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Abstract: Plakophilin 1 (PKP1), a member of the p120ctn subfamily of the armadillo (ARM)-repeat-
containing proteins, is an important structural component of cell–cell adhesion scaffolds although it
can also be ubiquitously found in the cytoplasm and the nucleus. RYBP (RING 1A and YY1 binding
protein) is a multifunctional intrinsically disordered protein (IDP) best described as a transcriptional
regulator. Both proteins are involved in the development and metastasis of several types of tumors.
We studied the binding of the armadillo domain of PKP1 (ARM-PKP1) with RYBP by using in
cellulo methods, namely immunofluorescence (IF) and proximity ligation assay (PLA), and in vitro
biophysical techniques, namely fluorescence, far-ultraviolet (far-UV) circular dichroism (CD), and
isothermal titration calorimetry (ITC). We also characterized the binding of the two proteins by using
in silico experiments. Our results showed that there was binding in tumor and non-tumoral cell lines.
Binding in vitro between the two proteins was also monitored and found to occur with a dissociation
constant in the low micromolar range (~10 µM). Finally, in silico experiments provided additional
information on the possible structure of the binding complex, especially on the binding ARM-PKP1
hot-spot. Our findings suggest that RYBP might be a rescuer of the high expression of PKP1 in tumors,
where it could decrease the epithelial–mesenchymal transition in some cancer cells.

Keywords: immunofluorescence; protein–protein interactions; intrinsically disordered protein; PKP1;
isothermal titration calorimetry; molecular modelling; proximity ligation assay
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1. Introduction

RYBP (RING1A and YY1 binding protein, UniProt number Q8N488) was first char-
acterized as an interacting partner of the Polycomb group (PcG) protein RING1A [1] and
a non-canonical component of the Polycomb Repressive Complex 1 (PRC1) [2–5]. The
PcGs are transcriptional repressors involved in multicellular development and in cancer
epigenetics among other functions [6,7]. Non-canonical PRC1 isoforms are specifically de-
fined as protein complexes whose minimal functional cores are formed by the E3 ubiquitin
ligase subunit RING1B (or its paralog RING1A), one of the six Polycomb group ring-finger
domain (PcGF) subunits, and RYBP, or its paralog YY1-associated factor 2 (YAF2) [4,8,9], a
member of the E2F family of transcription factors [10].

The presence of RYBP is crucial for the pathways involving non-canonical PRC1
isoforms because it improves the enzymatic activity of the catalytic RING1B/PcGF com-
plex [4,11,12]. RYBP is also involved in PRC1-independent cellular pathways, and it can
modulate apoptosis through (i) the regulation of the activity of proteins of the necrosis
factor alpha receptor family; (ii) the stabilization of p53 by binding to the E2-ubiquitin
ligase MDM2; or (iii) direct interaction with the death effector domain (DED)-containing
proteins [2,13–16]. Thus, RYBP can work both as a tumor suppressor [17] and as an onco-
gene [2,13]. Furthermore, RYBP can act as an inhibitor protecting against the progression of
distant metastases and the recurrence of the malady in colorectal cancer [18]. RYBP inhibits
the progression and metastasis of lung cancer, suppressing the epidermal growth factor
receptor (EGFR) signaling and the epithelial–mesenchymal transition (EMT) [19]. EMT is a
key mechanism underlying cancer metastasis and invasion [20,21]; it is characterized by
the loss of the epithelial phenotype and acquisition of the mesenchymal one, as well as by
the loss of cell–cell polarity and adhesion. From a functional point of view, RYBP is capable
of binding to ubiquitylated proteins [2,22,23]. Therefore, RYBP appears to be an example of
a multi-tasking protein participating in several other protein cross-talks [24].

From a structural point of view, RYBP is a 228-residue-long, highly basic intrinsically
disordered protein (IDP) that binds to DNA [2,25]. As shown in Figure 1A, in the RYBP
model, the primary structure includes a conserved zinc-finger motif at the N terminus,
which is folded and contains the ubiquitin-binding domain [22,26] followed by a so-called
‘N-term’ helix [27] ending with the nuclear location signal (NLS) that allows for its nuclear
translocation [28] and, further ahead, by a β-hairpin motif. The rest of the structure of the
RYBP model is unfolded, including a polypeptide region rich in Lys and Arg residues and
a C-terminal region with a high percentage of Ser and Thr residues. Like other IDPs, the
RYBP model does lack a unique stable tertiary conformation, resulting in a high structural
flexibility and paving the way to interact with several macromolecules [29–32] as described
above, including also citrullinating enzymes [33].

Plakophilins (PKPs) belong to the armadillo (ARM)-repeat-containing protein family,
and they are located at cell–cell junctions, particularly in desmosomal structures [34]. PKPs
are ubiquitously found in the cytoplasm and nucleus in several types of cells [35,36], where
they intervene in signaling networks within distinct cellular compartments. There are
four PKP-family members: PKP1, PKP2, PKP3, and PKP4 [37]. PKP1 (UniProt num-
ber Q13835) acts as a modulator of mRNA translation and post-transcriptional gene
expression [34,38,39], and it is more largely expressed in the supra-basal layers of strati-
fied and complex epithelia [40–42]. This protein has been proposed as both a valuable
diagnostic biomarker as well as a potential therapeutic target in lung squamous cell carci-
noma [38,39,43–45]. In fact, high levels of PKP1 have been detected in patients with breast
and lung cancers [46], and such a high expression has been correlated with a lower survival
rate and a worse disease progression in patients. PKP1 promotes cancer cell survival and
metastasis via cluster formation in the circulatory system [46] and, as it happens with
RYBP, it has been reported to be both an oncogene and a tumor suppressor [38,47]. It
seems that the different distribution patterns of the PKPs in carcinomas can be related
to the differentiation-specific expression within normal epithelia, as well as to the cell
type involved.



