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The amyloid states of proteins are implicated in several neurodegenerative diseases and bioadhesion
processes. However, the classical amyloid fibrillization mechanism fails to adequately explain the
formation of polymorphic aggregates and their adhesion to various surfaces. Herein, we report a non-
fibril amyloid aggregation pathway, with disulfide-bond-reduced lysozyme (R-Lyz) as a model protein
under quasi-physiological conditions. Very different from classical fibrillization, this pathway begins with
the air—water interface (AWI) accelerated oligomerization of unfolded full-length protein, resulting in
unique plate-like oligomers with self-adaptive ability, which can adjust their conformations to match
various interfaces such as the asymmetric AWI and amyloid-protein film surface. The pathway enables
a stepwise packing of the plate-like oligomers into a 2D Janus nanofilm, exhibiting a divergent
distribution of hydrophilic/hydrophobic residues on opposite sides of the nanofilm. The resulting Janus
nanofilm possesses a top-level Young's modulus (8.3 + 0.6 GPa) among amyloid-based materials and
exhibits adhesive strength two times higher (145 + 81 kPa) than that of barnacle cement. Furthermore,

we found that such an interface-directed pathway exists in several amyloidogenic proteins with a similar
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Accepted 27th April 2024 self-adaptive aggregation process, including bovine serum albumin, insulin, fibrinogen, hemoglobin,
lactoferrin, and ovalbumin. Thus, our findings on the non-fibril self-adaptive mechanism for amyloid

DOI: 10.1039/d4sc00560k aggregation may shed light on polymorphic amyloid assembly and their adhesions through an alternative
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progress has been made in in vitro aggregation of amyloido-

1 Introduction : : made in i 1 ton :
genic proteins/peptides, indicating that the kinetics of fibrilla-

An amyloid is a particular form of protein in nature, consisting
of a universal cross-p-structure from misfolded protein. It is
not only related to human neurodegenerative diseases,” but is
also involved in the bioprocess of various organisms, such as
interfacial adhesion of E. coli and barnacles,® in vivo enamel
growth,* and life origin.® In the past few decades, considerable
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tion follows the oligomer—protofibril-fibril pathway, with a long
lag phase (~days) of oligomerization (Scheme 1a).>*

Although extensive research has been conducted on inter-
face-accelerated fibrillation,”* the classical pathway fails to
explain various bio-processes. First, in vitro synthesis of amyloid
fibrils mainly involves peptide fragments as monomers.”
However, in nature, organisms such as microbes and barnacles
can easily produce amyloid aggregates from full-length proteins
(e.g., CsgA 13k, Cp19k and even Cp100k) under mild biological
conditions to achieve adhesion and fulfill biological functions.®
The difference of monomer type may imply undetectable
aspects in the amyloid transformation pathway (e.g., elusive
function of interfaces). Second, it is hard for the classical
fibrillation pathway to explain the morphological diversity of
amyloid aggregates observed in nature. For instance, various
non-fibril structures and hierarchical organization at multiple
scales are frequently observed in many cases, such as self-
assembled protein membranes," flake/sponge-like aggre-
gates,"” and network structures.*® The non-fibril pathway may be
the underlying cause for the diversity of morphological

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1l Schematic illustration of the aggregation mechanism. (a) Classical lysozyme amyloid fibril>¢ and (b) self-adaptive assembly of R-Lyz at

the AWI.

structures. Third, without notably considering the surface
activity and adaptivity of solution species on surfaces, the
classical fibrillation mechanism could not explain well in vivo
amyloid adhesion at interfaces.*'* In general, micron-scale
amyloid fibrils showed a low interfacial activity for high rigidity,
which is not favorable for supporting the easy adjustment of
their conformation and shape to interact with various surfaces.
In contrast, adhesion-related proteins in nature, such as the
CsgA,"” cement protein (Cp 20k),'* and mussel foot protein
(Mfp),"” are all rich in unstructured structures and present
robust interfacial adhesion on the surfaces from hard rock to
soft tissues by forming amyloid plaques.

The above examples underline some interesting clues but are
still difficult to be understood at the molecular level based on
the classical fibrillation mechanism.” Herein, we decipher
a non-fibril amyloid aggregation pathway at interfaces with
disulfide-bond-reduced lysozyme (R-Lyz) as a model protein.*®
Unlike traditional fibrillation under harsh conditions (Scheme
1a), the native lysozyme was unfolded under near-physiological
conditions by the disulfide bond reducing agent tris(2-carbox-
yethyl)phosphine (TCEP) (Scheme 1b). Throughout the
assembly process, the lysozyme monomers maintain their
primary structure, mimicking the preservation of full-length
proteins involved in amyloid-based adhesion in nature. At the
AWI of the R-Lyz solution, a non-fibril amyloid nanofilm con-
sisting of plate-like oligomers forms within minutes. The

