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A B S T R A C T

Chromatin state is highly dependent on the nucleosome binding proteins. Herein, we used a multipronged ap-
proach employing biophysical and in vivo experiments to characterize the effects of Nucleosome Binding
Peptides (NBPeps) on nucleosome and cell activity. We performed a series of structure-based calculations on the
nucleosome surface interaction with GMIP1 (a novel NBPep generated in silico), and HMGN2 (nucleosome
binding motif of HMGN2), which contains sites that bind DNA and the acid patch, and also LANA and H4pep
(nucleosome binding motif of H4 histone tail) that only bind to the acidic patch. Biochemical assays shows that
H4pep, but not HMGN2, GMIP1 and LANA, is highly specific for targeting the nucleosome, with important
effects on the final nucleosome structure and robust in vivo effects. These findings suggest that NBPeps might
have important therapeutic implications and relevance as tools for chromatin investigation.

1. Introduction

Chromatin is a macromolecular complex composed of distinct mo-
lecules. Highly basic proteins (histone octamer) interact with DNA to
form the nucleosome core particle (NCP), generating the fundamental
repetitive unit of chromatin. The NCP represents the first level of DNA
compaction, followed by a cooperative nucleosome interaction to form
the higher-order chromatin structure (reviewed in [1]). Chromatin
dynamics, which is controlled by a plethora of Nucleosome Binding
Proteins (NBPs), is essential for genome integrity and gene expression
regulation. From condensed to relaxed chromatin, NBPs may induce
specific modifications of chromatin architecture dependent on their
unique properties [2]. In addition to NBPs, the nuclear environment
also comprises many small molecules with different chemical natures
that can directly interact with nucleosomes, such as Mg2+ and lipids
[3,4].

The nucleosome core particle surface contains the acidic patch, a
highly negative region formed by six residues of H2A and two of H2B,
that is responsible for nucleosome–nucleosome interactions and is a
target for several NBPs [2]. The first structure of a nucleosome:peptide

complex showed at atomic level the binding mode of the viral peptide
LANA to the acidic patch [5]. In the following years, other nucleo-
some:NBPs complex structures were solved, revealing the atomic details
of the interaction of NBPs with the nucleosome surface, highlighting the
acidic patch as the principal protein-docking region [6].

Unlike canonical drug targets such as enzymes or protein receptors,
the nucleosome is a structural protein:DNA complex without typical
druggable cavities, and this impedes research for new exogenous nu-
cleosome binding molecules. Instead of focusing on small molecules for
occupying the nucleosome surface, we try to understand and developed
more complex molecules, such as the Nucleosome Binding Peptides
(NBPeps).

Herein, we characterized the effects of NBPeps on nucleosome and
chromatin structure. Firstly, we designed and generated in silico a novel
NBPep, GMIP1, with nucleosome surface binding highly dependent on
the DNA. Then, in order to understand how NBPeps with distinct nu-
cleosome binding sites affect nucleosome structure, we performed a
series of structure-based calculations on the nucleosome surface inter-
action to the NBPeps. We studied four NBPeps, GMIP1 and HMGN2 (the
nucleosome binding motif from HMGN2), which contains sites that
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bind DNA and the acid patch, and also LANA and H4pep (structure-
based nucleosome binding motif derived from the N-terminal domain of
histone H4) that only bind to the acidic patch. Interestingly, we ob-
served that NBPeps induced specific atomic fluctuations of the nu-
cleosome structure. In vitro studies corroborate the idea that NBPeps
may affect the stability of the nucleosome structure, however only
H4pep showed high nucleosome binding affinity and specific actions on
the final nucleosome structure while HMGN2, LANA and GMIP1 peps
seems to be non-specific DNA interactors, based on oppositely charged
residues. Cell-based assays showed that the four NBPeps penetrated the
cell, localizing at the nuclear environment and, except GMIP1, inter-
fered with tumor cell viability. However, beside the non specific
properties on the nucleosome, apart from H4pep, the fish embryo
toxicity (FET) test showed that the four NBPeps could cause tissue
modifications, such as defects in pigmentation and induction of earlier
hatching.

2. Methods

2.1. In silico NBPep design

KV finder software with a PyMOL interface plugin (The PyMOL –
Molecular Graphics System Version 1.3 Schrodinger, LLC) was used to
define the cavities on the nucleosome:protein complex. YSARA software
was used for the GMIP1 design and the optimized conformation by
minimizing energy was performed using the force field YAMBER3.

2.2. NBPeps

All Peptides were bought from Biomatik with purity> 95 % and
diluted in MiliQ H2O. Fluorescent peptides were bought with TAMRA
-(559/583 nm) in the N-terminus. The concentration was determined
by spectrophotometric method as described in [7]. All peptides are
described in the supplementary table 1.

