
Dual Amyloid Cross-Seeding Reveals Steric Zipper-
Facilitated Fibrillization and Pathological Links between 

Protein Misfolding Diseases

Journal: Journal of Materials Chemistry B

Manuscript ID TB-ART-12-2020-002958.R1

Article Type: Paper

Date Submitted by the 
Author: 08-Feb-2021

Complete List of Authors: Zhang, Yanxian; University of Akron, Chemical and Biomolecular 
Engineering
Zhang, Mingzhen; University of Akron, Chemical and Biochemical 
Engineering
Liu, Yonglan; University of Akron, Chemical and Biomolecular 
Engineering
Zhang, Dong; University of Akron, Chemical, Biomolecular, and 
Corrosion Engineering; University of Akron,  
Tang, Yijing; University of Akron, Chemical and Biomolecular Engineering
Ren, Baiping; Dalian University of Technology, School of Life Science and 
Biotechnology
Zheng, Jie; University of Akron, Chemical and Biomolecular Engineering

 

Journal of Materials Chemistry B



1

Dual Amyloid Cross-Seeding Reveals Steric Zipper-Facilitated Fibrillization and 

Pathological Links between Protein Misfolding Diseases

Yanxian Zhang1ζ, Mingzhen Zhang1ζ, Yonglan Liu1ζ, Dong Zhang1, Yijing Tang1, Baiping 
Ren1, and Jie Zheng1*

1Department of Chemical, Biomolecular, and Corrosion Engineering
The University of Akron, Ohio, USA

ζ These authors contribute equally to this work. 

* Corresponding author: zhengj@uakron.edu

Page 1 of 33 Journal of Materials Chemistry B

mailto:zhengj@uakron.edu


2

Abstract

Amyloid cross-seeding, as a result of direct interaction and co-aggregation between 
different disease-causative peptides, is considered as a main mechanism for the spread of 
the overlapping pathology across different cells and tissues between different 
protein-misfolding diseases (PMDs). Despite biomedical significance of amyloid 
cross-seeding in amyloidogenesis, it remains a great challenge to discover amyloid 
cross-seeding systems and reveal their cross-seeding structures and mechanisms. Herein, 
we are the first to report that GNNQQNY – a short fragment from yeast prion protein 
Sup35 – can cross-seed with both amyloid-β (Aβ, associated with Alzheimer’s disease) 
and human islet amyloid polypeptide (hIAPP, associated with type II diabetes) to form 
β-structure-rich assemblies and to accelerate amyloid fibrillization. Dry, steric β-zippers, 
formed by the two β-sheets of different amyloid peptides, provide generally interactive 
and structural motifs to facilitate amyloid cross-seeding. The presence of different steric 
β-zippers in a variety of GNNQQNY-Aβ and GNNQQNY-hIAPP assemblies also 
explains amyloid polymorphism. In addition, alteration of steric zipper formation by 
single-point mutations of GNNQQNY and interactions of GNNQQNY with different Aβ 
and hIAPP seeds leads to different amyloid cross-seeding efficiencies, further confirming 
the existence of cross-seeding barriers. This work offers a better structural-based 
understanding of amyloid cross-seeding mechanisms linked to different PMDs.  

Keywords: GNNQQNY, Amyloid cross-seeding, Amyloid aggregation, Amyloid-β, 
hIAPP, Alzheimer’s disease, Type II diabetes, Prion disease
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1. Introduction
The aggregation of the same misfolded amyloid proteins into β-structure-rich fibrils 

(i.e., amyloid homologous-seeding) is well recognized as the common pathological 
hallmarks of many protein misfolding diseases (PMDs) including Alzheimer’s disease 
(AD), type II diabetes (T2D), and prion disease1-6. Different from amyloid 
homologous-seeding that is solely associated with a specific PMD, co-aggregation of 
different amyloid proteins (i.e., amyloid cross-seeding), such as Aβ and α-synuclein7, Aβ 
and tau8, Aβ and transthyretin9, hIAPP and insulin10, have been found in patients with 
several PMDs. Another major difference from amyloid homologous-seeding is that not 
any two different amyloid proteins enable cross-seeding behaviors.11-13 This indicates the 
existence of certain amyloid cross-seeding barriers along the co-aggregation pathways of 
different amyloid proteins14, 15. Moreover, amyloid cross-seeding is more fundamentally 
and biologically important for not only the pathological process of each PMD, but also the 
potential molecular cross-talk between different PMDs, which could be a main mechanism 
for the spread of the overlapping pathology across different cells and tissues between 
PMDs.16-23 However, amyloid cross-seeding is still a subject poorly explored and little is 
known about its sequence/structure-dependent aggregation mechanisms24-27.

