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The mechanism underlying self-assembly of short peptides has not been fully understood despite the
fact that a few decades have passed since their serendipitous discovery. RADA16-1 (AcN-
RADARADARADARADA-CONH,), representative of a class of self-assembling peptides with
alternate hydrophobic and hydrophilic residues, self-assembles into B-sheet bilayer filaments. Though
a sliding diffusion model for this class of peptides has been developed in previous works, this theory
need further improvements, supported by experimental investigations, to explain how RADA16-1
functionalization with biological active motifs, added at the C-terminus of the self-assembling core
sequence, may influence the self-assembling tendency of new functionalized peptides (FPs). Since FPs
recently became a promising class of biomaterials for cell biology and tissue engineering, a better
understanding of the phenomenon is necessary to design new scaffolds for nanotechnology
applications. In this work we investigated via atomic force microscopy and Raman spectroscopy the
assembly of three RADA16-1 FPs that have different hydrophobic/hydrophilic profiles and charge
distributions. We performed molecular dynamics simulations to provide further insights into the
experimental results: functionalizing self-assembling peptides can strongly influence or prevent
molecular assembly into nanofibers. We also found certain vibrational molecular modes in Raman
spectroscopy to be useful indicators for elucidating the assembly propensity of FPs. Preliminary FP
designing strategies should therefore include functional motif sequences with balanced hydrophobicity
profiles avoiding hydrophobic patches, causing fast hydrophobic collapses of the FP molecules, or very

hydrophilic motifs capable of destabilizing the RADA16-1 double layered B-sheet structure.

Introduction

Synthetic polymers and biodegradable materials have had
a significant impact in medicine over the past thirty years and the
micro and nano-fabrication of new biomaterials stimulates
growing interest among many scientific and medical communi-
ties.! In particular, molecular self-assembly is a promising
approach for the fabrication of new nanostructured scaffolds
with customizable mechanical properties and biological func-
tions.>? Self-assembly is mediated by various non covalent
interactions such as electrostatic, hydrogen bonding, hydro-
phobic, hydrophilic, and van der Waals interactions.* Subtle
balance among these interactions determines the assembly
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propensity of the molecules and the resulting supramolecular
structure. In this regard, self-assembling peptides have drawn
attention for nearly two decades® as their sequence can be
prescribed to generate materials with defined molecular proper-
ties. They have a wide range of applications, that include tissue
regeneration,® drug delivery,” protein crystallization,® and
cellular internalization.” Furthermore, these peptides are highly
biocompatible, can be easily synthesized on a large scale and
purified to meet clinical application standards in the near future.

An extensively characterized and recently commercialized
class of self-assembling peptides includes RADA16-1 (Fig. 1a),
RADAI16-II, EAK16, KLDL.' They are typically 12-30 resi-
dues in length and have self-complementary sequences (alter-
nating hydrophobic and hydrophilic residues), which causes one
side of the peptide to be hydrophobic, and the other side
hydrophilic, so that, in physiological solutions, they spontane-
ously assemble into B-sheet bilayer nanofibers.!*'> Networks of
these filaments form hydrogels which are 99% made of water.'®
Self-assembled nanofibers show the cross-f molecular structure
of amyloid fibrils,'*'* thus proving themselves as useful in vitro
models for amyloid fibrillogenesis related diseases, such as
Alzheimer’s or Hungtinton’s diseases.'®

RADA16-I has been used as a three-dimensional cell culture
scaffold for endothelial cells,’” neural progenitor cells,'® cardiac
myocytes,' etc. The hydrogel can be customized for specific
applications by linking various functional groups at the N- and
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Fig. 1 (A) The peptides used in this study. In the self-assembling “core” sequence basic residues (blue) alternate with acid residues (red) and hydro-
phobic ones (white). Polar neutral residues (green) are present in added functional motifs. A spacer of two glycines has been added between the self-
assembling cores and the functional motifs. (B) Superimposed hydrophobicity profiles of the tested peptides (see methods for details), positive values

testify hydrophilic residues while negative ones are for hydrophobic patches.

