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ARTICLE INFO ABSTRACT
Keywords: Cancer cells must maintain molecular mechanisms relying on an energy trade-off between resistance and key
Protein-drug interactions functions to survive. PADI4 (peptidyl arginine deiminase 4) is an enzyme implicated in the conversion of arginine

Citrullinating enzyme
Proximity ligation assay
Molecular docking
NMR
Immunofluorescence

to citrulline (citrullination), that has been related to the development of several types of cancers and in numerous
inflammatory routes. Salvianolic acid A (SAA) is a stilbenoid, obtained from the radix of Salvia miltiorrhiza, with
several anti-cancer and anti-inflammatory features. In this work, we report and characterize the interaction
between PADI4 and SAA. The binding reaction was followed by using several biophysical probes, namely
fluorescence, isothermal titration calorimetry (ITC) and nuclear magnetic resonance (NMR); the affinity constant
was ~600 nM (ITC). The enzyme binding to the C-terminal region of RING1B (E3 ubiquitin-protein ligase really
interesting new gene 1 B), which is a substrate of PADI4, was altered in the presence of SAA, as shown by NMR.
Colorimetric assays indicated that SAA was an activator of the citrullinating activity of PADI4. Moreover, the
results in silico suggested that binding of SAA to the dimeric PADI4 occurred at the dimerization interface, and
not at its active site, potentially stabilizing the dimeric, active form of the protein. The effect of SAA was shown
to be cell-line-dependent, and its presence in glioblastoma cells hampered the binding between intact RING1B

Abbreviations: BAEE, N-a-Benzoyl-L-arginine ethyl ester; COAD, colon cancer; COLDER, color developing reagent; C-RING1B, the C-terminal region residues
228-336 of RING1B; DMEM, Dulbecco’s Modified Eagle’s Medium; DMSO, di-methyl sulfoxide; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; FBS,
fetal bovine serum; GBM, glioblastoma; HSQC, heteronuclear single quantum coherence; GRP78, glucose regulated protein; ITC, isothermal titration calorimetry;
LOGSY, ligand-observed via gradient spectroscopy; MD, molecular dynamics; MTT, 3-4,5-Dimethylthiazol-2-il-2,5-Diphenyl-2H-tetrazolium bromide; NET,
neutrophil extracellular trap; NMR, nuclear magnetic resonance; PADI4, peptidyl arginine deiminase 4; PBS, phosphate buffered saline; PDAC, pancreatic ductal
adenocarcinoma; PDB, Protein Data Bank; PFA, paraformaldehyde; PLA, proximity ligation assay; PTM, post-translational modification; RING, really interesting new
gene; RING1B, E3 ubiquitin-protein ligase RING1; SAA, salvianolic acid A; RMSD, root mean square deviation; RMSF, root mean square fluctuation; ROS, reactive
oxygen species; SASA, solvent accessible surface area; TCM, traditional Chinese medicine; TCEP, tris2-carboxyethylphosphine; TSC, thiosemicarbazide; TSP, tri-
methylsilylpropanoic acid; WaterLOGSSY, LOGSY occurring through transfer magnetization from the water.
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and the enzyme. Altogether, this work shows that PADI4 was capable of binding to SAA, at a novel site, and
opens the venue to develop its use in modulating in vitro and in cellular assays the deimination processes.

1. Introduction

Cancer remains one of the leading causes of morbidity and mortality
worldwide, with approximately 20 million new cases of cancer being
diagnosed in 2022 and nearly 10 million cancer-related deaths reported
globally [1]. Conventional therapeutic strategies for cancer treatment
include surgery, chemotherapy, and radiotherapy. However, challenges
such as resistance, tumor recurrence, and metastasis continue to hinder
long-term success and contribute to those high mortality rates (see, for
instance [2]).

In recent years, Traditional Chinese Medicine (TCM) has attracted
increased attention as a complementary or alternative therapy to con-
ventional cancer treatments [3]. Clinical and preclinical studies have
demonstrated the efficacy of compounds from TCM in alleviating
cancer-related symptoms, enhancing patient quality of life, and poten-
tially improving therapeutic outcomes when incorporated into multi-
modal treatment regimens [3]. Among the bioactive compounds derived
from Chinese medicinal herbs, polyphenols are of interest due to their
medical properties and minimal toxicity [4]. Polyphenols are a broad
family of natural products encompassing phenolic acids, flavonoids,
tannins and stilbenoids [5]; all of them are abundantly found in me-
dicinal herbs and plants [6]. Polyphenols are the subject of extensive
scientific interest because of their possible worthwhile effects on human
health [7]. Salvianolic acid A (SAA) is a stilbenoid (Scheme 1), which is
isolated from the radix of Salvia miltiorrhiza, as well as from the root
extract of Salvia yunnanensis. Salvianolic acid A is a water-soluble
compound with anti-inflammatory [8], anti-cancer [9] and
anti-oxidant [10] properties. Furthermore, the roots of Salvia miltiorrhiza
are utilized in TCM as a treatment for cancer [11].

PADI4 is a member of the family of peptidyl-arginine deiminases
implicated in the process known as citrullination: the conversion of
arginine to citrulline residues in a protein, when Ca® * is present. This
post-translational modification (PTM) is permanent, and it alters the
molecular properties of the polypeptide chain, having important roles in
human diseases [12-15]. Among other places, PADI4 is usually located
in the cytoplasmic granules of eosinophils, neutrophils or macrophages,
and in tumor cells, where PADI4 is highly expressed, either in the cytosol
or in the nucleus, as we have shown in glioblastoma (GBM), pancreatic
adenocarcinoma (PDAC) and colon cancer (COAD) [16]. PADI4 is also
involved in gene transcription and immune system modulation [17-21].
An increase in its enzymatic activity is observed for several PADI4
haplotype mutants during apoptosis enhanced through the mitochon-
drial pathway [22], and such activation has also been detected in the
presence of designed peptides [23]. PADI4 also regulates p53 gene
expression, as well as the expression of other p53-target genes [24-26].
We have recently shown that PADI4 binds to other key proteins involved
in several cell processes and cancer development, such as importin a3
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Scheme 1. Structure of Salvianolic acid A.

[27]; plakophilin 1 (PKP1) [28]; murine double minute 2 (MDM2) and
fragments from it [29,30]; the nuclear protein 1 (NUPR1) [31]; the RING
and YY1-binding protein (RYBP) [32]; and the Really Interesting New
Gene protein 1B (RING1B), whose C-terminal region (residues 228-336
of the intact protein, C-RING1B) is a substrate of PADI4 [33]. We have
also shown that PADI4 is capable of binding to lipids [34].

In this work, we investigated the binding between PADI4 and SAA in
vitro, in cellular assays and in silico. We obtained an affinity constant of
~0.6 pM, as shown by fluorescence and isothermal titration calorimetry
(ITC). The binding between PADI4 and C-RING1B, as shown by 2D
1H-15N HSQC NMR, was modified by the presence of SAA. However, the
SAA acted as an activator of the enzymatic activity of the protein, as
shown by colorimetric (COLDER) assays, suggesting that SAA was bound
to an allosteric site of the protein. This was confirmed by molecular
docking studies, where the most favorable binding pose of the stilbenoid
was detected at the interface of the PADI4 dimer and not at its active
site. We also showed that in the presence of SAA, the binding between
the intact RING1B and PADI4 was abolished in GBM cells; assays with
different cell lines also showed that cellular proliferation was affected by
the presence of the stilbenoid and it was cell-dependent. Then, we can
conclude that SAA was bound to PADI4, opening the possibility of using
this natural product as an agent to modulate the enzymatic activity of
PADIA4.

