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ARTICLE INFO ABSTRACT
Keywords: RYBP (Ring1l and YY 1 binding protein) is a multifunctional, intrinsically disordered protein (IDP), best described
Intrinsically disordered proteins as a transcriptional regulator. It exhibits a ubiquitin-binding functionality, binds to other transcription factors,

Protein-protein interactions
Fluorescence

Proximity ligation assay
Isothermal titration calorimetry
Citrullination

and has a key role during embryonic development. RYBP, which folds upon binding to DNA, has a Zn-finger
domain at its N-terminal region. By contrast, PADI4 is a well-folded protein and it is one the human isoforms
of a family of enzymes implicated in the conversion of arginine to citrulline. As both proteins intervene in
signaling pathways related to cancer development and are found in the same localizations within the cell, we
hypothesized they may interact. We observed their association in the nucleus and cytosol in several cancer cell
lines, by using immunofluorescence (IF) and proximity ligation assays (PLAs). Binding also occurred in vitro, as
measured by isothermal titration calorimetry (ITC) and fluorescence, with a low micromolar affinity (~1 pM).
AlphaFold2-multimer (AF2) results indicate that PADI4's catalytic domain interacts with the Arg53 of RYBP
docking into its active site. As RYBP sensitizes cells to PARP (Poly (ADP-ribose) polymerase) inhibitors, we
applied them in combination with an enzymatic inhibitor of PADI4 observing a change in cell proliferation, and
the hampering of the interaction of both proteins. This study unveils for the first time the possible citrullination
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1B (residues 227 to 334 of the intact protein); DAPI, 4,6-diamidino-2-phenylindole; DED, death effector domain; DMSO, di-methyl sulfoxide; DPQ, 3,4-Dihydro-5(4-
(1-piperindinyl)butoxy)-1(2H)-isoquinoline; DSB, DNA double strand break; FBS, fetal bovine serum; GBM, glioblastoma; GBSA, generalized Born surface area; IDP,
intrinsically disordered protein; IF, immunofluorescence; Impa3, importin a3; ITC, isothermal titration calorimetry; MM, molecular mechanics; MTT, 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide; NUPR1, nuclear protein 1; Pc, Polycomb; PcG, Polycomb group; PADI, protein arginine deiminase; PARP,
Poly (ADP-ribose) polymerase; PBS, phosphate buffered saline; PDB, Protein Data Bank; PKP1, plakophilin 1; PRC, Polycomb Repressive Complex; PLA, proximity
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of an IDP, and suggests that this new interaction, whether it involves or not citrullination of RYBP, might have
implications in cancer development and progression.

1. Introduction

RYBP (RinglA and YY 1 binding protein, UniProt number Q8N488)
was first characterized as an interacting partner of the Polycomb group
(PcG) protein RinglA [1] and a non-canonical component of the Poly-
comb Repressive Complex 1 (PRC1) [2,3-5]. RYBP is a pro-apoptotic
protein, whose apoptosis regulation can occur through: (i) the modu-
lation of the necrosis factor alpha receptor family modulation; (ii) the
stabilization of p53; or (iii) the direct interaction with death effector
domain (DED)-containing proteins [2,6,7,8,9]. RYBP binds to the E3-
ubiquitin ligase MDM2 to inhibit the MDM2-mediated p53 ubiqg-
uitylation, thus, stabilizing and increasing p53 activity [10]. Therefore,
RYBP can be seen as a regulator of the p53-MDM2 loop, and it can be
considered as a tumor suppressor. However, depending on the cancer
type, it has been observed that RYBP can work as a tumor suppressor
gene or, alternatively, as an oncogene [2,6]. From a functional point of
view, RYBP is a ubiquitin-binding-domain-containing protein and binds
to ubiquitylated proteins [2,11-13]. During transcriptional control,
RYBP also interacts with DNA-binding proteins, such as the members of
the E2F family of transcription factors, among others, and with YY 1
[14]. In this regard, RYBP appears to be another multi-tasking protein
with the ability to participate in several events and routes. From a
structural point of view, RYBP is a 228-residue-long, highly basic IDP,
which binds to DNA [2,15], and it folds upon interacting with it. As
other IDPs, RYBP does not have a unique stable conformation, resulting
in a high structural flexibility, easing its interaction with several mac-
romolecules allowing the functions described above [16-19]. It contains
a nuclear location signal which allows nuclear translocation through the
nuclear pore, and therefore, to carry out its transcriptional function
[20]. In its N-terminal region, there is a C2-C2 Zn finger domain, which
contains the ubiquitin-binding function [12,21].

RYBP is actively removed from DNA damage sites due to its ability to
bind to K63-ubiquitin chains at sites of double strand breaks (DSBs)
[22]. This probably leads to the fact that RYBP overexpression sensitizes
cancer cells to DNA damaging agents [22,23]. Moreover, it has been
recently shown that RYBP sensitizes several cancer cell lines to Poly-
(ADP-ribose)-polymerase (PARP) inhibitors by regulating ataxia-
telangiectasia mutated protein (ATM) activity [24]. ATM is a protein
kinase that is early activated in response to DNA damage [25,26]. ATM
is present as an inactive dimer that later monomerizes in the presence of
DSBs [27]. ATM activation results in a cascade of phosphorylation re-
actions beginning with its autophosphorylation that decondenses chro-
matin at DNA damage sites to increase the accessibility for DNA repair
proteins, and leads to the phosphorylation of numerous downstream
targets [27].

PARP is a crucial enzyme in base excision mending and single strand
break repair pathways, as it binds to DNA end at both DSBs and single
strand ones for reparation [28,29]. Inhibition of PARP blocks the repairs
of DNA strand breaks and sensitizes cancer cells to various DNA
damaging agents [25]. Therefore, the loss of PARP activity results in an
increase in the number of damaged DNA sites repaired by homologous
recombination. For these reasons, PARP inhibitors have been broadly
used as anticancer treatments, being particularly efficient in the tumor
context of inhibited homologous recombination DNA repair mecha-
nisms. So far, four PARP inhibitors (olaparib, niraparib, rucaparib, and
veliparib) have been approved by the FDA for clinical use. However,
PARP inhibitors were originally developed to sensitize tumors to agents
that cause tumor damage, including ionizing radiation, alkylating agents
such as temozolomide, and topoisomerase I inhibitors such as campto-
thecin [30-33].

