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Abstract: We present a detailed study on the self-assembly and cytotoxicity of arginine-rich fragments
with general form [RF], (n = 1-5). These highly simplified sequences, containing only two L-amino
acids, provide suitable models for exploring both structure and cytotoxicity features of arginine-based
oligopeptides. The organization of the sequences is revealed over a range of length scales, from the
nanometer range down to the level of molecular packing, and their cytotoxicity toward C6 rat glioma and
RAW?264.7 macrophage cell lines is investigated. We found that the polymorphism is dependent on
peptide length, with a progressive increase in crystalline ordering upon increasing the number of [RF]
pairs along the backbone. A dependence on length was also found for other observables, including critical
aggregation concentrations, formation of chiral assemblies and half maximum inhibitory concentrations
(I1Cs0). Whereas shorter peptides self-assemble into fractal-like aggregates, clear fibrillogenic capabilities
are identified for longer sequences with octameric and decameric chains exhibiting crystalline phases
organized into cross-g structures. Cell viability assays revealed dose-dependent cytotoxicity profiles with
very similar behavior for both glioma and macrophage cell lines, which has been interpreted as evidence
for a nonspecific mechanism involved in toxicity. We propose that structural organization of [RF],
peptides plays a paramount role regarding toxicity due to strong increase of local charge density induced

by self-assemblies rich in cationic groups when interacting with cell membranes.
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INTRODUCTION
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Self-assembly of oligopeptides into well-ordered nanostructures is a current topic due both to the
outstanding properties of these compounds for developing new materials[1] and the involvement of
peptide aggregates in several degenerative diseases.[2, 3] Designed drug carriers,[4] nucleic acid
transporters[5] and biosensors[6] are among the main applications envisaged for peptide-based
scaffolds.[7] In the field of clinical disorders, amyloid-related pathologies such as Alzheimer’s and
Parkinson’s diseases are well-known examples of the role played by protein/peptide self-assembly in
biological processes.[8] The polymorphism exhibited by these assemblies is complex and appears
correlated to a number of factors, ranging from composition to synthesis conditions.[1] Also, the
influence on living matter, especially concerning toxicity, is closely correlated to both chemical
composition and structural organization.[9] Assessing the effects of these multiple parameters on final
characteristics of the self-assemblies is a major challenge for the scientific community; however, despite
this complexity, remarkable similarities and patterns are observed under certain conditions. For instance,
amyloid aggregates originating from very different misfolding proteins possess a common structure
typified by p-sheet-rich oligomers that assemble into long fibers organized according to a cross-f

structure of paired S-strands running perpendicular to the long axis. [2, 10]

Interaction of cell membranes with B-sheet nanofibers is a topic research field due to the high
potential of peptide-drug amphiphiles for intracell delivery and appearance of these structures in a variety
of biological processes such as cell adhesion, signaling and cytotoxicity.[11-18] Newcomb et al.[11]
investigated cytotoxicity onto surfaces coated with nanofibers obtained from two kinds of surfactant-like
peptides; namely, Ci6H310-A3G3Ks and CisH310-V3AsKs peptide amphiphiles (PAs). These PAs are
characterized by cationic head groups (lysines) separated from alkyl tails by amino acid spacers able to
drive the formation of B-sheet in the resulting nanofibers. Interestingly, they found that species containing
valines as spacers form stable -sheet-rich fibers, which are well-tolerated by cells. On the other hand,
C16H310-A3G3K3 assemblies do not show B-sheet features and instead exhibit higher cytotoxicity levels.
The reasons for this are related to higher intermolecular cohesion observed in -sheets, which hinders
rapid incorporation of peptide moieties from fibers into cell membranes, preventing disruption. When
they removed one lysine residue from the valine-free PA, cytotoxicity was found to significantly
decrease. This behavior, with decreasing cationic charge leading to lower cytotoxicity levels, is also
consistent with other reports [19] which investigated cytoxicity in lipids and polymer scaffolds and

highlights the role of charges in cytotoxicity. Recently, we have taken advantage of z—x stacking



interactions and directionality provided by aromatic rings in phenylalanine side-chains and demonstrated
the fibrillization behaviour of a sequence composed only of alternating arginine and phenylalanine
residues, [20] in the octamer [RF]4. This sequence has been shown to comprise all main features of much
more complex amyloid peptides, including their cross-# organization. It is notable that this feature has
been unambiguously determined for a cationic sequence, abundant in arginine, which is not typical of
native amyloidogenic sequences. L-arginine is an amino acid widely found in cell-penetrating peptides
which plays a central role in several biological processes.[21] Moreover, arginine-rich domains are often
found in protein interaction hotspots[22] and appear at interfaces of liquid-liquid phase separation.[23]
Thus, arginine-rich oligopeptides have particular behavior regarding interactions with other biomolecules,
including cell membranes, and a proper understanding of structure-toxicity relationships in these species

is well worth the effort. The current work is a step forward in this direction.

Herein, we investigate in detail both the structure and toxicity of alternating
arginine/phenylalanine fragments with general form [RF], (h = 1-5). The chemical structures of the
peptides are shown in the Supporting Information. These highly simplified sequences, containing only
two L-amino acids in their composition, provide suitable models for exploring both structural and toxicity
features of arginine-based oligopeptides. The structure of these peptides is unveiled in detail, from the
nanoscale down to the level of molecular packing, and their cytotoxicity toward C6 rat glioma and
RAW264.7 macrophage cell models is investigated. We find a rich polymorphism with a close
relationship between structure and length of the peptide chain. Critical aggregation concentrations
detected through pyrene fluorescence assays exhibit a general trend to decrease upon increase in the
number of [RF] repeats along the peptide backbone, possibly a consequence of diminution of charge
density as the sequences become longer. The formation of irregular, oligomer-like, aggregates is observed
even for the minimal [RF] dimeric species; however, fibrillization requires at least four phenylalanine
groups in the sequence. Interestingly, whereas octameric sequences form cross-fg structures with
intertwined fibrils, the decamer [RF]s self-assembles into paired g-strands within single pleated f-sheets
which twist into thicker helical fibrils. Toxicity assays show that 1C50 values are also dependent on
peptide length, with longer sequences exhibiting higher inhibitory rates. The viability profiles are quite

similar between different cell lines, suggesting that cell death is caused by a nonspecific mechanism.