2. Materials and methods
2.1. Materials

Imidazole, Trizma base and acid, DNase, glycerol, N-a-Benzoyl-L-
arginine ethyl ester (BAEE), L-citrulline, 3-hydroxyimino 2-butanone
(diacetyl monoxime), thiosemicarbazide (TSC), SO4Hy (98 %), PO4Hs
(85 %), NH4Fe(SO4)2 x 12 Hy0, NaCl, antipyrine, 3-(4,5-Dimethylth-
iazol-2-il)-2,5-Diphenyl-2H-tetrazolium bromide (MTT), SIGMAFAST
protease tablets, NaCl, Ni%*-resin, DAPI (4',6-diamidino-2-phenyl-
indole), dithiothreitol (DTT), trimethylsilylpropanoic acid (TSP), eth-
ylenediaminetetraacetic acid (EDTA), di-methyl sulfoxide (DMSO),
paraformaldehyde (PFA) and ultra-pure dioxane were from Sigma
(Madrid, Spain). Kanamycin and isopropyl-p-D-1-thiogalactopyranoside
were obtained from Apollo Scientific (Stockport, UK). Dialysis tubing
with a molecular weight cut-off of 3500 Da, Triton X-100, TCEP (tris(2-
carboxyethyl)phosphine) and the SDS protein marker (PAGEmark
Tricolor), GSK484 (Cayman Chemical) were from VWR (Barcelona,
Spain). SAA was purchased from Eurodiagnostico SL (Madrid, Spain).
Amicon centrifugal devices with a molecular weight cut-off of 30 kDa
were from Millipore (Barcelona, Spain).

The rest of the materials was of analytical grade. Water was deion-
ized and purified on a Millipore system.

2.2. Protein expression and purification

The dimeric protein PADI4 (with 663 residues per monomer) was
purified as previously described [16]. Protein concentration was deter-
mined by UV absorbance, employing an extinction coefficient at 280 nm
estimated from the 10 tryptophans and 13 tyrosines per monomer [35].

The dimeric '°N-labelled C-RING1B, at the C-terminal region of
RING1B that comprises residues 228-336, is a substrate of PADI4 and
binds to PADI4 in the low micromolar range [33]. The C-RING1B was
purified as described [36]; its concentration was determined as that of
PADI4 [35].
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2.3. Binding experiments of SAA to PADI4 followed by fluorescence

We used SAA as a drug targeting PADI4 because of its long-term use
in TCM, its anti-cancer properties and due to cost-effective reasons,
namely, its commercial availability at affordable prices [9,11].

A Cary Varian spectrofluorometer (Agilent, Santa Clara, CA, USA),
interfaced with a Peltier unit, was used to collect fluorescence spectra
during the titration experiments, and thermal denaturations. For the
steady-state experiments, the concentration of PADI4 was 2 pM (in
protomer units) and that of SAA was 30 pM. Samples were excited at 280
or 295 nm, and the spectra were collected 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 20 mM (pH 7.6), glycerol 10 % (vol/vol), 1 mM EDTA, TCEP
0.5 mM and 150 mM NaCl.

2.3.1. Titration experiments

For the titration between SAA and PADI4, increasing amounts of
SAA, in the concentration range 0-30 pM, were added to a solution with
a fixed concentration of PADI4 (2.0 uM in protomer units). The samples
were prepared the day before and left overnight at 5 °C; before the
measurements, they were incubated for 1 h at 25 °C. Experiments were
carried out in the same buffer used for the steady-state experiments. The
samples were excited at 280 and 295 nm, with a bandwidth of 1 nm; the
slit widths were 5 nm for all experiments. In all cases, the appropriate
blank-corrections were made by subtracting the signal obtained with the
corresponding amounts of SAA by using KaleidaGraph (Synergy soft-
ware, Reading, PA, USA). Spectra were corrected for inner-filter effects
during fluorescence excitation [37]. The titration was repeated twice,
using new samples; variations in the results of the two titrations were
lower than 10 %.

The dissociation constant of the PADI4/SAA complex, K4, was
calculated by fitting the binding isotherm constructed by plotting the
observed fluorescence change as a function of SAA concentration to the
general binding model, explicitly taking into account protein depletion
due to binding [38,39]:

F = F +% <([SAA]T + [PADI4], + Kq)
_ \/ (([SAA]T + [PADI4]; + Ky)* — 4[SAA]T[PADI4]T> > 1),

where F is the measured fluorescence at any particular concentration of
SAA after subtraction of the spectrum of a sample containing only the
same concentration of SAA (i.e., F is the difference fluorescence); AFpax
is the largest change in the fluorescence of SAA when all polypeptide
molecules were forming the complex, compared to the fluorescence of
isolated enzyme (at the same corresponding concentration); Fy is the
fluorescence intensity when no SAA was added; [PADI4] is the con-
stant, total concentration of PADI4 (2.0 uM in protomer units); and
[SAA]t is that of SAA, which was varied during the titration. Fitting to
Eq. (1) was carried out by using KaleidaGraph.

We also carried out similar titrations with C-RING1B (at a concen-
tration of 4 pM of protomer) and SAA, to elucidate whether binding of
SAA to the domain also occurred.

2.3.2. Thermal denaturations

Thermal denaturation experiments were carried out by excitation at
280 and 295 nm, and following emission fluorescence at different
wavelengths. The temperature range was measured from 25 to 85 °C,
with a step resolution of 0.2 °C, an average time of 1 s and a scan speed
of 1 °C/min. Thermal scans were collected at 315, 330 and 350 nm after
excitation at either 280 or 295 nm. The average time was 1 s, and the
excitation and emission slits were set to 5 nm. Experiments were carried
out with a sample with isolated PADI4 (at a concentration of 2 pM in
protomer units) and another one with a concentration of SAA of 30 pM,
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at the same PADI4 concentration. The resulting thermograms were fitted
to a two-state equation from where a thermal denaturation midpoint,
Tm, was obtained to allow for an estimate of the conformational stability
of PADI4 in the presence or in the absence of SAA [40]

2.4. Isothermal titration calorimetry (ITC)

The interaction of PADI4 with SAA was evaluated with a VP-ITC
instrument (MicroCal, Northampton, USA). The ITC experiments were
carried out at 25 °C in buffer Tris 20 mM (pH 7.6), glycerol 10 % (vol/
vol), 1 mM EDTA, TCEP 0.5 mM and 150 mM NacCl.

These ITC experiments were carried out with twenty-nine 10-uL in-
jections of ligand (with a total concentration of 120 pM of SAA in the
syringe) into the calorimetric cell, that was filled with protein solution
(3 uM PADI4 in protomer units). The injections were carried out with a
reference power of 15p Cal/s and a stirring speed of 307 rpm.

To correct for the dilution heat, generated by the dilution of the
ligand solution into the calorimetric cell, an assay was performed in
which the same concentration of ligand was injected over the buffer
(within the calorimetric cell). Correction and fitting were obtained with
these values, by using the manufacturer’s software.