PADI4 is a member of a family of peptidyl-arginine deiminases

(PADI4, UniProt number Q9UMO07), capable of catalyzing citrullination,
i.e., the conversion of arginine to citrulline residues in a polypeptide, in
the presence of Ca(Il). This post-translational modification (PTM) affects
the molecular properties of the polypeptide chain [34,35,36,37]. There
are five human genes encoding PADI proteins, appropriately named:
PADI1-6 [38-43]. The majority are dimers, with monomers having 663
to 694 residues. Each PADI gene has a different pattern of expression
depending on the tissue, cell type, cell differentiation stage and physi-
ological or pathological conditions; these conditions result in a specific
localization of the isozyme expressed. In particular, PADI4 is located in
cytoplasmic granules of inflammatory cells (eosinophils, neutrophils
and macrophages), mammary gland cells, stem cells, and tumor cells,
where it is highly expressed, either in the cytosol or in the nucleus.
PADI4 is involved in gene transcription and immune system modulation
[44-46,47,48]. Furthermore, PADI4 is involved in p53-gene expression,
as well as in the expression of other p53-target genes [48-50]. We have
shown recently that PADI4 is expressed in glioblastoma (GBM),
pancreatic adenocarcinoma, and colon cancer [51]. Moreover, PADI4
binds to other key proteins involved in cancer development, such as
importin o3 (Impa3) [52], plakophilin 1 (PKP1) [53], and nuclear
protein 1 (NUPR1) [54], another IDP.

It has been also shown that RYBP and NUPRI1 interact with the C-
terminal region of RING 1B, a member of PRC1 [55]; both proteins are
transcription factors and they are involved in protein routes related to
p53 [56-59]. As it happens with NUPR1, RYBP has a highly basic iso-
electric point, which is complementary to that of PADI4. Based on these
data, we hypothesized that RYBP could also interact with PADI4, and
this could shed some light into the mechanisms of tumorigenesis. In this
work, we identified and characterized the interaction between RYBP and
PADI4 in cellulo by means of immunofluorescence (IF) and proximity
ligation assay (PLA) in several cancer cell lines. Furthermore, in vitro
studies by using a combination of biophysical techniques including
fluorescence, far-ultraviolet (UV) circular dichroism (CD) and ITC, as
well as molecular modeling supported the binding between both pro-
teins. The interaction occurred with a dissociation constant in the low
micromolar range, as measured by ITC (Kq ~ 1 pM) and fluorescence
(Kqg ~ 10 pM). Structure prediction and molecular modeling studies
indicated that the PADI4-binding region of RYBP corresponded to resi-
dues G**TSTRKPR®®, with residue Arg53 directed engaged in the active
site of the PADI4. PLAs in the presence of GSK484, an enzymatic in-
hibitor of PADI4, hampered the binding of both proteins. Thus, our in
cellulo and in silico results suggested that RYBP could be a new substrate
of the citrullinating enzyme PADI4. However, the hampering of such
interaction in the presence of PADI4 inhibitors could be due also to
allosteric effects in the protein. Furthermore, proliferation studies in the
presence of 3,4-Dihydro-5(4-(1-piperindinyl)butoxy)-1(2H)-isoquino-
line (DPQ), a PARP inhibitor, and GSK484 indicated a synergistic ef-
fect in tumor suppression on pancreatic tumor cells. Taken together our
findings indicate that the hampering of the interaction between PADI4
and RYBP might have key applications in the therapeutic suppression
and development of some tumors.

2. Materials and methods
2.1. Materials

Imidazole, Trizma base, DNase, SIGMAFAST protease tablets, NaCl,
Ni%*-resin, DAPI (4',6-diamidino-2-phenylindole), 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), di-methyl sulfoxide
(DMSO), GSK484 and Amicon centrifugal devices with a molecular
weight cut-off of 3 and 30 kDa were from Sigma-Merck (Madrid, Spain).



S. Araujo-Abad et al.

The p-mercaptoethanol was from BioRad (Madrid, Spain). Ampicillin
and isopropyl-p-D-1-thiogalactopyranoside were obtained from Apollo
Scientific (Stockport, UK). The DPQ was from Calbiochem (San Diego,
CA, USA). Triton X-100, Tris(2-carboxyethyl)phosphine (TCEP), the
dialysis tubing with a molecular weight cut-off of 3500 Da and the SDS
protein marker (PAGEmark Tricolor) were from VWR (Barcelona,
Spain). The rest of the materials were of analytical grade. Water was
deionized and purified on a Millipore system.

2.2. Protein expression and purification

PADI4 and RYBP were purified by His-tag affinity chromatography,
as previously described [15,51]. Briefly, PADI4 was in a codon-
optimized, vector pHTP1 (kanamycin resistant) and with an N-termi-
nal His-tag. The vector was synthesized and produced by NZytech
(Lisbon, Portugal). Expression of PADI4 was carried out in E. coli BL21
(DE3) strain (Merck, Madrid, Spain). The protein was expressed with a
final amount of 0.8 mM of IPTG, when the absorbance units at 600 nm of
1 L of LB medium reached a value in the range 0.8-1.0. After induction,
cells were grown overnight at 30 °C. The His-tag of PADI4 was kept in all
experiments. On the other hand, RYBP was cloned in an in-house
modified version of a pQE30 vector, with a His-tag at the N-terminus.
The expression vector used had an additional six-His tag at the N-ter-
minus, which does not contain any cleavage site. Expression was carried
out in E. coli BL21 (DE3) strain. The protein was expressed with a final
amount of 1 mM of IPTG, when the absorbance units at 600 nm of 1 L of
LB medium reached a value in the range 0.8-1.0. After induction, cells
were grown at 37 °C for 16 h.

In all cases, protein concentrations were determined by UV absor-
bance, employing an extinction coefficient at 280 nm estimated from the
number of tyrosines and tryptophans in each of these proteins [60]. The
PADI4 construct has ten tryptophans and thirteen tyrosines per mono-
mer, and that of RYBP has one tryptophan and one tyrosine.

2.3. Cell lines

Isolation of the primary human GBM cell lines HGUE-GB-42 was
performed from surgical washes, as reported previously [61]. Human
pancreatic adenocarcinoma (RWP-1) and colorectal cancer (SW-480)
cell lines were donated by Instituto Municipal de Investigaciones
Médicas (IMIM, Barcelona, Spain) [62]. The RWP-1 and SW-480 cell
lines were cultured in Dulbecco's Modified Eagle's Medium: High
Glucose (DEMEM-HG) (Biowest, MO, USA). Cells were cultured in
Dulbecco's Modified Eagle's Medium: Nutrient Mixture F-12 (DMEM F-
12) (Biowest, MO, USA), supplemented with 10 % (v/v) heat-inactivated
fetal bovine serum (FBS) (Capricorn Scientific, Ebsdorfergrund, Ger-
many) and 1 % (v/v) penicillin/streptomycin mixture (Biowest, MO,
USA). Cells were incubated at 37 °C in a humidified 5 % CO, atmosphere
as previously described [61,63].