C-terminus.?® Previously, we analyzed the bioactivity of func-
tionalized RADA16-1 by attaching 6- to 15-residues derived
from various extracellular matrix molecules and growth
factors.?*> RADAI16-I has been chosen as a self-assembling
core to which a spacer consisting of two glycines and various
biologically active motifs can be attached.*® The Gly-Gly spacer
is adopted to provide the FP with a highly flexible linker con-
necting the RADA16-I sequence, that is the assembling portion
of FP, and the functional motif. This flexibility is considered as
fundamental for the correct exposure of the functional motif to
cell membrane receptors.?’ When RADAI16-I is functionalized
with the bone marrow homing peptide BMHP1 (PFSSTKT), it is
capable of stimulating neural stem cell adhesion, proliferation
and differentiation; when extended with bone-cell secreted signal
peptide ALK (ALKRQGRTLYGF) it promotes mouse osteo-
blast proliferation and differentiation;** while the functionali-
zation with the osteopontin derived peptide sequence SDE
(SDESHHSDESDE), a bone ECM molecule regulating cell
adhesion, migration and survival,?* is a FP newly designed for
bone regeneration applications.

Although our previous studies demonstrated the potential
of FPs, they also suggested that different functional motifs

significantly influence the propensity for self-assembly and
the overall mechanical properties of the scaffold at the
meso-scale.?!

To address this issue, we investigated the three above-
mentioned RADAI16-1 derived FPs (see Fig. la) by using
a combination of material characterization techniques and
molecular dynamic simulations. Notwithstanding RADA16-1
has been characterized in various studies, the other FPs, derived
from the same 16-mer core, still have to be fully characterized
and their self-assembly explained. The three FPs tested differ in
length, charge distribution, and hydrophobicity. The stability of
the cross-B structure of each peptide was investigated using MD
simulations. We also analyzed the assembled structures via
Raman spectroscopy and atomic force microscopy (AFM),
which were consistent with the “in silico” findings.

Raman micro-spectroscopy, a well-established technique
already applied to characterize the molecular structure of
proteins like amyloid protein a-synuclein,®® has been used to
investigate in a greater detail the secondary structure of the
self-assembling peptides. As the same experimental conditions
were adopted in all tests, the Raman spectra and AFM nano-
structure morphologies analyzed can be directly correlated. Our
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results indicate that hydrophobicity of the functional group is
a major factor responsible for the overall assembly: functional-
ization with too hydrophilic or too hydrophobic groups does not
lead to filament assembly. Thus, when designing a FP, the
sequence of the base peptide and the linker between the base
peptide and the functional group must be adjusted to accom-
modate the hydrophobicity of the functional group, or vice versa.
Lastly our work indicated Raman spectroscopy as a powerful
technique for assessing peptide assembly in aqueous solutions,
results confirmed and supported by MD and AFM tests. When
applied to a wide spectrum of FPs, the synergistic use of
computational and experimental modalities would be useful in
elucidating their design principles.

Experimental
Materials synthesis

RADA16-I solution (1%), commercially available as PuraMatrix
was purchased from BD Bioscience, Bedford, MA. The func-
tionalized designer peptides were custom-synthesized with
a CEM Liberty Microwave Peptide Synthesizer (Matthews, NC).
Peptides were indentified by a MALDI-TOF mass spec-
trometer.All FPs were purified by HPLC in CH3;CN/water
gradient and dissolved in water at a final concentration of 1%
(w/v). The peptide solution was sonicated for 20 min prior usage.

Hydrophobicity profiles

We used hydrophobicity scale proposed by White and Winm-
ley:** hydrophilic (hydrophobic) residues have positive (negative)
values (Fig. 1b) experimentally determined as transfer free
energies. The Kyte-Doolittle scale was used as an additional
confirmation of the obtained profiles (ESI, section 17).

Simulation methods

We ran molecular modeling simulations with CHARMM?*
version 29 software with PARAMI19 force field.*® In all MD
simulations the solvation effect was incorporated by using the
analytic continuum electrostatics (ACE2)**?” module in
CHARMM.? Tt calculates the solvation free energy including
the entropic contribution from water, based on a linearized
treatment of the generalized Born solvation model, which has
been shown to describe solvation effect properly unless there are
specific effects mediated by discrete water bridges.?*30-31:32
Histidine residues were protonated, to account for the experi-
mental condition of neutral pH. The filament structures were
constructed as a B-sheet bilayer using 15 peptides on each sheet.
As described previously, backbone hydrogen bonds between
peptides on each sheet were formed between the RAD16-1 part of
the peptide,* thus leaving the functional groups to “stick out”
from the filament. After building the filament structure, the
system was initially energy-minimized for 200 steps using the
steepest descent method, followed by 3000 steps of the adopted-
basis Newton-Raphson (ABNR) method. The system was then
heated from 0 K to 300 K over 100 ps, and equilibrated for
300 ps. The final production run lasted for 1 ns with the leap-frog
integration method using a time step of 2 fs, and a frequency of
saving coordinates of 0.8 ns. Simulations were repeated five times