2.5. Nuclear Magnetic Resonance (NMR)

All the NMR spectra were acquired on a Bruker Avance 500 MHz
spectrometer (Bruker GmbH, Germany), equipped with a triple reso-
nance probe and z-pulse field gradients. Spectra were processed with
Bruker TopSpin 2.1 (Bruker GmbH, Karlsruhe, Germany). The temper-
ature of the probe was calibrated with pure methanol [41]. Spectra were
calibrated with TSP, used as the internal chemical shift reference, and
for the indirect >N dimension by considering the pH-dependent changes
of its chemical shifts [41]. Unless it is indicated, all spectra were ac-
quired at 20 °C in 20 mM Tris buffer (pH 7.5), 5 mM TCEP, 150 mM
NaCl, 10 mM EDTA, and 10 % glycerol with 50 pL of D20O.

2.5.1. WaterLOGSY

The WaterLOGSY experiment transfers the large bulk water magne-
tization via the protein-ligand complex to the free ligand in a selective
manner. In this experiment, the resonances of non-binding compounds
appear with opposite sign to those of binders, and tend to be weaker
than those belonging to the interacting ligands. This experiment can be
used to select compounds from a large library capable of binding to a
target, but in our case, we employed the technique to test whether SAA
was bound to PADI4. Experiments were carried out in the above buffer
at 25 °C, in the presence of 10 pM of PADI4 (in protomer units) with an
excess of SAA (140 uM), by using standard parameters for the length and
the power of gradients found in the literature [42-44], namely, the
relaxation and mixing times were 2.5 and 100 ms, respectively. The
spectra were recorded with 256 scans and 32 K data points. The
experiment was repeated twice with newly prepared samples. We also
carried out control experiments with no PADI4 added to the solution
containing only SAA, in the same buffer.

1D 'H NMR spectra with each sample were also acquired to check for
solutions stability by using the WATERGATE sequence [45].

2.5.2. 2D 'H-'>N HSQC

Three different 2D 1H-15N HSQC NMR spectra [46] were obtained
on samples containing: (i) isolated C-RING1B (90 uM of final concen-
tration in protomer units); (ii) C-RING1B (90 pM of final concentration
in protomer units) in the presence of 300 pM of PADI4 (final concen-
tration in protomer units); and (iii) C-RING1B (90 pM of final concen-
tration in protomer units) in the presence of 300 pM of PADI4 (final
concentration in protomer units) and 300 pM of SAA; in all cases, the pH
of the samples was pH 7.5. The pH of the three samples (complex
PADI4/C-RING1B without SAA; complex PADI4/C-RING1B with SAA;
and isolated C-RING1B) was measured after removal from the Amicon
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device with an ultra-thin electrode before and after the acquisition of
NMR spectra; the values of the pH reported here represent apparent
values of pH, without correction for isotope effects. All spectra were
acquired in the TPPI mode with 2048 complex points in the 'H dimen-
sion, 200 complex points in the >N dimension, with 192 scans. The
spectral widths for the 2D 1H-15N HSQC spectra were 6000 (1H) and
1500 (*°N) Hz. Water was removed by using the WATERGATE sequence
[45]. Experiments were carried out at 25 °C.

The samples containing the mixture of PADI4 and C-RING1B (either
in the presence or in the absence of SAA) were prepared by using Amicon
centrifugal devices of 3 kDa cut-off, in which both proteins were initially
mixed at diluted concentrations in the above indicated buffer, and then,
concentrated in the same buffer; any possible precipitation product
observed in the Amicon device was removed during the concentration
step. For the experiments in the presence of SAA, after the concentration
step, as described above, a corresponding volume of a concentrated
stock solution of the stilbenoid (7 mM) was added to the solution of the
complex. In both cases (either in the presence or absence of SAA), at the
end of the concentration step, when the final volume of the concentrated
solution was ~400 pL, 50 pL of D20 and 50 pL of a concentrated (10 x)
stock solution of the above indicated fluorescence buffer were added. It
is important to stress that no assignment of C-RING1B is available in the
Biological Magnetic Resonance, and therefore, the HSQC spectra were
used as qualitative indicators of changes occurring upon addition of
PADI4, either in the presence or in the absence of SAA.

2.6. Far ultraviolet circular dichroism (far-UV CD)

Far-UV CD spectra were collected on a Jasco J810 spec-
tropolarimeter (Jasco, Tokyo, Japan) with a thermostated cell holder
and interfaced with a Peltier unit. The instrument was periodically
calibrated with (+)-10-camphorsulfonic acid. A 0.1-cm path length
quartz cell was used (Hellma, Kruibeke, Belgium). All spectra were
corrected by subtracting the corresponding baseline. Concentration of
PADI4 was 2 pM (in protomer units) and that of SAA was 30 pM; buffers
were the same used for fluorescence experiments. Samples were pre-
pared the day before and left overnight at 5 °C to allow them to equil-
ibrate. Before starting the experiments, samples were further left for 1 h
at 25 °C. SAA did not show any far-UV CD spectra; isothermal spectra of
isolated PADI4 and that of the complex were acquired as an average of 6
scans, at a scan speed of 50 nm/min, with a response time of 2 s and a
band-width of 1 nm, at 25 °C.

2.7. Citrulline determination by a colorimetric assay

A photometric method used in the determination of L-citrulline was
carried out to determine whether PADI4 was capable of citrullinating
the BAEE in the presence of SAA. This method is based in the reaction of
citrulline with oxymes (diacetyl monoxime), in strong acids in the
presence of TSC. The protocol to prepare the color developed reagent
(COLDER) has been described elsewhere [47] and applied to detect the
enzymatic activity of PADI4 [30,48]. We also used to monitor the cit-
rullination the modification of the COLDER reaction in the presence of
antipyrine [49], which yields a yellow compound instead of a red-pink
one.

All absorption spectra were recorded between 400 and 600 nm on an
UV-Visible spectrophotometer Shimadzu UV-1603 by Shimadzu (Kyoto,
Japan) at room temperature. Water was used as a reference for the blank
subtraction.

We used the same procedure and protocols described elsewhere [30].
All the controls and the reactions were made in duplicate for each of the
reagents (COLDER alone, and COLDER modified with antipyrine). The
control experiments were repeated twice. The “reaction buffer” con-
tained 100 mM Tris (pH 7.6), 50 mM NaCl, 2 mM DTT and 10 mM CaCl,
up to a final volume of 500 pL. To the tubes containing the “reaction
buffer”, except the one containing water, we added PADI4 from a stock
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solution, to yield a final concentration of 0.75 pM (in protomer units).
No PADI4 was added to the blank solution containing only water. Next,
to the test tubes containing PADI4, we added a volume from a stock
solution of SAA to yield a final concentration of 100 pM. The resulting
solutions were incubated for 25 min at 37 °C in an Innova 4000 new
Brunswick scientific incubator (Thermofisher, Madrid, Spain) with a
190 rpm shaking. After such period, we added BAEE from a stock so-
lution to yield a final concentration of 100 pM. The control tube con-
taining only L-citrulline had a final concentration of 100 pM. Control
experiments in the presence of 100 pM of GSK484 with PADI4 (0.75 pM
in protomer units) and BAEE (100 pM) were also carried out.