2.3. Recombinant H2A-H2B for NMR

BL21(DE3)pLysS cells were used to express Xenopus laevis H2A or
H2B in deuterated M9 medium containing 2 g/l (12C-2D) D-glucose
(1,2,3,4,5,6,6-d7) and 0.5 g/L 15NHCl. One hour before induction with
1mM IPTG, 60mg/L α-ketobutyric acid (4–13 C,3,3-2d) and 80mg/L
α-ketoisovalerate (3-(methyl-d3),4–13 C,3-d) sodium salt were added
to the medium. Histones were purified as described by Dyer et al. [8] To
refold dimers, H2A and H2B were mixed in equimolar ratio in unfolding
buffer (7M urea, 150mM NaCl, 50mM NaPi, 1 mM EDTA, pH 7.5) and
dialysed against high salt buffer (2M NaCl, 10mM Tris, 1 mM EDTA,
pH 7.5). Dimers were purified using size exclusion chromatography
(Hiload superdex 200 16/600) and then dialysed against low salt buffer
(20mM NaPi, 0.01 % NaN3, pH6.2).

2.4. In vitro chromatin fibers and nucleosome reconstitution

Histone octamers (HO) were purified from chicken erythrocyte
nuclei as described in Huynh, V. A. T., P. J. J. Robinson, and D. Rhodes,
2005. 601 DNA Widom with 167 base pairs (bp) was used to recon-
stitute mononucleosomes and array 177.36 was used to reconstitute
10 nm chromatin fibers, both using the slow salt dialysis method as
described in Huynh et al. (2005) [9]. The analyses of the reconstitution
were verified by electrophoresis in native bis-acrylamide gels (6 %) or
agarose gels (0.8 %).

2.5. Mononucleosome precipitation

Freshly reconstituted mononucleosomes (115 nM mononucleosome,
Tris 10 mM pH 7.4, EDTA 1.5 mM NaCl 15mM) were incubated with
specified concentration of NBPeps for 30min at room temperature. The

samples were centrifuged (Sigma centrifuge-2K15) at 15,493 x g for
20min at 25 °C. The supernatant was transferred to another micro-
centrifuge tube and the pellet was resuspended in the same buffer as the
mononucleosome. The samples were analyzed by electrophoresis in
native 6 % bis-acrylamide gel carried out with 0.5×TBE buffer at
15mA. Densitometry was performed using ImageJ (National Institute of
Health, Bethesda, MD, USA) version 1.49.

2.6. DNA binding assay

Widom 601 DNA fragments containing 167bp (30 nM DNA, 10mM
Tris pH 7.4, 135mM NaCl) were incubated with specified concentra-
tions of GMIP1 for 2 h at 37 °C and 100 RPM. The analysis was done in
0.8 % agarose gel in TBE 0.5× . Samples were loaded with 30 % gly-
cerol, to avoid interaction caused by phenol blue and GMIP1.

2.7. Nucleosome binding assay

Freshly reconstituted mononucleosomes (115 nM mononucleosome,
Tris 10mM pH 7.4, EDTA 1.5mM NaCl 15mM) were incubated with
specified concentration of fluorescent NBPeps for 120min at room
temperature. Then samples were analyzed by electrophoresis in native
6 % bis-acrylamide gel carried out with 0.5×TBE buffer at 15mA. Gels
were analyzed using Amersham Imager 600 (GE) with the RGB laser kit
detection for 520 nm, to visualize the peptide, following incubation in
ethidium bromide bath and analyzed with UV for ethidium bromide
detection. For Kd determination, band densitometry was performed in
the gel reveled with 520 nm laser, using ImageJ (National Institute of
Health, Bethesda, MD, USA) version 1.49, followed by analysis in Prism
6 Graphpad software using Binding - saturation binding to total and
non-specific template.

2.8. Chromatin compaction assay

Chromatin compaction by Mg2+ was adapted from Rhodes Lab
protocol [10]. Briefly, assembled chromatin fibers were incubated with
vehicle (10mM Tris−HCl (pH 7.5) or peptides (150μM GMIP1 or
H4pep) for 2 h in room temperature. Next, 3 mM MgCl2 were added,
incubated for 15min on ice and centrifuged at 13,000 rpm for 15min at
4 °C. The supernatants and pellets were verified by electrophoresis in
native 0.8 % agarose gels, carried out with 0.2x TBE (18mM Tris-bo-
rate, pH 8; 0.4 mM EDTA) electrophoresis buffer at 20mA. Densito-
metry was performed using ImageJ (National Institute of Health, Be-
thesda, MD, USA) version 1.49.

2.9. Thermal shift assay

Thermalshift assay with NBPeps was adapted from Taguchi et al.
[11]. Briefly, freshly reconstituted mononucleosomes (86 nM), in
10mM Tris pH 7.4, 1.5mM EDTA and 15mM NaCl, were incubated
with specified concentration of NBPeps for 30min at room temperature.
Next 1mM dithiothreitol and 5X of SYPRO-Orange (SIGMA–ALDRICH)
were added and incubated for 1min at room temperature. Fluorescence
was measured with a StepOnePlus Real-Time PCR unit (Applied Bio-
systems) with increases of 1 °C step from 25 °C to 95 °C. The fluores-
cence was detected at 570 nm. The Raw data was normalized using
Graphpad Prism 6 software and for the determination of the tempera-
ture of melting (Tm) was obtained from the first derivative curve of the
data.

