International Journal of Biological Macromolecules 259 (2024) 129296

Contents lists available at ScienceDirect

Biological
Macromolecul

International Journal of Biological Macromolecules

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/ijbiomac

Check for
updates

Self-assembly and hydrogelation of a potential bioactive peptide derived
from quinoa proteins

Lirong Cheng“, Luis M. De Leon-Rodriguez b Elliot Paul Gilbert ““, Trevor Loo ©,
Ludwig Petters’, Zhi Yang®"

2 Riddet Institute, Massey University, Palmerston North 4442, New Zealand

Y School of Chemical Sciences, The University of Auckland, Auckland 1010, New Zealand

¢ Australian Centre for Neutron Scattering, Australian Nuclear Science and Technology Organisation, Locked Bag 2001, Kirrawee, NSW, Australia

d Centre for Nutrition and Food Sciences, Australian Institute for Bioengineering and Nanotechnology, The University of Queensland, Brisbane, QLD 4072, Australia
€ BioProtection Aotearoa, School of Natural Sciences, Massey University, Palmerston North 4442, New Zealand

f School of Natural Sciences, Massey University, Palmerston North 4442, New Zealand

8 School of Food and Advanced Technology, Massey University, Auckland 0632, New Zealand

ARTICLE INFO ABSTRACT

Keywords: In this work the identification of peptides derived from quinoa proteins which could potentially self-assemble,
Self-assembly and form hydrogels was carried out with TANGO, a statistical mechanical based algorithm that predicts
Fib}-illar hydr.ogels p-aggregate propensity of peptides. Peptides with the highest aggregate propensity were subjected to gelling
}?:1012) (gibfﬂ:tems screening experiments from which the most promising bioactive peptide with sequence KIVLDSDDPLFGGF was
Secondary structures selected. The self-assembling and hydrogelation properties of the C-terminal amidated peptide
Nanostructures (KIVLDSDDPLFGGF-NH3) were studied. The effect of concentration, pH, and temperature on the secondary
Rheology structure of the peptide were probed by circular dichroism (CD), while its nanostructure was studied by trans-

mission electron microscopy (TEM) and small-angle neutron scattering (SANS). Results revealed the existence of
random coil, a-helix, twisted p-sheet, and well-defined p-sheet secondary structures, with a range of nano-
structures including elongated fibrils and bundles, whose proportion was dependant on the peptide concentra-
tion, pH, or temperature. The self-assembly of the peptide is demonstrated to follow established models of
amyloid formation, which describe the unfolded peptide transiting from an a-helix-containing intermediate into
B-sheet-rich protofibrils. The self-assembly is promoted at high concentrations, elevated temperatures, and pH
values close to the peptide isoelectric point, and presumably mediated by hydrogen bond, hydrophobic and
electrostatic interactions, and n-n interactions (from the F residue). At 15 mg/mL and pH 3.5, the peptide self-
assembled and formed a self-supporting hydrogel exhibiting viscoelastic behaviour with G' (1 Hz) ~2300 Pa
as determined by oscillatory rheology measurements. The study describes a straightforward method to monitor
the self-assembly of plant protein derived peptides; further studies are needed to demonstrate the potential
application of the formed hydrogels in food and biomedicine.

1. Introduction

In recent years, self-assembling and gel-forming peptides have
gained paramount attention because of their ability to form a wide range
of nanostructures including tubes, bundles, fibrils, micelles, and vesicles
as well as potential intrinsic bioactivities such as antioxidant and anti-
bacterial properties [1,2]. Due to their excellent biodegradability and
biocompatibility as well as the environmentally responsible nature (e.g.,
temperature and pH), hydrogels that are formed from the self-assembly
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of peptides have found a vast number of applications in food encapsu-
lation [3], drugs delivery [4], and tissue engineering [5,6]. Despite the
extensive studies in characterisation and applications of peptide
hydrogels, the prediction and design of peptides that can form hydrogels
is still one of the largest challenges in this field [7], which has resulted in
only a handful of experimentally and/or computationally demanding
methods (using molecular dynamics simulations or machine learning
methods and extensive peptide libraries) applicable to unveil peptide
hydrogels no longer than four amino acids [8,9]. As a result, new peptide
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gelators are usually found by accident or by modifying existing synthetic
ones [10].

Identification of self-assembling peptides from food protein sources
has gained increased popularity given some unique advantages [11].
First, peptides obtained from food protein hydrolysates are generally
recognized as safe (GRAS) with a high biodegradability and biocom-
patibility profile [12,13]. Second, a large number of peptides derived
from food protein hydrolysates have shown a wide spectrum of bio-
activities including antidiabetic, inhibitors of cholesterol esterase,
antioxidant, and antimicrobial activity, to name a few [14]. These fac-
tors establish food proteins as a promising resource for finding potential
self-assembling peptides. However, research in this area is still in its
infancy. Previous studies have reported the identification of peptide
mixtures derived from enzymatic/acid hydrolysis or fermentation of
food proteins, such as whey proteins [15], ovalbumin [16], and potato
proteins [17], that can self-assemble into nanostructures or form ag-
gregates and gels; however, the identification and characterisation of
single peptide sequences derived from food proteins has been less
scrutinized.