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

oligomerization step at interfaces occurs more rapidly
(~minutes) compared to the traditional fibrillation pathway
(~days).* Moreover, unstructured protein chains had high
flexibility to adjust to interact with various surfaces, exhibiting
self-adaptivity, even on the initially formed protein nanofilm.
Consequently, the newly formed plate-like oligomers attached
and packed well onto the initial nanofilm, ultimately assem-
bling into a Janus nanofilm with divergent hydrophilic/
hydrophobic residues on opposite sides. The internal struc-
ture of the film shares the cross-p motif with randomly orien-
tated B-sheet stacking.*® However, the assembly behavior differs
from the secondary nucleation in the traditional fibrillation
pathway, where oligomers detach from the fibril interface.*
Upon drying, the film exhibits a top-level Young's modulus (8.3
+ 0.6 GPa) in amyloid-based materials, and the adhesion
strength is twice that of barnacle cement. This self-adaptive
pathway provides a general strategy for fabricating Janus
protein films from several amyloidogenic proteins, including
bovine serum albumin (BSA), insulin, fibrinogen, hemoglobin,
lactoferrin, and ovalbumin. Compared to other bottom-up
heterogeneous processes, this self-adaptive assembly strategy
produces Janus nanofilms through the assembly of proteins at
the heterogeneous interface (AWI), without the need for any
external polymer substrate or energy inputs.”** This strategy
not only provides an opportunity for producing protein-based
nanoscale Janus films but also holds promise for applications

Chem. Sci., 2024, 15, 8946-8958 | 8947
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in various types of surface modification, separation, and wet
adhesion. It particularly underscores the crucial role of inter-
faces in amyloid assembly and adhesion enhancement.*

2 Results and discussion

2.1. The prediction of amyloid assembly behavior of full-
length proteins at interfaces by molecular dynamics (MD)
simulation

In natural systems, several adhesion-related plaques consist of
full-length unstructured/unfolded proteins that interact with
various interfaces. Hence, we choose disulfide-bond-reduced
lysozyme (R-Lyz), one of the most studied amyloidogenic
proteins, as a model protein to predict the assembly behavior of
full-chain proteins at the interface.' Firstly, a vacuum-water
interface (VWI) was utilized to mimic the AWI for replica
exchange molecular dynamics (REMD) simulation.”® The o-
helices of R-Lyz unfolded into the random coils, and part of
them further formed B-sheets in the presence of the VWI (Fig.
Sla-ct). In contrast, the R-Lyz structure remained relatively
unchanged and maintained an a-helix-dominated conforma-
tion in water without the VWI (Fig. S1d-ff). The free energy
change (AG) of R-Lyz at the VWI (—95 kJ mol ) is significantly
lower than in water (—10 kJ mol '), suggesting that the VWI
strongly encourages the R-Lyz molecule to enrich at the VWI
(Fig. S1a and df). Both the radius of gyration (R,) and the root-
mean-square distance (RMSD) of R-Lyz at the VWI increased
compared to those in water, indicating accelerated unfolding
and the loss of the a-helix structure of R-Lyz facilitated by the
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interface (Fig. S21). This unfolding was accompanied by the
gradually exposed hydrophobic residues, as indicated by the
increase in the solvent accessible surface area (SASA) of R-Lyz at
the VWI (Fig. S371). The exposed hydrophobic regions automat-
ically move to the VWI, further enabling the a-helix to random
coil transition, which has higher tendency to form B-sheets
because the hydrophobic core regions are easier to encounter in
flexible coils.>®

To further clarify the intermolecular interaction between
monomers in amyloid aggregation, we performed an all-atom
molecular dynamics (MD) simulation with six randomly orien-
tated R-Lyz in water with the existence of a VWI (Fig. 1a and b).
After 1000 ns simulation, all R-Lyz spontaneously moved
towards the interface (snapshots in Fig. S4t), accompanied by
the loss of the a-helix structure and an increase in flexible coils
and B-sheets (Fig. 1c). Statistical analysis of the non-covalent
interaction between R-Lyz monomers revealed that hydro-
phobic interactions were more pronounced than hydrogen
bonds (Fig. 1d). In terms of intermolecular energy potential
analysis, electrostatic interactions emerged as the dominant
driving force for monomer aggregation, surpassing van der
Waals forces. Hence, it can be concluded that hydrophobic and
electrostatic interactions are the main driving forces for
monomer aggregation.

