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Though self-aggregating peptides all aggregate into fibrils, they have been found to exert different roles
against microbes, and the reasons remain unknown. In this study, we aimed to screen more self-
aggregating hexapeptides with the highest fibrillation abilities using combined computational simulation
methods and to study their effects against microbes (antimicrobial effect and antibiofilm-formation
effect). Thereafter, we further explored the structural features of the self-aggregating hexapeptides
leading to the different functions. By combining the use of three amyloid prediction software packages,
we screened out 25 hexapeptides. Among them, 12 hexapeptides had antibiofilm activities (7 were
stable), which were named as antibiofilm self-aggregating hexapeptides (ASAPs), while the remaining 13
hexapeptides had no effects on microbes. The ASAPs aggregated into fibril agglutinating bacteria, with
the fibrils mainly divided into two classical morphologies, namely “twisted filaments” and “flat striated
ribbons”, while the non-ASAPs aggregated into long bundles composed of numerous nanofibrils, or into

Received 7th January 2023, amorphous polymers. Secondary structure analysis showed that the ASAP fibrils had predominantly

Accepted 15th April 2023 B-sheets, and almost had no a-helices. In conclusion, our study revealed that the two types of fibrils
aggregated by self-aggregating hexapeptides, i.e., “twisted filaments” and “flat striated ribbons”, were

correlated with the agglutination function and the subsequent antibiofilm-formation activity, revealing a
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Introduction

The concept of self-aggregating peptides or self-assembling pep-
tides is broader than that of amyloid peptides. Self-aggregating
peptides refer to peptides that can aggregate spontaneously
into well-ordered supramolecular nanostructures due to intra-
molecular or intermolecular interactions, which can explain the
aggregation of natural peptides into amyloid fibrils." For a
protein/peptide aggregate to be considered as an amyloid, it
must contain a high amount of B-sheets.> Amyloids were
previously regarded as the hallmark of more than 20 human
disorders of unrelated etiologies, such as Alzheimer’s disease,
Parkinson’s disease, and type II diabetes.®* However, recent
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structure-function relationship of self-aggregating peptides.

studies have revealed that amyloids are used by nature in
multifaceted and ingenious ways, exerting many functional
roles, including as structures for microbial biofilm formation,
for the storage of peptide hormones in mammalian secretory
granules, and as information carriers.* Moreover, synthetic self-
aggregating peptides have been explored as antimicrobial and
anticancer agents, as biomaterials for cell adhesion, and in
tissue engineering applications, showing great application
potential in many fields.>®

Previously, we innovatively found that some hexapeptides
derived from the C123 truncated protein of Streptococcus
mutans (S. mutans) could suppress microbial biofilm formation
by aggregating into amyloid fibril agglutinating microbes, without
bactericidal effects.” Besides, the derivatives of hexapeptides
are not limited to the C123 protein, indicating more potential
hexapeptides possessing antibiofilm-formation abilities.’
The effect of self-aggregating peptide agglutinating microbes
was also reported in human o-defensin 6 and AP, while
most self-aggregating peptides were discovered to exert bacter-
icidal functions.'®"® However, in our previous study, no
self-aggregating hexapeptides with Dbactericidal function
were found.” The reasons for the various functions of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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self-aggregating peptides against microbes remained unknown.
The hidden world of amyloid biology has suddenly snapped
into an atomic-level focus in recent years, revealing over
80 fibrils."® Though self-aggregating peptides with different
sequences all aggregate into fibrils, they might yield distinct
fibril polymorphs and structures.'”” Increasing evidence
has revealed a link between the fibrils structure of self-
aggregating peptides and their function.'®"® It was shown that
fibrils formed in vitro by AB,, and AB,, were polymorphic,
which correlated with different AD phenotypes.'® The self-
aggregating hexapeptides, LFKFFK derived from PSMa3, IIKVIK
derived from PSMol, and IIKIIK derived from PSMo4, all
aggregated into fibrils, but only LFKFFK elicited antimicrobial
activities. Structure analysis revealed that LFKFFK formed
reversible fibrils and atypical amyloid structures, in which each
B-strand was at an angle of ~50° from the fibril axis, while
IIKVIK and IIKIIK formed highly stable steric-zipper architec-
tures, in which each B-strand was at an angle close to 90°."?
However, no consensus has been reached on this opinion.

