¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry B

View Article Online

View Journal | View Issue

Boosting stability: a hierarchical approach for

’ '.) Check for updates ‘
self-assembling peptide structurest

Cite this: J. Mater. Chem. B,

2024, 12,10682

Denys Balandin,#*° Natalia Szulc,* Dominika Bystranowska, 9 Marlena Gasior-

Gtogowska,® Roksana Kruszakin” and Monika Szefczyk () *@

The primary objective of this study was to implement a hierarchical approach to enhance the confor-
mational stability of a selected group of peptides by incorporating trans-(1S,2S)-2-aminocyclo-
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pentanecarboxylic acid (trans-ACPC). The influence of residue mutation on the peptide structures was
investigated using circular dichroism, analytical ultracentrifugation, and vibrational spectroscopy. The
resulting nanostructures were examined via transmission electron microscopy. The incorporation of
trans-ACPC led to increased conformational stability and self-assembling propensity in peptides
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Introduction

Soft materials science encounters several significant challenges.
On one hand, the complexity of structure and behavior is sought
after due to the potential for achieving sophisticated applications
and functions." However, soft materials often exhibit complex
hierarchical structures and behaviors that are difficult to predict
and control owing to their dynamic nature.> This dynamism is
evident in their continual changes in structure and properties
under various stimuli, complicating efforts to comprehend and
manage their behavior over time.? Furthermore, the development
of soft materials that are biocompatible, biodegradable, and
environmentally friendly for diverse applications, including bio-
medical and environmental fields, poses ongoing challenges.”
Moreover, soft materials frequently possess complex structures
across multiple length scales, necessitating advanced experimental
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containing constrained B-amino acid residues.

and computational techniques for precise characterization.>®
Additionally, the integration of experimental data and theoretical
models across various length and time scales to accurately predict
the behavior of soft materials remains a significant difficulty.”®
Ultimately, overcoming the hurdle of establishing reliable,
straightforward, and cost-effective methods for processing and
fabricating soft materials with desired properties remains an
obstacle.” ™ Tackling these challenges requires an interdisciplin-
ary approach that integrates expertise from fields such as chem-
istry, physics, materials science, biology, and engineering, as well
as advancements in experimental techniques, computational
methods, and theoretical modeling.

To address these challenges, our focus has been on employing
a hierarchical approach for constructing self-organizing peptide-
based nanomaterials. Peptides possess a unique combination of
biocompatibility, tunable properties, dynamic behavior, versatility,
and biodegradability that make them promising candidates for a
wide range of soft material applications."*™** Moreover, the self-
assembly capability of peptides allows for the creation of nanos-
tructures with high efficiency, versatility, dynamic adaptability,
and potential for complexity making it an appealing method for
the cost-effective and scalable fabrication of nanomaterials across
various fields.">'® Furthermore, the hierarchical approach to con-
structing self-assembling peptide-based nanostructures facilitates
the rational design and control over higher-ordered structure
formation. To address the structure stability issue, our efforts have
focused on incorporating cyclic-beta amino acid residues into the
peptide sequence, resulting in well-defined structures in solution
known as foldamers. Ultimately, several experimental methods
have been employed to comprehensively characterize the obtained
structures at various organizational levels.

Precisely controlling a peptide’s secondary structure by
incorporating constrained p-residues proved to be instrumental

This journal is © The Royal Society of Chemistry 2024
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in designing novel materials with specific properties and func-
tions. Trans-(1S,2S)-2-aminocyclopentanecarboxylic acid (trans-
ACPC) serves as a versatile building block in peptide design,
significantly influencing not only the peptide’s structure but
also its self-organization and self-assembly properties.'”"'®
When employed as a building block in B-peptide monomers,
trans-ACPC homo-oligomers have demonstrated spontaneous
self-assembly into various microstructures."”** Additionally,
mixed o/B-peptides have exhibited the capability to form well-
defined nanostructures in solutions.>® The ability of trans-
ACPC-containing peptides to maintain their self-assembly char-
acteristics despite the presence of bulky side chains or hydro-
phobic sequences makes them particularly attractive for the
development of advanced materials. Integrating ¢rans-ACPC into
peptide materials has also been found to confer stimulus-
responsive properties. For instance, foldectures containing trans-
ACPC can respond to external dynamic magnetic fields, exhibiting
real-time mechanical motions.*” This magneto-responsive beha-
vior has been further explored by embedding foldectures into
hydrogel containers, demonstrating magnetosome-inspired mag-
netotactic behavior and the translation of dynamic magnetic
fields into instantaneous motions at both microscopic and
macroscopic scales. Moreover, the ribosomal synthesis of bioac-
tive foldameric peptides containing cyclic f-amino acids, such as
trans-ACPC, has been reported, indicating the potential for de
novo discovery of bioactive materials with desired properties.”?
Thus, incorporating constrained p-residues into peptides emerges
as a promising strategy in material science for creating novel
materials with controlled morphologies and properties.

