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ABSTRACT: Amyloid fibrils, defined by their cross-β architecture, are central to both disease and function, yet the
molecular principles governing their formation remain incompletely understood. Ninjurin-1 (NINJ1), a membrane
protein essential for plasma membrane rupture (PMR) during cell death, contains an N-terminal amphipathic α-
helix. Here, we investigate a key peptide fragment of this region (residues 40−69, HE30) and uncover its membrane-
disruptive activity, self-assembly, and structural transitions. Monomeric HE30 reorganizes lipids to induce
membrane thinning while undergoing an environmentally responsive α-helix−to−β-sheet transition that drives
amyloid fibril formation. Fibrils formed at physiological temperatures are predominantly nontwisted, but elevated
temperatures induce left-handed twisted structures with variable pitches and lengths, and even result in high-order
superhelical bundles. We further resolved the twisted fibril structures of HE30 by cryo-EM, revealing two distinct
fibril polymorphs stabilized by both hydrophobic and electrostatic interactions. Consistently, salts inhibit HE30
fibrillation, emphasizing the role of electrostatic interactions in stabilizing fibrils. Moreover, acidic conditions (∼pH
4.4) promote fibril formation, whereas alkaline conditions lead to disassembly into α-helical monomers in a
reversible manner. In situ AFM tracking reveals the asymmetric growth of fibrils, where one end elongates faster and
the opposite end exhibits slower growth or complete inhibition. Functionally, HE30 fibrils are nontoxic and act as
scaffolds for the temperature-controlled assembly of gold nanoparticle (AuNPs) superstructures. These findings not
only advance our understanding of NINJ1-induced PMR but also provide a detailed structural basis for HE30 fibril
formation via α-helix to β-sheet transitions and underscore their potential as building blocks for fibril-based
biomaterials.
KEYWORDS: NINJ1, amyloid fibril, hierarchical self-assembly, gold nanoparticle superstructures, AFM

Amyloid fibrils are a prominent supramolecular architecture
adopted by diverse proteins and peptides, facilitating a wide
range of biological functions in both physiological and
pathological contexts.1−4 Broadly, amyloids are classified into
two categories: pathological and functional amyloids.5 Patho-
logical amyloids refer to fibrillar aggregates implicated in
neurodegenerative disorders, including Alzheimer’s disease
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(AD), Parkinson’s disease (PD), and Type-2 diabetes (T2D),
where aberrant protein misfolding and aggregation drive disease
pathology.6−9 In contrast, functional amyloids serve conserved
biological roles across all three life kingdoms�appearing in
bacteria, fungi, protozoa, plants, insects, marine organisms, and
mammals, including humans�where they contribute to
processes ranging from biofilm formation to structural
scaffolding.10−18

Structurally, amyloid fibrils consist of a rigid core region
surrounded by flexible flanking regions. During fibrillation,
specific segments of the protein, known as the fibril core,
undergo conformational rearrangement to adopt a cross-β spine
structure. This core formation is marked by β-sheet stacking−a
characteristic of the cross-β architecture−stabilized through
extensive hydrogen bonding.19 Fibril formation often involves
secondary structure transitions such as the conversion of
random coils or α-helices into β-sheets, culminating in the
deposition of stable, yet insoluble, fibrillar assemblies. Despite
significant progress, the molecular mechanisms governing
amyloid fibril formation and the factors regulating their
structural polymorphism are poorly understood. Addressing
these gaps is critical for elucidating the stability and
pathogenicity of amyloids and unlocking their potential as
functional biomaterials in biomedical and biotechnological
applications.
NINJ1 is a 16-KDamembrane protein that is widely expressed

in all higher eukaryotes. NINJ1 was initially identified for its role
in cell adhesion20−22 and recently established as a key mediator
in plasma membrane rupture (PMR) in many cell-death
pathways, such as pyroptosis, toxin- or H2O2-induced necrosis,
and postapoptosis lysis.23−27 In its inactive state, NINJ1 adopts a
three α-helix structure, which includes two transmembrane α-
helices and an N-terminal domain (residues 1−78) containing
an amphipathic α-helix (residues 37−71).28 Early studies
suggested that the N-terminal α-helix of inactive NINJ1 was

positioned extracellularly;21,23 however, recent cryo-EM data
indicate it may instead stay as a continuous transmembrane
helix.28

Upon activation, the N-terminal α-helix undergoes conforma-
tional rearrangement, forming a kink at residue around 55 that
divides it into two helical segments.29−31 This structural
reorganization facilitates NINJ1 oligomerization and triggers
PMR. Recent cryo-EM studies have yielded two conflicting
models for NINJ1-mediated PMR: one suggests that NINJ1
assembles into amphipathic filaments or pores with a hydro-
philic conduit,29 while the other proposes the formation of
nanodiscs with a hydrophilic exterior, acting as ″cookie cutters″
to perforate the membrane.30,31 Despite their differences, both
models emphasize the pivotal role of the N-terminal α-helix in
driving the NINJ1 assembly and membrane rupture. Synthetic
peptides corresponding to residues 40−69 (termed HE30)
within this region demonstrate membrane-disruptive potential,
evidenced by their ability to disrupt synthetic liposome
membranes.23 Elucidating the membrane interactions and self-
assembly of HE30 can thus provide mechanistic insights into
NINJ1-mediated PMR and contribute to the development of
novel peptide biomaterials.
In this study, we systematically investigate the membrane

interactions, assembly, and structural transitions of HE30 under
various conditions, using advanced techniques including
AlphaFold, atomic force microscopy (AFM), transmission
electron microscopy (TEM), circular dichroism (CD), and
cryo-electron microscopy (cryo-EM). Our findings demonstrate
that monomeric HE30 induces membrane thinning and
undergoes a transition from an α-helical conformation to β-
sheet to form amyloid fibrils, with fibril morphology and growth
highly dependent on environmental factors, including temper-
ature, pH, and ionic strength. HE30 fibrils neither induce
membrane rupture nor exhibit cytotoxicity but instead can be

Figure 1. Membrane disruption induced by HE30. (a) HE30 structure predicted by AlphaFold3 with its sequence annotated: blue indicates
positively charged residues, gray represents hydrophobic residues, light blue donates polar residues, and redmarks negatively charged residues.
(b) HS-AFM frames showing membrane disruption upon incubation of 313 μMHE30monomer on a SLB composed of DOPC:DOPS:DOPE =
8:1:1. (c) Height profiles along the dashed lines at 300, 600, and 1200 s in (b). (d) Quantitative analysis of the membrane rupture area and
reduction in membrane thickness over time from the data in (b).
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harnessed as temperature-responsive scaffolds to organize gold
nanoparticles into straight and twisted superstructures.

RESULTS
Membrane Disruption Induced by HE30 Monomers.

