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Improving and fine-tuning the properties of
peptide-based hydrogels via incorporation of
peptide nucleic acidsf¥

Tristan Giraud,? Sabine Bouguet-Bonnet,” Philippe Marchal, Guillaume Pickaert,
Marie-Christine Averlant-Petit® and Loic Stefan {2 *?

Peptide self-assemblies have attracted intense research interest over the last few decades thanks to their
implications in key biological processes (e.g., amyloid formation) and their use in biotechnological and
(bio)material fields. In particular, peptide-based hydrogels have been highly considered as high potential
supramolecular materials in the biomedical domain and open new horizons in terms of applications. To
further understand their self-assembly mechanisms and to optimize their properties, several strategies
have been proposed with the modification of the constituting amino acid chains via, per se, the introduc-
tion of pb-amino acids, halogenated amino acids, pseudopeptide bonds, or other chemical moieties. In
this context, we report herein on the incorporation of DNA-nucleobases into their peptide nucleic acid
(PNA) forms to develop a new series of hybrid nucleopeptides. Thus, depending of the nature of the
nucleobase (i.e., thymine, cytosine, adenine or guanine), the physicochemical and mechanical properties of
the resulting hydrogels can be significantly improved and fine-tuned with, for instance, drastic enhancements
of both the gel stiffness (up to 70-fold) and the gel resistance to external stress (up to 40-fold), and the gene-
ration of both thermo-reversible and uncommon red-edge excitation shift (REES) properties. To decipher the
actual role of each PNA moiety in the self-assembly processes, the induced modifications from the molecular
to the macroscopic scales are studied thanks to the multiscale approach based on a large panel of analytical
techniques (i.e., rheology, NMR relaxometry, TEM, thioflavin T assays, FTIR, CD, fluorescence, NMR chemical
shift index). Thus, such a strategy provides new opportunities to adapt and fit hydrogel properties to the
intended ones and pushes back the limits of supramolecular materials.

globin tetramer assemblies.® The ability of proteins to form
highly ordered architectures has been harnessed by the scienti-

Owing to their pivotal roles in biological systems, protein and
peptide self-assemblies are involved in the formation of a wide
variety of three-dimensional structures, from filaments to
rings, tubes, catenanes, knots or cages."”> Although protein
self-assemblies are crucial for many physiological processes
(e.g., proteasomes for enzymatic reactions, G-proteins for
signal transduction, hemoglobin A for oxygen transport) and
as structural elements (e.g., collagen, keratin, and elastin), they
are also related to several pathologies, including neurodegen-
erative (e.g., Parkinson’s and Alzheimer’s diseases and amyo-
trophic lateral sclerosis)® and cataract diseases*” with the for-
mation of amyloid fibrils, or sickle cell anemia due to hemo-
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fic community to develop controlled supramolecular objects
such as nanowires, nanotubes, two-dimensional lattices, or
icosahedral three-dimensional cages to name a few, with appli-
cations in biomedicine, nanotechnology or materials
science.” ™

Being shorter than proteins, peptides have also been exten-
sively studied and preferred thanks to their easier access and
lower cost in peptide synthesis, and an easier control of their
structuration compared to proteins. Thus, designed peptides
can self-assemble into a myriad of complex tridimensional
structures from nanotubes to nanovesicles, nanofibers, nano-
spheres, nanodoughnuts, nanorods or micelles (e.g., spherical,
cylindrical or worm-like) to name a few.'® All these assemblies
rely on non-covalent interactions between peptide units which
self-organize adopting mainly a-helix, f-sheet or p-turn second-
ary structures.'* They have an ever-increasing number of appli-
cations as confirmed by the use of peptide-self-assemblies in
the fields of energy storage, display and light emitting devices,
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piezoelectric components, sensors, therapeutics and biomater-
ials.'” In the latter case, peptide hydrogels have been attracting
intense research interest over the last twenty years thanks to,
per se, their ability to mimic the extracellular matrix."*'* Far
from being only lab curiosity, peptide hydrogels have come
into prominence as evidenced by the recent launches of com-
mercially available products (e.g., PuraMatrix®, Hydromatrix®,
and PeptiGel®) mainly sold as matrices for stem cell culture.™
Along with proteins and peptides, DNA and RNA are the
other major classes of biomolecules exhibiting high self-
assembly potential. Owing to their pivotal biological roles in
the genome, transcriptome and gene regulation, they can
adopt a wide variety of tridimensional structures from the
iconic canonical right-handed anti-parallel DNA duplex to
diverse duplex forms, triplexes, i-motifs and
G-quadruplexes.'®'” This high polymorphism originates from
the versatility of interactions nucleobases (ie., adenine,
thymine/uracil, guanine and cytosine) can make, mainly based
on hydrogen bonds and n-stacking interactions. Such pro-
perties have inspired chemists, who have seized the nucleo-
base moieties to create a large panel of (nano)technological
systems, with the development of nanoparticles, catalysts,
nanomaterials, biosensors, membranes, nucleogels, nano-
carriers or DNA origami just to cite a few examples. !
Thanks to the outstanding self-assembly qualities of each
system (i.e., proteins/peptides on the one side and nucleobases
on the other), their combination has a tremendous opportu-
nity to construct new complex supramolecular architectures
providing new functions and properties. Nature exploits these
protein and nucleobase assemblies with (ribo)nucleoproteins
interacting with RNA or DNA in a non-covalent (e.g., histones,
telomerase, ribosome)**** or, more rarely, covalent (e.g., topoi-
somerase I, Ku protein)**® way. Not surprisingly, artificial
protein-nucleobase architectures have been developed over the
last few decades and used to design controlled nanoobjects
including nanoarrays, nanowires, nanotubes, linear and
branched nanostructures or superlattices, and both their con-
ception and study remain challenging.”” Being shorter than
proteins, peptides functionalized with nucleobases are emer-
ging in the nanotechnological field and have been harnessed
to form precisely controlled nanofibers, nanorods, toroidal
and multilamellar spherical structures or hollow spherical
structures.”® Besides their impact on the assembly process,
nucleobases have been reported to bring additional properties
to the materials, such as fluorescence?® and non-reversible or
reversible reorganization of the fibrillar structure upon
addition of DNase®® or ATP/ADP,*! respectively. Interestingly,
the incorporation of nucleobases into peptide sequences to
develop new macroscopic materials (e.g., hydrogels and orga-
nogels) has only been recently considered and remains highly
limited with only a dozen of published works.*® Among them,
the Xu group reported on the first peptide/nucleobase hybrids
built on the highly hydrophobic PhePhe and PhePheTyr
peptide sequences.>® The nature of the nucleobase grafted on
the N-term as a carboxylic acid derivative clearly impacts the
mechanical and structural properties of the gels. They have
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subsequently developed new systems with nucleobases grafted
on lysine (N-e position),>® with complementary peptide
sequences,*® with the incorporation of glycoside moieties,*>>®
or exhibiting sensitivity to ATP addition.’® Using a multicompo-
nent approach, the Nilsson group has described a complex
system composed of three peptides (i.e., one native, the two
others being functionalized with distinct 10-mer nucleic acids)
and an extra single-stranded DNA to improve fibril-fibril cross-
linking.*” Even if not fully understood, this proof of concept has
opened the way to new strategies for peptide fibril hybridization.
Indeed, one year later, the Stupp group reported on a responsive
hydrogel based on nanopeptides bearing complementary
nucleotide sequences.®® Once mixed, the peptide parts co-
assemble into fibers, crosslinked with double helix formation
thanks to complementary base pairing, modifying the mechani-
cal and structural properties of the gels. All these examples
highlight the interest and the high potential of peptide-nucleo-
base hybrids as innovative hydrogelators. To understand and
decipher the parameters influencing their assembly processes,
further investigations using a multi-scale approach are essential
and will constitute a solid basis to expand the scope of appli-
cation of promising nucleobase-peptide hybrid systems.