Next, samples were incubated at 37 °C for 25 min in the same shaker
with agitation. Reactions were quenched by flash freezing in liquid ni-
trogen. For color development, 2 mL of freshly prepared COLDER so-
lution were added to the quenched reaction, vortexed to ensure
complete mixing, and incubated for 15 min at 95 °C; the same amount of
reagent containing antipyrine was added to the other tubes in parallel.
After cooling at room temperature, the samples were transferred into 1
mL-quartz cuvettes to be measured in the UV-spectrophotometer.

2.8. Molecular modelling experiments

Molecular docking experiments were performed with the software
YASARA [50,51] applying the incorporated AutoDock Vina algorithm
[52]. For SAA, only the R enantiomer was considered, corresponding to
the natural form isolated from Salvia miltiorrhiza, whose biological ac-
tivity has been extensively described [9]. The 3D conformer structure
file (SDF format) was downloaded from Pubchem (https://pubchem.
ncbi.nlm.nih.gov/compound/5281793) and directly used for docking
studies. The dimeric structure of PADI4 was retrieved from the Protein
Data Bank (PDB number 3APN) [53]. The selected protein structure
underwent a standard cleaning and optimization procedure to ensure
optimal conditions for molecular docking experiments, adding all exis-
tent hydrogen atoms and adjusting the charge. A physiological pH value
of 7.4 was used in the simulation, at which most amino acids have
neutral side-chains, except arginine and lysine (both positively
charged), aspartate and glutamate (both negatively charged) and histi-
dine, which may occur in either a neutral or a positively charged state
depending on its local environment. The N- and C-terminal residues
were assigned with positive and negative charges, respectively.

A global docking was performed with 999 runs, the maximum
permitted by YASARA. The docking grid-box was defined to include half
of each monomer of the head-to-tail antiparallel PADI4 homodimer. In
this way, the full dimer is represented by symmetry without overlapping
redundant regions to optimize the calculations. This configuration en-
sures coverage of all relevant binding regions while avoiding redundant
sampling of symmetrical areas. The protein was kept rigid, whereas the
ligand was flexible during docking to optimize its conformation in the
binding pose. After the docking calculations, the results were treated by
using YASARA, which enabled the evaluation of the binding scores and
the clustering of poses. Poses with a root-mean-square deviation (RMSD)
lower than 5 A were grouped into the same cluster, and a representative
pose was generated for each cluster and exported into PDB format.

To analyze the relative position of the clusters, pairwise RMSD
analysis between clusters was performed and represented in form of
heatmaps. RMSD calculations between representative poses, and inter-
action profiling was carried out by using in-house Python scripts based
on the MDAnalysis and ProLIF libraries, which were used solely for
structural analysis and not for a molecular dynamics trajectory pro-
cessing. Differences in RMSD were further analyzed by hierarchical
clustering dendrograms. Residue interactions with the ligand observed
in at least four representative structures occupying the potential binding
region were identified, including different kinds, such as hydrogen
bonds, hydrophobic, n—n stacking, cation-m, anion-m, n—cation /
n-anion, salt bridges, metal coordination, halogen bonds and water
bridges. Additionally, the ligand radius of gyration (Rg) and its solvent-
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accessible surface area (SASA) were calculated for each representative
docking pose to evaluate the stilbenoid compactness and its degree of
burial within the dimerization interface. The Ry values were computed
from the ligand heavy atoms. These analyses were performed by using
in-house scripts implemented in Python [54,55], including libraries such
as MDAnalysis (v2.4.0) [56,57] and ProLIF (v.1.0.0) [58] and imple-
menting different algorithms, specifically Kernel Density Estimation
[55]. The SASA values were obtained by using the available online
server dr_sasa (http://schuellerlab.org/dr sasa/) [59].

Molecular dynamics simulations were carried out to monitor the
temporal evolution of the best protein-ligand system obtained from the
docking predictions. The system was simulated for 100 nanoseconds (ns)
using YASARA [50,51]. The simulation cell included a 5 A buffer in all
directions, and calculations were performed with the AMBER14 force
field in TIP3P water containing 0.9 % NaCl. System neutrality was
achieved by adding the required counterions, and the temperature was
kept constant at 25 °C through the simulation. The number of atoms
used in each chemical moiety employed during the simulation are
shown in Table 1.

Trajectory analysis was performed by using YASARA functionalities.
These analyses provided key descriptors related to complex stability and
interaction patterns over time, such as the percentage of secondary
structure. Moreover, the RMSD during the simulation was computed to
assess the structural stability of the protein-ligand complex relative to
its initial reference conformation. Root Mean Squared Fluctuation
(RMSF) was also obtained to quantify the movement of protein side-
chains. In addition, interactions were computed along the trajectory at
0.1-ns intervals to monitor the temporal evolution of protein-ligand
contacts. This analysis enabled the study of the persistence and fre-
quency of interactions established with individual residues of each
monomer, providing a detailed description of the dynamic binding
pattern through the whole simulation.

2.9. Cell lines

The primary human GBM cell line HGUE-GB-39 (hereafter referred
to as GB-39) was isolated from surgical washes as reported previously
[60]. Colorectal cancer (SW-480) cell line was donated by Instituto
Municipal de Investigaciones Médicas (IMIM, Barcelona, Spain) [61].
The SW-480 cell line was cultured in Dulbecco’s Modified Eagle’s
Medium-High Glucose (DMEM-HG) (Biowest, MO, USA). GBM cells
were cultured in Dulbecco’s Modified Eagle’s Medium-Nutrient Mixture
F-12 (DMEM F-12) (Biowest, MO, USA). Both media were supplemented
with 10 % (v/v) heat-inactivated fetal bovine serum (FBS) (Capricorn
Scientific, Ebsdorfergrund, Germany) and 1% (v/v) pen-
icillin/streptomycin mixture (Biowest, MO, USA). The cells were then
incubated at 37 °C in a humidified atmosphere containing 5 % COs.

2.10. Proliferation assay

The cell lines described above were seeded in 96-well standard plates
(Sarstedt, Niimbrecht, Germany) with a density of 4.000 cells/well and
incubated at 37 °C in the presence of 5 % CO» for 24 h. Subsequently,
cells were treated with increasing concentrations of SAA (in the range
2-100 pM) for 72 h under the same conditions. Then, in any of the

Table 1
Number of atoms used in the simulation.

Chemical moeity Number of atoms

Protein 17,669
Ligand 56
Element Na 233
Element Cl 230
Water 248,019
Total 266,207
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experiments, 0.25 mg/mL of MTT were added and the samples were
incubated for 3 h; afterwards, the medium was removed and 100 pL of
DMSO were added. The plate was shaken at room temperature for
20 min to dissolve the formed formazan crystals. Finally, the absorbance
was measured on an Eon™ Microplate Spectrophotometer (BioTeK®,
Winooski, VT, USA) at 570 nm.