In a recent study conducted by Pugliese, Bartolomei, Bollati, Boschin,
Arnoldi and Lammi [10], two food bioactive peptides isolated from the
hydrolysis of soybean glycinin and lupin p-conglutin (namely
IAVPTGVA and LTFPGSAED respectively) have been functionalised with
a self-assembling peptide RADA16 to improve their gel forming capa-
bilities. The results demonstrated that attaching either peptide to the N-
terminal of RADA16 could significantly increase the gel strength (stor-
age modulus G) of the resultant biofunctionalized peptide relative to
that of the food bioactive peptides. In another study, the same group
reported that the gel strength of a lupin-derived peptide LNA-
LEPDNTVQSEAGTIETWNPK hydrogel was significantly enhanced via an
N-terminal biotinylated oligoglycine tag [18]. However, to the best of
our knowledge, self-assembly and gelation behaviour of single peptide
sequences derived from plant proteins without any modifications have
not been identified and studied.

In this respect it is important to highlight that the simple identifi-
cation of aggregation-prone peptide sequences that can form p-sheets
and further assemble into various assembles, such as fibrils, nanotubes,
and micelles is readily available via in-silico prediction tools [11] such
as TANGO [19], AGGRESCAN [16], and WALTZ [20]. Furthermore, one
can posit that aggregation-prone sequences can potentially lead to for-
mation of hydrogels given that the kinetic parameters required to ach-
ieve the metastable gelation state are identified [12].

Quinoa (Chenopodium quinoa) is a pseudocereal that originates from
South America and has recently become one of the emerging protein
sources due to its high protein content 12-23 % w/w [21]. Furthermore,
quinoa proteins contain all nine essential amino acids, and various
quinoa derived peptides demonstrate health-promoting activities such
as the inhibition of dietary carbohydrate digestion thus beneficial for the
reducing the risk of type Il diabetes [22]. A previous study demonstrated
that quinoa protein Alcalase hydrolysates could form self-assembled
peptide-based hydrogels [23]. In the current work, a potential bioac-
tive peptide derived from quinoa protein enzymatic hydrolysates likely
to form hydrogels was identified by in-silico aggregation-prone peptide
predictions. The structural characteristics of the corresponding hydrogel
were studied by transmission electron microscopy (TEM) and small
angle neutron scattering (SANS), and its mechanical properties were
studied by oscillatory rheology. Circular dichroism (CD) was employed
to study the changes that occur to the secondary structure of the peptide
during self-assembly and hydrogelation. This investigation provides
details in relation to the mechanisms of self-assembly and hydrogelation
of a peptide derived from quinoa proteins, which could be useful for
their potential applications across a range of food and non-food areas.

International Journal of Biological Macromolecules 259 (2024) 129296
2. Materials and methods
2.1. Materials and chemicals

The Peptide KIVLDSDDPLFGGF-NH, (Lys-Ile-Val-Leu-Asp-Ser-Asp-
Asp-Pro-Leu-Phe-Gly-Gly-Phe-NHj) (abbreviation: KF) (purity >95 %)
was purchased from GL biochemical (Shanghai) Ltd. (Shanghai, China).
HCl and NaOH were obtained from Sigma Aldrich (Auckland, New
Zealand). Milli-Q water was used to preparate samples throughout the
study. All chemicals and reagents used were of analytical grade.

2.2. Preparation of peptide solution and hydrogel

Peptide solutions were prepared by dissolving a certain amount of
peptide powder into pure Milli-Q water. To achieve the desired final pH
values (2, 3.5, 7.0, and 11.0), a weighed amount of peptide powder was
dissolved in aqueous HCl or NaOH solutions based on the process re-
ported by Castelletto and Hamley [24]. The final pH of the peptide so-
lutions was measured with a HALO Bluetooth wireless pH electrode
(Hanna Instruments, USA).

2.3. Insilico analysis of peptide self-assembly and hydrogelation potential

A literature search of amino acid sequences of quinoa protein derived
peptides, determined by liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis and reported the previous 5 years
was performed. The p-sheet aggregation propensity (AGG score), which
indicates the p-sheet aggregation propensity, of the collected peptide
sequences either in the natural form or capped (N-terminal protected
with the acetyl group or amidated at the C-terminal) was subsequently
calculated wusing the algorithm TANGO (http://tango.crg.es/)
[19,25,26] at pH 7, 25 °C with ionic strength of 100 mM and peptide
concentration of 10 mM.

2.4. Circular dichroism (CD)

CD spectra of a set of peptide solution samples with different con-
centrations and pHs were recorded using a Chirascan V100 CD spec-
trometer (Applied photophysics, United Kingdom) with a 0.1 mm quartz
cell (Hellma analytics, Germany). For ambient temperature experi-
ments, the spectra were collected at 20 °C scanning from 260 nm to 180
nm with a step size of 0.5 nm. Temperature ramp experiments were
conducted by increasing the temperature from 20 °C to 75 °C and then
decreased to 20 °C in 5 °C steps with a 5 min equilibration time and data
collection time of 2 min at each temperature. Vaseline was used to seal
the edges of the quartz cell to prevent evaporation. Ten spectra were
collected and the results were averaged before smoothing and back-
ground subtraction using Pro-data viewer software (version 4.4.1). CD
measurements were performed in all peptide samples after ~1 h incu-
bation at room temperature (~20 °C).