In this context, we report on the impact of peptide nucleic
acid (PNA) moieties as an efficient modification to improve
and fine-tune peptide-based hydrogel properties, thanks to the
multiscale approach. Starting from a reference charged octa-
peptide, we studied the assembly abilities of four different
peptide-PNA hybrids on the mechanical properties, thermo-
reversibility, kinetics of both gel and fibril formation, fibril
morphologies, supramolecular organization, and fluorescence
properties.

Results and discussion

Although nucleobases have been introduced into peptide
sequences as it (i.e., via a carboxylic acid arm*® requiring
multi-step organic synthesis) or as its nucleoside®® or nucleo-
tide forms, we chose their peptide nucleic acid (PNA) forms in
this study. Mainly used for biological applications, PNA are
good alternatives to DNA in material science, thanks to their
better chemical stability, the reduction of non-specific electro-
static repulsions (due to the absence of charge) and the more
stable duplexes they form.’>*' Owing to their shorter length
than the well-known RADA-16 and MAX peptide derivatives,'*
we selected the octapeptide Phe-Glu-Phe-Glu-Phe-Lys-Phe-Lys
(without any protection at the N- and C-termini, alternating
charged and aromatic amino acids and first reported at the
end of the 2000s by the Saiani group)**** as our reference
compound (termed N-pep herein). Thanks to its ability to form
hydrogels at neutral pH, this peptide has found applications
in biomedical and biotechnological contexts, including as
drug delivery vehicles** and as cell culture scaffolds for cell
encapsulation,*® for intervertebral disc tissue engineering®®
and for osteogenic differentiation of stem cells both in vitro*’
and in vivo.*® Thus, six peptide derivatives, depicted in Fig. 1,
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Fig.1 Chemical structures of the native octapeptide N-pep, the
control compound Aeg-pep and the four nucleopeptides PNA(X)-pep
with X =T, C, A and G.

are considered in this study: PNA(A)-pep, PNA(T)-pep, PNA(C)-
pep, and PNA(G)-pep in which a PNA moiety substitutes the
last phenylalanine in order to keep the same length as that of
the native peptide N-pep, and Aeg-pep (with Aeg corresponding
to the N-(2-aminoethyl) glycine moiety). The latter is our
second reference to evaluate the impact of the “PNA arm”
without the presence of a nucleobase.

All the compounds were synthesized at a 400 pmol-scale by
solid-phase peptide synthesis with a Fmoc/‘Bu strategy. Briefly,
each amino acid was introduced via a double coupling using 6
equiv. Fmoc-amino acid, 5 equiv. HBTU and 10 equiv. NMM in
DMF and NMP with a 40 min coupling time, except for the
N-term PNA and Aeg moieties introduced manually using 4
equiv. Fmoc-PNA/Fmoc-Aeg derivative, 3.5 equiv. HBTU and
7.5 equiv. NMM in DMF and NMP (double coupling, 3 hours).
The peptides and nucleopeptides were subsequently purified
by reverse-phase HPLC, fully characterized by LC-MS,
ESI-HRMS, 'H, ’C and 2D NMR (COSY, NOESY, ROESY, and
TOCSY in DMSO-dg, 5 mM) and obtained with 50.3% to 62.2%
yield (see the ESIT for more details on synthesis and chemical
characterization). While PNA are achiral moieties,’*"" we
noticed a splitting of the proton signals corresponding to the
three contiguous amino acids (i.e., Glu, Phe and Glu, see the
ESIT) due to the two conformations adopted by the tertiary
amine on the N-(2-aminoethyl) glycine moiety.

Using the so-called tube inversion test as preliminary
assays, we first investigated the ability of all the compounds to
form hydrogels in a wide range of pH values (from 2 to 12,
Fig. S1 and Table S1f). Although translucent gels were
obtained with the octapeptide N-pep only at highly acidic pH
2-3 and from neutral to basic pH, the incorporation of PNA
moieties allows the formation of hydrogels at all acidic pH
and, especially for PNA(A)-pep and PNA(G)-pep, up to pH 11,
improving the operating window. Subsequently, pH 7.4 (buffer
Tris-HC], 1 M) was chosen as our standard biologically relevant
conditions with which homogeneous and self-supporting
hydrogels are obtained in a reasonable amount of time
(<6 hours) for all the compounds. The concentration of 15 mM
was also selected according to the already reported peptide-

This journal is © The Royal Society of Chemistry 2020
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based hydrogels,”®>* allowing a direct comparison of the pro-
perties between different systems. To assess the viscoelastic
properties of all the hydrogels, time-dependent rheological
measurements were carried out using a Couette geometry
immersed in the sample (Fig. S31). As observed in Fig. 2a (and
Fig. S47%), the gelification process is triggered instantly after
mixing without induction time, and all the soft materials
exhibit distinct mechanical properties characterized by their
storage modulus (G') and loss modulus (G"). After 6 hours,
while the reference peptide N-pep forms a gel with a G’ value
of 320 Pa,> the substitution of its N-term phenylalanine by a
N-(2-aminoethyl) glycine moiety only slightly reduced this
value to 191 Pa, indicating that the loss of an aromatic group
is not detrimental to the gelification process (Fig. 2b). The
impact of the nucleobases on the mechanical stiffness can be
divided into two groups: on the one hand, the presence of pyri-
midines (i.e., thymine and cytosine) does not significantly
modulate the storage moduli with G' = 319 Pa and 201 Pa for
PNA(T)-pep and PNA(C)-pep, respectively. On the other hand,
nucleopeptides containing a purine (i.e., adenine or guanine)
lead to a drastic improvement in the mechanical properties of
the resulting hydrogels of 20-fold and 70-fold for PNA(A)-pep
(G' = 6512 Pa) and PNA(G)-pep (G’ = 21650 Pa), respectively
(Fig. 2b). After a longer period of time (up to eight days, Fig. S5
and Table S2t), while the mechanical properties of Aeg-pep
and N-pep collapse, PNA(A)-pep and PNA(G)-pep are quite
stable, unlike PNA(C)-pep and PNA(T)-pep which are still evol-
ving, highlighting a very slow kinetics of formation for the
latter two. With a storage modulus higher than 20 kPa at
15 mM after 6 h (and up to 40.3 kPa after 8 days, see
Table S21), PNA(G)-pep is among the most efficient peptide-
based hydrogels reported so far, including the octapeptide Ac-
GLYGGYGV-NH, (G’ ~ 5 kPa at 15 mM),>® the pentapeptide DF

