC, SS Rende (CS), Department of Physics, University of Calabria, 87036, Rende, Italy

4 Instituto de Biocomputacién y Fisica de Sistemas Complejos (BIFI), Universidad de Zaragoza, 50018, Zaragoza, Spain.

ARTICLE INFO ABSTRACT

Keywords:

Intrinsically disordered proteins
Protein-drug interactions

Cell assays

Natural compounds

Molecular docking

The nuclear protein 1 (NUPR1) is an intrinsically disordered protein (IDP) involved in stress processes in the cell.
We have been developing, by using organic chemistry, several small molecules which hamper in vitro and in cell-
based assays NUPR1 biomolecular interactions by targeting its two hot-spots around Ala33 and Thr68. In this
work, we used a natural compound, salvianolic acid A (SAA), to target NUPR1. SAA has anti-cancer and anti-
inflammatory properties. Binding in vitro was monitored by using fluorescence, isothermal titration calorim-
etry (ITC) and nuclear magnetic resonance (NMR); the affinity was in the low micromolar range, as shown by
fluorescence and ITC. The NMR spectra of NUPR1, in the absence and in the presence of SAA, indicated that
binding involved several polypeptide patches of NUPR1, as well as its hot-spots; however, the binding did not
alter the disordered nature of the protein. Moreover, molecular docking simulations provided a model of the
binding at the atomic level. Results of proliferation cellular assays with MIA PaCa-2 cells indicated that the ICsq
was ~20 pM, confirming the affinity values found by fluorescence and ITC. SAA was also capable of inhibiting
the formation of stress granules (SGs) triggered by NUPR1. Our work shows that a plant-derived molecule can
target an IDP involved in cancer, with affinities in the low micromolar range. Our model compound can hamper
the pathological state (SG formation) triggered by this IDP, and indicates that the search for potential inhibitors
of disordered proteins could be further extended to bioactive natural compounds.

1. Introduction overexpressed in pancreatic ductal adenocarcinoma (PDAC): in fact, it is
involved in the incidence, development and metastasis of PDAC

The nuclear protein 1 (NUPR1) is an 82-residue-long, intrinsically [3,9,10]. Therefore, it can be considered as a potential therapeutic

disordered protein (IDP) with several functions, ranging from being a
transcription factor to a regulator of apoptosis [1-3]. Its interactome
involves molecules from different sources: from other proteins to sac-
charides, lipids, and nucleic acids [4-8]. NUPR1 is specifically

target for this serious illness [1-3]. Due to its intrinsically disordered
nature, finding inhibitors targeting NUPR1 is challenging by using
traditional drug design, since common structure-based approaches
cannot be employed. We have used a mid-throughput experimental

Abbreviations: BMRB, Biomagnetic Resonance Bank; DMEM, Dulbecco's modified Eagle's medium; DMSO, di-methyl sulfoxide; FBS, fetal bovine serum; G3BP, Ras
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mammalian target of rapamycin kinase; NMR, nuclear magnetic resonance; NUPR1, nuclear protein 1; PDAC, pancreatic ductal adenocarcinoma; PPI, protein-protein
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screening to repurpose the antipsychotic drug trifluoperazine (TFP) as a
NUPR1 inhibitor [11-14]. TFP has been improved in silico, and the
additional organic synthesis of several new compounds, together with
the use of an array of biological, biochemical and biophysical methods,
has led to the development of ZZW-115. The ZZW-115 compound as an
inhibitor of NUPR1 protein-protein interactions (PPIs), led to the sup-
pression of tumor cell growth both in cell-based assays and in vivo
[12,15,16]. In addition, ZZW-115 hampers stress granules (SGs) for-
mation; SGs are needed in some of the NUPR1 functions [17]. SGs are
membrane less organelles, caused by liquid-liquid phase separation
(LLPS), whose formation is triggered by cellular stress environmental
conditions and in most cases formed by RNA and RNA-binding proteins
(see [17] and references therein). However, ZZW-115 has side effects
during preclinical studies [18], and then, it is necessary to identify, by
using natural resources, or alternatively in silico and synthetic tech-
niques, new NUPR1 inhibitors. For instance, we have started exploring
how new synthetic organosilicon molecules are capable of binding to
NUPRI1, and they are interfering with its PPIs within the cell [19].

In recent years, some of the compounds used in Traditional Chinese
Medicine (TCM) have been employed as alternative therapies to con-
ventional cancer treatments [20]. Preclinical and clinical studies have
shown the usefulness of TCM in alleviating cancer-related symptoms,
enhancing patient quality of life, and potentially improving therapeutic
outcomes when incorporated into multimodal treatment regimens [20].
Among the bioactive compounds derived from Chinese medicinal herbs,
polyphenols are important due to their beneficial medical properties
with minimal toxicity [21]. Polyphenols encompass phenolic acids,
flavonoids [22], tannins and stilbenoids, all of which are abundantly
found in medicinal herbs and plants [23]. Salvianolic acid A (SAA) is a
stilbenoid (Scheme 1), that is isolated from the radix of Salvia miltior-
rhiza, as well as from the root extract of Salvia yunnanensis. SAA is a
water-soluble compound with anti-inflammatory [24], anti-cancer [25]
and anti-oxidant [26] properties. In general, due to its large availability,
the roots of Salvia miltiorrhiza are being utilized for several years now in
TCM as a treatment for cancer [27]. Therefore, all these applications and
the fact that a few natural compounds have been used as drugs against
IDPs [28,29], prompted us to employ SAA against NUPR1.