2.11. Proximity ligation assay (PLA)

An amount of 35.000 cells of the GB-39 cell line were seeded in 24-
well plates on coverslips. After 24 h, cells were washed in phosphate
buffered saline (PBS) (1 x), fixed with PFA 4 %, washed again, per-
meabilized in PBS (1 x) with 0.2 % Triton X-100, and blocked with
blocking solution for 1 h at 37 °C before immune-staining with Duo-link
by using PLA Technology (Merck, Madrid, Spain), following the manu-
facturer’s protocol. Anti-PADI4 (1:200 mouse, Abcam) and anti-RING1B
(1:100, rabbit, Abcam) primary antibodies were used. Then, slides were
processed for in situ PLA by using sequentially the Duolink In Situ PLA
Probe Anti-Mouse MINUS, Duolink In Situ PLA Probe Anti-Rabbit PLUS,
and Duolink In Situ Detection Reagents Red (Merck, Madrid, Spain). In
these experiments, red fluorescence spots correspond to the PLA-
positive signal, and they indicate that the two proteins are bound,
forming a protein complex, whereas the blue fluorescence signals
correspond to nuclei (DAPI staining). Both negative and positive control
experiments were performed, the former by omitting one of the primary
antibodies. Image acquisition was carried out by using a confocal mi-
croscope LSM900 with Airyscan 2 (Carl Zeiss, Oberkochen, Germany) at
63 x magnification.

2.12. Statistical analyses

To evaluate the normal distribution of the data, either in PLA or in
the proliferation assays, the Shapiro-Wilk statistical test was used. The
two-way ANOVA followed by Tukey’s post hoc test was used to analyze
the association between variables. Differences were statistically signif-
icant with a p-value < 0.05, and significant changes were indicated as
follows: the “*” is used for p-value < 0.05; the “**” for p-value < 0.01;
the “***” for p-value < 0.001; and the “****” for p-value < 0.0001.
Statistical analysis was performed with GraphPad Prism v7.0a software
(GraphPad Software Inc., San Diego CA, USA).

3. Results
3.1. SAA bound to PADI4 in vitro

To test whether PADI4 interacted with SAA in vitro, we followed a
two-part experimental approach. To observe a possible binding, and
concomitant conformational changes in PADI4 upon binding, we used
the spectroscopic techniques steady-state fluorescence, far-Uv CD and
NMR. Once binding was ascertained, we used ITC and fluorescence to
quantitatively measure the thermodynamic parameters of such binding.

We used fluorescence to determine whether there was a change in: (i)
the position of the maximum wavelength; (ii) the intensity at such
wavelength; or (iii) both, when the spectrum of the complex was
compared to that obtained from the addition of the separated spectra of
the two isolated molecules. SAA did not show a fluorescence spectrum
after excitation at 280 nm, but rather when it was excited at 370 nm
(data not shown). On the other hand, a variation in fluorescence in-
tensity after excitation at 280 nm was observed when the complex of
PADI4 with SAA in excess was formed, but there were no changes in the
maximum wavelength of the spectrum (Fig. 1 A).

We also carried out fluorescence thermal denaturations of: (i) the
complex formed between PADI4 and SAA; and (ii) PADI4 in isolation. In
both cases, the denaturations were irreversible, but the thermal dena-
turation midpoint for isolated PADI4 was 325 (52 ° C) & 1 K, and that for
the complex with SAA was 331 (58 ° C) + 4 K (Fig. 1 B). Then, both
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Fig. 1. Binding of SAA to PADI4 monitored by different biophysical probes. (A)
Fluorescence spectrum obtained by excitation at 280 nm of the PADI4/SAA
complex, and addition spectrum obtained by the sum of the spectra of the two
isolated molecules (SAA in isolation did not show an emission fluorescence
spectrum). (B) Thermal denaturation of isolated PADI4 and the PADI4/SAA
complex followed by fluorescence after excitation at 280 nm. (C) Far-UV CD
spectrum of the PADI4/SAA complex, and addition spectrum obtained by the
sum of the spectra of the two isolated macromolecules (SAA in isolation did not
sAhow a far-UV CD spectrum). All experiments were performed at 25 °C.

fluorescence steady-state experiments and thermal denaturations indi-
cated that there was binding between SAA and PADIA4.

Next, we carried out far-UV CD measurements, with the aim of
further supporting the results obtained by fluorescence. The far-UV
addition spectrum (obtained by the sum of the spectra of PADI4 and
SAA) was different to that of the complex (Fig. 1 C). The differences
could be either attributed to a relatively large number of aromatic res-
idues of PADI4 involved in the binding (even those aromatic rings pre-
sent in the structure of SAA, Fig. 1), or alternatively to conformational
changes of PADI4 when bound to SAA. In any possible scenario, the far-
UV CD spectra indicated binding between both molecules.

Since we have showed, by using fluorescence and far-UV CD, that
there was binding between SAA and PADI4, we carried out fluorescence
titrations to quantitatively measure the binding affinity of the reaction.
The results indicate that the dissociation constant was 7 + 3 pM (Fig. 2
A). We also used ITC to determine the thermodynamic binding param-
eters, i.e., the enthalpy and the entropy of the binding reaction between
SAA and PADI4 (Fig. 2 B). According to the calorimetric experiments,
the dissociation constant, Ky, for the interaction of PADI4 with SAA was
620 + 40 nM, accompanied by an enthalpic contribution of —8.3
+ 0.3 keal mol ™2, indicating that there was a net entropic contribution
of 0.59 cal mol~! deg™!. The stoichiometry of the complex as deter-
mined by ITC was close to 1.6:1 (in protomer units of PADI4).

Finally, we confirmed the binding by using WaterLOGSY NMR ex-
periments. In the presence of PADI4, the signals of SAA appeared
inverted, when compared to the same signals in the control experiment
(Fig. S1) or the signals of DTT, glycerol and EDTA (all of which appeared
as positive). This inversion was observed especially on the aromatic part
of the molecule, namely the signals between 6 and 8 ppm. Aliphatic
signals of the -CHy- group located at the center of the SAA molecule
(Fig. 1) seemed to be less affected (Fig. S1).

Taken together, all the biophysical probes indicate that SAA was
bound to PADI4 with a medium to nanomolar affinity.

3.2. SAA was bound to PADI4, but it did not do so at the active site of
PADI4

We have shown that there was binding between PADI4 and SAA, but
we were interested also in elucidating whether binding occurred at the
active site or at another different position of the enzyme. In this case, we
used a two-part approach.

First, we determined whether SAA was competing by the active site
with a natural substrate of the protein: the C-terminal region of RING1B
(C-RING1B), comprising residues 228-336 [33]. It is important to
indicate that we are using the C-RING1B, the C-terminal region of
RING1B (residues 228-336 of the intact RING1B protein), as a reporter
protein. We have previously shown that C-RING1B binds to the PADI4,
through its active site and it is a substrate [33]. The C-RINGI1B is a
well-folded protein, with a well-dispersed 2D 1H-15N HSQC spectrum.
Previous works show that some of the cross-peaks in the spectrum of
C-RING1B are changed in the presence of an excess of PADI4, but these
changes can be reverted to the original chemical shifts observed in
isolated C-RING1B, in the presence of GSK484, an inhibitor of the
enzyme [33]. Therefore, we wondered, whether cross-peaks in the
spectrum of C-RING1B would move towards the chemical shifts
observed in the free, isolated domain upon addition of equimolar
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Fig. 2. Quantitative determination of the binding of SAA to PADI4 monitored by different biophysical probes. (A) Titration curve monitoring the changes in the
fluorescence at 330 nm when SAA was added to PADI4 at 25 °C. 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). (B) Calorimetric titrations of SAA with PADI4 at 25 °C in buffer Tris 20 mM (pH 7.6), glycerol 10 % (vol/vol),
1 mM EDTA, TCEP 0.5 mM and 150 mM NaCl. The lower graphic shows the heat integrated in each injection. The upper panel shows the thermograms (thermal
power as a function of time), and lower panels show the binding isotherms (ligand-normalized heat effects per injection as a function of the molar ratio in the
calorimetric cell). Continuous line corresponds to the fitting curve according to a single ligand binding site interaction model.