2. MATERIALS AND METHODS

Sample preparation: Alternating RF peptides (R = arginine, F = phenylalanine) were custom-
synthesized by Peptide Protein Research Ltd. (Fareham, UK) and used as received. Four sequences were
purchased from PPR Ltd: [RF]:1, [RF]2, [RF]s and [RF]s. All peptides used trifluoroacetic acid (TFA) as a
counterion and the purity of purchased peptides was determined by the manufacturer through HPLC and
electrospray-mass spectroscopy immediately after synthesis, revealing the following purity levels: [RF]::
purity = 97.6%, My, = 322.2 g/mol (calculated: 321.4 g/mol); [RF]2: purity = 98.7 %, My = 625.5 g/mol
(calculated: 624.7 g/mol); [RF]s: purity = 98.6 %, My= 927.7 g/mol (calculated: 928.1 g/mol); and [RF]s:
purity = 95.1 %, My = 1535.2 g/mol (calculated: 1534.8 g/mol). [RF]4 peptides were synthesized in our
lab using standard solid-phase methods similar to described elsewhere [20, 24]; however, herein,
acetylation steps were not performed. This sequence was characterized at our lab, showing purity = 96.4
% and Mw = 1231.6 g/mol (calculated: 1231.5 g/mol). Structural and cytotoxicity assays were carried out
within 6 months after receiving (or synthesizing) the sequences. Additional characterization was made on
the same peptide batches after ~ 24 months (dry powder storage at -20°C) to assess stability and
investigate elution times of all peptides under the same HPLC conditions. In despite some degree of
degradation was noticed after this time, the batches kept purities > 90% for all [RF], sequences and
retention times were found to progressively increase upon length of [RF], oligopeptide (see Fig. S4).
HPLC and mass-spectroscopy data from both “fresh” and “aged” batches may be found in the SI file.
Samples used in physico-chemical assays were prepared by dissolving the appropriate quantity of peptide
into milli-Q water (or D,O for SANS and FTIR assays) at the desired final concentration. To ensure the
formation of self-assemblies, samples were left to rest for at least 24 hours prior to further
characterization. In the case of fluorescence assays, solutions were kept at room temperature for 1 day
prior to analysis. Prior to SAXS, SANS and cryo-TEM experiments, samples were kept in the fridge at 4
°C for a period of ~ 1 week. For fiber XRD, aged solutions (~ 4 weeks) were used for preparing the
stalks. Fluorescence assays: A Carian Varian Ellipse spectrometer was used to obtain fluorescence data.
Formulations containing peptides at concentrations ranging from ~ 1uM to ~30 mM were prepared using
a 5 uM pyrene solution and the corresponding emission spectra were recorded upon illumination with an
excitation wavelength Aexc = 338 nm. Samples were transferred into 10 mm width quartz cuvettes and

emission spectra were recorded in the interval 350 nm < Aem < 500 nm, using 1 nm steps. Slits were

regulated to provide the best achievable signal-to-noise ratios and the resulting spectra were normalized



by a peptide-free pyrene solution spectrum. Fourier-transform infrared and circular dichroism:
Fourier-transform infrared (FTIR) spectroscopy was performed using a Nicolet Nexus spectrophotometer.
Samples were prepared in D0, at 10 mg/ml. This concentration was chosen such that all sequences were
either above the critical aggregation concentration or the number of [RF] pairs in the medium was the
same, ca. 30 mM.. Droplets of peptide solutions were loaded between CaF, windows, with a path length
of 12 um, and spectra were measured at a resolution of 4 cm™. Averages from 128 accumulations were
background-subtracted and noise reduction was performed using FFT filters with smoothing windows of
6 data points. Circular dichroism (CD) spectra were collected on a Chirascan spectropolarimeter
(Applied Photophysics, UK). Solutions prepared at the same concentrations mentioned above (into D20)
were sandwiched between demountable Hellma cuvettes with a path length of 0.01 mm. Data were
acquired with wavelength steps of 1 nm, 1 second per point, averaged over 4 accumulations and
background subtracted. Small-angle Scattering: Small-angle neutron scattering (SANS) measurements
were carried out on beamline LOQ at ISIS spallation source (Didcot, UK). Peptide solutions at 10 mg/mL
were prepared using D-O as a solvent and loaded into banjo cells with pathlength 1 mm. The sample-to-

detector distance was kept at 4 m and the sample was placed in a “white” neutron beam with cross-section

of 12 mm and wavelengths in the range 2.2 A < A <10 A. Detection was carried out with a He-CF, area
detector with an active surface of 640 x 640 mm? Data reduction was performed with the Mantid
package. This configuration allowed access to a g-range interval of 0.2 nm! < q < 25 nm?,

corresponding to direct-space lengths of 2.5 nm < d < 31 nm. Small-angle X-ray scattering (SAXS) data
were collected on either 1911-4 at MaxLab Il (Lund, Sweden) or SAXS1 beamline at LNLS (Campinas,
Brazil). On 1911-4, a volume of about 60 ul of peptide solution was loaded into a 1 mm quartz capillary
and oscillated forward and backward to prevent radiation damage. X-rays with A = 0.91 A were used to
illuminate the samples, placed at a distance of 915 mm from the detector. Acquisition was made with a
Pilatus 1M detector and 4 frames, 30 s each, were averaged and background-subtracted. On SAXSL,
about 300 pl of sample were loaded into a 1 mm cell in between two mica windows. Ten frames, of 30 s
each, were grabbed and solutions were kept static during data acquisition; however, no radiation damage
was observed upon comparison between different frames. The X-ray wavelength was A = 1.54 A and the

sample-to-detector distance was kept at 1000 m. Data were recorded in the interval 0.12 nm?* < q < 4.5