for each peptide with different values of random number seeds.
Moreover 200 ps MD simulations for each peptide were run at
different temperatures (300 K, 350 K, 400 K and 450 K), to test
the stability of the structure (data not shown). Lengths of the
bonds connecting hydrogens to heavy atoms were fixed by using
the SHAKE algorithm.*® Visualization of molecular conforma-
tions, each one representative of the five runs, and MD trajec-
tories were performed using VMD.3* A long equilibration period
of the aligned peptides in extended conformations was to ensure
full relaxation of the initial structure. A separate, 2 ns MD at
450 K was performed on a single peptide and the solvent acces-
sible surface area (ASA) of the side-chains was calculated every
80 ps. To calculate ASA, we used the algorithm of Shrake and
Ripley,’s with a probe of radius 1.4 A. We also calculated the
mean ASA per residue as a function of time as another indicator
of the average solvent accessible surface area of each peptide.

Atomic force microscopy

FPs at a concentration of 1% w/v solution were diluted (at a ratio
of 1:100) in sterile water and 5 pl of these solutions were placed
on mica muscovite substrates and kept at room temperature for
1 minute. The mica surfaces were then rinsed with Millipore-
filtered water to remove loosely bound protein and dried under
a stream of gaseous nitrogen.

Mica is widely used in atomic force microscopy (AFM) with
biological samples because it absorbs proteins on its surface with
sufficient strength to retain the protein.

AFM images were collected in tapping™ mode by a Multi-
Mode Nanoscope IIla (Digital Instruments) under a dry
nitrogen atmosphere using single-beam silicon cantilever probes
(Veeco RTESP: resonance frequency 300 KHz, nominal tip
radius of curvature 10 nm, force constant 40 N/m). If necessary,
data sets were subjected to a first-order flattening.

Measured fiber dimensions were corrected because of the
convolution effect arising from the finite size of the AFM tip.
The observed nanofiber heights being far lower than the tip
radius (10 nm), the observed widths can be corrected with the
formula:3®

Ax = /2[h(2r, — h)] (1)

where Ax is the width broadening effect, h is the nanofiber
height, and r, is the tip radius.
The diameter of globular aggregates has to be corrected with
the formula:*®

R = w¥(16r,) )

where R is the corrected radius, w is the measured width, and r is
the tip radius. In both cases the tip is assumed to be a perfect
sphere and fibers are considered as tabular structures, and
aggregates as spherical ones.

Raman measurements

Raman spectra were collected both on solutions and on dried
samples obtained either from water evaporation or 12 h treat-
ment in a lyophilizer (Labconco). Powder samples were depos-
ited on a silicon wafer after the latter procedure gave the best
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signal-to-noise ratio with no interference from the water phonon
spectrum. No detectable modification of the Raman pattern
resulted from water removal. Measurements were carried out
using the 632.8 nm line of a He-Ne laser as the light source and
collecting the scattered light signal in backscattering geometry by
a Raman spectrometer (Labram Dilor). The laser was focused on
the sample with a spot diameter of about 2 pm. Care was taken to
avoid laser induced sample heating. For this purpose, direct
measurements of the sample temperature in the chosen experi-
mental configuration at various laser power values and exposure
times were collected analyzing the ratio between Stokes and
anti-Stokes Raman modes of reference samples. In all cases the
estimated sample temperature was lower than 30 °C. The signal
was detected by means of a CCD (Jobin-Yvon Spectrum One
3000), with a spectral resolution of 1 cm™', by averaging
10 spectra obtained with an acquisition time of 180 s each.
Background from the silicon micro-Raman spectrum, although
almost negligible in the investigated 900-1800 cm™' spectral
range containing the main features of the protein spectra,
was subtracted. Spectra were then normalized to the peak at
~970 cm~! from C-C stretching.

A protein’s vibration mode, amide I band, appears in the
1600-1700 cm™' region of the Raman spectrum. This region is
a function of the secondary structure of the protein. The amide I
region was fitted with Origin 7. A Gaussian interpolation func-
tion was employed.

The amide I band at ~1610 cm™', accounting for ring modes
from Phe and Tyr side-chains, has been included along with
other amide I bands only when necessary (for RADA16-I.-
BMHPI1 and RADA16-I-ALK). The region considered in the
band fitting procedure goes from 1630 cm~' to 1700 cm~'. The
baseline from 1550 cm~! to 1750 cm~" was assumed to be linear.
Comparison of the %? values and R? value was used as the criteria
for assessing the quality of fit.