In this study, we present our efforts to implement a hier-
archical approach aimed at improving the conformational stabi-
lity and enhancing the self-organization propensity of a selected
group of peptides. Both objectives were pursued through the
incorporation of the helix-stabilizing and promoting trans-ACPC
residue into the peptide sequence. The impact of residue muta-
tion on the peptide structures was assessed using circular dichro-
ism (CD) and attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR-FTIR). The self-organization propen-
sity of the peptides was evaluated through sedimentation velocity
analytical ultracentrifugation (SV-AUC). The resulting nanostruc-
tures were examined via transmission electron microscopy (TEM).
These analyses were conducted immediately after dissolution and
following sample incubation.

Results and discussion

The primary aim of this study was to investigate the structural
and conformational diversity of designed peptides and their
propensity for self-organization. Specifically, we sought to
examine the impact of residue mutation, particularly the intro-
duction of cyclic B-amino acids, on the conformational stability
and self-assembly propensity of coiled-coil-based peptides. The
peptides (Table S1, ESI{) were obtained using solid-phase
peptide synthesis on a fully automated synthesizer, purified
using a preparative reverse phase high-performance liquid

This journal is © The Royal Society of Chemistry 2024
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Table 1 Sequences of the synthesized peptides, with trans-ACPC resi-
dues highlighted in orange

Peptide Sequence
gabcdef

CAM 1 H-KIAALKQKIASLKQEIDALEYENDALEQ-NH,
CAM 1X H-KIAALKXKIASLKXEIDALEXENDALEX-NH,
Di1 H-KIAALKQKIAALKKEIAWLEAENAALEQ-NH,
Di 1X H-KIAALKXKIAALKXEIAWLEXENAALEX-NH,
CAM 2 H-KIRALKAKNAHLKQEIAALEQEIAALEQ-NH,
CAM 2X H-KIRALKXKNAHLKXEIAALEXEIAALEX-NH,
Di 2 H-KIAALKQKNAALKKEIAWLEAEIAALEQ-NH,
Di 2X

H-KIAALKXKNAALKXEIAWLEXEIAALEX-NH,

chromatography, and then subjected to qualitative analysis
(Fig. S1 and Table S2, ESIT).

Model peptides CAM 1 and CAM 2 (Table 1 and Fig. 1),
originally designed by Pandya et al., were reported to undergo
heteroaggregation following a ‘“sticky-end” assembly process to
form fibrils.>* However, these peptides exhibited structured
behavior in aqueous solution at pH 7 only at 5 °C. Our goal
was to enhance the conformational stability of these peptides.
Initially, we modified model peptides CAM 1 and CAM 2 with
trans-ACPC, known for its helix-stabilizing and helix-promoting
properties.”® Following the hierarchical approach of o/B peptide-
based nanofibril formation previously introduced,"”"® and the
general principles of dimeric coiled-coil design,*® trans-ACPC
was incorporated at the outer positions of each repeating heptad
to enhance the self-assembly properties of the studied sequences
(Fig. 1). This positioning of trans-ACPC in the designed peptides
is expected to facilitate additional interactions between coiled-
coils and enhance the stability of the formed nanostructures,
thanks to the conformational rigidity of the cyclic B-residue.

Circular dichroism (CD) was utilized to determine the
secondary structure and conformational stability of the synthe-
sized peptides. CD signatures indicative of a-helical structures
are characterized by evident negative minima at 208 and
222 nm. The CD spectra of freshly dissolved peptides, as
reported by Pandya et al., exhibited a negative peak solely at
222 nm. As the samples mature, the intensity of this peak
doubled, and a weak peak emerged at 208 nm.>* CD spectra of
model peptides CAM 1 and CAM 2 recorded at 25 °C revealed two
minima at A = 204 and 222 nm, with a ratio of R(05,/0504) < 1,
indicating a disrupted o-helix structure (Fig. 2). CD spectra of
peptides containing ¢rans-ACPC, CAM 1X and CAM 2X, displayed
only one minimum at 4 = 204 and 205 nm, respectively (Fig. 2A),
suggesting random coil formation. Conformational stability was
assessed based on CD measurements in water at pH 7, and thermal
unfolding curves followed at 208 nm were used to determine the
melting temperatures. Peptides CAM 1 and CAM 2 exhibited low
stability, with a cooperative melting transition occurring at tem-
peratures 33.6 = 0.9 °C and 23.8 % 0.9 °C, respectively (Fig. 2B). The
data for peptides CAM 1X and CAM 2X were not obtained as the CD
spectra did not indicate a-helical fold.