nmL, providing information across the direct-space range 1.5 nm < d < 52 nm. A Pilatus 1M detector was



for used to record 2D scattering patterns. Fit2D was used for data reduction and radial averaging. Model
fitting was carried out for both SANS or SAXS data using the SASFit program [25]. Cryo-TEM
Imaging: In-situ cryogenic transmission electron microscopy (cryo-TEM) assays were performed on
vitrified specimens obtained from 10 mg/ml peptide solutions. The microscope used for imaging the
samples was a JEOL JEM-3200FSC using an acceleration voltage of 300 kV and operating in bright-field
mode with a slit width of 20 eV. Images were recorded with a Gatan Ultrascan 4000 CCD camera. Grids
were prepared by casting droplets containing about 3 pl of peptide solutions, blotted once for 1 s and then
vitrified into a FEI Vitrobot device using a 1:1 mixture of liquid ethane and propane at —180 °C. Prior to
imaging, copper grids were kept in liquid nitrogen before being transferred into the microscope. Fiber X-
ray diffraction (XRD): Oriented stalks were prepared by suspending droplets from 10 mg/ml peptide
solutions between wax-coated capillaries. The capillaries with droplets were accommodated within
covered Petri dishes and the set up was sealed with laboratory film. To assist drying, a few silica-gel
granules were enclosed together with the capillaries. Samples were left to dry in the fridge at 4 °C for a
period of about 3 days. This procedure led to the formation of dried oriented stalks on the ends of the
capillaries. Stalks were vertically positioned onto a RAXIS IV++X-ray diffractometer (Rigaku) equipped
with a rotating anode generator and data were collected using a Saturn 992 CCD camera. Sample-to-
detector distances ranged from 40 to 50 mm. Data reduction was carried out using Fit2D and unit-cell
optimization was performed using the CLEARER software.[26] Cytotoxicity assays: Rat glioma (C6,
ATCC® CCL-107™) and macrophage (RAW264.7, ATCC® TIB-71™) cell lines were cultivated in
order to investigate the in vitro cytotoxic profile of [RF]i.s. C6 cells were cultivated in DMEM and
RAW264.7 in RPMI1640 which were supplemented with 10% fetal bovine serum (FBS), 2 mM of L-
glutamine and 0.5% of penicillin/streptomycin. The pHs of culture media were adjusted to 7.4 and 7.2 ,
respectively, for DMEM and RPMI1640. The cells were plated in 96-well plates at 4 x 10* cells/well and
were subjected to treatment with the peptide solutions after 24 h. Peptide concentrations varied from
31.25 pg/mL — 4 mg/mL and were incubated for 12 h with each cell line. The cell viability was assessed
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Data analysis and
statistical treatment: Data were analyzed using GraphPad Prism 7.0 and Microsoft Office Excel 2016.
Statistical tests comprised Student’s unpaired t tests, in which statistically significant comparisons were

availed to the 5% level. Data are plotted as mean + standard error of mean (s.e.m.).



3. RESULTS AND DISCUSSION

3.1 Fluorescence studies

The first step towards a detailed description of the self-assembly of alternating [RF], (h = 1 to 5)
sequences was the determination of critical aggregation concentrations (CACs) necessary to form peptide
nanostructures. These studies were based on fluorescence assays using pyrene, a non-polar chromophore
highly sensitive to local hydrophobicity.[27] Thus, by assessing its fluorescence as a function of peptide
concentration in solution, it has been possible to obtain information on the presence of aggregates

containing sequestered hydrophobic moieties.[28]

Emission spectra obtained from these assays (see Sl file, Fig. S1) reveal intense fluorescence
peaks at ca. 373 nm, 383 nm and 394 nm, which are associated, respectively, to the I1, Is and Is vibronic
bands of the pyrene chromophore.[27, 29] A typical strategy for estimating the CAC from pyrene
fluorescence series consists in plotting the intensity ratio of the first and third vibrational bands, 11/1s, asa
function of peptide concentration and then identifying changeovers.[30] Plots of 11/l versus log[peptide
concentration], shown in Figure 1, exhibit Z-shaped profiles with emission ratios characterized by a
smooth decrease upon increase of [RF], concentration. The profiles were fitted to sigmoidal functions

(red lines in Figure 1) using the Boltzmann equation:

A — 4,
y=

" 14exp (=2 T W

In Equation 1, A; and A; account for the upper and lower plateaus of the sigmoidal function,
respectively. The slope of the curve, Ax, indicates how abrupt the transition between regimes is. The CAC
is derived from the inversion centre of the curve, given by the adjusting parameter xo. First derivatives
were also calculated and the corresponding minima coincided with inflexions in the curves, accurately
matching the inversion points. Critical concentrations obtained from the fits were determined to be 18.2 +
8.0,0.04 £ 0.01, 2.3 £ 1.3, 0.3 £ 0.1 and 0.020 + 0.005 mM, respectively, for [RF], [RF]2, [RF]s, [RF]4
and [RF]s. Therefore, further analyses on structural aspects of [RF], aggregates employed concentrations

above these critical points.



Although peptide self-assembly is known to be complex, with different types of aggregates and
critical concentrations appearing along the aggregation pathway, some interesting features can be deduced
from our CAC measurements. First, we should consider that pyrene 11/l ratio is highly sensitive to local
polarity; thus, the CACs obtained are likely related to the formation of small hydrophobic clusters in
solutions, regardless of the level of organization of the assemblies. Secondly, for longer sequences (i.e.,
[RF]s, [RF]4 and [RF]s), one observes that CACs decrease about one order of magnitude per additional
[RF] repeat along the sequence. This behavior suggests that the length of the chains plays an important
role for aggregation and charge density might well be a major contributor in the self-assembly process. In
fact, since the number of N- and C-termini remains unchanged for different constructs, by increasing the
number of repeats along the backbone, charge density presumably diminishes as peptides become longer.
Therefore, electrostatic repulsions between charged chains should be suppressed and aggregation of
longer peptides facilitated. In addition, enrichment in guanidinium moieties also improves the H-bond
donation/acceptance capabilities of the peptides[31, 32] and increasing the number of aromatic groups
likely enhances the formation of z—x and cation-x interactions. On the other hand, data from shorter
sequences, [RF] and [RF]., are less straightforward to interpret. In this case, critical concentrations
differed by several orders of magnitude with [RF], exhibiting a CAC ~ 40 uM, comparable to [RF]s. We
hypothesize that the low molecular weight of these peptides, similar to that of pyrene, affects the

fluorescence behavior due to interactions between the probe and monomeric species.