2.10. MTT

For MTT assays, 8000 Hela cells or ccd10595k cells were plated in
96-well culture plates and maintained at 37 °C and 5 % CO2 in DMEM
medium with 10 % fetal bovine serum, penicillin (100U/mL) and
streptomycin (100ug/mL) for 24 h. Next, wells were washed 3 times
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with PBS 1X and filled with 100 u L of DMEM medium as described
above containing the specified amount of NBPeps and incubated for
24 h in the same conditions. The 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) at 5mg/mL was added to the wells
(10 u L) and incubated for 4 h at 37◦C and 5 % CO2. The wells were
drained and the formazan crystals were solubilized in 100 u L of acidic
isopropanol solution (52 u L of HCl 37 % to 12mL of isopropanol) and
agitated for 30min at room temperature. Absorbance at 570 nm was
determined with a plate spectrophotometer (DTX 800 Multimode
Detector - Beckman Coulter) at 570 nm.

2.11. Flow cytometry

70.000 Hela cells were plated in 12-wells culture plates for 16 h and
maintained at 37 °C and 5 % CO2 in DMEM medium with 10 % fetal
bovine serum, penicillin (100U/mL) and streptomycin (100ug/mL).
Prior to treatment with NBPeps, cells were incubated for 1 h at 37 or
4 °C. Next, cells were washed with 1X PBS and filled with DMEM
medium with the specified amount of fluorescent NBPeps and in-
cubated at 37 or 4 °C for the 1 or 3 h. Wells were washed 3 times with
ice cold 1X PBS and filled with 500 u L 1X PBS, cells were harvested
with a cell scraper and analyzed by flow cytometry on FACSCalibur (BD
biosciences). Hela cells were gated to isolate the main population of
living cells from cell debris. Data analysis was done using flowjo 8.7
software.

3. Fluorescence confocal microscopy analysis

i) Peptide cell penetration: confluent Hela cells were treated with
increased concentrations (0,1; 0,5; 1μM) of peptide GMIP1-TAMRA or
vehicle (10mM Tris−HCl) for 24 h. Next, plates were rinsed three
times in PBS and fixed in formalin 3.7 % at room temperature for
10min. Samples were rinsed three times in PBS and incubated with
DAPI (300 ng/ml) for 5min to stain nuclei. Finally, cells were rinsed
three more times in PBS. Images were acquired using a laser scanning
confocal microscope Leica TCS SP5. To visualize peptide localization, Z-
planes of 0.20mm thickness were acquired. The images were analyzed
with LAS AF software (Leica Microsystems CMS GmbH).

ii) Determination of peptide internalization: two plates of 24
wells with confluent Hela cells were rinsed with DMEM without fetal
bovine serum twice and maintained in PBS for 15min in a 5 % CO2
humidified atmosphere at 37 °C. One plate was then maintained for
10min at 4 °C. Next, the two plates were treated with GMIP1-TAMRA
(1μM) of vehicle for 5, 15 and 30min. After each treatment samples
were fixed in formalin 3.7 % at room temperature for 1 h. Samples were
rinsed three times in PBS and incubated with DAPI (300 ng/ml) for
5min to stain nuclei. Finally, cells were rinsed three more times in PBS.
Images were acquired using a laser scanning confocal microscope Leica
TCS SP5. To visualize peptide localization, Z-planes of 0.20mm thick-
ness were acquired. The software LAS AF (Leica Microsystems CMS
GmbH) was used for analyse images.

3.1. Zebrafish husbandry and embryo collection

Zebrafish (Danio rerio) were raised in an aquatic facility (ZebTec -
Tecniplast, Italy) with a photoperiod cycle of 12:12 h (light:dark) at the
University of Brasilia (Brazil). The water parameters were: temperature
was maintained at 27.0 ± 1 °C, conductivity at 650 ± 100 μS/cm, pH
at 7.0 ± 0.5 and dissolved oxygen≥95 % saturation. Zebrafish em-
bryos were collected immediately after natural mating, rinsed in water,
and checked under a stereomicroscope (Stereoscopic Zoom Microscope
– Stemi 2000, Zeiss, Germany). The unfertilized eggs and those showing
cleavage irregularities or injuries were discarded [12].

3.2. Fish embryo toxicity (FET)

FET was adapted from Morash et al. [13]. Briefly, Zebrafish em-
bryos at 4, 28 and 52 h post fertilization (hpf) were used to evaluate the
toxicity of NBPeps in 96-well plates. Each peptide was tested at 0.1, 1,
10 and 100 uM in 100 u L of water from aquarium system; pH in all
conditions was tested using pH strips (92,120 – MACHEREY-NAGEL).
Embryos were stored at 27 °C with 14 h light 10 h dark cycle and
evaluated Stemi 508 (Carl Zeiss) microscope with 1 and 24 h of treat-
ment. Embryos were assessed for pigmentation, development, hatching
and lethality. 10 embryos were used for each condition, if the control
group showed any alteration, the plate was discarded, alterations> 10
% were considered significant and were documented using Axiocam Erc
5 s (Carl Zeiss) and ZEN software (Carl Zeiss).

3.3. Fluorescence fish embryo

Zebrafish larvae with 80 hpf were incubated with fluorescent
NBPeps with specified concentration for 3 h in 100 u L in a 96-plate,
larvae were washed 3 times in 100mL to remove the excess of NBPep,
imaging was done using Axioskop 2 (Carl Zeiss) with HBO 100 lamps,
Axiocam Erc 5 s (Carl Zeiss) and ZEN software (Carl Zeiss) with ap-
propriate laser filter for TAMRA (filter 4).

