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De novo designed aliphatic and aromatic peptides
assemble into amyloid-like cytotoxic
supramolecular nanofibrils}
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Peptides are very interesting biomolecules that upon self-association form a variety of thermodynamically
stable supramolecular structures of nanometric dimension e.g. nanotubes, nanorods, nanovesicles,
nanofibrils, nanowires and many others. Herein, we report six peptide molecules having a general
chemical structure, H-Gaba-X-X-OH (Gaba: y-aminobutyric acid, X: amino acid). Out of these six
peptides, three are aromatic and the others are aliphatic. Atomic force microscopic (AFM) studies reveal
that except peptide 6 (H-Gaba-Trp-Trp-OH), all the reported peptides adopt nanofibrillar morphology
upon aggregation in aqueous medium. These supramolecular assemblies can recognize amyloid-specific
molecular probe congo red (CR) and thioflavine t (ThT) and exhibit all the characteristic properties of
amyloids. The MTT cell viability assay reveals that the toxicity of both aliphatic and aromatic peptides

increases with increasing concentration of the peptides to both cancer (HelLa) and non-cancer (HEK
Received 17th November 2023

Accepted 16th January 2024 293) cells. Of note, the aromatic peptides show a slightly higher cytotoxic effect compared to the

aliphatic peptides. Overall, the studies highlight the self-assembling nature of the de novo designed

DOI: 10.1039/d3ra07865h aliphatic and aromatic peptides and pave the way towards elucidating the intricacies of pathogenic
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Introduction

Self-assembly, a typical phenomenon exists in matters of all
scales from molecules to galaxies.'*” It is an intriguing ‘bottom-
up’ strategy to fabricate various supramolecular structures.** In
the self-assembly process the building blocks are held together
reversibly by various non-covalent intermolecular forces like H-
bonding, hydrophobic and hydrophilic interactions, electro-
static interactions, van der Waals forces and stacking
interactions.?”? The molecular self-assembly is an intermolec-
ular phenomenon leading to various supramolecular structures
having distinctive properties compared to the building blocks
(molecules).z*f

Peptides are very smart and versatile molecules having both
H-bond accepting and donating sites. Self-assembling peptides
could independently build up a variety of supramolecular
structures e.g. nanotubes, nanorods, nanofibrils, nanovesicles,
and many others that usually play a decisive role in the function
of the materials.**¥ Among the supramolecular structures
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adopted by peptide assemblies, nanofibrils in recent years have
drawn considerable attention due to their resemblance with
amyloid fibrils which are associated with a great variety of
diseases.*** Several peptides/proteins from unrelated origins
are found to form amyloid fibrils in vitro and in vivo.**?
Although the sequence homology among the different amyloid
forming protein/peptide is not at all found, yet the amyloid
aggregates show similar morphological and biophysical char-
acteristics.*”** There are various factors such as hydrophobicity,
charge, secondary structure propensity, sequence patterning
etc. which are believed to influence the aggregation of peptides
and proteins.®»’ But, the relative contribution of these non-
covalent forces in fibrillogenesis process is yet to be under-
stood. In natural amyloid, aromatic residues are quite abundant
which leads to the concept that aromatic amino acids play an
important role in amyloid formation.*** Several studies have
shown that - interaction, a kind of hydrophobic interaction,
originating from aromatic amino acid residues is the key to the
genesis and stabilization of amyloid fibrils.®»***J A short
peptide, NFGAILSS (hIAPP,, ,,), is found to aggregate into B-
sheet containing amyloid fibrils which are very much similar to
full-length hIAPP. But, when Phe-23 is substituted with alanine,
the peptide fails to show amyloidogenic properties.**** On the
other hand, if Phe-23 is replaced with tryptophan, the resulting
peptide forms amyloid fibrils at much higher rate."* In another
study, it is shown that NFGAIL (hIAPP,, ,,) has the ability to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For Peptide 1, R = CH(CHj),
Peptide 2, R = CH,CH(CHj;),
Peptide 3,R= CH(CH3)(C2H5)

Peptide 4, R = CH,Ph
Peptide 5, R = CH,Ph(p-OH)
Peptide 6, R = CH,y(1H-indole-3-yl)

Fig. 1 Chemical structure of the peptides 1-6.