3.2 Structural analyses

The secondary structure of [RF].-s constructs was assessed through Fourier-transform infrared
and circular dichroism (FTIR and CD). In Figure 2A, FTIR spectra from solutions prepared in DO
indicate that vibrational spectra are influenced by the length of the peptides. Particularly, one observes
that complexity of amide | region increases upon addition of [RF] repeats, with a larger number of
vibrational modes appearing for longer sequences. In spectra from samples containing the shortest peptide
[RF], the landscape is dominated by a broad maximum placed around ~ 1590 cm, which is tentatively
assigned to symmetric stretching vibrations in guanidinium groups in arginine side-chains.[33] Data from

sequences with two or more [RF] repeats show a sharp peak at ~ 1674 cm’, consistent with either



vibrations arising from TFA counter-ions[20] and/or the presence of p-sheets in self-ordered
structures.[34, 35] In fact, pH measurements performed in aqueous solutions (see Fig. S2-A, Sl file)
containing peptides dissolved at concentrations similar to those used in FTIR assays indicate acidity (pH
~ 4-5), which likely arises from TFA in the medium. Bands widely ascribed to S-sheets are found at 1611,
1622, 1629 and 1641 cm™, suggesting that this is the dominant conformation in the constructs. The
presence of S-turns is inferred from noticeable shoulders at 1659 and 1691 cm™, particularly in samples
prepared with [RF]s and [RF]s. In the case of the octamer, a small content of unordered conformations is

also indicated by a shallow band at 1650 cm™.

CD data displayed in Figure 2B also highlights correlations between secondary structure and
peptide length. To compare spectra from peptides with different sizes, CD units were converted into mean
residue molar ellipticity, [6]mrw. The composition of [RF], peptides should be taken into account for
interpreting the data since their optical activity can be strongly biased toward transitions arising from
phenylalanine and arginine side-chains. The extensive presence of phenylalanine residues leads to mixed
bands arising from either peptide backbone or aromatic rings,[36] whereas charged amine groups in
guanidinium side-chains potentially produces red shifts in the spectra.[36, 37] Despite these difficulties,
it was possible to identify several features consistent with the formation of S-sheet structures suggested
by FTIR above. In the case of the [RF] solution, the CD spectrum is characterized by a large positive
band centered at 213 nm, which has been assigned to transitions in the phenylalanine side-chain.[20, 38]
Similar behaviors were found in spectra from [RF]; and [RF]s peptides, excepting that in these samples
positive peaks were red shifted to ~ 218 nm. No addition features were found in these samples and further
assignment could not be made on the basis of CD information. In the case of [RF]s and [RF]s, however,
the picture is different and CD spectra are characterized by a bisignate Cotton effect attesting the presence
of chiral self-assemblies. Pairs of positive/negative peaks appear at 220/232 nm and 209/226 nm,
respectively. Although showing strong red shifts (ca. 15 and 10 nm, for [RF]s and [RF]s), these peaks
give the spectra a 3-sheet appearance, indicating the presence of this conformation in assemblies from the
longer sequences. These data suggest that g-sheet content is enhanced as the number of [RF] units

increases in the sequences, consistent with findings arising from FTIR.

To probe nanoscopic features in our model [RF]:is peptides, a combination of small-angle

neutron and X-ray scattering (SANS and SAXS) was used to investigate the organization of aggregates in



solution. Solutions were prepared at concentrations at least twice the CAC values obtained from
fluorescence assays in order to ensure the formation of aggregate structures. In Fig. 3A, we show SANS
curves from samples containing peptides dissolved in D,0.[39] The curves exhibit distinct profiles,
indicating that different shapes appear in solution depending on the length of peptides. SANS data reveal
distinguishable information for mixtures containing the dimer [RF], the octamer [RF].and the decamer
[RF]s. Curves from samples prepared with [RF], and [RF]s show poor signal-to-noise ratios, presumably
indicating that these samples are mostly populated by low-molecular weight species below the detection

limit of the technique.

We started quantitative data analysis by assessing the low-q region of the curves to identify
scaling exponents and unveil information on the general shapes of particles in solution.[40] In the case of
samples containing the [RF] motif, it was found that the small-angle region is characterized by an
intensity decay scaling with ~ g8, consistent with clustered networks. [41, 42] To provide more detailed
information on radius of gyration (Ry) and dimensionality (d) of these structures, we carried out full-range
fitting using a fractal model combined with an exponential cutoff function,[43, 44] available within the
SASFit software library [25]. An additive constant was introduced in the model to properly describe
background scattering. The obtained fitting parameters were Ry = 45.9 nm and d = 2.86, consistent with
dimensions of nanostructures in cryo-TEM images. In the case of curves from samples containing [RF]4
and [RF]s, the low-q region was found to possess a smooth decay scaling with ~g2, which corresponds
to the presence of cylindrical structures in solution.[39] Full-range model fitting was performed using a
Porod cylinder form factor plus a background constant. The polydispersity in the thickness of cylinders
was described using a Gaussian radius distribution [20, 45]. Data from [RF]. samples were described by
long cylinders with average radius R = 4.1 + 0.6 nm. Data from a [RF]s solution was fitted considering

much thinner and monodisperse cylinders with radius R = 2.6 + 0.1 nm.