Furthermore, unstructured/unfolded protein chains exhibit
self-adaptive behavior, allowing them to adjust the distribution
of their residues at interfaces. Hydrophobic and nonpolar
residues (e.g., Ala, Val, Leu, Ile, Phe, Pro, and Trp) tend to
migrate towards and orient themselves at the VWI, while
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(e) relative percentage of residues at the vacuum-side and water-side.
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hydrophilic and positively/negatively charged residues (e.g., Arg,
Asn, Asp, Lys, and Ser) tend to face the water (Fig. le). The
relative percentage of different residue types at the VWI is
summarized in Fig. S5,1 with 62.3% hydrophobic residues on
the vacuum-side, while only 21.8% on the water-side. This
remarkable self-adaptivity of unstructured protein chains may
contribute to the adhesion sites for amyloid plaques on
different surfaces,**” as demonstrated by the following experi-
mental evidence.

2.2. Unfolding and interface-accelerated aggregation of full-
length proteins

To obtain full-length R-Lyz and validate the simulation findings,
we utilized TCEP as a disulfide-bond reducing agent to unfold
the native lysozyme.?® After reduction, R-Lyz remained its
primary structure and maintained its full chain length, as evi-
denced by the m/z signal at 14 280 (M + H)" and 7144 (M + 2H)**
observed in MALDI-TOF mass spectrometry (Fig. 2a). In
contrast, in traditional lysozyme amyloid fibrils obtained under
acidic conditions and at high temperatures (70 °C),"® the
peptide mainchain was hydrolyzed into small fragments with
molecular weight from 1900 to 7500 Da and formed micron-
length mature fibrils after 7 days of incubation (Fig. S61). The
small-angle X-ray scattering (SAXS) of the R-Lyz solution reveals
the increase in R, (from 1.37 nm to 1.5 nm) in the Guinier plot
(Fig. S7a, insett) and non-convergence of the Kratky plot (Fig.
S7bt), indicating the loss of globular structure and thus an
increase in random coil content and chain flexibility.”® The
formation of protein aggregates in the R-Lyz solution was then
monitored by asymmetric flow field-flow fractionation coupled
with multi-angle laser light scattering (AF4-MALLS), with small
species eluting first and larger species eluting later from the
parabolic channel (Fig. S8t).*® According to the time evolution
of the weight average aggregation number (Nyag,) plot, no
aggregates can be detected in the first 3 h of cultivation (Fig. 2b).
Then, a few aggregates with Ny ..; ~16 formed in solution
(Fig. 2b-i), followed by an exponential increase of the aggrega-
tion number to a steady value of N, 4o ~10°% at 7-8 h. Coinci-
dentally, a 7 h lag phase for hydrophobic aggregation and -
sheet formation was observed according to the 8-
anilinonaphthalene-1-sulfonic acid (ANS) and thioflavin T (ThT)
fluorescence stain of R-Lyz in bulk solution (Fig. S9t). The
results from AF4-MALLS and fluorescence staining revealed that
aggregation in bulk solution is noticeably frustrated, consistent
with simulation results (Fig. S171). After 28 h of cultivation, 84%
of R-Lyz was still in the monomeric state, while 15% had
aggregated into curly filaments as the dominant morphology
(weight average molecular weight, M,, ~2 x 10’ g mol ") (Fig.
$10, S11t and 2b-ii). From a macroscopic aspect, the solution is
transparent and would exhibit the Tyndall effect when illumi-
nated with a red laser after 24 h of incubation (Fig. 2b-iii).
However, the aggregation of R-Lyz at the AWI differs much
from that in bulk solution. A film-like aggregate was discovered
in a short cultivation time (10 min) and was composed of 20-
30 nm particles (Fig. 2c), which is in a B-sheet-dominated
conformation as proven by the strong negative peak at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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216 nm in the far-UV circular dichroism (CD) spectrum (Fig. 2d)
and the increase of the infrared absorption peaks at 1624 and
1696 cm™ " in the Fourier transform infrared (FTIR) spectrum
(Fig. S121). The percentage of the B-sheet component increases
from 4-7% in the native state to 34-38% at the AWI (Fig. S131).
In contrast, R-Lyz in bulk solution still had the a-helix structure
and only contained ~6% B-sheet component, which is very
similar to native lysozyme.** The fluorescence increase at
484 nm and bright green emission in the confocal image of the
ThT stained nanofilm also indicate an amyloid-like inner
structure (Fig. 2e and S147).