amounts of PADI4 and SAA. In our experiments, we observed that the
presence of PADI4 caused changes in the chemical shifts of many
cross-peaks of the spectrum of C-RING1B (red spectrum), thus con-
firming previous results [33]. These changes were of two types: (i) some
of the cross-peaks of the spectrum of C-RING1B disappeared, due to the
larger molecular weight of the complex formed (Figs. 3 and S2); and, (ii)
other peaks showed a decrease in the signal intensity, together with
changes in chemical shifts (Figs. 3 and S1). This different behavior

among the cross-peaks indicated that the binding between the two
proteins was specific, and occurred at polypeptide patches of both
proteins, namely at the active site of PADI4 (Cys645) and around
Arg231 of C-RING1B [33]. On the other hand, upon addition of an
equimolar amount of SAA to the solution containing C-RING1B and
PADI4, we observed that there were changes in the chemical shifts and
in the broadening of some cross-peaks of the 2D 'H-1°N HSQC spectrum
of C-RING1B, when compared to that of the PADI4/C-RING1B complex
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Fig. 3. 2D 'H-'N HSQC NMR spectra to monitor the association of PADI4 and SAA, in the presence of C-RING1B. 2D 1H-15N HSQC NMR spectra of C-RING1B in the
absence (black lines), in the presence of PADI4 (red lines), and when PADI4 was present together with the SAA at equimolar amounts (blue lines). The same lower
contour level was used for all the spectra. All experiments were carried out at 25 C.
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(Figs. 3 and S1). However, the changes were not as important as those
occurring in the presence of GSK484 [33]; furthermore, those changes
did not revert to the original chemical shifts and broadening of the
cross-peaks of the spectrum of isolated C-RING1B. These findings sug-
gested that C-RING1B and SAA were not competing for the same site of
PADI4, and since C-RING1B is a substrate of the PADI4, binding of SAA
should occur at a place different of the active site of PADI4. However, it
is important to indicate that the conclusion on the findings of these
experiments could be skewed if SAA was capable of binding to
C-RING1B. To that end, we carried out fluorescence control titration
experiments of isolated C-RING1B with SAA, and we obtained an esti-
mated Kq of ~ 20 pM (data not shown); therefore, binding of SAA to the
C-RING1B occurred as well. Thus, although the affinity of SAA for
C-RING1B was smaller than for PADI4 (Fig. 1), we cannot rule out that
the effects observed in the above NMR spectra could be also due to
binding of SAA to C-RING1B.

And as a second approach, we hypothesized that if SAA was aiming
to the active site of PADI4 — conversely to what seems to be inferred
from the NMR experiments —, the citrullination of BAEE by the enzyme
would be hampered, as it happens when using GSK484; thus, if SAA was
aiming to the active site of PADI4, we should not observe a citrullination
of BAEE, and then, lack of color development. SAA did not hamper the
citrullination of BAEE (as GKS484 does), resulting in UV spectra with
lower absorbance intensity (and less amount of formed citrulline).
Rather, the UV spectra of BAEE in the presence of PADI4 and SAA had a
higher intensity, as shown by either the COLDER agent or in the pres-
ence of antipyrine, than when PADI4 and BAEE were present in the
solution. Then, we can conclude that SAA was an activator of citrulli-
nation (Fig. 4).

To sum up, SAA was bound to PADI4, but such interaction did not
seem to involve the active site of the enzyme, but rather another allo-
steric site related to an activation of citrullination.

3.3. SAA bound to PADI4 in silico at the dimeric interface

To obtain more information about the PADI4 binding site of SAA,
and due to the large size of the formed complex, we carried out mo-
lecular docking studies in silico on the PADI4 dimer and a molecular
dynamics (MD) simulation. Docking of the ligand against the enzyme
using YASARA produced 999 poses with binding scores ranging from
approximately + 10.0 to + 10.7 kcal mol !, where higher values indi-
cate tighter affinity. A Gaussian-kernel density estimate (Fig.5 A)
identifies two primary peaks at approximately + 10.3 and
+ 10.5 kcal mol L. Clustering of all poses based on RMSD — with those
exhibiting an RMSD below 5 A to one another being grouped into the
same cluster as detailed in the Materials and Methods section — resulted
in nine clusters (1-9) with similar mean scores (Fig. 5 B). Each cluster
presented a representative compound pose (RC1-RC9). Pairwise RMSD
analysis of the representative poses (Fig. 5 C) revealed a clear separation
of cluster RC3 from the rest of the ensemble. Specifically, RC3 displayed
RMSD values exceeding 25 A when compared to all other cluster rep-
resentatives, indicating a markedly distinct binding orientation. In
contrast, the remaining eight clusters (RC1, RC2, RC4-RC9) exhibited a
high degree of structural similarity, with mutual RMSD values consis-
tently below 10 A. This finding suggested a dominant and conserved
binding mode among most of the clusters, while RC3 likely represented
an outlier pose with limited relevance to the predominant binding
behavior. Average-linkage clustering of the RMSD matrix (Fig. 5 D)
further assembled the eight high-scoring centroids into two tightly
related subfamilies, with RC3 consistently isolated on the most distal
branch. Structural representation onto the receptor backbone (Fig. 5 E)
visually confirmed that eight conformers converged on the same inter-
monomer cleft whereas RC3 extended into an adjacent groove. Thus,
these data confirm a single, potential binding mode and identify RC3 as
an outlier likely originating from the sampling process, or alternatively,
scoring limitations rather than a novel binding site.
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Fig. 4. Colorimetric citrullination assays of BAEE in the presence of PADI4 and
SAA, in (A) Colorimetric (COLDER) assays of BAEE for samples containing
GSK484 (a well-known inhibitor of PADI4) and PADI4 (red); only PADI4
(green); and PADI4 with SAA (blue). (B) Colorimetric assays of BAEE in the
presence of antipyrine for samples containing GSK484 (a well-known inhibitor
of PADI4) and PADI4 (red); only PADI4 (green); and PADI4 with SAA (blue) All
experiments were carried out at 25 C.

To further characterize the structural features of each representative
pose, we analyzed the ligand R; and its SASA, as reported in Supple-
mentary Table 1 (Table S1). RC1 exhibited the lowest solvent-exposed
surface (53.5A%) and a compact conformation (Rg =5.93 A), indi-
cating that this pose is the most deeply buried within the dimerization
interface. Such a high degree of burial indicates that the ligand was
deeply accommodated within the dimerization interface, suggesting that
its binding might stabilize the interaction between both monomers, and
thereby favoring dimer formation. Most configurations displayed in-
termediate burial (70-110 Io\z) and comparable R, values, reflecting
similar orientations within the same inter-monomer cleft. In contrast,
RC3 showed the highest SASA (148.5 [0\2) and a lower Rg (4.75 f\), cor-
responding to a more exposed and spatially confined binding mode
likely associated as a potential outlier conformation.

