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ARTICLE INFO ABSTRACT

Keywords: PADI4 (protein-arginine deiminase, also known as protein r-arginine iminohydrolase) is one of the human iso-
Cfmcer o forms of a family of Ca"-dependent proteins catalyzing the conversion of arginine to citrulline. Although the
ClIiCu%al’ dichroism consequences of this process, known as citrullination, are not fully understood, all PADIs have been suggested to
gﬁl Z;::;::Ze play essential roles in development and cell differentiation. They have been found in a wide range of cells and

tissues and, among them, PADI4 is present in macrophages, monocytes, granulocytes and cancer cells. In this
work, we focused on the biophysical features of PADI4 and, more importantly, how its expression was altered in
cancer cells. Firstly, we described the different expression patterns of PADI4 in various cancer cell lines and its
colocalization with the tumor-related protein p53. Secondly, we carried out a biophysical characterization of
PADI4, by using a combination of biophysical techniques and in silico molecular dynamics simulations. Our
biochemical results suggest the presence of several forms of PADI4 with different subcellular localizations,
depending on the cancer cell line. Furthermore, PADI4 could have a major role in tumorigenesis by regulating
p53 expression in certain cancer cell lines. On the other hand, the native structure of PADI4 was strongly pH-
dependent both in the absence or presence of Ca?*, and showed two pH-titrations at basic and acidic pH
values. Thus, there was a narrow pH range (from 6.5 to 8.0) where the protein was dimeric and had a native
structure, supporting its role in histones citrullination. Thermal denaturations were always two-state, but
guanidinium-induced ones showed that PADI4 unfolded through at least one intermediate. Our simulation results
suggest that the thermal melting of PADI4 structure was rather homogenous throughout its sequence. The overall
results are discussed in terms of the functional role of PADI4 in the development of cancer.

Protein stability
Western blot

arginine iminohydrolases (EC 3.5.3.15, PADIs). Although the full con-
sequences of the modification of the positive charge of the guanidino
group of arginine to the neutral ureido group of citrulline are unknown,
it is thought that such PTM induces local protein unfolding, impairing
the formation of functional tertiary structures [1,2]. PADIs have key

1. Introduction

Citrullination, or deamination, is a post-translational modification
(PTM) catalyzed by peptidyl-arginine deiminases also known as L-
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roles in nerve growth, onset of inflammation states, embryonic devel-
opment, tissue aging, epithelial terminal differentiation, trauma
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cancer cell lines, suggesting that PADI4 could have diverse functional
roles depending on the tumor type. Its conformational features and

Abbreviations

ANS 1-anilino-8-naphtalene sulfonate
AUC analytical ultracentrifugation
BSA bovine serum albumin

CD circular dichroism

COAD  colon adenocarcinoma

DAPI 4, 6 Diamidin-2-phenylindol

DLS dynamic light scattering

DSC differential scanning calorimetry
DSF differential scanning fluorimetry
FBS foetal bovine serum

GBM glioblastoma
GdmCl guanidinium hydrochloride
IPTG isopropyl-p-D-1-tiogalactopyranoside

LB Luria Bertani

MD molecular dynamics

NLS nuclear localization signal
PAAD pancreatic adenocarcinoma

PADI peptidyl-arginine deiminase

PBS phosphate buffer solution

PDB Protein Data Bank

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel

electrophoresis
PTM protein translational modification
RMSF root mean square fluctuations
TCEP Tris(2-carboxyethyl)phosphine
uv ultraviolet;
WB western blot

apoptosis and transcriptional regulation of gene expression and regu-
lation [3-10]. Furthermore, several human diseases such as Alzheimer’s
disease, rheumatoid arthritis, multiple sclerosis, psoriasis and different
types of cancers are associated with the presence of PADIs and their
citrullinated targets [9,11-13].

To date, five human genes encoding PADI proteins have been found,
PADI1, PADI2, PADI3, PADI4 and PADI6 [14-20]. Each enzyme type has
a tissue-specific expression, including the uterus and epidermis (PADI1);
brain, secretory glands, inflammatory cells, and several cancer cell lines
(PADI2); hair follicles and keratinocytes (PADI3); cancer cells, macro-
phages, monocytes and granulocytes (PADI4); and embryos and oocytes
during embryonic development (PADI6), although this latter isoform is a
pseudo-enzyme with no detectable catalytic activity. PADI3 displays the
highest specificity for synthetic and natural substrates among all the
PADIs, and it also modulates cell growth by affecting apoptosis-induced
factor-mediated cell death [21,22]. Apoptosis enhanced through the
mitochondrial pathway seems to be associated with an increase of
enzyme activity of some PADI4 mutants [23]. Furthermore, PADI4 is
involved in p53 gene expression, as well as the expression of other p53
target-genes [24,25]. Thus, PADI4 functions as a p53 co-repressor, and
therefore, inhibitors of this enzyme could be considered potential
treatments of cancer.

All PADIs are found in the cytoplasm, except PADI4, which has been
detected in both the cytoplasm and the nucleus, and PADI2, which is
also found in the nucleus under some stress conditions [2,26,27].
Moreover, all PADIs are Ca>"-dependent enzymes, as PADI-driven cit-
rullination requires supraphysiological levels of such cation [2,11]. In
fact, PADIs are inactive at normal physiological conditions when Ca%*
concentration is low, and their activity is triggered by the influx of
extracellular calcium, or its release from intracellular calcium stores
[11].

PADI4 can convert Arg and monomethyl-Arg to citrulline, thereby
regulating histone arginine-methylation catalyzed by members of the
protein Arg methyltransferase family [8,10,28]. This PADI4-mediated
demethylimination and citrullination of histones have been found to
play a role in transcriptional repression of nuclear receptor target genes
[3]. The involvement of PADI4 in several diseases, and the fact that is
also found in the nucleus where it interacts with histones, have
prompted us to study its presence in different cancer cells, and to
elucidate its conformational features at different pH values, its stability
in the absence and in the presence of Ca®" in solution, and its unfolding
properties.

This work revealed that PADI4 expression varied among different

stability were studied by using several biophysical and biochemical
techniques, namely fluorescence and circular dichroism (CD) spectro-
scopic techniques, dynamic light scattering (DLS), differential scanning
calorimetry (DSC), differential scanning fluorimetry (DSF) and molec-
ular dynamics (MD) simulations. Our results showed that the protein
exhibited a native structure in a narrow pH range (pH 6.5 to 8.0), where
it was a dimer, either in the presence or in the absence of Ca%*. Within
that pH range, PADI4 had an apparent thermal denaturation midpoint of
~55 °C, as judged by thermal denaturations followed by intrinsic and
extrinsic fluorescence, far-UV CD, DSF, and DSC; such value is not very
high, and might facilitate protein-protein interactions with other part-
ners by promoting PADI4 flexibility. The MD simulations results also
indicated an overall flexibility of the protein that appeared to drive a
rather homogeneous loss of structure throughout its sequence during the
thermal denaturation. In the presence of Ca2*, the shapes of the thermal
and heat denaturation calorimetric curves were modified; thus, the
interaction with Ca®" can provide another layer for PADI4 function
regulation. On the other hand, chemical unfolding occurred through at
least an intermediate unfolding species, at variance with the thermal
unfolding process.

2. Materials and methods
2.1. Materials

Kanamycin and isopropyl-f-D-1-tiogalactopyranoside (IPTG) were
obtained from Apollo Scientific (Stockport, UK). Imidazole, Trizma base,
8-anilino-naphtalene-1-sulfonic acid ammonium salt (ANS) and His-
Select HF nickel resin were from Sigma-Aldrich (Madrid, Spain).
Triton X-100, TCEP (tris(2-carboxyethyl) phosphine) and protein
marker (PAGEmark Tricolor) were from VWR (Barcelona, Spain). Ultra-
pure guanidinium hydrochloride (GdmCl) and urea were from Pierce
(Madison, Wisconsin, USA). Amicon centrifugal devices with a cut-off
molecular weight of 30 and 50 kDa were from Millipore (Barcelona,
Spain). The rest of the materials used were of analytical grade. Water
was deionized and purified on a Millipore system.