The unfolding and aggregation of R-Lyz were analyzed at the
residue level using a "H-"’N heteronuclear single quantum
coherence (HSQC) nuclear magnetic resonance (NMR) experi-
ment (Fig. 2f, S15 and S167). The spectra recorded at 3 h after
the addition of TCEP indicated that the aggregation initiated
around residues C6-C127 (Fig. 2f, red cycles). Being consistent
with the MD results (Fig. 1), the NMR experiments also indicate
that the first aggregated residues in bulk solution are primarily
composed of neutral and small hydrophobic residues, such as
Gly (4, 26, 49, 102, 126), Ala (10, 11, 32, 122), Val (120), Tle(124)
and Leu (129), as well as charged residues, such as Arg (5, 45,
125, 128) and Asp (18, 48, 52, 66, 87, 101, 119), according to the
cross-peak intensity decrease (Fig. 2f, S15 and S167). Addition-
ally, the residues experiencing the most significant conforma-
tional changes, with chemical shift perturbations (CSP) larger
than 0.4 ppm, and the first aggregated residues, with intensity
drops of more than 92%, have been highlighted on the structure
of the native lysozyme in wheat (Fig. 2g).

The NMR and MD simulation results suggest that the driving
forces of unfolded protein aggregation are similar in bulk
solution and at the interface. However, the presence of the AWI
significantly promotes the nucleation of R-Lyz into oligomers
within 10 min. It is not only ~280 times faster than the oligo-
merization step of traditional lysozyme fibrillation, which
typically has a lag phase of ~48 h,** but also ~20 times faster
than the nucleation of full-length R-Lyz in bulk solution, which
has a lag phase of ~3 h (Fig. 2b). These findings suggest
a unique surface-induced assembly pathway for unfolded
amyloidogenic proteins. Understanding this process holds
promise for revealing the mechanisms underlying amyloid-
based assembly and adhesion at various surfaces.

2.3. Plate-like oligomer formation at the AWI

The assembly of unfolded full-length proteins at a confined two-
dimensional interface may afford great opportunities to
biopolymer chains for polymorph development of non-fibril
amyloids. Hence, we utilized AFM to investigate the
morphology of the original oligomers at the AWI. Plate-like
oligomers ~20-30 nm in width and ~3-5 nm in height were
detected at the AWI (Fig. 3a), composed of the R-Lyz monomer
3-5 nm in width (Fig. 3b and c). If we estimate the aggregation
number of the oligomer by the volume of the oligomer and
monomer, we can get the N,g, of the plate-like oligomer of
around 27-112, which is in the same order as the Ny .y Of
oligomers in bulk solution after 3 h of cultivation (Fig. 2b). The

Chem. Sci., 2024, 15, 8946-8958 | 8949
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Fig. 2 Full-length R-Lyz aggregation in solution and at the AWI. (a) MALDI-TOF spectra of R-Lyz solution and traditional fibril solution; (b) time-
dependent N, ,gg Of R-Lyz solution; inset: AFM images of the aggregation morphology of R-Lyz after (i) 3 h and (ii) 24 h of reaction; (iii) digital
images of the reaction solution after 1, 3 and 24 h of incubation under a red laser; (c) AFM image of the R-Lyz aggregation structure at the AWI
after 10 min of incubation; (d) far-UV CD spectrum; (e) fluorescence spectrum of the nanofilm after staining with ThT, inset: dark-field confocal
image of the ThT stained nanofilm. (f) The overlay of the HSQC spectra of lysozyme before and after adding TCEP for O h (black), 3 h (red) and 24
h (green); (g) the projection of the residue with CSP larger than 0.4 ppm and significant intensity drops of more than 92% on the structure of the
lysozyme. Among the colored residues, residues that experienced the peak broadening effect are labelled in Fig. S15.

8950 | Chem. Sci, 2024, 15, 8946-8958

© 2024 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/d4sc00560k

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

Open Access Article. Published on 07 2024. Downloaded on 2025/10/25 5:04:48.

(cc)

Edge Article

a 3-5 nmf L
Top view

1(q)

-0.8 -04 00 04 08

View Article Online

Chemical Science

10 15 20 25 30

qy (nm") q, (hm™) r (nm)
g h
~==-Plate-like
= -5 oligomers
. Air Closely packed rﬁonomers
e Water gdsorptlon on AWI
c
i S-S bond r, — ]
reductlon B qx:;—
Native lysozyme " R-Lyz
-10 -5 0 5 10 15 20
. Gy (nm7) .
irsi ) 0.4 944 Al :
6] ¢ Contact-air side i 2% sa z2'\7/§I-A
e Contact-water side 0_2_ Ly ®/3: Arg ' |
n < | 86:tev/lle g120:phe  @147:Tyr
= % 0.0+ ; 1
e > les3.val !
N 24 . 8 1 a ®130:Trp
N ) =02 7 81:His
N - i ® 71: Ser
0 o/ O
N ® @ a-0.4 - 69: Thr
o - g
a o] 06 ] ® Hydrophilic
4 R @ Hydrophobic
) -0.8 - Yo 43:Arg ® Polar
T T A 1 " T " T " T "~ T T
-10-8 6 -4 20 2 46 810 40 60 80 100 120 140 160 180
PC1 (69.4%) m/z