In this work, we investigated the binding between NUPR1 and SAA in
vitro, in silico and in cell-based assays. At the best of our knowledge, this
would be the first use of a plant-derived, natural compound against an
IDP involved in cancer development, although natural compounds have
been used to target IDPs implicated in neurodegenerative diseases
mainly to hamper intermolecular interactions [28,29]. We obtained an
affinity constant for the binding between wild-type NUPR1 and SAA in
the range of 20-30 pM, as shown by fluorescence and ITC. Interaction
between wild-type NUPR1 and SAA, as monitored by 2D 'H-'>N HSQC
NMR, involved a decrease of the intensity of most of the protein signals,
including those of the two hot-spots. Furthermore, molecular docking
simulations provided a model of the NUPR1/SAA complex that agreed
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Scheme 1. Structure of salvianolic acid A.
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with the presence of two binding hot-spots on the protein. Studies with
several pancreatic cancer cell lines showed that SAA had a cytotoxic
effect, which did not depend on the presence of NUPR1 in the cell lines,
as shown by experiments with Panc-1 NUPR1 KO ones. Nevertheless, the
treatment with SAA disrupted SGs formation, triggered by the presence
of NUPR1. Although the exact mechanism by which this disruption
happens is not yet fully known, these results open the possibility of using
this natural product as an agent modulating this important type of supra-
molecular structures for survival of cancer cells.

2. Materials and methods
2.1. Materials

Imidazole, Trizma acid (Tris) and its base, NaCl, protease inhibitor
tablets EDTA (ethylenediaminetetraacetic acid)-free, Ni2+-resin, TSP (3-
(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt), DMSO (di-methyl
sulfoxide), d;2-Tris acid and Amicon centrifugal devices with a molec-
ular weight cut-off of 3 kDa were from Merck (Madrid, Spain; or Paris,
France). Ampicillin and isopropyl-g-D-1-thiogalactopyranoside were
obtained from Apollo Scientific (Stockport, UK). Triton X-100, and the
sodium-dodecyl-sulfate protein marker (PAGEmark Tricolor) were from
VWR (Barcelona, Spain). SAA was purchased from Eurodiagnostico, SL
(Madrid, Spain). The rest of the materials were of analytical grade.
Water was deionized and purified on a Millipore system (double distilled
water).

2.2. Protein expression and purification

Wild-type NUPR1 was produced and purified from transformed BL21
(DE3) E. coli strain (Merck, Madrid, Spain) grown in Luria-Bertani broth
medium as previously described [4]. For the 15N-labeled wild-type
NUPRI1 the procedure was the same as in rich medium, but we used
minimal medium supplemented with 1 g/L of 15NH4C1 [8] to grow the
transformed BL21 (DE3) E. coli strain. The wild-type NUPR1 concen-
trations were obtained from the absorbance at 280 nm, by using the
values for model compounds [30], and considering the presence of the
two tyrosines in its sequence (Tyr30 and Tyr36).

The mutant T68Q of NUPR1 was expressed and purified from BL21
(DE3) E. coli strain as described [7]. The mutant concentration was
determined as that of the wild-type protein.

The stock solutions of SAA used for the in vitro and cell-based ex-
periments were prepared by dissolving a corresponding amount of
powder to yield a stock solution of 7.2 mM (usually in a volume of 1-2
mL). For in vitro experiments the solvent was 100 % double-distilled
water and for the in cell-based assays, the solvent used was 100 %
DMSO.

2.3. Fluorescence titration experiments

A Cary Varian spectrofluorometer (Agilent, Santa Clara, CA, USA),
interfaced with a Peltier unit, was used to collect fluorescence spectra.
Samples were excited at 280 nm and the spectra were acquired between
300 and 400 nm. The bandwidth was 1 nm; the slit widths for excitation
and emission were 5 nm. The fluorescence experiments were carried out
at 25 °C in buffer Tris at 50 mM concentration (pH 7.8). In all experi-
ments, a 1-cm pathlength cell (Hellma, GmbH & Co, Miilheim, Ger-
many) was used.

For the titration between SAA and wild-type NUPRI1, increasing
amounts of SAA, in the concentration range 0-30 pM, were added to a
solution with a fixed concentration of wild-type NUPR1 (5 pM). The
samples were prepared 2 h before running the experiments. In all cases,
the appropriate blank-corrections were made by subtracting the signal
obtained with the corresponding amounts of isolated SAA by using
KaleidaGraph (Synergy software, Reading, PA, USA). Spectra were
corrected for inner-filter effects during fluorescence excitation [31]. The
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titration was repeated twice, by using new samples; variations in the
results of the two experiments for each SAA concentration were lower
than 10 %.

The dissociation constant of the SAA/wild-type NUPR1 complex, Kg,
was calculated by fitting the binding isotherm constructed by plotting
the observed fluorescence change as a function of SAA concentration to
a general binding model, explicitly considering protein depletion due to
binding [32,33]:

F=F,+ ﬁ% (([SAA]T + [NUPR1]; +Kq)
- \/<([SAA]T + [NUPR1]; + Ky )” — 4[SAA];[NUPR1], ) ) 6

where F is the measured fluorescence at any particular concentration of
SAA, after subtraction of the spectrum of a sample containing the same
concentration of SAA (i.e., F is the differential, or difference fluores-
cence); AFpay is the largest change in the fluorescence of SAA when all
molecules were forming the complex, compared to the fluorescence of
isolated wild-type NUPR1; Fj is the fluorescence intensity when no SAA
was added; [NUPR1]y is the constant, total concentration of wild-type
NUPRI1 (5.0 pM); and, [SAA]t is that of SAA, which was varied during
the titration. Fitting to Eq. (1) was carried out by using KaleidaGraph.

Titration experiments with the NUPR1 mutant T68Q were carried
out in a similar fashion and in the same range of molecule concentra-
tions; data fitting was carried out with Eq. (1) as well. Experiments with
the mutant were also repeated twice.