b
10000 f i
f/f £ 10000
g 1000 g
= ]
g M E—— 2 1000
8 - 8
5
5 4 s
s o
@ & 1m0
14 5
7
o s w0 20 20 w0 w0
Time (min)
[ Npep W Acgpep B PNA(D-pep B PNAOqpep B PNAGA)pep Bl PNAG)pep |

o
Q.

Yield stress <, (Pa)

n.d. for Acg-pep

n.d. for N-pep

” T]rnansilion tem:erature T, (Vs;) ¢
Fig. 2 (a) Time sweep rheological profiles and (b) plot of the resulting
storage (G') and loss (G”) moduli after 6 hours (20 °C). Plot of the
characteristic (c) limiting values of the linear viscoelastic region (at
20 °C) and (d) transition temperatures determined by rheology. All the
experiments were carried out at 15 mM sample in Tris-HCL (1 M, pH 7.4).
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()NKEF(1) (G’ =~ 20 kPa at 15 mM, F(1) for para-iodinated phenyl-
alanine),”® the hexapeptide Ac-LIVAGD-NH, (G’ ~ 25 kPa at
12 mM)®® and its derivative Ac-ILVAGK-NH, (G’ ~ 18 kPa at
15.6 mM).”* To determine the deformation behavior of all
these hydrogels, stress sweep experiments (with controlled
shear strain) were subsequently carried out (Fig. S61) and the
limiting values of the linear viscoelastic region (i.e., the yield
point z,) beyond which the structure of the gel is destroyed are
plotted as shown in Fig. 2c. Although the reference peptides N-
pep and Aeg-pep have low stress resistance (z, = 2.6 Pa and 0.7
Pa, respectively), the presence of one nucleobase significantly
improves the yield point from 10.4 Pa for PNA(C)-pep to 74.7
Pa, 94.7 Pa and 103 Pa for PNA(T)-pep, PNA(A)-pep and PNA
(G)-pep, respectively (i.e., an improvement in the resistance to
external stress of up to 40-fold compared to N-pep). After
applying high stress beyond the yield point 7z, to break the gel,
we measured the ability of all hydrogels to recover their initial
mechanical properties. The rheological data (Fig. S7 and S8¥)
highlight the thixotropic behaviors®” of PNA(T)-pep and PNA
(C)-pep, whereas for PNA(A)-pep and PNA(G)-pep a loss of
mechanical properties happens, mainly after the first break.
The thermal behaviors of all the hydrogels, visually observed
in the preliminary assays, are also influenced by the nucleo-
bases. Indeed, all four nucleopeptides PNA(X)-pep (X =T, C, A,
and G) exhibit a gel-to-sol transition, characterized by the tran-
sition temperatures Ty, ranging between 36.2 °C and 49.5 °C
(Fig. 2d, Fig. S9 and Table S3t), contrasting with N-pep and
Aeg-pep for which no significant storage and loss moduli vari-
ations were observed from 20 °C to 90 °C. The pyrimidine-con-
taining compounds show lower values than the purine-con-
taining ones, with Ty, = 36.2 °C and 37.5 °C for PNA(T)-pep
and PNA(C)-pep, respectively, and T, = 42.5 °C and 49.5 °C for
PNA(A)-pep and PNA(G)-pep, respectively (Fig. 2d and
Table S37). To assess the potential of all the compounds for
biomedical and biotechnological applications such as in tridi-
mensional cell culture scaffolds, drug delivery, tissue engineer-
ing or bioprinting,'*® the mechanical properties were evalu-
ated at physiological temperature (i.e., at 37 °C). Under these
conditions, although N-pep and Aeg-pep form weak gels with
G' < 120 Pa, PNA(T)-pep and PNA(C)-pep are viscous liquids
since there are both close to their transition temperature 7;,
(Table S37). In contrast, PNA(A)-pep and PNA(G)-pep are stable
hydrogels at 37 °C, exhibiting medium (481 Pa) and high (6509
Pa) storage moduli (Table S37), respectively, and are conse-
quently perfectly suitable for biomedical applications. On
exploring the thermal behaviors of the hydrogels, we observed
that, once heated at high temperature (85 °C), all the PNA(X)-
pep-based hydrogels recovered their initial mechanical pro-
perties after cooling to 20 °C. Thus, such a heating/cooling
sequence was applied several times to each gel, and the results
(Fig. 3 and Fig. S107) highlight that the presence of a nucleo-
base induces thermo-reversibility without loss of mechanical
properties (G'/G" ratio remains similar after numerous
heating/cooling cycles), a property reported predominantly for
polymers®® and composite hydrogels, but scarcely for peptide
derivatives.*®® All these rheological data attest the positive
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Fig. 3 Thermal recovery behavior of the hydrogels (15 mM in Tris-HCL (1
M, pH 7.4)) during cycles of heating/cooling. From the starting G'/G"”
ratio, characteristic of the mechanical properties of each hydrogel, a
decrease of this value is indicative of fluidification (gel-to-sol transition)
of the gel, while a subsequent increase exhibits the re-gelification of the
sample.

impacts of nucleobases on the macroscopic properties of the
formulated gels.