form amyloid fibrils very much similar to the full-length poly-
peptide.** Importantly, the amyloidogenicity of this peptide
was completely lost upon the substitution of phenylalanine with
alanine, but the substitution of any other amino acid with
alanine did not affect the amyloid formation.?* Likewise, the
role of aromatic amino acid residues in amyloid B-protein (Af)
(which has a connection to the pathogenesis of Alzheimer's
disease) aggregation has also been studied. From this study, it
was found that the substitution of phenylalanine at position 19
of AP protein with leucine resulted in a peptide that aggregates
at a significantly slower rate than the native one.*” The influence
of aromatic rings, the side-chain hydrophobicity, and steric
effects on the self-assembly of ABi¢_,, (AB derived peptide) have
also been studied.”** The role of phenylalanine residue in the
fibrillation of a model peptide KFFEAAAKKFFE is reported by
Marshall et al.** There are also various peptides reported in the
literature which does not contain any aromatic amino acid
residue, still can form amyloid like fibrils.”**#* Lakshmanan
et al. reported two short aliphatic peptides, LD and ID; which
can form amyloid fibrils despite lacking any aromatic amino
acid residue.' Another peptide, GGVVIA, from the trans-
membrane domain of amyloid-B (AB) shows a very high
propensity for amyloid aggregation.'”
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We are continuously investigating the supramoleecular
assemblies of various peptide-based molecules and studying
the amyloidogenic nature of the nanofibrillar peptide
aggregates.'® Here we have reported a set of aliphatic and
aromatic peptides having general chemical structure (Fig. 1) H-
Gaba-X-X-OH (Gaba: y-aminobutyric acid, X: amino acid) and
address its supramolecular structures, amyloidogenic nature
and cytotoxicity. The chemical structure of the peptide (H-Gaba-
X-X-OH) was designed to investigate the aggregation propensity
of different amino acids (X). We have purposefully incorporated
y-aminobutyric acid (Gaba) as the N-terminal residue to induce
flexibility in the peptide backbone.

Results and discussion
Morphological analysis

Primarily to assess the aggregation of peptides in aqueous
medium dynamic light scattering (DLS) experiment was per-
formed. DLS is a rapid screening method to speculate the size of
the supramolecule.” From DLS study it was observed that for
each peptide there was a discrete peak of different intensities at
different position of the spectrum. The hydrodynamic diameter
of the supramolecular aggregates were 280, 732, 278, 386, 690
and 3433 nm respectively for peptide 1, 2, 3, 4, 5 and 6 (Fig. S35
and Table S1}). Thus DLS study encouraged us to further
investigate the morphology of the aggregated peptides by high-
end, sophisticated microscope. Now, to study the morpholog-
ical characteristics of the supramolecular assemblies, atomic
force microscopic (AFM) experiment has been performed. AFM
study revealed that except peptide 6, all peptides formed
nanofibrillar aggregates upon self association in aqueous
medium. Interestingly, the length and diameter of the fibrils
were unique for each peptide. The diameter of the fibrils ranges
from 9 to 50 nm (Fig. 2).
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Fig. 2 Morphology of the aggregated peptides. (a)—(f) are the AFM images of aggregated peptide 1, 2, 3, 4, 5, and 6 respectively.
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Congo red (CR) binding study

CR is a very well-known dye which is usually used to check the
amyloidogenic nature of the peptide/protein aggregate.>*>* Of
note, it cannot bind with the monomer of protein/peptide but
can do with aggregate.**® Firstly, isothermal titration calori-
metric (ITC) study has been performed in order to check
whether CR can bind with the aggregated peptides. From the
study it was observed that CR formed thermodynamically stable
conjugate with all peptides (Fig. 3). The binding constant (K,)
values and other thermodynamic parameters for the interac-
tions have been provided in Table S2.1 Further, both the CR
absorbance and CR birefringence studies have been performed
to presume amyloidogenic nature of the aggregate.’**** From
UV study, an increased molar absorbance (hyperchromicity) was
observed when CR binds with the peptide aggregates (Fig. S367).
Interestingly, aggregates of peptide 1, 2, 3, 4 and 5 upon

View Article Online
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conjugation with CR exhibit characteristic birefringence under
polarized light (Fig. 4 and S371). But the aggregate of peptide 6
was unable to show birefringence property under similar
experimental condition. Thus CR binding study primarily
indicates the amyloidogenic nature of all peptide aggregates
except peptide 6.

Thioflavine T (ThT) binding study

Further, ThT binding study has been performed to validate the
amyloidogenic nature of the peptide aggregates. ThT is another
amyloid specific dye which particularly binds with the aggre-
gated B-sheet rich structure of amyloid but not with the
monomeric protein/peptide.*® The peptides were co-incubated
with ThT for 4 days and time-to-time the emission of ThT-
peptide complexes were measured upon excitation at 450 nm.
From the study, it was observed that for all peptides the
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ITC study of peptide—CR interaction at 25 °C. The top panels of each thermogram represents the amount of heat generated per sequential

injection of CR into the peptide solution, and the bottom panels show the integrated heat data after correction of heat of dilution against the
molar ratio of CR-peptide complex. The solid lines represent the best fitted plot. (a)—-(f) are for peptide 1, 2, 3, 4, 5, and 6 respectively.
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Fig. 4 Characteristic birefringence of CR-peptide conjugates under polarized light. (a)—-(f) are the representative of peptide 1, 2, 3, 4, 5 and 6.