2.5. Negative staining transmission electron microscopy (TEM)

TEM imaging was conducted using a Tecnai G2 spirit BioTwin mi-
croscope (FEL the Netherlands) operated at 200 kV. A sample of 20 pL of
peptide solution was dropped onto a copper grid coated with a carbon
support film and allowed to set for 1.5 min. Subsequently, the copper
grid was immersed into a 1 % (w/v) uranyl acetate acid solution for
staining. Afterwards, the stained samples were immersed in Milli-Q
water for another 1.5 min to remove excess stain and dried with filter
paper before observation. TEM images were obtained for all peptide
samples after 1 day incubation at room temperature (~20 °C). The di-
ameters of the individual fibrils were measured at ~15 positions for
~100 fibrils on the TEM micrograph of 15 mg/mL KIVLDSDDPLFGGF-
NH; sample at pH 3.5 using the software programme Image J (NIH,
Maryland, USA).
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2.6. Small angle neutron scattering (SANS)

Time-resolved SANS measurements were performed in the QUOKKA
SANS instrument at ANSTO, Sydney, Australia covering a Q-range of
0.003-0.4 A~! [27,28]. The samples were prepared according to the
procedure described in Section 2.2. Samples were injected into banjo
cells (Hellma, Germany) and placed into a multi-position sample holder.
All SANS measurements were performed at room temperature (~20 °C)
and the self-assembly kinetics were followed for ~24 h. The following
instrumental configurations were used: (i) source-to-sample (SSD) =
sample-to-detector distance (SDD) = 20 m, (ii) SSD=SDD = 8 m and (iii)
SSD = 4 m and SDD = 1.3 m with 300 mm detector offset for the latter,
using a wavelength, A, of 5 A with 10 % resolution; an additional
focussing optics configuration (iv) with the same SSD and SDD as in (i)
was used to extend the low Q accessible to Qumin, with a A of 8.1 Awith 10
% resolution. Q is the magnitude of the scattering vector and is equal to
(4n/)) sin(0), and where 26 is the scattering angle. For all configura-
tions, the sample aperture of 12.5 mm was used. Neutron source aper-
ture of 50 mm was use for (i), (ii) and (iii) and 30 mm for (iv). The data
were reduced and merged using the Igor Pro software (Wavemetrics,
USA) following a standard procedure. All the SANS data were back-
ground subtracted with 100 % HO.

2.7. SANS data analysis

SANS data analysis was performed using the Modelling II tool of the
Irena SAS package incorporated in a commercial Igor Pro 8.0 software
(Wavemetrics, USA) [29]. A power law model (Eq. (1)) was used to fit
the scattering data in the low Q regime (Q < 0.006 /?\’1).

Q) =aQ™ @

where a represents a scale factor and n is the power law exponent. In the
mid-to-high Q regime (0.006 < Q < 0.3 10\_1), data were modelled using
a cylindrical form factor (P(Q)) with radius following a log-normal
distribution, as indicated in Eq. (2) [30]:

N /2
P =% [ £0.apinada
cyl 0
; ;
f(Q7 (l) = z(pdy - psolv) VITYU.U(QH (,‘()S(l) %
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where Vy represents the volume of the cylinder. J1(x) is first order
Bessel function, and « is the angle between cylinder axis and the scat-
tering vector. H is the half length of the cylinder. pcy and psolv are the
neutron scattering length densities (SLDs) of the cylindrical scattering
object and the surrounding solvent. During the modelling, the length of
fibrils was fixed to an arbitrarily large value of 20,000 A i.e. much less
than the inverse of the minimum accessible instrumental Q and the SLD
of the peptide fibrils and solvent (H,O) were set as 1.9 x 107 A2 and
-0.56 x 10°° [o\’z, respectively [31].

2.8. X-ray diffraction (XRD)

A 15 mg/mL peptide solution at pH 3.5 was prepared following the
procedure described in Section 2.2. The peptide solution was left over-
night at room temperature (~20 °C) to enable self-assembly. Aliquots of
the peptide solution were then transferred into a 1.5 mL Eppendorf tube
and dried at room temperature in a fume hood for 24 h. Finally, the dried
samples were milled to powders with a pestle and mortar before
mounting onto a sample holder. X-ray diffraction data were collected
using a diffractometer (Bruker D8 Venture, Germany) with a copper
radiation source at a wavelength of ) = 1.54 A.
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2.9. Rheological measurements

Small and large deformation rheological measurements were per-
formed using a rotational TA DHR-3 stress-controlled rheometer (TA
instruments, USA) equipped with a parallel plate geometry (20 mm
diameter and 1 mm gap). Aliquots of the peptide solution (15 mg/mL,
pH 3.5) were transferred onto the bottom plate using a pipette. To
prevent evaporation during measurement, low viscosity mineral oil (M
5904, Sigma Aldrich, USA) was added around the edge of the geometry.
The rheological characterisations were conducted according to the
following protocol: (1) a time sweep measurement was conducted at
20 °C for 12 h using a fixed strain 0.5 % and frequency 1 Hz to monitor
gelation kinetics; (2) at the completion of step 1, a frequency sweep
measurement was conducted with the frequency ranging from 0.01 to
30 Hz at a constant strain 0.5 % to probe viscoelastic behaviour of
peptide gels; and (3) finally, a strain sweep test was conducted with
strain varied from 0.01 to 1000 % at a constant frequency 1 Hz in order
to study large deformation rheological properties of the peptide gels.
Both frequency sweep and strain sweep measurements were conducted
at 20 °C. Temperature sweep measurements for 15 mg/mL, pH 3.5 KF
sample were performed at a fixed strain 0.5 % and frequency 1 Hz over a
heating-colling cycle between 20 °C to 90 °C at a rate of 1 °C/min.