The HE30 peptide (sequence HYASKKSAAESMLDIALLMA-
NASQLKAVVE), characterized by amphipathic properties
(Figure 1a), was synthesized with high purity (98.69%), as
confirmed by HPLC and mass spectrometry (Figures S1 and
S2). AlphaFold3 predictions consistently indicated an α-helical
fold across all five top models (Figure S3a), in agreement with
cryo-EM data of the inactive NINJ1 structure that revealed a
corresponding α-helix (Figure S3b). The close alignment
between predicted HE30 structures and the cryo-EM model
suggests that HE30 likely maintains its α-helical conformation in
physiological solutions (Figure S3c).
Due to its amphiphilic nature, HE30 was difficult to fully

dissolve in pure water; therefore, 0.8% acetonitrile (ACN) was
added to achieve complete solubilization for all experiments.
Size-exclusion chromatography (SEC) and AFM imaging
demonstrated that at 100 μM, HE30 exists predominantly in a
monomeric state, showing small clusters that are only a few
nanometers in size (Figure S4). Circular dichroism (CD)
spectra confirmed its α-helical structure (Figure 2e), which was
further verified by a D-amino-acid analog of HE30 (Figure S5).
Previous studies reported that HE30 exhibits membrane-

disruptive activity as measured by cargo-release assays.23 To
probe its interaction with membranes, we applied HE30
monomers to supported lipid bilayers (SLB, DOPC:DOPS:-
DOPE 8:1:1) and monitored the process by in situ high-speed
AFM (HS-AFM). Interestingly, at 313 μM, HE30 induced
bilayer thinning of only a few angstroms without detectable pore
formation (Figure 1b−d, Movie S1). This suggests that HE30
adsorbs onto the bilayer surface, inserts in parallel or oblique
orientations, and partitions into the membrane to reorganize
lipids, thereby enhancing permeability without creating stable
pores (Figure 9). This behavior resembles the interfacial-

activity, or “carpet-like” mechanism reported for many α-helical
antimicrobial peptides,32,33 which disrupt membranes by
thinning and defect formation rather than by assembling stable
transmembrane pores. Together, our data support a nonlytic,
interfacial mechanism for HE30, distinguishing it from strongly
pore-forming helices and positioning it among amphipathic
peptides whose activity arises from lipid reorganization and
defect-mediated leakage.
HE30 Self-Assembles into Amyloid Fibril. The NINJ1-

derived peptide HE30 displayed atypical membrane activity
compared with that of canonical α-helical antimicrobial peptides
(AMPs). Typical AMPs disrupt membranes at submicromolar
concentrations (peptide-to-lipid ratio far below 1:1),33,34 HE30
required a much higher concentration (313 μM) to induce
bilayer disruption, as observed by HS-AFM (Figure 1a, Movie
S1) and no disruption was detected at submicromolar levels
(data not shown). Consistently, giant unilamellar vesicles
(GUVs) leakage assays revealed negligible dye release even at
a peptide-to-lipid ratio of 3:1 (Figure S6), and HE30 exhibited
no cytotoxicity toward human lung epithelial, embryonic kidney
(HEK293T), or lung cancer cells, in some cases even promoting
proliferation (Figures S7 and S8a). These results, together with
prior liposomal cargo-release experiments performed at an
extremely high peptide-to-lipid ratio (∼157:1),23 suggest that
HE30 possesses only weak membrane-disruptive capacity, likely
due to instability of its α-helical state in aqueous solution.
Intriguingly, upon incubation at 37 °C for 24 h, HE30

assembled into fibrils (Figure 2a). These fibrils measure 4.3 ±
0.5 nm in thickness and 9.0± 1.4 nm in width (Figure 2b,c) and
display characteristic β-sheet structures (Figure 2e). Time-
lapsed CD spectra and enhanced fluorescence emission in
Thioflavin T (ThT) assays confirmed the structural transition of
HE30 from an α-helix to a β-sheet upon fibril formation (Figure
2d,e), underscoring its amyloidogenic potential. TEM further
demonstrated the existence of fibrils after 24 h of coincubation
with ThT (Figure S9). Once formed, the HE30 fibrils exhibit

Figure 2. Formation of HE30 amyloid fibrils. (a) AFM image of 100 μM HE30 after incubation at 37 °C for 24 h. The inset shows the height
profile along the red dashed line. (b) Thickness distribution of HE30 fibrils with an orange line showing Gaussian fit (total count: 469), mean±
S.D.: 4.3± 0.5 nm. (c) Width distribution of HE30 fibrils with a blue line showing Gaussian fit (total count: 260), mean± S.D.: 9.0± 1.4 nm.
(d) ThT fluorescence spectra of 200 μM ThT alone and coincubation of HE30 monomers or preformed fibrils (100 μM HE30 incubated in
water containing 0.8% ACN at 37 °C for 24 h) with ThT. (e) CD spectra of 100 μMHE30 incubated at 37 °C over time intervals of 0, 3, 6, 9, 12,
15, and 24 h, showing the transition from α-helix to β-sheet configuration during fibril formation, scale bar: 10−2 × [θ]/deg·cm2·dmol−1.
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high stability, remaining intact configuration even after 10
months of storage at room temperature (Figure S10a,b).
Increased Temperature Induces Left-Handed Twisted

Transition of HE30 Fibrils. We investigated the effect of
temperature on HE30 self-assembly by incubating 100 μM
HE30 at seven temperatures�room temperature (∼23 °C), 37,
50, 60, 70, 80, and 90 °C�for 24 h. At room temperature, HE30
formed only a limited number of short fibrils (Figure 3a, Figures
S11a and S12a), CD spectroscopy of samples incubated for 24 h
at room temperature reveals a significant presence of α-helical
structures, indicating a gradual assembly process (Figure 3e and

Figure S11b). Complete assembly into fibrils with lengths up to
micrometers required approximately 7 days or more (Figure
S11). These fibrils are predominantly straight and nontwisted,
with a minor fraction adopting left-handed twisted structures
that exhibit a half-pitch length of 67 ± 15 nm (Figure 3a−c,
Figure S11).
At 37 °C, HE30 assembled more rapidly, forming a larger

quantity of fibrils within 24 h (Figure 3a, Figure S12a). While
most fibrils remain nontwisted, the occurrence of twisted
structures increased. As the temperature rose, the proportion of
twisted fibrils progressively increased, reaching an almost 100%

Figure 3. Temperature-dependent fibril formation of HE30. (a) AFM topographies of 100 μM HE30 after 24 h incubation at various
temperature: 23, 37, 50, 60, and 70 °C. The inset shows an enlarged view of the area within the white dashed box, scale bar: 200 nm. (b) Effect of
temperature on the half-twisted pitch of HE30 fibrils. (c) Effect of temperature on the ratio of HE30 twisted fibrils. (d) Effect of temperature on
the length of HE30 fibrils. (e) CD spectra of HE30 after 24 h incubation at various temperature: 23, 37, 50, 60, and 70 °C, scale bar: 25× 10−3×
[θ]/deg·cm2·dmol−1. (f) Twisted transition observed following a 24 h incubation at 70 °C of HE30 fibrils initially formed at 37 °C. Inset: TEM
images of gold nanoparticle superstructures templated by HE30 fibrils show straight assemblies at 37 °C and twisted assemblies at 70 °C.