Since the introduction of trans-ACPC into the structure of
peptides CAM 1 and CAM 2 did not yield the expected outcome
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Fig. 1 Helical wheels of the studied peptides with mutations highlighted.
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(A) CD spectra and (B) thermal unfolding curves, followed by CD signal at 208 nm with calculated melting temperatures indicated in the legend

for the peptides CAM 1, CAM 2, CAM 1X, and CAM 2X dissolved in water at pH 7 (Cpep = 0.2 mM).

(peptides CAM 1X and CAM 2X did not show helix formation),
we endeavored to improve stability of the model peptides
through amino acid residue mutations. The following modifi-
cations were made to obtain peptides Di 1 and Di 2: in CAM 1,
negatively charged aspartic acid residues in position b were
replaced by small, hydrophobic alanine. In position f, gluta-
mine residue was replaced with lysine to enhance solubility.
Tyrosine in position f was replaced by alanine, and UV chro-
mophore tryptophan was introduced at position c. Polar serine
was replaced by hydrophobic alanine at position c. CAM 2 was
modified as depicted in Fig. 1, so that the resulting Di 2 differs

10684 | J Mater. Chem. B, 2024, 12, 10682-10691

from Di 1 only in the positioning of one asparagine residue. CD
spectra of the obtained peptides exhibited o-helix structure
with two more evident minima compared to CAM 1 and CAM
2, specifically at A = 209 and 222 nm for Di 1 and at 207 and
222 nm for Di 2 (Fig. 3A). The improvement in stability can also
be observed in the case of the modified peptides. The melting
temperature of peptide Di 1 was 57.2 + 0.2 °C (compared to
33.6 for CAM 1) and for peptide Di 2 was 41.2 + 0.8 °C
(compared to 23.8 for CAM 2) (Fig. 3B).

To enhance both stability and self-aggregation properties, Di
1 and Di 2 underwent further modification with trans-ACPC

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) CD spectra and (B) thermal unfolding curves, followed by CD signal at 208 nm with calculated melting temperatures indicated in the legend

for the peptides CAM 1, CAM 2, Di 1 and Di 2 dissolved in water at pH 7 (Cpep = 0.2 mM).

residues. These residues were introduced in the f positions of
peptides Di 1 and Di 2 to produce Di 1X and Di 2X, respectively
(Fig. 1). This resulted in foldameric helix formation character-
ized by low minima at 208 nm (Di 1X) and 207 nm (Di 2X), with
a shallow negative peak at 222 nm (Fig. 4A). Calculated melting
temperatures indicated improved stability of the obtained
peptides compared to peptides Di 1 and Di 2 (Fig. 4B). The
melting temperature for Di 1X was 72.0 £ 0.3 °C (compared to
57.2 for Di 1), and for Di 2X was 52.7 + 1.2 °C (compared to
41.2 for Di 2).

More detailed information about the secondary structure of
the studied peptides was obtained through analysis of attenu-
ated total reflectance Fourier transform infrared (ATR-FTIR)
spectra. Spectroscopic data were registered for the peptides in
powder form (Fig. S2, ESIt), as well as in solution immediately
after dissolving (Fig. S3, ESIY), and after 7 (Fig. S4, ESIf) and

30 days (Fig. S5, ESIT) of incubation at 37 °C (98.6 F). Initially,
all studied peptides exhibited maxima of the amide I bands in
the range of 1655-1651 cm ™', typically indicative of a-helical
peptides.”” The maximum of the amide II band, located around
1548-1544 c¢cm ™', also supports the presence of a helical
structure.”®*® Upon dissolution in water, no significant changes in
the positions of amide bands were observed, suggesting structural
stability in aqueous solution. However, a,3-peptides exhibited lower
frequencies for their amide I band maximum compared to model
peptides, potentially indicating the presence of trans-ACPC."” This
preservation of amide band positions was similarly observed for
peptides incubated at 37 °C for 7 and 30 days. Comprehensive
insights into the secondary structure were gained through second-
derivative and deconvolution procedures, enabling separation of
overlapping components within the respective region (Fig. S6-S8,
ESIT).SO’Sl
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(A) CD spectra and (B) thermal unfolding curves, followed by CD signal at 208 nm with calculated melting temperatures indicated in the legend

for the peptides Di 1, Di 2, Di 1X and Di 2X dissolved in water at pH 7 (Cpep = 0.2 mM).

This journal is © The Royal Society of Chemistry 2024
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ATR-FTIR spectra of the studied peptides directly after dissolution, as well as after 7 and 30 days of incubation at 37 °C (Cyep = [0.317-0.327] mM).

