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Abstract

The inhibitor of growth 4 (ING4) acts as a tumor suppressor regulating chromatin structure. Due to
this nuclear function, ING4 has a nuclear localization signal (NLS), which is recognized by the cellular
translocation machinery mainly formed by proteins named importins, which include the isoform impor-
tin a3 (Impa3) to allow movement through the nuclear membrane. Peptidyl arginine iminohydrolases
(PADIs) are enzymes involved in the posttranslational modification of arginine to citrulline. PADI4, one
of the five isoforms of PADI in humans, citrullinates ING4 at the NLS region. We studied in vitro and
in silico how the different degrees of citrullination affected binding of the NLS of ING4 to PADI4,
Impa3 and its truncated species (DImpa3), lacking the importin binding domain, by using several bio-
physical techniques and molecular simulations. To that end, we synthesized eight peptides encom-
passing the NLS of ING4 (residues 130–152), with single, double and triple citrulline replacements
at Arg132, Arg142 and Arg144. The peptides were monomeric and disordered, as tested by DOSY,
1D- and 2D-1H NMR experiments. All the peptides were capable of binding to PADI4 with low micro-
molar affinities, but their affinity decreased as the fraction of citrullination increased. Moreover, all pep-
tides could bind to both importin species with affinities in the low micromolar range, and their affinities
were also dependent on the citrullination degree. The peptides targeted the canonical NLS binding site
for cargo proteins of both importin species. These findings suggest that: (i) citrullination at the NLS
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might interfere with ING4 nuclear translocation; and (ii) successive citrullination at the NLS affected
binding to PADI4.
� 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creative-

commons.org/licenses/by-nc/4.0/).
Introduction

Citrullination is a post-translational modification
(PTM) occurring in the presence of Ca2+ and
catalyzed by L-arginine iminohydrolases (PADIs),
a family of proteins also known as peptidyl-
arginine deiminases (EC 3.5.3.15). PADIs
intervene in apoptosis, tissue aging, nerve growth,
inflammation, embryonic development, epithelial
differentiation and transcriptional regulation of
gene expression [1–6]. Furthermore, several
immune diseases and many types of cancers are
associated with an increased presence of some
PADI isoforms and their citrullinated targets in dif-
ferent tissues [6–10]. PADI4 (Q9UM07) is one of
the five isoforms found in humans. Among other cell
locations, PADI4 is usually found in the cytoplasmic
granules of eosinophils, neutrophils or macro-
phages, and in tumor cells, where PADI4 is highly
expressed, either in the cytosol or in the nucleus,
as we have previously shown for several types of
cancer [11]. PADI4 is also involved in gene tran-
scription and immune system modulation [6,12–
15]. PADI4 modulates p53 gene expression, as well
as the expression of other p53-target genes [16,17].
We have recently reported that PADI4 binds to
other key proteins involved in nuclear translocation
and cancer development, such as importin a3
(Impa3) [18]; plakophilin 1 (PKP1) [19]; murine dou-
ble minute 2 (MDM2) and some of its fragments
[20,21]; the RING and YY1-binding protein (RYBP)
[22]; and the Really Interesting New Gene protein
1B (RING1B), in particular with its C-terminal region
(C-RING1B, residues 228–336 of the intact protein)
[23]. We have also shown that PADI4 has an inter-
actome that extends beyond proteins, being cap-
able of binding also to lipids [24].
The human inhibitor of growth 4 (ING4)

(Q9UNL4) belongs to the ING family of tumor
suppressors, composed of five homologous
proteins [25]. ING4 is present in multiple human tis-
sues, and it is very often mutated in various cancers
[26,27]: its decreased expression and dysregulation
is widely observed in the latter [28]. In fact, ING4
plays a key role in cell cycle arrest, autophagy,
apoptosis, hypoxic adaptation, cell contact inhibi-
tion, cell invasion, metastasis, and tumor angiogen-
esis. These features are associated with regulation
of: (i) the chromatin acetylation of H3 by the histone
acetyl transferase complex HBO1; and, (ii) the tran-
scriptional activity of p53 and NF-jB. The structure
of ING4 [27,29–33] consists of a folded antiparallel
coiled-coil domain at its N-terminal region, and a
folded plant homeodomain finger at its C-terminus
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(which is used for binding to the trimethylated his-
tone H3 at Lys4) connected by an 85-residue-long
disordered, basic region, with a bipartite nuclear
localization signal (NLS) and an additional basic
cluster (R142ARSK146), which is used in the binding
to p53 [34].
Nuclear translocation generally occurs through

specific carrier proteins called importins, being
helped by other auxiliary proteins [35,36]. The most
commonly described nuclear import pathway is acti-
vated by the recognition of an NLS in the cargo (pro-
tein) by importin a [37]. The complex formed
between the cargo and importin a binds to importin
b, and the ternary complex goes through the
nuclear pore complex (NPC). Importin a is a modu-
lar protein, having several a-helix armadillo (ARM)
repeat units [35,36]. It contains three regions: (i)
an N-terminal importin b-binding (IBB) domain,
which mediates binding to importin b before trans-
port through the NPC; (ii) a well-folded NLS-
binding domain formed by ten ARM units, which
constitutes the main region of the protein; and, (iii)
a short and disordered C-terminal region, which is
often considered as a part of the main NLS-
binding domain. In the absence of importin b, the
IBB binds to the ARM units involved in NLS recog-
nition [37]. Among other importins, we have consid-
ered Impa3 as a prototype carrier due to its larger
flexibility compared with other isoforms, facilitating
its interaction with various cargos [38]. In addition,
Impa3 can be considered a model protein to inves-
tigate how the NLS sequence of the cargo can
affect the thermodynamics of the binding; in fact,
we have already carried out several studies of the
binding of Impa3 and its truncated species, DImpa3
(without the IBB), to other NLSs [18,39–41].
Since the NLS region of ING4 is the binding

region for p53, and it is also a substrate of PADI4
[42], we wondered whether: (i) the isolated wild-
type region, encompassing the NLS, could also be
a substrate of PADI4; (ii) an increased degree of
citrullination of the NLS could affect the binding to
PADI4; and (iii) the same degree of citrullination
could alter the binding to either Impa3 or DImpa3.
To answer those questions, we synthesized eight
peptides corresponding to the wild-type NLS and
its seven PTMs (with single, double and triple citrul-
lination at positions Arg132, Arg142 and Arg144).
We first characterized the conformational features
of these isolated peptides by diffusion ordered
spectroscopy (DOSY), 1D- and 2D-1H NMR, and
we found that all of them were disordered and
monomeric in aqueous solution. To assess peptide
binding to PADI4, Impa3 and DImpa3 we used fluo-
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rescence, isothermal titration calorimetry (ITC) and
biolayer interferometry (BLI). Whereas the first
technique did not yield realistic values for the asso-
ciation constants, and ITC did not produce any
measurable heat in the binding reaction with PADI4
for most of the peptides, BLI showed binding for all
peptides to each protein. Furthermore, the wild-type
peptide, ING-wt, was citrullinated by PADI4 and,
therefore, it gave us a direct proof that it targets
the active site of the enzyme. There were no rele-
vant differences in the measured affinities for each
of the three proteins among the three single citrul-
line PTMs, or, similarly, among the three double
citrulline ones; in contrast, the triple citrulline PTM
had the lowest affinities for each of the three pro-
teins. Although, in general terms there was a slightly
larger affinity of the peptides for DImpa3 than for
Impa3 (as measured by ITC and BLI), the differ-
ences were not very larger. Molecular simulations
could reproduce the general trend observed in the
experiments in vitro, and provided the additional
information that all the peptides targeted the
expected hot-spots in the two proteins (i.e., the
major NLS binding site of Impa3 and the catalytic
site for citrullination of PADI4). In general, we can
conclude that successive citrullination of the NLS
could interfere the binding to PADI4, Impa3 or
DImpa3, and then, it could affect nuclear
translocation.

Materials and Methods

Materials

Imidazole, Trizma base, DNase, Ni2+-resin,
glycerol, N- a-Benzoyl-L-arginine ethyl ester
(BAEE), L-citrulline, 3-hydroxyimino 2-butanone
(diacetyl monoxime), thiosemicarbazide (TSC),
SO4H2 (98%), PO4H3 (85%), NH4Fe(SO4)2 12
H2O, NaCl, antipyrine, SIGMAFAST protease
inhibitor tablets, 3-(trimethylsilyl) propionic acid-
2,2,3,3-2H4-sodium salt (TSP) and ultra-pure
dioxane were purchased from Sigma (Madrid,
Spain). The b-mercaptoethanol was from BioRad
(Madrid, Spain). Ampicillin and isopropyl- b-D-1-
thiogalactopyranoside were obtained from Apollo
Scientific (Stockport, UK). Triton X-100, TCEP (tris
(2-carboxyethyl)phosphine), GSK484 (Cayman
Chemical), dialysis tubing with a molecular weight
(MW) cut-off of 3500 Da, and the SDS protein
marker (PAGEmark Tricolor) were from VWR
(Barcelona, Spain). Amicon centrifugal devices
with a MW cut-off of 30 or 50 kDa were from
Millipore (Barcelona, Spain). The rest of materials
were of analytical grade. Water was deionized and
purified on a Millipore system.