2.4. Immunofluorescence (IF)

An amount of 30,000 cells of HGUE-GB-42, SW-480, and RWP-1 cell
lines were seeded into twenty-four-well plates on coverslips. After 24 h,
they were fixed with paraformaldehyde at 4 % concentration and
blocked with FBS/PBS (phosphate buffered saline) (1 x) (50 pL/mL).
Next, cells were incubated with anti-PADI4 (1:200, mouse; Abcam,
Cambridge, UK) and anti-RYBP (1:100, home-made) antibody [1]. After
washing out the first antibody, cells were incubated with Alexa Fluor
568-labeled anti-mouse (1:500) and Alexa Fluor 488-labeled anti-rabbit
(1:500) secondary antibodies (Invitrogen, Barcelona, Spain); the DAPI
(4,6-diamidino-2-phenylindole) reagent was used to stain the nucleus.
Coverslips were mounted in Prolong™ Gold Antifade Reagent (Invi-
trogen, Barcelona, Spain) and analyzed using an Axio Observer Z1
inverted microscope (Carl Zeiss, Oberkochen, Germany) at x 63
magnification.
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2.5. Proximity ligation assay (PLA)

An amount of 30,000 cells of HGUE-GB-42, SW480 and RWP-1 cell
lines were seeded in twenty-four-well plates on coverslips. After 24 h,
cells were washed twice in PBS (1 x), fixed, washed twice again, per-
meabilized in PBS, with 0.2 % Triton X-100, and saturated with blocking
solution for 30 min before immune-staining with Duolink by using PLA
Technology (Merck, Madrid, Spain), following the manufacturer's pro-
tocol. Anti-PADI4 primary antibody was used. Then, slides were pro-
cessed for in situ PLA by using sequentially the Duolink In Situ Detection
Reagents Red, Duolink In Situ PLA Probe Anti-Mouse MINUS, and
Duolink In Situ PLA Probe Anti-Rabbit PLUS (Merck, Madrid, Spain). In
these experiments, red fluorescence signal corresponds to the PLA-
positive signal, and it indicates that the two proteins are bound, form-
ing a protein complex; on the other hand, blue fluorescence signal cor-
responds to nuclei (DAPI staining). Both negative and positive control
experiments, the former by omitting one of the primary antibodies, were
performed. Image acquisition was carried out by using a confocal
LSM900 with Airyscan 2 microscope (Carl Zeiss, Oberkochen, Germany)
at x 63 magnification. We used a customized protocol that enables the
quantification of interactions detected by PLA by using the public
domain image processing program ImageJ (Fiji, Hamamatsu, Japan)
software. Confocal images were processed until a binary image with
only two-pixel intensities, black and white, was created. We adjusted the
parameters for nuclear or cytoplasmic analysis by using DAPI to outline
the nucleus of the cell. An image of the nuclei included in the analysis
was generated together with a summary table of the number of selected
nuclei.

In experiments with PADI4 inhibitor, cells were previously subjected
to a treatment with GSK484 at 20 uM concentration for 24 h, while the
control cells remained untreated for the same period of time, since the
drug was dissolved in water. After that, PLA experiments were
performed.

2.6. Proliferation assay

The antiproliferative capacity of GSK484, in isolation, was explored
in the concentration range 1-4 uM. Monotherapy of DPQ, a PARP in-
hibitor, was performed in a concentration range from 1 to 15 pM. The
proliferation assays of both isolated compounds and their cocktails were
analyzed by using a colorimetric assay, based on the reduction reaction
catalyzed by the mitochondrial enzyme succinate dehydrogenase. Then,
after addition of the yellow-colored MTT compound, the succinate de-
hydrogenase in viable cells catalyzes the opening of its tetrazolium ring,
generating purple formazan salts ((E,Z)-5-(4,5-dimethylthiazol-2-yl)-
1,3-diphenylformazan), which are insoluble and impermeable to the
plasma membrane.

Initially, RWP-1 cells were seeded in 96-well plates at a density of
3000-4000 cells per well depending on the size and growth rate of the
cell line. After 24 h, the corresponding treatments (namely, isolated
GSK484, isolated DPQ, or the cocktails containing both) were added in
quadruplicate; cells were kept in culture for 72 h. At the end of the
treatment time, MTT was added at a final concentration of 0.25 mg/mL
for 3 h. During the whole time of the assay, the cells were kept in an
incubator at 37 °C with 5 % CO,. Next, the contents of the wells were
removed and 200 pL of DMSO were added; the plates were kept 30 min,
at room temperature and under intense agitation to dissolve the for-
mazan crystals. Finally, the absorbance of the plates was measured at
570 nm on a Gen5™ plate reader (BioTeK®, Winooski, VT, United
States).

For the treatment by using the cocktails of DPQ and GSK484, first we
maintained a constant GSK484 concentration of 4 pM, while that of DPQ
was varied from 5 to 15 pM. In the other cocktail treatment, the con-
centration of DPQ was kept constant at 15 pM, and that of GSK484 was
changed from 1 to 4 pM.
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2.7. Fluorescence

2.7.1. Steady-state fluorescence

Fluorescence spectra were collected on a Cary Eclipse Varian spec-
trofluorometer (Agilent, Santa Clara, CA, USA), interfaced with a Peltier
unit. Following the standard protocols used in our laboratories, the
samples were prepared the day before and left overnight at 5 °C; before
experiments, samples were left for 1 h at 25 °C. A 1-cm-pathlength
quartz cell (Hellma, Kruibeke, Belgium) was used. Concentration of
PADI4 was 3 pM (in protomer units), and that of RYBP was 20 pM.
Experiments were performed in 20 mM Tris buffer (pH 7.5), 5 mM TCEP,
150 mM NaCl and 5 % glycerol. Protein samples were excited at 280 and
295 nm. The other experimental parameters have been described else-
where [64]. Appropriate blank corrections were made in all spectra.
Fluorescence experiments were repeated in triplicates with newly pre-
pared samples. Variations of results among the experiments were lower
than 5 %.