In this study, we aimed to screen more self-aggregating
hexapeptides with the highest fibrillation ability, to explore
their effects on microbes, and to discover the possible structure
and function relationship. We anticipated that our insights into
the structure and function relationship of self-aggregating
peptides would shed light on their structural interpretation,
and therefore aid discovering more functional self-aggregating
hexapeptides with antibiofilm-formation effects.

Materials and methods
Computational simulation of hexapeptides

ZipperDB (https://services.mbi.ucla.edu/zipperdb) is a frequently
used amyloid hexapeptide prediction database with data from
the analysis of over 20000 putative protein sequences for
segments with high fibrillation propensity. Hexapeptides with
Rosetta energies equal to or below —23 kcal mol ™" are deemed to
have high fibrillation propensity, whereby the lower the Rosetta
energy, the higher the fibrillation propensity. In this case, we
contacted the ZipperDB server and obtained the hexapeptides
with the highest fibrillation propensity.”® We synthesized
the first 10 hexapeptides, and examined their bactericidal activities
and antibiofilm-formation activities on Streptococcus mutans ATCC
700610TM (S. mutans) at a concentration of 0.05 mg mL .
However, only the first self-aggregating hexapeptide (LFWLVF)
exhibited antibiofilm-formation activity, and no hexapeptide
with bactericidal activity was found (Table S1, ESIT). The above
screening method showed limitations, mainly because the
screening efficiency was very low. To improve the screening
efficiency, we combined another two amyloid prediction soft-
ware systems: TANGO®' and Waltz.>* Tango and Waltz were
used to verify the fibrillation propensity of the hexapeptides
predicted by ZipperDB. If the fibrillation propensity of a
hexapeptide was also verified by both Tango and Waltz, the
hexapeptide was selected. We synthesized the first 25 hexapep-
tides selected according to their Rosetta energies.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Peptide synthesis, storage, and fibrils preparation

All the hexapeptides were synthesized at >95% purity by
Genscript (Nanjing, China) following a solid-phase peptide
synthesis protocol. All the hexapeptides were not modified by
N-terminal acetylation and C-terminal amidation. Lyophilized
hexapeptide powder was stored or diluted in 5% dimethylsulf-
oxide (DMSO) to a concentration of 1 mg mL™" at —20 °C.

For fibrils preparation, hexapeptides (0.5 mg mL™") were
agitated at 700 rpm, pH 7, 37 °C for 4 days to ensure that the
hexapeptide monomers with self-aggregating ability aggregated
thoroughly.

Microbial stains and growth conditions

First, Gram-positive bacteria S. mutans were incubated statically
in brain heart infusion broth medium (BHI) at 37 °C for 18 h
under anaerobic conditions (85% N,, 10% H,, 5% CO,) for
planktonic bacteria growth to the plateau stage, and in BHI +
1% sucrose for 24 h for biofilm formation. Gram-positive
bacteria Staphylococcus aureus (S. aureus) ATCC 6538p and
Gram-negative Escherichia coli (E. coli) ATCC 8739 were incu-
bated in tryptic soy broth at 37 °C for 18 h for planktonic
bacteria growth to the plateau stage.

Microbe proliferation and crystal violet assays

To test the antimicrobial activity, 10° CFU mL™" planktonic
microbes were incubated in Eppendorf tubes with the 25
hexapeptides at a concentration of 0.05 mg mL ™", respectively,
or with the same concentration of DMSO for the control group.
After 24 h cultivation, the planktonic microbe solution was
added to 96-well plates after being well mixed. The value of
ODg for planktonic microbe proliferation was detected using
a spectrophotometer.