A detailed interaction analysis was carried out for the representative
structures of clusters RC1 to RC9, except RC3, which was excluded due
to its classification as an outlier (see above) (Table S1). The most
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Fig. 5. Conformational diversity and clustering of ligand-dimer binding poses in docking studies between PADI4 and SAA. (A) Histogram of binding energies for all
999 docking poses overlaid with a Gaussian kernel density estimate. (B) Mean binding energy for each of the nine clusters (1-9) + standard deviation (bind-energy
spread). (C) Pairwise RMSD heatmap (A) between cluster representative structures (RC1-RC9), colored on a “cividis” scale from 0 A (dark blue) to highest observed
RMSD (yellow). (D) Hierarchical clustering dendrogram of the nine cluster representatives based on their RMSD distances, with branches colored by RMSD linkage by
using the same “cividis” palette; vertical axis denotes RMSD in A. (E) Representative overlay of all nine cluster centroids (RC1-RC9) onto the dimer receptor (light
blue and dark blue cartoon), with ligand heavy-atom traces shown as orange ball and sticks, illustrating the spatial distribution of binding modes across the dimer
interface. Zoom squares provide detailed representation of the two different binding regions, indicating protein residues, and which RCs belong to each region.
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recurrent interactions, that is, those observed in at least four of the
representative cluster structures, are summarized in Fig. 6 A and 6 B.
The interaction profile shown in Fig. 6 A highlights a consistent network
of van der Waals and hydrophobic contacts, suggesting a degree of
conservation in the binding mode across multiple poses. This is not
unexpected, as SAA has a large, non-polar surface. Notably, van der
Waals contacts involved residues such as GInl3, Thrl0, and Tyr498,
whereas hydrophobic interactions were associated with non-polar side
chains, such as Leu6 and Alal7, contributing to the stabilization of the
ligand within the pocket. Interactions took place simultaneously with
amino acids from both monomeric chains of the dimer (indicated by
indexes 1 and 2 in Fig. 6 A), placing the ligand on the dimer interphase.

Fig. 6 B provides a two-dimensional map of the molecular in-
teractions within the top one representative SAA binding conformation.
This diagram further emphasizes the structural coherence of the binding
site, particularly around two aromatic moieties of the ligand, which
form key interactions with surrounding residues. This result agrees with
the WaterLOGSY results (Fig. S1), where the effect was mainly observed
on the aromatic region of the molecule (Section 3.1).

Fig. 6 C provides a tridimensional image of the binding pocket of the
energetically most favorable pose that belongs to the cluster RC1. In-
teractions with Arg544 and Arg8, as well as Asp273 and Asp547 are
labelled. These residues have been previously identified as being
essential for the interaction of both PADI4 monomers to form the dimer
[62], while none of them belongs, or is close to, the active center of the
protein [63]. These findings suggest that ligand binding in this region
might influence protein-protein interactions rather than directly
affecting enzymatic activity: dimerization has been shown to be a key
factor in PADI4 activity, as it is required for cooperative calcium binding
[62].

To assess the stability and dynamic relevance of the predominant
binding mode identified through docking, we performed a 100-ns all-
atom MD simulation of the PADI4 dimer in complex with SAA by
using the representative pose RC1. This simulation allowed us to eval-
uate the temporal persistence of key contacts within the complex and the
structural response of the binding interface under explicit-solvent
conditions.

The Fig. 7 A shows that the backbone RMSD of PADI4 rapidly sta-
bilized within the first few nanoseconds of the trajectory and remained
between approximately 2.5 and 3.5 A of the initial conformation for the
rest of the simulation. This behavior indicates that the head-to-tail dimer
maintained a stable global conformation throughout the 100-ns time-
scale, with no evidence of unfolding or, alternatively, large-scale
rearrangements.

Local flexibility patterns were examined through per-residue RMSF
analysis (Fig. 7 B). Most of the residues displayed fluctuations below 2 A,
consistent with a structurally stable enzyme. Higher mobility was
observed in loop regions and terminal segments, which is typical for
large dimeric enzymes, but such mobility did not compromise the
integrity of the binding interface. Importantly, residues forming the
inter-monomer cleft remained relatively rigid, supporting the idea that
this region could accommodate ligand binding without undergoing
serious structural disruption.

The secondary structure profile remained remarkably constant over
the trajectory (Fig. 7 C). The relative proportions of a-helix, p-sheet,
turn, and random-coil elements showed minimal variation, demon-
strating that the overall fold of each monomer was preserved and further
confirming the structural robustness of the dimer.

A detailed analysis of protein-ligand interactions is presented in
Supplementary Figure 3. In monomer A (Fig. S3 A), the ligand estab-
lished persistent hydrophobic and hydrogen-bond contacts with resi-
dues located at the dimerization interface, remaining engaged with this
surface throughout the whole simulation. In contrast, contacts with
monomer B (Fig. S3 B) were more transient and less frequent. This
interaction profile indicated that the ligand preferentially associated
with one side of the inter-monomeric cleft, whereas maintaining
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intermittent contacts with the facing monomer.

Overall, these MD results confirmed that SAA remained stably bound
at the dimerization interface of PADI4, dynamically exploring the inter-
monomeric cleft without detaching, in agreement with the binding
mode suggested by the docking.Finally, our results in silico indicated
that the effect of SAA on PADI4 activity, as detected by the colorimetric
(COLDER) reaction, must be related to dimer stabilization.

3.4. SAA effect on viability varied among different cancer cells

It has been previously described that SAA exhibits antitumor prop-
erties in U87 glioma cells after 24 and 48 h of treatment [64]. Therefore,
we tested the effect of increasing the concentration of SAA (in the range
2-10 pM) on the patient-derived GBM cell line GB-39 (Fig. S4). As there
was no significant reduction in cell viability upon treatment, we
increased the SAA concentration to 100 pM. Although a significant
decrease in cell viability was observed at the highest SAA concentration,
this was insufficient to reach the ICsq (Fig. 8 A).

SAA also impacts the occurrence and development of tumors such as
melanoma or breast cancer by influencing cell migration, invasion,
apoptosis and proliferation [11,65,66]. Hence, we studied the possible
role of SAA in other types of cancer, such as COAD, by using the SW-480
cell line. Like in GBM, we observed a statistically significant decrease in
SW-480 cell viability at SAA low concentrations, in accordance with
previous reports in other COAD cell lines (Fig. 8 B) [67].

Interestingly, previous reports indicated that, although SAA affected
COAD cell viability less than other natural compounds, such as platy-
codin D or diosmin, treatment with 30 pM SAA inhibited the glucose
regulated protein 78 (GRP78) secretion more than the treatment with
the other compounds, yielding to angiogenesis inhibition [67]. These
results suggest that SAA may exert anticancer effects by influencing
other critical processes in cancer. For instance, it has been proposed that
SAA interacts with GRP78 in the cytosol, directing the protein to enter
the lysosomal degradation pathway [67].

Therefore, we speculate that similarly to the ability of SAA to inhibit
GRP78 secretion and then, altering the tumor microenvironment sup-
pressing angiogenesis in COAD, other key processes might also be
affected in GBM cell lines upon SAA addition.

3.5. SAA blocked the binding of PADI4 to RING1B in cellular assays

To corroborate the SAA binding to PADI4 in vitro, we used the
Duolink In situ assay. This technique, known as proximity ligation assay
(PLA), detects protein binding at distances shorter than 16 A, and vi-
sualizes the interaction within cell compartments as red fluorescent
spots.