2.7.2. Binding experiments with PADI4

For the titration between RYBP and PADI4, increasing amounts of
RYBP, in the concentration range 0-20 pM, were added to a solution with
a fixed concentration of PADI4 (2.8 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, and the rest of the experi-
mental set-up was the same described above. In all cases, the appropriate
blank-corrections were made by subtracting the signal obtained with the
corresponding amounts of RYBP by using the software KaleidaGraph
(Synergy software, Reading, PA, USA). Spectra were corrected for inner-
filter effects during fluorescence excitation [65]. The titration was
repeated three times, using new samples; variations in the results were
lower than 10 %.

The dissociation constant of the corresponding complex, K4, was
calculated by fitting the binding isotherm constructed by plotting the
observed fluorescence change as a function of RYBP concentration to the
general binding model, explicitly considering protein depletion due to
binding [66,67]:
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by subtracting the corresponding baseline. Protein concentrations and
buffers were the same used in the fluorescence experiments, as well as
the protocol for sample handling before acquiring the spectra. Spectra of
each isolated macromolecule and that of the complex were acquired at
25 °C 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.

2.9. Isothermal titration calorimetry (ITC)

Calorimetric titrations for assessing the interaction of PADI4 with
RYBP were carried out in an automated high-sensitivity Auto-iTC200
calorimeter (MicroCal, Malvern-Panalytical, Malvern, UK). Experiments
were performed at 25 °C in 20 mM Tris buffer (pH 7.5), 5 mM TCEP, 150
mM NaCl and 5 % glycerol at 25 °C. PADI4 (100 pM in protomer units) in
the injection syringe was titrated into the RYBP solution (10 pM) in the
calorimetric cell. A series of 19 injections with 2 pL volume, 0.5 pL/s
injection speed, and 150 s time spacing was programmed while main-
taining a reference power of 10 pcal/s and a stirring speed of 750 rpm.
The heat effect per injection was calculated by integration of the thermal
power raw data after baseline correction, and the interaction isotherm
(ligand-normalized heat effect per injection as a function of the molar
ratio) was analyzed by non-linear least-squares regression data analysis,
applying a model that considers a single binding site to estimate the
association constant, K,; the interaction enthalpy, AH; and the stoichi-
ometry of binding, n (although, in practice, the apparent stoichiometry n
usually reports the fraction of active protein in the calorimetric cell).
The dilution injection heat (reflecting any unspecific phenomenon such
as solute dilution, buffer neutralization, temperature equilibration or
solution mechanical mixing) was accounted for by including an
adjustable constant parameter in the fitting. Due to the presence of
glycerol in solution and a potential minor mismatch in glycerol con-
centration between cell and syringe solutions, the background injection
heat was large. Data analysis was conducted in Origin 7.0 (OriginLab,
Northampton, MA, USA) with user-defined fitting functions.

2.10. Structure prediction and modeling

In order to gauge the structural nature of the interaction between
RYBP and PADI4 molecules, we used the deep-learning-based program

AF

F=Fyf-— =
0+2[PAD14]T

where F is the measured fluorescence at any particular concentration of
RYBP after subtraction of the spectrum of the sample containing only the
same concentration of such protein (i.e., F is the differential, or differ-
ence fluorescence); AFpx is the largest change in the fluorescence of
RYBP when all polypeptide molecules were forming the complex,
compared to the fluorescence of each isolated protein (at the same
corresponding concentration); Fy is the fluorescence intensity when no
RYBP was added; [PADI4]t is the constant, total concentration of PADI4;
and [RYBP]y is that of RYBP, which was varied during the titration.
Fitting to Eq. (1) was carried out by using KaleidaGraph (Synergy soft-
ware, Reading, PA, USA).

2.8. Circular dichroism (CD)

The steady-state far-UV CD spectra were collected on a Jasco J810
spectropolarimeter (Jasco, Tokyo, Japan) with a thermostated cell
holder and interfaced with a Peltier unit. The instrument was periodi-
cally calibrated with (4)-10-camphorsulfonic acid. A cell of path length
0.1-cm was used (Hellma, Kruibeke, Belgium). Spectra were corrected

([RYBP], + [PADI4], + K, ) — \/ (([RYBP]T + [PADI4], + K,)° — 4RYBP],[PADI4], ) (€]

AF2 [68,69] to predict the likely mode and stoichiometry of assembly.
The holo-protein model structure of human RYBP deposited in the AF2
model database (UniProt identifier Q8N488, with a corresponding
model structure at https://alphafold.ebi.ac.uk/entry/Q8N488) [70]
reveals a largely disordered, 228-residue-long chain with two small,
embedded protein modules with high confidence metric (pLDDT, pre-
dicted local distance different-test) folds: an N-terminal Zn-finger
domain followed by a short a-helix (residues 23-71); and a C-terminal
B-hairpin fold (residues 145-179) that has previously been captured
bound to a C-terminal RING 1B domain (PDB identifier 3IXS, [71]).
There is a human PADI4 model structure (UniProt Q9UMO07, AF2 data-
base https://alphafold.ebi.ac.uk/entry/Q9UMO07) showing a distinctive
3-lobed architecture - the catalytic domain preceded by two
immunoglobulin-like modules in a linear arrangement — and it has been
extensively studied by X-ray crystallography as a homodimer in complex
with substrate analogs and small molecule compounds [72-74].

For studying the binding of RYBP to PADI4, we used AF2-multimer
[68,69] (version 2.3.1, implemented within ColabFold1.5.2; https://g
ithub.com/sokrypton/ColabFold [75]). This algorithm was applied to
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pair human RYBP with PADI4, iteratively narrowing the interaction to
an N-terminal region of RYBP (containing the Zn finger module) and the
catalytic C-terminal domain of PADI4. The resulting ensemble of top-
ranked models (by interface pTM or ipTM metric, relaxed by Amber
within ColabFold to clean up potential side-chain clashes) showed
consistent docking of the Arg53-bearing loop into the PADI4 active site.
The resulting structures were manipulated and visualized within PyMOL
2.5.4 (https://www.pymol.org).

The results of AF2 were also confirmed by using the protein-protein
docking algorithm ClusPro [76] by performing a blind docking with
either the basic ‘electrostatic-favored’ scoring schemes (which is the
most appropriate for modeling the binding of IDPs, such as RYBP), or the
mixed ‘van der Waals + electrostatics’ scheme (which does not apply the
pairwise potential that accounts for desolvation contributions in the
protein association). The docking poses were also rescored by using a
more accurate molecular mechanics (MM) method, with the generalized
Born surface area (MM/GBSA) continuum solvation [77] as imple-
mented in the web server HawkDock [78]. Interactions were calculated
after 5000 steps of energy minimization, by using the Amber ff02 force
field and the implicit solvent GB®®! model with interior dielectric
constant g, = 1 [79].