We observed four subcomponents within the amide I band:
helical structures (at 1655 cm™'), turns and B-antiparallel (at
1678 cm™ '), B-sheets (ranging from 1635 to 1625 cm™ '), and
intermolecular aggregates (ranging from 1624 to 1610 cm™ %),
alongside other residues such as aspartic acid and glutamic
acid.*** Immediately after dissolution, most peptides exhibited a
mixture of helical structures and turns/B-antiparallel subcompo-
nents (Fig. 5 and Fig. S3, ESIT). The presence of intermolecular
aggregates was generally low, suggesting limited aggregation/self-
assembly processes. After 7 days of incubation at 37 °C, there was
a noticeable trend towards increased formation of B-sheet/inter-
molecular aggregate formation for some peptides, indicating
initial stages of aggregation (Fig. 5 and Fig. S9, ESIt). Following
30 days of incubation, the content of helical structures tended to
decrease for most peptides, suggesting a potential transition to
more ordered structures. Concurrently, the content of B-sheets/
intermolecular aggregates often increased, signifying further
aggregation. Specific peptides, such as CAM 1X, Di 1X, Di 2X,
demonstrated a significant rise in -sheets/intermolecular aggre-
gates content, indicating potential stabilization of certain con-
formations. Peptides with trans-ACPC generally showed a higher
propensity for f-sheet/intermolecular aggregate formation
compared to their non-modified counterparts, particularly after
30 days (Fig. 5 and Fig. S10, ESIT). This suggests that trans-ACPC
not only stabilizes helical structures but may also promote the
self-assembly of peptides into more ordered aggregates, which
could be advantageous for the formation of stable nanostructures.

At the outset, the trans-ACPC containing peptides exhibited
a significantly lower percentage of B-turns, indicating
the presence of the elongated structures through the B-sheet
mechanism as previously suggested.’>*! Interestingly, despite

10686 | J. Mater. Chem. B, 2024, 12,10682-10691

the random coil structure evidenced by CD studies, CAM 1 and
CAM 2 peptides exhibited significant helicity as revealed by
deconvolution studies. Furthermore, we observed a decrease in
helicity for the model CAM 1 peptide over time, along with an
increase in the B-turn sub-band area. This trend was not
observed for the CAM 2 peptide, as the overall contribution of
subcomponents to the amide I band remained consistent over
time. The tendency for stable secondary structure is evident in
the modified Di 1 and Di 2 peptides. In Di 1X and Di 2X, an
overall increase in the helical component suggests the effect of
cyclic B-amino acid incorporation as a helix-promoting residue.

Both CD and FTIR data analyses suggest that the studied
peptides predominantly adopt a helical structure. However, for
CAM 1X and CAM 2X, the peptides may exist in solution in an
equilibrium between very low-stability helices (as indicated by
FTIR) and random coils (as suggested by CD). Additionally, the
thermal denaturation CD data for Di 1X (Fig. 4) indicates a
potential two-step melting process, suggesting a more complex
conformation, which is consistent with FTIR findings. FTIR
analysis also revealed that the incorporation of ¢trans-ACPC into
Di 1X stabilizes specific secondary structures, potentially lead-
ing to distinct structural transitions during thermal unfolding.
This two-step melting behavior further supports the presence of
multiple stable conformations within the peptide, reinforcing
the hypothesis of a more intricate conformational landscape in
Di 1X compared to its unmodified counterparts. The high
percentage of helices observed by FTIR (Fig. 5) may suggest
the presence of multiple types of helices in solution, each with
varying stabilities.

Overall, the trend suggests that the introduction of trans-
ACPC promotes the formation and stabilization of ordered

This journal is © The Royal Society of Chemistry 2024
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secondary structures over time. This finding aligns with the
hierarchical approach of o/B peptide-based nanofibrils for-
mation and the goal of enhancing the stability and self-assem-
bly properties of these peptides.

SV-AUC with UV detection at 280 nm was applied as an
additional method to gather further information on the structural
properties of Di peptides. The experiments were conducted at
three peptide concentrations of 50 pM, 80 uM, and 100 pM. Fig. S9
(ESIT) displays the sedimentation coefficient distributions
obtained from the ¢(s) analysis method. All analyzed peptides
exhibited a single peak with a similarly narrow and spike-like
continuous sedimentation coefficient distribution ¢(s). Both, in
the absence (Fig. S9A and B, ESIt) and presence (Fig. S9C and D,
ESIYt) of trans-ACPC, the value of the sedimentation coefficients of
the main peaks corresponded to a mass of the dimer (Table 2).
Therefore, this is likely to indicate that the incorporation of trans-
ACPC did not significantly affect the oligomerization state of Di
peptides compared to its unmodified version (Table 2). According
to the collected data, no significant changes in the shape of the
peptides were also observed. The f]f, coefficient values oscillated
in a range of 1.34-1.42 with no relevant variations resulting from
either the changes of concentrations of the peptides or the
incorporation of the trans-ACPC moieties. In summary, based
on the hydrodynamic properties determined by SV-AUC we can
conclude that Di peptides exist in solution as moderately extended
molecules with a propensity for dimerization, at least up to a
peptide concentration of 100 uM, regardless of the presence of
trans-ACPC.

