
Research Article
0022-2836/� 2023 The Author
by/4.0/).
Intrinsically Disordered Chromatin Pro-
tein NUPR1 Binds to the Enzyme PADI4
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Parc Scientifique et Technologique de Luminy, 13288 Marseille, France (P. Santofimia-Castaño).jlneira@umh.es (J.
L. Neira), patricia.santofimia@inserm.fr (P. Santofimia-Castaño)
https://doi.org/10.1016/j.jmb.2023.168033
Edited by Monika Fuxreiter

Abstract

The nuclear protein 1 (NUPR1) is an intrinsically disordered protein involved in stress-mediated cellular
conditions. Its paralogue nuclear protein 1-like (NUPR1L) is p53-regulated, and its expression down-
regulates that of the NUPR1 gene. Peptidyl-arginine deiminase 4 (PADI4) is an isoform of a family of
enzymes catalyzing arginine to citrulline conversion; it is also involved in stress-mediated cellular condi-
tions. We characterized the interaction between NUPR1 and PADI4 in vitro, in silico, and in cellulo. The
interaction of NUPR1 and PADI4 occurred with a dissociation constant of 18 ± 6 lM. The binding region of
NUPR1, mapped by NMR, was a hydrophobic polypeptide patch surrounding the key residue Ala33, as
pinpointed by: (i) computational results; and, (ii) site-directed mutagenesis of residues of NUPR1. The
association between PADI4 and wild-type NUPR1 was also assessed in cellulo by using proximity ligation
assays (PLAs) and immunofluorescence (IF), and it occurred mainly in the nucleus. Moreover, binding
between NUPR1L and PADI4 also occurred in vitro with an affinity similar to that of NUPR1. Molecular
modelling provided information on the binding hot spot for PADI4. This is an example of a disordered part-
ner of PADI4, whereas its other known interacting proteins are well-folded. Altogether, our results suggest
that the NUPR1/PADI4 complex could have crucial functions in modulating DNA-repair, favoring metas-
tasis, or facilitating citrullination of other proteins.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
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Introduction

Peptidyl-arginine deiminases (PADI, EC
3.5.3.15), or L-arginine iminohydrolases, catalyze
Ca(II)-dependent hydrolysis (deimination or
citrullination) of peptidyl-arginine to peptidyl-
citrulline. This post-translational modification
(PTM) is irreversible and leads to the loss of a
positive charge in the protein, which may cause
functional alterations. The number of PADI
isotypes in vertebrates increased during evolution
from one in fishes and amphibians, to five human
genes encoding PADI isoforms: PADI1, PADI2,
PADI3, PADI4 and PADI6.1–8 Each of these
enzymes has a tissue-specific expression pattern
that depends on the cell differentiation stage, and
on the overall physiological or pathological condi-
tions.1 PADI4 was initially cloned from human mye-
loid leukemia HL-60 cells, after been induced by
retinoic acid.2 PADI4 is usually located in cytoplas-
mic granules of inflammatory cells (eosinophil, neu-
trophils and macrophages), mammary gland cells,
stem cells, and in several tumor and metastatic tis-
sues9–14; it is expressed in the cytosol and in the
nucleus. Several PADI4 haplotype mutants show
an increase in their enzymatic activity during apop-
tosis occurring via the mitochondrial pathway.10 In
addition, PADI4 is involved in the expression of
the p53 gene and of other p53-target genes,9,15,16

as well as in p53-regulated PTMs of several pro-
teins17 and in p53-histone modification and alter-
ation of the chromatin structure.13 DNA-histone
interaction is charge-dependent, and any change
in the isoelectric point of a histone, including citrulli-
nation, will weaken protein–protein interactions
(PPIs) involving such modified proteins.13

Since cancer tissues are persistently exposed to
oxidative stress, activation of PADI4 in cells would
possibly be related with cellular stress
conditions13: PADI4 could work as a tumor suppres-
sor mediating the apoptotic process in damaged
cells. We have recently shown that PADI4 is a
dimeric protein expressed in glioblastoma (GBM),
pancreatic adenocarcinoma, and colon cancer.18

Furthermore, PADI4 binds to importin a3 (Imp a3),
a member of the armadillo (ARM) repeat-
containing family of proteins, to allow its transloca-
tion into the cell nucleus,19 and to plakophilin 1
(PKP1),20 another protein with an ARM-repeat
architecture.
NUPR1 is an 82-residue-long (8 kDa), highly

basic, monomeric intrinsically disordered protein
(IDP) that is overexpressed during the acute
phase of pancreatitis, and in the development and
regeneration of pancreas.21 NUPR1 does not have
any stable structure,22,23 in fact, there is no evi-
dence of transient secondary or tertiary structure
along any patch in its sequence when it is isolated
in solution. Furthermore, when NUPR1 binds to
other macromolecules, it remains fuzzy (disor-
dered) in the corresponding complexes.24–27
2

NUPR1 binds to DNA,24 as it happens to other chro-
matins, and it is involved in its repairing.25 It is
translocated into the nucleus by means of importin
a3,26,27 and possibly other importin species. It does
interact with different proteins during transcription,
where it is considered a crucial protein, as well as
being an essential element in the stress-cell
response and cell-cycle regulation, although its
exact function is not known.25,26,28–32 In all these
PPIs, or in the binding to DNA, NUPR1 uses two
hydrophobic regions, the so-called “hot spots”, cen-
tered around residues Ala33 and Thr68.30,31,33 The
expression of the NUPR1 gene is down-regulated
by NUPR1L, a 100-residue-long NUPR1 isoform;
in turn, NUPR1L expression is p53-regulated.34

NUPR1L translocates to the nucleus of the cell, by
means of a fully characterized nuclear localization
signal,35 and there it binds to DNA.34 Threading
and homology-based modelling studies suggest
that NUPR1L has properties analogous to those of
members of the HMG-like family of chromatin regu-
lators. NUPR1L is an oligomeric IDP,36 as proven
by biophysical and spectroscopic methods.37