3. Results and discussion

3.1. Prediction of hydrogelation potentials of quinoa derived peptides and
preliminary gelation screening

The TANGO predicted p-sheet aggregation propensity (represented
by the AGG score) of peptides derived from enzymatic hydrolysis of
quinoa proteins reported in the literature is listed in Table S1. The
TANGO calculation was performed on the peptides in their natural form
(uncapped) and capped with protecting groups (acetyl or amide). A
previous study demonstrated that the peptide capped with protecting
groups could facilitate self-assembly and hydrogelation [32]. Peptides
with AGG score > 1 were considered to exhibit high B-sheet aggregation
propensity [33]. As shown in Table S1, there were 24 peptides (either in
its natural or terminal protected form) out of 210 peptides with AGG
scores >1. Due to budget constraints, three of these peptides Ac-
LSLGVAGSRPGFEG (LG), KIVLDSDDPLFGGF-NH; (KF), and RGAIVL-
NH; (RL) were acquired. A simple tube-inversion test was performed for
15 mg/mL peptides at four pH values (2.0, 3.5, 7.0, and 11.0) demon-
strating that only KF could form a self-supporting hydrogel under certain
pHs. Therefore, the KF peptide was selected for further characterisation.
Interestingly, a previous in-silico analysis study predicted that the KF
peptide has a wide range of bioactivities including inhibition of
a-glucosidase, dipeptidyl peptidase-IV and angiotensin I converting
enzymes (Table S2) [22].

3.2. The effect of pH, peptide concentration and temperature on the
secondary structure of the peptide during self-assembly

pH can have a significant impact on the self-assembly behaviour of
the KF peptide in aqueous solution as it carries a few charged and pH
sensitive amino acids such as Lys (basic) and Asp (acidic). As shown in
Fig. S1, at a sufficiently high concentration (15 mg/mL), KF could form
self-supporting hydrogels at acidic pHs (2.0 and 3.5). The hydrogel
formed at pH 3.5 is transparent while the hydrogel formed at pH 2.0 is
turbid. At neutral and alkaline pHs (7.0 and 11.0), no hydrogel was
formed. This could be due to the fact that pH 3.5 is closer to the iso-
electric point (PI) of the peptide (pI ~4.01), thus promoting aggregation
and self-assembly [13]. Previous studies demonstrated that secondary
structural transitions have a significant impact on the self-assembly and
gelation behaviour of peptides. Circular dichroism (CD) is one of the
most well-established and classically used techniques to characterise
peptide secondary structure and has been used to detect the presence of
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B-sheets including parallel and antiparallel p-strands in fibrillar peptide
nanostructures [34,35]. Far-UV CD was therefore used to probe the
secondary structural changes as a function of pH at three concentrations
of KF: 2 mg/mL, 5 mg/mL, and 15 mg/mL (Fig. 1A, C, E). It can be
clearly seen that secondary structures of KF peptides are considerably
affected by the pH in a concentration dependent manner. At a lower
concentration (2 mg/mL) and all pH values, KF showed an intense
negative peak at around 203 nm (Fig. 1A), which is characteristic of a
disordered random coil secondary structure [24]. In addition, a small
peak dip at around 225 nm that corresponds to twisted antiparallel
B-sheet structure [36] can be identified at pH 3.5 and pH 2.0, indicating
the KF peptide formed a small portion of f-sheet secondary structure at
the acidic pH. When the concentration was increased to 5 mg/mL
(Fig. 1C), two prominent negative peaks appeared at around 205 nm and
226 nm for pH 7.0 and pH 11.0 respectively, suggesting the formation of
a-helix secondary structure with increasing peptide concentration [36].
There is only one peak centred around 225 nm observed at pH 2.0,
suggesting acidic pHs are more favourable for the formation of -sheet-
rich secondary structures. It has been suggested that pH adjustment
could alter the net charge on peptide molecules thereby adjusting their
aggregation propensity into intermolecular f-sheet structures [37,38].
When the pH was decreased close to the isoelectric point of the KF
peptide (calculated to be pH 4.01 from https://pepcalc.com/), the net
charge on the peptide molecule tends to be minimised. Therefore, mo-
lecular attraction dominates repulsions, potentially facilitating inter-
molecular association into p-sheet amyloid structures [1,39]. A similar
finding has been reported in other pH dependent self-assembled peptide
systems such as the coronavirus spike peptide RSAIEDLLFDKV [24] and
a-synuclein [40]. When the KF peptide concentration was further
increased to 15 mg/mL at all pHs (Fig. 1E), a single peak characterised
by a minimum at 223-228 nm, representing a f-sheet secondary struc-
ture, was identified. However, the absolute peak intensity varied
significantly, following the order of pH 2.0 > pH 3.5 > pH 11.0 > pH
7.0. These results indicate that at a sufficiently high concentration of KF
peptide (15 mg/mL), the p-sheet rich secondary structures are estab-
lished at all pHs with acidic pHs enabling a higher proportion of p-sheet
structure. In addition, the CD negative peak shifted from ~230 nm at pH
7.0 and pH 11.0 to a lower wavelength ~ 265 nm at acidic pHs (Fig. 1E).
The peak at acidic pHs also tended to be narrower than those at pH 7.0
and pH 11.0. This result indicates that acidic pHs enable the transition
from antiparallel twisted B-sheet to well-defined p-sheet secondary
structures [36].