Biomolecules 2024, 14, 561 3 of 17

The structure of the ARM-repeat domain of PKP1 (ARM-PKP1) has been solved via
X-ray (Figure 1B); it contains nine ARM motifs and includes a large basic patch serving
as a binding site region for most of its partners [48–50]. We have previously shown that
isolated ARM-PKP1 is a monomer in solution, and it has a low conformational stability [51].
Furthermore, it interacts with the sterile alpha motif (SAM) of p73 [52] and with NUPR1,
an IDP intervening in the development of pancreatic cancer [53]. Since PKP1 and RYBP
(i) are involved in the development of several types of cancers, (ii) can both be onco-
genes and tumor suppressors, and (iii) mutually interact with the citrullinating enzyme
PADI4 [33,54], we hypothesized that RYBP could also be capable of binding to ARM-PKP1.
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Figure 1. Structure of the RYBP model and ARM-PKP1. (A) Structure of the RYBP model as
predicted by AlphaFold [55]. Most ordered regions are the following: fragment 20–55 (red and
orange), including the zinc-finger domain at residues 23–47; fragment 50–85 (orange and yellow),
encompassing the N-term helix at residues 59–69 and the NLS of RYBP; and fragment 145–180 (blue),
including the C-terminal β-hairpin at residues 165–175. Other protein regions are unfolded, including
one rich in Lys/Arg residues amidst residues 77–119 (partly included in fragment 50–85) and another
rich in Ser/Thr residues amidst residues 181–214. (B) Structure of the ARM-PKP1 (from the PDB
entry 1XM9, containing residues 244–700 of the whole protein).

In this study, we provided evidence for the binding between ARM-PKP1 and RYBP by
using in cellulo, in vitro, and in silico techniques. All these methods provided evidence for
the binding between the two proteins, and the in cellulo findings indicate that association
occurred in the cytoplasm and in the nucleus but was cell-line-dependent. The dissociation
constant of the complex, Kd, was moderate (~10 µM), as measured via ITC and fluorescence
titrations. Our findings could be of importance to understand how cancer development
or even the EMT mechanism can be regulated in the cell; in fact, we hypothesize that
RYBP could act as a rescuer in the presence of a large amount of PKP1 in some types of
tumor cells.

2. Materials and Methods
2.1. Materials

Imidazole, Trizma base and acid, DNase, SIGMAFAST protease tablets, NaCl, Ni2+-
resin, anti-PKP1 antibody, DAPI (4′,6-diamidino-2-phenylindole), paraformaldehyde (PFA),
and ultra-pure dioxane were obtained from Sigma (Madrid, Spain). Ampicillin, kanamycin,
and isopropyl-β-D-1-thiogalactopyranoside were obtained from Apollo Scientific (Stock-
port, 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)
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were obtained from VWR (Barcelona, Spain). Amicon centrifugal devices with a molec-
ular weight cut-off of 30 kDa were obtained from Millipore (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

RYBP and ARM-PKP1 were purified as previously described [25,51]. Protein concen-
trations were determined through UV absorbance, employing an extinction coefficient at
280 nm estimated from the numbers of tyrosines and tryptophans in each protein [56].

2.3. Cell Lines

Breast adenocarcinoma cells, MDA-MB-231(catalog number 92020424) and human
fetal lung fibroblast cells, MRC-5 (catalog number 05072101) were purchased from Sigma-
Aldrich (Madrid, Spain). The MDA-MB-231 cell line was cultured in Dulbecco’s Modified
Eagle’s Medium: High Glucose (DEMEM-HG) (Biowest, MO, USA) and supplemented with
10% (v/v) heat-inactivated fetal bovine serum (FBS) (Capricorn Scientific, Ebsdorfergrund,
Germany) and 1% (v/v) penicillin/streptomycin mixture (Biowest, MO, USA). MRC-5 cells
were cultured in Minimum Essential Media (MEM) (Biowest, MO, USA) enriched with 10%
FBS, 1% (v/v) penicillin/streptomycin mixture, and 2 mM L-glutamine. Both cell cultures
were incubated at 37 ◦C in a humidified 5% CO2 atmosphere.

2.4. Immunofluorescence (IF)

A total of 35,000 cells of MRC-5 or MDA-MB-231 cell lines were seeded into twenty-
four-well plates on coverslips. After 24 h, they were fixed with PFA at 4% concentration
and blocked with FBS/PBS (1×) (50 µL/mL). Next, cells were incubated with anti-PKP1
(1:100, mouse; Invitrogen, Barcelona, Spain) and anti-RYBP (1:100, rabbit; homemade)
antibodies [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 reagent was used to stain the nucleus.
Coverslips were mounted in Prolong™ Gold Antifade Reagent (Invitrogen, Barcelona,
Spain) and analyzed using a confocal microscope LSM900 with Airyscan 2 (Carl Zeiss,
Oberkochen, Germany) at 63× magnification.