It has previously been shown that both NUPR1
and PADI4 are involved in stress-cell processes,
sharing several regulation routes with other
proteins25,26,38–41 and intervene in the development
of several types of cancer. Moreover, they share the
same localization inside the cell and have comple-
mentary isoelectric points. Therefore, we hypothe-
sized that NUPR1 and PADI4 could interact in
cellulo. In addition, we have recently shown that
the same proteins binding to NUPR1 are also cap-
able of interacting with NUPR1L37; hence, in this
work, we also investigated whether there was bind-
ing between NUPR1L and PADI4. To characterize
the binding between PADI4 and both NUPR1 or
NUPR1L, we carried out in cellulo, in vitro and in sil-
ico experiments. Spectroscopic techniques comple-
mented by molecular simulations were used, while
in cellulo assays were carried out by means of prox-
imity ligation assay (PLA) and immunofluorescence
(IF). Our hypothesis-driven experiments showed
binding between these proteins both in cellulo and
in vitro, with an affinity of �10 lM. The binding
region of NUPR1 involved a hydrophobic patch sur-
rounding the key residue Ala33 (hereafter referred
to as the “30 s region”), as shown by NMR. NUPR1
remained disordered in the complex, as it occurs
when it takes part in the formation of other com-
plexes.24–27,42 Blind molecular docking studies car-
ried out by using the X-ray structure of PADI443 in
interaction with all possible polypeptide patches of
NUPR1 showed that the binding region involved
Ala33 and its hydrophobic surroundings, as hap-
pens with other PPIs where NUPR1 is involved.25–
27,30–33 This finding was further confirmed by
protein-engineering studies: the interaction with
PADI4 was fully abolished in vitro, when mutations
at Ala33 occurred. Similarly to other protein part-
ners of NUPR1, NUPR1L was also capable of bind-



Figure 1. Binding of wild-type NUPR1 to PADI4 as
monitored by spectroscopic techniques: (A) Fluo-
rescence spectrum obtained by excitation at 280 nm of
the NUPR1/PADI4 complex, and addition spectrum
obtained by the sum of the spectra of the two isolated
macromolecules. (B) Far-UV CD spectrum of the
NUPR1/PADI4 complex, and addition spectrum
obtained by the sum of the spectra of the two isolated
macromolecules.
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ing to PADI4, with a dissociation constant similar to
that of wild-type NUPR1, as measured by fluores-
cence. To the best of our knowledge, NUPR1 and
NUPR1L are unconventional molecular partners of
PADI4, compared to its other known interacting pro-
teins, because of their intrinsically disordered nat-
ure. Our findings suggest that NUPR1 may play a
PADI4–associated function, perhaps involving the
common p53-route, which may help to explain both
its gene regulatory and oncogenic functions.

Results

PADI4 and NUPR1 interacted in vitro

To test whether PADI4 could bind to NUPR1
in vitro, we followed an experimental approach
combining fluorescence, CD, and NMR, together
with the use of two mutants of NUPR1 (Thr68Gln
and Ala33Gln/Thr68Gln) to define the interacting
region of NUPR1 involved in the binding.
Fluorescence was used 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 these physical
parameters, when the spectrum of the complex
was compared to that obtained from the addition
of the spectra of the two isolated proteins. A
variation in fluorescence intensity by excitation at
280 nm was observed when the complex of
PADI4 with NUPR1 was formed (Figure 1 (A)), but
there were no changes in the position of the
maximum wavelength. Similar variations were
observed by excitation at 295 nm. These findings
suggest that there was binding between the two
proteins, as monitored by fluorescence.
Next, we carried out far-UV CDmeasurements, to

elucidate whether there were changes in the
intensity or the shape of the addition spectrum
and that of the complex. This comparison could
allow us to conclude whether secondary structural
changes in any of the proteins occurred when they
were mixed together. The far-UV addition
spectrum was identical to that of the complex
(Figure 1 (B)). Since NUPR1 is an IDP, with a
much smaller size than PADI4, and a spectrum
typical of a random-coil conformation, with a
minimum at �200 nm24,25 (Figure S1), our far-UV
CD results can be rationalized by considering that
the spectroscopic signal was mainly due to the
native structure of the latter. The X-ray structure
of PADI4 is composed of two domains: an
immunoglobulin-like domain at the N terminus,
and an a /b-propeller one (containing the active site)
at the C-terminus.43 Therefore, these findings sug-
gest that NUPR1 remained disordered upon binding
to PADI4.
To characterize the molecular bases behind the

formation of the NUPR1/PADI4 complex, we
sought to determine the NUPR1 regions involved
in the binding. Because we have previously
3

reported the NMR assignment of all residues of
wild-type NUPR125 (Biological Magnetic Reso-
nance Data Bank entry n. 19364), we used 2D
1H-15N heteronuclear single quantum correlation
(HSQC) spectra of wild-type NUPR1 to monitor
any possible changes in chemical shifts and/or sig-
nal intensities upon PADI4 addition. We carried out
the experiments at pH 7.2, a value at which PADI4
is stable and has a native structure.18 At this pH,
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only the residues of wild-type NUPR1 most pro-
tected from solvent-exchange could be observed,30

resulting in spectra with an unusually low number of
detected signals for an 82-residue-long polypeptide
chain (Figure 2). The additional presence of PADI4
in the solution resulted in no changes in the chemi-
cal shifts of the signals of the spectrum, but rather in
a smaller signal intensity of the cross-peaks com-
pared to those of the spectrum of isolated wild-
type NUPR1 for residues Leu29, Tyr30 and
Arg82. Furthermore, the signals of residues Ser31
and Ala33 disappeared in the presence of PADI4.
This decrease in intensity, or even the complete dis-
appearance of the cross-peaks, suggests a closer
proximity of the NUPR1 residue to the enzyme. As
there was no variation in the chemical shifts of
any residue, it seems that NUPR1 remained disor-
dered upon binding, confirming the results of the
far-UV CD technique (Figure 1). Moreover, as there
were changes only in the intensities of the cross-
peak signals, the equilibrium exchange between
the free and bound wild-type NUPR1 must be
intermediate-to-slow within the NMR time-scale. It
could be thought that the observed broadening of
the signals is due, at least in part, by the change
of medium viscosity due to the presence of PADI4
in solution,44 or even by the typical difficulties faced
when measuring peak intensities in HSQC spec-
tra.45 However, we did not observe broadening of
signals in the spectra of NUPR1 while working at
protein concentrations larger than 1 mM.25 The fact
Figure 2. Interaction of wild-type NUPR1 to PADI4 map
wild-type NUPR1 spectra in the presence of 0 lM (black) and
signal overlapping.