2.2. Protein expression and purification

The codon-optimized, N-terminal His-tagged PADI4 inserted in the
vector pHTP1 (with kanamycin resistance) was synthesized and pro-
duced by NZytech (Lisbon, Portugal). Expression of PADI4 was carried
out in E. coli BL21 (DE3) strain. The protein was expressed with a final
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amount of 0.8 mM of IPTG, when the absorbance 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. They were subsequently harvested by
centrifugation at 5 °C for 15 min at 10,000 rpm in a JA-10 rotor (using a
Beckman Coulter Avanti J26-XP Centrifuge). The cell pellet was resus-
pended in washing buffer (20 mM sodium phosphate (pH 8.0) with 300
mM NaCl, containing 20 mM imidazole) with an additional tablet of
SIGMAFAST protease inhibitor cocktail EDTA-free, and DNase with a
final concentration of 2 mg/L of LB medium (Sigma-Aldrich, Madrid,
Spain). Cells were disrupted while cooled on ice by using a Branson
sonicator for 10 periods (amplitude 25% of the maximum power) of 60 s,
alternated with periods of 60 s on ice. The resulting lysate was centri-
fuged at 5 °C for 30 min at 17,000 rpm in a JA-20 rotor (Beckman
Coulter, Barcelona, Spain) by using the same centrifuge as in the har-
vesting step. The rest of the purification protocol was the same previ-
ously described to purify other PADI isoforms [29-31], but in our case
we used TCEP as a redox agent and the final concentration of glycerol
was 5%. Briefly, after elution from the Ni-resin the protein was
exchanged back (by using Amicon centrifugal devices with a cut-off of
30 K) to 50 mM Tris buffer (pH 7.5), 5 mM TCEP, 10 mM EDTA, 150 mM
NaCl and 5% glycerol (Elution buffer). The resulting solution was loaded
in a Hi-Trap Q HP column (5 mL) (GE Healthcare, Barcelona, Spain) and
eluted with a gradient from the above buffer to the same buffer modified
by adding 1 M NaCl in 1 h with a flow rate of 1 mL/min. The protein
eluted in the range 20%-30% of 1 M NaCl. After that, the protein was
also exchanged back to the Elution buffer and loaded in a gel filtration
column Superdex 200 (HiLoad 16/60) (GE Healthcare), which had been
previously equilibrated in the Elution buffer. Both columns were con-
nected to an AKTA FPLC machine and the protein was detected by
following the absorbance of the eluting solution at 280 nm. After
expression and purification of several litres of media, we could also
confirm that, after elution from the resin, by using solely an Amicon 50
K, and exchanging to Elution buffer, the protein was pure enough to
carry out the biophysical studies. Protein was stored in the Elution
buffer, after being flash frozen, at —20 °C until use. For the experiments
in the presence of Ca?*, the protein, once purified, was exchanged from
the elution buffer containing 10 mM EDTA to one containing 10 mM
Ca?*. The protein maintained its His-tag all along the purification pro-
cess, and was used as such in the experiments.

Protein concentration was determined from the absorbance at 280
nm of the 13 tyrosine and 10 tryptophan residues of each PADI4
monomer [32].

2.3. Cell lines

The human colon carcinoma (HT-29) and pancreatic adenocarci-
noma (RWP-1) cell lines, were donated by Instituto Municipal de
Investigaciones Médicas (IMIM, Barcelona, Spain) [33]. Isolation of
primary human glioblastoma cell line (GB-39) was performed from
surgical wash, as reported previously [34]. HT-29 and RWP1 cell lines
were cultured in Dubelcco’s Modified Eagle’s Medium: High Glucose
(DEMEM-HG) (Biowest, MO, USA) whereas glioblastoma (GBM) cells
were cultured in Dubelcco’s Modified Eagle’s Medium: Nutrient Mixture
F-12 (DMEM F-12) (Biowest, MO, USA). Both culture media, were
supplemented with 10% (v/v) heat-inactivated foetal bovine serum
(FBS) (Biowest, MO, USA) and 1% (v/v) penicillin/streptomycin
mixture (Biowest, MO, USA). Cells were incubated at 37 °C in a hu-
midified 5% CO; atmosphere.

2.4. Western Blot (WB)

All cell lysates were analysed for total protein concentration using
the BCA protein assay kit (Pierce™, Thermo Scientific, Madrid, Spain);
an amount of 20 g of total protein was solubilized with loading buffer
(4x) (2-mercaptoethanol + NuPage; (1:5)) and heated at 95 °C for 5 min.
Then, they were separated by using 10% SDS-PAGE, and transferred to a
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nitrocellulose membrane (Bio-Rad Laboratories Inc, California, USA).
Following standard protocols, membranes were incubated overnight at
4 °C with primary antibodies: anti-PADI4 (rabbit,1:2500, Invitrogen,
Barcelona, Spain), anti-p53 (mouse,1:500, Calbiochem, Madrid, Spain)
and anti-HSP90-B1 (rabbit,1:4000, CUSABIO, Houston, USA) followed
by 1 h incubation at room temperature with ECL™ anti-mouse IgG and
ECL™ anti-rabbit IgG, Horseradish Peroxidase linker (GE Healthcare,
UK). The membranes were visualized with ECL™ Prime Western blot-
ting detection reagent (Amersham™, Barcelona, Spain) in a ChemiDoc
Bio-Rad (Bio-Rad) instrument.

2.5. Immunofluorescence

Cell cultures were fixed with formaldehyde for 20 min and then
washed with phosphate buffer solution (PBS) (1x). Coverslips were
blocked with 10% horse serum, 2% bovine serum albumin (BSA), 0.25%
Triton in PBS for 1.5 h prior to staining. Primary antibodies anti-PADI4
(rabbit,1:300, Invitrogen) and anti-p53 (mouse,1:300, Calbiochem)
were prepared in blocking solution and applied to samples to incubate
overnight at 4 °C. Then, primary antibodies were washed with PBS (1x)
and fluorescent secondary antibodies were applied (1:1000, Invitrogen)
and incubated for 1.5 h at room temperature. In order to visualize the
nuclei, samples were incubated for 5 min in 0.1 pg/mL DAPI (4'.6-Dia-
midin-2-phenylindol, Sigma). Coverslips were mounted in Vectashield
H-1000 (Vector Laboratories, CA, USA) and analysed using Zeiss Axio-
scope 5 microscope with the LED light source Colibri 3.

2.6. Fluorescence
(a) Steady-state fluorescence

Fluorescence spectra were collected on a Cary Eclipse Varian spec-
trofluorometer (Agilent, CA, USA), interfaced with a Peltier unit. Unless
it is stated otherwise, all experiments were carried out at 25 °C.
Following the standard protocols used in our laboratories, the samples
were prepared the day before and left overnight at 5 °C; before experi-
ments, samples were left for 1 h at 25 °C. A 1-cm-pathlength quartz cell
(Hellma, Kruibeke, Belgium) was used. Protein concentration was 1.5
pM, in protomer units. A control experiment to follow GdmCl-
denaturation by measuring intrinsic fluorescence was carried out by
using a final protein concentration of 10.5 pM, in protomer units. The
pathlength of the cell was 1 cm.

For the pH-denaturation experiments either in the presence of Ca*
(10 mM) or in its absence (10 mM EDTA), protein samples were excited
at either 280 or 295 nm in the pH range from 2.0 to 12.0. Slit widths
were 5 nm. The final buffer concentration was 50 mM in all cases con-
taining 5% glycerol and 5 mM TCEP, and the corresponding salts and
acids used were: pH 2.0-3.0, phosphoric acid; pH 3.0-4.0, formic acid;
pH 4.0-5.5, acetic acid; pH 6.0-7.0, NaH2POy; pH 7.5-9.0, Tris acid; pH
9.5-11.0, NapCOs; pH 11.5-13.0, NagPOy4. Appropriate blank correc-
tions were made in all spectra. The pH of each sample was measured
after completion of experiments with an ultra-thin Aldrich (Madrid,
Spain) electrode in a Radiometer (Copenhagen, Denmark) pH-meter.

Chemical-denaturations at pH 7.5 (in 50 mM Tris buffer, with 5%
glycerol and 5 mM TCEP) either followed by intrinsic or ANS (see below)
fluorescence, and far-UV CD experiments (see below) were carried out
by dilution of the proper amount of a 7 M GdmCl stock solution. Ex-
periments were carried out either in the presence of Ca%* (10 mM, final
concentration) or in its absence (10 mM EDTA, final concentration).
Also, urea denaturations were followed at the same pH, but the stock
solution of denaturant agent used to prepare the samples was 8 M. In all
cases, spectra from blank solutions were subtracted from the corre-
sponding spectra in the presence of the protein. The GdmCl or urea
concentrations in the stock solutions were quantified by using refractive
index measurements [35]. Both the chemical- and pH-denaturations
were repeated at least three times with different samples. Variations
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by using the same voltage in the fluorescence photomultiplier from ex-
periments repeated day to day were 2-5%.

(b) Thermal-denaturations

Experiments were performed at constant heating rates of 60 °C h™!
with an average time of 1 s. Thermal scans were collected at 315, 330
and 350 nm after excitation at either 280 or 295 nm, typically from 25 to
80 °C. The rest of the experimental set-up was the same described above.
Thermal denaturations were irreversible; irreversibility was tested by
acquiring steady-state spectra of thermally denatured proteins, and by
comparing their shape and intensity with those of the spectra acquired
before heating. The apparent thermal denaturation midpoint, Tp,, was
estimated from a two-state equilibrium equation taking into account the
concentration-dependence of the unfolding (see below).

(c) ANS binding

The excitation wavelength was 370 nm, and emission was measured
from 400 to 600 nm at 25 °C. Slit widths were 5 nm for both excitation
and emission. ANS stock solution (10 mM) was prepared in water and
diluted to yield a final concentration of 100 pM in each sample, with a
final protein protomer concentration of 1.5 pM (both in the pH- or
GdmCl-denaturation experiments at pH 7.5). The same set of buffers and
their concentrations used in the steady-state intrinsic fluorescence ex-
periments (see above) were utilized for the pH-denaturations followed
by ANS. Experiments were carried out either in the presence of Ca%* (10
mM, final concentration) or in its absence (10 mM EDTA, final con-
centration). Spectra from blank solutions were subtracted from the
corresponding spectra. In the pH-denaturations, the pH of each sample
was measured after completion of titration with an ultra-thin Aldrich
electrode in a Radiometer pH-meter.

We also used ANS to follow thermal denaturations, as it can provide
information on how the different solvent-exposed hydrophobic patches
change their environment upon heating [36]. The experimental set-up in
these denaturations was the same used for measuring the intrinsic
fluorescence of the protein, except for the excitation (370 nm) and
emission (480 nm) wavelengths. Thermal denaturations were always
irreversible.