To test the antibiofilm-formation activity, crystal violet
assays were performed. Here, 10° CFU mL ' planktonic
S. mutans was added into the medium with 25 of the
0.05 mg mL™~ " hexapeptides, respectively, and then incubated
in 96-well plates for 24 h. Then, the 96-well plate was washed
twice with ddH,0, fixed with absolute methanol for 15 min, air-
dried for at least 15 min, stained with 0.1% crystal violet for
15 min, and washed with ddH,O until the wells of the control
group were clean. The absorbance was measured using a
spectrophotometer for obtaining the ODgq0. All the experiments
were replicated three times.

Transmission electron microscopy (TEM) assay

A 10 pL aggregated fibrils solution was deposited on carbon-
coated nickel grids for 2 min, and negative staining was per-
formed using 3% phosphotungstic acid for 1 min. Observations
were made using a Hitachi TEM system.

Atomic force microscopy (AFM) assay

A 10 pL aggregated fibrils solution was deposited on the surface
of freshly cleaved mica and left to dry in air at room temperature
overnight. Images were obtained using a NanoScope IIIa Multi-
mode control system (Dimension Fastscan, Bruker) operating in

Mater. Adv,, 2023, 4, 4110-4118 | 411
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the tapping mode using 100 mm long silicon nitride cantilevers
with a resonance frequency of 70 kHz. Images were captured by
NanoScope Analysis Software.

Circular dichroism (CD) assay

The hexapeptides monomers solution was dissolved by ddH,0O
to a concentration of 0.5 mg mL ", and the monomers solution
was agitated for 4 days at 37 °C for fibrillation. The CD spectra
were recorded from 197-260nm using a Chirascan-plus CD
spectrometer (Applied Photophysics, Leatherhead, England).
Measurements were obtained with a bandwidth of 1.0nm in
1.0nm steps and 0.5s time per point at 37 °C. CDToolX was
used to manage the CD spectroscopic data and the secondary
structure was analyzed by CONTINLL.>?

Fourier-transform infrared spectroscopy (FTIR) assay

The aggregated fibrils solution was centrifuged at 20 000 g for
20 min to collect the pellets and the supernatant was discarded.
Subsequently, the pellets were freeze-dried overnight to get fibrils
powder. The powder was thoroughly mixed with anhydrous potas-
sium bromide, and then pressure was applied at 1333.22 Pa cm >
for 15 min to get the potassium bromide tablet. Data were
recorded using an FT-Raman Spectrometer Nicolet NXR 9650 in
the spectral region of 4000-200 cm™". Each spectrum was pro-
cessed and analyzed by PeakFit v4.12 (Systat Software Inc., USA).
After correction with a linear baseline, information of the peaks
was obtained through Gaussians smoothing and numerical fitting
for the spectra of the amide I band (1600-1700 cm™ ). As a rule of
thumb, a peak in the 1600-1640 cm ™" or 1670-1680 cm ™' region is
indicative of B-sheets, 1650-1660 cm ' indicates o-helix, and
1640-1650 cm ' random coils (Table S2, ESIf).>**

Results

Simulations of the hexapeptides using computational methods

The screened 25 hexapeptides were named H1 to H25 (Table 1),
respectively. By analyzing the primary sequences of the 25
hexapeptides superficially, we found that all the predicted
hexapeptides side-chains contained asparaginate (A), isoleu-
cine (I), or valine (V), which are common in self-aggregating
proteins.

Effect of the hexapeptides monomers on bacteria

The antibacterial and antibiofilm-formation effects of the
above 25 hexapeptides monomers were examined on S. mutans.
It was shown that seven hexapeptides (H5, H12, H14, H15, H16,
H19, and H20) always exhibited efficient antibiofilm activity
against S. mutans in our multiple replication studies (p < 0.05),
while five hexapeptides (H7, H11, H13, H23, and H25) showed
antibiofilm activity in at least one experiment, but were not
stable in all the multiple replication studies (n = 3), and thus
they were excluded from our following experiments. The
remaining 13 hexapeptides (H1, H2, H3, H4, H6, H8, H9,
H10, H17, H18, H21, H22, and H24) had no antibiofilm
activities (Fig. 1A). It should be noted that no hexapeptides
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Table 1 First 25 hexapeptides screened by the three computational
simulation methods