Protein expression and purification

Impa3 and DImpa3 were purified as described
before [43]. The dimeric protein PADI4 (with 663
residues per monomer) was also purified as previ-
3

ously described [11]. Protein concentrations were
determined by ultraviolet (UV) absorbance, employ-
ing an extinction coefficient at 280 nm estimated
from the number of tyrosines and tryptophans in
both importin species (6 tyrosines and 6 trypto-
phans per monomer, e280 nm = 41,820 M 1 cm 1)
and PADI4 (10 tryptophans and 13 tyrosines per
monomer, e280 nm = 73,540 M 1 cm 1) [44].
Synthesis of the wild-type and citrullinated
variants of the NLS of ING4

Based on previous results of the citrullination of
the NLS of full-length ING4 [42], we devised the
so-called ING peptides for the present study
(Table 1). They were eight peptides, based on the
23-residue-long fragment Lys130-Glu152 of wild-
type, full-length ING4, and encompassing all possi-
ble permutations of citrullination (i.e., the PTM was
either present or absent) in correspondence with
the three residues Arg133, Arg142, and Arg144.
All peptides were soluble and they did not show
any tendency to precipitate at the concentrations
used in the NMR experiments. All of themwere syn-
thesized as acetylated and amidated peptides, to
avoid possible structural fraying at both termini.
We added in all of them a tyrosine at the C-
terminal end to allow for the quantitative determina-
tion of their amount used by employing UV absorp-
tion at 280 nm [44]. A possible influence of the
appended C-terminal tyrosine to the affinity values
(measured either by ITC or BLI) has not been
experimentally ruled out. However, a distinct (i.e.,
systematic rather than aspecific) contribution would
require that this terminal residue be ordered and
part of the core anchoring motif in the bound pep-
tide, which seems unlikely due to its peripheral loca-
tion and the disordered-prone nature of each
peptide in solution (see Results section). The ING
peptides were produced by GenScript (Leiden,
Netherlands), with a purity larger than 95%.
Fluorescence

For the titration of PADI4, Impa3 or DImpa3 with
the ING peptides, increasing concentrations of the
latter, in the range 0–30 lM, were added to a
solution with a fixed amount of each of those
proteins (3 lM in protomer units). Experiments
were carried out at pH 8.0 (50 mM, Tris buffer)
and 25 �C. The samples were excited at 280 and
295 nm, and the experimental set-up has been
described in detail elsewhere [45]. In all cases, the
appropriate blank corrections were subtracted.
Spectra were corrected for inner-filter effects during
fluorescence excitation [46].
We attempted to calculate the dissociation

constant for each complex, Kd, by fitting the
binding isotherm constructed by plotting the
observed fluorescence change as a function of
peptide concentration to the general binding
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M.G. Álvarez-Rodriquez, S. Vega, F. Hornos, et al. Journal of Molecular Biology 438 (2026) 169877

Table 1 Hydrodynamic properties of the ING peptides.a

ING peptide from ING4 D (cm2 s 1) (Rh, A)
b Rh, A

c

K130KGRTQKEKKAARARSKGKNSDE152Y (ING-wt) (1.62 ± 0.01) 10 6 (15 ± 1) 14 ± 2

K130KGCitTQKEKKAARARSKGKNSDE152Y (ING-mut1) (1.82 ± 0.05) 10 6 (13 ± 2) 14 ± 2

K130KGRTQKEKKAACitARSKGKNSDE152Y (ING-mut2) (1.95 ± 0.08) 10 6 (12 ± 2) 14 ± 2

K130KGRTQKEKKAARACitSKGKNSDE152Y (ING-mut3) (1.9 ± 0.1) 10 6 (12 ± 3) 14 ± 2

K130KGCitTQKEKKAACitARSKGKNSDE152Y (ING-dmut1) (2.1 ± 0.2) 10 6 (13 ± 3) 14 ± 2

K130KGCitTQKEKKAARACitSKGKNSDE152Y (ING-dmut2) (2.1 ± 0.2) 10 6 (14 ± 3) 14 ± 2

K130KGRTQKEKKAACitACitSKGKNSDE152Y (ING-dmut3) (1.92 ± 0.04) 10 7 (14 ± 2) 14 ± 2

K130KGCitTQKEKKAACitACitSKGKNSDE152Y (ING-tmut) (2.00 ± 0.08) 10 6 (14 ± 2) 14 ± 2

a All the peptides were amidated at their C-termini, and acetylated at their N-termini. The MW for the ING-wt is 2765.1 Da. The

modified citrullines are indicated in bold.
b The Rh was determined by using the translational diffusion coefficient of dioxane, Rh, of 2.12 A [51] and the Stokes-Einstein

equation. Errors in D are fitting errors to an exponential curve and errors in Rh are due to propagation errors in the calculation [51].
c Calculated from the scale law: Rh = (0.027 ± 0.01) MW (0.50 ± 0.01) [78], where MW is the molecular weight of the peptide. Errors

are due to propagation errors resulting from the equation used. The difference in MW between the wild-type species and each

citrulline variant is 1 Da per introduced citrulline.
model, explicitly considering peptide depletion due
to the binding [47,48]:

F F 0

DFmax

2 P T

P T Pep T K d P T Pep T K d

2
4 P T Pep T

1

where F is the measured fluorescence at any
particular concentration of each ING peptide after
subtraction of the corresponding blank; DFmax is
the largest change in the fluorescence of the ING
peptide when all polypeptide molecules were
forming the complex, taking as reference the
fluorescence of each isolated chain; F0 is the
fluorescence intensity when no ING peptide was
added; [Pep]T is the total concentration of the
peptide, that was varied during the titration; and
[P]T is the constant concentration of PADI4,
Impa3, or DImpa3. Each titration (PADI4, Impa3
or DImpa3 with an ING peptide) was repeated
three times, using newly prepared samples. In all
cases, the variations in the results were lower
than 10%. Fitting to Eq. (1) was carried out by
using KaleidaGraph version 3.5 (Synergy
software, Reading, PA, USA).

Nuclear magnetic resonance (NMR)

The NMR experiments of the ING peptides were
performed at 10 �C on a Bruker Avance 500 MHz
spectrometer (Bruker GmbH, Karlsruhe,
Germany), equipped with a triple resonance probe
and z-pulse field gradients. Spectra were
processed with Bruker TopSpin 2.1 (Bruker
GmbH, Karlsruhe, Germany). All NMR
experiments were carried out in 50 mM sodium
phosphate buffer, at pH 7.2, in the presence of
50 lL of D2O. Spectra were calibrated with TSP,
by considering pH-dependent changes of its
chemical shifts [49]; probe temperature was cali-
brated with methanol [49].

1D-1H NMR spectra. A number of 128 scans were
acquired with 16 K acquisition points for the
4

homonuclear 1D-1H NMR spectra of each isolated
ING peptide at 1.2 mM concentration. Water
signal was suppressed with the WATERGATE
sequence [50]. The spectra were processed after
zero-filling (up to 32 K), apodised with an exponen-
tial window and base-line corrected.

Translational diffusion NMR (DOSY). The
peptide concentrations in DOSY experiments
were 100 lM, and 128 scans were acquired,
with a total amount of data of 16 K in the F2

dimension. Measurements of the translational self-
diffusion coefficient, D, were performed with the
pulsed-gradient spin-echo sequence in the
presence of 100% D2O. Details on the
experimental conditions, calibration of the gradient
strength and fitting of the resulting curves have
been described elsewhere [45]. A final concentra-
tion of 1% of dioxane, which was assumed to have
a hydrodynamic radiusRh of 2.12 A [51], was added
to the solution to estimate the D of the peptides in
solution.

2D-1H NMR spectra. Two-dimensional spectra of
the eight ING peptides were acquired in each
dimension in phase-sensitive mode by using the
time-proportional phase incrementation technique
[52] and a spectral width of 5500 Hz; peptide con-
centration was the same used in the 1D-1H NMR
spectra. Standard TOCSY (with a mixing time of
80 ms) [53] and NOESY experiments (with a mixing
time of 250 ms) [54] were performed by acquiring a
data matrix size of 4096 512 points. The DIPSI
(decoupling in the presence of scalar interactions)
spin-lock sequence [55] was used in the TOCSY
experiments with a relaxation time of 1 s. A number
of 96 scans were acquired per increment in the first
dimension. NOESY spectra were collected with 128
scans per increment in the first dimension with a
relaxation time of 1 s. In both spectra, residual water
signal was removed by using the WATERGATE
sequence [50]. Data were zero-filled, resolution-
enhanced with a square sine-bell window function
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optimized in each spectrum, and baseline-
corrected. The 1H resonances were assigned by
using the standard sequential assignment method
[56]. The chemical shift values of Ha protons in
random-coils were obtained taking into account
neighboring residue effects [56–58].