Overall, structural studies using CD and ATR-FTIR have
revealed that the tested peptides exhibit varying tendencies to
form helices in solution. The introduction of subsequent
rational mutations allowed for the generation of peptides with
increased conformational stability. SV-AUC data indicate that
the studied Di peptides predominantly exist as dimers in
solution. Following incubation, most of the studied peptides

Table 2 Results of SV-AUC experiments for peptides Di 1, Di 2, Di 1X, and
Di 2X

MW,,, Oligomerization

Peptide ¢ (uM) rmsd S2ow  flfo  (kDa)  state
Di1 50 0.004855 0.755 1.39 6548  Dimer (100%)
80 0.005119 0.782 1.35 6658 Dimer (100%)
100 0.005646 0.788 1.35 6735 Dimer (100%)
Di 2 50 0.005530 0.632 1.40 5079 Dimer (100%)
80 0.005890 0.690 1.38 5688 Dimer (100%)
100 0.006112 0.703 1.41 6051 Dimer (100%)
Di 1X 50 0.006235 0.754 1.35 6524 Dimer (100%)
80 0.006333 0.782 1.35 6919 Dimer (100%)
100 0.006337 0.792 1.34 6950 Dimer (100%)
Di 2X 50 0.006991 0.659 1.42 5750 Dimer (100%)
80 0.007149 0.688 1.37 5794 Dimer (100%)
100 0.008047 0.705 1.36 5970  Dimer (100%)

Numbers in brackets indicate the percentage of each fraction and are
given considering 100% for the sum of the main indicated types of
sedimenting species. rmsd - root-mean-square deviation; o, — sedi-
mentation coefficient in the standard conditions (i.e. water, 20 °C); fIfo —
frictional ratio (the ratio of the actual frictional coefficient to that for an
anhydrous sphere with equal volume); MW,,, - apparent molecular
weight derived from SV-AUC experiments.

This journal is © The Royal Society of Chemistry 2024
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exhibited changes in band composition, suggesting the for-
mation of aggregates, therefore transmission electron micro-
scopy (TEM) imaging was used to visualize the formed
nanostructures.

The TEM micrographs revealed distinct morphological
changes in peptide structures over 30 minutes post-dissolution
(Fig. 6 and Fig. S10 and S11, ESIf) and after 48 hours of
incubation at 37 °C (Fig. 6 and Fig. S12, S13, ESIf). The
diameter size distribution for the studied peptides is shown
in Fig. S14 and S15 (ESIt). Initially, at 30 minutes, the peptides
exhibited primarily amorphous aggregates and early fibrillar
formations, indicating the onset of self-assembly processes.
Notably, peptide CAM 1X showed fibrillar structures immedi-
ately after dissolution. The median diameter of CAM 1X
increased slightly from 6.94 nm to 9.82 nm, indicating the
growth and densification of these fibrous structures, likely due
to the maturation of fibrillar assemblies. CAM 2X featured
small aggregates that grew larger and more defined over time,
with the median diameter slightly decreasing from 22.24 nm to
16.90 nm, suggesting assembly into more distinct and poten-
tially functional structures. Conversely, Di 1X transitioned from
spherical nanostructures to more elongated and intercon-
nected forms. The significant reduction in median diameter,
from 36.47 nm to 7.67 nm, highlights a major restructuring
into smaller and highly uniform structures. Di 2X displayed
dense clustered nanostructures that dispersed into more
fibrous forms over time.

Initially, the CAM group showed a quicker progression
towards elongated fibril structures, whereas the Di group
presented a higher proportion of amorphous aggregates. This
suggests that CAM peptides inherently possess a greater pro-
pensity for rapid fibril formation. In both groups, peptides with
the trans-ACPC (CAM 1X, CAM 2X, Di 1X, Di 2X) demonstrated
improved self-assembly characteristics, exhibiting more
defined, regular, and finer fibrils by the 48-hour mark. This
indicates that the trans-ACPC likely enhances the stability and
regularity of fibril formation. By 48 hours, both groups showed
significant structural maturation, but the CAM group main-
tained a more uniform and denser fibrillar network compared
to the Di group, which still showed some heterogeneity in fibril
distribution and morphology. The CAM and Di groups exhib-
ited diverse transformations in their peptide structures over
time, each displaying unique patterns of aggregation, network
formation, and structural evolution. These transformations
were reflected in changes in median diameters and distribu-
tions (Fig. S14 and S15, ESIT). Increase in median size and
variability suggest aggregation and growth, while decreases
typically indicate a breakdown or structural transformation
leading to more uniformity.