Before focusing our attention on the peptide and nucleo-
peptide self-assemblies per se, we first studied the behavior of
the main constituent of the soft material, ie., water (>98
weight%), using NMR relaxometry.®"®* In this study (Fig. 4a),
the longitudinal relaxation rates (inverse of longitudinal relax-
ation times R; = 1/T;) of solvent’s protons were plotted as a
function of Larmor frequency (from 50 kHz to 10 MHz), and
the deconvolution of the curves via Lorentzian fittings reveals
the presence of two main water populations for the nucleopep-
tide derivatives (nota bene: no reliable fits were obtained for N-
pep and Aeg-pep because their relaxation profiles are too
broad and too weak, respectively). The first population,
observed at low frequencies, corresponds to constrained water
identified as confined water molecules in direct interaction
with the peptide scaffold, exhibiting a similar slow movement
in all the nucleopeptide-based hydrogels with a correlation
time 7(2) = ~7 x 107 s. By contrast, the second population of
more free water is observed at higher frequencies, with charac-
teristic correlation times higher for PNA(G)-pep and PNA(A)-
pep (e(1) =151 x 10~° s and 109 x 10~° s, respectively) than for
PNA(C)-pep and PNA(T)-pep (z.(1) = 94 x 107 s and 55 x 10~’
s, respectively) based hydrogels, indicating a more constrained

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) 'H NMRD profiles (longitudinal relaxation rate Ry in s™ as a
function of the Larmor frequency vy in MHz) measured on PNA(T)-pep,
PNA(C)-pep, PNA(A)-pep and PNA(G)-pep. Continuous lines
represent the best fits obtained with a sum of lorentzian functions:
A(i)

Ri(vy) = A(0) + Z’: 1T (Zm/HTC(i))Z
describing the water motion (see numeric values in (c). The proportion
of water experiencing very slow motion (last row in (c)) was obtained by
comparing the weight of the lorentzian functions (r; = A(i)/t.(i)) in each
sample. (b) Enlargement of the NMRD profiles in the 0.3-10 MHz
Larmor frequency range, showing the presence of quadrupolar peaks at
0.6, 2.0 and 2.7 MHz in the PNA(T)-pep and PNA(G)-pep samples.

where 7. is the correlation time

water in the purine (G and A) than in the pyrimidine (C and T)
derivatives. The comparison of the two water population ratios
(obtained in comparing the weight of each lorentzian, corres-
ponding to the two motions) clearly highlights a higher pro-
portion of restricted water molecules in interaction with the
peptide network for PNA(G)-pep > PNA(A)-pep > PNA(C)-pep >
PNA(T)-pep (values r,/(r; + 1), Fig. 4c). These data can be cor-
related with smaller pore size for the guanine derivative than
for the others. The hierarchy observed in NMR relaxometry is
in accordance with the rheological data discussed (vide supra)
in which stiffer hydrogels were obtained for purine than for
pyrimidine-containing nucleopeptides, even if the cytosine
and thymine-based compounds are inverted, explained by
other factors, including the formation of other objects at the
nanoscale (discussed later). Interestingly, at 0.6, 2.0 and
2.7 MHz, PNA(G)-pep and PNA(T)-pep exhibit quadrupolar
peaks (Fig. 4b), attributed to the imino and the imido groups
on the guanine and thymine moieties, respectively. Indeed,
quadrupolar peaks originate from dipole-dipole interactions
between a dipolar nucleus of the spin quantum number 1 (‘H
here) and a neighboring quadrupolar nucleus of the spin
quantum number >1 (**N here, I = 1), corresponding, in our
case, to the N-H.**"®* Although the tertiary amines of adenine
and cytosine are too labile, the exchangeable N-H protons of
guanine and thymine induce quadrupolar peaks in water
NMRD profiles because the mobility of these moieties was
slowed down. This indicates that the nucleobases are in a
blocked conformation inside the gel and that their N-H

This journal is © The Royal Society of Chemistry 2020
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protons are not engaged by hydrogen bonds. These results
show that the nucleobases are involved in the formation of the
hydrogel structure, i.e., in the self-assembly of the compounds
into nanostructured architectures.

1

To assess the scaffold morphology of the hydrogels and the

nanostructures of peptide and nucleopeptide self-assemblies,
transmission electron microscopy (TEM) was performed on all
the samples (Fig. 5). The native peptide N-pep revealed its
ability to self-organize into entangled long fibers (>1 pm) with
diameters of 30.5 + 4.5 nm inducing large pore size, contrast-
ing with Aeg-pep in which disparate 10 nm to ~500 nm-long
fibers with shorter diameters (ie.,, 12.3 + 2.3 nm) were
observed. The low fiber density of the latter explains its low
mechanical properties determined by rheology and the low
water dispersity in NMR relaxometry (vide supra). However, for
all the nucleopeptides PNA(X)-pep (X = T, C, A, and G), very
dense deposits of entangled fibers were imaged, and the
longest and biggest ones were obtained for guanine (diameter
5.1 + 0.2 nm, >1 um-long) and adenine (diameter 4.9 + 0.6 nm,
>100 nm-long) derivatives. Compared to N-pep, the increased
number of entanglements induces higher stiffness and better
mechanical stress resistances for PNA(G)-pep and PNA(A)-pep,
as well as a lower porosity, confirmed by more constrained

Aeg-pep

100 nm

Fig. 5 TEM images of all the nucleopeptides recorded with a magnifi-
cation of x38 000 (inserted image for N-pep x6600) and negative stain-
ing by phosphotungstic acid.
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water molecules observed in relaxometry (vide supra). We
assume that such morphological differences explain, partially,
the thermo-reversible properties: upon heating, thinner nano-
structures are more prone to disassemble to regenerate the
starting monomeric nucleopeptides (leading to a gel-to-sol
transition), while larger fibers (i.e., N-pep) are, per se, more
stable supramolecular structures (leading to a gel state in a
broader range of temperatures). For PNA(G)-pep and PNA(A)-
pep, the coalescence of fibers also leads to the formation of
higher-ordered nanostructures defined as fibril bundles of
28.4 + 1.6 nm and 44.0 + 1.7 nm-cross-section, respectively.
The TEM images of the two pyrimidine-containing nucleopep-
tides also show dense networks of thin fibers (diameters 4.6 +
0.4 nm and 2.5 + 0.3 nm for PNA(C)-pep and PNA(T)-pep,
respectively), in which additional spherical nanostructures with
a uniform size distribution of around 25 nm are observed, as
already reported for other peptide self-assemblies.®®®” It should
be noted that PNA(C)-pep also forms bigger heterogeneous
100-250 nm aggregates covered by a fibril-like material®®®°
(Fig. 5d and Fig. S11f). These morphological differences
support the mechanical behaviors determined by rheology:
although the overwhelming majority of peptide-based hydrogels
are composed of fibrillar structures,'’ the presence of spherical
aggregates in PNA(C)-pep and PNA(T)-pep hydrogels weakens
the hydrogel properties as previously described.”®