2.5. Proximity Ligation Assay (PLA)

A total of 35,000 cells of MRC-5 and MDA-MB-231 cell-lines were seeded in twenty-
four-well plates on coverslips. After 24 h, cells were washed in PBS (1×), fixed with PFA
4%, washed again, permeabilized in PBS (1×) with 0.2% Triton X-100, and blocked with
blocking solution for 1 h at 37 ◦C before immune staining with Duolink by using PLA
Technology (Merck, Madrid, Spain), following the manufacturer’s protocol. Anti-PKP1 and
anti-RYBP 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 such 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. As in the case of IF experiments, image acquisition was carried out by using
a confocal microscope LSM900 with Airyscan 2 (Carl Zeiss, Oberkochen, Germany) at
63× magnification.

2.6. Fluorescence
2.6.1. Steady-State Fluorescence

A Cary Varian spectrofluorometer (Agilent, Santa Clara, CA, USA), interfaced with a
Peltier unit, was used to collect fluorescence spectra at 25 ◦C via excitation at either 280 or
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295 nm; slit widths were 5 nm. The other experimental parameters have been described
elsewhere [57]. Appropriate blank corrections were made in all spectra. 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
path length quartz cell (Hellma, Kruibeke, Belgium) was used. Concentration of RYBP
was 20 µM and that of ARM-PKP1 was 2 µM. Experiments were performed in 20 mM Tris
buffer (pH 7.5), 5 mM TCEP, and 150 mM NaCl in triplicates with newly prepared samples.
Variations in results among the experiments were lower than 5%.

2.6.2. Steady-State Fluorescence

For the titration of ARM-PKP1 with RYBP, increasing amounts of monomeric ARM-
PKP1 species, in the concentration range 0–20 µM (final concentration in the solution),
were added to a solution with a fixed concentration of RYBP (4.6 µM, final concentration).
Experiments were carried out in the buffer described above with the same experimental
set-up. Spectra were corrected for inner-filter effects [58]. The titration was repeated three
times, using new samples; in all cases, the variations were lower than 10%.

The dissociation constant of the complex, Kd, was calculated by fitting the binding
isotherm obtained by plotting the observed fluorescence change as a function of ARM-PKP1
concentration to a general binding model, explicitly considering ligand depletion [59,60]:

F = F0 +
∆Fmax

2[RYBP]T
([ARM − PKP1]T + [RYBP]T + Kd)

−
√(

([ARM − PKP1]T + [RYBP]T + Kd)
2 − 4[ARM − PKP1]T [RYBP]T

) (1)

Here, F is the measured fluorescence of the solution with the fixed RYBP concentration
(4.6 µM), [RYBP]T, and a particular ARM-PKP1 one, [ARM-PKP1]T, after subtraction of
the corresponding blank with the same concentration of ARM-PKP1; ∆Fmax is the largest
change in the fluorescence of ARM-PKP1 when all polypeptide molecules were forming
the complex; and F0 is the fluorescence intensity when no ARM-PKP1 was added. Fitting
of data to Equation (1) was carried out by using KaleidaGraph (Synergy software, Reading,
PA, USA).

2.7. Circular Dichroism (CD)

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 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 each polypeptide (ARM-PKP1 or RYBP) and
the buffers were the same as what were used for fluorescence experiments (Section 2.6.1).
Samples were prepared the day before and left overnight at 5 ◦C to allow them to equilibrate.
Before starting the experiments, samples were further left for 1 h at 25 ◦C.

Isothermal wavelength spectra of each isolated macromolecule and those of the com-
plex were acquired as averages 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.

2.8. Isothermal Titration Calorimetry (ITC)

Calorimetric titrations for testing the interaction of ARM-PKP1 with RYBP were
carried out in an Auto-iTC200 automated high-sensitivity calorimeter (MicroCal, Malvern-
Panalytical, Malvern, UK). Experiments were performed at 25 ◦C in 20 mM Tris buffer (pH
7.5), 5 mM TCEP, and 150 mM NaCl. RYBP (100 µM) in the injection syringe was titrated
into the ARM-PKP1 solution (10 µM) in the calorimetric cell. A series of 19 injections with
2 µL volume, 0.5 µL/s injection speed, and 150 s time spacing were programmed while
maintaining a reference power of 10 µcal/s and a stirring speed of 750 rpm. Integration
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of the thermal power raw data was used to calculate the heat effect per injection. The
interaction isotherm, which is the ligand-normalized heat effect per injection as a function
of the molar ratio, was analyzed through non-linear least squares regression data analysis.
In such analysis, we used a model that considers a single binding site to estimate the
association constant, Ka; the interaction enthalpy, ∆H; and the stoichiometry of binding,
n, although, in practice, the latter usually reports the fraction of active protein in the
cell/syringe. The background injection heat (usually called “dilution heat”, but 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 fit. The data analyses were conducted in Origin 7.0 (OriginLab,
Northampton, MA, USA) with user-defined fitting functions.

2.9. Molecular Modelling and Simulation
2.9.1. Modelling of the Isolated Proteins

The structure of ARM-PKP1 was derived from the crystallographic structure [49]
present in the Protein Data Bank (PDB) and containing residues 244-700 (PDB entry: 1XM9).
As in our previous works [52–54], we modeled two missing loops and did not include two
small portions missing at both termini with respect to the protein construct used in our
experiments (residues 237–704 of the intact protein).