Isothermal titration calorimetry (ITC)

The binding affinities for the ING peptides
interacting with PADI4, Impa3 or DImpa3 were
determined in a high-sensitivity Auto-iTC200
calorimeter or PEAQ-ITC calorimeter (MicroCal,
Malvern-Panalytical, Malvern, UK). The titrations
were carried out in phosphate buffer (pH 8.0,
50 mM). Protein solutions in the cell at 10–15 lM
were titrated with the ING peptide solutions at
100–200 mM from the injection syringe. In each
experiment a sequence of nineteen injections of
2 lL of titrant solution spaced evenly over 150 s
was programmed, with a stirring speed of 750 rpm
and a reference power of 10 lcal/s. Experiments
were repeated twice.
Data analysis was performed by applying the

single ligand binding site model [59]. Briefly, the
concentration of peptide and protein inside the
calorimetric cell after each injection j were calcu-
lated as follows:

Pep T j Pep syr 1
j

k 1

1 vk
V 0

P T j P cell

j

k 1

1 vk
V 0

2

where [Pep]syr is the concentration of peptide in the
syringe, [P]cell is the initial concentration of protein in
the cell, vk is the volume of each injection, V0 is the
cell volume, and j is the injection number. A factor n
multiplying [P]cell was included in Eq. (2) to account
for a fraction of non-binding-competent protein in
the calorimetric cell. The concentration of complex
P:Pep after each injection was calculated by using
the following expression, which is obtained when
solving the chemical equilibrium for the formation
of the complex:

P Pep
1 Ka P T K a Pep T 1 Ka P T Ka Pep T

2
4K 2

a P T Pep T

2Ka

3

The binding isotherm (ligand-normalized injection
heats as a function of the molar ratio) was built by
integrating the injection heat effects recorded in
the thermogram (thermal power as a function of
time), and the theoretical heat effect was
calculated as follows:

Qj

1

v j L syr

V 0DH P Pep j P Pep j 1 1
v j

V 0

Qd 4

where [P:Pep]j is the concentration of complex
formed after injection j (calculated with Eq. (3))
and Qd is the background injection heat (usually
5

called “dilution heat”, but it includes many other
unspecific phenomena such as mechanical mixing
and buffer neutralization). The equilibrium
association constant, Ka (and the dissociation
constant, Kd = 1/Ka), and the apparent binding
stoichiometry, n, were estimated through non-
linear least squares regression analysis of the
data performed in Origin 7.0 (OriginLab,
Northampton, MA, USA).

Citrulline determination by a colorimetric
assay

A photometric method was carried out to
determine whether PADI4 was capable of
citrullinating BAEE (as a control), or alternatively,
the peptide ING-wt. This method is based in the
reaction of citrulline with oximes in strong acids in
the presence of TSC. The protocol to prepare the
color developed reagent (COLDER) and the
corresponding tests have been described
elsewhere [60] and applied to detect the enzymatic
activity of PADI4 under different conditions
[21,60,61]. For monitoring the citrullination, we also
used the modification of the COLDER reaction in
the presence of antipyrine [62,63], which yields a
yellow-colored compound instead of a red-pink one.
To test the citrullination of isolated peptide ING-

wt, we used the same procedure and protocols
described elsewhere for other assayed peptides
[21]. All the controls and the reactions were made
in duplicate for each of the colorimetric reagents
(COLDER alone or with antipyrine). The control
experiments were performed in tubes containing:
(i) 100 lM of isolated L-citrulline; (ii) only the reac-
tion buffer; (iii) BAEE (100 lM); and (iv) 100 lM of
GSK484 (an inhibitor of the enzyme) and BAEE
(100 lM). The reaction buffer in all cases contained
100 mM Tris (pH 7.6), 50 mM NaCl, 2 mM DTT and
10 mM CaCl2 up to a final volume of 500 lL. To the
tubes containing the reaction buffer except the
ones containing only this buffer, and that with L-
citrulline we added PADI4 from a stock solution,
to yield a final concentration of 0.75 lM (in protomer
units). Next, we added a volume from a stock solu-
tion of peptide ING-wt to yield a final concentration
of 100 lM in the tubes testing its ability to be citrul-
linated. An identical volume of water was added to
the other test solutions. The resulting solutions were
incubated for 25 min at 37 �C in an Innova 4000
New Brunswick Scientific incubator (ThermoFisher,
Madrid, Spain) with a stirring speed of 190 rpm.
All samples were incubated at 37 �C for 25 min in

the same shaker under agitation. Reactions were
quenched by flash freezing the tubes in liquid
nitrogen. For color development, 2 mL of freshly
prepared COLDER solution were added to the
quenched reaction, vortexed to ensure complete
mixing, and incubated for 15 min at 95 �C; the
same amount of reagent containing antipyrine was
added to the other tubes in parallel. After cooling
at room temperature, the samples were
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transferred into 1 mL-quartz cuvettes to acquire
their UV absorption spectra. All these spectra
were recorded between 400 and 600 nm on an
UV–Visible spectrophotometer Shimadzu UV-
1603 by Shimadzu (Kyoto, Japan) at room
temperature. Water was used for the blank
subtraction.

Biolayer interferometry (BLI)
The association (k ) and

Fitting of the

Experimental design. on

dissociation (koff) rate constants of the binding of
the ING peptides to PADI4, Impa3 or DImpa3
were determined by using a BLItz system
(ForteBio, Pall, Barcelona, Spain) [64–68]. The buf-
fer used in the experiments was that recommended
by the manufacturer (Octet kinetics Buffer
10 (10 KB), PN 18-1105, Sartorius). As PADI4,
Impa3, and DImpa3 had a His-tag, they were immo-
bilized on His-tag biosensors (Octet NTA Biosen-
sors, PN 18-5101) at 0.3 lM (in protomer units).
Before the loading, each ING peptide was tested
for binding at the largest concentration assayed
against unloaded tips; in all the cases, we did not
observe any binding. The ING peptide concentra-
tions were in the range from 1 to 20 lM during the
association step. The general scheme of the
protein-association/dissociation reactions was:
30 s of initial baseline acquisitionwith the 10 kinet-
ics buffer; 120 s of loading PADI4, Impa3 or DImpa3
into the His-tag biosensor; 30 s of baseline acquisi-
tion with the 10 kinetics buffer; 120 s of associa-
tion of each ING peptide to the biosensor-
immobilized-PADI4/Impa3/DImpa3; and 120 s of
dissociation of the ING peptide from the
biosensor-immobilized-PADI4/Impa3/DImpa3.
Baseline measurements in the presence of
unloaded tips were subtracted from their matched
measurement taken with the loaded tip. Experi-
ments were repeated twice with new biosensors.

Fitting of the sensorgrams.
sensorgrams was carried out as described
elsewhere [64–68]. The experimentally interferom-
etry response during the association step,R(t), after
loading the biosensor with PADI4, Impa3 or DImpa3
was fitted as:

R t Req Reqe
kobs t t0 Req t t0 5

where the last term was included to consider the
linear drift observed at longer times. In this
equation, the Req is the steady-state (or
equilibrium) response obtained at infinite time,
when dR(t)/dt = 0, and t0 = 180 s is the time at
which the association step started. The value of
kobs obtained at different peptide concentrations is
given by the pseudo-first-order equation:

kobs kon Pep koff 6

where the kon and koff are, respectively, the kinetic
association and dissociation rates of the binding
6

reaction of the corresponding ING peptide to each
of the proteins.
The dissociation process was fitted with R(t)

given by:

R t R2 R1 e koff t t0 Req t t0 7

where t0 = 300 is the time at which the dissociation
of the peptide from the biosensor-bound-PADI4/Im
pa3/DImpa3 started in our experimental set-up, R1

is the response level when dissociation starts, R2

is the response at infinite time values, and the last
term, Req , was included to consider the linear drift

observed at longer times. Separated fittings of the
association and the dissociation steps to Eqs. (5)
and (7), at the different peptide concentrations for
each protein target, were carried out by using
KaleidaGraph. Fitting to Eq. (6) (the so-called
pseudo-first-order plot) was carried out also with
KaleidaGraph.

Molecular docking simulations

Molecular docking simulations were performed to
investigate the binding locations of the ING peptides
on both Impa3 and PADI4. Impa3 was modeled on
the basis of its crystallographic complex with the
NLS of the Ran-binding protein 3 deposited in the
Protein Data Bank (PDB entry: 5XZX [69]. The
structure of Impa3 was considered without both
the N-terminal IBB domain (which inhibits the
anchoring of any other molecular partner when
self-bound to the protein, or is otherwise disordered
and little relevant for the binding when displaced in
the solvent) and the C-terminal region (which is
short and also disordered). PADI4 was modeled
on the basis of its crystallographic structure (PDB
entry: 3APN [70]) and included all its missing loop
regions, reconstructed in silico as previously
described [11]. The ING peptides were modeled
by using UCFS Chimera [71], and included cap-
pings at their N and C termini (acetylated and
methylated, respectively).
The large conformational flexibility (117 rotatable

dihedral angles) of the ING peptides did not allow us
to use most traditional docking software. Therefore,
the molecular docking algorithm DiffDock was
employed, which relies on a diffusion generative
model based on deep learning [72]. Computational
parameters were similar to those we previously
used to simulate the binding of other peptides to
Impa3 and to PADI4 [21,73]: twenty diffusion time
divisions, eighteen actual inference steps, and no
final step noise applied. In all cases, blind docking
simulations were performed starting from the ING
peptides in a fully extended conformation. Local
steric clashes or small distortions (i.e., deviations
from the ideal bond angle values in aliphatic side-
chains) in the output conformations were relaxed
by a short (100 steps) energy minimization using
the steepest descent algorithm with the GAFF force
field [74]. The final docking poses obtained were
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Figure 1. Conformational features of isolated ING
peptides in solution as measured by 1D 1H NMR:
Methyl regions of the 1D-1H NMR spectra of some of the
isolated ING peptides. The signal appearing at 0 ppm is
that of TSP. Spectra were acquired at 10 �C and pH 7.2
(50 mM, sodium phosphate buffer).
visualized by using the molecular software VMD,
version 1.9.3 [75].