To assess the morphological and kinetic parameters of the
fiber formation, thioflavin T (also termed ThT) assay, a fluo-
rescent test widely used to diagnose amyloid fibrils involved in
several human pathologies (e.g., Parkinson’s, Alzheimer’s and
Prion’s diseases)’"”> was carried out. When free in solution,
ThT is not fluorescent and becomes fluorescent (4., = 450 nm
and A, = 485 nm) upon perpendicular binding to the
B-strands in the p-sheets (i.e., parallel to the long axis of the
fibril). Often restricted to a “on/off” probe in peptide-based
material studies,”®”* the variation of ThT fluorescence as a
function of time gives invaluable information on the peptide/
nucleopeptide self-assemblies. As depicted in Fig. 6, the
maximum fluorescence intensities were obtained at the final
plateau for PNA(G)-pep and PNA(A)-pep with I = 73.8% and
50.3%, respectively, far higher than the other compounds.
These maximum intensities, linked to the fibril numbers and
morphologies,”"”* are consistent with the TEM images (less
fibers were observed for PNA(C)-pep and PNA(T)-pep due to
the formation of spherical nano-objects) and are in perfect
accordance with the hierarchy observed in rheology and relaxo-
metry: the more intense the signal, the stiffer the gel and the
more constrained the water molecules (vide supra). In terms of
kinetics, the lag times ¢, (Fig. 6¢), defined as the end of the
non-fluorescent initial state in which starting monomers
undergo primary nucleation, still follow the same tendency
discussed above, with PNA(G)-pep (ti,; < 1 min) < PNA(A)-pep
(tiag = 75 min) < PNA(T)-pep (tjag = 88 min) < PNA(C)-pep (tiag =
179 min). After the lag time, the very short fragments of fibrils
start to grow, inducing a steep increase in fluorescence
(termed the growth phase), characterized by an apparent rate
constant k,pp. Once again, PNA(G)-pep exhibits the faster fibril
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Fig. 6 (a) Fibril formation monitored by thioflavin T fluorescence (lex =
440 nm and Jem = 485 nm) assay as a function of time (PMT detector
sensitivity = 800 V). (b) To improve the fluorescence signal of Aeg-pep.
PNA(C)-pep and PNA(T)-pep, the same experiments were carried out at
higher sensitivity (PMT = 1000 V). (c) Characteristic maximum intensities,
lag time (t.g) and apparent rate constants (k,p,) reported for all the
samples. All the experiments were carried out at 5 mM sample in
Tris-HCL (1 M, pH 7.4) at 25 °C.

elongation, outstripping PNA(A)-pep with k,p, = 64.6 h™ and
7.8 h™', respectively, far better than PNA(T)-pep and the
slowest PNA(C)-pep (kapp = 3.1 h™' and 1.0 h™", respectively,
Fig. 6¢). Although not a general rule,”>”® we observe that the
faster the kinetics of formation, the stiffer the gel, as already
reported.®””” Thus, the nature of the nucleobase impacts both
the kinetics of formation and the morphology of the fibres, mod-
ulating the mechanical properties of the resulting hydrogels.
Thanks to the specific binding mode of ThT and the TEM
images, it is safe to assume that nucleopeptides mainly self-
assemble via p-sheet formation. It was confirmed by FTIR
(Fig. 7a and Fig. S12}) in which all the compounds exhibit a
main characteristic band centered at 1619-1620 cm™" with an
additional one at 1691-1696 cm ™", supporting an anti-parallel
B-sheet structure.”® Interestingly, a broad unresolved absor-
bance region between 1630 and 1680 cm™" is observed for PNA
(C)-pep, attributed to a fraction of disordered peptide struc-
tures,”® consistent with the TEM images and the ThT results.
To gain structural insights, circular dichroism was carried
out. A clear change in the signal was observed from highly
diluted solutions (peptides and nucleopeptides are unstruc-
tured at 75 pM and 750 puM, Fig. S131) to gels. At a high con-
centration (10 mM, Fig. 7b), N-pep and Aeg-pep show a
minimum at 212-215 nm corresponding to the n—-x* electronic
transition of the amide groups involved in a p-sheet structure®®
and another negative Cotton effect at ~200 nm attributed to
the m-n* transition of the phenylalanine moieties resulting
from aromatic n-n interactions.®’ A close CD signature was
obtained for PNA(G)-pep with the two minima at 200 nm and
218 nm and a maximum at 189 nm, corresponding to n-n* of
the amides, which confirm its structuration via p-sheet for-
mation. With PNA(A)-pep, the minimum previously observed
at 218 nm for the guanine derivative is red-shifted to 233 nm
and can reflect more twisted p-sheet assemblies.®*** A similar

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) FTIR spectra of the amide | region for all the samples in their
hydrogel state at 15 mM in Tris-HCl (1 M, pH 7.4). The corresponding
second derivatives are depicted below each absorbance spectrum
(dashed grey). (b) Circular dichroism spectra of all the samples at 10 mM
in Tris-HCL (0.67 M, pH 7.4). (c) Chemical shift index of C, of each amino
acid, indicating their involvement in B-sheet structures (in Tris-dy;-HC,
0.5 M, pH 7.4).

signature is observed for PNA(T)-pep, while PNA(C)-pep exhi-
bits a predominant n-n* transition due to n-stacking phenom-
ena, confirming its lower f-sheet-structuration propensity, con-
sistent with the previous results. Interestingly, all the nucleo-
peptides show an additional negative band above 250 nm,
corresponding to the nucleobase chromophores and reflecting
a certain degree of pre-organization of the nucleobases in the
assembly.?® Indeed, achiral PNA do not have significant CD
signal in the nucleobase region (>240 nm) if they are not in
interactions,®® as observed under diluted conditions
(Fig. S137), confirming the contribution of the nucleobases to
the global structuration, via hydrogen bonding and/or
n-stacking interactions. As a complement to FTIR and ThT, CD

This journal is © The Royal Society of Chemistry 2020
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experiments reflect for all the compounds a main structuration
via p-sheet formation, even if at the molecular scale, the thin
organization is slightly different, depending on the nature of
the nucleobase.

To go further in the understanding of the self-assembly and
to evaluate the involvement of each amino acid, we performed
the NMR "*C chemical-shift index (also termed CSI) method.
This commonly used NMR technique allows the identification
of secondary structures of proteins comparing the obtained
chemical shifts with the ones referenced for the random coil
state.®>®” As depicted in Fig. 7c, all the amino acid residues
have a negative C, shift difference, confirming the p-strand
structuration for all the samples. However, even if the shifts
are more similar for amino acids close to the C-term (ie.,
-FKFK part) than for the ones close to the N-term (i.e., -EFE—-
part), the peptide is too short to consider the real differences
between each compound (especially because of the NMR time
scale), and no clear differentiation can be made, indicating
analogous organizations at the molecular level. These data
also support that the nucleobases do not interfere directly with
the peptide part, suggesting specific nucleobase/nucleobase
interactions. Indeed, nucleobases can interact with each other
via H-bonds (thanks to their Watson-Crick or Hoogsteen
faces).®®®" However, in our case, no characteristic hydrogen
bond signals were observed by NMR (data not shown), and
relaxometry experiments have indicated that the N-H protons
of nucleobases are not engaged by hydrogen bonds (vide
supra). These observations discard the hypothesis of nucleo-
base/nucleobase interactions via hydrogen bonds in the self-
assembly. We therefore envisaged that nucleobase stacking
plays a pivotal role in the global stability of the nucleopeptide
self-assemblies, as occurring in natural DNA and RNA architec-
tures. Computational studies using molecular dynamics®**" or
hybrid DFT®> methods highlight stronger self-stacking for
purines than for pyrimidines, with stacking free energies
AGgger (G/G) = —=1.65 keal mol™ > AGguer (A/A) = —0.89 keal
mol™ > AGguek (T/T) = —0.57 keal mol™ > AGgqe (C/C) =
—0.00 kecal mol™" (calculated from dinucleoside-monophos-
phates in a water box),® supporting the results and the hierar-
chy between nucleopeptides, as previously discussed.