(d) Differential scanning fluorimetry (DSF)

Experiments were acquired in a Mx3005p real-time qPCR (Agilent,
Madrid, Spain) using SYPRO Orange as an extrinsic fluorescence probe,
and we measured its fluorescence intensity as a function of temperature.
As the protein unfolds, SYPRO Orange binds to hydrophobic patches and
its quantum yield increases, indirectly reporting about the protein
unfolding process. We used 50 pL of total volume with PADI4 at a
concentration of 4 pM (in protomer units) and a concentration of dye of
5 x, in 50 mM Tris buffer (pH 7.5), 5 mM TCEP and 5% glycerol. We are
fully aware that the pK, of Tris is temperature-dependent, but we have
preferred to use this buffer as it is the one employed at the high protein
concentrations of DSC experiments (see below). Furthermore, the use of
phosphate buffer could lead to precipitation of calcium in the experi-
ments in the presence of the cation. DSF provides a signal reflecting the
global unfolding of the protein, but it may overlook some unfolding
steps, if present; therefore, it is usually employed as a semi-quantitative
technique, mainly aimed at identifying potential ligands for a given
protein target [37].

The mathematical treatment of the experimental data may rely on a
simple estimation of the unfolding temperature, Ty, through identifi-
cation of the temperature for maximal slope of the fluorescence signal,
or the calculation of the unfolded fraction, Fy, through a well-known
normalization procedure:

Archives of Biochemistry and Biophysics 717 (2022) 109125

_ S(T) = Sw(T)

FoD) =g,y —sy@

@

where S(T) is the measured signal at any temperature T, and Sy(T) and
Sy(T) are the intrinsic signals corresponding to the native and unfolded
protein states, usually considered to be linear functions of the temper-
ature. We have used Eq. (1) to normalize the experimental data obtained
by DSF, and the analyses of the thermal denaturation curves were car-
ried out by using the equations described below (Eq. (9)), taking into
account the concentration-dependence of the unfolding. A further
calculation allows the estimation of the unfolding enthalpy from the
temperature derivative of the unfolded fraction at Tpy:

oFy(T)

— (i i
AH(THI)—4RTm< oT >r:r,,, )

2.7. Circular dichroism (CD)

The steady-state CD spectra were collected on a Jasco J810 spec-
tropolarimeter (Jasco, Tokyo, Japan) with a thermostated cell holder,
and interfaced with a Peltier unit at 25 °C. The instrument was period-
ically calibrated with (+)-10-camphorsulphonic acid. A cell with a path
length of 0.1 cm was used (Hellma, Kruibeke, Belgium). All spectra were
corrected by subtracting the corresponding baseline. Concentration of
PADI4 was the same used in the fluorescence experiments (1.5 pM, in
protomer units).

(a) Far-UV spectra

Isothermal wavelength spectra at different pH values or GdmCl
concentrations were acquired at a scan speed of 50 nm min~! with a
response time of 2 s, a band-width of 1 nm, and averaged over six scans.
Both the chemical- and pH-denaturations were repeated at least three
times with new samples. Buffer concentrations for the pH- and chemical-
denaturation experiments were 50 mM, and the buffers (in the absence
or presence of Ca2+) were the same used in the fluorescence experiments
(see above). Final glycerol concentration was 5% (v/v), and that of TCEP
was 5 mM. In the pH-denaturations, the pH of each sample was
measured after completion of titration with an ultra-thin Aldrich elec-
trode in a Radiometer pH-meter. Variations from day to day of with the
new prepared samples were less than 2%. The samples were prepared
the day before and left overnight at 5 °C to allow for equilibration.
Before starting the experiments, samples were left for 1 h at 25 °C.

(b) Thermal-denaturations

Experiments were performed at constant heating rates of 60 °C h™?
and a response time of 8 s. Thermal scans were collected by following
the changes in ellipticity at 222 nm, typically from 25 to 70 °C. The rest
of the experimental set-up was the same described in the steady-state
experiments. No difference was observed between the scans aimed at
testing a drift in the spectropolarimeter signal. Thermal denaturations
were always irreversible, as shown by: (i) the comparison of spectra
before and after the heating; and, (ii) the changes in the voltage of the
instrument detector [38]. The apparent thermal denaturation midpoint,
Tm, was estimated from a two-state equilibrium denaturation equation
by taking into account the concentration-dependence of the unfolding
equilibrium (see below).

(c) Near-UV spectra

Spectra of PADI4 either in the presence of Ca?* (10 mM, final con-
centration) or in its absence (10 mM EDTA, final concentration) were
acquired between 250 and 320 nm, in a 0.5-cm-pathlength cell at pH 7.5
(20 mM, Tris buffer, 5 mM TCEP, 150 mM NaCl and 5% glycerol) and
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25 °C. The spectra were collected with a scan speed of 50 nm min ™~ with
a response time of 2 s, a band-width of 1 nm, and averaged over ten
scans. The spectrum of the buffer solution was subtracted from that of
the protein. Final protein concentration was 60 pM (in protomer units),
under both conditions.

2.8. Differential scanning calorimetry (DSC)

The thermal stability of PADI4 was evaluated by DSC. The excess
partial heat capacity of the protein in solution was measured as a
function of temperature in an Auto-Cap-DSC (MicroCal, Malvern-
Panalytical, Malvern, UK), using a constant heating rate of 60 °C h™L.
Experiments were done with PADI4 at 23.5 and 26.2 pM, in protomer
units, in the absence and presence of Ca?™, respectively, in 20 mM Tris
buffer (pH 7.5), 5 mM TCEP, 150 mM NaCl and 5% glycerol. Buffer scans
were performed until complete reproducibility was attained; the last
measured buffer scan was subtracted from the protein scan. A model-
free analysis provides an evaluation of the complexity of the observed
unfolding pathway through the comparison of the calorimetric enthalpy
(AH,,), associated with the unfolding of the protein molecule) and the
van’t Hoff enthalpy (AHyy, associated with the unfolding of the coop-
erative unit, defined as below, and the unfolding enthalpy correspond-
ing to a two-state process). Whereas AH_, is directly calculated as the
area under the transition profile, AHyy is calculated as follows:

4R T,%, CP.ma)c

AHvu=—3p
cal

3)

where R is the ideal gas constant, Ty, is the apparent unfolding tem-
perature, and Cpmax is the maximum value of the excess molar heat
capacity. If AHyy = AH, (within experimental error), the cooperative
unit coincides with the protein molecule (e.g., a protein domain) and the
two-state model would be appropriate for the data analysis; if AHyy <
AH_,1, the cooperative unit is smaller than the protein molecule and the
non-two-state model would be appropriate for the data analysis; and if
AHyy > AH.y, the cooperative unit is larger than the protein molecule
(i.e., the protein molecule self-associates into oligomers) and the
dissociation-two-state model (e.g., oligomer unfolding coupled to
dissociation into unfolded subunits) would be appropriate for the data
analysis.

According to the two-state model (N « U), the equilibrium unfolding
process can be described by the following set of equations:

K(T) = F(T) — p(-AG(T)/RT)
_ K@
FU(T) - TK(T)

AG(T) = AH(T,,) (1 - T1> +ACp <T -T,—-T 1n1) @

AH(T) = FyAH(T)
~ OAH(T)
a7

ACH(T)

where K is the equilibrium unfolding constant; Fy and Fy are the fraction
of unfolded and native protein molecules, respectively; AG is the
unfolding Gibbs energy; AH is the unfolding enthalpy; ACp is the
unfolding heat capacity; <AH> is the excess average molar unfolding
enthalpy; and <ACp> is the excess average molar unfolding heat ca-
pacity (the observable provided by the calorimetric signal).

According to the dissociation-two-state model, particularized for a
homodimeric protein (N3 « 2U), the equilibrium unfolding process can
be described by the following set of equations:
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K(T) = PT% — p(-28G(1)/RT)
Fy (1) = L+ VITBP/K(T)
4P, /K(T)
AG(T) = AH(Ty) <1 - T10> + ACP<T et T;()) ®)
AH(T) = FyAH(T)
ACH(T) = BA(I;VT(T)

where Pp is the total concentration of protein, and energy-related
quantities have been defined per subunit. Ty is the temperature at
which the unfolding Gibbs energy is zero. In this case, K(T) is the
dissociation constant for the protein dimer. Contrary to what happens to
the two-state model, in the case of an oligomeric protein, T is different
from Ty, (temperature for maximal heat capacity) and T;  (temperature
for half-denaturation, Fy = 0.5).

Non-linear regression data analysis of the experimental data using
Origin 7.0 (OriginLab, Northampton, MA, USA) allowed the estimation
of the thermal unfolding parameters, from which the stability profile
(AG as a function of T) can be constructed. In order to evaluate different
models and establish the (statistically) most appropriate, parametric
tests (e.g., F-test) and non-parametric tests (e.g., Akaike and Bayesian
Information Criteria) were applied and compared.