The structure of the RYBP model was retrieved from the AlphaFold database (UniProt
identifier: Q8N488) [55,61], again as in our previous work [54]. The only ordered regions of
this modeled protein are the zinc-finger domain (residues 23–47), the N-term helix (residue
59–69), and the β-hairpin motif (residue 165–175). Whereas the former and the latter are
well-assessed binding spots of RYBP with some molecular partners [2], the N-term helix is
a region with a high α-helical propensity predicted by AlphaFold to be fully folded and it
has been recently shown that it is capable of interacting with a partner protein of RYBP, the
RING1B-PCGF4 heterodimer [27]. All the other regions of the modeled RYBP are unfolded,
and AlphaFold predicts that they have a low probability of adopting a structure (confidence
score pLDDT < 60, where 0 is the minimum, and 100 is the maximum) [55].

2.9.2. Docking Simulations

Docking simulations were performed by assuming that at least one of the known
binding domains of the RYBP model should be involved in the association to ARM-PKP1.
Three separate fragments of RYBP were considered: the fragments 20–55 (including the
zinc-finger domain) and 50–85 (N-term helix), as well as the subsequent region possessing
some propensity to form shorter helical turns and containing also the NLS of RYBP [28] and
145–180 (largely encompassing the C-terminal β-hairpin). All these fragments constitute
rather independent domain units separated by more flexible regions. To minimize the
bias in their size, they were chosen to have the same sequence length; as a consequence,
fragments 20–55 and 50–85 overlapped for a small region.

Protein–protein docking simulations were performed by using three distinct algo-
rithms, all with default options, as implemented in publicly available web servers: Galaxy-
Dock [62], GRAMM [63], and HawkDock [64]. The latter was also used to perform more
accurate, but slower, calculations based on molecular mechanics with the generalized Born
surface area (MM/GBSA) methodology [65] to re-rank the best three docking poses found
in the search performed by using either its own scoring function, HawkRank [66], or the
other two algorithms. After re-ranking, only the most favorable pose was considered for
each fragment for all the three prediction algorithms.

3. Results
3.1. PKP1 Interacted with RYBP In Cellulo

To test whether interaction between endogenous intact PKP1 and RYBP occurred
within cells, we used cancer and non-cancer cell lines.
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In patients with breast and lung cancers, the presence of high levels of PKP1 has
been described [46], and such high expression has been correlated with a lower survival
rate. Therefore, we used the MDA-MB-231 human breast adenocarcinoma cell line as a
tumorigenic cell line.

On the other hand, carcinoma-associated fibroblasts (CAFs) are known to enhance
tumor-cell invasion and migration through the initiation of EMT, and MRC-5 fibroblasts
constitute one of the CAFs expressing alpha-smooth muscle actin. MRC-5 was established
from the normal lung tissue of a 14-week old male fetus, i.e., at a stage when the lung is rich
in fibroblasts. In addition, RYBP inhibits the progression and metastasis of lung cancer [19].
Moreover, the fact that the expression of PKP1 is high in fibroblasts and that PKP1 has
been observed to be expressed in high amounts in lung cancers made the MRC-5 cell line a
suitable candidate to check for the interaction between RYBP and PKP1 [46].

First, we performed IF experiments to address whether both proteins were expressed
and colocalized within the same cellular compartments for the different cell lines
(Figures S1 and S2). To this end, we used confocal microscopy that allowed us to see
whether the two proteins were in the same place, and if so, it would be indicative of
colocalization. We found that the two proteins were differently expressed in the two cell
lines. In MRC-5, PKP1 and RYBP were found in the nucleus, as shown by the colocal-
ization with DAPI, suggesting that they could interact within this cellular compartment.
In the breast adenocarcinoma, the expression of both proteins was found mostly in the
cytosol, suggesting that contrary to MRC-5, the interaction of PKP1 and RYBP may occur in
the cytosol.

In order to confirm their in cellulo interaction, we used a technique known as proximity
ligation assay (PLA), also referred to as the Duolink PLA technology. It is considered that
PLA resolves the binding of endogenous proteins as it can detect whether the two proteins
are separated by less than 40 nm of distance [67]. This technology has been broadly
used to visualize the intracellular binding of proteins in a precise manner by several
groups including ours, and it is broadly accepted in the field [33,53,68–71]. Proteins that
interact directly will appear as red fluorescent spots, corresponding to the PLA signals. As
suggested by the IF assays, PKP1and RYBP were colocalized at a short distance mostly
within the nucleus, in the case of MRC-5, whereas for MDA-MB-231 cells, the interaction
was restricted to the cytosol (Figures 2 and S3). Moreover, the number of interactions per
cell in the case of MDA-MB-231 cells was lower as compared with MRC-5. Therefore, the
ability to interact of both proteins, and the location of such interaction, was cell-dependent.
However, we cannot rule out unambiguously that the observed differences were not only
due to the fact that cell lines were cancerous, but rather, could have also been due to some
cancer tissue specificity.

To sum up, the confocal analysis of the IF experiments in cellulo indicated that PKP1
and RYBP were co-expressed in cells of different origin. Moreover, the direct interaction of
the two proteins in different cell compartments was shown via PLA, and we could observe
that it varied depending on the cell line analyzed.