2.4. Isothermal titration calorimetry (ITC)

The interaction of wild-type NUPR1 and SAA was evaluated by using
ITC with a VP-ITC instrument (MicroCal, Northampton, MA, USA) at
25 °C. The sample cell was loaded with wild-type NUPR1 at a concen-
tration of 90 pM, whereas the syringe contained SAA at a concentration
of 450 pM. Experiments were performed in buffer Tris at 10 mM con-
centration (pH 7.6), and 75 mM of NaCl.

A series of 19 injections with a 15-uL volume of SAA solutions were
added sequentially to the sample cell after 420 s spacing with a stirring
speed of 307 rpm. To correct for the heat developed by the dilution ef-
fect, an independent experiment was performed where the same ligand
solution was injected into the calorimetric cell loaded with buffer. After
correction for the heat of dilution, the thermodynamic parameters of
binding were fitted to a single-site model to estimate the association
constant, K, (and therefore, to obtain also Kg); the stoichiometry of
binding, n; and, the interaction enthalpy, AH. Data analysis was carried
out employing the software package Origin 7.0 provided by MicroCal
(Northampton, MA, USA).

2.5. Nuclear magnetic resonance (NMR)

The NMR experiments to measure the interaction between 15N-
labeled wild-type NUPR1 and SAA were performed at 20 °C, pH 7.5
(deuterated Tris buffer at concentration 50 mM, no correction was done
for the isotopic effect), on a Bruker Avance II DRX-500 spectrometer
(Bruker, Karlsruhe, Germany) equipped with a triple-resonance probe
and z gradients. The protein assignment is deposited at BMRB (Bio-
magnetic Resonance Bank), at pH 4.5 (BMRB number: 19364 [8]);
chemical shifts were extrapolated for the use under our conditions. All
spectra were referenced to external TSP, as previously described [34].

The 2D 1H,ISN—heteronuclear single-quantum coherence (HSQC)
spectra [35] were acquired either for isolated °N-labeled wild-type
NUPR1 (80 pM) or, alternatively, in the presence of 300 pM of SAA.
Frequency discrimination in the indirect dimensions was achieved by
using the echo/antiecho-TPPI (time proportional phase increment)
method. The spectra were acquired with 1024 points in the 'H dimen-
sion, 128 points in the N dimension, and 200 scans. The carrier of the
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'H dimension was set at 5.00 ppm, and that of 1°N was set at 120 ppm.
The spectral widths used were 12 ppm and 35 ppm in the 'H and >N
dimensions, respectively. Water signal was suppressed with the
WATERGATE sequence [36]. Data were zero-filled to double the number
of original points in both dimensions, apodized with shifted squared
sine-bell functions in the two dimensions, and Fourier transformed with
the program TopSpin 2.1 (Bruker, Karlsruhe, Germany). We measured
the intensity of each isolated cross-peak by using the same program. The
relative intensities of each cross-peak were calculated by using the in-
tensity value of each cross-peak divided by the intensity value of the
cross-peak corresponding to Glyl. We provided the relative intensity of
each cross-peak with respect to the cross-peak of this residue (which is at
the N terminus of the protein) in each spectrum, because the receiver
gain of the HSQC spectra can change between the two experiments (in
the absence and in the presence of SAA), and the value of the intensities
of all residues can be modified consequently. Therefore, having an “in-
ternal” cross-peak as reference, which appears under both set of con-
ditions (Section 3.1), was necessary, and this relative intensity allowed
the comparison between the two acquired HSQC spectra.

2.6. Molecular docking simulations

The molecular docking of SAA to wild-type NUPR1 was modeled by
using DiffDock [37], a powerful algorithm that simulates a diffusion
process over the manifold of poses of the guest compound. This meth-
odology, although circumventing the impracticability of applying other
more accurate simulations techniques to study IDPs/ligand complexes,
still relies on the availability of physically-realistic protein conforma-
tions. Therefore, the docking simulations were performed on eight
structures extracted from a previous, experimentally-validated molec-
ular dynamics (MD) of wild-type NUPR1 alone [38,39].

In brief, the structure of wild-type NUPR1 was built in an extended
conformation and then collapsed in an MD run performed with the
GROMACS package [40] for 40 ns in the isobaric-isothermal ensemble at
standard temperature and pressure (reference values of 26.85 °C and
10° Pa, respectively). The AMBER ff99SB-ILDN force field [41] was used
for wild-type NUPR1, and the standard TIP3P model [42] for water. Due
to the spontaneous compaction of the wild-type NUPR1 conformation
during the MD run, eight protein structures with decreasing radius of
gyration (from 4.8 to 2.0 nm, at steps of 0.4 nm) were obtained at
different simulation times (about 0.7, 1.0, 1.7, 6.4, 12.1, 19.5, 30.6, and
32.2 ns, respectively).

We previously reported that protein structures obtained with such
MD runs correctly reproduce the electrostatic properties of NUPR1 chain
[38], can mimic the dynamics of the capture mechanism of this protein
in the presence of a ligand [39], and can be used as molecular hosts in a
docking screening to successfully identify binders of NUPR1 [12].

The docking simulations were performed on the eight MD structures
in a completely blind fashion, considering the whole protein surface.
The calculations were carried out with default parameters (20 inference
steps, 40 samples, and no final step noise), as previously described
[43,44]. The best 10 docking poses were considered in each run,
although in a few cases the less favorable poses were excluded because
they were not bound to the protein as judged by visual inspection.