Overall, the introduction of trans-ACPC enhances the self-
assembly properties of the peptides, leading to more structured
and regular fibrillar networks. CAM peptides show a slightly
more uniform and efficient path to fibril maturation. However,
over time, the same effect can be observed for the Di group, but
the fibrils are created from amorphous oligomers, which exhi-
bit higher elasticity, especially in Di 2X peptides. The structures

J. Mater. Chem. B, 2024, 12,10682-10691 | 10687


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01545b

Open Access Article. Published on 18 September 2024. Downloaded on 5/10/2026 5:41:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Journal of Materials Chemistry B

30 minutes

48 hours

‘CAM 1X CAM 1

CAM 2

CAM 2X

View Article Online

Paper

48 hours

30 minutes

Fig. 6 Temporal evolution of nanostructure morphologies: TEM micrographs were taken 30 minutes post-dissolution and after 48 hours of incubation

at 37 °C during the self-assembly process.

of the Di group are significantly shorter compared to CAM
peptides and are bonded together.

The findings were further validated using a thioflavin T (ThT)
assay to observe the kinetics of peptide aggregation. CAM 1X and
CAM 2X showed substantial increases in fluorescence, particularly
between 28.8 and 33.0 hours, with the sigmoidal shape of the
kinetics curves (see Fig. S16 and Table S3, ESIt) strongly suggest-
ing fibrils formation. In contrast, the Di group exhibited negligible
ThT fluorescence, characterized by a plateau. This observation is
further supported by TEM results (see Fig. 6 and Fig. S11, S13,
ESIt), which show the presence of more amorphous aggregates.

The turbidity measurements (Table S4, ESIf) also corrobo-
rate the ThT assay results, confirming that the CAM group
samples effectively formed fibrils, as evidenced by increased
turbidity and ThT fluorescence. Conversely, the Di group
samples formed globular aggregates that do not bind ThT

10688 | J Mater. Chem. B, 2024, 12,10682-10691

effectively, resulting in lower turbidity increase. These findings
are crucial for understanding the different aggregation path-
ways and the structural nature of the aggregates formed in
these samples.

In summary, we aimed to test the hierarchical approach for
the structure stabilization and nanostructures formation of two
peptides that were reported to form heterodimers using a
“sticky-end” approach at low temperatures but possess low
conformational stability at room temperature, as indicated by
their melting temperatures of 34 and 24 °C, respectively.”* In
previous articles, we demonstrated that replacing alpha resi-
dues with cyclic beta residues in the outer positions of coiled-
coils (b, c, f) can stabilize peptide structures.'””'® However, for
peptides CAM 1 and CAM 2, additional residue mutations were
necessary. The straightforward introduction of ¢rans-ACPC in
the f position of the model coiled-coils led to poorly structured

This journal is © The Royal Society of Chemistry 2024
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peptides with some helical features (CAM 1X and CAM 2X). This
indicates that, apart from the core interactions at the a and d
positions, the outer positions also significantly impact the fold,
particularly in terms of structure stability. In our case, replacing
selected positions with alanine significantly improved the
melting temperatures, to 57 and 41 °C for Di 1 and Di 2,
respectively. The subsequent introduction of ¢rans-ACPC resi-
dues at the fpositions resulted in the formation of Di 1X and Di
2X peptides with high melting temperatures of 72 and 53 °C,
respectively, indicating high conformational stability. Impor-
tantly, Di 2 differs from Di 1 only in the positioning of one
asparagine residue (N9 vs. N23, respectively). The difference in
their stability may be attributed to the preferential pairing of
N23 in the coiled-coil structure, rather than NO.

In line with the design assumptions, the tested peptides
aggregated, but they differed in the kinetics of this process and
the morphology of the resulting structures. As expected, Di 1X
and Di 2X with their high conformational stability, formed
fibrils due to the hydrophobic interactions of trans-ACPC in
neighboring helices, creating a “cyclopentyl zipper”.'”*® Inter-
estingly, CAM 1X and CAM 2X, which do not possess well-
defined helical structures in solution, formed well-defined
fibrils. This suggests that trans-ACPC promotes stable and pre-
dictable interactions among neighboring peptides, regardless of
their secondary structure stability. Furthermore, peptides within
the CAM group exhibit better-defined fibers compared to those
within the Di group. This distinction is more pronounced than
the difference observed between peptides with and without
trans-ACPC. It suggests that the development of well-defined
nanostructures may be influenced by interactions at the b, ¢, and
f positions, indicating that a different mechanism of fiber
formation may be at play.

In summary, the introduction of ¢rans-ACPC residues into
the sequence effectively stabilized and promoted helix for-
mation. However, the influence of other positions within the
coiled-coils is also crucial for both structural stabilization and
nanostructure formation. The modifications applied to CAM
and Di peptides demonstrate the effectiveness of strategic
residue mutations, underscoring the significance of the overall
network of interactions.