Fig.3 Characterization of plate-like oligomers. (a) AFM 3D-image and the schematic illustration of the plate-like oligomer formed at the AWI; (b)
AFM image and (c) TEM image of the monomer and oligomers at the AWI of R-Lyz solution after 5 min of assembly; (d) SR-GISAXS image of the
amyloid-like nanofilm at the AWI on a silicon wafer; (e) log—log plot of q against /(q); (f) PDDF plot of /(q); (g) SR-GIWAXS of the nanofilm on
a silicon wafer; (h) schematic illustration of plate-like oligomer aggregation at the AWI; (i) the score plot TOF-SIMS data after PCA; (j) the loading
plot and assignment of major peaks of PC1 (75.1%) after PCA of TOF-SIMS data (hydrophobic, hydrophilic, and neutral residues were marked with
red, blue, and grey points, respectively. Residues' hydrophilic/hydrophilic scores at pH 7 were counted according to Monera et al.*’).

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

Chem. Sci, 2024, 15, 8946-8958 | 8951


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00560k

Open Access Article. Published on 07 2024. Downloaded on 2025/10/25 5:04:48.

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

(cc)

Chemical Science

plate-like morphology was also proven by synchrotron radiation
grazing-incidence small-angle X-ray scattering (SR-GISAXS)
(Fig. 3d). The log-log plot of g against I(g) in the middle-q
region (0.1-1.0 nm ') shows I(q) — ¢ “ with « being 2 (Fig. 3e),
revealing a plate-like shape of the assembly unit according to
the theory.*® The pair distance distribution function (PDDF)
curve of the scattering data also proved the plate-like shape of
the oligomer (Fig. 3f).**

The internal structure of the plate-like oligomer was exam-
ined using synchrotron radiation grazing-incidence wide-angle
X-ray scattering (SR-GIWAXS) (Fig. 3g), where two strong
dispersion diffraction rings at g = 6.7 nm ™' and 13.8 nm ™" were
observed, corresponding to the inter-B-sheet spacing (~0.94
nm) and the inter-B-strand spacing (~0.45 nm) within the
protein stacking structure of the film.?® These results indicate
that the plate-like oligomers share the cross-B-motif with
traditional fibrils.”® Different from the previously reported
cross- diffraction pattern in traditional amyloid fibrils,** these
B-sheet structures in the plate-like oligomers are randomly
distributed according to the blurred circular ring of the GIWAXS
image. This random arrangement contributes to the flexibility
of the film, thereby increasing the contact area and promoting
adhesion to different surfaces. The schematic diagram for the
assembly of R-Lyz into plate-like oligomers at the AWI is dis-
played in Fig. 3h. Initially, R-Lyz monomers concentrate at the
AWI, followed by the collision of a-helices with random coils.*
This collision further facilitates the spatial alignment of B-sheet
core regions into a randomly arranged cross-B-motif, ultimately
leading to the significant formation of plate-like oligomers.
Furthermore, this plate-like structure 4-5 nm in height and 20-
30 nm in width has also been found in AB,_,, and the E. coli
adhesion layer (Fig. S17f), suggesting that this particular
structure may be involved in natural adhesion processes.

As revealed by MD simulation (Fig. 1e), unfolded/
unstructured protein chains have high flexibility to adjust
their residue distribution at interfaces, which is the critical
character for the possible interfacial adhesion of non-fibril
assembly. To prove the self-adaptive behavior of unfolding
chains at the AWI, we measured the time-of-flight secondary ion
mass spectrometry (TOF-SIMS) spectra for the contact-air (CA)
and contact-water (CW) sides of the original deposition con-
sisting of plate-like oligomers (Fig. S187). Principal component
analysis (PCA) was utilized to analyze the residual differences of
both sides (the spectrum for the contact-air side was selected as
a reference spectrum). Fig. 3j shows that the two 95% confi-
dence ellipses are well separated for TOF-SIMS data of the CA-
side and CW-side, indicating the different residue exposure of
both sides. According to the positively loaded fragments in PC1
(69.4%) (Fig. 3j, where the CA-side was set as the reference
spectrum), the contact-water side was predominant in charged
and polar amino acid fragments, with m/z 43/59 (Arg), 71 (Ser),
81 (His), and 69 (Thr). In contrast, aromatic amino acid frag-
ments 147 (Tyr) and 120 (Phe), and alkyl amino acid fragments
86 (Ile/Leu), 72 (Val), 45 (Cys) and 44 (Ala) are rich in the contact-
air side. This distribution diversity of protein residues is
consistent with MD simulations (Fig. 1e), demonstrating the
self-adaptive ability of unfolded/unstructured protein chains to
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adjust their orientation at the molecular level. Combined with
non-fibril aggregation driven by a plate-like oligomer, it
provides a possible pathway to the polymorph diversity of
amyloid-based interfacial adhesion.