2.7. Cell lines

MIA PaCa-2 and Panc-1 cell lines were obtained from the American
Type Culture Collection (ATCC) and cultured in Dulbecco's modified
Eagle's medium (DMEM) (Gibco, ThermoFisher, Paris, France) supple-
mented with 10 % fetal bovine serum (FBS) (Biosera) at 37 °C and 5 %
CO;. Panc-1 NUPR1 KO cell line was developed in our laboratory
through CRISPR/Cas9 technology and was cultured in DMEM supple-
mented with 10 % of FBS [45].

Human pancreatic stellate cell lines (hPSCs) were gifted from Pilar
Navarro's laboratory (IIBB, Barcelona, Spain) and they were cultured in
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DMEM-F12 (Gibco, ThermoFisher, Paris, France) supplemented with 10
% FBS. These cell lines were also cultured at 37 °C and with 5 % COs.

2.8. Proliferation assays

Five thousand cells were plated in 96-well plates and incubated
overnight to let them attach to the plate. Next day, the cells were treated
with increasing concentrations of SAA (0.01-100 pM) for 72 h. Cell
viability was determined by employing PrestoBlue™ Cell Viability Re-
agent for 2 h. Then, the fluorescence of the supernatant was monitored
by using the plate reader Tristar LB941. Cell viability was calculated as a
percentage versus untreated cells. All the experiments were performed in
triplicate.

2.9. Immunofluorescence

Cells were pleated in 24-well plates on glass coverslips at a 100,000
cells per well. Next day, cells were pre-treated with 20 pM SAA for 5 h
prior the addition of the SGs formation inductor arsenate (at a concen-
tration of 500 pM) for 1 h. Then, cells were washed and fixed with 4 %
paraformaldehyde. After permeabilization with 0.2 % Triton X-100 and
blocking, coverslips were incubated with primary antibodies anti-G3BP
(1:200, Abcam ab56574, where G3BP is the Ras GTPase-activating
protein-binding protein), anti-NUPR1 (1:200, homemade) or anti-TIA-
1 (1:200, ThermoFisher PA5-18699, where TIA-1 stands for T-cell
intracellular antigen protein 1) for 1.5 h. The secondary antibodies
employed were, respectively, AlexaFluor647 donkey anti-mouse, Alex-
aFluor546 donkey anti-rabbit and AlexaFluor488 donkey anti-goat at
dilution 1:500 for 1 h. Image were acquired by using a Zeiss Axio Imager
72 microscope apotome (x 63 magnification lens).

2.10. Statistical analyses

Statistical analyses for the cell-based assays were conducted by using
one-way ANOVA. The results were expressed as the mean + SD
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(standard deviation) of at least three independent experiments. A p-
value < 0.05 was regarded as statistically significant.

3. Results
3.1. In vitro binding of SAA to NUPRI1 in the low micromolar range

We tested whether wild-type NUPR1 interacted with SAA in vitro, by
using fluorescence, ITC and NMR. With the first two techniques we
obtained a quantitative measurement of the thermodynamic parameters
governing the binding, whereas NMR provided information about the
preferences in the binding location of SAA to the protein.

The fluorescence spectrum of isolated wild-type NUPR1, due to the
presence of its two tyrosine residues (Tyr30 and Tyr36), had a maximum
at ~308 nm after excitation at 280 nm. In the presence of growing
amounts of SAA, the corresponding spectra showed a decrease of in-
tensity, but there were no changes in the maximum wavelength of the
spectra. We observed that SAA did not show a fluorescence spectrum
upon excitation at 280 nm but rather, it had fluorescent, after excitation
at 370 nm.

We carried out fluorescence titrations to quantitatively measure the
binding affinity, by keeping constant the concentration of wild-type
NUPRI1 and increasing the concentration of SAA. The results yielded a
dissociation constant of 10 + 2 pM (Fig. 1A). These findings suggest that
Tyr30 and/or Tyr36 (the sole fluorescent residues in the protein) were
involved in the binding to SAA. We also used Job's plots to characterize
the binding of the two molecules, following standard procedures
[46-49]. The intersection of the two lines (Fig. 1A, inset), representing
the corrected fluorescence at different [SAA]/[NUPR1] rates, was 1.8 &
0.9, which is an estimate of the stoichiometry of the complex. We also
carried out fluorescence titrations with the T68Q mutant of NUPR1 and
SAA (Fig. S1); the results suggest that the affinity (9 + 2 pM) was the
same as that of the wild-type species (10 + 2 pM). Then, removal of this
key residue at the second hot-spot was not enough to suppress the
binding, which still occurred through the aromatic region of the protein,
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Fig. 1. Quantitative determination of the binding of SAA to wild-type NUPR1 monitored by different biophysical probes. (A) Titration curve monitoring the changes
in the fluorescence at 310 nm when SAA was added to a fixed amount of wild-type NUPR1. The fluorescence intensity on the y-axis is the relative signal after removal
of the corresponding blank. The line through the data is the fitting to Eq. (1). (Inset) Stoichiometry of the binding of SAA to wild-type NUPR1 monitored by using a
Job's plot of the fluorescence titration. The difference Fey, — Fops (Where Feyp, is the sum of the corresponding fluorescence of the two isolated molecules, SAA and
wild-type NUPR1, and F,ps is the measured fluorescence at 330 nm) is plotted versus the concentration ratio of the two biomolecules. The arrow indicates the
intersection point between the two lines. (B) Calorimetric titrations of SAA with wild-type NUPR1. Upper panel show the thermograms (thermal power as a function
of time) and lower panel show the binding isotherms (ligand-normalized heat effects per injection as a function of the molar ratio in the calorimetric cell). The lower
panel was obtained after subtracting the dilution effect of SAA from the titration thermogram. The continuous line corresponds to the fitting curve according to a

single ligand binding site interaction model.
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ie., the other protein hot-spot. Unfortunately, we were not able to
successfully express in amounts large enough for our biophysical
studies, the NUPR1 mutant modified at the other hot-spot of NUPR1,
namely A33Q, neither the double mutant A33Q/T68Q [7].