Conclusions

The results indicate that, beyond the core interactions at the a
and d positions, the outer positions also significantly affect
the folding and stability of the structure. The presence of trans-
ACPC promotes stable and predictable interactions among
neighboring peptides, independent of their secondary structure
stability, forming what can be described as a ‘“cyclopentyl
zipper.” Additionally, interactions at the b, ¢, and f positions seem
to contribute to the formation of well-defined nanostructures and a
distinct mechanism for fiber formation. Overall, the incorporation
of trans-ACPC residues effectively stabilizes and encourages helix
formation. However, the roles of other positions within the coiled-
coils are equally important for both structural stabilization and

This journal is © The Royal Society of Chemistry 2024
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nanostructure assembly. The modifications made to CAM and Di
peptides demonstrate the effectiveness of strategic residue muta-
tions and emphasize the significance of the comprehensive network
of interactions that can be utilized to design self-organizing peptide-
based nanomaterials with specific functions and applications.

Experimental
Peptide synthesis

All commerecially available reagents and solvents were purchased
from Merck or Sigma-Aldrich, and used without further purifica-
tion. Fmoc-(1S,2S5)-2-aminocyclopentanecarboxylic acid (trans-
ACPC) was purchased from Synnovator, Inc. The peptides were
obtained with an automated solid-phase peptide synthesizer
(Liberty Blue, CEM) using H-Rink amide ChemMatrix resin
(loading: 0.59 mmol g~ '). Fmoc deprotection was achieved using
20% piperidine in DMF for 1 min at 90 °C. A double-coupling
procedure was performed with a 0.5 M solution of DIC and a
0.25 M solution of OXYMA (1:1) in DMF for 4 min at 90 °C.
Cleavage of the peptides from the resin was accomplished with
the mixture of TFA/TIS/H,O (95:2.5:2.5) after 3 h of shaking.
The crude peptide was precipitated with ice-cold Et,0 and
centrifuged (9000 rpm, 15 min, 2 °C). Peptides were purified
using preparative HPLC (Knauer AZURA ASM 2.1 L system with a
C18 Thermo Scientific, Hypersil Gold 12 pm, 250 mm X 20 mm
column) in a water/acetonitrile (0.05% TFA) eluent system. The
purified peptide fractions were lyophilized, analyzed by MS and
analytical HPLC, and stored at —70 °C prior to further studies.

Analytical high-performance liquid chromatography (HPLC)

Analytical HPLC was performed using UltiMate 3000 LC System
Dionex with Waters C18 1.7 pm 50 x 2.1 mm column and
following program: eluent A: 0.05% TFA in H,O, eluent B:
0.05% TFA in acetonitrile, flow 0.5 mL min~': A: ¢ = 0 min,
90% A; t = 30 min, 10% A or using Shimadzu System with
Kinetex 5 um EVO C18 100 A 150 x 4.6 mm column and
following program: eluent A: 0.05% TFA in H,O, eluent B:
0.05% TFA in acetonitrile, flow 0.5 mL min~': A: ¢ = 0 min,

90% A; ¢ = 25 min, 10% A.

Mass spectrometry (MS)

Peptides were studied by the WATERS LCT Premier XE System,
consisting of a high-resolution mass spectrometer with a time
of flight (TOF) using electrospray ionization (ESI).

pH adjustment

The peptides were dissolved in water and the pH was adjusted
to 7 by adding 0.1 M NaOH solution.

Circular dichroism (CD)

CD spectra were recorded using JASCO J-1500 at 20 °C between
240 and 190 nm in water pH = 7 with following parameters:
0.2 nm resolution, 1.0 nm bandwidth, 20 mdeg sensitivity,
0.25 s response, 50 nm min ' scanning speed, 5 scans,
0.02 cm cuvette path length. The CD spectra of the solvent
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alone was recorded and subtracted from the raw data. The
peptides were dissolved in water and pH was adjusted to 7 by
adding 0.1 M NaOH solution. Typically, the samples were
prepared by dilution of peptides stock solution to obtain
peptide concentration of 0.2 mM. The CD intensity is given as
mean residue ellipticity (yre [deg x ecm® x dmol']) calculated
using the following equation (eqn (1)):'®

MO
= 1
T @
where: Oyge = mean residue ellipticity (deg x cm?® x dmol ™),
0 = ellipticity (mdeg), ¢ = concentration (mg mL™ "), [ = path
length (cm), n = number of residues.

Temperature denaturation measurements using CD

To examine the thermal unfolding of the peptides, stock
solutions were diluted to 0.2 mM and measurement at
208 nm in water pH = 7 was performed. The temperature was
increased from 4 to 96 °C in increments of 2 °C. Ellipticity
measurements were recorded with 1 mm path length cuvette,
others parameters remained unchanged. For each thermal
denaturation experiment, the data were fit to a two-state folding
model adapted and described by Kreitler et al.®>® using Origi-
nPro 9.0 and equation (eqn (2)):**

1

(=)
—AH |7T—
I pe— Tm/

RT

0= (by — by — myT +meT) + by +my T (2)

where: 0 = measured ellipticity (deg x cm?® x dmol ™), b = y-
intercept of folded baseline, b, = y-intercept of unfolded baseline,
mg = slope of folded baseline, m,, = slope of unfolded baseline, T =
temperature (K), Ty, = melting temperature (K), AH = enthalpy of
folding (kcal mol ), R = ideal gas constant (J (K mol) ).