2.4. Self-adaptive assembly of plate-like oligomers

As illustrated above, unfolded protein chains aggregating into
plate-like oligomers have enough flexibility to adjust their
residue distribution at interfaces, which is fundamental to
mesoscopic assembly and offers high adhesion potential of the
plate-like oligomers on surfaces. In nature, amyloid-mediated
adhesion is typically not a monolayer adsorption. For
instance, barnacles or E. coli usually produces macroscopic size
adhesion plaques on substrates with thickness >1 pm, no
matter what the morphologies are.'**® This suggests that the
mechanism of solution species adhering to a surface through
multilayer packing is plausible. The process may involve the
interfacial adsorption of amyloid species on a bare surface,
followed by adhesion to a surface already covered by amyloid
aggregates. Thereupon, we employed a quartz crystal micro-
balance with dissipation monitoring (QCM-D) to track the
adsorption of R-Lyz on an Au-coated chip. The adsorption of R-
Lyz caused a significant frequency shift of ~—400 Hz (Fig. 4a),
whereas native lysozyme and traditional amyloid fibrils only
exhibited a frequency decrease of ~10-25 Hz (Fig. 4a, inset).
Consequently, the adsorbed mass of R-Lyz (7470 ng cm™>) was
~17 times higher than that of native lysozyme (443 ng cm ™ ?)
and ~24 times higher than that of traditional fibrils (315 ng
ecm™?) (Fig. 4b and S19%). These results highlight the high
surface activity and aggregation tendencies of unfolded protein
chains and plate-like oligomers compared to native and fibril
species. It is noteworthy that a deceleration in frequency
decrease is observed during QCM-D measurement, suggesting
a diminished interfacial activity of filaments within the bulk
solution compared to monomers and oligomers. For additional
evidence, we manually removed the initial film (first 30 min) at
the AWI, leading to the formation of a new film consisting of
filaments with large interspaces attributable to their reduced
self-adaptivity (Fig. S207).

Besides, the AD/AF curve of the R-Lyz solution experienced
a two-step adsorption profile, with a turning point at ~—30 Hz
(Fig. S217), implying a “soft” layer formed at the initial stage of
the assembly, followed by the formation of a relatively rigid
layer.*® This two-step profile was further confirmed by surface
plasmon resonance (SPR) (Fig. 4c and S221). The curve is well
fitted with a two-state reaction model, involving the rapid
adsorption of a “soft” R-Lyz monomer layer on the solid-water
interface (SWI) (Ky; = 8729 M ' s7%; Kgy = 0.1792 M ' s7 1),
followed by a slow a-helix to B-sheet conformational change (K,
=0.0439 57", Kgp = 2.921 x 10~ *s7"), leading to the irreversible
binding of plate oligomers.*>** The conformational transition
was also supported by CD results of solution species and protein
nanofilm (Fig. 2d). The results reveal that the plate-like oligo-
mers exhibit a multilayer aggregation behavior and follow
a brick-like packing manner, as captured by the in situ AFM
recording (Fig. 4d and S23 and Movie S17). Initially, R-Lyz was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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surface was covered by plate-like oligomers (Fig. 4d, 11 min).
Instead of forming traditional fibrils, these oligomers fused
together to form a flat 2D nanofilm on the mica surface. The

rapidly adsorbed onto the mica surface, as indicated by black
dots in the phase image representing different viscoelasticities
compared to the mica substrate. Subsequently, the entire mica
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phase image shows an identical distribution after the mica
surface is fully occupied by proteins. Over the next hour, plate-
like oligomers (3-5 nm in height and 20-30 nm in width) were
generated on the initial 2D nanofilm (Fig. 4d and S24t). AFM
images of the film at the AWI also revealed a closely packed layer
of plate-like oligomers with a thickness of ~4 nm on the initial
film (Fig. S251). Further evidence of multilayer aggregation was
provided by the steady increase in film thickness over time
(Fig. 4e and S267). Prolonged incubation at high buffer salt
concentration (e.g., 250 mM NaCl) and low TCEP concentration
(e.g., 0.5 mM) resulted in an increase in film thickness from
~5 nm at 2 h to ~280 nm after 72 h.