Name Sequence Gravy Isoelectric point (pI)  Rosetta energy
H1 AIIIIL 4.05 5.57 —32.7
H2 AIIVII 4 5.57 —32.4
H3 AIIIIV 4 5.57 —32.1
H4 ALIIIT 3.93 5.57 —-31.6
H5 GIVVII 3.58 5.52 —-31.5
H6 VVVIII 4.35 5.49 —31.3
H7 VIVIIL 4.35 5.49 —31.3
HS8 AIIITY 3.08 5.57 —31.3
HO AIIVIL 3.88 5.57 —31.3
H10 AIIITA 3.6 5.57 —31.2
H11 VIVVII 4.35 5.49 —31.1
H12 VVVVII 4.3 5.49 —-31.1
H13 AVIIIF 3.72 5.57 —-31.1
H14 AVIVIM 3.52 5.57 —31.1
H15 GVVIIV 3.53 5.52 —-31.1
H16 GIVIIV 3.58 5.52 —-31.1
H17 AVIVIA 3.5 5.57 -31
H18 AVILII 3.88 5.57 —-31
H19 AYIVII 3.03 5.57 -31
H20 AAIIIT 3.6 5.57 -31
H21 AIILIT 3.93 5.57 —-30.9
H22 AIIVIA 3.55 5.57 —30.9
H23 AVIVIF 3.67 5.57 —30.9
H24 GVVVIV 3.48 5.52 —30.9
H25 GLVIII 3.52 5.52 —30.8

exhibited bactericidal effects, and no significant differences in
the planktonic proliferation values were observed between the
control group and hexapeptides group (Fig. 1B). The results
indicated that the combined screening method greatly improved
the successful screening efficiency, and we successfully found
more hexapeptides with antibiofilm-formation effects.

In vitro aggregated morphologies of the hexapeptides

After agitating for 4 days, most hexapeptides aggregated into
fibrils, but with different morphologies when observed under
TEM. The fibrils formed by the antibiofilm-formation self-
aggregating hexapeptides (H5, H12, H14, H15, H16, H19, and
H20) seemed to be more rigid, less erratic, and longer (Fig. 2A),
and we named these hexapeptides as antibiofilm self-
aggregating hexapeptides (ASAPs), while the fibrils formed by
non-ASAPs were in quite a small amount, or in a large amount
with shorter fragments (Fig. 2B).

ASAPs formed fibrils agglutinating microbes

The effects of hexapeptides against microbes were further
studied by TEM. It was seen that all the ASAPs (H5, H12,
H14, H15, H16, H19, and H20) aggregated into fibrils agglutating
S. mutans. These fibrils formed a network-like structure wrap-
ping S. mutans, and the fibrils around S. mutans were in a large
number (Fig. 3A). Though the non-ASAPs also showed fibrils
occasionally (e.g., H1, H6, H8, H9, H10, H17, H18, H21, H22, and
H24) and sometimes a few bacteria were attached to the fibrils,
the fibrils were mostly in long bundles composed of numerous
nanofibrils (Fig. 3B), which were quite different in their
morphologies compared to that of the ASAPs. Besides, the
morphologies of the fibrils formed by the non-ASAPs in the

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00014a

Open Access Article. Published on 02 June 2023. Downloaded on 2/6/2026 5:07:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances

3 Control

Bl Hexapeptides with antibiofilm effects

[ Hexapeptides with antibiofilm effects for at least one time
LN, without antibiofilm effects