3.4. Fluorescence blood smear

Adults Zebrafish at 2 years old were inject in the abdomen with
50 u L, 1mM of fluorescent NBPeps, and kept protected from light at
27 °C for 18 h. Blood was extracted from the fins using a pipet tip and
heparin 250 IU to make the blood smear in a microscope slide. Images
were acquired with Axioskop 2 (Carl Zeiss) with HBO 100 lamps,
Axiocam Erc 5 s (Carl Zeiss) and ZEN software (Carl Zeiss) with ap-
propriate laser filter fom TAMRA (filter 4).

3.5. NMR

All NMR experiments were carried out on a Bruker advance III HD
600MHz. NMR spectra were processed in Bruker TopSpin [14] and
analyzed using Sparky [15]. Dimer samples of [C13,N15]H2A-H2B at
100 uM in 5 %D2O/95 %H2O; 25mM NaPi + 100mM NaCl
pH6.2+0,01 % NaN3+1mM 2-Mercaptoethano+PIC (complete
EDTA-free Protease Inhibitor Cocktail (Roche)) were titrated against
GMIP1 using 600MHz Lamour frequency at 308 K. HSQC spectra were
measured for free [C13,N15]H2A-H2B and after the addition of GMIP1 at
308 K. Titration consisting of 4 points in the range of 1:4.3 M ratio
([C13,N15]H2A-H2B:GMIP1) was performed.

3.6. Circular dichroism

Measurement of secondary structure of NBPeps was performed in
Jasco j-815 spectropolarimeter in a 0,1 cm quartz cuvette in the range
of 190−250 nm. Samples were diluted in MiliQ water in the con-
centration of 0.125mg/mL for GMIP1, LANA, HMGN2 and H4pep at
0.107mg/mL at 25 ◦C. Data were plotted using BestSel data base
(available at: http://bestsel.elte.hu/).

3.7. Computational studies NBPeps

Nucleosome Atomistic models were built using a high-resolution x-
ray structure of the nucleosome (NCP) without histone tails, PDB code
3TU4 [16]. Peptides were simulated free in solution or in association
with nucleosome at 1:1 and 2:1 stoichiometries. Table M&M provides
information on the construction and initial atomic coordinates for the
various systems under investigation. Analyses were performed with
VMD version 1.9.3 [17].
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3.8. Molecular docking

AutoDock Vina was used to resolve peptide binding to the acidic
patch region of NCP [18]. To account for a larger ensemble of binding
modes 20 independent structures randomly collected from the peptide-
free MD equilibration was docked to the NCP. The exhaustiveness value
was set to 200 and best solutions were gathered from each docking
calculation, resulting in approximately 400 solutions per peptide. So-
lutions were clustered in 15–17 structural groups based on a maximum
neighborhood criterion and the group with best fit to the acidic patch
was chosen for further simulation.

3.9. Molecular dynamics simulations

The VMD software was used to solvate and neutralize with counter
ions the NCP-peptides systems [17], resulting in simulations cells
averaging ∼ 110 Å x 145 Å x 145 Å with ∼ 210.000 atoms and 150mM
sodium chloride. All systems were simulated in a NPT ensemble at
300 K, 1 atm and with 2 fs time step for 115 ns with periodic boundary
conditions (PBC) and enough water to avoid any interactions between
the PBC images. Each system was thermalized and subsequently equi-
librated for ∼ 10 ns MD simulation. All simulations were run by NAMD
version 2.10 [19] with CHARMM 36 force field [20] and TIP3 water
model [21]. PME method [22] was employed on the electrostatic cal-
culations and non-bonded interactions were cut-off at 11 Å. No bias was
needed to keep the peptides bound to NCP throughout the entire si-
mulation.

4. Results

4.1. In silico development and analysis of structure-based nucleosome
binding peptide

To design and develop a NBPep that best-fitted on the nucleosome
surface, we studied available nucleosome binding proteins structures as
templates [5,16,23–25]. We used the software KvFinder to identify
putative binding pockets and shallow crevices on the nucleosome sur-
face to use these cavities as potential binding site to plan NBPeps [26].
We selected three crystallographic atomic structures to start our search,
those of RCC1, Sir3 and LANA. The best-fitted molecule on the acidic
patch was RCC1 (Supplementary Fig. 1a), which contains binding sites
for both the acidic patch and the associated nucleosomal DNA [23].
Besides the deep anchor on the acidic patch, through R216 and R223,
there is another region distal to the acid patch in which the residue
T238 from the RCC1 may interact to T75 from H2A. Therefore, based
on the structure of RCC1:Nucleosome complex, we generated the new
NBPep, GMIP1 (genetic modified inducible peptide 1), which included
the two nucleosome binding sites to either DNA or the acidic patch,
linked by three alanine residues (Supplementary Fig. 1 b–d).

4.2. Differential binding of NBPeps to the nucleosome and effect on
chromatin conformation

We selected NBPeps based on their abilities to bind to the (i) acidic
patch (LANA and H4) or (ii) both DNA and acidic patch (GMIP1 and
HMGN2).