Based on the above evidence, it is reasonable to conclude
that plate-like oligomers exhibit a step-by-step packing behavior
at the interface, and the newly formed plate-like oligomers will
not detach from the existing 2D nanofilm surface. Accordingly,
we proposed a self-adaptive surface-induced assembly pathway
of plate-like oligomers at the AWI, as illustrated in Fig. 4f-i. R-
Lyz monomers firstly adsorbed on the substrate surface due to
the increase in entropy and caused the loss of secondary
structure, which then promoted the encounter of amyloid core
regions in unfolded chains and produced plate-like oligomers.
As the assembly proceeded, the adjacent plate-like oligomers
fused into a flat 2D nanofilm. Further, R-Lyz monomers
continued to be adsorbed on the newly formed nanofilm surface
owing to the entropic gain from counterion and bonded water
release, driven by hydrophobic and electrostatic interactions
between protein residues. The adsorbed R-Lyz unfolded under
the limitation of chain movements by the interface, followed by
the step-wise formation of plate-like oligomers. The B-sheet
structures inside and between plate-like oligomers could act as
physical interaction points,">** allowing the newly formed
packing units to adhere firmly on the original nanofilm surface
(Fig. 4f-i). It is worth noting that this process is very different
from previously reported secondary nucleation of traditional
amyloid fibrils, where mature fibrils act as seeds to enhance the
heterogeneous nucleation of monomers;'*** the new oligomers
on the fibril surface automatically detached and released into
the bulk solution to continue the oligomer-protofibril-mature
fibril pathway (Fig. 4f-ii). Considering the unstructured nature
of critical proteins of the amyloid adhesion system (e.g., Cp20K,
Csg A),’>'® the step-by-step self-adaptive assembly revealed in
the present work may be closely related to the possible pathway
for the formation of adhesion plaques adopted by organisms.

2.5. Bottom-up fabrication of the Janus nanofilm

As mentioned above, plate-like oligomers are closely packed
following the self-adaptive process. This multilayer stacking of
assemble units can increase the strength of the obtained film
through multi-noncovalent inter-oligomer interactions.”” We
utilized a ~150 nm nanofilm at the AWI to investigate their
mechanical properties (Fig. $2771).** The nanofilm can be taken
out from the water surface with a plastic frame and dried into
a free-standing film under ambient conditions (Fig. 5a-i, inset).
In addition, the obtained film is very stable in dimethylsulf-
oxide and vitamin C, and it can partially dissolve in sodium
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dodecyl sulfate (SDS) after 44 h of soaking due to the dissocia-
tion of the inner hydrogen bonding of B-sheets (Fig. S28+). The
Young's modulus of the overlapped dry film (~16 layers, see Fig.
S29t) was measured by a tension test, which is 5.1-8.7 GPa from
the slope of the stress-strain curve (Fig. 5b). The result is
consistent with the nanoindentation results (~8.3 + 0.6 GPa,
Fig. S307). It must be noted that although the film consists of
randomly orientated B-sheets (Fig. 3g), the Young's modulus of
the dried film ranked at the top level among amyloid-based
materials with highly ordered cross-p-structures (Fig. 5c),*
which may benefit from the brick-packing of plate-like oligo-
mers (Fig. 5a-iv).

Further, based on the high self-adaptivity of unfolded
proteins, the newly formed nanofilm exhibited a distinct Janus
character in the wet state for several amyloidogenic proteins,
where the water contact angle (WCA) of the CA-side is much
higher than that of the CW-side (Fig. 5d). Take the film
assembled from R-Lyz as an example: the WCA of the CA-side is
120°, and that of the CW-side is 40° (Fig. 5e). Moreover, the
morphology of the CA-side appears to be a flat wrinkled surface
for the diffusion of protein chains driven by surface tension at
the AWI, while the CW-side is rough and constitutes plate-like
oligomers ranging from 20 to 30 nm. In addition, the chem-
ical components of the Janus nanofilm have apparent differ-
ences on both sides. From surface-enhanced Raman
spectroscopy (SERS), the stretching vibration of -CH; at
2915 cm™' and -CH; deformation at 1483 cm™' are much
stronger on the CA-side than on the CW-side. The signals of
aromatic rings on the CA-side, such as the vibration peaks of
Phe at 1030 cm ™', Trp at 830 cm ™', and Tyr at 647 cm™ ", are
significantly stronger than those on the CW-side of the film. In
contrast, the COOH/COO™ signal at 1704 cm ™" is higher at the
CW-side, proving that the CW-side is rich in charged groups. In
addition, grazing angle (45°) X-ray photoelectron spectroscopy
(XPS) of the Janus nanofilm reflects that the hydrophilic
components of NH,/NH;" (at 400.4 eV, 87.1%) and sulfate (at
167.3 eV, 88.4%) on the CW-side are more pronounced than
those on the CA-side (Fig. S3171). As the film comprises diverse
hydrophilic functional groups, it is prone to swelling upon
exposure to water. Consequently, we measured the reflectance
spectrum to assess the swelling behavior of the film under
variable humid conditions (Fig. S32t). The color of the film on
the silicon wafer changes from light cyan at 0% relative
humidity (RH) to bright pink at 100% RH, indicating an
increase in film thickness due to swelling. Using the Bragg
equation, we determined the swelling ratio of the film to be
38.6%, with the film thickness increasing from ~176 nm to
~244 nm. Schematic diagrams of the obtained Janus 2D film at
the AWI are provided in Fig. 5a-ii and iii, with the CA-side of the
film exposed to more hydrophobic residues and the CW-side
exposed to a higher content of hydrophilic residues.