Besides the impact of pH, the concentration dependency of KF self-
assembly behaviour was also investigated. As shown in Fig. S1, at
lower concentrations (2 and 5 mg/mL), no hydrogels were formed
irrespective of pH. The evolution of KF peptide secondary structure as a
function of concentration at four pHs were probed by CD and the results
are shown in Fig. 1B, D, F, G. The concentration dependence of the CD
spectra follows a similar trend at all pHs. Increasing concentration from
2 mg/mL to 5 mg/mL leads to a considerable reduction of the negative
CD peak at ~200-205 nm (representing a random coil), progressive
peak red-shift, and a concomitant emergence of another strong native
CD peak at ~225-230 nm. More specifically, at 5 mg/mL, the CD spectra
revealed two minima at around 208 nm and 225 nm for pH 3.5, and 206
nm and 228 nm for pH 7.0 and pH 11.0. These are characteristic of an
a-helical conformation [36,41]. A broad band between 215 and 230 nm
was observed for a sample at 5 mg/mL peptide concentration and pH 2
(Fig. 1B), which may arise from contributions of f-sheet and a-helix to
the spectra [42]. The presence of a a-helical structure during peptide
self-assembly at various concentrations was also observed in a previous
CD study of the peptide IVD (also name Ac-LD3) [43] and a fungal
ribonucleoprotein (RNP) protein [44]. The a-helical secondary structure
has been suggested to represent an intermediate oligomeric species that
occurs during the transition from the unfolded native peptide to f-sheet-
rich protofibrils [42,43]. Increasing the concentration further to 15 mg/
mL leads to a transition to a single negative band at around at 225-230
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nm accompanied by a substantial intensity enhancement. These findings
suggest an increasing of p-sheet secondary structure upon increasing the
peptide concentration. It has been proposed that the tendency of the
peptides to self-assemble or form intermolecular p-sheet structures is
strongly related to the peptide concentration [45]. At high concentra-
tions, interactions between peptide molecules are more favourable due
to closer contact, thus promoting the formation of strong intermolecular
H-bonding and p-sheet secondary structures [36]. Similar observations
have been found in previous CD studies of a hybrid polymer-peptide
conjugate, PEGg-(FY)3 [45] and a biologically active peptide PEP-1
[36]. From the concentration dependent CD results, it can be inferred
that the self-assembly of the KF peptide follows the major models pro-
posed for amyloid formation, which describe the unfolded peptide firstly
transiting to an o-helix-containing intermediate and then rearranging
into p-sheet-rich protofibrils [46,47]. This finding also agrees well with
the observation in Fig. S1 that no hydrogel is formed at lower concen-
tration (2 and 5 mg/mL) and which could be attributed to low content of
fB-sheet secondary structure.

Temperature is another critical factor that could significantly affect
the secondary structure transitions and self-assembly behaviour of
peptides [36,48]. To study the effect of temperature, CD spectra were
collected for peptide samples during heating (Fig. 2) and cooling
(Fig. 3). At 2 mg/mL and all pHs, increasing temperature from 20 °C to
75 °C induced a progressive CD peak shift from around 200 nm to
around 206 nm, and a concomitant enhancement in negative CD peak at
around 225 nm. This clearly indicated that heating could facilitate the
secondary structure transition from random coil to a-helix [36]. For the
sample at 5 mg/mL in acidic pHs (pH 2.0 and pH 3.5), the negative peak
at around 225 nm became dominant during heating, suggesting an in-
crease in the content of p-sheet secondary structure [36]. Whereas at pH
7.0 and pH 11.0, there are two minima around ~205 nm and ~ 230 nm
representing o-helix secondary structures at 20 °C. They progressively
changed to a single broad peak at around ~225 nm during heating. This
indicated the gradual transition from intermediate o-helix to f-sheet-
rich structures at elevated temperatures; such behaviour has been re-
ported in previous temperature-dependent CD studies on the LIVAGD
peptide [43] and a myostatin precursor protein [42]. At 15 mg/mL for
all pHs, the negative peak at around 225 nm increased strongly with an
increase in temperature (1.5-3 folds depending on pH). This again
suggested that heating could significantly promote formation of $-sheet
secondary structure [49]. This effect may be explained by the fact that
hydrophobic interactions are promoted by heat treatment, leading to
closer contact between peptide molecules and the formation of strong
intermolecular H-bonding and enhanced n-n interactions into stable
conformations [36]. Alternatively, this lower critical solution tempera-
ture (LCST) behaviour could be attributed to improved facial p-sheet
interstrand interactions as suggested by the increase in intensity of the
B-sheet band observed in CD [50]. Furthermore, the peak shift from
~230 nm to ~226 nm was observed for the sample at 15 mg/mL, pH 7.0
and pH 11.0 during a temperature sweep from 20 °C to 75 °C. The shift
in peak wavelength suggests that peptide molecular conformations and
arrangements can be altered by an increase in temperature, leading to
distortion of the p-sheet [48]. More specifically, this finding indicates
that elevated temperatures could enable the transition of twisted p-sheet
rich domains formed at room temperature (~20 °C) into strong and
well-defined f-sheet structures representing a thermodynamically
controlled state [36]. Similar observations have been reported in pre-
vious CD studies of a PEP-1 peptide [36] and a Gram-positive anti-
bacterially active peptide (KIGAKI)3-NHj [51].