3.2. Measuring the Affinity of ARM-PKP1 and RYBP In Vitro

As we had previously ascertained that there was binding between the two proteins in
cellulo, next, we wanted to measure, quantitatively, such interaction in vitro by considering
the armadillo region of PKP1, ARM-PKP1, as armadillo domains are distinctively involved
in protein–protein interactions (PPIs). To that goal, we followed a three-part experimental
approach. First, we used steady-state fluorescence and CD as spectroscopic techniques
capable of detecting a possible binding and concomitant conformational changes in any of
the macromolecules; second, we used fluorescence titrations to confirm, quantitatively, the
association constant driving such PPIs; and finally, we used ITC to quantitatively measure
the thermodynamic parameters of the binding.
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We first used steady-state fluorescence to determine whether there was a change in
(i) the value of the maximum wavelength in the emission spectrum; (ii) the fluorescence
intensity observed at that maximum wavelength; or (iii) both physical parameters when
the spectrum of the complex was compared to that obtained from the addition of those of
the two isolated proteins. A variation in fluorescence intensity via excitation at 280 nm was
observed when the complex of RYBP with ARM-PKP1 was formed (Figure 3A), but there
were no changes in the maximum wavelength of the spectrum of the complex. Similar
variations were observed by excitation at 295 nm. These findings indicate that the tertiary
structure around some of the aromatic residues of at least one of the proteins changed upon
complex formation.

Biomolecules 2024, 14, x FOR PEER REVIEW 9 of 18 
 

 
Figure 3. Binding of ARM-PKP1 to RYBP as monitored through spectroscopic techniques. (A) Flu-
orescence spectrum obtained through excitation at 280 nm of the RYBP/ARM-PKP1 complex and 
addition spectrum obtained from the sum of the spectra of the two isolated macromolecules. (B) 
Far-UV CD spectrum of the RYBP/ARM-PKP1 complex and addition spectrum obtained from the 
sum of the spectra of the two isolated macromolecules. All experiments were performed at 25 °C. 

Next, we carried out far-UV CD measurements with the aim of further supporting 
the results obtained through fluorescence but, in this case, by following possible changes 
in the secondary structure of at least one of the proteins upon complex formation. The far-
UV addition spectrum, obtained from the sum of the spectra of both polypeptide chains, 
was very different from that of the complex (Figure 3B). The differences could be at-
tributed either to a relatively large number of aromatic residues involved in the binding 
or even to changes in the conformational propensities of RYBP (which is an IDP) and/or, 
although less likely, in those of ARM-PKP1 (which is folded) when the two proteins were 
bound. 

Finally, we carried out fluorescence titrations to quantitatively measure the binding 
affinity of the two proteins by keeping constant the concentration of RYBP and increasing 
the concentration of ARM-PKP1. The results (Figure 4A) indicate that the dissociation 
constant, Kd, was 9 ± 5 μM. We also used ITC to determine the enthalpy and the entropy 
of the binding reaction (Figure 4 B). The interaction was markedly exothermic (that is, it 
had a favorable enthalpic contribution and unfavorable entropic contribution to the Gibbs 
energy of binding), with ΔH = −11.9 ± 0.4 kcal mol−1, and the value of the Kd was 12 ± 2 μM. 
This value, although slightly greater than the one formerly obtained through fluorescence 
titration, was within the same order of magnitude, and the small difference could be easily 
attributed to the differences between the two experimental techniques. The stoichiometry 
of the reaction was 1:1, further supporting a direct, specific interaction between the two 
macromolecules. 

To sum up, we concluded that there was evidence that RYBP could bind to ARM-
PKP1 with a low micromolar affinity. However, we could not rule out that a more com-
plex interaction may be taking place in cellulo, where other molecular partners could also 
be involved or affect their binding. 

20

40

60

80

100

120

140

160

300 320 340 360 380 400

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (a
.u

.)

Wavelength (nm)

(A)

Addition of spectra

Spectrum of the complex

-30

-25

-20

-15

-10

-5

0

5

200 210 220 230 240 250

R
aw

 e
llip

tic
ity

 (m
de

g)

Wavelength (nm)

(B)

Addition of spectra

Spectrum of the complex

Figure 3. Binding of ARM-PKP1 to RYBP as monitored through spectroscopic techniques.
(A) Fluorescence spectrum obtained through excitation at 280 nm of the RYBP/ARM-PKP1 complex
and addition spectrum obtained from the sum of the spectra of the two isolated macromolecules.
(B) Far-UV CD spectrum of the RYBP/ARM-PKP1 complex and addition spectrum obtained from the
sum of the spectra of the two isolated macromolecules. All experiments were performed at 25 ◦C.
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Next, we carried out far-UV CD measurements with the aim of further supporting the
results obtained through fluorescence but, in this case, by following possible changes in the
secondary structure of at least one of the proteins upon complex formation. The far-UV
addition spectrum, obtained from the sum of the spectra of both polypeptide chains, was
very different from that of the complex (Figure 3B). The differences could be attributed
either to a relatively large number of aromatic residues involved in the binding or even to
changes in the conformational propensities of RYBP (which is an IDP) and/or, although
less likely, in those of ARM-PKP1 (which is folded) when the two proteins were bound.