Biofim biomass ( ODgg)

e\\\“’\ DILILEL L LN L LR LSS PP P

3 Control
. | i without anti ial effects

0.8

0.6+

ODgoo

0.4+

0.2

0.0-
EXTLILEL SO L L LLLE PP
(‘O
Fig. 1 Effects of the 25 hexapeptides against S. mutans. (A) Crystal violet results showed that hexapeptides H5, H12, H14, H15, H16, H19, and H20 at 0.05 mg mL~*
could always significantly decrease the biofilm mass in multiple experiments (p < 0.05), while H7, H11, H13, H23, and H25 showed antibiofilm activity in at least one
experiment, but were not stable in all the multiple replication studies. H1, H2, H3, H4, H6, H8, H9, H10, H17, H18, H21, H22, and H24 did not affect S. mutans biofilm
biomass formation compared with the control group (p > 0.05). (B) No significant differences were found in planktonic S. mutans proliferation values between the
hexapeptides groups and control group (p > 0.05). *: p < 0.05, **: p < 0.01***: p < 0.001, ****: p < 0.0001, n = 3.

B non-ASAPs

Fig. 2 TEM results of the hexapeptides fibrillation structures. (A) The antibiofilm self-aggregating hexapeptides (ASAPs) H5, H12, H14, H15, H16, H19, and
H20 aggregated into fibrils that were longer and more rigid, less erratic. (B) Non-antibiofilm self-aggregating hexapeptides (non-ASAPs) H1, H2, H3, H4,
H6, H8, H9, H10, H17, H18, H21, H22, and H24 aggregated into shorter fragments, or in amorphous aggregates, or in quite a small amount.

presence of S. mutans were different from those without S. ASAPs and non-ASAPs groups, respectively. The TEM results
mutans. also verified that ASAP H5 aggregated into fibrils agglutinating

To examine the effects of ASAPs on other strains of bacteria, S. aureus and E. coli (Fig. 4A and B), indicating that the
we selected two classical model strains, S. aureus and E. coli. We  agglutination effects were broad-spectrum. The non-ASAP H18
also selected H5 and H18 as representative hexapeptide for had no effect on S. aureus and E. coli.

© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2023, 4, 4110-4118 | 4113
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A ASAPs

Fig. 3 TEM results of the hexapeptides against S. mutans biofilm formation. (A) The antibiofilm self-aggregating hexapeptides (ASAPs) H5, H12, H14, H15,
H16, H19, and H20 at 0.05 mg mL~* aggregated into large network-like fibrils wrapping S. mutans. (B) Non-antibiofilm self-aggregating hexapeptides
(non-ASAPs) H1, H6, H8, H9, H10, H17, H18, H21, H22, and H24 formed long bundles of fibrils composed of numerous nanofibrils occasionally and

sometimes a few bacteria were seen attached to the fibrils.

Aggregated morphologies revealed by AFM

A particular powerful approach to probe the key physical
properties of fibrillar structures is AFM. Since the fibrils
morphologies of ASAP H5, H15, and H19 were similar, as seen
in Fig. 2, and the same as H12, H14, H16, and H20, thus we

ASAP H5

m S qureus

Fig. 4 TEM results of ASAP H5 and non-ASAP H18 on S. aureus and E. coli.
(A and B) ASAP H5 formed network-like amyloid fibrils agglutinating S.
aureus and E. coli, respectively. (C and D) Non-ASAP H18 had no effect on
S. aureus and E. coli, respectively, and no fibrils were seen.

414 | Mater. Adv, 2023, 4, 4110-4118

selected H5 and H12 as representative hexapeptides to explore
their fine structures, and H18 and H21 as representative
hexapeptides for the non-ASAP groups. In addition, H18 and
21 were randomly selected as representatives of the non-ASAPs.
The AFM images showed that both H5 and H12 formed typical
fibrils after 4 days agitating. The fibrils formed by H5 were
“twisted filaments” (Fig. 5A), while the fibrils formed by H12
were “flat striated ribbons” (Fig. 5B). The non-ASAP H18
formed bundles of numerous soft nanofibrils (Fig. 5C), similar
with that seen in Fig. 3. Another non-ASAP H21 formed an
amorphous polymer of small particles (Fig. 5D). The AFM
results further verified the diversities of the fibrils morpholo-
gies observed by TEM.