We already knew that the NBPeps LANA, H4 tail and HMGN2 could
bind to the nucleosome [5,24,25], but we did not have biochemical
information about GMIP1. Although GMIP1 was based on the nucleo-
some binding motif of RCC1, it has a new structure, with two in-
dependent binding regions linked by three alananine residues as

Fig. 1. NBPeps interaction assay a) Nucleosome binding assay with fluorescent NBPeps, nucleosome is incubated with LANA at 0, 10, 20, 30, 40, 50 60, 70 80,
90 uM, with HMGN2pep at 0, 20, 40, 60, 80 uM or with H4pep at 0, 200, 400, 600, 800, 1000, 1200, 1400, 1600 nM. It was then analyzed in acrylamide gel,
following by detection of the fluorescent NBPep and subsequently detection of DNA. Kd is represented by a vertical line in the densitometry graphs. b) Nucleosome
precipitation assay with NBPeps, centrifuged nucleosome without NBPeps stays in the supernatant (SN); the addition of 50 uM GMIP1, 10 uM LANA, 10 uM HMGN2
or 500 nM H4pep induce precipitation and pellet (P) formation, non-centrifuged (NC) samples were used as control. DNA band densitometry graph of upper gel c)
Chromatin compaction assay with Mg2+, 150 uM H4pep induces 36-mer chromatin precipitation, but not 150 uM GMIP1. DNA band densitometry graph of upper
gel. DNA band densitometry graph of upper gel. These assays were performed at least 3 times, and the representative gel was presented.

K. Teles, et al. Biomedicine & Pharmacotherapy 121 (2020) 109678

4



discussed earlier. Circular dichroism analysis of the NBPeps showed
predominant random coil structure (Supplementary Fig. 2 and Supp.
table 1 sequence NBPeps). NMR experiments with free GMIP1 indicated
the peptide is in a random-coil state based on absence of medium or
long-range NOEs and random coil 13C chemical shifts (Santos GM and
van Ingen H., personal communication).

To observe the binding and the impact of NBPeps to the nucleosome
we performed nucleosome binding and precipitation assays (Fig. 1 a).
First, we reconstituted nucleosomes in vitro with histone octamer from
chicken and 167.1 (167 base pairs) DNA 601 and incubated it with
labelled NBPeps-TAMRA. It demonstrated that H4pep binds to the
mononucleosome at a Kd of 0,6 uM, LANA at Kd of 8 uM and HMGN2
at 358 uM respectively. GMIP1 induced nucleosome aggregation even
in low concentration, which difficulted to determine the binding affi-
nity constant. HMGN2pep promotes an electrophorectic mobility shift,
suggesting that it is binding at more than one site on the nucleosome
surface, further investigations will be need to explore this finding.

To confirm the binding assays results, non-labelled GMIP1, LANA,
HMGN2 and H4pep were then incubated with mononucleosomes and
then centrifuged. We observed that the nucleosome in absence of
NBPeps does not precipitate, but all four NBPeps variably induced
nucleosome precipitation since part of the complex was found in the
pellet (Fig. 1 b). Notable, H4pep induced precipitation at 500 nM. At
higher concentration, the NBPeps induce mononucleosome aggregation
and did not migrate in the gel (data not shown).

To understand and validate the binding epitope of GMIP1 on the
histone H2A:H2B surface, we performed an interaction study with in
vitro reconstituted and isotope-labeled xenopus laevis H2A/H2B dimers
by NMR. Binding of unlabeled GMIP1 should result in specific and clear
changes in either peak position and/or intensities. Surprisingly, no
significant spectral changes were observed even at high excess of
GMIP1 (Supplementary Fig. 1 e), suggesting that this new NBPep needs
DNA binding to be stable on the nucleosome. Indeed, GMIP1 bound to
the naked DNA in vitro (Supplementary Fig. 1 f) but at a Kd of 50μM or
weaker, which is probably in the range of non-specific binding of a
charged peptide to DNA. Furthermore, GMIP1 showed to induce nu-
cleosome aggregation which difficulted the Kd determination.
Nucleosome (Supplementary Fig. 1 g). We then applied docking and
Molecular Dynamics simulations to study binding of the GMIP1 at the
atomic level and the conformational stability of the nucleosome. It
showed that H2A/H2B dimer is not sufficient to hold GMIP1 on the
nucleosome. Interestingly, the nucleosomal DNA stabilizes GMIP1 on
both DNA and H2A/H2B dimer (Supplementary video and
Supplementary Fig. 3).

It is already known that the non-acetylated H4 tail is able to induce
chromatin condensation. [27].In order to check whether GMIP1, which
low affinity nucleosome binding is similar to LANA and HMGN2pep,
could also affect the chromatin state such as described for non-acety-
lated H4 tail, we performed a chromatin compaction assay with Mg2+

(Fig. 1 c). For this, we reconstituted long chromatin fibers, 177.36 (36
nucleosomes), in vitro and incubated them with H4pep and GMIP1 and
then with Mg2+, following to centrifugation. Since the precipitated
chromatin fiber recovered from the pellet was not cross-linked, it did
not hold the compacted state and migrated in the gel similarly to the
relaxed chromatin fiber, as observed in the gel. H4pep induced pre-
cipitation even in absence of Mg2+, and precipitation increased when
the divalent cation was added. However, GMIP1 did not show any effect
alone, even when it was in presence of Mg2+.