4

that we observed the most severe broadening only
in the above indicated cross-peaks suggests that
such effect is specific and due to the binding of
PADI4.
The results from NMR experiments suggest that

the region around the 30 s of NUPR1 was
involved in the binding to PADI4. The other
ordinary hot spot region of NUPR1 in the
interaction with its molecular partners is located
around Thr68, and it contains the nuclear
localization signal of NUPR1.27 However, we could
not figure out from the NMR experiments whether
that region was also involved in the binding to
PADI4, as it happens in the presence of other
NUPR1 binding partners.25,26,30 This region is more
solvent-exposed than the 30 s portion of the
sequence and, thus, the signals from residues
belonging or close to that region disappeared at
the pH value where the spectra were acquired. To
test the importance of Thr68 in the binding to
PADI4, we carried out fluorescence titration experi-
ments of NUPR1 mutants, Thr68Gln and Ala33Gln/
Thr68Gln, with PADI4. Whereas the fluorescence
titration curve of the double mutant did not show a
clear decrease of the fluorescence intensity as the
mutant concentration was raised (Figure S2 (A)),
the single mutant at position Thr68 did show a clear
decrease of the intensity (Figure S2 (B); however,
such variation could not be fit properly to Eq. (1).
These findings with PADI4 suggest that Ala33 was
a key residue in the binding to PADI4, whereas
ped by 2D 1H-15N HSQC spectra of NUPR1: Overlay of
300 lM of PADI4. Residues within parenthesis indicate
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removal of Thr68 resulted in a somewhat lower
affinity for PADI4 than that of wild-type NUPR1
(see below), but without fully hampering the binding.
Thus, the NMR experiments further confirmed

both the fluorescence and far-UV CD results,
pinpointing not only the occurrence of binding, but
also that such association: (i) did not alter the
disordered nature of NUPR1, as shown by far-UV
CD experiments; and (ii) mainly involved the 30 s
region of NUPR1.
Figure 3. Measurement of the affinity of wild-type
fluorescence: (A) Titration curve monitoring the changes in
when NUPR1 was added to PADI4 in the presence of EDT
removal of the corresponding blank. The line through the dat
changes in the fluorescence at 330 nm (after excitation a
presence of EDTA. The fluorescence intensity is the relative
through the data is the fitting to Eq. (2).

5

Since we observed binding between NUPR1 and
PADI4, as monitored by both fluorescence and
NMR, we decided to measure quantitatively such
binding by using fluorescence. The titration curve
yielded a dissociation constant for the complex
NUPR1/PADI4 in the presence of EDTA of
18 ± 6 lM (Figure 3), and the exact same value
was observed in the presence of Ca(II)
(Figure S3). Thus, there were no changes in the
affinity between the two proteins in the presence
NUPR1 and NUPR1L to PADI4 as measured by
the fluorescence at 330 nm (after excitation at 295 nm)
A. The fluorescence intensity is the relative signal after
a is the fitting to Eq. (1). (B) Titration curve monitoring the
t 280 nm) when NUPR1L was added to PADI4 in the
signal after removal of the corresponding blank. The line
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of the ion, and thenwe did not pursue any longer the
investigation of the effects of Ca(II) in the binding to
PADI4 of the mutants of NUPR1, or of wild-type
NUPR1L. Furthermore, the binding with wild-type
NUPR1 was observed to be stronger than that
with the Thr68Gln mutant (Figure S2 (B)).
To sum up, NUPR1 and PADI4 interacted with an

affinity constant in the low micromolar range, and
the region of NUPR1 involved in the binding was
mainly that around Ala33.
Computational prediction of the interaction
between PADI4 and NUPR1

Molecular docking was used to obtain additional
information on the binding between PADI4 and
NUPR1. Because of the intrinsically unfolded
structure of NUPR1, we considered the docking
on the surface of PADI4 of seven-residue
fragments encompassing the whole sequence of
this IDP. In fact, this methodology has proved to
be successful to study the binding of NUPR1 to
other folded proteins27,30,31 and to organic synthetic
compounds.46–48

Figure 4 shows the binding affinity predicted for
the various fragments, as a function of the NUPR1
sequence. The curve for wild-type NUPR1
(Figure 4, solid line) shows a global minimum in
correspondence of the two seven-residue
fragments centered on Asp28 and Ala33 and,
therefore, overall includes the contribution of
residues 25–36. The affinity was relatively
favorable ([ –9 kcal/mol), comparable to the one
predicted for the association of this region to some
specific binding sites of NUPR1 molecular
partners, such as the basic binding patch in the
groove of the armadillo-repeat domain of PKP1.31

A less pronounced local minimum in the curve
was also visible in correspondence of residues
Figure 4. Predicted affinity for the binding to PADI4 o
energy is obtained from molecular docking of seven-residue f
and symbols) and the Ala33Gln/Thr68Gln protein mutant (d