Figure 4. Formation of HE30 superhelical structures. (a) AFM image of 100 μMHE30 after 24 h incubation at 70 °C. (b) Left, amplified HE30
structures showing single, double, and four fibril chains; right, height profiles of the section lines indicated in left images. (c) HE30 superhelical
structures with zoom-in views highlighting the helical organization.
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twisted conformation at 70 °C (Figure 3a,c, Figure S12a).
Additionally, the twisted pitch shortens with increasing
temperature, with a half-pitch of approximately 51 ± 8 nm
observed at 70 °C (Figure 3b). At this temperature, the average
fibril length also extends to the micrometer scale, significantly
longer than those formed at lower temperatures (Figure 3a,d
and Figure S12a). CD spectroscopy indicated that both twisted
and nontwisted fibrils feature a β-sheet structure (Figure 3e).
The increase in ThT fluorescence intensity with rising
temperature further confirmed the β-sheet nature of the formed
fibrils (Figure S12b). However, a slight reduction in ThT
fluorescence intensity at 70 °C compared to 60 °C likely reflects

fewer available binding sites on the twisted fibrils (Figure
S12b).35 Notably, heating preassembled nontwisted fibrils to 70
°C induced their transformation into twisted fibrils, emphasizing
the role of elevated temperature in promoting twisted fibril
assembly (Figure 3f). The formed twisted fibrils exhibited high
stability, maintaining their structure without disassembly or
transitioning back to nontwisted states even after 10 months
(Figure S10c). At 80 °C, the quantity of HE30 fibrils diminished
markedly; AFM rarely detected fibrils, while negative-stain TEM
revealed the formation of a few larger helices composed of
multiple twisted fibrils (Figure S13a). Neither AFM nor
negative-stain TEM could detect fibril structures when

Figure 5. Cryo-EM structures of HE30 twisted fibrils. (a) Cryo-EMmicrograph of HE30 twisted fibrils formed at 70 °Cwith pitch highlighted by
white arrows. (b) 3D structural reconstructions of P1 (left) and P2 (right). (c, d) Density maps of P1 (c) and P2 (d) are colored in salmon and
blue, respectively. Key fibril parameters including half-pitch, fibril width, twist angle, and helical rise are annotated. (e, f) Structural models of
fibrils P1 (e) and P2 (f).
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incubated at 90 °C, likely because the peptides were partially
denatured at 80 °C and fully denatured at 90 °C (Figure S13b).
To further explore the application of HE30 fibrils, we assessed

HE30 fibrils as dynamic templates for colloidal assembly. Owing
to their thermoresponsive structural transition, HE30 fibrils

provide a programmable scaffold that directs AuNPs into well-
defined superstructures�an approach known to yield geome-
try-dependent plasmonic coupling, chiroptical activity, hot-spot
engineering, and device-relevant transport, with applications in
surface-enhanced Raman spectroscopy (SERS) sensing, pho-

Figure 6. Structural analysis and comparison of HE30 P1 and P2 fibril polymorphs. (a, b) Structural models of P1 (a) and P2 (b) withmagnified
views highlighting hydrophobic interactions between protofilaments and within individual protofilament. Key residues involved in the
interactions are labeled. (c) (i) Comparison of the overall structures of the P1 and P2 protofilament, with RMSD values indicated. (ii) Enlarged
view of the structure comparison, emphasizing differences in theC-terminal region (residues A59-E69). (d, e) Detailed views of the electrostatic
and hydrophobic interactions at the C-terminal region of P1 (d) and P2 (e), with related residues labeled.
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tonics, and nanoscale electronics.36−43 At 37 and 70 °C,
coincubation of AuNPs with HE30 fibrils led to edge-selective
adsorption along the fibril ridges and the emergence of template-
guided straight and helical twisted AuNPs superstructures
(Figure 3f).
HE30 Hierarchical Self-assembly into Superhelical

Fibril Structures. The observation of larger helices composed
of multiple twisted fibrils at 80 °C inspired us to investigate
whether HE30 could form higher-order fibril structures. Given
the partial denaturation of HE30 at 80 °C, we extended the
incubation time to 45 h at 70 °C. Under this condition, HE30
assembled into superhelical fibrils (Figure 4a,b). Two to four
twisted fibrils are intertwined together to form larger helical
structures (Figure 4a,b). The half-pitch of fibrils with single and
double chains is consistently around 52 nm, but decreases to
approximately 49 nm when the chain number increases to four
(Figure 4b). With prolonged incubation, these larger helical
fibrils underwent further twisting to form hierarchical super-
helical fibrils (Figure 4c, Figure S14). These superhelical fibrils
can extend up to several tens of micrometers in length and have
diameters of several hundred nanometers, with tightly packed,
higher-level superhelical fibril structures (Figure 4c, Figure S14).
We further assessed the membrane-disruptive activity and

cytotoxicity of HE30 fibrillar assemblies, including nontwisted,
twisted, and superhelical forms. Neither membrane disruption,

GUV leakage, nor cytotoxicity toward HEK293T cells was
detected (Figures S6b−d, S8b−d, and S15), indicating that
HE30 amyloid fibrils either do not interact with membranes or
interact only weakly. This stands in contrast to the monomeric
state, which exhibits membrane-disruptive activity but only at
relatively high concentrations. The spontaneous α-helix−to−β-
sheet transition of HE30 monomers into amyloids likely
underlies this behavior, as fibril formation diminishes and
sequesters the active monomers and thereby diminishing their
membrane activity.
Cryo-EM Characterization of HE30 Twisted Fibrils. To

further investigate the structural mechanism underlying HE30
fibril self-assembly, we performed cryo-EM to determine the
atomic structure of the HE30 fibrils. Due to the technical
limitation of cryo-EM helical reconstruction in studying straight,
nontwisted fibrils,44−46 we focus on the twisted fibrils formed at
70 °C. This fibril sample was applied to copper grids and rapidly
frozen in liquid ethane for cryo-EM data collection. A total of
6,435,335 autopicked particles, derived from 6,243micrographs,
were applied to two-dimensional (2D) classification and
subsequent 3D reconstruction (Figure 5a). Intriguingly, 2D
classification revealed two major fibril polymorphs, designated
as polymorph 1 (P1) and polymorph 2 (P2), comprising
approximately 78 and 18% of the sample, respectively (Figure
S16a). Both polymorphs displayed a cross-β structure (Figure