Taguchi et al. have established a technique to evaluate the physical
properties of nucleosomes, developing a convenient assay of the
thermal stability of nucleosomes in vitro. It was observed that increasing
temperature induces nucleosome denaturation in two steps, firstly at
75 °C the eviction of H2A:H2B dimers occurs followed by the eviction of
H3:H4 tetramers at and at 85 °C [11]. Therefore, herein thermal shift
assays were performed to further check the hypothesis that NBPeps
affect nucleosome stability (Fig. 2). GMIP1 showed a dose dependent

effect of the nucleosome stability, affecting first the H2A:H2B dimers,
with a pronounced effect at higher concentrations, 150 uM. LANA has a
notable effect on the H3:H4 tetramers, starting at 30 uM. HMGN2 in-
duced earlier disruption of the H3:H4 tetramers at 3 uM. Clearly,
H4pep induced H2A:H2B dimer stabilization at 100 nM concentration
and did not affect H3:H4 tetramer. These findings suggested that
NBPeps affect the nucleosome stability in different manners, however
only H4pep presented a high specificity effect.

4.3. The interaction mode of NBPeps and nucleosome

In order to understand how the nucleosome structure senses the
binding of NBPeps, MD simulations were performed to study the
NBPeps based on their abilities to bind to the acidic patch or both DNA
and acidic patch. More specifically, we studied peptide motifs from
LANA and H4 tail that just bind to the H2A and H2B of the acidic patch
and, for the second group, the peptide motif from HMGN2 and the new
GMIP1 that bind to H2A and H2B and DNA. A scrambled peptide de-
rived from GMIP1 was used as a negative control. All NBPeps tested
here, but not the negative control, were able to bind and maintain the
interaction with nucleosome over 115 ns of equilibrium trajectory
(Fig. 3a).

It was observed that NBPeps induced specific atomic fluctuations of
the nucleosome structure. Based on the differences of RSMF (root
square mean fluctuation) of the nucleosomes, in presence and absence
of the NBPeps, a map of the fluctuations was generated. There were
several common fluctuation changes caused by the different NBPeps,
however it is important to highlight the fluctuations of two distinct
regions of the nucleosome (circles and arrows Fig. 3b). First, NBPeps
that interact with just the acidic patch caused higher atomic movement
at the nucleosome entryside-DNA region (arrows Fig. 3b). LANA sig-
nificantly increase the DNA atomic fluctuations and H4pep slightly
increase fluctuations of the H3 N-terminal helix. As expected, GMIP1,
but not HMGN2, which also bind to the DNA, moderately reduced the
DNA fluctuation. The second region affect by NBPeps binding was one
of the known interactions points between the DNA and histones [25]
(circles Fig. 3b). This interface, composed by H4 amino acids A76, K77,
R78 and 8 nucleotides, showed narrow movement reduction caused by
all NBPeps. Also, although rather small, HMGN2 was the peptide with
greater impact (increasing) on the histones octamer atomic fluctua-
tions.

Changes in hydration pattern of the nucleosome showed that the
NBPeps reduced at least water content by 10 % on the acidic patch.
GMIP1 removed fewer water molecules compared to the other NBPep,
even when compared to HMGN2 that also has two binding sites, DNA
and acidic patch (Fig. 3c).

4.4. NBPeps cellular uptake and viability

Cell penetrating peptides, CPPs, are typically short peptides com-
posed by high content of positively charged amino acids, such as lysine
and arginine. Interestingly, NBPeps also contain several positively
charged aminoacids [28]. In order to verify whether the four NBPeps
could penetrate the cell environment, we performed flow cytometry
assays in Hela cells. The four NBPeps penetrated the cell at 37 °C and
GMIP1 had the highest uptake. H4pep in higher concentration (10 uM)
was also taken up at 4 °C at a similarly rate to 37 °C (Fig. 4a).

To better understand and characterize whether GMIP1 that pre-
sented low affinity nucleosome binding could be uptaken and bind to
the chromatin, we treated Hela cells with labeled GMIP1 and analyzed
them with confocal microscopy. Images with orthogonal views de-
monstrated that peptide GMIP1 penetrates the cells even in the smallest
concentration (0.1μM). Confocal microscopy merged images of labeled
GMIP1 and DNA stained with DAPI indicate the presence of GMIP1
associated with chromatin (Fig. 4b). Internalization of GMIP1 in Hela
cells occurred only at 37 °C, suggesting an endocytosis transport
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Fig. 2. Thermal Shift assay a) Thermal dena-
turation profiles of mononucleosomes in the
presence of NBPeps. Mononucleosome dena-
turation happens in two steps, the first peak is
the eviction of the dimers H2A/H2B and the
second step if the eviction of the tetramers H3/
H4 the formation of a peak at 68−70 °C ap-
pears when the mononucleosome is already
disassembled. All thermal denaturation pro-
files are representative of three separate ex-
periments.