Secondary structures features

The above results indicated that the fibrils formed by the ASAPs
had distinguished morphologies compared to that formed by
the non-ASAPs. To further investigate their structural features,
CD and FTIR were performed. As shown in Fig. 6A and B, ASAPs
H5 and H12 kept predominantly a B-sheet-rich secondary
structure from monomers to fibrils, which displayed a positive
peak around 200 nm and negative peaks around 220 nm.
However, the non-ASAPs H18 fibrils and H21 fibrils had a high
positive peak around 210 nm (Fig. 6C and D), which might
indicate amorphous aggregates were also formed besides
fibrils. When analyzed by the CONTIN/LL programs, both the
monomers and fibrils of H5 and H12 yielded high B-sheet

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 AFM images of representative ASAPs (H5 and H12) and non-ASAPs
(H18, H21) fibrillation states after stirring for 4 days. (A) ASAP H5 aggregated
into “twisted filaments” (blue arrows). (B) ASAP H12 aggregated into “flat
striated ribbons” (red arrows). (C) The non-ASAP 18 aggregated into large
bundles of fibrils composed of numerous nanofibrils. (D) The non-ASAP 21
aggregated into amorphous small aggregates.
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contents (H5 monomers: 43.7%, H5 fibrils: 42.4%, H12 mono-
mers: 42.3%, H12 fibrils: 42.6%), and a very small content of
helix structures (Table S3, ESIf}).

FTIR worked best with concentrated solutions, solids, and
films and could resolve with accuracy the B-sheet composition.>®
A good correlation between the peptide structure and amide
band frequency was confirmed by scientific calculations and
experimental studies. The FTIR results showed that both ASAPs
(H5 and H12) monomers and non-ASAPs (H18 and H21) mono-
mers exhibited peak maxima in the region of 1620-1630 cm™ ',
indicating the predominant presence of f-sheets, and more than
one weak peak indicated the presence of B-turns, a-helices, and
random coils (Fig. 74, C, E, and G). After fibrillation, the H5
fibrils displayed intense peaks in the region of 1620-1630 cm™*
and weak peaks around 1670 ¢cm ', which were assigned to
parallel B-sheets (Fig. 7B), while the H12 fibrils displayed intense
peaks in the region of 1620-1630 cm ™" and weak peaks around
1688 cm ', which were assigned to antiparallel B-sheets
(Fig. 7D). The Non-ASAPs H18 and H21 fibrils both exhibited
intense peaks in the region of 1620-1630 cm ' and weak peaks
around 1688 cm™ ", also indicating B-sheets; in addition, weak
peaks at 1652 and 1651 cm™ " in the H18 fibrils and H21 fibrils,
respectively, indicated the presence of o-helices (Fig. 7F and H).
In order to obtain a deeper insight into the secondary structures
of hexapeptides, the corresponding secondary structure in the
amide I region was quantified according to the relative assign-
ments of these bands. In general, the B-sheets were a dominant
structure for both the monomers and fibrils of ASAPs (H5 and
H12) and non-ASAPs (H18 and H21). The proportion of B-sheets
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c
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B
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Fig. 6 CD spectra results of ASAPs (H5 and H12) and non-ASAPs (H18, H21). (A and B) Both the H5 and H12 monomers and fibrils had a positive peak
around 200 nm and negative peaks around 220 nm, indicating predominantly B-sheet content. (C and D) After aggregation, the positive peaks of both

H18 and H21 fibrils shifted to around 210 nm.
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Fig. 7 FTIR spectral results of ASAPs (H5 and H12) and non-ASAPs (H18, H21). (A and C) Both H5 and H12 monomers had a high peak in the region of
1620-1630 cm™?, indicating the predominant presence of B-sheets. H5 and H12 monomers had more than one weak peak, indicating the presence of
B-turns, a-helices, and random coils. (B) After fibrillation, H5 fibrils displayed intense peaks in the region of 1620-1630 cm™ and weak peaks around