Based on the SAA/PADI4 affinity constant calculated by ITC
(600 nM) (Fig. 9), we selected an intermediate SAA concentration of 2
uM to treat the GBM cells. As the interaction in the untreated cells was
mostly observed in the cytoplasm, it is worth noting the shift in location
to more nuclear positions after 6 h of SAA treatment, even though the
total number remained unchanged. After 24 h in the presence of SAA,
PADI4/RING1B interactions in GB-39 cells were almost completely
abolished, with only a residual signal remaining in the nucleus (Fig. 9).

It has been reported that PADI4 and RING1B were interacting
through the active site of the enzyme [33]. According to our results in
vitro (Fig. 4) and in silico (Figs. 5, 6 and 7), the binding of SAA did not
seem to occur at the PADI4 active site. Therefore, we speculate that the
hampering of the PADI4/RING1B interaction observed in our results in
the experiments using GBM cells must occur through an allosteric
mechanism.

4. Discussion

In the search for new lead compounds targeting diseases, natural
products have unique advantages in terms of availability and scaffold
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diversity. Salvia miltiorrhiza or Danshen is one of the most important
herbal medicinal drugs in TCM. It is used to treat bleeding disorders and
blood stasis [68]. Salvianolic acids are, together with tanshinones
(lipophilic, diterpenic quinones), the main active principles of the herbal
drug. These hydrophilic derivatives are highly abundant in the roots of

12

the plant. They have attracted interest due to their 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 leuko-
cytes to endothelial cells [69]. Furthermore, there is evidence of the
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Fig. 8. Effect of SAA on cancer cell viability. Proliferation (MTT) assays with
increasing concentrations of SAA in tumor lines GB-39 (left), and SW-480
(right). The results are given as mean =+ standard error of the mean. Sample
size n =6. Comparison by one-way ANOVA and post hoc analysis with
Dunnetts test (left) and Kruskal-Wallis test and post hoc analysis with Dunn’s
test (right). Statistically significant differences are indicated with asterisks (*
p < 0.05, *** p < 0.001, **** p < 0.0001).

protective role of salvianolic acids in several cardiovascular diseases,
liver fibrosis, hepatic failure and osteoporosis [68,70,71]. SAA can exert
its anticancer activity through various mechanisms, such as inhibiting
cell proliferation, migration, and invasion, inducing apoptosis, and
modulating critical signaling pathways like PI3K/Akt, mTOR, and
Wnt/f-catenin [64,66]. In agreement with previous findings that SAA
could function as a multi-target agent [66], we have observed that SAA
could not only bind to PADI4, but also to C-RING1B. This poses an
interesting advantage as SAA could potentially circumvent the limita-
tions of conventional monotherapies by impacting a broad range of
molecular targets. Along this line, it has been described that SAA binds
to the mTORC1 subunit Raptor, thereby interfering with important
tumor-promoting pathways [72]. Further, SAA has been shown to
inhibit some of the isoforms of human carbonic anhydrase [73], and it
binds to the active site of matrix metalloproteinase-9, where it con-
tributes to the protection of the blood-brain barrier exerting
anti-inflammatory effects [74]. In some proteins, SAA favors association
macromolecular process, such as in its binding to the complex trans-
gelin/actin, triggering F-actin aggregation and improving the contrac-
tility of vascular smooth cancer cells [69]; in this macromolecular
assembly, SAA binds at the interface of the transgelin/actin complex,
being capable of binding to either isolated actin and transgelin. Finally,
SAA can also modulate the expression and the inactivation of transgelin
in several breast cancer cells by yet unknown mechanisms [65,75].

In this work, we have shown that: (i) PADI4 was capable of binding

Biomedicine & Pharmacotherapy 194 (2026) 118935

to SAA by using its dimeric interface; and (ii) the presence of the stil-
benoid hampered the binding in GBM cells between RING1B and PADI4
after 24 h of compound addition.

We have shown, by using in silico methods, that SAA was bound in a
quite stable way to the dimeric interface of PADI4, involving residues
which also intervene in the dimerization of the enzyme (Table S1). This
binding induced an increase in the citrullinating activity of PADI4, as
judged by the findings of the colorimetric (COLDER) reactions (Fig. 4),
suggesting an allosteric regulation of PADI4, by tightening the dimeric
interface of the enzyme: residues involved in the scaffolding of such
interface (namely, Leu6, Arg8, Asp273, Val283, Arg544 and Asp547)
also showed contacts with SAA (Fig. 6, Table S1). These amino acids are
not close to any of the Ca2+-binding sites [76,77]. Apart from Ca2+,
which is an allosteric activator of PADI4 [76,78], there are not many
known examples of activators of PADI4 function. Recently, peptides
targeting a cleft formed by PADI4 loops Aspl55-Vall71l and
Pro371-Pro387 have also been shown to be activators of PADI4,
allowing the characterization of a new type of allosteric behavior [23],
which involves specifically residues Aspl65-Aspl168. Therefore, we
hypothesize that SAA could also act as an activator by binding to the
dimeric interface of the enzyme, and then, tightening the dimerization
interface. In fact, it has been shown that dimerization of PADI4 is key for
full enzymatic activity and Ca?* binding cooperativity [62]; moreover,
it has been recently shown that different binding antibodies activate and
inhibit PADI4 activity by enhancing or hampering the dimerization
process [79], respectively. Enhancement of PADI2 activity has been also
observed when demethoxycurcumurin, a small organic natural com-
pound, is used, although binding does not seem to occur at the dimeric
interface [80]. Moreover, the screening of compounds based in a
DNA-encoded library have shown that there is a novel allosteric mech-
anism of inhibition in PADI2 based on binding to the dimeric interface of
the enzyme [81]. Thus, it seems that the dimerization interface of PADI4
could be an allosteric region either to favor its activation or its
inhibition.

In this work, we also observed that the presence of SAA hampered
the binding of intact RING1B to PADI4, which is consistent with the fact
that RING1B is a substrate of PADI4 [33]. However, as SAA can interact
with both proteins, the presence of SAA might affect the citrullination of
the RING1B by exclusively binding to PADI4, or concomitantly, to its
interaction with C-RING1B at other sites of the polypeptide chain. Based
on the activation of PADI4 enzymatic activity by SAA (Fig. 4), we sug-
gest that the high promiscuity of SAA was probably behind the lack of
binding between the two proteins.
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Fig. 9. Effect of SAA on the interaction of PADI4 with RING1B on the GB-39 cell line. (A) Interaction of PADI4 and RING1B upon addition of SAA at 2 pM, incubated
for 6 and 24 h. Red dots indicate interactions and in blue the nuclei are observed. Sample size n = 5. (B) Quantification of the percentage of interactions per cell and
subcellular compartment. Data are represented as the mean =+ standard error of the mean. Comparison by two-way ANOVA and post hoc analysis with Tukey’s test.
Statistically significant differences are indicated with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Scale bar of 10 pM.
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5. Conclusion

In this work, we have demonstrated that SAA might play a novel role
in regulating the activity of PADI4 that is highly expressed in several
cancers and interacts with other key oncogenic proteins such as p53,
MDM2, NUPR1, and RING1B. Our findings indicate that SAA was bound
with micromolar affinity to an allosteric site of PADI4, modulating its
enzymatic activity and disrupting its interactions with regulatory part-
ners such as RING1B. Interestingly, the loss of this interaction could
influence key cancer process such as hypoxia, where RING1B and PADI4
have been implicated.
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