6

Gln13 and Glu18, and another one around Ser58.
Notably, the affinity values corresponding to resi-
dues Ala33 and Thr68 in wild-type NUPR1 both dra-
matically reduced (by �1 kcal/mol) upon their
mutation to glutamine (Figure 4, dotted line). These
results agree with our experimental findings
obtained with the two NUPR1 mutants, because
substitution of Ala33 fully abolished the binding to
PADI4 (Figure S2 (A)), and substitution of the sole
Thr68 resulted in a less favorable binding (Figure S2
(B)).
In all cases, it must be noted that the docking

scores obtained in simulation should be
considered as a lower limit (i.e., the affinity
corresponding to the most favorable, ‘ideal’ case)
for the actual binding energies of the NUPR1
fragments. In fact, the binding modes found for
single NUPR1 fragments: (i) may not correspond
to conformations easily accessible to each
sequence segment when the intact polypeptide
chain is considered; and (ii) the docking technique
is more accurate in determining the enthalpic
component of the binding, but does not consider
the dynamics of the molecular system, which will
likely tend to hamper the association in this case.
Despite the limitations of the simulation

techniques discussed above, based on our
findings, we could draw two simple but important
conclusions. First, the simulation can correctly
reproduce our experimental results, at least
qualitatively, and contributes to pinpoint the region
around the 30 s of NUPR1 sequence as the most
important one for the binding to PADI4. This
region is also the key hot spot for the interaction
of NUPR1 with other molecular partners,26,30,31

and this could be considered a further confirmation
of the reliability of the simulation predictions. As a
second conclusion, we point out that other regions
of NUPR1 had a binding energy that almost
f fragments of the sequence of NUPR1. The binding
ragments performed for both wild-type NUPR1 (solid line
otted line and empty symbols).
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matched that of the region around the 30 s in the
interaction with the surface of PADI4, although
being less favorable. In the context of a very hydro-
philic and disorder-prone polypeptide chain such as
NUPR1, this could be expected to result in a very
dynamic and fuzzy ensemble of bound conforma-
tions of this IDP in complex with PADI4.
The most favorable docking poses obtained in

simulation for the fragments of the sequence of
NUPR1 were also mapped on the surface of
PADI4, to identify their preferred binding locations.
The results reported in Figure 5 clearly suggest
the crevices at the interface of the two monomers
of PADI4 as the favored region for the interaction.
The docking poses were found clustered in four
possible binding locations, which could be
considered corresponding to two sole binding
patches due to the symmetry in the structure of
the PADI4 homodimer.43 These two binding
patches are at the interface between either of the
two immunoglobulin-like b-structure subdomains
at the N terminus, which are present in each mono-
mer of PADI4, and the facing a -structure domain (at
the C terminus) belonging to the other monomer. In
particular, most of the docking poses appeared to
be in contact with the immunoglobulin-like subdo-
mains closer to the central region of PADI4. These
four binding patches (or, more precisely, two cou-
ples of symmetric of patches) on the surface of
PADI4 may provide a further variety of possibilities
for the interaction between the two proteins.
Figure 5. Predicted locations for the binding to PADI4 o
The two monomers in the homodimer of PADI4 are repre
Molecular docking was performed by considering seven-re
entire protein sequence. Fragments follow a rainbow color sch
from the N to the C terminus of NUPR1.

7

Evidence of the interaction of NUPR1 with
PADI4 in an intracellular environment

To test whether interaction between endogenous
PADI4 and NUPR1 occurred within cells, we used
different GBM cell lines. To perform these
experiments, we used the patient-derived GBM
cell lines HGUE-GB-16, HGUE-GB-18, HGUE-
GB-37, HGUE-GB-39, HGUE-GB-40, HGUE-GB-
42, and HGUE-GB-48.49,50 They have been previ-
ously described to show different sensitivity/resis-
tance profile to a variety of cancer treatments and,
therefore, we hypothesized that PADI4 and NUPR1
could have different degree of association within
these cell lines.49 First, we performed IF experi-
ments to address whether both proteins were
expressed and colocalized in the same cellular
compartments for the different cell lines (Figure S3).
Interestingly, we found that the two proteins were
highly expressed in every patient-derived cell line.
Moreover, the fact that both proteins shared a
nuclear staining, as shown by the colocalization
with DAPI, indicates the possibility that they could
interact within the nuclear compartment (Figure S3).
Subsequently, we sought to confirm their interaction
by using the Duolink in situ assay. This technique,
known as PLA, resolves the binding of proteins that
occurs at distances shorter than 16 �A. The green
fluorescent spots, corresponding to the PLA sig-
nals, indicates that PADI4 efficiently interacted with
NUPR1 within the nucleus of GBM cells (Figure 6).
f fragments encompassing the sequence of NUPR1.
sented in slightly different colors (dark and light grey).
sidue fragments of NUPR1, overall encompassing the
eme (red? yellow? green? cyan? blue?magenta)



Figure 6. proximity ligation assays of PADI4 with wild-type NUPR1. Mouse anti-human PADI4 and rabbit anti-
human NUPR1 were tested to reveal the interaction between the proteins in different patients-derived GBM cells.
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It is important to highlight that, regardless of the
patient’s cell line, our results strongly indicate that
PADI4 and NUPR1 are expressed, and efficiently
interacted within the nuclear compartment of GBM
tumor cells. As, so far, it was thought that the
major role of PADI4 in the nucleus was histone
citrullination, the fact that in this location it can
also bind NUPR1 opens new venues to elucidate
the role of both proteins in tumorigenesis.
8

The isoform of NUPR1, NUPR1L, also
interacted with PADI4

Given that the isoform of NUPR1, i.e. NUPR1L,
can interact with typical partners of NUPR1, such
as prothymosin a and the C-terminal region of
RING 1B,37 we wondered whether NUPR1L could
bind to PADI4, as well. As described above for
NUPR1, we first performed steady-state fluores-
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cence and far-UV CD experiments, and next we
measured the affinity between NUPR1L and PADI4
by means of fluorescence titrations. In fact, we
observed a variation in the intensity between the flu-
orescence spectrum of the complex and that
obtained by the addition of the spectra of the iso-
lated macromolecules (Figure 7 (A)), similar to the
results for wild-type NUPR1 (Figure 1 (A)). On the
other hand, conversely to what happened with
NUPR1 (Figure 1 (B)), for NUPR1L the far-UV CD
spectrum of the complex and that resulting from
the addition of the spectra did show differences
Figure 7. Binding of NUPR1L to PADI4 as monitor
spectrum obtained by excitation at 280 nm of the NUPR1L/
sum of the spectra of the two isolated macromolecules. (B) F
addition spectrum obtained by the sum of the spectra of the