Bioinformatic analysis of the peptide
sequences

The bioinformatic analysis tool CIDER
(Classification of Intrinsically Disordered
Ensemble Regions) was used to analyze the
peptide sequences [76]. CIDER calculates parame-
ters such as the fraction of charged residues (FCR),
net charge per residue (NCPR), and charge segre-
gation (j), using as input the sequence in FASTA
format. Since the website of CIDER does not allow
the introduction of citrulline residues, we substituted
in the input a glutamine instead of each citrulline for
the ING peptides with this PTM. In fact, the side-
chains of these two amino acids are similar in terms
of their physico-chemical properties, at least for
those of our interest in this analysis.

Results

Conformational features of the ING peptides

To perform the characterization of the
conformational features of the ING peptides
(Table 1), we carried out 1D- and 2D-1H NMR
studies. We did not use fluorescence to
characterize the structural features of the isolated
peptides, since all of them had a non-natural
tyrosine at the C-terminal region, to allow for
measurement of their concentration. Furthermore,
the position of the maximum wavelength of
tyrosine residues does not change significantly
with its environment [77].
The ING peptides were monomeric, as concluded

from: (i) the value of D measured by the DOSY
experiment (Table 1); and (ii) the estimated Rh

obtained from the comparison with the
experimentally measured D of dioxane by using
the Stokes-Einstein relationship [51]. The estimated
values of Rh were similar to those obtained theoret-
ically for random-coil polypeptides [78] with the
same MWs (Table 1).
The disordered character of the ING peptides was

indicated by the 1D-1H NMR spectra (Figure 1 and
Figure S1), which showed a clustering of all the
methyl protons of alanine around 1.4 ppm. In the
ING peptides, we could not rely on the presence
of methyl groups belonging to Leu, Val or Ile,
between 0.8 and 1.0 ppm in random-coil
environments [56], because the peptide sequences
do not contain such residues (Tables ST1–ST8).
Similarly, the amide protons were clustered
between 8.0 and 8.6 ppm in all peptides (Figures
S2 and S3). These values for alanine methyls and
amide protons are typical of residues belonging to
disordered chains [56].
To further confirm the disordered nature of the

ING peptides, we also carried out 2D-1H NMR
experiments (Tables ST1–ST4). The peptides
7

were mainly disordered in solution, as suggested
by two pieces of evidence. First, the sequence-
corrected conformational shifts (Dd) of Ha protons
[56–58] for unambiguously assigned residues were
within the commonly accepted range for random-
coil peptides (Dd 0.1 ppm) (Tables ST1–ST8).
And second, no long- or medium-range NOEs were
detected, but only sequential ones (i.e., aN (i, i + 1)
and bN (i, i + 1)) in the polypeptide patches fully
assigned (Figure 2). It is interesting to note that
the successive citrullination did not affect the chem-
ical shifts of backbone or side-chain protons (Tables
ST1–ST8).
Therefore, we can conclude that all isolated ING

peptides in solution were monomers with a
disordered conformation.

ING peptides were capable of binding to Impa3
and DImpa3

We carried out fluorescence titrations to
determine the affinity constant towards Impa3 and
DImpa3, fixing the concentration of each of the
importin species, and raising that of the
corresponding ING peptide. We also used ITC to
determine the affinity constant. And, finally, we
used BLI to determine the kinetic parameters of
the binding reactions, and to estimate an affinity
constant of the reaction (to compare with those
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M.G. Álvarez-Rodriquez, S. Vega, F. Hornos, et al. Journal of Molecular Biology 438 (2026) 169877

Figure 2. NOE diagrams of the isolated ING peptides in aqueous solution from the 2D-1H NMR NOESY
spectra: NOEs are classified as strong, medium or weak, and represented by the height of the bar underneath the
sequence; signal intensity was judged from the NOESY experiments. The dotted lines indicate NOE contacts that
could not be unambiguously assigned due to signal overlapping.
obtained by the other two techniques), assuming a
two-state process for the binding of each peptide
to the importin species. It is important to pinpoint
that, in the context of the fluorescence
experiments, we are also assuming that the
unbound and the free species were the only ones
significantly populated (Eq. (1)). However, in the
context of the BLI experiments, if we assume that
there are more than those two species (that is, an
intermediate one exists between the free and
bound states) the equilibrium dissociation constant
cannot be obtained as Kd = koff/kon, but rather by
using more complex relationships [79].
We first carried out fluorescence titrations with

each of the eight peptides and either Impa3 or
DImpa3. We observed a decrease of the
fluorescence intensity as the concentration of the
ING peptide was increased (by following the
titration at either 280 or 295 nm) at any of the
8

s

explored emission wavelengths; however, such
variation could not be fitted to Eq. (1), and we
were not able to determine a reliable Kd value for
any peptide (Figure 3). In Figure 3, a
representative titration curves, we have selected
two peptides for each importin species; in these
examples, the fluorescence spectra were obtained
by excitation at either 280 or 295 nm, and the
emission fluorescence were observed at 315 or
330 nm. In that way, we indicate that the titration
behavior did not depend on: (i) the chosen
peptide; (ii) the excitation wavelength used to
acquire the spectra; or (iii) the emission
wavelength chosen to monitor the binding. In spite
of this, our results further suggest that, since all
the ING peptides contained a tyrosine (Table 1),
and we observed a decrease of the fluorescence
after excitation at 295 nm (where only indole
moieties are excited), the binding took place and
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Figure 3. Fluorescence titration curves of selected ING peptides to either Impa3 or DImpa3: Titration curves
of selected ING peptides with the importin species obtained by either excitation at 280 or 295 nm, observed at
different wavelengths. All experiments were performed at 25 �C. Experiments were repeated three times.
involved at least some of the tryptophans of the
importin species (six residues in each protein).
The calorimetric titrations with the ING peptides

revealed that all of them were capable of binding
to each importin species, Impa3 and DImpa3
(Figures 4 and S4). All the dissociation constants
were in the low micromolar range (Table 2), with
affinities decreasing as the number of citrulline
residues in the peptide raised. Further, the
affinities for DImpa3 were slightly higher than
those for Impa3. A possible influence of the
appended C-terminal tyrosine to the affinity values
has not been experimentally ruled out. However, a
distinct (i.e., systematic rather than aspecific)
contribution would require that this terminal
residue be ordered and part of the core anchoring
motif in the bound peptide, which seems unlikely
due to its peripheral location and the disordered-
prone nature of each peptide in solution (see
9

above, Section ‘Conformational features of the
ING peptides’, and the findings in silico,
Section ‘ING peptides targeted the NLS binding
site of importin species and the active site of
PADI4’).
Finally, we carried out BLI experiments to have

another independent estimate of the apparent
affinity of the binding of each ING peptide
(Table 3, Figures 5 and Figure S5) to the importin
species. It is important to indicate that due to the
attachment of any of the importins to the
biosensor, then some of the potential peptide-
binding regions of the protein could get occluded,
then hampering binding to the peptide. Although
this is true and we acknowledge such limitation,
which is a well-known drawback of the technique
[64–67], in our case, we wanted to have an addi-
tional method to further confirm the binding of the
peptides to the proteins in case that fluorescence
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Figure 4. Quantitative determination of the binding of ING peptides to Impa3 as monitored by ITC:
Calorimetric titrations of Impa3 with the eight ING peptides. Upper panels show the thermograms (thermal power as a
function of time) and lower panels show the binding isotherms (ligand-normalized heat effects per injection as a
function of the molar ratio in the calorimetric cell). Continuous curves correspond to the non-linear least-squares
fittings according to a single ligand binding site interaction model. Experiments were carried out at 25 �C. Experiments
were repeated twice.

10
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Table 2 Thermodynamic parameters of the binding of the importin species to the ING peptides as determined by ITC.a

Impa3 DImpa3

Ka (M 1) Kd (lM) a (M 1) Kd (lM) n

ING-wt 2.6 105 3.8 0.8 3.2 105 3.1 0.9

ING-mut1 1.9 105 5.3 0.9 4.0 105 2.5 0.7

ING-mut2 1.3 105 7.7 1.1 4.3 105 2.3 0.7

ING-mut3 1.6 105 6.3 0.8 2.2 105 4.5 0.9

ING-dmut1 0.80 105 13 1.2 1.3 105 7.7 0.8

ING-dmut2 1.2 105 8.3 1.0 1.3 105 7.7 0.7

ING-dmut3 0.76 105 13 1.0 1.2 105 8.3 0.9

ING-tmut 0.63 105 16 1.2 0.69 105 14 1.3

a Relative error in Ka and Kd is 30%, obtained from two measurements.