2.11. Statistical analysis

Results in the combined therapy consisting in the simultaneous
administration of two drugs are shown as the mean =+ standard devia-
tion (SD) of three independent experiments. To evaluate the normal
distribution of the data, the Shapiro-Wilk statistical test was used; either
the Student's t-test or the Mann-Whitney U test were used to analyze the
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association between variables. Differences were considered to be sta-
tistically significant with a p-value <0.05. Statistical analysis was per-
formed with GraphPad Prism v7.0a software (GraphPad Software Inc.,
San Diego CA, USA).

3. Results

3.1. Binding of PADI4 to RYBP occurred in cellulo in the cytosol and
nucleus

It has been described that RYBP is a multifunctional protein with a
ubiquitin-binding function that preferentially binds to K63-linked
ubiquitin chains [80], RING 1B, histone H2A, and other transcription
factors [81,82,83] with great relevance in cancer. On the other side,
PADI4 has been reported to have relevance in cancer by binding to
PKP1, Impa3, NUPR1 [52-54], but also to histone H3 [84]. Given the
importance of both proteins, RYBP and PADI4, in cancer development
and their interactions with the histones, we first wondered about their
common cellular localization in different cancer cell types. The IF ex-
periments in HGUE-GB-42 GBM cell line; in SW-480, isolated from the
large intestine of a Dukes C colorectal cancer patient; and in RWP-1, as a
model of pancreatic cancer, showed that both proteins were expressed
and colocalized in the same cellular compartments (Fig. S1). As ex-
pected, both proteins had a prominent nuclear staining, as shown by the
colocalization with DAPI, but we could also detect some staining in the
cytoplasm (Figs. S1 and S2). These data suggest that they may interact
within the nuclear compartment of the different cell lines.

To test whether or not PADI4-RYBP interaction occurred endoge-
nously within those cancer cells, we used the Duolink in situ assay. This
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Fig. 1. RYBP interacted with PADI4 in cellulo. (A) PLAs of PADI4 with RYBP reveal the interaction between the two proteins in different patient-derived cells. A
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technique, known as PLA, resolves the binding of proteins that occurs at
distances shorter than 16 A. In contrast to what we could expect after the
results of the IF experiments, the majority of the red fluorescent spots,
corresponding to the PLA signals, indicated that PADI4 interacted with
RYBP not only within the nucleus but also in the cytosol, regardless of
the cancer cell type (Figs. 1 and S3). PLA is a technique that resolves
binding, and it is more sensitive than immunocytochemistry. Then, it is
not surprising that it can more efficiently detect the binding of two
proteins (and thus, complex formation) in any cellular compartment.
To sum up, our results indicate that PADI4 and RYBP interacted in
the different compartments of cancer cells obtained from several tissues.

3.2. Reduction of PADI4 binding to RYBP upon PADI4 inhibition is
cancer-type dependent

GSK484 is an enzymatic inhibitor of PADI proteins that has shown a
strong preference for PADI4 over the other isozymes [85]. We wondered
whether the presence of this inhibitor decreased the formation of the
PADI4/RYBP complex.

After 24 h treatment with 20 pM of GSK484, PLAs showed the
decrease in the number of red dots, and further indicating that the
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interaction between PADI4 and RYBP, occurred mainly in the nucleus as
shown by DAPI nuclear counterstaining (Figs. 2A and S4). Interestingly,
the reductions in the populations of formed PADI4/RYBP complexes
were not the same in all cancer cell lines studied. While RWP-1 showed
the greatest decrease in the number of dots per cell, HGUE-GB-42 and
SW-480 presented a modest, but significant, reduction in PADI4/RYBP
interaction (Figs. 2B and S4).

In conclusion, the binding between RYBP and PADI4 was affected by
the administration of GSK484 (Figs. 2 and S4). As GSK484 is an enzy-
matic inhibitor of PADI4, our findings suggested that either RYBP could
competitively bind to the active site of PADI4 and be citrullinated by the
enzyme; or alternatively, the presence of the inhibitor could alter con-
formationally (i.e., allosteric conformational change) the RYBP-binding
site of PADI4.

3.3. Inhibition of PADI4 enhanced PARP inhibitor effects on pancreatic
cancer cells

RWP-1 cells presented the strongest decrease in the population of
PADI4/RYBP complexes formed at the nucleus, upon GSK484 treatment
(Fig. 2). There are many PARP inhibitors, but DPQ has shown to enhance
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Fig. 2. The formation of the PADI4/RYBP complex was inhibited by the presence of GSK484. (A) PLA was performed in HGUE-GB-42, RWP-1 and SW-480 cells in the
absence or the presence of GSK484 at a concentration of 20 uM, for 24h. A representative experiment is shown (n = 5). Scale bar = 20 pm. (B) The Fiji software was

used to count the number of red dots. Data represent mean + SEM, 1-way ANOVA,

Tukey's post hoc test was used, *p < 0.05, ***p < 0.001; ****p < 0.0001.
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the effect of the enzymatic therapy based on CLytA-DAAO in RWP-1
cells [86]. Therefore, we speculated that the treatment of these tumor
cells with GSK484 could also be enhanced by the presence of DPQ. To
see how single treatments affected RWP-1 cell line proliferation, we
performed monotherapy experiments with each of the two drugs
(Fig. 3A, B). First, we observed that a range of GSK484 concentration
between 1 and 4 pM resulted in a decrease of the proliferation of RWP-1
cells (Fig. 3A). We observed that DPQ concentrations ranging between 1
and 15 pM did not significantly reduce its proliferation (Fig. 3B).

To test whether increasing concentrations of GSK484 could be
affected by the presence of a constant amount of DPQ, we treated the
cells in the presence of 15 pM DPQ with increasing GSK484 concen-
trations between 1 and 4 pM (Fig. 3C). Our experiments showed that the
cocktail treatment of RWP-1 cells resulted in a significant decrease in
cell proliferation, which was higher than in the GSK484 monotherapy
(Fig. 3A, C). Similarly, to test whether DPQ could enhance the effect of
GSK484 on RWP-1 proliferation, we treated the cells at a GSK484 4 uM
constant concentration, with increasing concentrations of DPQ ranging
from 1 to 15 pM. These experiments resulted in a statistically significant
decrease in cell proliferation, demonstrating the synergistic effect of
both drugs (Fig. 3A and B). Moreover, according to these results, the
addition of DPQ seems to sensitize the cancer cells for the action of
GSK484, suggesting that the most efficient way to apply this therapy
would be to first administer the PARP inhibitor, and next the PADI4
inhibitor. These findings open the venue for new treatments in pancre-
atic cancer based on the additive effect that PADI4 enzymatic inhibition
might have, in combination with other approved drugs.