2.9. Dynamic light scattering (DLS)

DLS measurements were performed in a Zetasizer Nano instrument
(Malvern Instrument Ltd, Malvern, UK) equipped with a 10-mW helium-
neon laser (A = 632.8 nm) and a thermoelectric temperature controller.
All the experiments were performed at a fixed angle (@ = 173°) at 25 °C
and the results were analysed with the Zetasizer software V7.12 (Mal-
vern Instrument Ltd, Malvern, UK). Before each measurement, protein
samples were centrifuged for 30 min at 14,000 g and filtered through a
0.2 pm cut-off Millex filter to remove big aggregates and dust. Once in
the cuvette, samples were sonicated for 1 min to remove bubbles.
Measurements on each sample were performed 20 times with 10 runs of
30 s each. The Z-average size was obtained by fitting the autocorrelation
function with the cumulants method. The hydrodynamic radius, Ry, of
the protein in solution was calculated by applying the Stokes-Einstein
equation:

kT

P~ Gmr) ©

where k is the Boltzmann constant, T is the temperature and 1 is the
solution viscosity. Experiments in the presence of 10 mM Ca®" were
carried out at 12 and 45 pM, in protomer units. Experiments in the
absence of the cation (10 mM EDTA) were carried out at 8 and 25 pM, in
protomer units. The buffer conditions were: 20 mM Tris (pH 7.5), 5 mM
TCEP, 150 mM NaCl and 5% glycerol.

2.10. Fitting of pH-, chemical- and thermal-denaturations, followed by
spectroscopic probes

In the fluorescence experiments, to allow for a better comparison
among the different probes used (either intrinsic or ANS fluorescence),
and since we can obtain information over all the spectrum, we calcu-
lated the average energy, <A>, which is defined as [39]:

> <}I,>
<A>=—— ()

(1)

The titration points for the pH-denaturation experiments were fitted
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to the Henderson-Hasselbalch equation:

X = (X, +X,107%7) / (14 1005710 ®

where X is the measured property (<A>, the fluorescence intensity or the
ellipticity at 222 nm) for a particular pH; X, is the same property at low
PH; Xy, is the property at high pH; and pKj is the titration midpoint of the
pH-transition. When several transitions were observed, the different pK,
values were obtained by fitting each particular transition to Eq. (8),
provided we had enough experimental data (at least >4 experimentally
measured pH data points for the corresponding titration).

The change in the physical property, Y (the fluorescence intensity or
the ellipticity at 222 or 230 nm), for the thermal denaturations, was fit
to:

Y = (YN+ YDE(—AG/RT)) / (1 +e(—AG/RT)) (9)

where Yy = oy + BnIT] and Yp = ap + Pp[T] are the baselines of the
folded and unfolded states, respectively, for which a linear relationship
with temperature is assumed; R is the gas constant; and T is the tem-
perature in K.

Although the thermal denaturations, either followed by fluorescence
(intrinsic, ANS or SYPRO Orange) or CD were irreversible, we obtained
an apparent thermal denaturation midpoint, Tp,, allowing us for a rough
estimate of the stability of PADI4 at the different pH values, and for a
comparison with the DSC data. The T, can be obtained from the change
in free energy, AG, given by [40-42]:

AG(T) =AH,, (1 - Tl) —AC, {(T,,, —T)+Tin (1” —RTIn(2C,) (10)

m m

where AH;, is the van’t Hoff unfolding enthalpy; C; is the total con-
centration of protein expressed in dimer equivalents; and ACj, is the heat
capacity change of the folding reaction. The fact that both in the
numerator and denominator of Eq. (9) appears the term AG(T) derived
from Eq. (9) avoids to impose restrictions on the value of the AC, used in
the fitting. The term —RT In(2C;) comes from considering the dimeric
nature of the protein (see Results) and it takes into account the
concentration-dependence of the unfolding equilibria (both heat or
chemical, see next paragraph) [40-42]; thus, we have assumed that the
main species when thermal unfolding was carried out was a dimer.

For the GdmCl-denaturations (followed by intrinsic or ANS fluores-
cence and ellipticity at 222 nm) the same Eq. (9) was used, but in this
case the value of the AG follows a linear relationship with respect to the
denaturant concentration: AG = m ([GdmCl]5q9, - [GAmCI]) - RTIn(2C)),
where m-value is the slope of the sigmoidal transition; C; is the total
concentration of protein expressed in dimer equivalents; and
[GdmCl]5g9, is the concentration of GdmCl at the midpoint of the tran-
sition [43], and the spectroscopic properties of the native and unfolded
species are given by: Yy = an + pfn[GdmCl] and Yp = ap + pp[GdmCl],
respectively. Chemical denaturations were always irreversible, as indi-
cated by refolding experiments.

Fittings to Egs. (8)-(10) were carried out by using the general curve-
fit option of KaleidaGraph (Abelbeck Software, PA, USA).

2.11. Molecular simulations

The structure of PADI4 was built from the PDB entry 3APN [31], and
missing atoms in some loop regions were reconstructed by using the
Modeller server [44]. Classical MD simulations of the protein in explicit
solvent were performed by using the GROMACS software [45], with the
AMBER ff99SB-ILDN force field [46] and the TIP3P water model [47].
The dimer was solvated in a box with a dodecahedron shape, main-
taining a minimum distance of 1.5 nm from each edge, and 14 Na™*
counterions were added to obtain an overall neutral system charge.
Simulations were carried out for 10 ns at room temperature (300 K,
27 °C), as well as at a higher value (450 K, 177 °C) to probe the early
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stages of the unfolding pathway through an accelerated sampling. Other
details of the simulation conditions (including the modelling of elec-
trostatic and van der Waals interactions, and the parameters used for the
virtual thermostat and barostat), and of the simulation protocol (energy
minimization, annealing, and equilibration) were as previously
described [48,49].

Although MD runs can often be performed even at greater temper-
atures (T = 500 and beyond) [50], in this particular case this led to
simulation crashes — which is not a rare occurrence, especially for very
large protein systems. Thus, all-atom MD simulations at higher tem-
perature could not be pursued further. Due to the excessive sampling
required to probe more denatured protein states, the investigation was
confined to the early steps of the unfolding, and we enhanced it by using
a coarse-grained model implemented in the CABS-flex algorithm [51],
available as a web server [52]. The starting structure of the dimer was
the same used for MD simulations, with restraints assigned to residue
pairs only when both possessed a well-defined secondary structure. In
this case, we used a complete flexibility of the protein chain (assigning a
null ‘rigidity’ parameter), and a dimensionless reduced temperature
with a value (T = 2.0) twice larger than the default used to sample
proteins in a crystal state to speed up the process [52].

3. Results
3.1. PADI4 expression in glioblastoma, pancreatic and colon cancer cells

It is known that PADI4 is expressed in a variety of adenocarcinomas,
but absent in normal healthy tissues [53]. Moreover, it has been shown
that plasma PADI4 levels in patients with malignancies decreased after
tumour resection, suggesting that PADI4 circulating in the blood may be
used for diagnostic of tumour tissues [54]. To address the prevalence of
expression of PADI4 in cancer, protein levels were analysed and
compared in a panel of tumour cell lines, that had never been tested
before. We used pancreatic adenocarcinoma (PAAD) (RWP-1), colon
adenocarcinoma (COAD) (HT-29) and glioblastoma (GBM) (GB-39) cell
lines. This GBM cell line was obtained from a surgical wash from a pa-
tient that suffered multiforme GBM [34]. Western Blot analyses
confirmed that the expression of PADI4 varied among the cancer cell
lines. Out of the three lines examined, the PAAD one showed the least
PADI4 expression (Fig. 1 A). Moreover, PADI4 expressions in COAD and
GBM cell lines were of similar intensity, but with a different pattern (i.e.
there were several bands in the GBM) consistent with the existence of
alternatively spliced PADI4 transcripts [55].

Although most of PADI isoforms are cytoplasmatic, PADI4 has a
nuclear localization signal (NLS) that allows it to enter the nucleus [2,
54]. PADIA4 first description in hematopoietic human cells shows a clear
nuclear localization, however it can be also found in the cytoplasm
depending on the cell line [56]. To investigate the subcellular localiza-
tion of PADI4 in the above-mentioned cancer cell lines, we performed
immunocytochemistry with PADI4 antibody and analysed it by fluo-
rescence microscopy. PADI4 has an interesting nuclear localization
pattern, and nuclei of the cells are characteristically stained with
anti-PADI4 antibody at the nuclear edge. This distinctive signals of
anti-PADI4 are usually confined to narrow diffuse DAPI-staining regions
located along segmented forms of the nucleus (Fig. 1 B). Interestingly,
PADI4 showed a clear nuclear localization only in HT-29 cells. PADI4 in
GBM showed both a nuclear and cytoplasmatic expression; and in
RWP-1, PADI4 expression was mostly cytoplasmatic and diffuse (Fig. 1
B). On the basis of these observations, together with the WB data, we
hypothesize the presence of several forms of PADI4 with different sub-
cellular localizations, depending on the cancer cell line.

The tumour suppressor p53 plays a pivotal role in regulating the cell
cycle progression and apoptosis in response to various genotoxic and
nongenotoxic stresses [56]. The ability of p53 to function as a
sequence-specific transcription factor is critical for its tumour suppres-
sor function [57]. It has been shown that PADI4 interacts with p53 and is
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Fig. 1. PADI4 expression in cancer cells lines. (A) Western blot analysis of RWP-1, HT-29 and GB-39 cell lines for PADI4 and p53. (B) Immunocytochemistry of
PADI4 (red) and DAPI (blue) in cancer cell lines. Scale bar: 20 pm. Experiments were repeated three times. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

recruited by the p21 promoter to regulate histone arginine-methylation
and citrullination to regulate gene expression [24]. Therefore, we
investigated the relationship between PADI4 and p53 in the three cancer
cell lines described above. We observed a large expression of p53 in
HT-29, but not in the other cell lines (Fig. 1 B). Thus, based on two
different lines of evidence: (i) HT-29 was the sole cell line with a clear
nuclear localization of PADI4; and (ii) the distinct enzyme expression
observed in the WB data, we suggest that PADI4 could have a major role
in tumorigenesis by up-regulating p53 expression in certain types of
cancer cell types.