Table 3 Kinetic parameters of the binding of importin species to the ING peptides as determined by BLI.

Impa3 DImpa3

kon (lM 1 s 1)a koff (s
1)b Kd (lM) (=koff/kon)

c kon (lM 1 s 1)a koff (s
1)b Kd (lM) (=koff/kon)

c

ING-wt 0.0254 ± 0.0002 0.077 ± 0.001 3.0 ± 0.4 0.024 ± 0.004 0.073 ± 0.001 3.1 ± 0.8

ING-mut1 0.027 ± 0.005 0.078 ± 0.001 2.8 ± 0.7 0.022 ± 0.003 0.063 ± 0.001 2.9 ± 0.6

ING-mut2 0.015 ± 0.003 0.072 ± 0.002 4.7 ± 0.4 0.016 ± 0.002 0.065 ± 0.001 4.0 ± 0.5

ING-mut3 0.016 ± 0.002 0.061 ± 0.002 4.2 ± 0.3 0.020 ± 0.002 0.061 ± 0.001 3.0 ± 0.5

ING-dmut1 0.022 ± 0.003 0.092 ± 0.001 4.2 ± 0.9 0.016 ± 0.006 0.097 ± 0.002 6 ± 2

ING-dmut2 0.015 ± 0.003 0.081 ± 0.001 5.4 ± 0.8 0.014 ± 0.002 0.086 ± 0.001 6 ± 1

ING-dmut3 0.014 ± 0.003 0.088 ± 0.001 6 ± 1 0.021 ± 0.002 0.088 ± 0.001 4.0 ± 0.9

ING-tmut 0.013 ± 0.003 0.110 ± 0.001 8.6 ± 0.9 0.018 ± 0.002 0.14 ± 0.003 7 ± 1

a Obtained from pseudo-first order plots. Error for kon is the fitting error to Eq. (6).
b The pseudo-first order plots had a negative y-axis intercept for: ING-mut2, ING-mut3, ING-dmut2 and ING-dmut3 (with Impa3);

ING-wt, ING-mut1, ING-mut2, ING-mut3, ING-dmut2, ING-dmut3 and ING-tmut (with DImpa3). In this column, the average of all the

koff rates, obtained from the dissociation step of the sensorgrams for each concentration of the corresponding ING peptide, is shown

(the error indicated is the standard deviation of the average value). The dissociation section of the sensorgrams was fit to Eq. (7).
c Errors are obtained from propagation errors for kon and koff. The estimation of the Kd is carried out assuming that the binding

process was two-state [79].
(lack of changes around a tryptophan and/or tyro-
sine) or ITC (lack of an enough amount of heat
exchanged) did not yield affinity constants. In gen-
eral terms for ING peptides, the values of the koff
rates for both importin species were similar for all
peptides, with a slight tendency to raise as the
degree of citrullination increased (Table 3). In con-
trast, there was a general tendency observed for
both importin species (although it was more clearly
observed in Impa3) that, as the degree of citrullina-
tion increased, the value of the kon rate for the bind-
ing reactions decreased. This means that the less
arginine (positive) residues were present, the less
favorable the binding rate was. As a consequence,
as the degree of citrullination was increased, the
affinity of the peptides was smaller (that is, larger
value of theKd). The kon and koff rates for the binding
of each particular peptide to either Impa3 and
DImpa3 were identical within the experimental error
and, therefore, the apparent affinity Kd values were
also similar, within the error, for both importin spe-
cies according to BLI. We also note that, as in the
case of the ITC results, a possible influence of the
appended C-terminal tyrosine to the affinity values
measured by BLI has not been ruled out, either
(see above, Section ‘Conformational features of
the ING peptides’, and the findings in silico, Sec-
11
tion ‘ING peptides targeted the NLS binding site of
importin species and the active site of PADI4’).

ING peptides were capable of binding to PADI4

As we had done with the ING peptides and the
importin species, we carried out fluorescence
titrations, ITC and BLI to determine the
thermodynamic and kinetic parameters of the
binding reaction of each of the eight ING peptides
to PADI4.
In the fluorescence experiments, similarly to what

was seen for importins, we observed a decrease of
the fluorescence intensity as the concentration of
each ING peptide was increased (either by
following the titration at 280 or 295 nm); however,
such variation could not be fitted to Eq. (1), and
we were not able to determine a reliable Kd value
of the binding to PADI4 for any peptide
(Figure S6). In Figure S6, as representative
titration curves, we have selected several peptides
for which the fluorescence spectra were obtained
by excitation at either 280 or 295 nm, and the
emission fluorescence observed at 315 or
330 nm. In that way, we show that the titration
behavior did not depend on: (i) the chosen
peptide; (ii) the excitation wavelength used to
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Figure 5. Binding of selected ING peptides to either Impa3 or DImpa3 as monitored by BLI: Pseudo-first-
order plots of the binding of selected ING peptides to each of the importin species. The error bars of the fittings to Eq.
(5) at each peptide concentration are indicated. Experiments were carried out at 25 �C. Experiments were repeated
twice.
acquire the spectra; or (iii) the emission wavelength
chosen to monitor the binding. Furthermore, our
results suggest that, since all the ING peptides
contained a tyrosine (Table 1), and we observed a
decrease of the fluorescence after excitation at
295 nm (where only indole moieties are excited),
the binding took place and involved at least some
of the ten tryptophans of PADI4 (in each monomer).
When assessing the interaction of the ING

peptides with PADI4 by using ITC, we could only
determine the binding affinity for ING-wt
(Figure 6), which was 1.3 105 M 1 for Ka

(7.7 lM for Kd with an error of 30%) and an n
value of 0.7. No interaction could be observed for
peptides including any PTM, conversely to what
happened with both importin species (Table 2).
The binding affinity for ING-wt was also in the low
micromolar range, similar to those affinities
determined for importins.
12
Finally, we carried out BLI experiments to have
another independent estimate of the affinity of the
binding of the ING peptides to PADI4 (Figures S7
and S8), and in this technique, we measured the
kinetic parameters of the binding for all peptides.
In general terms, the values of the koff rates were
similar for all peptides, with a slight tendency to
raise as the grade of citrullination increased. In
contrast, as the grade of citrullination increased,
the value of the kon rate for the binding reactions
to PADI4 decreased (Table 4, Figure S7). Thus,
the more citrullines there were, the less favorable
the rate of binding to the active site of the enzyme
was. As a consequence, the larger the amount of
citrulline residues in the peptide, the smaller the
affinity, and then, the larger the Kd value.
Therefore, the same trend for Kd values was
observed for either importin species and PADI4,
as measured by BLI. We can also conclude from
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Figure 6. Quantitative determination of the bind-
ing of ING peptides to PADI4 as monitored by ITC:
Calorimetric titrations of PADI4 with ING-wt and ING-
mut1 (as a representative example). Upper panels show
the thermograms (thermal power as a function of time)
and lower panels show the binding isotherms (ligand-
normalized heat effects per injection as a function of the
molar ratio in the calorimetric cell). The continuous curve
in ING-wt corresponds to the non-linear least-squares
fitting according to a single ligand binding site interaction
model. Experiments were carried out at 25 �C. Exper-
iments were repeated twice.
the comparison of the rates in Tables 3 and 4 that:
(i) the koff rates were roughly the same for both
importin species and PADI4 for each of the
peptides, i.e. they were in the range 0.06–
0.11 s 1; (ii) for the kon rates there was no
similarity for the same peptide for the two importin
species and PADI4 (being in the range 0.012–
0.031 lM 1 s 1).
Since, the affinity of the ING-wt peptide for PADI4

was the largest among the peptides, either
measured by ITC (see above, Table 2) or BLI
Table 4 Kinetic parameters of the binding of PADI4 to the IN

1 1 aING peptides kon (lM s )

ING-wt 0.032 ± 0.003

ING-mut1 0.029 ± 0.003

ING-mut2 0.029 ± 0.006

ING-mut3 0.012 ± 0.002

ING-dmut1 0.020 ± 0.004

ING-dmut2 0.008 ± 0.001

ING-dmut3 0.018 ± 0.003

ING-tmut 0.015 ± 0.004

a Obtained from pseudo-first order plots. Error for kon is the fitting
b The pseudo-first order plots yielded a negative y-axis intercept

column, the average of all the koff rates, obtained from the disso

corresponding ING peptide, is shown (the error is the standard de

sorgrams was fit to Eq. (7).
c Errors are obtained from propagation errors for kon and koff. The v

state [79].
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(Table 3), and such peptide does not contain any
citrulline residue, we tested whether such peptide
was capable of being citrullinated by PADI4. We
observed that ING-wt was a substrate of the
protein, since it was citrullinated in the presence of
PADI4 (Figure S9), and therefore, we could
conclude that it was bound to the active site of the
enzyme.