High-resolution SAXS provided greater insights into the structure of polymorphs. Samples were
prepared by dissolving the peptides in H-O at the same concentrations used for SANS (and CD and FTIR)
measurements. Scattering curves from these experiments are displayed in Fig. 3B, revealing that the high-
flux provided by synchrotron radiation allows for information on nanostructures to be obtained from
SAXS. In particular, the presence of self-assemblies in [RF]. and [RF]s samples is revealed and, since

data extended to higher g than in the SANS measurements, information on smaller species could also be



accessed. Similar to SANS, the shape of the scattering profiles exhibits a dependence on the size of the

peptides, confirming that different morphologies populate the samples.

Data from the [RF] solution show different levels of organization across the g-range
investigated, one concerning large-scale features at low-gq and another related to local structure of the
assemblies at high-q (see bottom curve in Fig. 3B). The low-q region (i.e., g < ~ 0.5 nm’, carrying
information on sizes greater than ~ 10 nm) falls off as ~ g3, consistent with clustered networks as
revealed by SANS. On the other hand, the high-g range exhibits intensity scaling as ~q°®, which suggests
that the local structure of aggregates comprises compact particles [42]. Quantitative information from
these multi hierarchical architectures was obtained by data fitting using a combination of form factors
comprising the mass fractal model used above to describe large-scale features and the generalized
Gaussian coil chain model [46] to account for local organization (see Sl file). This model provides both
the radius of gyration Ry of coiled chains and the Flory excluded volume parameter v, which is related to
peptide/solvent interactions [39, 46]. For large-scale structure, the fitting procedure led to the parameters
Rg = 79.7 nm and d = 2.9, revealing larger aggregates than those found in SANS measurements. The
local structure was characterized by a radius of gyration Ry = 0.5 nm and a Flory exponent v = 0.27,
consistent with collapsed coiled chains.[39, 47] These findings indicate that [RF] self-assemblies are built
up from globular subunits, which form fractal aggregates with dimensions of a few hundreds of

nanometers.

SAXS intensity profiles from [RF]. solutions revealed details on low-molecular weight species.
The intermediate g-range is characterized by a near-flat scattering pattern followed by a steep descent at
high g, which is consistent with small fractal aggregates [48]. The low-q region, related to larger
structures, is very noisy and does not allow for reliable information to be obtained. These findings suggest
that self-assemblies formed by this peptide are rather composed by small oligomers with a small
population of large aggregates. To provide measurements on structural parameters, we performed full-
range fitting using the generalized Gaussian coil model already employed to describe data from the
dimeric peptide. The fitting parameters related to these curves were Ry = 0.6 nm and v = 0.3, consistent

with unimers in solution.

Scattering profiles from [RF]s samples provided richer information on aggregates in solution.

The intermediate-to-high g-range of the data (Fig. 3B) was found to be quite similar to those observed for



[RF]. assemblies, suggesting that the local structure comprises mainly unimers with collapsed coil
features. To describe this region, model fitting has been performed in the same manner used above
leading to structural parameters Ry = 0.6 nm and v = 0.3. However, the data also indicated the presence of
larger aggregates as attested by an upturn in intensity at low g. To fit this region carrying information on
bigger structures, we used a fractal form factor which led to structural parameters of Ry=39.8 nmand d =
2.6, respectively, for the radius of gyration and dimensionality. These features are consistent with the

presence of fractal aggregates composed of interconnected sub-units.

Data from samples prepared with [RF]4 and [RF]s reveal higher signal-to-noise ratios, showing
that these solutions contain a significant fraction of aggregates with sizes within the lengths probed by
SAXS (see upper curves in Fig. 3B). In the case of the octamer [RF]4, the high g range is characterized by
the same steep descent behavior ascribed to small fractal-like aggregates. The low g range is consistent
with the presence of cylindrical structures as previously found,[20] and to provide quantitative description
of the data we have used a combination of long Porod cylinder and Gaussian coil form factors. A
Gaussian radius distribution was introduced in the model to account for polydispersity of fiber
thicknesses. The fitting parameters arising from this procedure revealed a population of highly
polydisperse cylinders with radius R = 5.1 + 2.5 nm, in coexistence with small coiled structures with Ry =
0.9 nm (probably unimers). It should be noted that the thickness of cylinders, with diameter averaging ~
10 nm, is consistent with typical dimensions found in amyloid fibers and the coexistence with oligomeric

species gives to [RF]4 aggregates strong characteristics of amyloidogenic peptides [10, 20, 49].

Among solutions containing [RF]1-s peptides, those prepared with the decamer [RF]s exhibited
the most characteristic SAXS profiles. The outline of this curve displays several features which are
noticed in none of the other samples. For instance, the remarkable high g descent is much shorter than in
previous samples and a clear maximum, characteristic of monodisperse particles [39], is now visible at g
~ 2.5 nm™. In addition, high-resolution SAXS allows the resolution of some bumps along the low-to-
intermediate g-values, suggesting the presence of core-shell structures [45, 50, 51]. Data at small-angle
region fall off with ~ g%, indicating rigid 1-D morphology. To extract quantitative information, we fitted
SAXS profiles from [RF]s solutions with a combination of fractal and core-shell cylinder form factors
[43, 52]. Interestingly, no polydispersity distribution was needed to fit these data, confirming that [RF]s
forms highly monodisperse polymorphs. For the cylinder-shell component, the core radius was found to

be R = 1.9 nm, whereas the shell thickness was determined to be AR = 1.7 nm. These values combined



reveal self-assembly into hollow cylinders with internal diameter equal to 3.8 nm and overall diameter 7.2
nm. These values are compatible with SANS experiments, where fits carried out with solid cylinder
modeling indicated an average diameter of 5.2 nm. It should be noted that the differences between SANS
and SAXS measurements are associated either with the scattering contrasts provided by each technique or
the employment of distinct fitting models. Structural parameters arising from both neutrons and X-rays

scattering are summarized in Table S1 (SI).