3.2. PADI4 acquired a native structure in a narrow pH range either in the
absence or in the presence of Ca®*

To measure the conformational stability of PADI4, we firstly needed
to determine in which pH range it had a native structure. To that end, we
used several spectroscopic probes, namely intrinsic fluorescence, ANS
fluorescence, and far- and near-UV CD. The use of this whole set of
techniques gave us complementary information on different structural
features of the polypeptide chain. We used intrinsic fluorescence to
monitor the changes in the tertiary structure of PADI4, around its 13
tyrosines and 10 tryptophans. We used ANS fluorescence to follow the
water accessibility of solvent-exposed hydrophobic patches and to
detect the presence of partially folded species [58]. And finally, we
carried out far-UV CD experiments to monitor changes in protein sec-
ondary structure, and near-UV CD to follow the changes in the asym-
metry of the environment around aromatic residues at a determined pH.

3.3. Fluorescence
(1) Steady-state intrinsic fluorescence and thermal denaturations

The fluorescence emission spectrum of PADI4 showed a maximum
around 338 nm at physiological pH in the absence of Ca®* (Fig. S1 A).
These results indicate that PADI4 fluorescence was dominated by the
emission of the 10 tryptophan residues, some of which appeared, from
the value of the maximum wavelength, to be partially solvent-exposed,
as also shown in the X-ray structure deposited in the Protein Data Bank
(PDB) as the entry 3APN [31]. A red-shift of the signal maximum in the
presence of Ca®" (towards 342 nm) was observed, as well as a decrease
in the intensity (Fig. S1). The same changes were also observed by

excitation at 295 nm, indicating that some tryptophan residues were
located in the polypeptide regions involved in the binding of Ca?*. This
result suggests that the environment of at least some of the tryptophans
and/or tyrosines were altered in the presence of Ca®*, resulting in a
more solvent-exposed species.

The value of <A> (measured either by excitation at 280 or 295 nm)
in the presence of EDTA (10 mM) showed two transitions (Fig. 2 A): one
appeared to end around pH 6.5, but we could not find its pK, value due
to the absence of an acidic baseline; and another one started at pH 8.0,
which had a pK, value larger than 10, but we could not assess its exact
value as we could not determine a basic baseline. The same two tran-
sitions were observed by following the changes in intensity (Fig. 2 A),
and a dumb-bell shape was detected on the whole pH range for the in-
tensity variations. We followed the changes in intensity at pH 7.5 (in the
middle of the interval where the protein seemed to possess a tertiary
native structure: pH 6.5-8.0) by thermal denaturations; an irreversible,
sigmoidal thermal transition was observed with a Ty, of 57.7 + 0.3 °C,
whose value was obtained from Eq. (10) (Fig. S1 B). No sigmoidal
transitions were observed outside that pH interval (data not shown).

On the other hand, the fluorescence spectra in the presence of Ca®*
were noisier than those in the presence of EDTA (Fig. S1 A), and
therefore the pH data from the titrations were more scattered. The <A>
(either by excitation at 280 or 295 nm) in the presence of Ca?t showed
two transitions as well (Fig. 2 B), starting and finishing roughly at the
same pH values as the transitions found in the presence of EDTA.
Similarly, the same two transitions at acidic and basic pH values were
observed by following the changes in intensity (Fig. 2 B). We also per-
formed fluorescence thermal denaturations in that pH range (6.5-8.0),
as well as outside that interval. No sigmoidal transitions were observed
by fluorescence (data not shown), and the irreversible transitions
observed in that pH interval were less co-operative (that is, they were
flatter than those observed in the presence of 10 mM of EDTA). Attempts
to fit those curves to Eq. (10) yielded a T, of 73 £+ 5 °C (Fig. S1 B).

Therefore, it seems that, regardless of the absence or the presence of
Ca?", the same titrating residues are determining the features of the
tertiary structure around tryptophan and tyrosine residues at both ex-
tremes of pH, but the presence of Ca®* changed the environment around
at least some of the indole or phenol moieties.

(2) ANS-binding
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Fig. 2. pH-induced structural changes of PADI4 followed by intrinsic
fluorescence: Conformational changes of PADI4 monitored by the intrinsic
fluorescence at 330 nm, after excitation at 295 nm (blank, red circles) and by
<\> (average energy), after excitation at 280 nm (blank, blue squares) in the
presence of EDTA (A), and in the presence of Ca?* (B). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

We also observed two transitions in the pH-titrations (either in the
presence or absence of Ca?") followed by ANS (Fig. 3 A). In the presence
of EDTA, conversely to what we had observed by following the intrinsic
fluorescence of the protein, the pK, of the acidic transition, obtained
following <\>, was 5.3 + 0.5; in contrast, by following the intensity, we
could not determine the pK, because we did not have an acidic baseline.
This acidic transition was completely finished at pH ~6.5. The basic
transition, which started at pH ~8.0, was clearly observed by following
<A>, but such transition could not be monitored by following the in-
tensity at 470 nm.

On the other hand, in the presence of Ca2*, the pK, of the acidic
transition followed by <A> was 5.9 + 0.6 (Fig. 3 B), similar to that
observed in the presence of EDTA. We could not determine the pK, of
this acidic transition from the changes in the fluorescence intensity, due
to the lack of an acidic baseline. This acidic transition ended at pH ~6.5.
At basic pH values, as it happened in the presence of EDTA, the transi-
tion was more clearly observed by monitoring <A> rather than the
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Fig. 3. pH-induced structural changes of PADI4 followed by ANS fluo-
rescence: Conformational changes of PADI4 monitored by ANS fluorescence at
470 nm, after excitation at 370 nm (blank, red circles) and by <A> (blank, blue
squares) in the presence of EDTA (A), and in the presence of Ca®* (B). (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

fluorescence intensity; this transition started at pH ~8.0, but we could
not determine its pK, due to the absence of baseline.

Thermal denaturations following the ANS fluorescence, at different
pH values in the presence of EDTA, showed only a single sigmoidal
transition (Fig S2 A). The apparent Ty, value at pH 7.5 was 56.8 + 0.3 °C,
identical to that measured by intrinsic fluorescence at the same pH. On
the other hand, in the presence of Ca2+, we also observed only a
sigmoidal transition for pH values between 6.5 and 8.0 (Fig. S2 B); at pH
7.5, we obtained a Ty, value of 52 + 4 °C.

Therefore, we can conclude that the variation monitored by ANS in
the burial of solvent-exposed hydrophobic surface occurred concomi-
tantly to that of the acquisition of tertiary structure, monitored by the
intrinsic fluorescence of tryptophans and tyrosines, during protein
folding.

(3) DSF
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We also carried out measurements in the presence of the fluorescent
dye SYPRO Orange as protein unfolding reporter. Our results (Fig. S3 A)
indicate that the fluorescence of this extrinsic probe was higher in the
presence of EDTA than when Ca?" was present, suggesting solvent-
exposure of hydrophobic regions in the Ca?'-free protein. Thermal
denaturation experiments further suggest that the Ca®'-free protein
exhibited an apparent single transition centred at 57 °C (similar to the
values observed by monitoring the intrinsic and ANS fluorescence, see
above), whereas the Ca®"-bound protein exhibited two transitions cen-
tred at 59 and 71 °C, respectively (Fig. S3 B). The former value was
similar to that obtained from ANS fluorescence in the presence of Ca®",
and the latter was similar to that obtained by intrinsic fluorescence (see
above). An apparent unfolding enthalpy of 45 kcal mol ™! for the Ca®*-
free protein could be estimated from the derivative of the curve
expressing the unfolded fraction at such T, (Eq. (9)). This value is
relatively small for a 74 kDa protein protomer suggesting: (i) a non-
complete unfolding of the protein upon heating in the presence of this
probe; or alternatively, (ii) a considerable level of flexibility, in agree-
ment with the exposure of hydrophobic surface detected in the steady-
state spectra (Fig. S3 A) (see Discussion). It could be argued that such
small value of the apparent unfolding enthalpy might be due to a
disordered nature of the protein; however, the fact that intrinsic fluo-
rescence and far-UV CD spectra (see below) were those of a typical
folded protein with buried tryptophan residues suggests that such small
enthalpy value was due to any of the reasons indicated above.

Far-UV CD: The CD spectrum of PADI4 in the absence of Ca?* at pH
7.5 showed minima at 210 and 222 nm (Fig. S4 A). These results indicate
that the protein had mainly a helical fold, as well as a fraction of p-sheet
structure, in agreement with its X-ray structure (PDB entry 3APN [31]).
We estimated the percentage of helical structure by assuming that, at
222 nm, a 100% amount of fully formed helical structure determines a
molar ellipticity, [@], of —39500 deg cm? dmol ! [59]. The [©]1%%2 of
PADI4 at pH 7.5 was —2668 deg cm? dmol ), yielding an estimated
value of 7% of helical structure. The value obtained from the X-ray
structure (PDB number: 3APN), where 112 residues out of 651 (per
monomer) are in an o-helix conformation, was 17%. Besides un-
certainties in the determination of secondary structure by using CD data,
the main difference in the amount of helical structure calculated from
the X-ray and from experimental far-UV CD data could be attributed to
the presence of aromatic residues, which also absorb at 222 nm in the
far-UV CD spectrum [60-63]. We could not acquire a good far-UV CD
spectrum of PADI4 in the presence of Ca2™, since its presence precluded
having any meaningful information for wavelengths below 215 nm.