Finally, we carried out fluorescence titrations to quantitatively measure the binding
affinity of the two proteins by keeping constant the concentration of RYBP and increasing
the concentration of ARM-PKP1. The results (Figure 4A) indicate that the dissociation
constant, Kd, was 9 ± 5 µM. We also used ITC to determine the enthalpy and the entropy of
the binding reaction (Figure 4B). The interaction was markedly exothermic (that is, it had a
favorable enthalpic contribution and unfavorable entropic contribution to the Gibbs energy
of binding), with ∆H = −11.9 ± 0.4 kcal mol−1, and the value of the Kd was 12 ± 2 µM.
This value, although slightly greater than the one formerly obtained through fluorescence
titration, was within the same order of magnitude, and the small difference could be easily
attributed to the differences between the two experimental techniques. The stoichiome-
try of the reaction was 1:1, further supporting a direct, specific interaction between the
two macromolecules.
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curve monitoring the changes in the fluorescence at 330 nm when ARM-PKP1 was added to RYBP.
The fluorescence intensity is the relative signal after removal of the corresponding blank. The line
through the data is the fitting to Equation (1). (B) Calorimetric titration for the RYBP binding to
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lower panel shows the binding isotherm (ligand-normalized heat effects per injection as a function of
the molar ratio in the calorimetric cell). The continuous line corresponds to the fitting curve according
to an interaction model with a single ligand binding site. All replicates were carried out at 25 ◦C.

To sum up, we concluded that there was evidence that RYBP could bind to ARM-PKP1
with a low micromolar affinity. However, we could not rule out that a more complex
interaction may be taking place in cellulo, where other molecular partners could also be
involved or affect their binding.

3.3. Structural Prediction of the Complex RYBP/ARM-PKP1

The prediction of the binding complex between RYBP and ARM-PKP1 is difficult due
to the intrinsically disordered structure of RYBP, which is a mostly unstructured IDP. In
contrast, ARM-PKP1 consists of a single folded domain with a highly organized structural
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architecture. Therefore, we sought to gain structural insight on their molecular complex by
performing protein–protein docking calculations that considered the whole structure of
ARM-PKP1 as the host and assuming that at least one of the known binding domains of
the RYBP model should anchor to it. The simulations were carried out separately for three
regions of RYBP: the fragments 20–55 (zinc-finger domain), 50–85 (N-term helix and NLS),
and 145–180 (C-terminal β-hairpin). Three docking algorithms were used for the prediction:
GalaxyDock [62], GRAMM [63], and HawkDock [64]. The results of these algorithms were
compared by performing accurate MM/GBSA calculations to re-rank the best three docking
poses found by each of them for every fragment and considering only the most favorable
one as the final prediction.

The results obtained in our docking calculations are summarized in Table 1 and
Figure S4. Among the docking programs used, there was an almost-consensus that all
the fragments of RYBP considered had a favorable binding location in correspondence
to the innermost region of the sagittal plane of ARM-PKP1. This location corresponded
to the basic (positively charged) patch on the surface of ARM-PKP1 (Figure S5), which
was already found to be the binding location for several molecular partners of this protein
in our in silico results [52,53]. As the sole exception, HawkDock was the only predictor
suggesting the possibility that the N-term α-helix and the β-hairpin motif would rather
bind to other regions on the surface of ARM-PKP1, although with a lower docking score.
Furthermore, in contrast with the other two predictors, it docked the zinc-finger domain in
the uppermost region of the basic patch of ARM-PKP1. However, the docking poses found
with HawkDock had a systematically less favorable MM/GBSA binding energy compared
to the other two predictors. This suggests that the results provided by HawkDock reflect
inaccuracies in the docking score for this specific biological system, and they are likely not
relevant, being at variance with those of the other predictors. In this respect, the algorithm
GalaxyDock appeared to be most accurate in finding docking poses with the best affinity. In
line with the typical overestimation of the binding free energy provided by the MM/GBSA
methodology [72], the binding scores calculated in simulation (Table 1) were consistent
with the weak association observed in our experiments.

Table 1. Binding energy calculated by using the MM/GBSA methodology for the most favorable
docking poses of mostly-folded fragments of the RYBP model on the surface of ARM-PKP1.

Total and Per-Residue (a) Binding Energy (kcal mol−1)

Docking
Algorithm

Fragment 20–55
(Zinc-Finger Domain)

Fragment 50–85
(N-Terminal α-Helix and NLS)

Fragment 145–180
(C-Terminal β-Hairpin)

HawkDock

Total, −28.40
Arg83, −4.18
His216, −3.38
Tyr220, −2.67
Pro434, −2.01
Gln309, −1.84

Total, −21.47
Gln62, −2.81
Pro157, −2.7
Val154, −2.16
Glu153, −1.53
Phe140, −1.42