Results and discussion

Four different self-assembling peptides, comprising a self-
assembling sequence and three functionalized versions of the
same self-assembling “core”, showing various hydrophobic
profiles at their added functional motifs, have been analyzed
(Fig. 1A) via molecular dynamics in order to understand the
stability of their self-assembled nanofibers. We then investigated
their self-assembled molecular structure via Raman spectroscopy
and atomic force microscopy, which gave results consistent
with MD simulations, showing a strong influence of the func-
tional motif over the self-assembling capacity of the same
self-assembling core.

In details, hydrophobicity profiles of the FPs show the
different hydrophobicity distribution of each added functional
motifs. RADA16-1-SDE peptides show charged or neutral resi-
dues, while RADA16-I-BMHP1 and RADAI16-I-ALK have
balanced functional motifs, and, notably, RADA16-I-ALK
peptides show the most hydrophobic residues of the all four
(Fig. 1B). While all of the FPs were soluble (at 1% w/v concen-
tration), only RADAI16-1 and RADA16-I-BMHP1 formed
macroscopic hydrogels when phosphate buffer saline solution
(PBS, pH 7.4) was added to the FP solutions.

While previous studies confirm our macroscopic findings for
RADAI16-1 and RADA16-I-BMHP1'*?' more detailed tests
should provide insights into the assembly of the other FPs, if any,
involving a limited number of molecules and consequently not
necessarily giving rise to any macroscopic scaffold.

Molecular dynamic simulations

We constructed filaments using the cross-f structure proposed by
Park and colleagues, with the RADA16-I part arranged to form
a B-sheet bilayer (see ESI section 2t). While these filaments
can form larger bundles in experiments, differences in their
self-assembling propensity manifest at the single-filament
level.'>* Thus our simulation on the behavior of pre-formed
filaments should give an indicator of the stability of self-assem-
bled fibers of the constituent peptides. During MD, the three
filaments exhibited different conformational behaviors (Fig. 2).
Although not all FPs assembled into filaments in experiments,
imposing a filament structure and monitoring its stability in
simulations is a way to infer how each functional group affects
their stability. For RADA16-I-BMHP1 and RADA16-1-ALK,
the B-sheet bilayer structure of the RADA16-1 part remained
stable during the simulation period (Fig. 2A and B), this was
observed for temperatures up to 450 K.

The balance between hydrophobic and hydrophilic interac-
tions plays a pivotal role in controlling the aggregation
propensity and the aggregate morphology: if the added group is
too hydrophobic, while aggregation is promoted, it is difficult to
form an ordered fibril, since it is kinetically easier to form
globular aggregates. On the other hand, strongly hydrophilic
groups prevent aggregation and may impair the solubility of the
peptides. To better understand the influence of the peptide
sequence on self-assembly, we monitored the ASA of a single
peptide molecule over 2 ns MD simulations at 450 K (calculated
every 80 ps; Fig. 3). The overall ASA profiles were consistent
with the hydrophobicity of the peptides. In the case of the most
hydrophobic RADA16-I-ALK, the profile changed the least over
the course of the simulation, maintaining one broad region of
low ASA (AA 14-19), suggesting that the peptide underwent
hydrophobic collapse right after the simulation started (blue
bands Fig. 3B). The less hydrophobic RADA16-1-BMHP1
shows overall a higher ASA (average 55 Az) (Fig. 3A), although
it is smaller than the most hydrophilic RADA16-1-SDE (average
97.74 AZ). When the ASA per residue as a function of time was
considered (ESI section 371), at 160 ps, RADA16-I-SDE had
106 A2 while RADAI6-I-BMHPl and RADAI6-I-ALK
respectively had 87 A2 and 75 A2 Moreover at 1000 ps,
RADA16-I-SDE maintained a large ASA (100 Az) till the end of
simulation. RADA16-I-ALK also maintained an ASA of 58 A>
per residue till the end. RADA16-I-BMHP1 remained stable,
around a value of 76 A? and only near 1600 ps did its ASA per
residue drop to 60AZ,

The swift hydrophobic collapse of the RADA16-I-ALK
molecule suggests that this peptide likely forms disordered
aggregates since it would be difficult to self-assemble into double
layer B-sheet structured nanofibers after the competing forma-
tion of random clusters. On the other hand, as individual
RADA16-I-BMHP1 molecules explore wider conformational
space, upon aggregation, they can still rearrange and make
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Fig. 2 Final conformations of initially imposed B-sheet bilayer structures (15 molecules on each side) after 1 ns MD simulations. (A) RADA16-1-
BMHPI, (B) RADA16-I-ALK, (C) RADA16-1-SDE. Color schemes for residues are: blue (basic), white (hydrophobic), red (acidic), and green (polar).
In the “cartoon” representation arrows represent -sheet structures. Notably, in (A) and (B) the functional groups form clusters and the bilayer structure
remained stable during MD, while in (C) no clusters were formed among the functional groups and the two layers split.
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Fig. 3 ASA profiles of individual side-chains (single molecules for each investigated peptide) over 2 ns MD at 450 K. ASA calculations were obtained

every 80 ps.