Sedimentation-velocity analytical ultracentrifugation (SV-AUC)

SV-AUC experiments were performed on the Beckman Coulter
Proteome Lab XL-I ultracentrifuge (software version 6.0, Beck-
man Coulter Inc.) equipped with an An-60Ti rotor. The con-
centrations of the peptides were 50 pM, 80 uM and 100 pM. The
samples were suspended in the PB buffer. Analyses were done
at 20 °C and 50 000 rpm using a step size of 0.003 cm, a delay
time of 0 s. Parameters obtained with SEDNTRP*® were as
follows: peptide partial specific volumes (0.77204, 0.77204,
0.77751, 0.77751 mL g~ * for Di 1, Di 2, Di 1X, Di 2X, respec-
tively), buffer density (1.0056 g mL™') and buffer viscosity
(1.0199 mPa s). Partial specific volumes of the peptides were
estimated and corrected for the presence of trans-ACPC, N-
terminal acetyl and C-terminal amine moieties using published
molar increment values of chemical groups.>” Time-corrected
data®® were analyzed with SEDFIT software (version 16.1c)
using the built-in continuous sedimentation coefficient distri-
bution model, ¢(s). Maximum-entropy regularization of the c(s)
models was set to a confidence level of 0.68.%>*°
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Vibrational spectroscopy

Attenuated total reflectance—Fourier-transform infrared (ATR-
FTIR) studies were conducted using a Thermo Scientific FT-IR
spectrometer (USA) equipped with a Golden Gate Mk II ATR
accessory with a heated diamond top-plate (PIKE Technologies),
continuously purged with dry air. ATR-FTIR spectra were acquired
in the range of 3600-400 cm™'. Each spectrum was the result of
coadding 512 interferograms with a resolution of 4 cm™'. Imme-
diately before sampling, the background spectrum of the diamond/
air was recorded as a reference (512 scans, 4 cm ). Peptide
concentrations of [0.317-0.327] mM were used to achieve a good
signal-to-noise ratio. All measurements were conducted at a con-
stant temperature of 25 °C (77 °F). Additionally, air-dried films were
prepared by dropping 10 pL of peptide aqueous solution directly
onto the diamond surface and allowing it to dry. All spectra were
analyzed using OriginPro 2021 (OriginLab Corporation, Northamp-
ton, Massachusetts, United States). The analysis included baseline
correction, smoothing using the Savitzky-Golay filter (polynomial
order 2, window size 19), and normalization relative to the amide I
band. In the amide region (1750-1490 cm %), the spectra were
deconvoluted into subcomponents using the Lorentz function
based on their second derivative spectra. The deconvolution was
performed using the Peak Analyzer tool in OriginPro 2021, achiev-
ing an R-square value of 0.999.

Transmission electron microscopy (TEM)

The samples were prepared using the negative staining technique.
7 uL drop of [0.159-0.164] mM solution was applied on glow-
discharge the formvar-carbon film coated 600 mesh copper grids.
After 2 minutes of incubation, an excess of the material was blotted.
2% Uranyl acetate was applied for 1 minute. The samples were
allowed to dry. Imaging was performed using a transmission
electron microscope (TEM) Jeol JEM F-200 was acquired 30 minutes
after dissolving and after 48 hours of incubation at 37 °C (98.6 °F).
Statistical analysis of the TEM images was used to determine the
average width of the nanostructures. All samples exhibit non-
normal distributions across several statistical tests (Shapiro-Wilk
test, Kolmogorov-Smirnov test and D’Agostino’s K-squared test).
Central tendency and dispersion for the diameter size distribution
were described with median and standard deviation values.

ThT fluorescence kinetic assay

Kinetic experiments were performed at 22 °C using a CLARIOstar
Plus microplate reader (BMG LABTECH) with a 96-well plate
(BRANDplates™). ThT excitation and emission were monitored
at 440 nm and 480 nm, respectively. The plate was agitated for 30
seconds every 5 minutes throughout the 46-hour measurement
period. The final concentrations used were 50 uM for ThT and
100 puM for the peptides. The experiments were conducted in
duplicate, and the resulting fluorescence values were normalized
to a 0-1 scale (Fig. S16 and Table S3, ESI¥).

Turbidity assay

Turbidity of the peptide solutions was assessed by measuring
absorbance at 340 nm immediately after dissolution and again

This journal is © The Royal Society of Chemistry 2024
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after 46 hours. Throughout this 46-hour period, the plate was
continuously mixed. The experiments were conducted at 22 °C
using a CLARIOstar Plus microplate reader (BMG LABTECH)
with a 96-well plate (BRANDplates™). The analyzed absorbance
is the average value from four wells, and the standard deviation
in all samples was zero (Table S4, ESIT).
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