To demonstrate the presence of such n-stacking interactions
in our systems, fluorescence spectroscopy was selected as a
method of choice. All the compounds show a main peak cen-
tered in the 400-420 nm range in their emission spectra
(Fig. 8a). For N-pep and Aeg-pep, this peak originates from A
=346 nm and 356 nm (Fig. 8a, black lines), respectively, attrib-
uted to the exciton exchange between phenylalanine rings in
intermolecular n-stacking interactions.”*®* In the case of the
four nucleopeptides, an additional excitation peak is observed
at dex = 302 nm to 308 nm (Fig. 8a, red lines), exacerbated at
lower emission wavelengths (4., = 365-375 nm), and absent
for N-pep and Aeg-pep. This characteristic fluorescence has
recently been reported for stacking associations of nucleic
acids in water,® therefore confirming that in our systems
nucleobases are mainly involved in the self-assembly process
through n-stacking interactions.

Nanoscale, 2020, 00,1-13 | 7

9]

10

20

30

40

50

9]
9]



9]

10

w
9]

40

9]
w

12,PNA(T)-pep

12,N-pep 1a,Acg-pep

W s w0 @0 s s w0
Wavelength (nm)

W @ 40 40 s s e
Wavelength (nm)

— Ag=3550m
— Aw=4150m
e — =375 0m

12, PNA(A)-pep 12,PNA(G)-pep

%0 w40 & s m e
Wavelengih (nm)

M % @0 @0 s s o
Wavelength (nm)

3 3 3 3 3§ §

Fluorescence (a.6.)

B =

mmmmm W s s ERE N I R )
Wavelength (nm) Excitation wavelength (nm)

Wavelength (nm)

Fig. 8 (a) Fluorescence emission and excitation spectra for all the
hydrogels exhibiting the main emission peak with a maximum emission
in the 400-420 nm range, and corresponding excitation peaks around
346-356 nm (in black) attributed to Phe/Phe interactions and, for PNA
X)-pep (X = T, C, A and G), an additional excitation peak at
302-308 nm (in red) attributed to nucleobase/nucleobase inter-
actions.?® (b) Evolution of the fluorescence emission spectra at different
excitation wavelengths, and (c) corresponding plot of the linear corre-
lation between emission and excitation wavelengths, exhibiting a red-
edge excitation shift (REES) for all the four nucleopeptides PNA(X)-pep
(X=T,C A and G).

Interestingly, PNA(X)-pep (X = T, C, A, and G) feature a red-
edge excitation shift (REES) phenomenon between e =
360 nm to 420 nm and Aey, = 400 nm to 480 nm (Fig. 8b and
Fig. S14at), previously described in the literature for several
nucleic acid derivatives.”>*> Briefly, although the fluorescence
emission of a fluorophore is independent of the excitation
wavelength in dilute solution, a REES effect can be observed in
constrained or highly ordered environments, caused by a slow-
down of the solvent relaxation time.’®°” Thus, REES can be
considered as an indicator of the dynamics of the fluorophore
environment. As depicted in Fig. 8c (and Fig. S14bf¥), the
linear regression slope is the highest for PNA(G)-pep, followed
by PNA(A)-pep > PNA(T)-pep > PNA(C)-pep, originating from a
more constrained environment for the guanine-derivative than
for the others, in accordance with the better stacking abilities
for the former than for the latter ones, and consistent with the
data obtained in NMR relaxometry (vide supra). Thus, the
modification of the native N-pep, for which no significant
REES was observed, with the incorporation of one nucleobase
induces new REES fluorescent properties adjustable according
to the nature of the nucleobase.

Conclusions

In summary, we reported herein on the impact of the incorpor-
ation of a peptide nucleic acid (PNA) moiety on the peptide
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self-assembly processes, from the molecular to the macro-
scopic scale. Indeed, depending on the nature of the nucleo-
base (ie., T, C, A, and G), the mechanical properties of the
resulting hydrogel can be substantially modulated with, as
observed, a drastic improvement in the gel stiffness by a factor
of up to 70 (placing PNA(G)-pep among the stiffest peptide-
based hydrogels reported so far),'"**%*3%3¢ and a better resis-
tance to external stress, up to 40-fold. Scarcely reported with
peptide derivatives,”®® the presence of a nucleobase also
impacts the thermal behaviors, turning the materials into fully
reversible hydrogels able to undergo numerous heating/
cooling cycles without loss of their mechanical properties.
Such macroscopic modifications originate from mesoscopic
(nm and nm range) structural differences as observed by NMR
relaxometry and TEM images: compared to native peptides
(i.e., N-pep and Aeg-pep), the newly developed nucleopeptides
PNA(X)-pep (X = T, C, A, and G) preferentially form thinner
fibers but denser fibrillar networks with an increased number
of entanglements, modifying the population of constrained
and free water embedded into the hydrogel. Based on thiofla-
vin T assays, we also demonstrate very distinct kinetic pro-
perties of fibril formation, mainly composed of p-sheet
arrangements at the (supra)molecular level (confirmed by CD
and FTIR). Interestingly, although the involvement of each
amino acid in the assembly process is similar (NMR CSI
experiments), the main differences observed for the nucleo-
peptides are attributed to their stacking abilities, confirming
the trend observed all along this multiscale analysis in which
PNA(G)-pep > PNA(A)-pep > PNA(T)-pep > PNA(C)-pep. Such
specific interactions bring peculiar fluorescence properties to
the nucleopeptide-based hydrogels which exhibit uncommon
red-edge excitation shift (REES). Altogether, the results dis-
cussed herein highlight the ability of peptide nucleic acids
(PNA) to modulate and fine-tune the mechanical and physico-
chemical properties of the peptide-based hydrogels, depending
on the nature of the chosen nucleobase. This approach pro-
vides new opportunities to adapt and fit hydrogel properties to
the intended applications, highlighting the use of biologically
inspired chemical moieties, i.e., nucleobases. The presence of
nucleobases in PNA-containing peptide-based hydrogels is an
opportunity that can be harnessed for the future development
of innovative nano- and bio-technological applications such as
biosensing and drug delivery,”®® sequestration of nucleobase-
containing biomolecules with antitumoral applications,*
stimuli-responsive materials'®® or organic optical devices
(based on their REES properties).”® Thanks to its multiscale
approach, this work contributes to the understanding and
further development of emerging®® and highly promising
nucleopeptide-based hydrogels.