9

(Figure 7 (B)). Following the same reasoning
applied above for NUPR1, these results suggest
that, upon binding to PADI4, there was a certain
degree of ordering in NUPR1L, which is also an
IDP in isolation.37 Fluorescence titrations of
NUPR1L over PADI4, in the absence of Ca(II), led
to an apparent dissociation constant of 14 ± 4 lM,
which is similar, within the error, to that obtained
for wild-type NUPR1 (Figure 3 (B)). Therefore, we
can conclude that NUPR1L was also capable of
binding to PADI4 in vitro.
ed by spectroscopic techniques: (A) Fluorescence
PADI4 complex, and addition spectrum obtained by the
ar-UV CD spectrum of the NUPR1L/PADI4 complex, and
two isolated macromolecules.
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Discussion

NUPR1 was bound to PADI4 in vitro and in the
cell

We have identified and characterized the
interaction between NUPR1 and the enzyme
PADI4, both being involved in stress-mediated cell
responses, carcinogenesis, and cancer
progression. The interaction between the two
proteins was specific, as shown by two pieces of
evidence: (i) the results in cellulo of the PLAs
(Figure 4); and (ii) the findings obtained with the
Thr68Gln and Ala33Gln/Thr68Gln mutants of
NUPR1 in vitro (Figure S2). The mutations at
those two specific residues decreased, or
completely abolished in the case of Ala33, the
interaction between NUPR1 and PADI4. The
importance of residue Ala33 and of the
surrounding regions of the sequence in the
binding was further confirmed by the docking in
silico of the complexes of PADI4 with wild-type
NUPR1 and its mutants (Figure 4). The
spectroscopic results further indicated that NUPR1
remained fuzzy in the complex formed,42 as it hap-
pens in its other complexes either with other folded
polypeptides30–32 or with DNA.25

The recognition region of NUPR1 involved
residues around the 30 s region in the sequence,
as suggested by the NMR and protein-engineering
results, and further confirmed by the docking
simulations (Figures 4 and 5). The aromatic
residues in this region have been previously
described to intervene also in the binding to: (i)
prothymosin a33; (ii) the C-terminal region of
RING1B30; (iii) importin a326,27; and (iv) PKP1.31

In fact, previous molecular simulations contribute
to indicate that aromatic residues in that region
(Tyr30 and Tyr36) also play a role in the association
to DNA36 and in the binding of drugs designed to tar-
get NUPR1.46–48 Not only the 30 s region of NUPR1
is a hot spot, but Thr68, as it happens in the binding
with other proteins or DNA,25–27,30,31 did also inter-
vene in the interaction with PADI4, although it did
so to a lesser extent (Figure S2). Conversely, this
residue is key in the interaction with importin a3 dur-
ing translocation, as its phosphorylation hampers
binding to this karyopherin.27 The fact that mutation
of the sole residue Ala33 in NUPR1 can disrupt
binding to another macromolecule is not unusual.
A similar effect of full disruption in the binding to
molecular partners by mutation of a single residue
has been observed for a -synuclein51,52 or some
kinases.53,54 In addition, our findings in this work fur-
ther pinpoint that the short linear motif55 including
Ala33 was mainly responsible for the binding of
NUPR1 to PADI4 (Figure 2).
Not only the intervening hot spot region, but also

the measured Kd of NUPR1 for PADI4 (�10 lM)
was similar to that observed for the binding of this
IDP to other proteins25–27,30,31 and small organic
compounds.46 Such affinity is relatively small, but
10
we believe that this low value is enough to obtain
a proper control of the several regulation routes
where NUPR1 intervenes,28,29,38 achieving a high
specificity despite a low affinity. Affinities in the
range 1–10 lM have also been described in the for-
mation of fuzzy complexes, involving at least an IDP
that remains disordered upon binding.42,56
PADI4 and the NUPR1 isoform, NUPR1L, also
interacted in vitro

NUPR1L is an isoform of NUPR1, and it is also an
IDP, although with some evidence of residual
structure. This protein is oligomeric, and capable
of binding to NUPR1.37 In contrast to what hap-
pened with NUPR1, binding of NUPR1L to PADI4
caused an ordering of the former (Figure 7 (B)),
suggesting that the complex NUPR1L/PADI4 was
not as disordered as that of NUPR1/PADI4. The
affinity constant for PADI4 of both isoforms was
similar, but it must be kept in mind that such con-
stant for NUPR1L should include the contribution
due to its self-association. Studies with other pro-
teins capable of binding to both NUPR1L and
NUPR1 have shown differences in their affinities
for each isoform.37 Conversely to what happens in
the binding of NUPR1L to both prothymosin a and
NUPR1,37 it remains unclear whether its residue
Trp62 was involved in the binding to PADI4, as
the latter has several tryptophan residues, whose
fluorescence hampers any conclusion.
Biological implications of the interaction
between PADI4 and NUPR1