a transition into ordered fibrils. Our analysis of the ASA profi-
le corroborates the proposed role of the balance between
hydrophobic and hydrophilic interactions. Also, the effect of
conformational flexibility of individual molecules—from
RADAL16-I-ALK (collapsed), to RADA16-1-SDE (random coil
like)—is consistent with the view that partial denaturation of
protein is an important condition for amyloid fibril formation.®*

AFM analysis

AFM imaging showed remarkably different nanostructures
among the four tested self-assembling peptides (Fig. 4).
RADA16-I, the self-assembling “core” shared by the other FPs,
forms nanofibers (Fig. 4A), as widely described in previous
works.”* The nanostructure of RADA16-I-BMHP1 (Fig. 4B)
looks similar to the RADA16-I structure,'® in spite of an average
nanofiber width (14.0 £ 1.6 nm) significantly larger than the one
measured for RADA16-1 nanofibers (9.4 + 1.2 nm) whereas fiber
thickness is observed to be a multiple of 0.5 nm for both mate-
rials. The increase in the nanofiber width is expected as the effect
of the added functionalized tails flagging from the self-assembled
cores.”’? These findings suit the molecular model of self-
assembled molecular structures proposed by Zhang and
colleagues for RADA16-I and its derived FPs. Width values are
expressed as an average of multiple measurements corrected as
described in the methods section. It is worth noting that the

Fig.4 AFM images of the tested peptides at a solution concentration of
1% (w/v). (A) RADA16-I self-assembles into nanofibers (average width:
~10 nm). (B) RADA16-I-BMHPI self-organizes into nanofibers larger
than those shown in (A) (~15 nm wide), this increase is due to the
addition of the functional motif at the C-terminal. (C) RADA16-I-ALK
aggregates into globular structures of ~15 nm average diameter. (D)
RADAL16-I-SDE evenly coats the mica surface.
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observed fibrillar assemblies give rise to fibers with multiple
heights due to the formation of multiple layers, while the pace of
these same heights is consistent with a double B-sheet model.

On the other hand the RADA16-I-ALK nanostructure shown
in Fig. 4C is remarkably different from those previously
described. Indeed, RADA16-I-ALK molecules make globular
aggregates rather than nanofibers and, as no recurrent lengths of
these round-shaped aggregates have been detected, they seem to
be non-ordered structures. In order to provide an indication of
the average size of these aggregates, we considered their shape as
actually spherical. The observed globes showed a widely spread
size distribution; however, the average size of the aggregated
particles is 15 4+ 2nm. It is noteworthy that even isolated tiny
particles were observed.

The globular shape of RADA16-I-ALK can be explained by
the increased hydrophobicity given by the added functional
motif. Compared to other inter-molecular forces such as elec-
trostatic and van der Waals interactions, hydrophobic interac-
tions are longer-ranged**” thus is more relevant to earlier steps of
aggregation. Indeed, as shown by the MD and the achieved
stable ASA conformation, it is possible that the strong hydro-
phobic effect in RADA16-1-ALK promotes aggregation toward
a kinetically trapped, globular structure rather than into more
ordered fibrils,?® thus exposing a decreased surface area to the
solvent. To kinetically favor the formation of fibers for
RADA16-I-ALK additional AFM experiments were performed
at peptide concentrations of 1% w/v. Indeed sporadic nanofibers
were detected at such a high concentration (ESI, section 4+). Still
nanofiber formation for RADA16-I-ALK can be considered as
a secondary phenomenon if compared to the occurrence of
nanostructures in the case of RADAI16-1 and RADAI16-I-
BMHP1. RADAI16-I-ALK fiber thickness is similar to
RADAI16-1 and the average fiber width (19 £ 1.5 nm) is
consistent with a cross-f molecular structure. This experimental
finding is in accordance with the MD data, where a statistically
favored self-assembled nanofiber is a stable secondary structure.