ING peptides targeted the NLS binding site of
importin species and the active site of PADI4

The in vitro techniques used to assess the binding
of the ING peptides on both Impa3 and PADI4 could
not provide details on the location of the protein hot-
spots where they anchor, with the sole exception of
the peptide ING-wt to PADI4 (Figure S9)
(Section ‘ING peptides were capable of binding to
PADI4’). Structural techniques commonly used in
biophysics, such crystallography and cryo-electron
microscopy, are difficult to apply because of the
difficulty in finding the conditions to form a
complex stable enough due to the affinity
constants measured for the complexes of the
peptides with either PADI4 or the importin species
(in the low-medium micromolar range, Tables 2–
4). On the other hand, our NMR experiments
could not be further pushed to clarify this point
either, because identifying the binding hot-spot for
both Impa3 and PADI4 would require a full-
assignment of their resonances, which is
practically unfeasible for proteins of this size. For
this reason, we used molecular simulations to gain
insights on the anchoring propensities of our
peptides to the two proteins, with the help of the
diffusion-based algorithm DiffDock [72].
Figures 7 and 8 show the results obtained in the

molecular docking of the ING peptides on both
Impa3 and PADI4. In particular, as evident in
Figure 7, favorable docking poses for Impa3 were
G peptides as determined by BLI.

1 b ckoff (s ) Kd (lM) (=koff/kon)

0.080 ± 0.001 2.5 ± 0.3

0.079 ± 0.001 2.8 ± 0.4

0.069 ± 0.002 2.4 ± 0.7

0.069 ± 0.001 6 ± 1

0.102 ± 0.002 5 ± 2

0.082 ± 0.001 10 ± 2

0.075 ± 0.001 4 ± 1

0.109 ± 0.001 9 ± 4

error to Eq. (6).

for: ING-wt, ING-mut2, ING-mut3 and ING-dmut3. Then, in this

ciation step of the sensorgrams for each concentration of the

viation of the average). The dissociation segment of the sen-

alue of the Kd is obtained by assuming that the binding was two-
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Figure 7. Docking poses of the ING peptides to Impa3 obtained in molecular simulations: (A) Impa3 is shown
in ribbon structure (gray), with the major NLS binding site (circled in yellow), and Trp residues explicitly shown (van
der Waals representation, atoms in yellow). The peptides are indicated: ING-wt (red), ING-mut1 (orange), ING-mut2
(pink), ING-mut3 (green), ING-dmut1 (cyan), ING-dmut2 (blue), ING-dmut3 (purple), ING-tmut (black). Details of each
docking pose are given in panels (B)–(I).

Figure 8. Docking poses of the ING peptides to PADI4 obtained in molecular simulations: (A) PADI4 is
shown in ribbon structure (gray), with the active site (circled in yellow) containing the catalytic residue Cys645 (van
der Waals representation, atoms colored by type) and Trp residues explicitly shown (yellow). The peptides are
indicated: ING-wt (red), ING-mut1 (orange), ING-mut2 (pink), ING-mut3 (green), ING-dmut1 (cyan), ING-dmut2
(blue), ING-dmut3 (purple), ING-tmut (black). Details of each docking pose are given in panels (B)–(I).
found in correspondence with tryptophan residues,
especially Trp137, Trp222, and Trp264. This
finding agrees with our fluorescence experiments
(Section ‘ING peptides were capable of binding to
Impa3 and DImpa3 ), in which we observed a
decreased in the fluorescence after excitation at
295 nm, where the indole moiety emits (Figure 3).
These amino acid residues are located in the core
region of the major NLS binding site of Impa3, and
are crucial for the anchoring of cargo proteins.
Other less favorable docking poses were
invariably found in correspondence with (or
adjacent to) both the major and minor NLS binding
sites of Impa3 (data not shown), all along the
14
sagittal plane of the inner concave surface of the
folded protein domain. In the case of PADI4, as
shown in Figure 8, top favorable docking poses for
all the ING peptide species were found close to
the key catalytic residue Cys645, which is
responsible for the arginine-to-citrulline PTM. This
hot-spot region contains a few nearby partly-
exposed tryptophan residues in proximity to
Cys645 (i.e., Trp347 at <1 nm), which could
explain at least in part the decrease in the
fluorescence after excitation at 295 nm
(Figure S6). In the case of PADI4, however, we
observed other less favorable docking poses
scattered over several other regions of the surface
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(data not shown), indicating a greater difficulty of
the DiffDock search algorithm to identify the
correct binding hot-spot.
The confidence score of DiffDock (dimensionless

and with arbitrary units) for the most favorable
docking poses of each peptide species interacting
with Impa3 were in the range 3.7 ± 0.2, whereas
for PADI4 they were 3.7 ± 0.3 (with an outlier
value of 4.2 for ING-tmut). These values indicate
a low confidence compared to those commonly
found for smaller ligands (score < 1.5) [72], such
as lipids or drug-like molecules [24,80]. However,
they are in the same range of the confidence scores
(in between 3.5 and 4.0) that we recently
reported for peptides mimicking the NLSs of three
PADI isoforms (i.e., PADI1, PADI2, and PADI3) tar-
geting Impa3 [73]. Similar results were also
obtained when PADI4 was the target protein, with
peptides derived from the ubiquitin ligase MDM2
and including both wild-type and citrullinated spe-
cies [21]. No appreciable difference or trend could
be detected in our simulations for the confidence
scores obtained in the docking of the different ING
peptide species (either wild-type or with a single,
double, and triple citrullination, and with the sole
exception of the ING-tmut binding to PADI4). These
findings support the observation of the common
ability of the ING peptides binding to both Impa3
and PADI4 even in the presence of multiple PTMs,
although we were not able to detect any measur-
able heat in the binding reactions of most of the pep-
tides to PADI4 (Section ‘ING peptides were capable
of binding to PADI4’).
The use of simulation methods was not further

pursued to refine the docking poses obtained, to
estimate the free energy in the association
process, or to identify the individual contributions
of specific amino acid residues to the binding
(either in the two proteins or in the ING peptides).
There were several distinct reasons for this. First,
the diffusion-based algorithm of DiffDock leads to
a stochastic search with a degree of variability,
and with intrinsic uncertainties that are difficult to
evaluate. Second, in our experiments in vitro, the
ING peptides showed a disordered nature that
suggests a large degree of conformational
freedom even in their bound structure. Third, the
final conformation of the ING peptides bound to
the proteins evidenced small local steric clashes
or distortions that required a post-docking energy
minimization, leading to further uncertainties on
the fine details of the anchoring poses. It should
also be noted that the output of DiffDock does not
provide the location of hydrogen atoms, which
were added in the energy minimization procedure.
More importantly, while DiffDock does not have a
limit on the number of degrees of freedom of the
ligand being docked, both its training and typical
use are restricted to relatively small molecules,
and its accuracy is degraded for our 23-residue
disordered peptides.
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In summary, the large number of degrees of
freedom of the ING peptides hampered an
exhaustive sampling of their bound conformations,
but the indications of the simulations point out
distinctly to the binding of all the peptides to the
hot-spot regions of both Impa3 and PADI4. It is
worth to stress that these results were obtained in
a large search volume due to the size of both
proteins, and in a completely blind docking
protocol. We care to interpret the docking poses
obtained not as the actual ‘best’ anchoring
configuration (i.e., as the one it might be obtained
if crystallography or cryo-electron microscopy
could be used), but as an indication of the
propensity for the ING peptides to target the
expected protein binding sites. In fact, the peptide
conformations obtained could more reasonably
represent intermediates in the first steps of the
protein/peptide association process. In the case of
Impa3, we already noted that this points out to an
induced-fit binding mechanism that favors the
recognition of NLS regions [81], which could indi-
cate that binding to importins is not a two-state pro-
cess (probably explaining some of the differences
among the apparent Kd values obtained by BLI
and those obtained by the other techniques). A sim-
ilar mechanismmay also apply to PADI4. Neverthe-
less, the induced-fit mechanism hypothesized for
the binding to both proteins should be confirmed
through experimental validation, due to limitations
in the sampling accuracy of the docking algorithm
mentioned above.