In the following, we shall not try to over-interpret the CD results, and
we shall report on those changes which are clearly observable and are
also supported, to some extent, by the results from fluorescence (either
in the intrinsic or ANS experiments). In the pH-titrations followed by the
raw ellipticity at 222 nm (©%22), either in the absence or presence of
Ca2+, we also observed two transitions (Fig. 4). We had to observe the
changes in ellipticity in the presence of Ca* at 230 nm, due to the
poorer signal-to-noise ratio at 222 nm (because of the presence of the
salt). The first acidic transition resulted in an increase of the helicity (in
absolute value) as the pH was raised, under either condition. These
findings mean that the protein has lost its secondary structure, as
monitored by far-UV CD, at acidic conditions. In the presence of EDTA,
the first acidic transition had a pK, of 5.1 + 0.4 (Fig. 4 A); whereas in the
presence of Ca2+, the transition was at 5.6 + 0.3 (Fig. 4 B). The two
values are similar, within the fitting error to the Henderson-Hasselbalch
equation (Eq. (8)), and comparable to those obtained by ANS fluores-
cence (see above). Under both conditions, we also observed that at basic
pH values there was a decrease in the ellipticity at 222 nm (in absolute
value) as the pH was raised (Fig. 4), but we could not determine the pK,
value, as we did not have a basic baseline. Therefore, to sum up, we can
conclude that acquisition of secondary structure, as monitored by far-UV
CD, occurred concomitantly to that of tertiary structure (intrinsic fluo-
rescence) and the burial of solvent-exposed hydrophobic surface (ANS
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Fig. 4. pH-induced structural changes of PADI4 followed by far-UV CD:
Conformational changes of PADI4 monitored by the raw ellipticity at 222 nm in
the presence of EDTA (A), and in the presence of ca%t (B).

fluorescence) under both solution conditions (in the absence and pres-
ence of Ca®") and moving towards physiological conditions starting
from either acidic or pH values. Thus, the acquisition of native structure
only occurred in a narrow pH interval (Figs. 2-4).

Thermal denaturations in the pH interval where PADI4 acquired a
native structure were characterized, in the presence of Ca?*, by a poor
signal-to-noise ratio, thus precluding any reliable determination of Ty,
On the other hand, in the presence of EDTA at pH 7.5 (Fig. S4 B), the
irreversible, single sigmoidal denaturation curve yielded a Ty, value of
52.9 + 0.7 °C. This value was smaller than those obtained by intrinsic,
ANS and SYPRO Orange fluorescence (see above); however, it was
similar to that obtained for wild-type PADI4 under similar conditions
reported by other laboratories [31]. These findings might suggest that
secondary structure, as monitored by far-UV CD, melted before the
tertiary one, in contrast of what one could expect (i.e., tertiary structure
melting before the secondary one). This apparent discrepancy is due to
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the strong irreversibility of the thermal denaturation, and it has also
been observed in thermal denaturations of other large proteins [64-66].
It could be argued that the irreversibility can either be inherent to the
unfolding process (i.e., concomitant with the unfolding) or occur at high
temperatures much later than the unfolding process. This can be tested
by performing an unfolding experiment up to the apparent Tp,, and then
reheating. If the reheating recovers most of the unfolding trace, the
unfolding can be considered reversible, even if maintaining the protein
at higher temperatures would result in an irreversible process.
Furthermore, the irreversibility can be assessed in the far UV CD ex-
periments by monitoring the voltage as the thermal unfolding progresses
[38]. If the voltage follows a linear-temperature dependence, it indicates
that the unfolding is reversible; on the other hand, if it shows a
sigmoidal-like behaviour (as that observed for the ellipticity) then the
process is irreversible indicating aggregation. We used both procedures
for PADI4: the first one by following intrinsic fluorescence of the protein
and the second one by using far-UV CD. In the case of fluorescence,
stopping the thermal scan at the apparent midpoint did not result in
recovering neither the original fluorescence intensity of the spectrum at
25 °C (Fig. S1 A) nor a sigmoidal-like scan (Fig. S1 B) under both so-
lution conditions. In the case of far-UV CD, we observed a sigmoidal-like
behaviour in the voltage of the instrument with an apparent midpoint at
53 °C (close to the value observed by following the ellipticity at 222 nm).
Then, we suggest that unfolding of PADI4 is associated with aggregation
(that is, a temperature higher than the apparent Ty, is not necessary to
achieve self-association of the unfolded protein).

Near-UV CD: We only carried out near-UV experiments at pH 7.5 in
the absence and in the presence of Ca®". PADI4 has a large number of
aromatic residues (10 tryptophans, 13 tyrosines, 33 phenylalanines and
15 histidines in its sequence) and thus, the near-UV CD spectrum under
both conditions had a large intensity [60-63]. The near-UV spectrum of
PADI4 showed a broad maximum peak around 265 nm (Fig. S5), and a
minimum at 297 nm. The normalized ellipticity was larger (in absolute
value) for the spectrum in the presence of Ca?" than in the presence of
EDTA, thus confirming the previous findings obtained by intrinsic
fluorescence, that the local environment around some of the tryptophan
residues changed in the presence of the cation (Fig. S1 A).

To sum up, based on the findings obtained with the different spec-
troscopic probes used, we can conclude that the secondary and tertiary
structures of PADI4 are lost concomitantly when moving to the two
extremes values of pH. Thus, the pH range where PADI4 acquired a
native structure was very narrow, encompassing an interval from 6.5 to
8.0.

3.4. PADI4 was a dimer in aqueous solution at physiological pH both in
the absence and the presence of Ca®"

DLS measurements of PADI4, in the absence and presence of Ca2+,
were performed at different concentrations ranging from 8 to 45 pM (in
protomer units). The samples showed a small amount of high molecular
weight aggregates: lower than 1% in the samples in the presence of the
cation, and lower than 5% in the presence of EDTA. In the range of
PADI4 concentrations assayed, its hydrodynamic radius (Rp) did not
change in presence of Ca%>* when compared to that in the presence of
EDTA (Fig. 5). The average Ry values of PADI4 under the different
assayed conditions were: (i) in the presence of EDTA: Ry = 5.4 + 1.1 nm
(8 pM) and 5.1 + 0.6 nm (25 pM); and, (ii) in the presence of Ca®*: Ry =
5.1 £ 1.1 nm (12 pM) and 5.6 + 0.6 nm (45 pM). The estimated mo-
lecular weight by using the Stokes-Einstein equation (Eq. (6)) for a
protein with Ry = 5.1 nm is approximately 150 kDa, which indicates the
presence of a dimer of PADI4 in solution under both conditions (the
molecular weight of the monomer is 74.0 kDa). These results agree with
previous findings obtained under slightly different conditions [67], and
confirm that in solution PADI4 is a dimer as in the crystal structure [30,
31].
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Fig. 5. DLS measurements of PADI4: The DLS volume distribution profiles of
PADI4 in presence and absence of Ca": (black line) at 12 pM in the presence of
Ca®"; (red line) at 45 pM in the presence of Ca"; (green line) at 8 pM in the
presence of EDTA; and (blue line) at 25 pM in the presence of EDTA. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

3.5. Conformational stability of PADI4

We proceeded to measure the conformational stability of PADI4 by
using heat (via DSC), and chemical denaturation followed by intrinsic
and ANS fluorescence and far-UV CD at pH 7.5. Our previous results
indicate that thermal denaturations of PADI4 were irreversible and that
stability of PADI4 at such pH in the presence of EDTA was not very high
(see above). Even though the thermal denaturations seemed to be irre-
versible, the irreversibility may stem from additional processes different
from the unfolding process (e.g., aggregation of the unfolded confor-
mation). In that case, although the application of equilibrium models is
problematic, still those models provide useful estimates of the thermal
stability parameters. Furthermore, we aimed to obtain an estimate of the
stability of PADI4 by using far-UV and fluorescence, either in the
absence or the presence of Ca?', by using a chemical agent as
denaturant.

3.5.1. A calorimetric point of view

The DSC experiments of PADI4 in the absence and presence of Ca*
are shown in Fig. 6. The presence of Ca?" induces a more complex
unfolding behaviour; it may be possible that, because the unfolding
shifts to higher temperatures, the irreversibility of the process might be
more pronounced at those higher temperatures, hindering a reasonable
analysis. Still, a considerable stabilization effect induced by CaZ*
binding could be observed: an apparent Ty, value of 53.2 °C without
Ca2*; and two apparent Ty, values of 59.6 and 72.6 °C were observed
when the cation was present. The single Ty, observed in the absence of
Ca2* and the highest Ty, observed in the presence of Ca®* are similar to
those observed by fluorescence thermal denaturations (see above).

The model-free analysis provided apparent values for the thermal
stability parameters: AH, value of 86 kcal mol~!, and Cp,max value of
11.1 keal K- “-mol ’1, from which a AHyy value of 109 kcal mol~ ! could
be estimated. From those figures, an enthalpy ratio of 1.27 could be
calculated, which differs from unity beyond the experimental error.
Importantly, the unfolding trace is slightly asymmetric, with a negative
skew, as typically observed in the unfolding of homooligomeric proteins.
Therefore, the most appropriate model for analysing the unfolding
process of PADI4 is that of a protein dimer unfolding and dissociating
simultaneously into unfolded subunits.