Among different PMDs, prion amyloidosis is considered as the most transmissible 
disease, which not only occurs in many mammalian species including human, cow, sheep, 
and goat28, but also co-occurs with other PMDs including AD, Parkinson’s disease, and 
T2D in the same individual29-32. Clinical and epidemiological studies have revealed that 
prion aggregation increases the risk of progression and transmission of AD by 15%20, 21, 
T2D 33, 34, and exacerbates diabetic strokes35. Similar pathological link has also been 
observed between AD and T2D36. Each of these three diseases is identified as a risk factor 
to elevate the incidence of the other two diseases and induce some common pathological 
symptoms and cell degeneration37-40, including excess oxidative stress41, chronic 
inflammation42, and endocrine homeostasis43. While the exact transmission mechanism of 
prion disease towards AD and T2D is still unclear, mutual cross-seeds between these 
disease-linked amyloid proteins or amyloid-prone fragments are considerable as 
transmissible species through plasma and cerebrospinal fluids to reach the target cells and 
tissues, leading to prion-linked strains, Aβ-linked plaques, and hIAPP-linked strains39. 

Generally speaking, each PMD is associated with the aggregation of a specific 
amyloid protein, e.g., Aβ, hIAPP, or prion aggregation is associated with AD, T2D, or 
prion disease, respectively. While Aβ, hIAPP, and prion have different sequences and 
native functions, they all adopt common cross-β structures upon aggregation. Particularly, 
some amyloid-prone fragments from Aβ, hIAPP, and prion, including GNNQQNY from 
the yeast prion Sup3544, 45, KLVFFAE, NKGAII, GGVVIA from Aβ46-48, and NFGAIL, 
SSTNVG, NFLVHSS, NVGSNTY from hIAPP49, 50 can self-aggregate into amyloid-like 
fibrils, which are conformationally similar to their parent proteins51. Among them, 
GNNQQNYsup35

52-54, KLVFFAAβ
55, NKGAIIAβ

48, GGVVIAAβ
47, NFGAILhIAPP

56
, 

SSTNVGhIAPP, and NVGSNTYhIAPP
57 can also form steric zippers between β-sheets, 

whose sidechains from the β-sheets are interdigitated against each other to stabilize the 
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self-assembled structures. Sequence analysis also reveals high occurrence of 
Asn/Gln/aromatic residues in these three amyloid proteins (Fig. S1), providing a higher 
possibility for them to form stacked amino acid ladders58. Hypothetically, such common 
β-sheet steric zippers, as observed from different amyloid proteins, may offer a structural 
basis for amyloid cross-seeding between GNNQQNY-Aβ and GNNQQNY-hIAPP via 
non-covalent steric zipper interactions. 

To test the steric-zipper driven cross-seeding hypothesis, herein we are the first to 
study the amyloid cross-seeding of GNNQQNY with both full-length Aβ42 and hIAPP37 
on the basis of potential pathological transmission between prion disease, AD, and T2D. 
First, collective aggregation and structural results showed that GNNQQNY can indeed 
cross-seed both A and hIAPP to accelerate amyloid fibrillization and to form 
β-structure-rich assemblies, as compared to Aβ or hIAPP aggregation alone. Second, we 
developed a simulation platform to determine a structural ensemble of GNNQQNY-Aβ 
and GNNQQNY-hIAPP assemblies with polymorphic double- and triple-layer 
organizations. While GNNQQNY-Aβ/hIAPP assemblies displayed different structural 
organizations in terms of β-sheet–to–β-sheet orientations and packings, they all formed 
steric-zipper interfaces between different but complement β-sheets from GNNQQNY and 
Aβ or hIAPP. Elimination of these steric-zipper interactions by single-point mutations of 
GNNQQNY reduced its cross-seeding ability to Aβ or hIAPP, highlighting the importance 
of steric β-zippers in amyloid cross-seeding. Third, in vitro cell assays showed that the 
cross-seeds of GNNQQNY-Aβ and GNNQQNY-hIAPP reduced the respective 
Aβ-induced and hIAPP-induced toxicity against mammalian cells. Taken together, these 
findings, for the first time, discovered GNNQQNY as a dual cross-seeding peptide to 
promote amyloid fibrillization of both Aβ and hIAPP via steric zipper interactions, which 
may explain molecular cross-talk between these PMDs as attributed by the spread of prion 
propagation in the pathologies of patients with AD and T2D.