Although NUPR1 is an oncogene known to
regulate carcinogenesis, tumorigenesis and
metastasis,38,57 it also has a suppressive function
in several cancers.38,58 On the other hand, PADI4
is activated in a large proportion of cancer tissues,
probably due to citrullination of several proteins,39,59

but it also acts as a tumor suppressor in regulating
breast cancer stem cells.60 Since both proteins can
have several opposite functions (oncogene and
suppression) in cancer cells, in the next para-
graphs, we hypothesize how the formation of the
newly-identified NUPR1/PADI4 complex, described
in this work, might modulate several cell functions.
Some of these hypotheses are being currently
investigated in our laboratories.
PADIs catalyze the PTM of peptidyl arginine to

citrulline. This citrullination reaction is a hydrolytic
deamination removing the positive charge of the
arginine side-chain. The human isoform PADI4 is
nuclear-targeted, calcium-regulated, and it
intervenes in gene regulation by citrullination of
histones and in chromatin remodeling. The
regions of PADI4 that are involved in the binding
to NUPR1 are not yet fully experimentally
identified, but based on our simulation results we
predict that they are close to both the
immunoglobulin-like domains and to the interface
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of its two monomers. It is interesting to note that the
N-terminal immunoglobulin-like domains of PADI4
have been already indicated as being involved in
the binding to the p53 protein61 and of the inhibitor
growth 4 (ING4), which is also citrullinated.62 On
the other hand, NUPR1 interacted with PADI4
through the hot spot comprising residues around
Ala33, and with a contribution of Thr68, as shown
by NMR, site-directed mutagenesis (Figure S1
(B)), and our in silico results (Figure 4). NUPR1
has 9 arginine residues out of 82 amino acids, at
residue number 42, 45, 48, 56, 64, 75, 78, 81, and
82. Given that NUPR1 does not contain any argi-
nine around the 30 s, which is the main interacting
region with PADI4, and Arg64 and Arg75 are close
to Thr68, it seems unlikely that NUPR1 is a sub-
strate for PADI4. However, at this stage, we cannot
rule out that citrullination of NUPR1 is involved in
the binding between the two proteins. We hypothe-
size that a possible role of NUPR1/PADI4 complex
formation could be the regulation of PADI4 function.
PADI4 is Ca(II)-regulated, but ion concentrations
required to achieve maximal PADI4 activity are
100–1000 fold higher than those observed in acti-
vated cells. On the other hand, binding of NUPR1
could modify the conformation of the PADI4 active
site, through an allosteric mechanism, in a similar
fashion as the binding of Ca(II) to PADI4 does.
Therefore, we can speculate that PADI’s calcium
dependency is altered by the interaction with
NUPR1. Along this hypothesis, antibodies isolated
from patients with rheumatoid arthritis might bind
and activate PADI4 by lowering the Ca(II) concen-
tration required for its maximal activity.63

The mechanisms that regulate PADI4 function
and how it works within cells remain unclear.40,41

It is known that estrogen regulates the expression
of PADI4 through both the classical and non-
classical pathways.64 It has also been reported that
p53 transactivates PADI4 through a p53-binding
site at the first intron.15 Moreover, the significance
of PADI4-mediated protein citrullination in the p53-
signaling pathway has been proved by attenuating
p53-mediated growth-inhibitory activity after the
knockdown PADI4 expression.17 PADI4 is involved
in the repression of p53-target genes by interacting
with the C-terminus of p53, as well as having other
modulation effects on p53-target genes.15,16 As
PADI4 has histone-deiminase activity, it results in
the negative regulation of downstream p53-target
genes, and thus PADI4 functions as a p53 co-
repressor. Moreover, NUPR1L is also p53-
regulated, and its expression down-regulates that
of the NUPR1 gene, leading to binding to NUPR1.
We suggest that the formation of the complex
NUPR1/PADI4 might avoid the repression of p53
and, in addition, hampering the binding of NUPR1
by its own isoform.
In response to DNA damage, histones H3 and H4

are citrullinated by PADI4, which in turn promotes
DNA fragmentation.13 In addition, DNA damage
11
triggers the formation of a complex between
NUPR1 and the male specific lethal protein
(MSL).25,65 The NUPR1/MSL complex protects
cells from death. The possibility of forming a com-
plex NUPR1/PADI4 might hamper the activation of
the two DNA-repair routes, and thus it could be a
way of modulating such repair.
The role of NUPR1 in cancer progression was

identified in the study of breast metastasis from
breast cancer.66 This study has shown that expres-
sion of NUPR1 allows one to discern between
metastatic-potential breast cancer cells and those
without such potential; that is, NUPR1 is necessary
for the establishment of cells derived from breast
cancer cells in a secondary organ. Citrullination of
glycogen synthase kinase-3b (GSK-3b) by PADI4
induces epithelial-to-mesenchymal transition in
breast cancer cells,67 which is a key step in breast
cancer cells to achieve metastasis in other organs.
We suggest that the presence of NUPR1, and for-
mation of its complex with PADI4, might hamper
the citrullination of GSK-3 b,and therefore would
decrease the epithelial-to-mesenchymal transition
in breast cancer cells.
Altogether, then, our results demonstrate the

interaction between PADI4 with NUPR1 and
NUPR1L, and they might highlight the importance
of this complex in tumorigenesis and shed some
light in the possible regulation mechanisms of
these proteins.
Materials and methods

Materials

Imidazole, Trizma base and acid, DNase,
SIGMAFAST protease tablets, NaCl and Ni(II)-
resin, were from Sigma (Madrid, Spain). Isopropyl-
b-D-1-thiogalactopyranoside, kanamycin and
ampicillin were obtained from Apollo Scientific
(Stockport, UK). Dialysis tubing with a molecular
weight cut-off of 3500 Da, Triton X-100, TCEP
(Tris(2-carboxyethyl)phosphine) and the SDS
protein marker (PAGEmark Tricolor) were from
VWR (Barcelona, Spain). Amicon centrifugal
devices with a molecular weight cut-off of 30 kDa
or 3 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.
Protein expression and purification

PADI4, NUPR1 and NUPR1L were purified as
previously described.18–20,24,25,37 Protein concen-
trations were determined by UV absorbance,
employing an extinction coefficient at 280 nm esti-
mated from the number of tyrosines (in particular,
NUPR1 has only two tyrosine residues) and trypto-
phans in each protein.68
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Fluorescence
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, by excitation
at either 280 or 295 nm. The other experimental
details have been described elsewhere.69 Appropri-
ate blank corrections corresponding to curves
obtained for samples containing only buffers were
made in all spectra. Following the standard proto-
cols used in our laboratories, the samples were pre-
pared 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, Krui-
beke, Belgium) was used. Concentration of PADI4
was 2 lM (in protomer units) and those of NUPR1
or NUPR1L were 20 lM (in protomer units for the
latter). Experiments were performed in 20 mM Tris
buffer (pH 7.5), 5 mM TCEP, 150 mM NaCl,
10 mM EDTA and 5 % glycerol, in triplicates with
newly prepared samples. Variations of results
among the experiments were lower than 5 %.