1670 cm™, indicating parallel B-sheets. (D) H12 fibrils displayed intense peaks in the region of 16201630 cm~* and weak peaks around 1688 cm

-1

indicating antiparallel p-sheets. (E and G) Non-ASAPs H18 and H21 monomers also had a high peak in the region of 1620-1630 cm™2, indicating the
predominant presence of B-sheets, and more than one weak peak, indicating the presence of B-turns, a-helices, or random coils. (F and H) Non-ASAPs
H18 and H21 fibrils both exhibited intense peaks in the region of 1620-1630 cm™, indicating the predominant presence of B-sheets. Besides, they had
weak peaks at 1652 and 1651 cm™?, respectively, indicating the presence of a-helices.

increased from 91.7% (monomers) to 94.2% (fibrils) for H5, and
from 75.8% (monomers) to 83.2% (fibrils) for H12, while it
decreased from 89.5% (monomers) to 82.2% (fibrils) in H18
and increased from 75.8% (monomers) to 83.2% (fibrils) in non-
ASAPs H21. It was a remarkable result that the fibrils of H5 and
H12 contained no o-helices.

Discussion

By combining the use of three amyloid prediction software
systems, we successfully screened more self-aggregating hexa-
peptides with antibiofilm-formation activity, improving the
screen efficiency, and the method could be adopted in future
screening. These ASAPs aggregated into typical fibrils aggluti-
nating microbes, and thus prevented bacteria from adhering to
surfaces. The fibrils formed by ASAPs were noted in a large
amount with distinguished morphologies, mainly as twisted
filaments or flat striated ribbons, while the non-ASAPs fibrils
were in amorphous polymers or bundles of numerous soft
nanofibrils. The two types of twisted filaments and flat striated
ribbons were the classical morphologies for many different self-
aggregating peptides fibrillation states.>”*® In a saline environ-
ment, -endorphin primarily fibrillizes into flat striated ribbons,
while in a saline-free environment, B-endorphin fibrillizes into
twisted filaments. By using 3D solid-state nuclear magnetic
resonance (NMR) spectroscopy to assess their structural differ-
ences at the atomic level, Seuring et al.*® found the spectral
fingerprints and chemical shifts were very similar for both fibril
types, indicating that the monomer structure and molecular
interfaces were almost the same. However, experimental and

4116 | Mater. Adv, 2023, 4, 4110-4118

theoretical considerations attributed the mesoscopic difference
in the twisted fibrils versus flat ribbons to electrostatic inter-
molecular repulsions. Our structural analysis by CD and FTIR of
the two fibril types also indicated similar B-sheet contents.
Besides, our study correlated the two fibrils structures with their
microbes agglutination activities, and their subsequent antimi-
crobial formation activities.

The agglutination functions of self-aggregating peptides is
appealing, as these could help prevent the spread of infection
and facilitate bacterial clearance by the immune cells of the host.
However, very few synthetic self-aggregating peptides have been
found to exert agglutination functions without bacteriacidal
effects up to now.”'%**?° As far as we know, self-aggregating
hexapeptides are the shortest peptides with simple microbes
agglutination functions and antibiofilm-formation activities. In
our opinion, there might be numerous amyloid peptides with
microbes agglutination activities that have not been revealed yet.
Previously, Chu et al.'> demonstrated that human o-defensin 6,
an important defensin secreted in the intestinal tract, underwent
ordered self-assembly to form amyloid fibrils and nanonets that
could surround and entangle bacteria. Importantly, HD6 only
entangled bacteria and inhibited their adhesion, without bacter-
icidal effects. Fibrils aggregated by self-aggregating peptides
could also agglutinate viruses and inhibit virus entry into cells.
Various infectious pathogens had been detected in the amyloids
of neurodegeneration patients’ brains, which might indicate the
agglutination effects of amyloid peptides against pathogens.””"
The membranes formed by B-lactoglobulin (BLG) amyloid fibrils
coated with iron oxyhydroxide nanoparticles (Fe NPs) were found
to be able to eliminate viruses effectively from water by retaining
and inactivating a broad range of viruses, including SARS-CoV-2,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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H1N1 (the influenza A virus strain responsible for the swine flu
pandemic in 2009), and enterovirus 71 (a non-enveloped virus
resistant to harsh conditions).** Hence, self-aggregating peptides
with broad-spectrum agglutination ability could be further
explored for their application value in many aspects.