Total, −6.27
Thr179, −4.17
Ile125, −2.54

Asn182, −1.79
Pro227, −1.78
Glu225, −1.64

GRAMM

Total, −36.06

Trp355, −4.32
Asn460, −3.86
His459, −3.01
Asp589, −2.6
Tyr463, −2.44

Total, −22.58

Tyr463, −4.56
Phe404, −4.28
Glu452, −2.77
Trp355, −2.2
His459, −2.1

Total, −11.53

Arg411, −3.05
Trp355, −2.25
Asn600, −2.24
Asn629, −1.96
Tyr463, −1.86

GalaxyDock

Total, −40.73

Trp355, −4.79
Asp541, −3.68
Arg317, −3.53
Glu277, −3.15
Asp589, −2.83

Total, −25.93

Trp355, −4.59
Phe316, −3.81
Asn412, −2.79
Phe274, −2.64
Tyr463, −2.41

Total, −39.88

Glu545, −5.17
Trp355, −3.91
Asn356, −2.83
Ser359, −2.26
Glu401, −1.95

(a) Five most important binding residues.
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Whereas the basic patch clearly seems to be the most likely binding region for ARM-
PKP1, our docking calculations were not decisive in determining which one is the corre-
sponding binding region of RYBP. In fact, although the general trend indicated a higher
probability for the zinc-finger domain and a lower probability for the N-term α-helix, the
binding energies of the three fragments considered were too close to each other to draw a
clear conclusion. Although there is not enough evidence to assess which is the single region
of RYBP that ends up anchoring to the well-identified binding spot of ARM-PKP1, we
cannot exclude that the simulation results reflect a real variety of possibilities as they may
describe transient structures that would greatly reduce the large conformational funnel
due to the high flexibility of the RYBP model within the energy landscape that dictates
the formation of the final RYBP/ARM-PKP1 complex. Unfortunately, even more accurate
simulation techniques (e.g., molecular dynamics simulations) could be of little help in this
case due to the relatively large size and conformational flexibility of the RYBP model. More
importantly, any other simulation technique would still strongly depend on the starting
conformation of the RYBP/ARM-PKP1 complex provided by molecular docking or any
other sort of preliminary modeling methodology.

Besides providing a rank for the docking poses found by docking algorithms that use
different scoring functions, another advantage in the use of the MM/GBSA methodology
is that it gives the possibility to decompose into per-residue contribution the calculated
binding energy [72]. Interestingly, this allowed us to predict some important residues of
ARM-PKP1 that are crucial for the binding of RYBP as suggested by our in silico findings,
irrespective of the persisting uncertainty about the most favorable regions of the latter that
may anchor to such hot-spots. In fact, the key residue Trp355 (Figure S5), and possibly
a few other solvent-exposed aromatic residues (e.g., His459, Tyr463) of ARM-PKP1, are
common to the binding poses found in each of the three docking fragments of the RYBP
model considered and, therefore, are expected to play an important role in the association
between the two proteins.

4. Discussion

We have recently shown that PADI4 binds to ARM-PKP1 [54] and RYBP [33]. Further-
more, both proteins are implicated in the progression of several cancer types [18,38,46,73,74],
and they can act as oncogenes or tumor suppressors. In fact, several studies have shown
that the expression of RYBP is dysregulated in various human tumor tissues, includ-
ing prostate [75,76], lung [77], liver, breast, hepatocellular carcinoma, glioblastoma [78],
Hodgkin lymphoma, and cervical cancer [17,19,79–83]. In general terms, RYBP expression
appears to be downregulated in those cancer types, and low RYBP expression is associated
with poor prognosis [77,82,84,85]. On the other hand, PKP1 appears implicated in the
development of prostate, lung, and breast cancers, among others [35,38,39,46,73,86]. Based
on these data, we hypothesized that PKP1 and RYBP could interact directly with each
other, at least in some of those cancer cell lines. To test the hypothesis of a well-defined
complex between the two proteins, we carried out several experiments on breast cancer
cells as opposed to lung-developing healthy cell lines. Interestingly, RYBP binds to, and
upregulates, fibronectin type III and ankyrin-repeat-domain-1 protein in tumor cells to
induce apoptosis via the JNK-AP1 signaling pathway [13]. As the ankyrin domain is a short
helical motif consisting in tandem repeats and involved in PPIs, it is not entirely surprising
that RYBP could interact as well with PKP1.

PKP1 has an ARM domain, and since these domains are known to intervene in PPIs,
we studied, in vitro and in silico, the binding properties of ARM-PKP1 and RYBP. The
binding interface of ARM-PKP1 is the basic patch on its molecular surface, as found in our
docking simulations. This polypeptide patch was proposed to be the main binding region of
PKP1 with other molecular partners [52,53]. In fact, NUPR1, another IDP, was also found to
bind to this same region through a highly acidic region at its N terminus [53], and Trp355 of
ARM-PKP1 was also involved in such binding to NUPR1 as it was found in the interaction
with the RYBP model. This result provides a rationale for the fluorescence results as other
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aromatic residues of ARM-PKP1 also participate in the binding. Furthermore, it would
also contribute to explain the fact that the stoichiometry of the binding reaction was 1:1,
which is an observation that could not be otherwise supported by a less specific anchoring
to the ARM-repeat helical structures of PKP1. In contrast, the contribution to the binding of
the PPIs provided by the most disordered regions of RYBP, which were not considered in
our simulations, remains unclear. In principle, these regions might either favor or oppose
to the binding to ARM-PKP1. However, we note that the two longest disordered regions
of the structure of the RYBP model could not hinder the anchoring to the basic patch of
ARM-PKP1. In fact, the unfolded region of the RYBP model rich in Lys and Arg residues
has an electrostatic repulsion with the positively charged patch of ARM-PKP1. Similarly,
the C-terminal region of RYBP rich in Ser and Thr residues and the basic patch of ARM-
PKP1 will have an unfavorable binding affinity for each other because of the considerable
energetic cost of their desolvation as the former is highly polar and the latter is charged.