The morphology of [RF]1-s self-assemblies was imaged using cryo-TEM. Cryo-TEM provides
high-resolution visualization from vitrified specimens preserving the main features of the liquid-phase
ordering of biomolecular aggregates. [53] In Figure 4, we show representative images from aqueous
solutions containing [RF], peptides. One clearly sees the formation of nanosized aggregates with forms
and dimensions depending on the length of the peptide. In the case of samples containing the dimeric unit
[RF], shown in Fig. 3, the solution is populated by a large number of globular structures. The presence of
these small aggregates is a feature observed throughout the [RF]15 series investigated in this study and it
corroborates the propensity of these peptide species to form oligomeric polymorphs.[20] Moreover, it is
possible to identify larger aggregates in which these globules appear self-associated and form
superstructures resembling ramified beads-on-string arrays. These arrangements vary in either shape or
dimension and they are typically composed of 5 — 20 subunits with overall size ~ 50 nm. In [RF].
solutions (Fig. 4) the smaller round objects are also present; however, larger-scale structures formed from
their association are much scarcer. Characteristic dimensions of the superstructures produced from [RF]
are about twice the size of aggregates observed in [RF] samples. In samples prepared with [RF]s, the
morphology of the resulting self-assemblies keeps the general features described above and ~10 nm beads
appear coalesced into larger interconnected architectures (Fig. 4). The characteristic ramifications found

in the previous peptides are maintained and typical dimensions are around 70 nm.

When longer [RF]s0r [RF]s (Fig. 4, bottom row) peptide solutions are imaged, the morphology
changes dramatically. Specifically, long fibers with diameters of just a few nanometers are observed. In
solutions containing the octamer [RF]4, it is possible to observe coexistence of smaller round particles and
fibers with diameter ~ 8 nm, consistent with previous results revealed by SAXS. In the case of [RF]s, the
appearance of fibers is even more evident (Fig.4E). In fact, it can be observed that the sample exhibits a

mixture of globules with diameters averaging ~ 20 nm and very long fibers with cross-sections only ~ 5



nm. In contrast to shorter sequences, the formation of irregular branched aggregates is not observed for

longer sequences (n > 3).

X-ray diffraction (XRD) was used to probe the sub-nanometer scale structure of the [RF]i-s
aggregates. Two-dimensional patterns from dried stalks are shown in Figure 5A, revealing that the close
relationship between structure and peptide length is kept at the molecular level. As a rule, the patterns are
composed of concentric rings which increase in number as the size of the peptide grows. In fact, patterns
obtained from [RF] and [RF]; solutions show a limited number of Bragg reflections and are dominated by
large and diffuse peaks whereas data from samples with longer sequences exhibits up to ten well-defined
peaks indicating that peptide chains in these self-assemblies are organized into highly-packed structures.
Also, patterns obtained from [RF]4 and [RF]s preparations show partially-oriented reflections (see black

arrows in Fig. 5) which are consistent with vertically-aligned fibers.

To quantitatively analyze the 2D patterns, we performed radial averaging to obtain the g
dependence of the diffraction intensities (Figure 5B). The peak positions and the corresponding real-space
D-spacing are listed in Table 1. Unit cell optimization was carried out using the software CLEARER [26]
and indexations are shown together with experimental D-spacings in Table 1. Interestingly, despite strong
differences in lattice parameters for peptides with different lengths, all diffractograms could be indexed
according to orthorhombic P2,2:2; unit cells in agreement with structural features found in other amyloid-
forming peptides [10, 20, 45, 54-56]. [RF]ss show a series of peaks corresponding to layer structures and
the D spacing for each is around 3 nm. In addition, one observes that a strong and sharp peak appears at D
~ 0.48 nm in patterns from sequences containing three or more [RF] repeats, which is assigned to the
separation between hydrogen bonded f-strands [10, 57-59]. Unit cell indexation (see Table 1) shows that
this meridional reflection is associated to the [002] reflection and thus corresponds to a second order

peak. [10]

Table 1. Indexation of fiber XRD data shown in Fig. 5. Experimental data (Exp.) and calculated D-
spacings (Calc.) are shown alongside with the corresponding Miller indices (hkl). All samples were
indexed according to orthorhombic unit cells with space group P2:2:2; and lattice parameters a, b and ¢

(bottom row).



RF [RF]2 [RF]s [RF]4 [RF]s
Exp. Calc  (hkl) | Exp. Calc (hkl) | Exp. Calc (hkl) | Exp. Calc (hkl) | Exp. Calc (hkI)
(nm)  (nm) (nm)  (nm) (nm)  (nm) (nm)  (nm) (nm)  (nm)
1.74 1.74 100 | 2.25 2.28 100 | 281 2.80 100 | 2.91 2.89 100 | 3.14 3.14 100
0.90 0.90 001 | 1.52 1.53 010 | 140 140 200 | 1.43 1.44 200 | 1.47 1.46 010
0.53 0.53 111 | 0.86 0.87 001 | 0.94 0.95 010 | 0.97 0.98 010 | 0.97 0.96 001
0.38 0.38 012 | 041 0.41 112 | 0.82 0.80 201 | 0.59 0.61 211 | 0.73 0.73 020
061 063 211 | 049 049 411 |058 058 021
056 055 311 | 047 046 002 |0.48 048 002
0.49 0.49 002 | 0.43 0.43 121 | 0.42 0.42 312
0.43 0.43 021 | 041 0.41 420 | 0.36 0.36 140
039 039 321 |038 038 312 |032 032 341
0.29 0.29 242
a=174nm a=2.28nm a=2.81nm a=2.89nm a=3.14nm
b=0.71nm b=1.53nm b =0.95nm b=0.98 nm b=1.46 nm
c=0.9nm c=0.87nm c=0.98 nm ¢=0.93nm ¢ =0.96 nm