Materials and methods
Peptide synthesis, purification, and chemical analyses

The peptides were synthesized at a 400 pmol-scale both manu-
ally and using an automated ResPep XL synthesizer (Intavis

This journal is © The Royal Society of Chemistry 2020
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AG) using a Fmoc/‘Bu strategy and double couplings for each
amino acid. Preloaded Wang-resin (0.70 mmol g ',
200-400 mesh) was used. The standard experimental con-
ditions for each coupling were: Fmoc-amino acid (6 equiva-
lents), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium
tetrafluoroborate (HBTU, 5 equivalents), and 4-methyl-
morpholine (NMM, 10 equivalents) in dimethylformamide
(DMF) and N-methyl-2-pyrrolidone (NMP), coupling time =
40 minutes. Fmoc-PNA-G(Bhoc)-OH, PNA-A(Bhoc)-OH, Fmoc-
PNA-C(Bhoc)-OH, Fmoc-PNA-T-OH and Fmoc-Aeg(Boc)-OH
were introduced manually (3.0 equiv.) using HBTU (3.0 equiv.),
and NMM (6.0 equiv.) in DMF and NMP (double coupling,
3 hours, room temperature, 500 rpm). Fmoc-deprotection
steps were carried out using a 20% piperidine solution in DMF
(3 x 15 min), and final cleavages were achieved using a trifluor-
oacetic  acid/triisopropylsilane/water  (92.5/5/2.5)
(2 hours). The crude peptides were precipitated from cold di-
ethylether (—20 °C), centrifuged (3 x 5000 rpm, 5 min) washed
with cold diethylether, dried under reduced pressure, resolubi-
lized in water and finally, lyophilized. Then, the peptides were
dissolved in a solvent A/solvent B (75/25) mixture, sonicated,
and purified by semi-preparative HPLC equipped with a
Nucleosil (Macherey-Nagel) 100-5 C;g 250 x 21 mm column
using solvent A (95% water, 5% acetonitrile, 0.1% trifluoracetic
acid) and solvent B (100% acetonitrile and 0.1% trifluoroacetic
acid) with a 16 min linear gradient (0% to 40% solvent B), fol-
lowed by 10 min isocratic elution (40% B) and a 14 min linear
gradient (up to 100% B) with UV detection at 214 nm. The
resulting solutions were evaporated under reduced-pressure
and double-lyophilized.

The purity of each peptide was evaluated by analytical
reversed-phase HPLC equipped with a Nucleosil (Macherey-
Nagel) 100-5 C;3 250 x 4.6 mm column using solvent A’
(95% water, 5% acetonitrile, and 0.1% formic acid) and
solvent B’ (100% acetonitrile and 0.1% formic acid) with
15 min isocratic elution (100% A') followed by a 15 min linear
gradient (0% to 60% solvent B’) and a 5 min linear gradient
(60% to 100% B') with UV detection at 214 nm. High resolu-
tion ESI-MS analyses were performed using a Bruker Daltonics
MicrOTOFQ mass spectrometer, and all the compounds were
fully characterized by NMR 'H, TOCSY, COSY, ROESY, and
NOESY performed using a Bruker Avance III 600 MHz instru-
ment in DMSO-d, and analyzed using TOPSPIN and Sparky
software.

mixture

Sample preparation

As a global procedure, the samples were prepared at 15 mM by
dissolving each peptide or nucleopeptide in Tris-HCI (1 M, pH
7.4), deuterated Tris-d,;-HCI (1 M, pH 7.4), NaF aqueous solu-
tion (1 M, pH 7.4) or DMSO. All the buffers were prepared in
deionized water (18.2 MQ cm). The glass vials containing the
solutions were sealed and subsequently heated (heatgun,
5 min, 70 °C), allowing complete dissolution of the starting
powder. The samples were used directly (rheology and thiofla-
vin T fluorescence experiments) or stored for 24 hours at room
temperature before analysis.

This journal is © The Royal Society of Chemistry 2020
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Rheological characterization studies

Dynamic rheological measurements were performed using an
AR2000 rheometer (TA Instruments) operating in oscillatory
mode, equipped with a Peltier plate temperature control and a
Couette geometry immersed inside the samples (see the ESIT).
Time sweep experiments were carried out at constant shearing
strain using a 0.5% strain amplitude and a 1 rad s~ angular
frequency during 360 min, at 20 °C. Frequency sweep experi-
ments were conducted at constant shearing strain using a
0.5% strain amplitude in the range of 0.1-100 rad s™', at
20 °C. Stress sweep experiments were performed in the range
of 0.46-1000 Pa applied stress at a 1 rad s~ angular frequency,
at 20 °C. Temperature sweep experiments were carried out at
constant shearing strain using a 0.5% strain amplitude, a
1 rad s~' angular frequency and a 1 °C min~" temperature
gradient in the range of 20 °C-85 °C. Thermal recovery experi-
ments were conducted at constant shearing strain using a
0.5% strain amplitude, a 1 rad s ' angular frequency
applying five heating/cooling cycles. During each cycle, after a
one-hour stabilization step at 20 °C, the samples were heated
up at 10 °C min~" to reach 85 °C, followed by a 5 min stabiliz-
ation time (in which no shear was applied). Then, the samples
were cooled at 5 °C min~" to reach 20 °C. The storage (G") and
loss (G”) moduli reported were chosen at the end of each stabi-
lization step. For thixotropy experiments, the samples were
first measured for one hour at 0.5% strain amplitude, and
then, five cycles alternating a 5 min period at high strain
amplitude (200%) to break the hydrogel followed by a
30 min resting time at 0.5% strain amplitude were applied. All
the measurements were repeated for a minimum of three
times.