Figure 7. Assembly and disassembly of HE30 fibrils under various pH conditions. (a) AFM images and (b) CD spectra of 100 μMHE30 after a
24 h incubation at 37 °C across pH buffers of 10 mM sodium acetate (pH 4.4), 10 mM sodium phosphate (pH 5.4), 10 mM sodium phosphate
(pH 6.4), 10mMTris-HCl (pH 7.4), 10mMTris-HCl (pH 8.4), and 10mMglycine-sodium hydroxide (pH 9.4). The inset histogram highlights
the thickness of HE30 fibrils formed at pH 4.4, while the blue dashed square donates an enlarge view ofHE30 assemblies formed at pH 6.4, scale
bar: 10−2 × [θ]/deg·cm2·dmol−1. (c) CD spectra of HE30 fibrils preformed in H2O at 37 °C after a 2 h incubation at room temperature in
solutions prepared by 1:1 (v:v) mixing with (1) H2O, (2) 10 mM sodium acetate (pH 4.4), (3) 10 mM sodium phosphate (pH 5.4), (4) 10 mM
sodium phosphate (pH 6.4), (5) 10 mMTris-HCl (pH 7.4), (6) 10 mMTris-HCl (pH 8.4), and (7) 10mM glycine-sodium hydroxide (pH 9.4),
scale bar: 10−2× [θ]/deg·cm2·dmol−1. The results demonstrate that fibrils maintain β-sheet configurations in acidic conditions but transition to
anα-helical configuration at neutral or basic pH. (d) AFM images of HE30 fibrils preformed inH2O at 37 °C (left), after 2 h incubation at pH 9.0
at room temperature (adjusted with 50mMNaOH) (middle), and following pH adjustment to 4.0 with 500mMHCl and 4.5 days of incubation
at 37 °C (right), showing reversible structural changes. (e) Statistical analysis of fibril length corresponding to the data in (d), highlighting the
reversible nature of fibril assembly and disassembly.
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5b), rather than an α-helix conformation, with overall
resolutions of 2.9 Å for P1 and 3.2 Å for P2 (Figure S16b−d).
P1 and P2 share key structural features, including a left-

handed twist, 4 polypeptide chains per layer, antiparallel β-sheet
packing across two protofilaments, and an interlayer spacing of
∼4.7 Å (Figure 5c,d). However, the two polymorphs differ in
their helical symmetries and dimensions. P1 adopts C2
symmetry with a fibril half-pitch of approximately 49 nm (a
full pitch corresponding to a 360° helical turn), a fibril width of
∼9 nm, and a twist angle of 178.3° between adjacent layers. In
contrast, P2 exhibits pseudo-21 helical screw symmetry, with a
half-pitch of ∼50 nm, a fibril width of ∼10 nm, and a twist angle
of 179.2° between adjacent layers (Figure 5c,d). These fibril
half-pitch results obtained from cryo-EM are consistent with
AFM measurements (Figure 3a,b).
The spatial arrangements of the polypeptide chains also differ

between the two polymorphs. In P1, the chains within the same
protofilament are nearly linear, displaying antiparallel packing
with differences in chain length (Figure 5e, Figure S17a). In
contrast, in P2, the chains are also antiparallel and vary in length
but exhibit a slight bending in their conformation (Figure 5f,
Figure S17a). The fibril core of P1 comprises residues S43−V67
in the inner long chain and M51−E69 in the outer short chain,
while P2 includes residues K45−E69 in the long chain and S50-
E69 in the short chain (Figure 5e,f, and Figure S17a,b). Notably,
the bending of chains in P2 reduces the interaction interface
compared to P1.
Structure Reveals the Self-Assembly of HE30 Fibrils.

Further structural analyses were conducted on P1 and P2 fibril
polymorphs to identify the molecular interactions governing
their fibril structures. Extensive hydrogen bonds between
neighboring peptide layers along the fibril axis were observed,
playing a crucial role in stabilizing the cross-β structures of both
P1 and P2 fibrils (Figure S17c). When comparing peptides from
the same layer, despite differences in spatial arrangement, the
intermolecular interactions at the protofilament interfaces were
found to be similar between P1 and P2 (Figure 6, Figure S17b).
Specifically, hydrophobic interactions, formed by residues M51
and L57′ & A59′ from adjacent chains, stabilize the interface
between protofilaments in both P1 and P2 (Figure 6a,b).
Additionally, within each protofilament, hydrophobic inter-
actions also play a central role. In P1, six residues (I54, L56, and
M58, interacting with M58′, L56′, and I54′ from an adjacent
chain) form a zipper-like hydrophobic interaction (Figure 6a).
In contrast, P2 involves five residues, including I54, L56, and
M58 from one chain andM58′ and L56′ from an adjacent chain,
due to conformational differences (Figure 6b). These hydro-
phobic interactions are critical to the stability of HE30 fibrils.
Structural comparisons reveal significant conformational

similarities between P1 and P2, with root-mean-square
deviations (RMSD) of 1.802 Å (over 68 C-α atoms) and
1.724 Å (over 35 C-α atoms), respectively (Figure 6c). The
primary difference lies in the C-terminal region (residues A59−
E69; Figure 6c). Further analysis of the C-terminal interactions
shows that, while both polymorphs are stabilized by electrostatic
interactions, the residues involved differ. In P1, multiple
electrostatic interactions, including Q63 & K45′, K65 & S43′,
and E49′, S62, and Q63 with adjacent backbones, stabilize the
interface (Figure 6d). In P2, K45′, Q63, and a hydrophobic
interaction between L64 & L52′′ in a distinct region are
observed (Figure 6e). Together, cryo-EM structures reveal that
the HE30 fibril packing is stabilized by a combination of
hydrophobic and electrostatic interactions.

HE30 Fibril Assembly Affected by pH and Salts.
Although HE30 fibrils exhibit remarkable stability and are still
available even after 10 months at room temperature (Figure
S10), the peptide contains pH-sensitive amino acids (H, K, E,
andD), and its twisted fibril structures suggest the importance of
electrostatic interactions, pointing to potential pH-sensitive
assembly properties. To investigate this, we studied HE30
assemblies under various pH conditions. AFM imaging revealed
that most fibrils HE30 formed at pH 4.4 are straight and
nontwisted after a 24 h incubation at 37 °C (Figure 7a), with a
thickness of approximately 4.2± 0.6 nm�consistent with fibrils
formed in water at 37 °C (Figure 2a,b). CD spectra confirmed
that these fibrils retained β-sheet configurations, similar to those
formed in water (Figures 7b, 2e, and 3e). These observations
indicate that HE30 fibrils formed at pH 4.4 share structural
characteristics with those formed in water. The greater
abundance of fibrils formed at pH 4.4 compared to water
suggests that strongly acidic conditions promote HE30 fibril
formation (Figures 7a, 2a, and 3a). As the incubation pH
increased, the quantity of fibrils formed decreased (Figure 7a).
At pH 6.4, only small, short fibrils were observed. At pH ≥ 7.4,
HE30 primarily remained as α-helical monomers or formed
small oligomers, with minimal fibril formation after a 24 h
incubation at 37 °C (Figure 7a,b).
Next, we evaluated the stability of preformed HE30 fibrils