Fig. 6 shows the calorimetric thermal unfolding of PADI4 in the
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Fig. 6. DSC experiments: (A) Thermal denaturation of PADI4 in the absence of Ca®*. A single apparent unfolding transition is observed. The experimental data
(empty circles) were analysed according to a two-state model (dashed red line) and a two-state-unfolding-dissociation model (continuous red line). (B) Thermal
denaturation of PADI4 in the presence of Ca®>* (continuous black line). The unfolding, in the absence of Ca®* (dotted line), is shown for comparison. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

absence of Ca®*™ analysed with the two-state model (T, = 52.2 + 0.2 °C,
AH(Ty) = 94 + 2 kcal mol~1) and with the unfolding-dissociation model
(Top = 64.0 + 0.3 °C, AH(Ty,) = 117 =+ 2 keal mol ™). It is important to
note that the T obtained by using the dissociation model corresponds to
the temperature at which the Gibbs energy of unfolding becomes zero,
which, for a dimeric protein, it is much higher than the T, the tem-
perature for maximal unfolding heat capacity, which corresponds to the
temperature estimated by spectroscopic measurements (see above); in
fact, the apparent Ty, values observed using the different techniques
(spectroscopy and calorimetry) are very similar. Therefore, this finding
indicates that the apparent thermal denaturation midpoint determined
by spectroscopy was probably strongly affected by protein self-
association. The fitting was visually much better for the unfolding
dissociation model, but also statistically better considering the residual-
sum-of-squares (RSS), with values of 4.9.107 and 1.1‘107, for the two-
state model and the unfolding-dissociation model, respectively. The
thermal stability parameters were used for extrapolating the unfolding
Gibbs energy and the equilibrium unfolding constant from 64 to 25 °C,
and a dissociation constant for the PADI4 dimer of 0.9 + 0.4 pM was
estimated at 25 °C, a value in agreement with the one previously re-
ported from analytical ultracentrifugation (AUC) experiments [67].

3.5.2. A chemical-denaturation point of view

Chemical refolding experiments using GdmCl as denaturant, indi-
cated that unfolding of PADI4 was not reversible. Therefore, we could
not obtain the free energy (AG) of the unfolding reaction, and we will
not be able to discuss quantitatively the unfolding mechanism of PADI4.

Firstly, we tried, in the presence of EDTA, to determine whether urea
or GdmCl was better suited to follow the chemical unfolding of PADI4.
Experiments using urea as denaturant agent showed that, when using
<A> (or the intensity) of the intrinsic fluorescence as the physical
quantity to follow the denaturation, no transition was observed, but
rather an un-cooperative, flat transition without any native or unfolded
baselines of the curve (Fig. S6). On the other hand, the ellipticity at 222
nm in the urea-denaturations showed two transitions: one occurring at
low urea concentration, and the other occurring with an [urea]; 5 of 4.1
+ 0.3 M (Fig. S6). These findings suggest that the chemical unfolding of
PADI4, due to its large size, is complex. Due to the lack of a clear
transition when PADI4 unfolding was monitored using urea by fluo-
rescence, we decided to use GdmCl as a chaotropic agent.

Chemical denaturations by using GdmCl as denaturant showed, as
well, a complex behaviour when the ellipticity at 222 nm was moni-
tored, with at least three transitions (Fig. 7 A); one of them, as it
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happened for experiments with urea, occurring at low denaturant con-
centrations. Conversely, the GdmCl-denaturations followed by fluores-
cence (either <A> or the intensity) showed a single, very broad
transition, with [GdmCl];,2 = 0.9 + 0.5 M and m = 0.9 £ 0.3 kcal mol !
M~! (at 280 nm), suggesting that PADI4 was a protein with low stability.
We also followed the GdmCl-denaturations by using ANS as a probe
(Fig. 7 B), yielding [GdmCl]; 2 = 1.52 + 0.09 M and m = 2.1 + 0.4 kcal
mol~! ML, These values are different from those obtained by following
the intrinsic fluorescence, indicating that the denaturation of PADI4 in
the presence of EDTA was complex. Furthermore, as PADI4 is a dimer,
we hypothesized that some of the transitions observed in the far-UV CD
spectra could be due to dimer dissociation, and then, this reaction could
be better observed at higher protein concentrations used during the
experiments. Therefore, we carried out a chemical denaturation exper-
iment at a protein concentration of 10.5 pM, in protomer units (Fig. S7),
but even at this value we were not able to resolve the different transi-
tions observed at low protein concentration. These results suggest that
the dissociation constant of the PADI4 dimer was smaller than the lowest
protein concentration (in protomer units) used in our chemical dena-
turation experiments; in fact, AUC experiments have shown that such
constant has a value of 0.45 pM at 20 °C [67], in agreement with the
value estimated from our DSC experiments (see above). The thermal
stability of PADI4 seems to be much lower from the spectroscopic assays
(AG value of 0.8 kcal mol™! from tryptophan intrinsic fluorescence
thermal denaturations, and a value of 3.2 kcal mol ™! from ANS extrinsic
fluorescence thermal denaturations) compared to the value estimated
from DSC experiments (AG value of 4.1 kcal mol 1) and that estimated
from AUC experiments (AG value of 4.3 kcal mol~1). This may be due to
the local nature of the protein features determining the spectroscopic
signal, compared to the global nature of the DSC and AUC observable
signals.

On the other hand, chemical denaturation experiments of PADI4
carried out in the presence of Ca®* did not yield sigmoidal transitions (i.
e., we observed a non-cooperative behaviour) when followed by fluo-
rescence or ellipticity at 222 nm (Fig. 8 A), suggesting that the unfolding
of the protein under these conditions was less co-operative than in the
presence of EDTA. Furthermore, by using ANS as a probe, we obtained
[GAmCl]; /2 = 2.02 + 0.08 M and m = 1.9 + 0.4 kcal mol ! M~ (Fig. 8
B), which yields an apparent AG value larger than that obtained in the
presence of EDTA, and in agreement with the DSC data (Fig. 6), where
we observed a stabilization of the protein. Therefore, the presence of
Ca%* induced changes in the tertiary environment around some aro-
matic residues (see above), as well as variations in the solvent-exposed
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Fig. 7. Chemical denaturations of PADI4 in the presence of EDTA followed
by spectroscopic techniques. (A) Conformational changes of PADI monitored
by <A>, after excitation at 280 (filled, black circles), and by the ellipticity at
222 nm (blue, blank squares). (B) Conformational changes of PADI4 monitored
by the changes in the intensity at 470 nm of the ANS probe (after excitation at
370 nm). The line through the ANS fluorescence data is the fitting to a two-state
model according to Eq. (9). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

surface. These results indicate that the solvent-exposure of hydrophobic
regions of PADI4 was different from that observed in the presence of
EDTA. These findings are confirmed by the X-ray structures of PADI4 in
the absence (PDB number: 1APN) and in the presence of Ca®" (PDB
number: 1WD9). Furthermore, since by AUC experiments no quaternary
structure stabilization was observed in the presence of Ca®t [671, we
suggest that the changes in stabilization observed by chemical dena-
turation (Fig. 8) and DSC (Fig. 6) were due to stabilization of the sec-
ondary and/or tertiary structure within the monomer (see Discussion).

3.6. Flexibility of the protein structure in molecular simulations

Molecular simulations were used to elucidate the flexibility of
PADI4, which was observed to have peculiar characteristics on the basis
of our experimental findings (see above). A low rigidity of the protein
structure could play a mechanistic role in determining its low stability
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Fig. 8. Chemical denaturations of PADI4 in the presence of Ca>" followed
by spectroscopic techniques. (A) Conformational changes of PADI monitored
by <\>, after excitation at 280 (filled, black circles), and by the ellipticity at
222 nm (blue, blank squares). (B) Conformational changes of PADI4 monitored
by the changes in the intensity at 470 nm of the ANS probe (after excitation at
370 nm). The line through the ANS fluorescence data is the fitting to a two-state
model according to Eq. (9). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

and, from a functional point of view, could favor the interaction with
various molecular partners. To investigate this aspect, we employed MD
simulation, which is one of the most direct techniques to probe the
dynamics of a protein [50]. The PADI4 dimer was observed on the time
scale of 10 ns, which was adequate to equilibrate the deviations of the
atomic positions with respect to the starting structure (Fig. S8, black
line). The results reported in Fig. 9 show the root mean square fluctu-
ations (RMSF) of the atomic positions of the C* atoms as a function of the
residue number. The data shown are averaged on the two monomers;
therefore, they tend to evidence non-random, coordinated motions of
relatively long (>10 residues) portions of PADI4 sequence. At room
temperature (Fig. 9 A, black line), the stiffer regions of PADI4 have
fluctuations of ~0.1 nm, whereas the most flexible regions can reach
values up to ~0.3 nm. It is immediate noticeable that the fluctuations
were almost evenly distributed on the whole sequence, despite the
presence of extended protein regions with different secondary (a/f) and
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tertiary structure (three distinct subdomains) [30]. High-temperature
MD simulation was also used to investigate the early steps of the pro-
tein unfolding; to speed up the process, a simulation value of 450 K was
used, as it is common practice [68,69]. The results (Fig. 9 A, red line)
indicated that the RMSF of the atomic positions were about twice larger
compared to those at room temperature, for both the most rigid and
flexible protein regions. In particular, the highest fluctuation values
were found in correspondence with the same regions showing relatively
high motions also at room temperature. This observation confirms that
the flexibility of PADI4 remained evenly distributed on the whole
structure when the temperature was increased.