The association rate constants, kon,
approximately correlated with charge mixing in
the peptide sequence

Since the peptides were disordered (as it is the
NLS region in the intact ING4 [29]), we tested
whether the use of some recent resources for the
analysis of disordered protein sequences could give
further insights into the properties of the citrullinated
peptides. To that end we used CIDER [76], which
based on the sequence alone predicts the NCPR
(i.e., net charge per residue), FCR (i.e, the fraction
of charged residues) and the parameter j, that
describes the sequence patterning of oppositely
charged residues. The value of j ranges in between
0 and 1: low values of j correspond to primary
sequence where positively and negatively charges
are well-mixed through the sequence. For the ING
peptides, the predicted j values were: 0.199 (ING-
wt), 0.202 (ING-mut1), 0.162 (ING-mut2), 0.153
(ING-mut3), 0.155 (ING-dmut1), 0.145 (ING-
dmut2), 0.140 (ING-dmut3) and 0.121 (ING-tmut).
For the ING peptides, a linear relationship was

found between the number of citrullines and FCR
and NCPR, which is obviously due to the fact that
a positive charge is lost any time an Arg is being
modified (in our case to a Gln, which has
equivalent properties to citrulline in this context).
However, we also found a non-trivial linear
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relationship between the values of kon (for any of the
three proteins) and j, which is approximate and
best evident for Impa3 (Figure S10).
This finding may be reporting that the well-mixing

of positive and negative charges in the sequence of
the NLSs helps to achieve a good speed of binding
to any protein. We are fully aware that these linear
relationships could be only hold for this particular
sequence, and then, further analysis of disordered
NLSs and their binding to other proteins are
necessary to show the full utility of these
relationships. On the other hand, several
members of the class of monopartite NLSs (i.e.,
those binding only to the NLS major binding site)
possess a combination of basic and acidic
residues, and bipartite NLSs (i.e., those binding
simultaneously to both the NLS major and minor
binding site of importins) have optimal patterns
with an alternation of acidic and basic/hydrophobic
residues in the central and terminal region,
respectively [82]. Therefore, at least for Impa3,
our findings could be due to the particular features
of the binding hot-spot of this protein. However, it
is also known that the conformations of intrinsically
disordered polypeptides in solution are influenced
by the linear sequence distributions of oppositely
charged residues [83], with marked differences
between polyampholytes and polyelectrolytes. In
turn, such conformational propensities could lead
to increasing differences in the binding process.
Then, the association rate constants might also
directly depend upon the pattern of charges in the
peptide sequences, besides the specific protein
they are targeting.

Discussion

ING4 is a member of the inhibitor of growth (ING)
family that has a role in cell cycle control, cell
proliferation, cell differentiation, cell migration,
stem cell maintenance, apoptosis, DNA damage
response, replication, angiogenesis, hypoxia,
apoptosis and autophagy [84,85]. ING4 expression
is ubiquitous in human tissues, but ING4 down-
regulation is often observed in various types of can-
cers [85]. ING4 protein has a short half-life in the
cells and it is degraded through the ubiquitin–pro-
teasome pathway [25,84–86]. It is mainly located
in the nucleus, where it is transported by importins
with the help of a bipartite NLS in its primary struc-
ture. This region is required not only for nuclear
translocation, but it is also the hot-spot for the
cancer-promoting protein from Epstein-Barr virus,
EBNA3C [87], and it is also involved in binding to
p53 [34] Furthermore, PADI4 also binds to this
region and citrullinates arginine residues at that
polypeptide patch resulting in inhibition of: (i) p53
binding; (ii) its acetylation; and (iii) p21 expression
[42]. Interestingly enough, the binding of PADI4 sta-
bilizes ING4, but its citrullination promotes its degra-
dation [86]. In this work, we tried to determine how
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citrullination affected the binding of the NLS region
to Impa3 and PADI4.
Our results suggest that as the degree of

citrullination increased, the binding to either Impa3
species or PADI4 decreased, and thus
citrullination interfered with the binding. In the
case of PADI4 the results were more dramatic, as
the presence of a citrulline, at any position in the
ING peptide, did not allow to measure any heat
exchanged during the binding (Table 2 and
Section ‘ING peptides were capable of binding to
PADI4’). A similar conclusion i.e., the binding
affinity decreased as the citrullination increased
was obtained with PADI4 and different citrullinated
species of peptides derived from MDM2 [21],
although in MDM2 complete binding disruption is
only observed for the double citrullinated peptide,
and it is not detected for the single modified ones.
Then, it seems that although the general trend is
that citrullination decreased the binding to PADI4,
differences in the sequences of the substrate
regions could modulate the binding when PTMs
were occurring. From the point of view of PADI4, it
seems comprehensible that citrullination interferes
with binding, since a positive (Arg) residue is
removed, and the enzymatic product should have
less affinity for the enzyme. In the case of ING pep-
tides, a single citrullination, at any of the three pos-
sible Arg positions, seemed to be enough to lead to
the impossibility of measuring a heat exchanged
with the environment during the binding reaction
(Section ‘ING peptides were capable of binding to
PADI4’), although binding appeared to occur, as
measured by BLI (Table 4) and by our in silico
experiments (Figures 7 and 8). At this stage, it is
important to further pinpoint that the Kd values from
BLI (Tables 3 and 4) are upper estimations of the
real dissociation constants, since they were
obtained assuming a two-state process (free and
bound polypeptides) for the binding of each peptide
to the proteins. If we assume that there are more
than those two species as it seems to be sug-
gested by the docking results (Section ‘ING pep-
tides targeted the NLS binding site of importin
species and the active site of PADI4’) and the pres-
ence of an induced-fit mechanism for the peptide
binding to the importin species then the equilibrium
dissociationconstant cannotbeobtainedasKd =koff/
kon, but rather by using more complex relationships
[79]. From the point of view of Impa3, the variation in
the affinity with the degree of citrullination could be
rationalized as due to the loss of a positive charge,
which favorably binds within its cargo binding site,
because NLSs frequently contain sequences rich
in positively charged amino acids such as Arg resi-
dues [88]. At the best of our knowledge, our results
are the first describing the effects in vitro of citrulli-
nation in the binding to importins. We have tried to
compare the kon and koff values (Table 4) with those
of other peptides, either citrullinated or wild-type,
derived from MDM2 which also bind to PADI4



M.G. Álvarez-Rodriquez, S. Vega, F. Hornos, et al. Journal of Molecular Biology 438 (2026) 169877
[21]. In the case of MDM2, the kon rates values ran-
ged from 0.018 to 0.06 lM 1 s 1, but there was not
a clear relationship between the degree of citrullina-
tion and the value of the association rate as that
observed in Table 4 for ING peptides. On the other
hand, the koff rates were in the range 0.039–
0.28 s 1, instead of being nearly constant as those
observed in this work. Then, it seems that it is not
possible to obtain a simple relationship among the
association and dissociation kinetic rates of citrulli-
nated peptides coming from different protein
sequences. We have also tried to compare the kon
and koff values of the binding to both importin spe-
cies of the differently modified ING peptides with
those previously reported in the literature [18,73].
As it happens with the binding to PADI4, it was
not possible to obtain a simple relationship among
the different sequences from peptides from several
proteins.
It is important to emphasize that our conclusions

have been obtained from in vitro results and
therefore, any biological implication must be
considered as a hypothesis. Our approach is
robust since it allows to study how successive
citrullination can interfere with binding to importin
a3 (as a representative member of the importin
family) and its deletion mutant without the IBB,
and at the best of our knowledge it is not possible
to control in any cell-based experiment how many
arginines can be citrullinated by PADI4 (or other
isoform). For instance, a cell-based citrullination
study of HIF-1 a by PADI4 yielded six arginine
sites which could be modified, but it was not
specified whether such citrullination was
sequential or simultaneous [89]. Furthermore, cell-
based citrullination studies of ING4 by PADI4 have
shown simultaneous citrullination signals at the two
N-terminal domains of ING4 (and therefore, at least
two arginines are citrullinated) [42]. In addition,
PADI1, another isoform of the PADI family, in cell-
based experiments citrullinated AKT2 simultane-
ously at three different arginines [90]. In our
approach in vitro, we can control the number of resi-
dues modified and then, we can get reliable conclu-
sions on: (i) how many citrullines are necessary to
interfere with the binding to PADI4, or alternatively
to Imp a3; and, (ii) how the presence of citrullines
canmodulate the binding to those proteins from dis-
tinct kinetic and thermodynamic points of view.
It is important to pinpoint that we have used

Impa3 as a paradigm carrier for nuclear
translocation, due to the reasons indicated above
(Section ‘Introduction’); however, at the best of our
knowledge there is no evidence that such protein
is the sole transporter of ING4 to drive its nuclear
translocation. It could be that under extensive
citrullination, other nuclear transporter proteins
could get involved in translocating ING4.
Since the NLS of ING4 is the region also used to

interact with p53, and cell-based experiments have
shown that citrullination, in spite of the unknown
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number of modified arginines, hampers p53-
binding [34,86], it is tempting to hypothesize that if
Impa3 is the sole protein in charge of nuclear-
translocating ING4, then, within the cell, citrullina-
tion of its NLS region might interfere with such
translocation. However, we do not know whether
such measured reduction in vitro (a 4-fold reduction
from ING-wt to ING-tmut, Table 2) in a cell environ-
ment would be sufficient to interfere with such bind-
ing, and furthermore, we do not know for sure the
biological significance of such difference in the cell,
because of: (i) the crowding effect within the cell,
which could alter the affinity value measured
in vitro (Table 2); (ii) experiments with peptides pro-
vide a simplified perspective, but conformational
propensities and steric hindrance in the full length
may further contribute by amplifying small effects;
and (iii) if even other importin isoforms could be at
a high cellular concentrations, many of them would
not be available for ING4, as most of them would be
loaded with other cargo proteins, given the large
number of molecules to be internalized in the
nucleus. Thus, if most of the importins were occu-
pied in translocating other cargos, a small difficulty
such as a minor reduction in affinity, as that
reported in Table 2, would be relevant to reduce
the efficiency of the binding. The biological effect
of a given reduction in affinity in a certain interaction
will depend on the actual concentrations of the pro-
teins involved, and the maximal effect of this
reduced affinity will occur at concentrations around
or lower than the dissociation constant. Regulation
of physiological processes do not necessarily
involve an all-or-none modulation, but a delicate
and intricate balance between concomitant pro-
cesses, and, as indicated, the binding of ING4 to
importin a3 is taking place within a cellular context
in which many other potential cargo proteins would
compete for binding. In any case, the biological
effect of sequential citrullination on ING4 will be pur-
sued in future work.
Finally, it is important to indicate that our findings