under various pH conditions. Fibrils were preformed by
incubating 100 μM HE30 in water at 37 °C for 24 h, followed
by 2 h incubation at room temperature in buffers ranging from
pH 4.4 to 9.4. CD spectra showed that fibrils retained β-sheet
conformations at pH ≤ 5.4, but transitioned back to α-helix
configurations in neutral or alkaline buffers (Figure 7c).
Correspondingly, AFM imaging confirmed that fibrils were
stable at pH ≤ 5.4 but disassembled at pH ≥ 6.4 (Figure S18).
Given these pH-dependent behaviors, we investigated the

reversibility of HE30 fibril formation. AFM imaging showed that
fibrils preformed in water completely disassembled into
nanoparticles after a 2 h incubation at a pH of ∼9.0 (adjusted
with NaOH). However, upon lowering the pH to∼4.0 with HCl
and incubating for 4.5 days at 37 °C, fibrils reformed (Figure
7d,e). This reversible behavior highlights the importance of
hydrogen bonds in the formation and stability of HE30 fibrils. At
a pH of ∼4.0, pH-sensitive amino acids readily form hydrogen
bonds, promoting fibril assembly. Conversely, under alkaline
conditions, deprotonation disrupts these hydrogen bonds,
leading to fibril disassembly.
In addition to pH, buffer salts significantly influence theHE30

fibril assembly. AFM imaging (Figure S19a−d) showed that
increasing concentrations of KCl, NaCl, or CaCl2 progressively
reduced fibril formation after a 24 h incubation at 37 °C.
Statistical analysis of fibril coverage (Figure S19e) confirmed
that higher salt concentrations negatively impact HE30 fibril
formation, highlighting the role of electrostatic interactions in
modulating fibril assembly. Together, these findings indicate
acidic conditions (∼pH 4.4) favor HE30 fibril formation, while
neutral or basic conditions and the presence of salts inhibit
assembly. These results emphasize the critical role of electro-
static interactions in the assembly and stabilization of HE30
fibrils.
Real-Time Monitoring of HE30 Fibril Growth. We

employed in situ AFM47,48 to monitor the process of HE30
fibril assembly. To overcome the extended incubation time
required for HE30 fibril formation at room temperature (Figure
S11), we first deposited preformed HE30 fibril seeds onto a
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silicon wafer substrate. Subsequently, we added 30 μM HE30
monomers to initiate fibril elongation and imaged their growth
in real time. Notably, asymmetric growth was observed, where
one fibril end exhibited faster elongation, while the opposite end
displayed slower growth or complete inhibition (Figure 8a, b).
The fast-growing end showed an average elongation rate of 1.4
nm/min, which was ∼4-fold higher than the slow-growing end
(Figure 8c−e). The observed variability in fibril growth rates
may be attributed to several factors: (1) Differences in the

efficiency of monomer recruitment by individual fibril seeds,

resulting in variable growth rates.49,50 (2) Fibril polymorphism,

where structural differences at the two ends may lead to

differential monomer binding affinities, with certain config-

urations potentially hindering monomer attachment.51 (3)

Intrinsic conformational fluctuations of protein monomers in

solution, which can affect their assembly efficiency.52

Figure 8. Asymmetric growth of HE30 fibrils. (a, b) Representative AFM images depicting asymmetry fibril growth, where one end exhibits
faster elongation (blue arrow in (a), red arrow in (b)) while the other end shows slower growth or inhibition (green arrows). (c, d) Time-course
analysis of fibril elongation at the arrow labeled ends in (a) and (b), respectively. The initial fibril length at both ends is defined as 0 at time 0
min. (e) Statistical comparison of the average growth rates for the fast-growing end (total count: 21) and slow-growing end (total count: 21). (f)
Proposed molecular mechanism underlying asymmetric seeding reactions at HE30 fibril ends based on the observed differential growth
dynamics.

Figure 9. Schematic illustration of the mechanisms underlying the HE30 self-assembly. HE30 undergoes α-helix to β-sheet transitions, leading
to hierarchical assembly into nontwisted fibrils, twisted fibrils and subsequently, high-order superhelical structures.
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DISCUSSION
In this study, we investigated the membrane interaction and self-
assembly of HE30, which is the central structural transition
domain of NINJ1. We show that HE30 engages lipid
membranes in a nonlytic manner. Monomeric HE30 perturbs
supported lipid bilayers through bilayer thinning and lipid
reorganization (Figures 1 and 9), but induces only minimal dye
leakage fromGUVs at a peptide-to-lipid ratio of 3:1 and exhibits
no cytotoxicity (Figures S6 and S7). This limited activity is likely
due to its spontaneous α-helix−to−β-sheet transition in
solution, as fibrillar HE30 displays negligible membrane
interaction or cytotoxicity (Figures S6, S8, and S15). These
findings also reconcile previously reported cargo-release activity,
which required unusually high peptide-to-lipid ratios
(∼157:1).23 While monomeric HE30 alone does not fully
recapitulate the membrane activity of full-length NINJ1, its
ability to engage membranes as a single amphipathic chain
provides mechanistic insight into the early steps of protein−
membrane interactions during NINJ1-mediated PMR.
A notable discovery is the temperature-dependent morpho-

logical transformation of the HE30 fibrils (Figure 9). At
physiological temperatures, the fibrils predominantly exhibit a
nontwisted structure. However, with increased temperature,
these fibrils transition into left-handed twisted forms with
tunable pitches and lengths. Moreover, elevated temperatures
induce the formation of higher-order superhelical bundles. This
dynamic transformation expands our understanding of amyloid
aggregation, revealing that fibril morphology can be precisely
tuned by temperature. Such tunable behavior holds promise for
designing functional amyloid-based materials with customizable
mechanical and self-assembly properties.
Helically organized AuNPs represent a key platform in chiral

plasmonics, where pitch, particle size, and interparticle distance
critically define the strength and spectral position of chiroptical
responses.39−42,39−42,53−55 Hard templates such as silica nano-
helices provide robust and uniform scaffolds for site-selective
AuNP deposition, while soft templates, including engineered
peptides and amyloid fibrils, offer chemical programmability and
stimuli-responsiveness that enable dynamic control of chiral
assemblies. In this context, we demonstrate that HE30 fibrils
function as efficient chiral templates for the organization of
AuNPs into both straight and helical superstructures. Unlike
conventional scaffolds, HE30 fibrils are biocompatible and fully
solution-processable, allowing the AuNP assembly without
harsh surface chemistry. Moreover, their intrinsic thermal
responsiveness affords reversible switching between straight
and helical arrangements. Together, these attributes integrate
the stability and programmability of existing platforms with
unique stimuli-responsiveness, positioning HE30 fibrils as
versatile and biocompatible scaffolds for developing reconfig-
urable plasmonic and chiroptical nanomaterials.
Cryo-EM analysis identified two distinct polymorphs of HE30