We used ITC to determine the enthalpy and the entropy of the
binding reaction for the wild-type species (Fig. 1B). The dissociation
constant, K4 for the interaction of wild-type NUPR1 with SAA was 39 +
5 pM, accompanied by a large enthalpic contribution of —3.3 + 0.2 keal
mol !, and an entropic one of 9.2 + 0.3 cal mol ™! deg.”!. The n
parameter (provided as [SAA]/[NUPR1]) was 0.72 + 0.02, which was
different to that obtained by the Job's plot in fluorescence (Fig. 1A inset).

Next, we used NMR to determine which residues were intervening in
the binding to SAA and whether wild-type NUPR1 remained disordered
upon binding to the stilbenoid, as it happens in its binding to other
molecules [5-8,12,19,50]. When an excess of SAA was added to wild-
type NUPR1, we observed a general decrease in the intensity of all the
signals in the NMR spectra (Fig. 2); none of the lingering cross-peaks did
show a change in chemical shifts, when compared to those measured in
the isolated protein, indicating that wild-type NUPR1 remained disor-
dered upon binding to SAA. Among the residues which could still be
observed in the presence of SAA (Figs. 2 and S2) were: Glyl, Glul8,
Tyr30, Ala33, His34 and Thr46. However, the largest variations in the
relative intensity (with respect to Gly1l in each spectrum) between the
two spectra — greater than one-third from the value in the spectrum with
wild-type NUPR1 in isolation — were occurring at: Thr3, Ser23(Asn53),
Ser27, Leu29, Tyr30, Ser31(Ser35), His34, Gly38, Ala50, Thr68 and
Arg82 (amino acids within parentheses correspond to signal overlapping
of the two cross-peaks). That is, the region with the largest number of
residues with the most important variations in the relative intensities of
the cross-peaks was that around the two aromatic residues of wild-type
NUPRI: Tyr30 and Tyr36 (confirming the fluorescence results, Fig. 1A).
Residue Thr68, belonging to the other hot-spot of wild-type NUPR1,
showed the largest variation in the relative intensity between the two
spectra (in the absence and in the presence of SAA). Then, the changes in
the NMR spectra involved residues close, or belonging to, the two hot-
spots of wild-type NUPR1, as it happens when it binds to other mole-
cules [5-8,12,19,50]. The fact that there were some cross-peaks
broadened beyond detection in the presence of SAA, whereas others
were still observed — although with a lower intensity when compared to
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the same cross-peaks in the spectrum of the isolated wild-type NUPR1 —
indicated that there were certain regions of wild-type NUPR1 that were
preferentially bound to SAA. Furthermore, the finding that some signals
disappeared when SAA was present suggested that there might be a
slow-to-medium conformational exchange between the free- and SAA-
bound- NUPR1 states. Then, taken together, all these findings argue
against a non-specificity of the binding, as there are some amino acids
which are more affected by the binding while others do not.

Overall, the biophysical probes indicate that in vitro binding of SAA
to wild-type NUPR1 was in the low micromolar affinity, and with a
stoichiometry between one and two SAA molecules per protein
molecule.

3.2. The disordered complex NUPR1/SAA had conformational
preferences

Molecular docking simulations were used to further study the asso-
ciation of SAA to NUPRI1 at atomic detail. To this end, we employed the
algorithm DiffDock [37], which uses a diffusion generative model based
on deep learning to predict the binding of small molecules to a host
protein. The docking hosts were eight structures extracted from an MD
of NUPR1 alone [39], with radius of gyrations in the range 2.0-4.8 nm.
Although not covering the whole thermodynamic ensemble of NUPR1 in
solution, this set of structures modeled the protein at different degrees of
compaction.

We note that state-of-the-art predictors based on neural networks fail
to produce accurate structures for IDPs. As an example, AlphaFold [51]
provides a prediction (entry: 060356) that: (1) is a single structure,
whereas an ensemble of NUPR1 conformations with different compac-
tion degree are present in solution, as suggested by our NMR studies on
relaxation dynamics in the nanosecond-to-picosecond time regime [52];
(2) possesses many long helical regions, whereas in reality NUPR1 has 0
% secondary structure; (3) shows low confidence (pLDDT <70, where
pLDDT stands for the predicted local distance difference test) in the
unstructured parts, which are the only protein regions that might be
correct. MD simulation predates machine learning algorithms in repro-
ducing the conformation of small well-folded proteins [53]. For IDPs,
although having the tendency to produce a single over-compact struc-
ture on the long run [54], MD samples multiple and physically accessible
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Fig. 2. 2D 'H-'>N HSQC NMR spectra of wild-type NUPR1 with or without SAA. The 2D 'H-'°>N HSQC NMR spectra of wild-type NUPR1 (at 80 pM concentration) in
the absence (black lines), and in the presence of SAA, at 300 pM of concentration (red lines). The same lower contour level was used for both spectra.
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protein conformations at shorter timescales, which can be conveniently
used for molecular docking simulations.

The snapshots reported in Fig. 3 show the results obtained in the
docking calculations. Although the docking poses obtained were very
different from one snapshot to another, the overall picture that emerges
was quite clear: there were two main binding locations of SAA on
NUPR1, one encompassing the only two fluorescent residues Tyr30 and
Tyr36 (evident in the accumulation of docking poses in Fig. 3B, G, and
H), and the other one in-between His62 and Thr68 (more visible in
Fig. 3A, C, D, E, and F). At least one docking pose was found close to
either Tyr30 and Tyr36 in all the NUPR1 structures (pinpointing to-
wards the importance of that region in the binding to SAA, as suggested
by the fluorescent results with the wild-type and the T68Q mutant), and
a few other isolated docking poses were occasionally found in other
different locations.