To study if heating-induced secondary structural changes are
reversible, CD spectra were also acquired for all peptide samples during
cooling from 75 °C to 20 °C. As shown in Fig. 3, one can see that
temperature-induced changes are (partially) reversible for all samples.
To further understand the thermally reversibility of peptide self-
assembly and secondary structure changes, the intensity of the peak at
226 nm reflecting the p-sheet content was plotted versus temperature


https://pepcalc.com/

L. Cheng et al.

Fig. 1. pH-dependent CD spectra of KF peptide at (A) 2 mg/mL, (C) 5 mg/mL, and (E) 15 mg/mL; Concentration-dependent CD spectra of KF peptide at (B) pH 2.0,
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Fig. 2. Temperature-dependent CD spectra of KF peptide at various pHs (pH 2.0, pH 3.5, pH 7.0, pH 11.0) and concentrations (2 mg/mL, 5 mg/mL, and 15 mg/mL)
when the temperature is increased from 20 °C to 75 °C. Arrows indicate the CD spectra change as the temperature increases.

during heating and cooling (Fig. 4). At low concentrations (2 mg/mL
and 5 mg/mL) samples at acidic pHs (pH 2.0 and pH 3.5) had a less sharp
decrease in peak intensity (increase in p-sheet content) with an increase
in temperature. This indicates that at low concentrations the self-
assembly of peptides at acidic pHs is less dependent on temperature
compared to those at pH 7.0 and pH 11.0. However, at 15 mg/mL,
samples at all pHs demonstrated a similar temperature dependence. In
some scenarios (e.g. 15 mg/mL KF at pH 7.0 and 11.0), nearly full
thermoreversible behaviour can be observed. However, for other sam-
ples (e.g. 5 and 15 mg/mL KF at pH 2.0), temperature hysteresis is
identified. The different temperature dependence of secondary structure
changes could be related to different peptide molecular conformations
and interactions as affected by pHs and concentrations as discussed

above [48]. Thermally reversible secondary structure changes have also
been reported in other peptides such as MAX1, MAX2, and MAX3 [49]
and a LIVAGD peptide (also named Ac-LDg) [43]. For example, heating
150 pM MAXS3 solution (125 mM Borate, 10 mM NaCl, pH 9) from 5 °C to
80 °C leads to a secondary structure conversion from random coil to
B-sheet. Subsequent cooling revealed that the change is reversible [49].
Thermally reversible changes in peptide secondary structures could be
rationalized by thermally triggered folding and self-assembly mainly
driven by hydrophobic interactions [49,52]. Indeed, given the fact that
KF peptide has three hydrophobic amino acids (Ile, Val, Leu) incorpo-
rated in positions 2, 3, 4 and 10 in which Val has a high p-sheet pro-
pensity [49], strong association of hydrophobic faces is expected during
temperature-triggered self-assembly.
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Fig. 3. Temperature-dependent CD spectra of KF peptide at various pHs (pH 2.0, pH 3.5, pH 7.0, pH 11.0) and concentrations (2 mg/mL, 5 mg/mL, and 15 mg/mL)
when the temperature is decreased from 75 °C to 20 °C. Arrows indicate the CD spectra change as the temperature decreases.

3.3. Morphologies of peptide self-assembled structures as affected by pH pH 7.0 as revealed by CD (Fig. 1C). Previous studies suggested that the
and peptide concentration primary structural characteristics of amyloid fibrils are predominantly

B-sheet structures [53], therefore the abundance of p-sheet structures is
critical in formation of amyloid fibrils. When the concentration was
increased to 15 mg/mL, nanostructures were highly dependent on pH.
TEM micrographs for a sample at pH 2.0 show bundle-like structures, up
to 15-20 nm thick and 100-300 nm length (Fig. 5C). The presence of
these relatively large-scale bundle-like structures with extensive cross
linking could contribute to the formation of a turbid hydrogel as
observed in Fig. S1. TEM images for the sample at pH 3.5 clearly show
the peptide self-assembled to cylindrical amyloid fibrils forming an
entangled and homogenous network. Some dense clusters and bundles
are formed by interactions between elongated and twisted long fibrils

Nanostructural characteristics of the KF peptide at various pHs and
concentrations observed by TEM and micrographs are shown in Fig. 5.
At 2 mg/mL, the TEM for the samples at pH 7.0 and pH 11.0 show only
irregular nanoparticles without the appearance of amyloid fibrillar
structures. This is consistent with the presence of disordered random coil
secondary structures as revealed by CD (Fig. 1A). In contrast, the pres-
ence of extended cylindrical amyloid fibrillar structures can be observed
in TEM micrographs for 2 mg/mL peptide at pH 2.0 and pH 3.5. At 5 mg/
mlL, the TEM for all the samples shows fibrillar structures except at pH
7.0. This could be explained by the lower content of -sheet structures at
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(Fig. 5F). This observation is expected as peptide hydrogels have been
suggested to form by entanglement enabling the interactions of fibrils to
entrap large amount of water leading to gelation [54]. This is also
consistent with the observation in Fig. S1. In addition, both individual
fibrils and fibril bundles can be observed. The radius of single fibrils
ranges from 42.5 A to 96.8 A resulting in a median radius of 78.5 + 5.0
A. TEM images at pH 7.0 (Fig. 5I) shows the formation of globular
nanospheres ranging from 10 to 20 nm in diameter that further connect
to form string-like structures. These globular nanospheres could be
formed due to liquid-liquid phase separation into solute-rich and solute-
poor phases, leading to formations of liquid droplets [55-57]. At pH
11.0, the TEM micrographs (Fig. 5L) show the presence of extended
amyloid structures with the radius of individual fibrils ranging from
55.3 A t0 88.6 A, resulting in a median radius of 65.3 + 7.0 A.
Small-angle neutron scattering (SANS) experiments were conducted
on the peptide at 15 mg/mL, pH 3.5 to obtain quantitative structural
information on amyloid fibrils in the hydrogel state. SANS and small-
angle X-ray scattering (SAXS) have been extensively used to probe
nanostructures of peptide self-assembled fibrils as it can study a much
greater number of nanoparticles at a time compared to microscopies
thus providing more statistically representative structural information
due to the volume studied [58,59]. In addition, SAXS and SANS can
study peptide hydrogels in their hydrated state, thus avoiding potential
structural artefacts that are induced by sample preparation for micros-
copies including extensive dilution, drying, and heavy metal staining
[60]. The SANS profile of a 15 mg/mL sample of KF at pH 3.5 is shown in
Fig. 6A along with the cylinder model fit as described in the Section 2.5.
The length of peptide fibrils L is too large to be determined by the