Besides the local unfolding of the protein structure in a few selected
regions, the simulation temperature of 450 K was insufficient to observe
the melting of the whole structure on a reasonable time scale (see the
equilibration of atomic deviations in Fig. S8, red line), at variance with
what we have found for other large proteins [66,70,71]. Thus, the effect
of high temperature was further tested by using the CABS-flex algorithm
[51] for mimicking protein structure flexibility, which focuses on the
coarse-grained modeling of large-scale conformational transitions. In
particular, we used a temperature twice larger than that typically used
to reproduce the native protein state, which is usually sufficient for the
complete melting of unrestrained small polypeptide chains [52]. The
results shown in Fig. 9 B indicate again a high flexibility for a large
number of protein regions, scattered throughout the whole sequence.
The fluctuations calculated by using the CABS-flex and MD data were
generally in very good agreement (see regions highlighted in cyan both
in Fig. 9 A and B, each consisting of at least 20 residues), although the
former tended to be higher in some N-terminal protein regions (around
residue 130 and 170), and the latter in some C-terminal ones (around
position 610 and 630). In any case, no indication was found of the po-
tential presence of an unfolding intermediate in the denaturation pro-
cess. Furthermore, although the contact map of the protein residues
(reported in Fig. S9) showed that most of the inner interactions in the
homodimer took place within each monomer (and, for both monomers,
predominantly within each of their three subdomains), no indication
was found of the dissociation of the two monomers. This suggests that
the overall secondary, tertiary and quaternary structure of PADI4 might
not be lost at very different stages during the unfolding process.

4. Discussion

Under conditions of cellular stress, some proteins can undergo
several processes of PTM, such as citrullination. The conversion of
arginine residues to citrulline by PADI enzymes, results in the
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recognition by the immune system of the citrullinated proteins; this
recognition occurs in cancer and other diseases. PADI proteins are
mostly cytosolic; however, PADI4 has an NLS that allows its nuclear
translocation, and therefore it can citrullinate nuclear targets such as
histones. Our results not only indicate that the PADI4 gene is signifi-
cantly expressed in various tumour types, but further show different
protein expression levels and patterns. The WB analyses showed that
different tumour cell lines had levels of PADI4 protein expression that
ranged from very low in PAAD to high in COAD and GBM. Moreover,
protein extracts revealed multiple PADI4 protein bands that reflected
the fact that PADI4 could undergo alternative splicing, and then
generate protein species with or without NLS, resulting in a different
subcellular localization. Immunostaining with anti-PADI4 antibody
confirmed: (i) the expression of PADI4 in the above-mentioned tumours;
and (ii) its tumour-dependent distribution.

The p53 gene is considered the most frequent target of genetic
alteration identified in human cancers [72]. Biological functions of p53
include: G1 arrest induction, apoptosis following DNA damage or other
cellular insults, genomic stability maintenance, and angiogenesis inhi-
bition. To perform those functions, p53 binds DNA in a sequence-specific
fashion [73] resulting in a transcriptional activation of downstream
genes that carry out a variety of functions. Biochemical assays indicate
that p53 interacts with PADI4 both in cells and when the two are
combined as purified proteins [24]. Our results show that tumour cell
lines differed in the levels of certain PADI4 protein forms and p53 (Fig. 1
B). Since PADI4 plays a role during tumorigenesis by antagonizing
regulation of p53 to tumour suppressor genes [54], we hypothesize that
PADI4 might play a different role on the cell function and development
depending on the tumour origin. These results are in line with the ob-
servations made on several types of cancers, where it has been high-
lighted the major role of PADI4 at the onset and progression of cancer
[74]. Therefore, tampering with citrullination has been proposed as a
possible target for developing cancer treatments [75].

Given the important role of PADI4 in cancer, we reasoned that a first
step in deciphering its protein interactome and its function was to
perform its biophysical and conformational characterization. The bio-
physical and biochemical features described in this work will also help
to understand how PADI4 mediates its interactions and its regulation
with putative therapeutic agents. We found that PADI4 in solution
possessed a native structure in a narrow pH range, between 6.5 and 8.0.
In such pH range, the ellipticity at 222 nm showed the highest value (in
absolute terms) and we could observe sigmoidal thermal denaturations.
The acquisition of native secondary and tertiary structure, as well as the
burial of solvent-exposed hydrophobic surface, occurred concomitantly,



J.L. Neira et al.

either starting from acidic or basic pH values. We could not explore the
acquisition of native quaternary structure at low pH values, since the
protein precipitated at the concentrations used in the DLS experiments.
The fact that the protein species populated at low pH showed a large
ANS binding suggests that they are probably molten globules [58], as we
could further confirm by the absence of thermal unfolding sigmoidal
curves in the fluorescence or CD experiments at low pH values (data not
shown). The optimal activity for histone H3 citrullination is between pH
6.4 and 7.2 [76], close to the pH range observed for the acquisition of
native secondary structure of PADI4. A similar pH range was observed
for citrullination of the model compound N-a-benzoyl r-arginine ethyl
ester [77]. Therefore, the pH range where PADI4 acquires a native
conformation seems to be within its range for optimal activity. It has
been shown that, due to the increased glucose metabolism, the pro-
duction of H' is enhanced in cancer states, resulting in acidification of
the extracellular milieu (in the range of pH from 6.5 to 6.9) and, in
parallel, an alkalization of the cytoplasm environment (pH > 7.2) [78,
79]. We hypothesize that even these variations of pH in cancer cells do
not alter the functionality of PADI4. However, in such pH range (be-
tween 6.5 and 8.0) the apparent Ty, values of the protein were ~55 °C.
We are fully aware, that judging protein stability based only on the value
of an apparent Ty, can skew our reasoning (in fact, the use of Ty, to judge
protein stability can be properly used when comparing similar proteins,
such as in the case of mutants). However, the apparent AG for PADI4 is
~4 keal mol ™!, which is small for a 74 kDa protein; similar values of the
apparent thermal denaturation midpoints have been observed for other
large proteins [65,66], where they has been associated with a low sta-
bility, which often occurs in proteins with large flexibility. Our simu-
lation results support this latter view, as they indicate the dynamics of
the protein is almost uniformly distributed on the whole sequence, in
spite of being formed by distinct subdomains.

PADI enzymes are activated by millimolar concentrations of Ca*
which can occur, for instance, during apoptosis. Our in vitro analysis
showed that the presence of Ca?* did not alter the quaternary structure
of the protein, and PADI4 remained dimeric in the presence of the cation
(Fig. 5). However, the local environment around some of the trypto-
phans and/or tyrosines changed when the cation was present in solution
(Fig. S1), and the use of a probe such as SYPRO Orange indicates dif-
ferences in the solvent-exposure of hydrophobic patches in the protein in
the Ca*-free species (Fig. S3). These findings agree with results found in
the X-ray structure of PADI4 in the absence of Ca%t, where the regions
lle313-11e320, Pro338-Met348, Pro371-Pro387, Pro396-Gly403 and
Phe633-His644 are solvent-exposed and highly disordered [80]. All
these regions become well-ordered in the presence of the cation.
Furthermore, the region from Glu351 to Ala359 has a conformational
change and acquires a -strand conformation in the presence of Ca?*. It
is interesting to note that Tyr356, Trp547 and Tyr636 are included in
some of those regions, explaining the changes in the intrinsic fluores-
cence observed under the two conditions (Fig. S1) and the results of
SYPRO Orange (Fig. S3). In addition, the presence of Ca®" induced a
considerable stabilization of PADI4, as observed by DSC, although the
effect may be masked by a further irreversible stage during the dena-
turation process.

We also found that PADI4 had a complex unfolding behaviour, as
shown by our DSC findings, in the presence of Ca>" and during the
chemical denaturations. The far-UV CD chemical denaturation curves
used to explore the folding of PADI4 showed at least two intermediates,
at variance with the chemical denaturations observed by fluorescence
and the MD simulations. These findings indicate that the unfolding of
PADI4 was not a two-state process [81]. Furthermore, the CD and ANS
results suggest the presence of nearby solvent-exposed hydrophobic
patches in the structure of the protein at physiological conditions, which
are disrupted by low denaturant concentrations resulting in a
step-by-step increase of the ellipticity in absolute value, and then in the
helicity of the protein. The increase of the fluorescence of the ANS at low
GdmCl concentrations, suggests that those hydrophobic patches are
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close enough among them in the native structure to bind the probe, and
probably to some PADI4 partners. The simulation results also suggest
that the protein regions with higher flexibility at room temperature are
the same that show an enhanced dynamic during the first steps of the
thermal unfolding process. Furthermore, the melting of the secondary
structure does not seem to be accompanied by large scale conforma-
tional transitions, neither by the loss of the protein quaternary structure.

5. Conclusions

PADI proteins are present in a large number of cell and tissue types,
and have an important role in key biochemical pathways. In this work,
we have performed a comprehensive biophysical analysis of PADI4, by
using a variety of techniques. The results have revealed aspects of the
protein stability and dynamics that could have a significant importance
in the interaction with various molecular partners, for instance, in the
histones citrullination. Furthermore, our biochemical characterization,
performed by using different cancer cell lines, indicated the presence of
PADI4 in different subcellular localizations. Our observations also sup-
port a role of this protein in regulating the expression of p53. Taken all
together, the results here presented not only agree with the proposed
role of PADI4 in the onset and progression of cancer, but also set the
knowledge for the development of tools to study the function of PADI4. .
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