The measured Kd for the RYBP/ARM-PKP1 complex (~10 µM) is comparable to that
observed for ARM-PKP1 in complexes with other proteins, including NUPR1 (~10 µM) [53],
or well-folded proteins such as the SAM of p73 (~5 µM) [52] and PADI4 (1.4 µM) [54]. On
the other hand, the value of Kd is also similar to that measured in the interaction between
RYBP and PADI4 (~10 µM) [33]. The strengths of the interactions with the different
molecular partners of any of these two proteins were similar in all cases, indicating that
despite a moderately favorable binding, the affinity might be enough to drive (or at least
contribute to impact) a proper regulation in several pathways where ARM-PKP1 or RYBP
intervene, determining a high specificity. We also note that an overall negative entropy was
observed in the binding between ARM-PKP1 and PKP1; as hydrophobic and electrostatic
interactions are generally accompanied by positive entropy changes, this implies that other
contributions (such as conformational changes in RYBP, which could help to explain the
far-UV CD data in Figure 3B) should be associated with the large negative entropy detected
in our experiments [87]. At this stage, it is important to indicate that the relevance and
specificity of a PPI depends not only on the binding affinity but also on the concentration of
the interacting proteins. Thus, low-affinity interactions might be relevant if the interacting
proteins were present at significant concentrations while high-affinity interactions might be
irrelevant if any of the interacting proteins was poorly expressed. However, at this stage,
we cannot rule out that the physiological interaction between the two proteins within a
cell could involve another scaffolding biomolecule, forming a ternary complex. Still, we
have provided pieces of evidence supporting the direct interaction between RYBP and
ARM-PKP1 in our in vitro results.

PKP1 is associated with mRNA ribonucleoprotein particles and ribosomal pro-
teins [35,88,89], and its altered expression is a frequent and critical event in the progression
of several cancers [35,36,90,91], indicating that it has key roles in cell proliferation, differen-
tiation, and migration. It is interesting to note that to date, no NLS has yet been identified
within the sequence of PKP1 [92]. Although it is thought that its amino-terminal region
might possibly be involved in its nuclear localization, it has not been ruled out that the
nuclear translocation of PKP1 could rely on a different mechanism and might involve its
binding as a cargo to another protein that is being translocated [92]. Since RYBP binds to
some of the proteins involved in the nuclear translocation machinery [28], it is tempting
to suggest that the complex RYBP/ARM-PKP1 could be transported within the nucleus
as our docking simulations exclude that the NLS of RYBP is involved in the binding to
ARM-PKP1.

On the other hand, PKP1 also forms desmosomes, protein complexes crucial to main-
tain cell–cell adhesion and the integrity of tissues, together with transmembrane cadherins
and desmoplakin [93]. Desmosomes have key roles in cell growth, adhesion, and invasive-
ness (upon migration) and in apoptosis [42,94]. Our IF and PLA findings indicate that the
interaction between the two proteins can occur either in the nucleus or in the cytoplasm
(Figures 2 and S1). It has been shown that RYBP inhibits the progression and metastasis
of lung cancer by suppressing EGFR signaling and EMT [19], and high levels of PKP1 are
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important to maintain a high expression of vimentin, which is a key regulator of EMT and
metastasis [46]. Thus, on the basis of our results describing the binding between the two
proteins, we could also hypothesize that the interaction between RYBP and PKP1 could act
as a rescuer of the excess of PKP1, decreasing the amount of EMT in tumor cells.

5. Conclusions

In this work, we have unambiguously demonstrated a direct association between
RYBP and PKP1, two proteins separately known to be involved in several types of tumor
processes. The interaction of these two proteins is complex as it could be expected due to
the highly disordered nature of RYBP. Furthermore, it takes place involving the structurally
organized ARM-repeat domain of PKP1. In the context of the current knowledge of the
biological pathways both proteins participate in, we propose a possible novel role for RYBP
as a rescuer in some tumor cells with a high content of PKP1. On the other hand, our
results suggest new possible functions for the non-junctional forms of PKP1, expanding
the variety of its interaction partners and possibly its mission in the diverse pathways it is
involved in. Our findings also open the venue for identifying new biological mechanisms
based on the RYBP/ARM-PKP1 interaction. Those mechanisms may become the target
for the development of new pharmacological drugs to impact cancer development and
progression among other therapeutic applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom14050561/s1, Figure S1: IF images of RYBP and PKP1.
RYBP (red), PKP1 (green) and DAPI (blue) in the two used cell lines. Scale bar: 10 µm. Figure S2:
Magnification of RYBP and PKP1 IF images. RYBP (red), PKP1 (green), and DAPI (blue) in the two
used cell lines. Scale bar: 10 µm. Figure S3: PLAs of RYBP and PKP1. PLA was performed in MRC-5
and MDA-MB-231 cells. A representative experiment is shown (n = 5). Scale bar: 10 µm. Figure S4:
In silico experiments of the complex between RYBP and ARM-PKP1. (A) Binding locations of the
fragments of RYBP on the surface ARM-PKP1 found in molecular docking simulations. Columns
from left to right: fragment 20–55 (zinc-finger domain), 50–85 (N-term helix and NLS), and 145–180 (C-
terminal β-hairpin). Rows from top to bottom: predictions of HawkDock (cyan), GRAMM (purple),
GalaxyDock (orange). (B) Location of the basic binding patch on the inner surface of ARM-PKP1,
and aromatic residues involved in the binding. In all cases ARM-PKP1 is shown with the innermost
regions and the basic patch in front (see also Figure S5). Figure S5: Basic patch on the surface of
ARM-PKP1 and key aromatic residues involved in the binding. The protein is shown (left) with the
innermost regions and the basic patch in front, and (right) rotated by 90◦. The figure was colored by
residue type: hydrophobic residues in black; basic residues in red; and acidic residues in blue.
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