current SANS instrument set up (e.g. L > Qql., where Quiy is the lowest
Q accessible), therefore, only radius of cylinder can be determined as
745+ 4 A (fixed standard deviation = 0.2). The obtained fibril radius
correlates well with the average individual radius determined by TEM
(R = 78.5 + 5 A). The cross-sectional radius of KF peptide fibrils is also
comparable to the reported radius for the self-assembling ovalbumin
peptides MMYQIGLF (~101 A) [16] and SIINFEKL (~62 A) [61]. In the
low Q regime (0.001 < Q (/1’\’1) < 0.008), the scattering intensity 1(Q)
follows a power law decay I(Q) ~ Q™ with a power law exponent n of
1.55, which deviates from the ‘dilute’ long cylinder model of n = 1. This
could be attributed to fibril-fibril interactions and entanglement, which
is confirmed by the TEM observations (Fig. 5F) [40]. Similar scattering
features have been reported in previous SAXS studies from amyloid f
peptide (Ap42) fibrillar aggregates [62] and a-synuclein hydrogel [40].

3.4. Internal structure of KF amyloid fibrils as determined by X-ray
diffraction (XRD)

The internal structure of KF peptide at 15 mg/mL and pH 3.5 was
also studied by XRD; diffraction patterns are shown in Fig. 6B. There are
two sharp reflections at 4.6 A and 9.9 A which has been attributed to the
periodic B-strand separation and characteristic distance in the packing
perpendicular to the fibril axis, respectively [63]. A minor peak at 3.8 A
corresponds to intra-p sheet features with a typical van der Waals dis-
tance of packed peptide side-chains, as reported in previous studies
[64-66]. Similar XRD patterns have been reported in various self-
assembling peptide systems such as coronavirus spike peptide
RSAIEDLLFDKYV [16] and the alternating glutamic acid/phenylalanine
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A

Fig. 5. TEM micrographs of KF peptide at various pHs (pH 2.0, pH 3.5, pH 7.0, pH 11.0) and concentrations (2 mg/mL, 5 mg/mL, and 15 mg/mL). Scale bar: 200 nm.

peptide (EFEFEFEF) [67].

3.5. Rheological properties of the peptide hydrogel

Rheological behaviour is one of the most critical aspects of the
peptide hydrogel as it is represents a major determinant of their appli-
cation in many fields such as tissue engineering, 3D printing, injectable
biomaterials, etc. [68]. The small and large deformation rheological
properties of the KF peptide at 15 mg/mL and pH 3.5 were determined
by oscillatory rheological measurements in which storage modulus G'
and loss modulus G" were obtained. The peptide hydrogel was formed in
the rheometer, and the gelation kinetics were monitored using time
sweep measurements. The G' and G" as a function of time is demon-
strated in Fig. 7A. Both G' and G" showed a steep increase with increase
in gelation time up to ~200 min with the gelation kinetics subsequently
slowing. The increase in elasticity is suggested to result from the for-
mation of highly crosslinked networks with more crosslinked points

[69]. After 720 min (12h), the gel has not reached equilibrium with G’
and G" continuously increasing over time. Similar gelation kinetics have
been widely reported in other peptide hydrogels such as a bioactive
peptide derived from bovine casein (FFVAPFPEVFGK) [32], peptides
derived from ovalbumin (IFYCPIAIM, NIFYCPIAIM) [16], and a
RATEA16 peptide [69]. It has been suggested that peptide hydrogel
formation involves several steps including self-assembly into nuclei that
induce formation of long fibrils, followed by further elongation, entan-
glement and interactions between fibrils, with subsequent structural
rearrangement to form a 3D network [70]. The slow evolution of G' and
G" at longer gelation times could be explained by jamming and struc-
tural rearrangement of growing fibrils [71,72]. However, at longer
gelation times, i.e., 12 h, the gelation kinetics is much slower. Therefore,
frequency sweep and strain sweep measurements were conducted after
12 h of gelation.