suggest that citrullination can be a way to modulate
the loss of function of ING4. Thus, citrullination, as a
cellular insult, adds to acetylation [91–94];
SUMOylation [95–98]; and phosphorylation
[39,99–101] in the portfolio of PTMs capable of
modulating nuclear translocation. The important dif-
ference is that citrullination involves Arg as the
amino acid subjected to modification (instead of
Lys, Thr or Ser in the other PTMsmentioned above)
through an irreversible process, whereas for the
rest of the described PTMs a hydrolysis can revert
the modification. The mechanistic differences
caused by the citrullination, when compared with
acetylation and phosphorylation, are important
because citrullination is an irreversible process,
which cannot be reverted by a simple hydrolysis
(to date there are not known de-citrullinating
enzymes, but deacetylases and phosphorylases
are well-known). Furthermore, the citrullination
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removes a positive charge, as acetylation does, but
it does not introduce a bulky side-chain (as the
methyl group of the acetyl moiety). And phosphory-
lation introduces at least one negative charge (at
physiological pH), in contrast to the disappearance
of a positive one. Thus, citrullination changes com-
pletely the electrostatic and hydrophobic properties
of the surroundings of the modified residue, poten-
tially altering conformational and functional propen-
sities. We also demonstrated that the isolated ING
peptides, which contain the NLS of ING4, were dis-
ordered and did not have any propensity to acquire
a-helix- or turn-like conformations (Figures 1 and 2).
The NLS region within full-length ING is also disor-
dered [29], and it seems that this intrinsic disorder is
a key determinant of the ability of the NLS region to
interact with several targets. Previous studies with
other NLSs of intrinsically disordered proteins [39–
41] or of well-folded proteins [18,37,38], have sug-
gested an inhibitory action of the IBB in Impa3: this
domain hampers the anchoring of the NLS of the
corresponding cargo protein into the major NLS-
binding region of Impa3. In this context, from the
ITC results, we have not observed a much stronger
binding affinity of the eight NLSs regions forDImpa3
compared to Impa3 (Table 2), in disagreement with
the findings obtained for other NLS peptides
assayed before [39–41].
It could be thought that since there are several

examples in the literature of tyrosine residues
involved in the protein–protein interface of some
complexes [102–104], the additional tyrosine we
put in all the peptides at the C-terminus, to allow
for a reliable determination of their concentrations,
could modulate their binding to both importin spe-
cies. However, in our simulations, we did not find
any evidence that may suggest that the C-terminal
tyrosine forms a close contact with any of the resi-
dues of importin, or form any hydrogen-bonded
atom with the phenolic group of its aromatic ring.
Even for other NLS peptides whose crystallographic
complex with importin has been solved (i.e.,
RanBP3 and LSD1, reported in PDB entries 5XZX
and 7JJM, respectively [69,105]), only the core
anchoring motif has the atomic coordinates solved.
This suggests that the terminal parts of these NLS
peptides remains ‘fuzzy’ when they are bound, in
spite of the fact that both contain tyrosine residues
(residue Tyr47 in PDB entry 5ZZX has the side
chain not solved, and the whole Tyr120 in PDB
entry 7JJM is reported as “MISSING RESIDUE”
[69,105]). Then, we believe that the presence of
the C-terminal tyrosine in the ING peptides is not
altering the measured affinity constants as deter-
mined by ITC or BLI.
The fact that ING-wt binds to the active site of

PADI4 as shown by the in silico results (Figures 7
and 8) and the colorimetric assays (Figure S9),
suggests that this peptide might be used to block
the citrullination of the intact ING4. Citrullination of
ING4 promotes its degradation, leading to the
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impossibility of modulating the activity of p53,
among other functions [86]. By assuming that the
affinity of intact ING4 for PADI4 is similar to that of
ING-wt, we could use the latter as a bait to block
the citrullination of ING4, and the peptide could be
considered a lead compound to develop a new anti-
cancer drug, with a Kd in the low micromolar range
that might be used as a starting point. We do not
suggest that the peptide, in its current polypeptide
sequence, could surpass other well-known inhibi-
tors of PADI4 activity, as GSK484 used in our work
(Figure S9), but rather, that with extensivemodifica-
tions it might be used as a lead compound to inhibit
PADI4 activity. However, it is important to indicate
that this proposed use has a key caveat, as ING-
wt (and also the citrullinated peptides) was capable
of binding to Impa3with a similar affinity (Tables 2, 3
and 4, and Section ‘ING peptides were capable of
binding to PADI4’). Therefore, binding of other pro-
teins to be translocated towards the nucleus would
be affected as well, which is an off-target effect that
would need to be reduced during its pharmacologi-
cal optimization process.
To sum up, we have shown that the degree of

citrullination in the disordered NLS region of ING
could interfere with its nuclear translocation. Such
degree of citrullination also interfered with the
binding to PADI4.
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Appendix A. Supplementary material

Ten figures showing: the methyl region of the
1D-1H NMR spectra of some of the ING peptides
(Figure S1); the amide regions of the 1D-1H NMR
spectra of some of the ING peptides (Figures S2
and S3); the ITC results for DImpa3 and the eight
ING peptides (Figure S4); the sensorgrams of the
ING-wt peptide to each of the importin species at
selected concentrations (Figure S5); the
fluorescence titration curves of some selected ING
peptides with PADI4 (Figure S6); the pseudo-first
order plots for the binding of PADI4 to some
selected ING peptides (Figure S7); the
sensorgrams of the ING-wt and ING-mut1
peptides to PADI4 (Figure S8); the results of the
COLDER assays with and without antipyrine in the
presence of ING-wt (Figure S9); and the
approximate linear relationships of the kinetic
parameters of binding with the disorder parameter
j of the sequence (Figure S10). Eight tables
containing the 1H NMR assignments of the ING
peptides (Tables ST1–ST8). Supplementary
material to this article can be found online at
https://doi.org/10.1016/j.jmb.2026.169877.
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Abbreviations:
ARM, armadillo; BAEE, N-a-Benzoyl-L-arginine ethyl
ester; BLI, biolayer interferometry; COLDER, color

developed reagent; DIPSI, decoupling in the presence of
scalar interactions; DOSY, diffusion ordered

spectroscopy; FCR, fraction of charged residues; IBB,
importin b-binding domain; Impa3, human importin a3

isoform (residues 1–521); DImpa3, IBB-depleted species
of Impa3 (residues 64–521 of the intact protein); ING4,

inhibitor of growth 4; ING-wt, peptide comprising the
nuclear localization signal of the intact wild-type ING4,

encompassing residues Lys130-Glu152; ING-mut1,
modified peptide comprising residues Lys130-Glu152 of

ING4, with a citrulline at Arg132; ING-mut2, modified
peptide comprising residues Lys130-Glu152 of ING4, with

a citrulline at Arg142; ING-mut3, modified peptide
comprising residues Lys130-Glu152 of ING4, with a

citrulline at Arg144; ING-dmut1, double modified peptide
comprising residues Lys130-Glu152 of ING4, with two
citrullines at Arg132 and Arg142; ING-dmut2, double

modified peptide comprising residues Lys130-Glu152 of
ING4, with two citrullines at Arg132 and Arg144; ING-
dmut3, double modified peptide comprising residues

Lys130-Glu152 of ING4, with two citrullines at Arg142 and
Arg144; ING-tmut, triple modified peptide comprising

residues Lys130-Glu152 of ING4, with three citrullines at
Arg132, Arg142 and Arg144; ITC, isothermal titration

calorimetry; MW, molecular weight; NCPR, net charge
per residue; NLS, nuclear localization signal; NMR,

nuclear magnetic resonance; NOESY, nuclear
Overhauser effect spectroscopy; NPC, nuclear pore

complex; PADI, peptidyl arginine iminohydrolase; PTM,
post-translational modification; TCEP, tris(2-

carboxyethyl)phosphine; TOCSY, total correlation
spectroscopy; TSC, thiosemicarbazide; TSP, 3-

(trimethylsilyl) propionic acid-2,2,3,3-2H4-sodium salt; UV,
ultraviolet
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M.G. Álvarez-Rodriquez, S. Vega, F. Hornos, et al. Journal of Molecular Biology 438 (2026) 169877
[49]. J. Cavanagh, W.J. Fairbrother, A.G. Palmer, N.J.

Skelton, Protein NMR Spectroscopy: Principles and

Practice (second ed.), 2007.

[50]. Piotto, M., Saudek, V., Sklenář, V., (1992). Gradient-
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