3.4. PADI4 was bound to RYBP in vitro

As the in cellulo experiments indicated unambiguously that there was
binding between RYBP and PADI4, we tested whether PADI4 interacted
with RYBP in vitro, by following a two-part experimental approach. First,
we used steady-state fluorescence and far-UV CD as spectroscopic
techniques to monitor the binding and the possible concomitant

conformational changes in the macromolecules; and second, we used
fluorescence and ITC to quantitatively measure the thermodynamic
parameters of such binding.

We used fluorescence to find out whether there was a change in: (i)
the position of the maximum wavelength; (ii) the intensity at that
wavelength; or (iii) both parameters, when the spectrum of the complex
was compared to that obtained from the addition of the spectra of the
two isolated proteins. A variation in fluorescence intensity by excitation
at 280 nm was observed when the complex of PADI4 with RYBP was
formed (Fig. 4A), but there were no changes in the maximum wave-
length of the spectrum (which remained at ~340 nm).

Next, we carried out far-UV CD measurements, trying to confirm the
fluorescence binding results. The CD spectrum of isolated RYBP at this
pH had a minimum negative ellipticity at ~200 nm, characteristic of
either random-coil polypeptide chains or denatured proteins (Fig. S5A)
[87]. The spectrum had a shoulder at ~222 nm, which suggests the
presence of a-helix- or turn-like conformations, but the contribution of
aromatic signals of the protein at this wavelength could not be ruled out
[87]. The estimated population of a-helix- or turn-like conformations
was 5.5 %, as obtained from value of the molar ellipticity at 222 nm
[15]; a similar result (9.5 %) was obtained when using the k2D software
[88] to deconvolute RYBP spectrum. The spectrum of isolated PADI4
(Fig. S5B) corresponds to that of an o/ protein [51].

In agreement with the findings obtained by fluorescence, the addi-
tion far-UV CD spectrum, obtained from the sum of the spectra of iso-
lated RYBP and PADI4, was different from that of the complex of the two
proteins (Fig. 4B). Then, we can conclude that there were changes in the
secondary structure of PADI4 and/or in that of RYBP when the two
proteins were bound; however, we cannot rule out that the changes
observed were due to displacements of some aromatic residues (or in-
teractions involving these residues) of at least one of the two proteins.
Since RYBP in isolation was disordered (Fig. S5A), we hypothesized that
this chain could be ordered upon binding to PADI4. However, because of
the nature of the variations observed in the far-UV CD spectrum, we
cannot say which type of ordering is taking place, or even if the changes
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were carried out at 25 °C.

observed are simply a rearrangement of some of the aromatic side-
chains. It could be thought that the differences of the spectrum of the
complex and that of the isolated PADI4 could provide evidence on the
ordering of RYBP upon binding, but the fact that the positions of some
aromatic residues change, when the two proteins are bound (as sug-
gested by the fluorescence and in silico results (Section 3.5)), precludes
to draw any further conclusion.

As we observed changes in the fluorescence spectra upon PADI4
binding to RYBP, to determine the affinity constant, we carried out ti-
trations by keeping constant the concentration of PADI4, and increasing
that of RYBP. The results provided a Kq value of 15 + 10 pM (Fig. 4C) for
the interaction between both proteins. We also used ITC to determine
the binding parameters (Fig. 4D). The results indicated that the inter-
action was highly exothermic (favorable enthalpic contribution and
unfavorable entropic contribution to the Gibbs energy of binding), with
AH = - 42 kcal/mol, and the Kq was 1.1 £ 0.2 pM, lower than the value
obtained by fluorescence. The stoichiometry of the reaction was 0.85,
indicating that the dimer of PADI4 was bound to two molecules of RYBP.
It could be thought that the values obtained by the two different tech-
niques are quite different, but it must be kept in mind that fluorescence
spectroscopy is a steady-state technique (reactant molecules are incu-
bated for a period of time and the equilibrium state is assayed), and ITC
is a transient-effect technique (reactant molecules are mixed and the
transient effect is observed for a couple of minutes after each injection).
This can lead to different estimates of the K4. Moreover, the uncertainty
in these estimates is quite different: 67 % is the relative error for the
dissociation constant estimated by spectroscopy, and 18 % is the relative
error for the dissociation constant estimated by calorimetry. Taking all

this into consideration, although the values may appear quite different,
they both are in the low micromolar range. Besides, the purpose of these
measurements was to provide direct evidence of the interaction between
RYBP and PADI4, providing an approximate estimate (in a broad sense)
of the Ky for such interaction, and to compare such strength with that of
other interactions where PADI4 is involved.

To sum up, we conclude that RYBP was bound to PADI4, with a
dissociation constant in the low micromolar range, and involving the
tryptophans of at least one of the two proteins.

3.5. Modeling of the PADI4/RYBP complex

The binding of RYBP to PADI4 was investigated by using molecular
docking, starting with the algorithm AF2-multimer [68,69]. This mul-
timer application of AF2 has proven to be one of the most accurate tools
to model protein complexes, including ligand-receptor binding in-
terfaces [68]. In an unbiased fashion, the full-length protein chains of
human RYBP and PADI4 (at a 1:1 and 2:2 stoichiometry) were queried
for binding by AF2.3.1 as implemented on ColabFold 1.5.2 in template-
free mode [75]. It was immediately clear that the interaction centered
on a structured loop in RYBP between Zn-finger and its predicted
proximal helix (residues 50-54), and the catalytic pocket of PADI4. This
suggests that RYBP binding mimics the docking of peptide substrates to
PADI4 [72,74]. To better assess the interface (and ease the computa-
tional burden), we henceforth focused on an RYBP fragment that con-
tains the N-terminal folded module (residues 17-72), trained against the
catalytic domain of PADI4 (residues 294-663). The resulting top-ranked
models converge on the RYBP loop formed by residues STRKP (residues
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Fig. 5. Modeling of the PADI4/RYBP complex. Comparative structures of the AF2.3.1-multimer-generated model of the RYBP residue 17-72 fragment (colour-
ramped from blue N-terminus to red C-terminus) encasing the Zn-finger module at top left (with metal-coordinating Cys side-chains in black stick form) and a
following short helix at top right (in orange and red). The docked loop in yellow (amino acids TSTRKP, side-chains in stick form) buries the central Arg53 in the
wheat-colored PADI4 catalytic pocket. To the right is the X-ray structure of human PADI4 bound to a histone H4 peptide SGRGK (representing the visible portion of a
larger 10-mer peptide), with buried central arginine labeled (PDB identifier: 2DEY, [89]).