2. Results
Before cross-seeding tests, we first conducted a control study to investigate the 

self-aggregation of GNNQQNY, a seven-residue fragment from a yeast prion protein of 
Sup35, into β-structure-rich fibrils. Thioflavin-T (ThT) fluorescence experiments in Fig. 
S2a showed the concentration-dependent aggregation behavior of GNNQQNY under 
quiescent conditions. Specifically, GNNQQNY did not aggregate into amyloid fibrils at 
the low concentrations of 10-15 μM, as evidenced by flat ThT curves without obvious 
changes around 15 a.u. during 24 h incubation. However, at concentrations of 20-25 μM 
GNNQQNY showed a slow increase of aggregation, while at concentrations of above 50 
μM, GNNQQNY showed typical sigmoidal fibrillization curves starting from a very short 
lag phase, a gradual increased growth phase, to a final equilibrium phase. This fibrilization 
trend became more pronounced and faster at higher GNNQQNY concentrations. 
Meanwhile, both AFM and CD data confirmed the formation of GNNQQNY amyloid-like 
fibrils with β-sheet structure at the higher concentrations of 125 μM, but neither fibrils nor 
β-sheet structures in GNNQQNY aggregates was observed at 15 μM (Fig. S2 b-e). 
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2.1. GNNQQNY cross-seeds with Aβ to promote amyloid fibrillization  

The control study of pure GNNQQNY aggregation determined a non-amyloidogenic 
concentration range of <15 μM, which is selected and used to study its cross-seeding 
behavior with Aβ and hIAPP without interference by GNNQQNY self-aggregation. It 
should be noted that unavoidable deviations on amyloid aggregation in different 
experiments (e.g., ThT, CD, SEM) might occur when using different samples. Also, the 
activity of peptides is somehow sensitive to environmental factors (e.g., temperature, 
humidity, and vibration). To avoid these potential effects, we conducted at least 3 
independent replicant tests for each experiment to obtain statistically fair and valid 
comparisons. For the cross-seeding of GNNQQNY (15 μM) with Aβ (15 and 30 μM), ThT 
kinetic curves in Fig. 1a showed that pure Aβ at both 15 and 30 μM concentrations 
enabled to form amyloid fibrils, but 30 μM Aβ aggregated faster than 15 μM Aβ, as 
evidenced by the shorter lag phase (0.5 h vs. 1.5 h), the higher maximal ThT intensity 
(Imax=344 vs. Imax=207), and the less time to reach half of Imax (T50= 3.5 h vs. T50= 12.5 h). 
When incubating non-amylogenic GNNQQNY (15 μM) with Aβ at 1:1 and 1:2 molar 
ratios, GNNQQNY clearly promoted Aβ fibrillization as judged by the increase of Imax 
from 207 to 295 at 1:1 ratio and from 344 to 522 at 1:2 ratio (Aβ is 2-fold excess). Since 
GNNQQNY at 15 μM is not amyloidogenic, such increase of Imax is solely attributed to the 
cross-seeding of GNNQQNY with Aβ to form hybrid GNNQQNY-Aβ fibrils in a 
dose-dependent manner. Specifically, at GNNQQNY:Aβ molar ratio of 1:1, cross-seeding 
of GNNQQNY with Aβ significantly and immediately promoted the formation of hybrid 
oligomers and protofibrils at the growth phases and finally increased Imax by 42% (Fig. 1a 
& 1b). Differently, the 1:2 mixture of GNNQQNY and Aβ exhibited similar growth 
kinetics to pure Aβ (30 μM) during the early aggregation (0-5 h), but promoted final fibril 
formation by 52% at the later stage. Concentration-dependent cross-seeding effect implies 
different cross-seeding pathways between GNNQQNY and Aβ, i.e., the lower 
concentration of Aβ favor to cross-seed with GNNQQNY to form GNNQQNY-Aβ 
oligomers at the early stage, followed by the growth into higher-order cross-seeds and 
cross-fibrils. Higher concentration of Aβ, due to its fast aggregation nature, tends to form 
homogenous seeds with non-detectable influence by GNNQQNY, and then the dominant 
Aβ seeds serve as structural templates to recruit GNNQQNY monomers to form hybrid 
GNNQQNY-Aβ fibrils at the later aggregation stage.  