These findings are in excellent agreement with both the fluorescence
and NMR data at our disposal, as well as with the stoichiometry of the
complex predicted by both fluorescence and ITC. In fact, it is worth to
note that the two binding locations (Tyr30/Tyr36 and His62/Thr68) can
coexist (and then, they increase the stoichiometry of the SAA/NUPR1
complex, as detected in the fluorescence experiments (Fig. 1A inset)),
except when the protein structure is very collapsed (such as in Fig. 3H),
when they merged into a single cluster of binding poses. The reason they
may appear alternative to each other is that, for each simulation snap-
shot, the docking algorithm focuses mostly on one of the two locations
when either of them is more favorable compared to the other.

In summary, our blind docking simulations, performed on MD
structures spanning the conformations of NUPR1 at different values of
gyration radius, suggested that there were two main binding locations of
SAA on the protein. These locations correspond to the hot-spots of
NUPRI, traditionally indicated as the ‘30s’ and ‘60s’ along the protein
sequence [6,7,15], and which correspond to the two regions of slightly
higher hydrophobicity of the protein [12]. The binding mechanism
suggested by the docking calculations does not rely on either the host
(NUPR1) or the guest (SAA) possessing a well-defined structure in the
binding, neither requires a binding stoichiometry corresponding to an
integer number.
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3.3. Evaluating SAA effect in cell-based assays

The inhibition of NUPR1 has a deleterious effect on cancer cells, as it
has been shown in previous studies [12,15,45]. Having shown in vitro
and in silico that SAA bound to the hot-spot regions of wild-type NUPR1,
we aimed to investigate whether this molecule could efficiently target
NUPRI1 in cell-based assays in pancreatic cancer cells. We first evaluated
the effect of SAA treatment on the pancreatic cancer cell lines MIA PaCa-
2 and Panc-1, obtaining ICs¢ values of 21.2 and 36.9 pM, respectively
(Fig. 4A), which are close to the value obtained by ITC for the wild-type
protein (Fig. 1B).

Additionally, we also tested the compound on hPSCs to investigate
whether the cytotoxic effect of SAA observed in tumoral cells was also
observed in non-malignant or mutated cells (Fig. 4A). We clearly
observed that SAA did not show any cytotoxic effect on hPSCs. Only at
the highest tested dose of SAA, a noticeable drop in the hPSCs viability
was noticed. Therefore, we can conclude that these findings reveal that
the effect of SAA was cell-dependent.

We have recently described wild-type NUPR1 as an essential
component of SGs in pancreatic cancer cells [17]. To determine whether
SAA was also capable of preventing SGs formation, where NUPR1 in-
tervenes, MIA PaCa-2 cell lines were pre-treated with 20 uM of the
stilbenoid for 5 h, and then challenged with the well-known SG inducer
arsenate (at a concentration of 500 pM) for 1 h. Immunofluorescence
with the use of several SG markers showed a drastic reduction in SG-
positive cells following SAA treatment (Fig. 4B, C), revealing its action
on these molecular condensates. However, at this stage, we cannot rule
out that the disruption of SGs formation could be due not only to
interaction of SAA with NUPR1 at its hot-spots, but, alternatively, to
other possible mechanisms (such as the anti-oxidant action of SAA,
observed with other redox compounds [31], or even with the presence of
arsenate).

Finally, to assess whether the observed cellular effects of SAA were
due to its interaction with NUPR1, we compared the impact of SAA on
cell viability in NUPR1-deficient cell lines (Panc-1 NUPR1-KO) versus
NUPR1-expressing cell lines (Panc-1 WT). We found no differences in
sensitivity to SAA in the absence or presence of NUPRI1, indicating that
the cytotoxic effect detected above may be independent of NUPR1

2
I

Fig. 3. Molecular docking simulations of SAA bound to wild-type NUPR1 at different degrees of compaction. Up to ten docking poses of SAA are bound for each
NUPRI1 structure at decreasing radius of gyration, in steps of 0.4 nm: (A) 4.8 nm, (B) 4.4 nm, (C) 4.0 nm, (D) 3.6 nm, (E) 3.2 nm, (F) 2.8 nm, (G) 2.4 nm, and (H) 2.0
nm. In all protein structures the N terminus is on the left and the C terminus on the right. Residues Tyr30/Tyr36 and His62/Thr68, which are conventionally
delimiting the protein hot-spots in the ‘30s’ and ‘60s’ along the protein sequence, are explicitly represented in all structures, and labeled in the sole conformation at

4.8 nm.
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Fig. 4. Effect of SAA in the cell-based assays. (A) Cell viability assay upon SAA treatment for 72 h in pancreatic cancer cell lines MIA PaCa-2, Panc-1 and in human
pancreatic stellate cells (hPSCs). The value represents the percentage of cell viability compared to untreated cells (n = 3). (B) SAA treatment inhibited SGs formation
induced by arsenate. To induce SGs, MIA PaCa-2 cells were treated with 500 pM arsenate for 1 h. To test the effect of SAA to counteract SGs formation, cells were pre-
treated with 20 pM of the stilbenoid for 5 h prior the addition of SGs inductor. Representative images of cells after treatments staining with anti-TIA1, anti-NUPR1
and anti-G3BP antibodies. Scale bar represents 20 pm. (C) Quantification of SGs positive MIA PaCa-2 cells upon treatments. The graph represents the percentage of
cells with SGs (mean + SD, n = 3). (D) Cell viability upon SAA treatment in Panc-1 WT or Panc-1 NUPR1 KO cells. The value represents the percentage of cell
viability compared to untreated cells (n = 3). (SAA, salvianolic acid, ****, p-value <0,0001).