51-55, with buried Arg53 side-chain) docked to PADI4. This model can
be closely superimposed with that of the histone H4 N-terminal sub-
strate peptide SGRGK docked to the PADI4 catalytic pocket from the
2DEY PDB structure at 2.25 A resolution [89] (Fig. 5).

The protein-protein docking algorithm ClusPro [76], together with
the generalized Born surface area (MM/GBSA) continuum solvation
method implemented in the web server HawkDock [78], were used to
further support these findings, and to obtain a more accurate estimate of
the binding affinity of the two proteins. In fact, AF2-multimer explicitly
encourages a combined use with ClusPro, both to validate the results
and to refine them [70]. In our specific case, the use of this algorithm
was convenient also because it allowed us to select an ‘electrostatic-
favored’ scoring scheme that is particularly appropriate for IDPs (such as
RYBP), due to their sensitivity to Coulombic interactions in driving the
association to molecular partners. The results of the blind docking of the
RYBP fragment 17-72 (Table 1) confirmed that the best poses (Table 1)
involved the arginine residues of RYBP closely grouped around residue
Arg53 (i.e., Arg47, Arg53 and Arg56). They interacted with a number of
prevalently acidic residues of PADI4, centered around the key residue
Cys645 in the catalytic site of the citrullinating enzyme (Fig. 6).

It is interesting to note that slightly less favorable but qualitatively
similar predictions were obtained by ClusPro also with a mixed ‘van der
Waals + electrostatics’ scheme (see again Table 1). This option still
accounts for Coulombic interactions, but zeroes the desolvation contri-
butions to the binding energy, suggesting that shape complementarity of
the binding hot spot regions of the two proteins plays a minor role in
their association [76]. This observation indicates that the binding of the
loop region 51-55 of RYBP is not penalized with respect to other more
structured protein regions, further supporting the prediction of the
anchoring of such a flexible region to PADI4.

The fact that at least one arginine residue of RYBP is directly
involved in the binding to the catalytic site of PADI4 supports in cellulo
competitive binding results regarding GSK484 (Fig. 2), suggesting that
RYBP might be a substrate for PADI4. The docking model suggested that
neither Trp25 nor Tyr70 of RYBP changed very much their positions in
the complex, when compared to those in the unbound species. However,
Phe314 of PADI4 changes its conformation and packing with respect to
Tyr636 of PADI4, pointing to the side-chain of Arg47 of RYBP. These
changes of the aromatic side-chains could explain some of the variations
observed in the far-UV CD spectra (Fig. 4B).

4. Discussion

Decreases in RYBP levels in cells have been related with the devel-
opment of several types of cancers [2, and references therein].
Furthermore, the genomic region containing the RYBP gene (3p13-14) is
deleted in different tumor types [90,91]. The deletion of this chromo-
somal region is associated with a worse prognosis compared to patients
without such obliteration. Besides, the decreased levels of RYBP in pa-
tient tumor samples, cell lines and mouse xenografts seem to be corre-
lated with increased disease severity and shorter survival times in GBM,
lung, breast cervical and hepatocellular cancers [2]. As RYBP is an
ubiquitin-binding protein, it is involved in the regulation of p53 by its
stabilization. Thus, a great knowledge of the proteome of RYBP will
allow to elucidate in full all the protein cascades where it intervenes and
whether its involvement in such pathways could provide new targets for
drug design. In this work, we hypothesized that RYBP could interact
with PADI4 since it is also involved in p53-gene expression, as well as in
the expression of other p53-target genes [48-50]. In addition, both
proteins intervene in pathways where glycogen synthase kinase 3p
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Table 1

Binding affinity of the fragment containing the N-terminal folded module of
RYBP (residues 17-72) and the catalytic domain of PADI4 (residues 294-663),
estimated by using the MM/PBSA technique on the docking poses obtained
with the algorithm ClusPro.

Scoring scheme Pose Binding Residues most contributing to
rank affinity binding affinity
(kcal/mol) (kcal/mol)
PADI4 RYBP
Electrostatic-favored 1 -90.52 Met343 Arg56
(-5.81), (-14.25),
Glu317 Arg53
(-5.46), (-7.84),
Glu315 Pro55
(-4.15) (-4.77)
2 -74.44 Asp344 Arg53
(-5.90), (-8.04),
Asp345 Glu37
(-5.76), (-6.08),
11e638 Phe39
(-5.29) (-4.52)
3 -85.05 Asp344 Arg53
(-10.11), (-12.16),
Phe576 Arg56
(-6.41), (-7.49),
Glu339 Arga7
(-5.27) (-7.19)
van der Waals + 1 -72.45 Phe314 Arg53
electrostatics (-5.82), (-13.14),
Glu339 Thr52
(-4.53), (-8.73),
Glu341 Lys48
(-3.43) (-6.14)
2 -81.22 Glu340 Arg56
(-8.34), (-12.17),
Glu339 Arga7
(-6.64), (-8.57),
Glu317 Arg53
(-4.59) (-5.84)
3 -69.12 Asp344 Arg56
(-8.08), (-8.49),
Glu339 Arg53
(-6.46), (-7.61),
GIn346 Arg47
(-4.58) (-6.97)

(GSK-3p) mediates: the citrullination of such protein by PADI4 triggers
epithelial-to-mesenchymal transition in breast cancer cells [92] and
RYBP interact with several routes involving the kinase ATM and GSK-3f
[24].

To test the hypothesis of a well-defined and well-formed complex
between PADI4 and RYBP, we carried out biological experiments in
several cancer lines (as both proteins intervene in the development of
several cancer types), as well as in vitro experiments. IF and PLA ex-
periments showed the co-localization and the binding of both proteins.
The decrease in the population of the complex formed between the two
proteins, triggered by the presence of GSK484, suggested that RYBP was
bound to the active site of the enzyme; or alternatively, the presence of
the PADI4-inhibitor caused allosteric changes in the RYBP-binding re-
gion of PADI4. However, the blind in silico experiments seem to rule out
the allosteric conformational changes, pinpointing RYBP as a likely
substrate of PADI4.