In the case of shorter sequences, it is not possible to discriminate if this reflection is hidden
under other diffuse peaks at g ~ 13 nm™ (see Fig. 4). For [RF]s and [RF]s, this g-strand peak appears
concentrated around the meridian, suggesting organization into cross-g structures [60, 61]. In patterns
from [RF].4 fibers, orientation is also noticed for the reflection associated to D = 0.97 nm which appears to
be more intense around the equator of the pattern (white arrows in Fig. 4). This distance is consistent with
the spacing between pleated fS-sheets running parallel to the long axis of fibers and suggests that cross-4
pattern features are present for this sample.[20] For [RF]s, the general features of the XRD pattern are
essentially the same (see Fig. 5B) and a strong peak is observed at D = 3.14 nm, associated to periodicity
along the peptide backbone direction; however, the reflection at D = 0.97 nm appears unoriented and
convoluted with the second order diffraction of g-strand separation. In fact, the structure of these fibers
exhibits some features reported for the peptide D2Q1sK> (D = aspartic acid, Q = glutamine, K = lysine) of
huntingtin and for a-synuclein fibrils associated to Parkinson’s disease [62]. In these cases, it has been
proposed that fibrils are made up from single cylindrical S-sheets composed of stacked g-strands curling
around the fiber axis into a helix-like scaffold [63]. Actually, from SAXS modeling above, it has been

deduced that [RF]s fibers are rather core-shell cylinders with a 3.8 nm core surrounded by an outer 1.7 nm




shell. This picture is consistent with twisted B-sheet fibrils running helicoidally along the long axis. This
configuration leads to a denser peptide core surrounded by a shell where the electron density is lower
compared to that observed in the center. A graphical sketch of this proposed structure is found in SI

Figure S3.

From the structural data presented above, one observes that the longer peptides investigated in
this work, namely [RF]s and [RF]s, exhibit features of amyloid peptides.[49, 55] In particular, these
sequences are fibril-forming and show strong characteristics of cross—# organization. The presence of
aromatic residues is a remarkable characteristic of short amyloid-forming peptides.[64] It has been
proposed that =stacking interactions between phenyl rings provide directionality needed for self-
assembly into 1-D scaffolds such as nanotubes and fibers and, thus, stacking could be at the origin of the
fibers observed here.[65] This statement is supported by the growth of crystalline ordering observed upon
increasing the number of phenylalanine residues in the sequences. Therefore, these extremely simplified
peptides containing only arginine as a polar group, show clear fibrillogenic capabilities if a minimum
number of aromatic residues are intercalated along the sequence to provide directionality during the self-
assembly. This finding is particularly attractive considering the role of arginine moieties whose Y -shaped
side-chain is thought to be involved in the adhesion of proteins to membranes and their fusogenicity and
lysis.[66, 67] To analyze the toxicity effects of these model-peptides in biological medium we have

undertaken cell assays.

3.3 Cytotoxicity profiles in C6 and RAW264.7 cell lines

Several human diseases are associated to peptide self-assembly, including disorders related to the
formation of amyloid fibrils. Consequently, these aggregates or their oligomeric forms have been
considered toxic.[68] However, recent studies have shown that some proteins can form amyloid-like
fibrils without association with diseases.[69] In fact, the discovery of beneficial functions of some
amyloids indicates that these structures may have normal physiological functions.[70] Amyloid formation
varies among different cell types.[71] For example, endocytosis and phagocytosis competent cell-like

macrophages and microglia form more AP plaques than neuroblastoma cells.[71]

Based on these observations, and inspired by amyloid features exhibited by the above sequences,

we chose the murine macrophage cell line RAW?264.7 and rat glioma cell line C6 to test the cytotoxicity



of [RF]n. As cytotoxicity can be induced by the free or aggregated [RF],, MTT assays were performed at
several [RF], concentrations, which were higher and lower than the estimated CAC values for each [RF],
peptide. To characterize cytotoxicity, a [RF], concentration required to eliminate 50% of cells (IC50) was
determined for each [RF], for each cell line by a non-linear fitting to a variable slope sigmoid equation
(Table 2). Dose-response curves for each [RF], in both cell lines showed similar behavior (Figure 6). In
the same manner as for structural observables investigated above, a length dependence of the 1C50
parameter was found for cytotoxicity with longer the peptides showing higher cytotoxicity rates. Since
our peptides are supplied as TFA salts, we measured the pH of the culture media and found that their
buffering capacity was not exhausted even when peptides appeared dissolved at concentrations much
higher than the 1C50 values reported in Table 2 (see Figs.S2 B and C, Sl file). It is known that cationic
peptides are electrostatically attracted to the anionic cell membrane mainly due to their charge, and the
accumulation of these peptides can lead to membrane lysis.[72, 73] This mechanism, in principle, could
explain the nonspecific cell death we observed, as the constructs possess at least one cationic residue of
arginine (R), resulting in the concentration-dependent response shown. In addition, statistically equal
IC50 values between RAW264.7 and C6 cell lines suggest that the mechanism of cytotoxicity is not
dependent on endocytosis/phagocytosis, but instead it seems rather to be a consequence of nonspecific

interactions of [RF], peptides with cell membranes.

To examine if the origin of this effect is a mere consequence of positive charges arising from
arginine content in the formulations, we computed concentrations of R residues associated with each 1C50
value derived from cytotoxicity assays. This was calculated just by multiplying the 1C50 quantities by the
number of R amino acids in the corresponding sequences. From these simple calculations, we determined
that arginine concentrations at IC50 points range from ca. 22 mM, for the [RF] dimer, down to only ca. 1
mM in the case of the [RF]s decamer. Thus, the content of cationic residues, alone, does not explain the
toxicity of these peptides. We plotted IC50 as a function of the number of repeats along the peptide chain
incubated with the cells (Figure 7). The characteristic IC50 parameter was found to follow a decaying
behavior which was almost perfectly fitted with a simple exponential function (R? adj. > 0.98). The
similar behavior of the two cell lines is also observed for this comparison and the presence of an
asymptotic limit for 1C50 upon increasing number of [RF] units suggests that charge increase does not
improve toxicity indefinitely. In light of these findings, we propose that structural features play a major

role for toxicity. Particularly, since 1C50 concentrations were found to be comparable or higher than



CACs, we hypothesized that formation of assemblies also play a role for cell death. In this hypothesis, the
formation of aggregates adhered onto membrane surface leads to “hot spots” where local charge density is
highly increased, facilitating disruption. This behavior, with increasing charges leading to higher
cytotoxicity levels, is consistent with previous reports.[19] Our results can also be compared with those
obtained by Newcomb et al.[11], who found B-sheet fibers to be less toxic than B-sheet-free assemblies.
Since here we have found B-sheet features in assemblies from all constructs (excepting the [RF] dimer), it
our results imply an effect of charge independent of secondary structure. In addition, since both cells and
peptides coexist in the bulk of solution during the self-assembly process, cell membranes also interact
with oligomers during the fibrillization process. The less tight packing of oligomer intermediates is likely
to enable release of peptide monomers in the vicinities of membrane surface, also facilitating the

interaction between membrane and charged peptides groups.