expression in the cell (Fig. 4D).
4. Discussion
4.1. SAA was bound to NUPR1

Trying to search for new lead compounds targeting diseases, natural
products have unique advantages in terms of availability and scaffold
diversity. Salvia miltiorrhiza (also known as Chinese sage or Danshen) is
one of the most important herbal medicinal drugs in TCM, as it is used to
treat several blood disorders [55]. Salvianolic acids are very abundant in
the plants and, together with tanshinones (lipophilic, diterpenic qui-
nones), they are the main active principles of herbal drugs. They show
protective roles in central neuronal injuries and degeneration, probably
acting on the levels of reactive oxygen species (ROS); in fact, SAA is a
potent scavenger of ROS during cardiovascular injury, inhibiting the

adherence of leukocytes to endothelial cells [56]. Furthermore, there is
evidence of the protective role of salvianolic acids in several cardio-
vascular diseases, liver fibrosis, hepatic failure and osteoporosis
[55,57,58].

SAA can exert its anticancer activity through inhibition of cell pro-
liferation, migration, and invasion, induction of apoptosis, and modu-
lation of critical signaling pathways like PI3K (Phosphoinositide 3-
kinase protein)/Akt (protein kinase B), mTORC (mammalian target of
rapamycin kinase), and Wnt/p-catenin [59,60]. This raises an advantage
over other treatments, as SAA could potentially circumvent the limita-
tions of conventional monotherapies by impacting on a broad range of
molecular targets by using of drug cocktails. Along this line, recent
proteomic and chemo-proteomic analyses have further revealed that
SAA could covalently bind to numerous cellular proteins, including the
mTORC1 subunit Raptor, and thereby interfering with important tumor-
promoting pathways [61]. SAA has also been shown to inhibit some of
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the isoforms of human carbonic anhydrase [62], and it binds to the
active site of matrix metalloproteinase-9 (MMP9), exerting anti-
inflammatory effects [63].

In this work, we have studied the effect of the interaction of SAA with
NUPR1, which is a multifunctional protein with an interactome
including dozens of other protein partners [64]. As many other IDPs,
NUPRI1 is heavily involved in cell regulation and signaling, including
key tumor pathways in PDAC and several other cancer types. We have
shown that SAA was bound to NUPR1 in a specific way in vitro, as if the
association were non-specific, we should not observe in the NMR spec-
trum that cross-peaks of NUPR1 showed different behavior in their
variation of the intensities in the presence of this compound. Further-
more, our docking simulations showed that there were two main binding
regions of SAA, corresponding to the two hot-spot regions of NUPR1 for
the binding of other molecular partners [12,15], therefore indicating
that the binding was specific. The affinity constant of SAA for wild-type
NUPR1 (~20 pM), as determined by ITC and fluorescence, was similar to
that measured for other synthetic compounds, either identified from a
large library, or specifically designed to target this protein [12,15].
However, the mutant protein at Thr68 (T68Q) also showed the same
affinity for SAA as indicated by fluorescence (Fig. S1). These results
contrast with what is observed for the binding of the natural protein
partners of NUPR1 or during the SG formation, where the use of this
mutant leads to absence of protein binding or to the appearance of SGs
[12,15]. Then, it seems that SAA should have a slightly higher affinity
for the region around Tyr30 and Tyr36 (the first hot-spot), than for that
around the Thr68 polypeptide patch, in agreement with the results
found in some poses of the molecular docking results (Section 3.2).
Overall, and independently which of the two hot-spots of NUPR1 SAA
was mainly aiming to, these findings are noteworthy, because identi-
fying good binders in vitro targeting IDPs is generally challenging, due to
the highly hydrophobic and flexible character of these proteins. More-
over, these results also show that we have found a binder for NUPR1
which seems to have a certain preference for one of the two hot-spots. In
our case, the fact that SAA is a stilbenoid adds an additional point of
interest, as it further expands the chemical space of potential inhibitors
of NUPR1 (and more generally of IDPs) towards the use of natural
compounds, or even its modification in future chemical campaigns tar-
geting NUPR1; that is, using SAA as a lead compound to develop others,
which in the cells could have this IDP as the main target.

Our results in the cell-based assays further demonstrated that SAA
had a clear cytotoxic effect on the pancreatic tumor cell lines MIA PaCa-
2 and Panc-1. However, this effect did not appear to depend on a
possible interaction with NUPR1, as suggested by the negative results
with Panc-1 NUPR1-KO cell lines. At an ICso dose, the compound
showed no cytotoxic effect on hPSCs. A decrease in the hPSC viability
was only observed at high doses (100 pM) (Fig. 4A). The antioxidant
capacity of SAA and its cytotoxic effect on hPSCs have been demon-
strated [65]. However, such cytotoxic effects in some cells do not
invalidate the possible use of SAA as an anticancer drug, since other
well-known protein targets of this compound (such as MMP9 or carbonic
anhydrase) could explain the cytotoxic effect in the cells used in this
work. In addition, SAA has also antioxidant activities [26,65] which
could, instead, underlie the cytotoxicity observed in some of the assayed
cells. Now, we miss an explanation of why SAA — while binding NUPR1
at the same hot-spots as other compounds and natural partners, with a
similar affinity in vitro — yet does not have this protein as its main target
in the experiments with cells. The NMR results can provide a hint about
the binding of SAA to NUPR1, and its inability to target primarily such
protein. Upon addition of SAA, all the NMR signals showed a decrease of
their intensities (Fig. 2), whereas in the case of other organic com-
pounds, only a small number of residues — namely, those close to, or
belonging to, the hot-spots — showed a small variation of the intensities
of their cross-peaks [12-16]. Then, it seems that in the dynamic
conformational space NUPR1 is exploring, a larger number of residues
intervene in the binding of the stilbenoid, allowing the binding to one
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hot-spot if the other is crippled (as it happened for the mutant T68Q,
Fig. S1). Then, as there is a balance between target function and drug
affinity, it seems that there is as well a compromise between the NUPR1
function and the number of residues, outside the NUPR1 hot-spots,
involved in anchoring the compound to the polypeptide chain. In
future studies, using SAA as a lead compound to be optimized, we may
modify the alkyl groups of the compound while keeping its organic
scaffold, but we should take in consideration that any chemical variation
should yield a modified stilbenoid which must have the same affinity as
SAA in vitro, or improve it, but it should not affect many of the cross-
peaks in the HSQC spectrum of NUPR1.