Binding experiments of PADI4 with wild-type
NUPR1. For the titration of wild-type NUPR1 with
PADI4, increasing amounts of monomeric
NUPR1, in the concentration range 0–30 lM,
were added to a solution with a fixed
concentration of PADI4 (2 lM, in protomer units).
Experiments were carried out in the buffer
described above, with the same experimental set-
up; experiments were also carried out in the
presence of buffer, without EDTA and with 10 mM
Ca(II). In all cases, the appropriate blank
corrections with solutions containing only the
corresponding amount of NUPR1 were applied.
Spectra were corrected for inner-filter effects.70

The titration was repeated three times, using new
samples. In the three cases, the variations in the
results 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 NUPR1 concentration to a general
binding model, explicitly considering ligand
depletion in solution71,72:

F ¼ F 0 þ DFmax

2 PADI4½ �T
ð NUPR1½ �T þ PADI4½ �T þ Kd Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð NUPR1½ �T þ PADI4½ �T þ Kd Þ2 � 4 NUPR1½ �T PADI4½ �T

� �r

ð1Þ

where F is the measured fluorescence of the solution
with the fixed PADI4 concentration (2 lM, in protomer
units) and a given value for NUPR1, after subtraction of
the corresponding blank with the same concentration of
the latter; DFmax is the largest change in the
fluorescence of NUPR1 when saturation was reached,
compared to the fluorescence of each isolated chain;
F0 is the fluorescence intensity when no NUPR1 was
12
added; [PADI4]T is the constant, total concentration of
PADI4 (2 lM, in protomer units); and [NUPR1]T is that
of NUPR1, which was varied during the titration. Fitting
to Eq. (1) was carried out by using KaleidaGraph
(Synergy software, Reading, USA).

Binding experiments of PADI4 with NUPR1
mutants. For the titration of mutants with PADI4,
increasing amounts of either the single mutant
Thr68Gln or the double mutant Ala33Gln/
Thr68Gln of NUPR1, in the concentration range
0–30 lM, were added to a solution with a fixed
concentration of PADI4 (2 lM, in protomer units).
Experiments were carried out as described for
wild-type NUPR1, with the same experimental set-
up, in the presence of 10 mM EDTA.

Binding experiments of PADI4 with NUPR1L. For
the titration of NUPR1L with PADI4, increasing
amounts of NUPR1L species, in the concentration
range 0–25 lM, were added to a solution with a
fixed concentration of PADI4 (2 lM, in protomer
units). Experiments were carried out in the buffer
described above, with the same experimental set-
up, in the presence of 10 mM EDTA. In all cases,
the appropriate blank corrections by using spectra
obtained for solutions containing only the
corresponding amount of NUPR1L were applied.
Spectra were corrected for inner-filter effects.70

The titration was repeated three times, using new
samples. In the three cases, the variations in the
results 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 NUPR1L concentration to a general
binding model, explicitly considering ligand
depletion in solution71,72:

F ¼ F 0 þ DFmax

2 PADI4½ �T
ð NUPR1L½ �T þ PADI4½ �T þ Kd Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð NUPR1L½ �T þ PADI4½ �T þ Kd Þ2 � 4 NUPR1L½ �T PADI4½ �T

� �r

ð2Þ

where the symbols in Eq. (2) have the same meaning as
those in Eq. (1). However, it is important to indicate that
the Kd obtained from Eq. (2) was an apparent
dissociation constant, as NUPR1L is an oligomer with a
self-dissociation in the order of nM.37

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 cell was used (Hellma, Kruibeke,
Belgium). All spectra were corrected by
subtracting the corresponding baseline.
Concentration of each polypeptide (wild-type
NUPR1, NUPR1L, or PADI4) and the buffers used
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were the same used for fluorescence experiments.
We could not obtain meaningful data below
�200 nm, for any of the two proteins, due to the
absorbance of the components of the buffer
(Figure S1). 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 (at 25 �C) and those of the
corresponding complex (NUPR1/PADI4 or
NUPR1L/PADI4) were acquired as an average of
6 scans, at a scan speed of 50 nm/min, with a
response time of 2 s and a band-width of 1 nm.

Nuclear Magnetic Resonance (NMR)

The NMR experiments were performed on a
Bruker Avance DRX-500 spectrometer (Karlsruhe,
Germany) equipped with a triple resonance probe
and z-pulse field gradients. Spectra were acquired
at 25 �C and pH 7.2 (Tris, 50 mM); probe
temperature was calibrated with a methanol NMR
standard.73 It is important to indicate here that the
buffer employed in the NMR experiments is slightly
different to that used in the far-UV CD and fluores-
cence experiments, to increase the signal-to-noise
ratio in the spectra (which would deteriorate in the
presence of high NaCl concentration, EDTA, TCEP
and glycerol).
The cross-peaks in the 2D 1H-15N HSQC NMR

spectra74 of NUPR1 were identified by using previ-
ously determined assignments at pH 4.5.25 We did
not carry out the study of the binding between
NUPR1 and PADI4 at this pH value, because the
latter precipitates at acidic conditions.18 The num-
ber of signals observed in the 2D 1H-15N HSQC
NMR spectra at pH � 7.0 dramatically decreased
when compared to low pH due to hydrogen-
exchange at physiological conditions, as it has been
observed when exploring binding to other part-
ners30,31,75 (see also Results section).The sample
containing the mixture of NUPR1 and PADI4 was
prepared by using Amicon centrifugal devices of
3 kDa cut-off, where both proteins were initially
mixed at dilute concentrations in buffer in 20 mM
Tris (pH 7.5), 5 mM TCEP, 150 mM NaCl, 10 mM
EDTA and 5 % glycerol, and then concentrated
and exchanged to deuterated Tris buffer, used in
NMR experiments.
Spectra were acquired in the TPPI (time