G'and G" as a function of frequency is shown in Fig. 7B. It can be seen
that G' and G" are nearly independent of frequency and G'is >10 fold
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greater than G" in the whole frequency range, indicating the formation
of a strong hydrogel with a solid-like characteristics [73]. Strain sweep
data are shown in Fig. 7C. At a small strain amplitude, that is within the
linear viscoelastic region (LVR), both G' and G" are independent of
strain. When the strain amplitude was increased to ~2 %, both G'and G"
declined, suggesting a structural distortion and that the gel network
began to break. With a further increase in strain amplitude, a crossover
of G'and G" occurred that defines the breaking strain and breaking stress
of 35 + 3 % and ~18 + 3 Pa, respectively. Beyond the cross over point,
G"is greater than G' suggesting the breakdown of gel network structure
and that the sample started to flow [72]. The G' value at 1 Hz is 2245 +
238 Pa. As a comparison, the G' of MAX7CNB, a 20-residue photocaged
peptide is ~1000 Pa at 2 wt% (20 mg/mL); the hydrogel derived from
this peptide has been applied in tissue engineering [74]. In another
recent study, a self-assembled peptide (Nap-GFFKH) hydrogel with G' ~
3000 Pa at 1 wt% has been used in drug delivery [75]. Based on previous
studies, KF peptide hydrogels hold promise as a texturing agent in food
and pharmaceutical products and show potential in biomedical appli-
cations such as tissue engineering and wound dressing [68].

The temperature responsive gelation behaviour of KF sample at 15
mg/mL, pH 3.5 was studied by a temperature sweep rheological mea-
surement. The G' and G" changes with temperature during a heating-
cooling cycle is shown in Fig. 7D. During heating, both G' and G"
increased dramatically and G' increased much faster than G". Thus, at a
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certain temperature, G'and G" crossover happened and thus the gelation
temperature (~30 °C) could be determined as the critical temperature
where G' = G". Beyond the gelation temperature, G' and G" progressively
increased with increased temperature, and G' became greater than G,
suggesting an evolution from solution state to gel state. The heating
promoted hydrogelation is consistent with the CD results (Fig. 3) that
heating facilitates formation of f-sheet rich protein secondary structures
and consequent self-assembly. This result suggests that hydrogel for-
mation was promoted by increasing the hydrophobic intermolecular
interaction at a high temperature. Similar behaviours have been re-
ported in previous rheological studies of a MAX3 peptide [49] and an
elastin-like polypeptide [76]. In the successive cooling, the gel network
is maintained, as illustrated by the continuous increase in both G'and G"
from 90 °C to ~30 °C followed by a slight decrease from ~30 °C to 20 °C.
This result indicates that hydrogen bonding is also important in the
hydrogel formation as the hydrogen bonding is promoted at a lower
temperature. Interestingly, the expected thermoreversible gelation
behaviour was not observed, although a thermoreversible change in
secondary structures was observed in the CD results (Fig. 4). This could
be due to annealing induced microstructural changes of peptide gel
networks as reported in a previous study [77]. A detailed structural
characterisation of peptide self-assembly during temperature cycling
using scattering methods such as in situ synchrotron small angle X-ray
scattering (SAXS) under well-controlled temperature is needed to un-
derstand the underlying mechanisms in future studies.

4. Conclusions

In this study, the self-assembly and gelation properties of a biologi-
cally active peptide KF derived from quinoa proteins was studied. The
co-existence of various secondary structures and nanostructures, which
are significantly affected by concentration, pH, and temperature (Fig. 8),
was demonstrated. At pH 3.5 and 15 mg/mL, KF formed amyloid fibrils
which interact and entangle to form a self-supporting hydrogel with G'
(1 Hz) ~2300 Pa. The hydrogel formed at ~pH 3.5 makes KF a prom-
ising texturing agent for applications in acidified food products such as
yoghurt [78]. Upon decreasing the pH to 2.0, an interconnected network
with thicker bundles was formed. While at pH 7.0, the sample showed
nanoparticles connected by strings. Concentration-dependent CD results
revealed that the KF peptide at all pHs adopt a random coil conformation
at low concentration (2 mg/mL) and transited to o-helix secondary
structure at an intermediate concentration (5 mg/mL) except for pH 2.0
where a fB-sheet rich structure was formed. Further increasing the con-
centration to 15 mg/mL result in all samples adopting p-sheet rich
structures. Temperature also plays important role in the transitions of
peptide secondary structures. Heating facilitates the conversion from
random coils to o-helix at 2 mg/mL and from o-helix to B-sheet rich
structures at 5 mg/mL. These findings suggest the presence of a-helical
conformation in intermediate oligomeric structures during the transi-
tion between unfolded native peptide and p-sheet-rich protofibrils in
amyloid fibril formation. At 15 mg/mL and all pHs, the twisted B-sheet
conformation gradually transited into strong and well-defined p-sheet
conformation. pH strongly affected electrostatic interactions as revealed
by the self-assembly of KF peptide at pH (ca. pH 3.5) values below its
isoelectric point (pI ~4.01). Increases in concentration and heat treat-
ment enable the peptide molecules to come into closer contact through
molecular crowding effect and alterations in solvation/desolvation in
aqueous media, respectively [36]. This finally leads to the promotion of
intermolecular H-bond and hydrophobic interactions. The n- & stacking
from the F (Phenylalanine) residues may also contribute to the self-
assembly and hydrogelation of the KF peptide. In summary, this study
showed that peptide conformation, hydrogel formation, and nano-
structure morphology can be tuned by pH, concentration, and temper-
ature. Further studies are required to evaluate the suitability of these
peptide systems for applications in food science and biomedicine.
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