4.2. SAA and the hampering of the SGs formation

We next proceeded to study the SGs formation triggered by the
presence of NUPR1 with the aim of checking whether the presence of the
stilbenoid would make any difference. In an expected turn of screw, SAA
effectively counteracted SGs formation, triggered by wild-type NUPR1,
following arsenate treatment. SGs are membrane-less organelles that
assemble in the cytoplasm in response to cellular stress [66]. Further-
more, our docking simulations suggested that SAA could target
concomitantly both hot-spots of NUPR1 (Fig. 3), explaining the different
stoichiometry found by fluorescence and ITC (Fig. 1); the anchoring to
the two hot-spots by different moieties of the stilbenoid could explain
why SAA is successful in hampering the SGs formation triggered by
NUPR1. However, it is important to pinpoint that, although we have
shown that: (i) SAA binds to NUPR1 in vitro and in silico through its hot-
spots (Figs. 1, 2 and 3); and (ii) NUPRI1 is necessary for SGs formation
[17], we do not have any unambiguous proof that inhibition of SGs
formation is exclusively modulated by the presence of NUPR1 within the
cell.

The functions of SGs range from protecting and storing mRNA to
regulating signaling pathways. In pancreatic cancer cells specifically,
SGs have been described as protective structures that help cells survive
chemotherapy and acquire treatment resistance [17,67]. Advanced
glycation end-products are capable of disrupting LLPS triggered by
Galectin-3 and integrin a5f1 [68], and synthetic peptides can hamper
the SG formation triggered by G3BP1 [69], a protein with a key role in
RNA metabolism and stress response [70]. Furthermore, LLPS promoted
by o-synuclein, a protein involved in several neurodegenerative dis-
eases, is hampered by synthetic zwitterionic compounds [71]. This has
led to a growing interest in identifying small molecules that regulate SG
formation, since synthetic or natural compounds can modulate growing
and chemoresistance of cancer cells. NUPR1, due to its intrinsically
disordered nature, has been identified as a component of SGs in
pancreatic cancer cells, and NUPR1 inhibition by the compound ZZW-
115, which binds to the same hot-spots as SAA, is known to disrupt SG
assembly [17]. We do not know the exact mechanism by which SAA
hampered SGs formation in our experiments with NUPR1; that disrup-
tion could be related to: (i) SAA potent ROS scavenger activity (which
could be shown in the presence of arsenate, used in facilitating SGs
formation); or, alternatively, (ii) its high promiscuity in binding to other
proteins, as SAA does interact with carbonic anhydrase [62] and MMP9
[63]. At this stage, however, we cannot exclude the possibility that,
under stress conditions where NUPR1 levels are very high, SAA might
bind not only to this protein, but also, and concomitantly, to others with
a higher affinity than that reported here for NUPR1. Yet, even in that
alternative scenario, SAA will be one of the first natural compounds
capable of hindering SG formation by binding to the hot-spots of an IDP.

5. Conclusions

We have shown that SAA was capable of binding to NUPR1, an IDP,
with an affinity like that measured for other compounds capable of
binding this protein, and exploiting the same hot-spots along its amino
acid sequence. These findings do not only introduce a new molecular



M.G. Alvarez-Rodriguez et al.

scaffold that could be improved to inhibit PPIs of this protein for a
therapeutic purpose, but also extend the possibility to target IDPs by
using natural compounds, including herbal medicinal compounds or
extracts that have been already used for a long time in TCM. However,
future improvements of the SAA alkyl chains, or even of the core region
of its scaffold, should consider how the affinity must be improved
without modifying in excess the binding to the protein hot spots, without
interacting with many residues outside of those regions.

Although SAA showed a cytotoxic effect on several pancreatic cancer
lines in the cell-based assays, such outcome does not seem to be directly
related to its ability to bind NUPR1 within the cell. However, SAA could
hamper the SGs formation within the cells where NUPR1 was also
implicated, although further studies will be necessary to determine the
specific cellular pathways involved in those processes. The outcome of
such future research may be of help to suggest new therapeutic alter-
natives for pancreatic cancer, and other hard-to-treat tumors.
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Appendix A. Supplementary data

There are two figures in the Supplementary Material: the fluores-
cence titration of NUPR1 mutant T68Q with SAA (Fig. S1); and the rows
from the 2D H,'5N-HSQC spectra (in the absence and in the presence of
SAA) corresponding to the 1°N chemical shifts of Leu29, Tyr30 (together
with Thr68) and Ala33 for wild-type NUPR1 (Fig. S2). Supplementary
data to this article can be found online at https://doi.org/10.1016/j.ijbi
omac.2025.149435.
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