Fig. 3. NBPeps interactions with the nucleosome a) Time-dependent centroid distances profiles between the acidic patch region and NBPeps (Negative control – gray;
GMIP1- green; HMGN2 – orange; LANA – red; H4pep - blue). Shaded regions indicate standard error between all simulations. b) NBPeps-induced proportional
changes on the nucleosome (NCP) root-mean-square fluctuations (RMSF). The ratio was calculated after averaging all peptides association with the nucleosome
stoichiometries. Color scale values distinguish between higher (red) and lower (blue) fluctuations compared to the RMSF of NBPep free nucleosome, with a 25 % cut-
off. Squares and circles indicate strongest fluctuation changes regions c) Average of proportional change in the number of water molecules occupying the acidic patch
for each NBPep. The change was calculated using the nucleosome free simulation as base value and within a cut-off distance of 20 Å. Averages and associated
standard deviation were computed from 100 ns simulation. Colors code as a).
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(Fig. 4c).

4.5. Cell viability assay with NBPeps

In order to verify the potentiality of NBPeps for modulating cell
physiology, we performed MTT assay using with different cell linages.
In general, NBPeps, but not GMIP1, significantly affected the viability
of Hela cells, which support the evidences obtained in vitro that GMIP1
is acting non-specifically. Furthermore, NBPeps impacted the primary
cell lineage ccd10595k much less, except H4pep that still showed high
effect on the cell viability (Fig. 4d).

5. Fish embryo toxicity (FET) with NBPeps

To analyze in vivo the action of the NBPeps, we performed we
performed Fish Embryo Toxicity (FET, OECD protocol n.236, 2013)
test. After the exposure to NBPeps, at 3 different stages of development,
at 4, 28 and 52 h post-fertilization (hpf) for 1 and 24 h, all NBPeps
presented low or no toxicity (Supplementary table 2).

We were able to identify the labeled NBPeps in the nuclei of adult
zebrafish erythrocyte (Fig. 5a). Moreover, NBPeps penetrated different
tissues of fish larvae, after 3 hs incubation (Fig. 5b).

The respective outcome of the embryo’s exposure to the NBPeps was
highly dependent on the stage of development (Fig. 5c). The hatching
rate of the zebra fish was largely affected by the presence of the
NBPeps, with GMIP1 showing the strongest effect (Supplementary table
2).

GMIP1 presented a discrete pigmentation defect, in 26 % of em-
bryos when at 28hpf and did not induce mortality at any concentration

tested.
LANA, at the highest concentration (100 uM), caused delay in the

development of 100 % of the embryos when they were exposed at 4hpf.
Also, LANA induced an increased hatching rate (Fig. 5c and Supp. table
2).

HMGN2 clearly affected pigment formation of 16 % of the embryos
at 100 uM when at 56hpf.

Remarkably, H4pep were the only NBPeps tested that induced 100
% mortality at 4hpf, and the exposure for 1 h induce 20 % of mortality.

6. Discussion

Proteins that bind the nucleosome, the repetitive unit of chromatin,
and the histone H4 tail are critical for establishing chromatin archi-
tecture and phenotypic outcomes [29]. A myriad of histone modifica-
tions, which strongly induce changes in chromatin structure, have been
associated with malignancies and other diseases, highlighting the cru-
cial role of chromatin architectural changes in disease mechanisms
[30]. Thus, it is plausible that any nucleosome binding molecule might
be able to interfere with the chromatin dynamics and modulate the
access of proteins to the DNA.

At first glance, small molecules would be the best option for enga-
ging the nucleosome surface, mainly the acidic patch, to control chro-
matin dynamics. An effort to identify specific inhibitors of Kaposi’s
sarcoma–associated herpesvirus (KSHV) focused on small molecules
that could displace the LANA peptide from the acidic patch [31]. In-
vestigators tested more than 350.000 small molecules, but could not
find any compound able to displace LANA from the nucleosome surface,
suggesting that more complex molecules, such as peptides, might be

Fig. 4. NBPeps cell penetration a) Flow cytometry profile of Hela cells uptake of fluorescent NBPeps (TAMRA), in histogram view with 1 or 3 h exposure and at 37 or
4 °C. Histogram is representative of three separate experiments.
b) GMIP1 bound to chromatin: confluent Hela cells were treated with increased concentrations (0.1; 0.5; 1μM) of peptide GMIP1-TAMRA or vehicle (10mM
Tris−HCl) for 24 h. The images were acquired using a laser scanning confocal microscope Leica TCS SP5. C) GMIP1 internalization: Ortogonal analysis of GMIP1
overlapping with stained (DAPI) DNA. Cell penetration only occurs at 37 °C. The images were acquired using a laser scanning confocal microscope Leica TCS SP5. To
visualize peptide localization, Z-planes of 0.20 μm thickness were acquired. The software LAS AF (Leica Microsystems CMS GmbH) was used for analyze images. All
images are representative of three separate experiments. d) Relative cell viability compared to control over 24 h exposure to NBPeps in HeLa and CCD 10,595 K. HeLa
cells showed a greater decreased in cell viability than CCD 10595k for every NBPep tested with the exception of GMIP1. Data is shown as mean ± SD. * represent
significant statistical difference (one-way ANOVA test) between the control and treated groups with=p < 0.05 and n=2.
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required to bind in shallow crevices that mediate protein-protein in-
teractions. Recently, binuclear ruthenium compounds was shown to be
able to target the nucleosome surface and induce chromatin con-
densation [32].