In parallel, AFM images showed the morphological changes of pure Aβ (15 µM) from 
small spherical oligomers at 6 h, to a few short protofibrils at 12 h, and to long and dense 
fibrils at 24 h (Fig. 1c). For comparison, cross-seeding of GNNQQNY with Aβ at 1:1 
molar ratio exhibited noticeable morphological changes in the size and number of 
oligomers, protofibrils, and mature fibrils in an increased manner. Further analysis of the 
cross-sectional height and width of amyloid fibrils obtained from high-resolution AFM 
images showed that cross-seeded GNNQQNY-Aβ fibrils had the average width/height of 
13.4±0.7 nm/8.3±0.6 nm in cross-section areas, which was much higher than the 
8.7±0.3 nm/5.3±0.4 nm width/height of pure fibrils (Fig. 1d & 1e). The fibrillization 
process of Aβ with and without GNNQQNY was further monitored by the conformational 
structural change by CD spectroscopy. Aβ (15 µM) self-aggregation followed a typical 
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structural transition from random to β-sheet structure with both antiparallel and parallel 
organizations being equally presented after 24 h (Fig. 1f & 1g). When cross-seeding of 
GNNQQNY with Aβ at 1:1 ratio, CD spectra exhibited a different pattern in two aspects 
by (i) promoting the β-sheet formation by 34.5%, where the increase of β-sheet content in 
GNNQQNY-Aβ assemblies comes at the expense of random structure, and (ii) organizing 
the β-sheet packing in a preferentially antiparallel manner (100% of total β-sheet content) 
as shown by two negative bands at 200 nm and 220 nm and a positive band at 195 nm. 
Taken together, ThT, AFM, and CD results demonstrated the cross-seeding of 
GNNQQNY with Aβ that promoted amyloid fibrillization, and such cross-seeding-induced 
promotion effect mainly stems from the acceleration of conformational transition from 
random structure to antiparallel β-sheets.

 
Figure 1. Cross-seeding of GNNQQNY with Aβ to promote amyloid fibrillization. a 
Time-dependent Thioflavin (ThT) fluorescence curves to monitor the aggregation kinetics of the 
cross-seeding between GNNQQNY and Aβ at 1:1 and 1:2 molar ratios, in comparison with pure 
Aβ aggregation. b Comparison of the aggregation kinetics of Aβ in the presence and absence of 
GNNQQNY in terms of their final fluorescence intensity and lag time. Final ThT fluorescence of 
pure Aβ aggregation is set to 100% and used as a basis to define the relative ThT fluorescence 
ratio of GNNQQNY-Aβ cross-seeding. c AFM images of pure Aβ (15 µM) and hybrid 
GNNQQNY-Aβ (15 µM:15 µM) aggregates at different aggregation times of 6, 12, and 24 h. 
Scale bars are 1 µm. Statistical analysis of the cross-sectional d width and e height of pure Aβ 
fibrils (blue) and GNNQQNY-Aβ cross-seeding fibrils (pink) at 24 h aggregation. The upper, 
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middle, and lower boundaries of a box define the first, the median, and third quartiles of the data, 
respectively, and the whiskers are plotted by the Tukey method. N=40, *P < 0.05, ***P = 0.0001, 
****P < 0.0001 by t-test. f Circular dichroism (CD) spectra of pure Aβ (15 µM) and 
GNNQQNY-Aβ (15 µM:15 µM) aggregations at different times of 0, 4, 8, 12, and 24 h. g 
Secondary structure distributions of pure Aβ (15 µM) and GNNQQNY-Aβ (15 µM:15 µM) 
aggregates at 24 h.