RADA16-I-SDE (Fig. 4D) exposure to PBS did not induce
a detectable assembled nanostructure; however, an accurate
observation of the sample surface and a comparison with images
acquired under the same conditions on the bare mica surface
evinced that a uniform layer (rms: 0.2 nm) formed on the mica
surface. In order to confirm the presence of the peptide over the
mica surface we managed to dig a square on the sample surface
and measure the thickness of the layer itself (ESI section 57).
These measurements confirmed that RADA16-I-SDE formed
a uniform monolayer on the mica surface. RADA16-1-SDE did
not arrange itself in a definite structure as indicated by the MD.
The scarce self-assembling propensity of this FP is rather
expected: ASA calculations show a high and varying surface
area exposed to the solvent. The highly hydrophilic SDE motif
added to RADA16-I perturbs the otherwise stable structure of
RADAI6-1.

Raman spectroscopy

We investigated the molecular vibrational modes evinced in the
Raman spectra of the investigated materials in the range 900—
1800 cm™' (Fig. 5). Several peaks and structured bands fell in
this spectral region forming the patterns typically observed in
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Fig. 5 Raman spectra (900-1800 cm™! region) of the tested self-assem-
bling peptides. Insets: deconvolution of the Amide I region (1500-
1800 cm™") for each spectra. Each spectra shows the typical features of
proteins: Amide I and Amide III peaks are clearly visible (respectively
~1600-1700 cm~' and 1200-1300 cm™'). (A) RADAI16-1 and (B)
RADAI16-I-BMHP1 show similar spectra with the exclusion of the
aromatic features given by the Phe residue in the amino acidic sequence of
RADA16-I-BMHPI. (C) RADA16-I-ALK and (D) RADA16-1-SDE
spectra are significantly different from (A) and (B) especially in the region
of CH, and CHj bending vibrational mode. Indeed peak intensity in this
region appears to be correlated to the self-assembly propensity of FPs,
showing higher values in FPs that do not self-assemble.

proteins (Table 1), with spectral features grouped in contribu-
tions given by vibration modes of the backbone structures from
C-C and C-N stretching® in the range 900-1100 cm~!, combi-
nation modes from C-N stretching and N-H bending involved in
the peptide backbone in the range 1200-1300 cm~! (amide III
region),* bending modes associated with CH, and CHj3 defor-
mation in the 1300-1500 cm™' regions, and C=O stretching
mode at 1600-1700 cm™' in the amide I region.*' Further peaks
were observed in two FPs (RADA16-I-BMHP1 and RADA16-1-
ALK) due to ring vibrations of aromatic side-chains.* Infor-
mation on the secondary structure of peptides can be obtained
from the analysis of the amide regions.*! Particularly, the shape
of the amide I band gives evidence of the contributions from
a-helices, B-sheets, and unstructured B-strands.*? Indeed, peak
conformation and possible asymmetry of the amide I band
suggest a distribution of secondary structures. The analysis in
Gaussian components showed that this region is satisfactorily
reproduced by three main components with spectral positions
and bandwidths reported in Table 2, besides added components
accounting for aromatic residues. The results of the analysis are
consistent with findings from previous works demonstrating that
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Table 1 Raman spectra peaks interpretation for the observed dehydrated peptides

RADAI16-1 RADAI16-1-BMHPI RADAI16-I-ALK RADAI16-1I-SDE

Raman shift (cm™') Assignments®

1674 1673 1664 1675 Amide T
1610 1609 Phe/Tyr

1460 1457 1453 1434 3CH,

1405 1405 1404 1405 vCOO~

1327 1315 1314 1313 vCH,

1237 1240 1269 1264 Amide IIT
1205 1207 Phe/Tyr
1157 1173 Phe/Tyr

1088 1086 1105 1086 vC-C/vC-N
1028 1031 Phe
1001 1003 Phe

980 975 975 974 vC-C

939 939 938 922 vCa- C-N

“ Peak assignment are based on previous papers.’* Abbrevations: v = stretching mode, d = deformation, vy = in plane bending. Phe = phenylalaine, Tyr

= tyrosine.

Table2 Band fitting and comparison of Amide I region of different FPs®

FP Center (cm™') Width (cm™") % Area
RADAI6-1 1658 18 18.86
1675 15 40.34
1689 35 40.80
RADAI16-I-BMHP1 1658 18 25.20
1675 15 12.30
1689 35 37.55
RADAI6-I-ALK 1658 22 42.20
1674 15 12.30
1689 35 45.50
RADAI16-I-SDE 1658 18 20.10
1674 15 11.90
1689 35 68.00

“ Amide 1 region was fitted considering the three symmetrical
components representing three different structural conformations of
proteins: o-helix(1658 cm™), B-sheet (1675 cm™') and extended B-strand
and PPII structure (1689 cm™).

the band at 1658 cm™' is a marker of a-helices, the band around
1670 cm™! is associated to B-sheets, while the broad band at
higher energy is due to unstructured B-strands. A component
above 1700 cm™! arises from C=O stretching from aspartic and
glutamic acids and is observed as a shoulder of the amide I band
in the spectra of Fig. 5. Tonization of carboxylic groups in side-
chains may shift this mode to a lower energy frequency at about
1405 cm~'.*2 However no relevant contribution of this compo-
nent was observed.