Relaxometry

The "H NMR relaxometry experiments were performed with a
Stelar SMARtracer fast-field-cycling relaxometer (Stelar
company, Medde, Italy) in the 5 kHz-10 MHz Larmor fre-
quency range, at 25 °C in 5 mm NMR tubes. For all Ry
measurements, magnetization recovery curves were found to
be monoexponential within the experimental errors. 32
different values of the static magnetic field were sampled, with
a fixed acquisition field of 7.2 MHz (*H Larmor frequency).
Pre-polarized measurements were done between 5 kHz and
4 MHz with a polarization duration varying between 0.7 and
1.5 s, depending on the sample, and at a 'H frequency of
8 MHz, and non-polarized sequence was used between 4 MHz
and 10 MHz. Field-switching time was 3 ms. For each B, value,
R; measurements were obtained from the magnetization
monoexponential evolution as a function of the time, sampled
with 16 values between 0.01 and 4 times the longitudinal relax-
ation time. 16 accumulations were used for all measurements
and a recycle delay of 8 s was applied. Additional measure-
ments were done in the 0.25-10 MHz Larmor frequency range
for PNA(G)-pep and PNA(T)-pep. 32 different values of the
static magnetic field were sampled in this range and 32
accumulations were used with a recycle delay of 8 s.
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Transmission electron microscopy

Transmittance Electron Microscopy (TEM) experiments were
performed using a Philips CM200 electron microscope operat-
ing at 200 kV and fitted with a CCD MSC 600 Gatan camera.
The samples were prepared by placing a drop of each sample
(1.5 mM in 100 mM Tris-HCl, pH 7.4) on 200-mesh carbon-
coated copper grids (CF-200-Cu-50) for 3 min. Then, excess
fluid was removed by capillary action, and a drop of phospho-
tungstic contrasting agent (2% w/w in deionized water
(18.2 MQ cm)) was deposited for 1 min. The excess was sub-
sequently removed, and the grid was air-dried for 5 min before
analysis. Collected data were analysed using Gatan
DigitalMicrograph and Fiji software.

Thioflavin T fluorescence

Stock solutions of thioflavin T (750 pM) were prepared in de-
ionized water (18.2 MQ cm), and the actual concentration was
determined through UV-vis spectral analysis at 412 nm with
the molar extinction coefficient €415 nm = 36000 M~* ecm™1.7*
The samples were prepared by mixing the ThT solution with
peptide solutions (previously dissolved in Tris-HCl (1 M, pH
7.4)) to reach final concentrations [ThT] = 100 pM and
[peptide] or [nucleopeptide] = 5 mM. They were subsequently
transferred into black 96-well microplates (150 pL per well),
protected with an optical adhesive film to avoid evaporation
and the fluorescence (Aex = 440 nM, Aoy, = 485 nm, response = 1
s, excitation/emission bandwidth = 6 nm, sensitivity PMT =
800 or 1100 V, temperature = 25 °C) was measured during
1000 min (1 point for each 5 minutes, orbital shacking (3 mm,
5 Hz)) with a Xenius SAFAS. Fluorescence emission at 485 nm
was plotted as a function of time, and the results are the mean
of three to four experiments. Data were fitted using a sigmoi-
dal growth model.'”" Characteristic values were extracted from
the graphs: the lag time t,, and ¢5, corresponding to the time
required to reach 5% and 50% of the maximum fluorescence
intensity, respectively, and the apparent growth rate k,p;, calcu-
lated from the tangent at the inflexion point ¢so.

FTIR

FT-IR measurements were carried out at room temperature
using a Tensor27 spectrometer (Bruker) set to ATR mode, in
the range of 4000-900 cm™" with a 2 em™"-resolution. Peptides
and nucleopeptides were analyzed as crude powders, as
15 mM solutions in DMSO and as hydrogels in Tris-HCI buffer
(see the above-mentioned preparation protocol). Infrared
spectra were recorded after a week and represent an average of
256 scans recorded in a single-beam mode and corrected for
the background. Data were analyzed, smoothed (Savitzky—
Golay, 2™ order, 9 points), and treated using the OPUS soft-
ware and OriginPro 8.5.

Circular dichroism

Circular dichroism spectra were recorded using a Chirascan
Plus spectrophotometer (Applied Photophysics) at 20 °C.
Diluted solutions were prepared by dissolving powders in an
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aqueous solution of NaF (5 mM in deionized water (18.2 MQ
cm) adjusted to pH = 7.4 with NaOH) to a nominal concen-
tration [peptide] or [nucleopeptide] = 75 pM, or in an aqueous
solution of NaF (50 mM in deionized water (18.2 MQ cm)
adjusted to pH = 7.4 with NaOH) to a nominal concentration
[peptide] or [nucleopeptide] = 750 uM. Their spectra were
recorded between 180 and 350 nm (step = 1 nm, response = 0.5
s, bandwidth = 1 nm) averaged on three repetitions in a 1 mm-
pathlength cuvette. The hydrogels were prepared in an
aqueous solution of NaF (667 mM in deionized water (18.2 MQ
cm) adjusted to pH = 7.4 with NaOH) to a nominal concen-
tration [peptide] or [nucleopeptide] = 10 mM following the
preparation protocol. After two days, gels were deposited care-
fully inside a 0.01 nm-pathlength dismountable cuvette prior
to be analyzed. Their spectra were recorded between 180 and
320 nm (step = 0.5 nm, response = 0.5 s, bandwidth = 1 nm)
averaged on three repetitions. After background subtraction
and smoothing (Savitzky-Golay, 2™¢ order, 9 points), all raw
data (0, mdeg) were converted into mean residual ellipticity
(MRE) according to the equation below:

0

MRE =
(n—1)xcxdx10

where MRE is in °cm” dmol ™, d is the cuvette pathlength
in em, and c is the molar concentration in mol L™*.

NMR CSI

Peptide and nucleopeptide solutions at 5 mM were prepared
by dissolving the lyophilized powders in a solution of deute-
rated Tris-d;;-HCI (0.5 M, pH 7.4) and 5% D,O, shaken at
70 °C during 3 min. After one night, the samples are homogen-
ized again by heating at 70 °C and transferred into 5 mm-NMR
tubes. The samples are then analyzed by NMR (‘H, COSY,
NOESY, HSQC and HSQC-TOCSY) using a Bruker Avance III
400 MHz instrument and chemical shifts are obtained using
TOPSPIN and Sparky software. The chemical shift index
method is applied based on the literature data.*®®” Due to
solubility issues, no exploitable NMR signals are obtained for
N-pep, even under more diluted conditions.

Fluorescence

Fluorescence assays were conducted using a FP-8300 spectro-
fluorometer (JASCO Corp.) on 5 mM samples in Tris-HCI
buffer (1 M, pH 7.4). For each experiment, 700 pL of the
samples were transferred into quartz cuvettes (1 cm-path-
length). Fluorescence spectra were recorded at 20 °C with a 3D
measurement mode: excitation spectra were recorded from 250
to 400 nm (step = 2 nm) for an emission wavelength varying
from 265 to 600 nm (step = 5 nm), and emission spectra were
recorded from 265 nm to 600 nm (step = 1 nm) for an exci-
tation wavelength varying from 250 to 400 nm (step = 5 nm).
Scanning speed was set to 200 nm min™", response time to 1 s,
emission bandwidth to 5 nm and excitation bandwidth to
1 nm. Data were processed and smoothed (Savitzky-Golay, 2™
order, 9 points) using OriginPro 8.5. The maximum of emis-
sion for the considered transition is spotted on each smoothed
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emission spectrum for all compounds when relevant. The
associate wavelength is noted in order to draw a Aey/Aem plot.
REES phenomenon is highlighted by a linear regression on
concerned points.
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