emission maxima of peptide-ThT complex was at 484 nm
(Fig. s38t) and the emission intensity gradually increased with
time, although the rate of increment was not same for all cases
(Fig. 5). At instant ThT-peptide 4 conjugate exhibited slightly
higher emission intensity than others. But after 4 days of
incubation ThT-peptide 3 conjugate exhibited the highest
emission intensity and the order of emission intensity after 4
days followed the trend peptide 3 > peptide 4 > peptide 2 >
peptide 5 > peptide 1. Form this result it is anticipated that at
instant the higher emission intensity of ThT-peptide 4 conju-
gate is probably due to the higher aggregation propensity of
peptide 4 compared to other peptides. But after 4 days, an
equilibrium established between monomer and aggregated
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Fig. 5 Characteristic emission of ThT-peptide conjugates at 485 nm
at different time. The presented data are mean (+ standard deviation,
SD) of three independent experiments. P1, P2, P3, P4, P5 and P6
represent peptide 1, 2, 3, 4, 5, and 6 respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry

peptides. ThT binds with the thermodynamically stable aggre-
gates of peptide and shows the characteristic emission. Thus
the emission characteristic after 4 days suggests that peptide 3
has the highest amyloidogenic potential. Finally to check the
morphology of the aggregated peptides, ThT stained peptide
aggregates were viewed under fluorescence microscope
(Fig. 6).** Except peptide 6, all peptides revealed characteristic
fibrillar morphology supporting the result obtained from AFM
study.

Conformational analysis

Fourier-transformed infrared (FT-IR) spectroscopic studies have
been carried out to know the secondary structure of the aggre-
gated peptides in solution.?*” The seven days aged solutions of
all peptides exhibited sharp C=O stretching (amide I) band
near 1635 cm™ " which indicates the hydrogen bonded supra-
molecular B-sheet structure of the peptides in the aggregated
state (Fig. S347).

Cytotoxicity of the aggregated peptides

Finally, we evaluated the cytotoxic potential of the aggregated
peptides on cancer (HeLa) and non-cancer (HEK 293) cell lines
using MTT cell viability assay. To this end, the cell lines were
exposed to different concentrations of peptide ranging from 0 to
7.5 mM for 48 h. The results indicated that the reported
peptides exert cytotoxic effect in a manner dependent on their
concentrations (Fig. S397). Interestingly, the peptides contain-
ing aromatic amino acids displayed slightly higher cytotoxic
effect than the peptides containing aliphatic amino acid on
both cell lines (Fig. 7 and Table S3}). We are unable to test the
cytotoxic effect of peptide 6, as it precipitated under the exper-
imental condition.

RSC Adv, 2024, 14, 4382-4388 | 4385
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Fig. 6 Fluorescence microscopic images of aggregated peptide upon staining with ThT. (a)—-(f) stand for peptide 1, 2, 3, 4, 5 and 6 respectively.

Scale bar is of 5 micrometer.
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Fig. 7 Cytotoxic effects of aggregated peptide (7.5 mM) variants on
cancer (HelLa) and non-cancer (HEK 293) cells as evaluated by MTT cell
viability assay. Here P1, P2, P3, P4 and P5 represent peptide 1, 2, 3, 4
and 5 respectively. The results show the mean + SD of three inde-
pendent experiments.

Conclusion

Here, we report the supramolecular features of the de novo
designed aliphatic and aromatic peptides. All the reported
peptides (except peptide 6), form nanofibrillar aggregates
upon self-association in aqueous medium. CR absorption and
birefringence study along with characteristic ThT emission
confirm the amyloidogenic nature of the nanofibrillar peptide
aggregates. The MTT cell survival assay suggests that the
cytotoxicity of the peptides increases with increasing concen-
tration in both cancer and non-cancer cell lines. Interestingly,
aromatic peptides are found to have slightly higher cytotoxic
property than aliphatic peptides. The studies are in agreement

4386 | RSC Adv, 2024, 14, 4382-4388

with the generic nature of amyloid and also support the
previous report**¢ that the presence of aromatic residue(s) or
aromatic-aromatic interaction is not the sole requirement for
the amyloid fibrillogenesis process. Overall the studies pave
the way to elucidate the intricacies of pathogenic amyloid
assemblies.

Materials and methods

The amino acids required for the synthesis of peptides and
coupling reagents were purchased from Sisco Research Labo-
ratories Pvt. Ltd (SRL), India. The peptides were synthesized by
conventional solution phase methods using racemization free
fragment condensation method. The Boc group was used for N-
terminal protection and the C-terminus was protected as
methylester. Couplings were mediated by dicyclohex-
ylcarbodiimide (DCC) and 1-hydroxybenzotriazole (HOBt). The
protecting group from C-terminus was removed by base cata-
lyzed saponification method and the Boc-group from N-
terminus removed upon treatment with tri-
fluoroaceticacid (TFA). All intermediates have been character-
ized by "H NMR spectroscopy and the final compounds were
fully characterized by NMR, IR spectroscopy and mass spec-
trometry. Detailed synthetic and experimental procedures and
spectral data have been provided in the ESI.{
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