The divergent residue distribution was also supported by the
different adhesion performances at the opposite sides of the
nanofilm, as measured by AFM with a SiO, spherical probe (Fig.
S337). The adhesion force on the CA-side is two times higher
than on the CW-side, suggesting that the excessive hydrophobic
residues on the CA-side contributed mainly to the adhesion

© 2024 The Author(s). Published by the Royal Society of Chemistry
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force on the SiO, probe surface. Furthermore, this Janus
nanofilm can act as the glue to stick two pieces of glass. The
internal randomly distributed B-sheet structures provide the
film with adequate flexibility in the wet state over traditional
amyloid fibrils, which can increase the contact area of possible
rough surfaces by adjusting their shape. After drying, stable
adhesion is obtained between two glass sheets (Fig. 52). When
the CA-side was attached to the glass surface, the average
adhesion strength from shear testing was 145 + 81 kPa (Fig. 5h),
two times higher than the adhesion strength obtained by
attaching the CW-side to the glass surface (77 + 38 kPa). For
blank control experiments, sandwiching the TCEP solution
between two glasses causes almost no adhesion after drying,
while the adhesion strength of the CA-side of the Janus nano-
film is 8.5 and 4.1 times higher than those upon sandwiching
native lysozyme or R-Lyz solution between two glass sheets
respectively. The results indicate that the unfolding of native
protein increases the adhesion strength, and the brick-packing
structure of the plate-like oligomers' inner structure further
increases it. Compared with natural adhesion species, the
adhesion strength of the CA-side is two times higher than that
of barnacle cement on a smooth glass surface (68 kPa)** and
~10° times higher than that of biofilm on a glass surface (80 +
22 Pa).** This indicated that such self-adaptive non-fibril
amyloid aggregation has the possibility to create materials
that would mimic or even surpass natural bioadhesive systems.

3 Conclusion

In summary, we demonstrate a non-fibril amyloid aggregation
pathway at the AWI using full-length amyloidogenic proteins.
The unfolded protein triggered by the disulfide bond reducing
agent experienced interface-accelerated nucleation within
several minutes, while no aggregation occurred in the bulk
solution during the same period. The plate-like oligomers, as
the first discovered structure in all known protein aggregation
systems, exhibit unprecedented self-adaptive properties, where
unfolded full-length proteins adjust their residue distribution
at interfaces from the AWI to amyloid-film surfaces, which
further promotes inter-oligomer interactions by the encounter
of the amyloid core regions, hydrophobic region, and opposite
charge regions of flexible unfolded chains. Based on this self-
adaptive assembly, the plate-like oligomers are closely packed
into a 2D Janus nanofilm at the AWI, where inner- and inter-
oligomer B-sheet structures randomly distribute, acting as the
cross-linking points. This unique brick-like packing structure of
plate-like oligomers endows the resultant Janus nanofilm with
a top-level Young's modulus (~8.3 £ 0.6 GPa), which is one of
the highest among existing amyloid-based materials, and
adhesion strength (145 + 81 kPa), which is two times higher
than that of natural species after drying. Such self-adaptive
assembly discovered in R-Lyz has its generality since such
features have been further found in other unfolded proteins,
such as BSA, insulin, fibrinogen, hemoglobin, lactoferrin, and
ovalbumin (Fig. 5d).

This work highlights the importance of the interface in the
assembly of full-length proteins into a 2D film-like amyloid

8956 | Chem. Sci, 2024, 15, 8946-8958

View Article Online

Edge Article

structure with self-adaptive characteristics. The obtained film
aggregates have a high Young's modulus but also exhibit better
flexibility and adhesion strength, which provides new insight
into the mechanism of polymorph amyloid-based aggregation
and adhesion. In light of the universality of self-adaptive
assembly and the asymmetry of the AWI, we can easily obtain
protein Janus nanofilms, which have never been reported before
and are expected to be applied in many fields, such as interface
modification, drug separation, biomineralization, and other
health-related areas.”* Following this clue, the surface
behavior of other functional or amyloidogenic proteins/
peptides (e.g., a-synuclein, AB;_4,, CsgA, Cp20K, etc.) at various
interfaces in future studies may provide us with a better
understanding of the possible pathways as well as the applica-
tion of non-fibril amyloids.
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