fibrils, differentiated by their helical symmetry and fibril
dimensions. Both polymorphs exhibit the characteristic cross-
β architecture, with one polymorph (P1) adopting C2 symmetry
and the other (P2) displaying pseudo-21 helical screw symmetry.
The ability of HE30 to form multiple polymorphs under
identical environmental conditions highlights the inherent
structural plasticity of amyloid fibrils. This polymorphism likely
influences fibril stability, aggregation dynamics, and potential
interactions with cellular components or biomolecules, under-

scoring the biological and functional significance of amyloid
heterogeneity.
HE30 fibrils exhibit high stability, remaining intact without

disassembly even after 10 months at room temperature.
However, environmental factors, particularly pH and ionic
strength, play crucial roles in regulating the self-assembly of
HE30 fibrils. Acidic conditions (∼pH 4.4) favor fibril formation,
driven by enhanced hydrophobic interactions and electrostatic
interactions, while alkaline conditions lead to rapid disassembly
into α-helical monomers due to disruption of these interactions,
especially hydrogen bonds. The inhibitory effect of salts further
underscores the critical role of electrostatic interactions in fibril
stabilization. These findings suggest that modulating pH and
ionic strength offers a viable strategy for controlling fibril
assembly and disassembly, paving the way for developing
functional amyloid nanomaterials such as drug delivery systems.
Real-time AFM imaging revealed asymmetric fibril growth

with one end elongating faster than the other. This directional
growth suggests that fibril formation is a dynamic and
nonuniform process, driven by differential monomer recruit-
ment at fibril ends. Understanding this asymmetric growth
mechanism provides valuable insights into amyloid assembly
and offers a potential framework for designing amyloid-based
nanostructures with predictable geometries and functionalities.
Our structural and functional dissection of HE30 integrates

diverse aspects of amyloid biology while advancing several
fronts. In the amyloid field, phenomena such as helix-to-β
transitions, fibrillar polymorphism, electrostatic regulation by
pH and ionic strength, and asymmetric growth kinetics have
been observed in both pathological and functional systems.
However, these principles are rarely comprehensively charac-
terized within a single protein or peptide, leaving many
fundamental mechanisms of amyloid formation and toxicity
incompletely understood. Here, HE30�the N-terminal frag-
ment of NINJ1�bridges these properties by coupling an α-
helical, monomeric, nonlytic membrane-remodeling state to a
reversibly assembled cross-β state, whose polymorphs we
resolve by cryo-EM. Temperature modulates twist and
hierarchical supercoiling, while acidity promotes, and salts or
bases suppress, assembly, highlighting a dominant electrostatic
grammar layered atop hydrophobic interactions. Subtle adjust-
ments of temperature, pH, and incubation time enable precise
control over the helical pitch, diameter, and handedness of the
resulting chiral nanostructures. Real-time AFM reveals strongly
polarized elongation, consonant with asymmetric end kinetics
seen for Aβ, but in a peptide whose native role is related to
membrane rupture. This decoupling of monomers from inert
fibrils, together with the ability to template AuNP super-
structures, establishes HE30 as a minimal, stimuli-program-
mable amyloid platform that extends current models of
polymorphism and function.

CONCLUSIONS
In conclusion, this study delineates the membrane interactions
and distinctive self-assembly properties of HE30, a NINJ1-
derived peptide capable of reversible α-helix−to−β-sheet
transitions and polymorphic fibril formation. In its monomeric
state, HE30 engages lipid bilayers in a nonlytic manner,
reorganizing membranes and modulating properties such as
thickness. In aqueous solution, HE30 spontaneously assembles
into nontwisted, twisted, and bundled fibrils, which undergo
temperature-dependent transformations into two additional
polymorphs with C2 symmetry and pseudo-21 helical screw
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symmetry. The fibrils further exhibit asymmetric growth
dynamics with differential elongation rates at opposing ends.
Temperature-dependent nontwist−to−twist transitions, togeth-
er with reversible pH-driven assembly and disassembly, position
HE30 as a minimal platform for engineering environmentally
responsive amyloid materials. Moreover, coincubation with
AuNPs at 37 and 70 °C yields template-guided straight and
helically twisted AuNP superstructures through edge-selective
adsorption along fibril ridges.

MATERIALS AND METHODS
Sample Preparation. One mg portion of synthesized HE30

(98.69%, GL Biochem, Shanghai, China) was dissolved in 100 μL of 1%
acetonitrile (ACN). A 2 μL aliquot of this solution was then mixed with
63.5 μL of distilled water and 0.5 μL of ACN to prepare 66 μL of 100
μMHE30 solution containing 0.8% ACN. For temperature-dependent
experiments, peptide solutions were incubated at temperatures ranging
from 23 to 90 °C for 24 h or the indicated times. For the helical
transition experiment, preformed HE30 fibrils (66 μL 100 μM HE30
was incubated at 37 °C for 14 days) were incubated at 70 °C for 1 day.
For pH-dependent assembly experiments, distilled water was replaced
with buffer solutions and incubated at 37 °C for 1 day or the indicated
times. The pH values of buffer solutions used were as follows: pH 4.4
(10 mM Sodium acetate), pH 5.4 (10 mM Sodium phosphate), pH 6.4
(10 mM Sodium phosphate), pH 7.4 (10 mM Tris-HCl), pH 8.4 (10
mM Tris-HCl), and pH 9.4 (10 mM Glycine-Sodium hydroxide). For
acid−base stability experiments, preformed HE30 fibrils (66 μL 100
μM HE30 incubated in water at 37 °C for 14 days) were mixed with
equal volumes of buffers ranging from pH 4.4 to 9.4, followed by 2 h
incubation at room temperature. For the reversibility assembly of HE30
fibril, fibrils were preformed by incubating 66 μL of 100 μM HE30 in
water at 37 °C for 24 h were adjusted with 50 mM NaOH to a pH of
∼9.0, followed by a 2 h incubation at room temperature. The pH was
subsequently adjusted to pH ∼4.0 using 500 mM HCl and then
incubated for 4.5 days at 37 °C. For salt-dependent experiments, HE30
was dissolved in 0.8% ACN solutions containing 1 mM, 10 mM, 100
mM, or 1 M KCl, NaCl, or CaCl2. The samples were then incubated at
37 °C for 24 h before testing. For in situ experiments, HE30 fibril seeds
were initially preformed by incubating 10 μM HE30 in 0.8% ACN for
24 h at room temperature. Subsequently, 5 μL of the preformed fibrils
were deposited onto a clean silicon wafer substrate (4 × 4 mm in size).
Fresh 10 μL of 30 μMHE30 monomers were added to the substrate to
track fibril growth in real time at room temperature. Preparation of
AuNP superstructures: HE30 fibrils were prepared by incubating a 100
μM HE30 solution at 37 or 70 °C for 24 h. To assemble AuNP
superstructures, 7 μL of the fibril suspension was mixed with 3 μL of 0.1
mgmL−1 citrate-capped gold nanoparticles. The mixture was incubated
in the dark for 3 h and subsequently stored at room temperature.
HPLC and MS. The peptide samples were analyzed by HPLC on a