However, it is important to stress out that the fact that the in silico
results suggest that binding occurs at the active site of PADI4, it is not an
unambiguous proof of the citrullination of RYBP. We have not been able
to detect citrullinated RYBP in cellulo, and then, all we can conclusively
state from our studies is the presence of binding between the two pro-
teins in several cancer cells. It is true, from our experiments, that the use
of PADI4 inhibitor, GSK484, hampers binding (with variations among
the cells, although it could be due to the different metabolism among the
several cancer types) between PADI4 and RYBP. The binding of RYBP to
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PADI4
(monomer)

Fig. 6. PADI4 binding interface with RYBP as predicted by molecular docking.
The binding to the catalytic domain of PADI4 (ribbon representation, cyan) of
the RYBP fragment 17-72 was simulated. Residues of PADI4 that contribute the
most to the association of RYBP (Table 1) are estimated by using the MM/PBSA
technique on the docking poses obtained with the algorithm ClusPro. The res-
idues found (sphere representation) are mapped on a single monomer of PADI4,
and center around the key residues Cys645 in the catalytic site. They were
obtained either solely with an ‘electrostatic-favored’ scoring scheme (red), or
both with it and a mixed ‘van der Waals + electrostatics’ scoring
scheme (orange).

a region different to the one we predicted could still be possible in the
case the docking of the GSK484 in the active site of PADI4 hampers it by
an allosteric rather than a direct competitive effect. Therefore, we can
only conclude from our studies that there is binding between the two
proteins in vitro and in cellulo, but we cannot conclude unambiguously,
based only on the in silico results, that RYBP is a substrate of PADI4.

It has been shown that RYBP sensitizes cancer cells to PARP in-
hibitors [93]. There are PARP inhibitor drugs that have been approved
as a cancer treatment, and others that are used in combination with
chemo and/or radiotherapy to enhance the therapeutic effects [94].
PARP-1 participates in the DNA base excision repair system. However,
PARP has a dual function: when DNA is strongly damaged, it activates a
cell death mechanism; but if the damage is mild, PARP binds to the
region where the damage has occurred and it recruits enzymes respon-
sible for DNA repair [94]. Therefore, PARP inhibitors can increase sur-
vival in patients with cancers that are highly dependent on PARP
activity, but they can also enhance the action of other treatments that act
by damaging DNA. PARP-1 inhibitors have been shown to be useful in
the treatment of breast cancer with BRCA1 and BRCA2 mutations
[95,96]. The products of these two genes are involved in the homolo-
gous recombination that occurs during the repair of double-stranded
DNA, and, therefore, the phenomenon known as synthetic lethality oc-
curs when inhibiting other DNA repair systems with PARP1 inhibitors
[97]. In the mitochondrion, the sugar PAR-polymer binds to the
apoptosis inducing factor protein and causes its nuclear translocation,
initiating large-scale DNA fragmentation and chromosome condensation
[94]. In this work, we observed that the combined effect of DPQ, a PARP
inhibitor, and GSK484, a PADI4 inhibitor, on cell proliferation was
higher than the respective monotherapies for both drugs in RWP-1
cancer cells.

We speculated that the PADI4-binding region of RYBP seems to be
the N-terminal region, where the Zn-finger is located and theoretical
predictions indicate a local folded structure in the otherwise disordered
chain; furthermore, our findings seemed to be the first evidence of this
region being involved in recognition of other proteins. We hypothesize,
on the basis of our in silico results, that RYBP might be a non-histone
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substrate for PADI4, which could add to the well-known list of substrates
of the PADI4 enzyme, such as ING4, p300 or GSK3p [73]. The use of a
PADI4 inhibitor in the modification of cellular processes is not new; for
instance, in several PADI4-overexpressing cancer cells, the use of PADI4
enzymatic inhibitors or PADI4 siRNA resulted in apoptosis and cell cycle
arrest [98].

The dissociation constant (1 pM, as measured by ITC) is within the
same range of those found for other partners of PADI4: NUPR1 (18 + 6
pM) [54], for PKP1 (14 £+ 0.2 pM) [53] and Impa3 (4.8 £ 0.9 uM) [52].
These results suggest that no matter how ordered the protein partner or
substrate of PADI4 is (for instance, NUPR1, as well as RYBP, is an IDP),
the affinity for that companion is similar in all cases so far. This means
that the affinity of all of them for PADI4 is not very large probably to
allow for its involvement in transient interactions along several protein
routes.

Given the different PTMs that can affect and regulate RYBP [2], it
would not be surprising that RYBP might also be citrullinated, but at the
moment, we cannot prove unambiguously this hypothesis. Our initial
goal was to probe the presence of an interaction between PADI4 and
RYBP, and because of the in cellulo results with the GSK484 and the in
silico findings, we suggested that citrullination of RYBP could be
involved. The possibility of the enzymatic conversion of an arginine
residue into a citrulline in RYBP would result in the loss of a positive
charge of molecules. Then, citrullination would perturb several intra-
and intermolecular electrostatic interactions, causing partial unfolding
leading to conformational changes in RYBP [37]. As a consequence,
RYBP may become more immunogenic, inducing an autoimmune
response as it happens with many other citrullinated proteins [37,99].
Citrullination could alter the binding of RYBP to K63-linked ubiquitin
chains, RING1B, histone H2A and other transcription factors [100]; if
the ability to bind K63-ubiquitin chains is hampered by citrullination,
the removal of RYBP from DNA damage active sites at sites of DSBs
would not be possible [22]. Furthermore, impediment of the RYBP-
ubiquitin-binding abilities would result in the impossibility of the
breast cancer gene 1 complex recruitment [2]. RYBP also compacts
efficiently chromatin [101], and citrullination could impede such pro-
cess. RYBP has also been shown to intervene in apoptosis through the
interaction with MDM2, SKP1, Cullin-1, HIPPI or RinglB proteins
[2,34]. Then, possible citrullination at the RYBP-binding sites of those
protein could result in the absence of such key event in the development
of cancer.

Taken together, our study opens up venues for understanding the
basis of possible molecular mechanisms in different types of cancer and
for the development of new applications based on PADI4 interaction
with RYBP.
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Appendix A. Supplementary data

There are five figures containing IF images of PADI4 and RYBP
interaction (Fig. S1; S2);PLAs of both proteins under different conditions
(Figs. S3 and S4); and the far-UV CD spectra of isolated RYBP and PADI4
under the same solution conditions (Fig. S5). Supplementary data to this
article can be found online at https://doi.org/10.1016/j.ijbiomac.20
23.125632.
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