The different relative intensities of the components in the
amide I band reveal a different propensity of the four peptides to
take oa-helix, B-sheet and unstructured B-strand as their
secondary conformation. Specifically, RADA16-I-BMHPI
shows a band shape quite similar to the parent molecule,
RADA16-I. The band is dominated by the narrow peak at
1674 cm™!, ascribable to C=0 stretching in B-sheet aggregation,
consistent with the formation of fibers observed in AFM images.
The peak broadening in the amide I region is instead peculiar
tp the spectra of RADA16-I-ALK and RADA16-I-SDE and
evinces the predominance of conformations dissimilar to B-sheet
ones. By comparing Raman spectra and AFM images, this

broadening appears as a clear-cut marker of the failure of fiber
self-assembling. Band deconvolution (Table 2) gives further
insights on the behavior of these functionalized peptides. In fact,
the band broadening is different for the two FPs, and the
intensity ratio between the components at 1655 and 1690 cm™!
drastically changes, indicating that the unstructured B-strand
conformation is dominant in RADA16-I-SDE, while molecule
torsions typical of the a-helix structure are favored in RADA16-
I-ALK functionalized peptides. As AFM does not provide any
reliable clue concerning the secondary structures of these mole-
cules Raman analysis completes the information necessary to
understand their assembling propensity. The Raman analysis
suggests that the lack of aggregates in the AFM image of
RADA16-I-SDE material has to be related to the high hydro-
philic features of this FP, since the largely preferred unstructured
B-strand random conformation reveals that molecules are not
forced by the solvent to adopt a specific shape and consequently
to arrange themselves in a secondary structure. A drastically
different situation occurs in RADA16-I-ALK material, since
AFM images showed aggregates, and sporadic nanofiber
formation was detected at higher peptide concentrations. The
relatively large contribution of the a«-helix component in the
amide I band, coexistent with the main contribution from
unstructured B-strand random conformation, strongly suggests
that the molecule backbones do not take part in an ordered
assembled structure. Therefore, the observed aggregates prob-
ably do not result from ordered self-assembling interactions
among molecules, but rather from the nucleation of disordered
aggregates formed by molecules whose internal conformation is
mainly driven by the single molecule hydrophobic tails exposure
to the solvent, with no relevant inter-molecular interactions.**
In this regard, Raman spectrum analysis in the spectral region
of CH, and CHj3; deformation modes may give new tools to
understand the behavior of this class of FPs. Even though this
spectral region has not been considered in the past in the inves-
tigation of peptide conformations, it is apparent from Fig. 5 that
the relative intensity of the deformation band peaked at
approximately 1440 cm™' is strongly dependent on the peptide
sequence. Specifically, this band is more intense, by a factor 3-4,
in materials with no fiber self-assembling (RADA16-I-ALK and
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RADA16-I-SDE), with also a drastic change of relative intensity
if compared with other peptide structures in the phonon
spectrum. Indeed this appears as the main feature of non self-
assembling peptides. These differences cannot be imputed to the
different number of CH, and CH; groups in the different
molecules. Indeed, the CH,/CHj calculated number, normalized
to the peptide length, gives no notably different values within the
set of investigated molecules, showing the maximum positive
variation of 20% for RADA16-1, contrary to the relative inten-
sities observed. Similar intensity changes of methyl deformation
modes were reported by Pézolet and colleagues concerning poly-
L-lysine in solutions at different pH values.** Although the work
of McGarvey’s group was focused on other spectral features, the
reported results strongly support that the 1440 cm™' intensity
change is strictly related to the pH-induced conformation change
of poly-lysine. In order to verify the relevance of those results
in our investigation, we reproduced the same measurements of
poly-L-lysine in the experimental configuration we used to
investigate our FPs and results confirmed the effect. Specifically,
we observed that CH, and CHj deformation modes appear
extremely sensitive to self-assembling, showing higher intensity
in non-assembled structures, either a-helix or B-strand, than in
B-sheet fibers. This is related to a larger Raman cross section of
CH, bending modes in free configuration compared with situa-
tions where molecules are faced and linked along the backbone
through hydrogen bonds. Following this approach, the high
intensity in RADA16-1-ALK material gives an important insight
on the origin of the inhomogeneous aggregation observed in
AFM images, suggesting that the aggregates are formed by
randomly interacting molecules. The molecules are forced in to
a-helix and disordered B-strand conformations by their hydro-
phobic nature, and are kept together mainly by hydrophobic
forces, without relevant reciprocal interactions. Raman data give
evidence that strong hydrophobic features of RADA16-1-ALK
induce the formation of intra-molecular conformations that
prevent the peptide self-assembling in B-sheets, even though
B-sheet inter-molecular interactions may probably be stable once
they are formed, as suggested by the results of MD and AFM as
is clear from the ESI section 3.1