Gemini-NX C18 column (5 μm, 4.6 × 250 mm). The mobile phase
consisted of 0.1% trifluoroacetic acid (TFA) in acetonitrile (ACN) and
0.1% TFA in water. The total flow rate was maintained at 1.0 mLmin−1,
with a UV detection at 220 nm. MS analysis was performed on a
Shimadzu LCMS-2020 instrument using ESI mode.
SEC. The molecular weight distribution of HE30 was analyzed using

a Waters HPLC system equipped with a BioCore SEC-120 column (5
μm, 7.8 × 300 mm, NanoChrom). HE30 (1 mg) was dissolved in 3 mL
of 0.8% acetonitrile (ACN), and 5 μL of the solution was injected. The
mobile phase consisted of 150 mM phosphate buffer (pH 6.8) at a flow
rate of 0.7 mL/min. The column temperature was maintained at 25 °C,
and the UV absorbance was monitored at 214 nm. Molecular weight
calibration was performed by using standard proteins and peptides:
BSA (66,430 Da), IgG (150,000 Da), cytochrome c (12,365 Da), Ala-
Tyr-Glu-Val-Asp (595 Da), and tyrosine (181 Da).
Preparation of SLBs. The method for SLB formation was detailed

in our previous studies and followed a standardized procedure.56−59 In
brief, the lipids obtained from Avanti Polar Lipids were dissolved in
chloroform, mixed with DOPC:DOPS:DOPE = 8:1:1. All the lipid

compositions used in this work are shown in mass ratios. The mixture
was then dried using argon flow in a small glass vial, followed by >2 h
incubation in a vacuum desiccator. Subsequently, lipids were fully
rehydrated with buffer (20 mM HEPES-NaOH, pH 7.4, 150 mM
NaCl) for 5 min at room temperature, with the volume adjusted to
achieve a lipid solution at 0.5 mg/mL. Next, the lipid suspension was
either bath-sonicated for 45 min or tip sonicated for ∼4 min to obtain a
clear small unilamellar vesicle (SUV) solution. Finally, 1 μL 5 mM
CaCl2 and 5 μL of lipid solution were deposited onto a freshly cleaved
2.2 mm diameter mica disk, incubated for over 30 min to form largely
covered SLBs, and rinsed thoroughly with buffer (20 mM HEPES-
NaOH, pH 7.4, 150 mM NaCl).
High-Speed Atomic Force Microscopy (HS-AFM). HS-AFM

imaging was performed at room temperature by adding 313 μM (1mg/
mL) HE30 monomers to preformed lipid SLBs (DOPC:DOPS:DOPE
= 8:1:1, wt), which were then directly imaged by HS-AFM. All images
in this study were acquired using an HS-AFM (SS-NEX, RIBM, Japan)
operated in amplitude modulation mode. Eight μm short cantilevers
(USC-F1.2-k0.15, NanoWorld, Switzerland) with a nominal spring
constant of 0.15 N/m, a resonance frequency of ∼0.6 MHz, and a
quality factor of ∼1.5 in imaging buffer (20 mM HEPES-NaOH, pH
7.4, 150 mM NaCl) were used. HS-AFM movies were processed using
ImageJ 1.52, and plane fitting was applied to flatten the images.
Atomic Force Microscopy (AFM). A 5 μL drop of the HE30

sample was applied to freshly cleaved mica (1.5 mm in diameter) for 10
min. The mica surface was then washed five times with distilled water
and imaged in distilled water. For HE30−SLB interaction experiments,
20 μL of 100 μMHE30monomer or fibrils was added to SLBs, and real-
time changes were monitored by AFM imaging. AFM imaging was
conducted using tapping mode with Bruker SNL-10 A/B/C/D
triangular probes (nominal spring constant: k = 0.35, 0.12, 0.24, 0.08
N/m) at room temperature on a Bruker Multimode 8 AFM system
Negative-Stain Transmission ElectronMicroscopy (TEM). A 5

μL portion of the HE30 sample was dropped onto a glow-discharged
copper grid coated with parlodion and carbon and left for 5min at room
temperature. The grid was then washed with 300 μL of distilled water,
followed by staining with 7.5 μL 1% uranyl acetate for 2 min and
blotting dry with filter paper. Negative-stained images were collected by
using either a JEOL2100 microscope operating at 200 kV or a JEOL
JEM-1011 microscope operating at 100 kV.
Cryo-EM Sample Preparation and Data Collection. A 635 μL

solution of 100 μMHE30 in 0.8% ACNwas incubated at 70 °C for 24 h
and then concentrated to approximately 60 μL. A 3 μL aliquot of the
concentrated sample was deposited onto Quantifoil R1.2/1.3 300 Au
holey carbon grids (Quantifoil), and the grid was then blotted and
frozen in liquid ethane using a Vitrobot Mark IV (FEI). The grids were
stored in liquid nitrogen for further use. Data collection was performed
on a 300 kV Titan Krios (FEI) microscope equipped with a K3 summit
detector (Gatan) and a Gatan imaging filter (GIF) with a slit of 20 eV.
Automatic data acquisition was carried out using SerialEM software.60

The data were collected in super-resolution mode with a physical pixel
size of 1.04 Å. The dose rate was set to 13.7 e−/pixel/s, and the total
exposure time was 4.8 s. Each micrograph was divided into 40 frames. A
total of 7180 micrographs were collected for the HE30 peptide.
Image Processing. The MotionCorr261 for motion correction was

performed to correct beam-induced motion of movie frames with dose-
weighting. Next, CTFFIND-4.1.862 was used to estimate the contrast
transfer function of motion-corrected images. Only micrographs with
resolution beyond 5 Å, which were estimated by CTFFIND-4.1.8, were
applied to the following 3D reconstruction in RELION version 3.1.63

Helical Reconstruction. A small part of fibrils was manually picked
by using the manual picking method of RELION 3.1,63 and its two-
dimensional (2D) classification results were used for autopicking. The
autopicking results were applied to the helical reconstruction in
RELION 3.1,63 including particle extraction, 2D classification, 3D
classification, 3D autorefinement, CTF refinement, Bayesian polishing,
and postprocessing.
After autopicking and particle extraction, 6,435,335 particles from