Herein, we rationalized that NBPeps would be important candidates
for occupying the nucleosome surface and to direct control the chro-
matin status and phenotypic outcomes. For that, NBPeps derived from
binding motifs of structure-characterized nucleosome binding proteins,
LANA, H4 tail, HMGN2 and the newly generated GMIP1, were tested to
verify their ability in impacting the nucleosome stability, chromatin
status, cell viability and fish embryo development. The four NBPeps
bound to the nucleosome and induce precipitation at uM order, except
H4pep that act at 500 nM.

We first searched for a novel NBPep that could bind to and present
specificity for the nucleosome, with high dependence on nucleosomal
DNA for the nucleosome binding. This characteristic could potentially
open an avenue for the design of NBPeps with high specificity for target
genes. However, the biochemical data shows that GMIP1 has low nu-
cleosome binding affinity. It is important to emphasize that all ex-
periments performed were done with the Widom 601 DNA sequence,
which is an artificial sequence with high specificity to the octamer.

In general, the NBPeps displaced at least 10 % of the water asso-
ciated with the acidic patch. Interestingly, thermal shift assays suggest
that GMIP1 and HMGN2pep, which also bind to the nucleosomal DNA,
primarily disrupt H2A:H2B dimer. This is partially in agreement with
the molecular dynamic experiments, in which the HMGN2pep in-
creased histones atomic fluctuations and reduced DNA fluctuation
changes at the nucleosome entry-side DNA region. LANA firstly disturb
H3:H4 tetramer and H4pep induced H2A:H2B dimer stabilization but
did not affect H3:H4. Together with the notion that DNA is needed for
GMIP1 binding led us to consider the hypothesis that NBPep with a
DNA nucleosomal binding site might be by more effective for modifying

the common target on the nucleosome surface. Chromatin compaction
was affected by the H4pep but not by GMIP1, supporting the idea that
GMIP1 presents low affinity binding to the nucleosome. Cell-based as-
says demonstrated that all four NBPeps were able to penetrate the cell,
with GMIP1 having the best cell uptake. The protein-derived NBPeps,
but not the rationally designed GMIP1, significantly affected the via-
bility of tumoral cells. However, NBPeps had weaker effects on the
cellular viability of non-tumoral cell lineage, except for H4pep that still
showed strong negative effects on cell viability.

Experiments performed in zebrafish showed that NBPeps have a
differential interference in the embryo mortality, development, pig-
mentation and hatching. Labeled NBPeps penetrated different tissues of
fish larvae and localized in the nuclei. These results are in agreement to
the cell-based assays showing the NBPeps penetrate the cell. It is worthy
of attention that GMIP1 did not induce fish embryos mortality, con-
trarily to H4pep. These data corroborate the results from cell-based
assays MTT using non-tumoral ccd 10595k cells. Interestingly, all
NBPeps induced earlier hatching, but GMIP1 and LANA induced de-
velopment embryo delay.

Taken together the in silico, biochemical an in vivo data, however, it
is too early to provide a straight correlation between NBPeps binding
sites and the phenotypic outcome. Considering that three out of the four
designed peptides are non-specific nucleosomal interactors, a question
that is still to be explored is whether the NBPeps may engage different
signaling events, besides the nucleosome binding, for example affecting
function of HDAC.

Indeed, acetylated H4 N-terminal tail was explored as a molecular
tool to establish and maintain the active state of p53 target genes via
interaction with histone deacetylase 1 (HDAC1). It was suggested that it
could be used as a novel strategy for anticancer therapy [33]. Herein,
we further advance the idea that H4pep could affect tumoral cells, but
through the direct binding to the nucleosome surface, since H4pep was

Fig. 5. NBPeps action in vivo a) Injection of fluorescent NBPeps accumulate in the nucleus erythrocytes of adult zebrafish, b) fluorescent NBPeps incubated for 3 h
distributes heterogeneously over zebrafish larvae. At right panel, visualization using 520 nm laser. c) Fish Embryo Toxicity (FET) with NBPeps. Zebrafish embryos at
4, 28 and 52 h post fertilization (hpf) were incubated with NBPeps or vehicle for 24 h. Images are representative of three separate experiments.
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the unique high specific NBPep, causing dramatic effect in vivo. Its ef-
fect emphasized the physiological role of H4 tail on chromatin con-
densation and transcriptional outcome.

In conclusion, we observed that NBPeps with distinct nucleosome
binding sites perturb the nucleosome structure in multiple ways.
Despite sharing an apparently similar target, NBPeps showed different
roles in cell physiology, which is probably due to the non-specificity in
targeting the nucleosome surface. However, new biophysical experi-
ments in cell-based context should be performed to be able to straight
correlate the in silico predictions with the in vivo findings.

Nevertheless, considering that DNA intercalaters or damaging
agents still have great importance in clinical oncology, the fact that
NBPeps do not present specific targeting would not preclude their use
as therapeutic agents. Indeed, we believe that NBPeps open novel op-
portunities to design hybrid molecules with higher specificity to reg-
ulate a plethora of cellular disorders.
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