Conclusions

Results of molecular dynamics simulations gave precious indi-
cations regarding the stability of assembled nanofibers of three
FPs, which are strongly affected by their hydrophobicity profiles.
They also provided insights into the AFM and Raman results. In
both MD and AFM imaging, RADA16-I-BMHP1 maintained
the B-sheet bilayer filament structure typical of its self-assembling
“core” RADAI16-1. In contrast, simulation of the RADA16-I-
SDE filament showed a marked propensity to open the initial
bilayer conformation, likely caused by solvation forces on the
hydrophilic groups. In the AFM images, RADA16-1-SDE did
not form organized nanostructures; it rather appeared to evenly
cover the mica surface. At the end of the MD, RADA16-I-ALK
showed a final molecular configuration similar to that of
RADA16-1, but the AFM analysis revealed different globular
structures of heterogeneous sizes. Differences in hydrophobicity
were also assessed by ASA calculations, whose time dependence
is related to the kinetics of folding. Slow folding appears to be

essential for constructing organized multi-molecular structures,
as fast hydrophobic collapse resulted in globular aggregates.
Other studies will be necessary in the future to understand if there
is a way to increase the formation of nanofibers formed by
RADAI16-I-ALK. Raman spectroscopy measurements were
performed to analyze with more details the secondary structure
of the tested FPs. The decreased B-sheet structure component,
showed via the deconvolution of the Amide I region for
RADAI16-I-ALK and RADAI16-SDE peptides, suggested
a minor tendency to form B-sheet double layers: indeed intra-
molecular interactions (mainly «-helix conformations) appeared
to be preferred. Moreover, taking into account the CH, defor-
mation region, a CH,/CH; bending vibrational mode of
RADAI16-I-ALK and RADAI16-SDE spectra, significantly
different from its counterpart in RADA16-1 and RADA16-1-
BMHPI1 spectra, suggests a critical role played by this mode in
the self-assembling process. MDs provided indications of the
stability of assembled cross-f structures of the chosen peptides
and Raman micro-spectroscopy gave precious insights about the
secondary structure of apparently similar self-assembling
peptides. Raman spectroscopy data, in accordance with AFM
findings and MD simulations, provided new intriguing possibil-
ities for investigating in aqueous solutions or the lyophilized state
the self-assembled structures of FPs, new promising biomaterials
for tissue engineering, drug delivery and other applications.
FP design requires a better understanding of their secondary
structure formation as a consequence of the added functional
motifs. By synergistic use of these three different investigation
techniques strategies for designing and synthesizing novel
functionalized self-assembling biomaterials were proposed and
innovative new ones can be developed.
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Section 1
Hydrophobicity profiles calculated via the Kyte-Doolittle scale (J. Kyte and R.F. Doolittle, J. Mol.

Biol. 1982, 157,105-132). According to this scale positive values stand for hydrophobic residues
while negative values stand for the hydrophilic residues. Hydrophobicity profiles are similar to
those obtained with the White and Smith scale.

KD-Hydrophobicity profiles
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Section 2

Initial FP arrangement in each MD. The image shows the starting cross-§ of each peptide in the
CPK mode of visualization. A) RADA16-I-BMHP1, B) RADA16-1-ALK, C) RADA16-SDE
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Section 3
Total ASA value normalized over residue number for each peptide. Time step is 80ps.

Mean ASA for residue calculation
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Section 4

RADA16-1-ALK solution in MilliQ was used to a peptide final concentration of 1% w/v. 5ul
peptide solution was placed on mica surface and after 1 minute of adsorption the sample was
washed with MilliQ water and dried under a stream of nitrogen.

All images were processed using Digital Instrument (Nanoscope 5.31r1) software.
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Section 5

RADA16-1-SDE solution was diluted to a final concentration of 0.01% w/v. 5ul peptide solution
was placed on mica surface and after 1 minute of adsorption the sample was washed with MilliQ
water and dried carefully under a stream of nitrogen.

All the images were obtained in air in contact mode with a nominal spring constant of 0.16 N/m.
All the images were processed using Digital Instrument (Nanoscope 5.31r1) software.
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