A notable finding is that no self-aggregating hexapeptide
with bacteriacidal activity were found; however, most native
and engineered self-aggregating proteins/peptides have been
found to display functional roles against microbes, including a
number of antimicrobial peptides (AMPs) or host defense
peptides.®*® By analyzing the structural features of peptides,
Landau’s group found both amphibian antimicrobial peptide
uperin 3.5 and human LL-37 active core (residues 17-29)
assembled into helical fibrils, and they both exerted antimicrobial
effects.”>'® The crystal structure of LL-37 fibrils show alternating
hydrophobic and polar (positively charged) zigzagged belts on
their surface, suggesting interactions with and disruption of the
negatively charged lipid bilayers, e.g., bacterial membranes.'®
Prasad et al.*® used sodium dodecyl sulfate (SDS) micelles to
simulate the cell membrane of bacteria in order to investigate the
secondary structure transitions of U3 peptides during the anti-
bacterial process. Their results indicated that SDS micelles pro-
moted the stabilization of the a-helical structure of U3 peptides by
promoting residue-residue hydrogen bonds within the peptide.
In addition, the B-sheet dimers decreased and o-helical content
increased after attachment to SDS micelles. The a-helical forms of
U3 peptides adopted amphipathic confirmations, which enable
insertion of peptides into the hydrophobic core of micelles.
Sequence 2-12 (EFVAKLFKFFK, named UP) of PSMu3 was
reported to play an important role in cross-o nanofibrils for-
mation of a hydrophobic interface between PSMo3 monomers,
and UP also had antibacterial effects. Aside from the cross-o
fibrils being correlated with antibacterial effects, atypical cross-B
fibrils, not classical cross-f fibrils, with antimicrobial effect were
also reported in LFKFFK.'> However, in our study, all the self-
aggregating hexapeptides fibrils yielded high B-sheet contents,
and no o-helical contents. Therefore, we speculated that self-
aggregating peptides with agglutination effects should be features
of both their structure and morphology, and there is a structure—
function relationship for self-aggregating peptides.

In conclusion, we successfully screened out more self-
aggregating hexapeptides with microbes agglutination effects
and antibiofilm-formation activity by combining the use of three
amyloid prediction software systems. Also, the two types of fibrils,
Le., twisted filaments and flat striated ribbons, were correlated
with the agglutination function and antibiofilm-formation activ-
ity. This study overall indicates that diversifications in fibril
structures aggregated by self-aggregating hexapeptides might be
associated with different functions, revealing a structure-function
relationship of fibrils formed by self-aggregating hexapeptides,
which is an important research area to investigate further in the
future.

Study limitations

One distinct limitation was that not all the selected hexapep-
tides could fibrillate into fibrils actually, because the screening

© 2023 The Author(s). Published by the Royal Society of Chemistry
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method was based on computational simulation, and it should
be examined in in vitro experiments. Second, the predicted
Rosetta energy of hexapeptide could not reflect its antibiofilm
effectiveness, thus the screened self-aggregating hexapeptides
in this study might not be the ones with the greatest
antibiofilm-formation abilities. Third, though combining the
use of three prediction methods significantly improved the
screening efficiency, some self-aggregating hexapeptides might
be excluded by this method. For example, the first hexapeptide
LFWLVF with the lowest Rosetta energy predicted by ZipperDB
was verified to have antibiofilm effects, but it was not predicted
by Waltz, and thus it was excluded. Last but not least, the
included 25 hexapeptides had similar sequences, so that stu-
dies of the diversities in sequence were limited. In future, more
self-aggregating hexapeptides with various sequences need to
be explored.
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