proportional phase increment) mode. The
concentration of 15N-labeled NUPR1 was 100 lM
either in isolation or in the presence of 300 lM of
PADI4. The spectra were typically acquired with
2,048 complex points in the 1H dimension, 60
complex points in the 15N dimension, with 32 or 64
scans. Typical spectral widths for the 2D 1H-15N
HSQC NMR spectra were 6,000 (1H) and 1,500
(15N) Hz. The resulting matrix of each experiment
was zero-filled to double the number of original
points in all dimensions, and shifted squared sine-
13
bell apodization functions were applied before
Fourier transformation. NMR data were processed
and analyzed using TopSpin 1.3 (Bruker,
Karlsruhe, Germany). Signal intensities in the two
NMR spectra (of isolated NUPR1, and in the
presence of PADI4) were measured, and in each
experiment, intensities were corrected by the
corresponding value of the receiver gain. Spectra
were calibrated with external TSP for 1H and for
the indirect dimensions, as previously described.73
Molecular docking

Molecular docking was used to study the binding
of PADI4 and NUPR1 in a simplified way, because
of the relatively large size of PADI4 (a homodimer
with 663 residues in each monomer) and, more
importantly, the intrinsically unfolded character of
NUPR1 (an 82-residue-long fully disordered
sequence). The structure of PADI4 was built on
the basis of the X-ray diffraction model deposited
in the Protein Data Bank (PDB entry: 3APN.43 The
binding affinity towards PADI4 was predicted by
considering seven-residue fragments encompass-
ing in total the whole sequence of NUPR1, following
the same protocol we adopted in other previous
works.30,31,27,76 The fragments were capped at the
N- and C-terminal endings by using an acetyl and
amide moiety, respectively – with the exceptions
of the protein termini, where the –NH3

+ and –COO–

groups were preserved.
The simulations were performed by using the

docking engine AutoDock Vina, version 1.1.2.77

Apolar hydrogen atoms were subsumed in the car-
bon atoms they are attached to, whereas polar
hydrogens were explicitly considered for both the
docking host protein PADI4 and the guest frag-
ments of NUPR1. A blind exploration was carried
out with an exhaustiveness twice larger with respect
to the default value.78 The search volume was cen-
tered on the PADI4 homodimer and had the size of
110�A� 70�A� 110�A, which was enough to include
the whole protein surface. Full flexibility due to rota-
tions around each dihedral angle was guaranteed to
the NUPR1 fragments.
Cell lines

Isolation of the seven, primary human GBM cell
lines (HGUE-GB-16, HGUE-GB-18, HGUE-GB-
37, HGUE-GB-39, HGUE-GB-40, HGUE-GB-42
and HGUE-GB-48) was performed from surgical
washes, as reported previously.49 GBM cells were
cultured in Dulbecco’s Modified Eagle’s Medium:
Nutrient Mixture F-12 (DMEM F-12) (Gibco, New
York, USA), supplemented with 10 % (v/v) heat-
inactivated fetal bovine serum (FBS) (HyClone/
Cytiva, Little Chalfont, UK) and 1 % (v/v) penicillin/
streptomycin mixture (Biowest, Bradenton, USA).
Cells were incubated at 37 �C in a humidified 5 %
CO2 atmosphere as previously described.49,50
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Immunofluorescence (IF)

An amount of 40,000 GBM cells were seeded in
twenty-four-well plates on coverslips.25,30 After fixa-
tion, cells were incubated with a mouse anti-PADI4
(1:200, mouse; Abcam, Cambridge, UK) primary
antibody and anti-NUPR1 antibody (1:100, rabbit;
homemade). 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 (Invitro-
gen, Barcelona, Spain) and DAPI (40,6-diamidino-
2-phenylindole, Thermo Fisher Scientific, Valencia,
Spain) was used to stain the nucleus. Image acqui-
sition was carried out by using a confocal micro-
scope LSM 880 (�63 lens) controlled by Zeiss
Zen Black (Zeiss, Oberkochen, Germany).

proximity ligation assay (PLA)

An amount of 40,000 GBM cells of each patient
were seeded in twenty-four-well plates on
coverslips. Cells were assayed 24 h later. Cells
were washed twice in phosphate buffer solution
(PBS), fixed, washed twice again, permeabilized
in PBS/0.2 % Triton X-100, and saturated with
blocking solution for 30 min before
immunostaining with Duolink by using PLA
Technology (Merck, Madrid, Spain), following the
manufacturer’s protocol. Anti-PADI4 and anti-
NUPR1 primary antibodies were used. Then,
slides were processed for in situ PLA by using
sequentially the Duolink In Situ Detection
Reagents Green, Duolink In Situ PLA Probe Anti-
Mouse MINUS, and Duolink In Situ PLA Probe
Anti-Rabbit PLUS (Merck, Madrid, Spain). In these
experiments, green fluorescence corresponds to
the PLA-positive signal, and it indicates that the
two proteins are bound to form a complex. Blue
fluorescence corresponds to nuclei (so-called
DAPI staining). To check the specificity of the PLA
signal, negative control experiments omitting one
of the primary antibodies and positive controls25,30

were performed. Image acquisition was carried
out by using the same confocal microscope
described above.
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Appendix A. Supplementary Data

The supplementary material contains: far-UV CD
spectra of isolated NUPR1 and PADI4 in 20 mM
Tris buffer (pH 7.5), 5 mM TCEP, 150 mM NaCl,
10 mM EDTA and 5 % glycerol (Figure S1);
fluorescence titration curves for Thr68Gln and
Ala33Gln/Thr68Gln mutants of NUPR1 in the
presence of PADI4 and 10 mM EDTA (Figure S2);
fluorescence titration curve of wild-type NUPR1
when added to PADI4 in the presence of 10 mM
Ca(II) (Figure S3); IF experiments on PADI4 with
NUPR1 in several patient-derived cell lines
(Figure S4). Supplementary data to this article can
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