6243 selected high-quality micrographs in 288 pixels box-size were
applied to several iterations of 2D classification at the T = 2
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regularization parameter to purify particles. Then, a cylindrical map
model generated by the RELION helix toolbox program was used as an
initial 3D reference to perform the following 3D classification (K = 3)
for both 2 classes. When the local search of symmetry for helical twist
and rise was carried out after the separation of β-strands, the clearest
class was selected for the following data processing. 3D classification,
3D autorefinements, Bayesian polishing, and CTF refinement were
repeated for two rounds to obtain better helical reconstruction results.
Finally, the overall resolutions of two classes of fibrils were reported at
2.9 and 3.2 Å, based on the gold-standard FSC = 0.143 criteria.
Atomic Model Building and Refinement. Using the density

maps after the postprocessing program, the atomic models of two
classes of fibril were built de novo in COOT,64 respectively. Then,
three-layer models were generated in software Chimera or ChimeraX
and refined by a real-space refinement program in PHENIX.65,66

Additional details about the two models are shown in Table S3.
Circular Dichroism. For Figure 1h, 100 μL of 100 μM HE30 in

water with 0.8% ACNwas prepared after incubation at 37 °C for 0, 3, 6,
9, 12, 15, 18, 21, or 24 h. For Figure S2, 122 μL of 50 μMD-HE30 was
dissolved in 0.8% ACN and measured immediately. For Figure 2e, 200
μL of 250 μM HE30 was prepared after 24 h of incubation at
temperatures of 23, 37, 50, 60, or 70 °C. For Figure S4, 100 μL of 100
μMHE30was prepared after incubation at room temperature for 0, 1, 3,
7, 10, or 13 days. For Figure 6b, 200 μL of 100 μMHE30 was prepared
after 24 h of incubation at 37 °C in buffers (containing 0.8%ACN) with
pH values of 4.4, 5.4, 6.4, 7.4, 8.4, or 9.4. The pH buffer solutions used
were as follows: pH 4.4 (10 mM sodium acetate), pH 5.4 (10 mM
sodium phosphate), pH 6.4 (10 mM sodium phosphate), pH 7.4 (10
mM Tris-HCl), pH 8.4 (10 mM Tris-HCl), and pH 9.4 (10 mM
glycine-sodium hydroxide). For Figure 6c, HE30 fibrils, preformed by
incubation of 100 μL of 100 μM HE30 at 37 °C for 24 h, were mixed
with equal volumes of buffers ranging from pH 4.4 to 9.4, followed by 2
h of incubation at room temperature. The CD spectrum was measured
with a Chirascan plus spectrometer (Applied Photophysics, U.K.) from
190 to 260 nm with a 1 mm optical path.
Thioflavin T (THT) FluorescenceMeasurements. For Figure 1g,

500 μL of 100 μMHE30 monomers or preformed fibrils (prepared by
incubating 500 μL of 100 μMHE30 in water (containing 0.8% ACN) at
37 °C for 24 h) was mixed with 500 μL of 400 μM ThT, resulting in a
final 1 mL of 50 μM HE30 and 200 μM ThT. The mixtures were
coincubated at room temperature for 2 h prior to measurement. For
Figure S5b, 500 μL of 100 μMHE30 monomers were incubated at 23,
37, 50, 60, or 70 °C for 24 h and then mixed with 500 μL of 400 μM
ThT to achieve a final concentration of 50 μMHE30 and 200 μMThT
in a 1mL solution. These samples were also coincubated for 2 h at room
temperature before measurement. The ThT fluorescence spectra were
recorded using an FS5 spectrofluorometer (Edinburgh Instruments,
UK) with an excitation wavelength of 450 nm.
GUVs Leakage. GUVs with a composition of DOPC: DOPS:

DOPE: Liss rhod PE (18:1) = 8:1:1:0.005 (Avanti Polar Lipids, Inc.)
were produced via electroformation using the Vesicle Prep Pro (Nanion
Technologies).67 10 μL 2 mg/mL lipid mixtures in chloroform were
deposited within an 18 mmO-ring chamber mounted on an indium tin
oxide (ITO) electrode and placed in a vacuum chamber for 2 h.
Subsequently, the O-ring chamber was filled with about 200 μL of 200
mM sucrose solution (shielded from light with aluminum foil), and the
Vesicle Prep Pro machine was operated using a standardized protocol
(37 °C, 100 Hz, 7.5 V, 10 min Rise, 120 min Main, 30 min Fall). The
resultant GUVs were stored in a small glass bottle at 4 °C.
Before the addition of HE30, 90 μL of mixed liquid (containing 80

μL of GUVs with a composition of DOPC:DOPS:DOPE:Liss rhod PE
(18:1) = 8:1:1:0.005 in sucrose, 10 μL of 10 μMFITC-dextran (Sigma-
Aldrich)) was dispensed on the glass-bottom dish. Ten μL of 3.13 mM
HE30 monomers, HE30 nontwisted fibrils formed at 37 °C, HE30
twisted fibrils formed at 70 °C, and HE30 superhelical fibrils formed at
70 °C for 2 days were then introduced to themixed solution. The GUVs
were imaged with a confocal fluorescence microscope (FV3000,
Olympus) and processed with Fiji (ImageJ).
Cell Viability Assay. A549 (CL-0016), MRC-5 (CL-0161), NCI-

H1299 (CL-0165), NCI-H460 (CL-0299), and HEK293T cell lines

were obtained from Procell Life Science & Technology (Wuhan,
China). A549 cells were cultured in Ham’s F-12K medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin−streptomycin. MRC-5 cells were maintained in Modified
Eagle’s Medium (MEM) with 10% FBS and 1% penicillin−
streptomycin. NCI-H1299 and NCI-H460 cells were grown in RPMI
1640 medium (Gibco, USA) supplemented with 10% FBS and 1%
penicillin−streptomycin. HEK293T cells were cultured in 88% high-
glucose DMEM, 10% FBS, and 2% penicillin dihydrate. All cells were
maintained at 37 °C in a humidified incubator with 5% CO2.
Cell proliferation was assessed using CCK-8 (Beyotime, China)

according to the manufacturer’s instructions. Briefly, 1 × 104 cells were
seeded into each well of a 96-well flat-bottomed plate and incubated for
24 h. Cells were then treated with HE30 monomers or fibrils at the
indicated concentrations for an additional 24 h. Subsequently, 10 μL of
CCK-8 solution was added to each well and incubated for 2 h at 37 °C.
Absorbance at 450 nm was measured using a microplate reader
(Thermo Fisher Scientific). Each experiment was performed
independently in triplicate.
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