Table 2 — IC50 obtained for each [RF]n in C6 and RAW264.7 cell lines.

IC50 (MM)
Peptide p value*
C6 RAW264.7
[RF] 23.43 +8.60 21.74+7.10 0,880
[RF]2 12.97 £2.55 9.12+2.61 0,296
[RF]s 5.25+1.01 3.22+159 0,285
[RF]4 0.730 £ 0.146 0.474 +0.289 0,432
[RF]s 0.228 +0.037 0.146 £ 0.014 0,054

*IC50 from each [RF]n was compared between two cell lines and analyzed by Student’s unpaired t-test.

4. CONCLUSIONS

We present an extensive study of the self-assembly and structure of arginine/phenylalanine
oligopeptides, with sequence lengths varying from dimers to decamers. A combination of spectroscopy
methods, small-angle scattering, X-ray diffraction and in-situ cryo-EM was used to provide a detailed
structural picture of peptide aggregates whereas cytotoxicity toward rat brain glioma C6 and murine
macrophage RAW?264.7 cell lines was examined through MTT assays. To our knowledge, this is the first
systematic study of length dependence in arginine-rich peptides yielding simultaneous information on

both supramolecular structure and cytotoxicity.



Our findings led to the discovery of different levels of organization in the aggregates, the
progressive degree of order increasing with the number of [RF] pairs along peptide backbone. Such
length dependence was also found for different observables, including critical aggregation concentrations,
appearance of chiral assemblies and toxicity. Dramatic changes in both aggregation and structural
behaviors are ascribed to a decrease of charge density and enhancement of H-bond, z—7 and cation-7
interactions upon enrichment of guanidinium and benzene groups in the peptides. Shorter sequences self-
assemble into fractal-like aggregates (with significant content of unaggregated unimer) whereas clear
fibrillogenic capabilities are identified for longer peptides. Octameric and decameric sequences exhibited
well-ordered crystalline phases and, although appearance of B-sheet conformations is observed even in
sequences as short as [RF]., the formation of fibrils required at least four [RF] repeats. [RF]4 possesses all
the main features of typical Ag amyloids, with cross-£ structures composed of paired pleated S-sheets
running parallel to the long axis of the fibers. Interestingly, [RF]s peptides exhibit a slightly different self-
assembly, with the formation of thinner structures, likely composed of single pleated fS-sheets twisting

into helical fibrils.

MTT assays revealed dose-dependent profiles with cell death rates exhibiting very similar
behavior for both glioma and macrophage cell lines. This finding was interpreted as evidence for a
nonspecific mechanism involved in toxicity and, since IC50 values were found to be comparable to or
higher than CACs, we propose that structural organization of [RF], peptides is an important process
regarding toxicity. In fact, the formation of small aggregates should be a necessary step for activating
phagocytic pathways in the macrophages and aggregation is likely a critical condition for toxicity
possibly due to the strong increase of local charge density induced by self-assemblies rich in cationic

groups when interacting with cell membranes.
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Figure 1: Behavior of pyrene li/lsratio as a function log [peptide concentration]. Red lines are sigmoid

fit functions (Equation 1).
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Figure 2: (A) FTIR and (B) CD spectra from [RF]1.s solutions.
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Figure 3: Small-angle neutron (A) and X-ray (B) scattering profiles from peptide solutions containing
[RF] units at ca. 30 mM. Data have been fitted using shape-dependent models, described in the text,

revealing the presence of small oligomers in coexistence with high molecular-weight structures.



Figure 4: Cryo-EM images from vitrified specimens revealing the presence of different nanostructures

according to the length of the peptide in solution. Scale bars: 50 nm.



3.14nm 0.97 nm 0.48 nm

[RF]

[RF],

[RF],

[RF],

[RF],

(A) (B) 0 10 20

qnm’]
Figure 5: (A) Two dimensional X-ray diffraction patterns from partially-oriented stalks prepared from
dried peptide solutions. Black arrows for [RF]s and [RF]s patterns indicate meridional reflections
associated to periodicity D = 0.48 nm arising from perpendicularly-oriented f-strands, whereas white
arrows indicate equatorial reflections related to p-sheet separation. (B) Intensity profiles obtained by
radial averaging of the patterns exhibited in (A). Black lines are a guide for the eyes indicating distances

corresponding either to separation between fS-sheets running along fiber axis (1 nm) or to separation

between hydrogen-bound g-strands (0.48 nm).
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Figure 6: Cytotoxicity profiles of [RF]:15 in (a) C6 and (b) RAW264.7 cells. Data is plotted as mean +
s.e.m., n = 4 (2 independent tests). IC50 of each [RF], obtained from two cell lines were compared with
unpaired t-tests, in which no differences were noted (See Table 2). Dotted lines along with experimental

data correspond to the non-linear fitting to the variable slope sigmoid equation for each data set. IC50

values are marked with red vertical dashed line.
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Figure 7: 1C50 as a function of the number of repeats of [RF]. Exponentially decaying profiles of 1C50

values for (A) RAW264.7 and (B) C6 cell lines.



GRAPHICAL ABSTRACT

Highlights:

e Progressive crystalline order is found upon sequence length in [RF]n peptides;
e Amyloid-p features are found in 8-mer and 10-mer sequences;

e Order correlate with cell death, suggesting that structure matters for cytotoxicity.