2.2. GNNQQNY cross-seeds with hIAPP to promote amyloid fibrillization  

The cross-seeding results of GNNQQNY and Aβ motivated us to further explore the 
cross-seeding possibility of GNNQQNY with hIAPP, because Aβ and hIAPP share many 
common characteristics, including high degrees of sequence identity (25%) and similarity 
(50%)45, 46, similar U-bent structures in fibrils59, 60, amyloid cross-seeding between them18, 

61-63, and pathological connection between AD and T2D64, 65. ThT kinetic curves in Fig. 2a 
showed the typical sigmoidal increase of amyloid aggregation for both pure hIAPP and 
GNNQQNY-hIAPP cases, consistent with the amyloid nucleation-polymerization model. 
The self-aggregation of hIAPP was strongly depended on its concentration, i.e., 15 µM of 
hIAPP exhibited the longer lag phase, the slower growth phase, and the lower ThT 
fluorescence intensity than 30 µM of hIAPP during the entire aggregation process. 
Addition of 15 µM of GNNQQNY to both hIAPP solutions of different concentrations 
indeed promoted their aggregation, especially at the growth and equilibrium phases. Imax 
was increased by ~100% at 1:1 ratio and ~135% at 1:2 ratio, relative to Imax of the 
corresponding hIAPP aggregation alone (Fig. 2b). AFM images in Fig. 2c also showed 
that the cross-seeding samples of GNNQQNY-hIAPP exhibited more and highly dense 
aggregates than pure hIAPP samples at each aggregation stage, consistent with ThT 
results. Further side-by-side size comparison of final fibrils formed by pure hIAPP and 
GNNQQNY-hIAPP cross-seeding revealed that self-assembled hIAPP fibrils 
(7.4±0.3 nm/9.2±0.8 nm) had the relative smaller width/height than cross-seeded 
GNNQQNY-hIAPP fibrils (13.5±0.8 nm/11.8±0.8 nm) (Fig. 2d & 2e).

Time-dependent CD spectra in Fig. 2f showed that both pure hIAPP (15 µM) and 
GNNQQNY-hIAPP (15 µM:15 µM) underwent similar structural transition from random 
coils (a representative negative minimum of ~197 nm) to a mixed α-helix and β-sheet 
structures (a positive peak of ~193 nm and a wide negative valley at 210-220 nm). On the 
other hand, peak differences in CD spectra also indicate that pure hIAPP and 
GNNQQNY-hIAPP fibrils present different secondary structure distributions and 
structural transition rates. Specifically, GNNQQNY-hIAPP fibrils contained 42.4% of 
antiparallel β-sheet structure and 6.9% of α-helix, as compared to 27% of mixed parallel 
and antiparallel β-sheet and 12.4% of α-helix in hIAPP fibrils (Fig. 2g). Further CD 
comparison of pure and cross-seeding amyloid fibrils reveals different β-sheet packing 
preference, i.e., pure amyloid fibrils tend to adopt both parallel and antiparallel β-sheet 
packings, while cross-seeding GNNQQNY-Aβ and GNNQQNY-hIAPP fibrils favor to 
adopt antiparallel β-sheet packing at the expense of both α-helixes and random coils, 
suggesting that cross-seeding requires different interfacial interactions and structural 
compatibility to form such β-sheet packing between different amyloid peptides.  
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Figure 2. Cross-seeding of GNNQQNY with hIAPP to promote amyloid fibrillization. a 
Time-dependent Thioflavin (ThT) fluorescence curves to monitor the aggregation kinetics of the 
cross-seeding between GNNQQNY and hIAPP at 1:1 and 1:2 molar ratios, in comparison with 
pure hIAPP aggregation. b Comparison of the aggregation kinetics of hIAPP in the presence and 
absence of GNNQQNY in terms of their final fluorescence intensity and lag time. Final ThT 
fluorescence of pure hIAPP aggregation is set to 100% and used as a basis to define the relative 
ThT fluorescence ratio of GNNQQNY-hIAPP cross-seeding. c AFM images of pure hIAPP (15 
µM) and hybrid GNNQQNY-hIAPP (15 µM:15 µM) aggregates at different aggregation times of 
6, 12, and 24 h. Scale bars are 1 µm. Statistical analysis of the cross-sectional d width and e height 
of pure hIAPP fibrils (blue) and GNNQQNY-hIAPP cross-seeding fibrils (pink) at 24 h 
aggregation. The upper, middle, and lower boundaries of a box define the first, the median, and 
third quartiles of the data, respectively, and the whiskers are plotted in Tukey method. N=40, *P < 
0.05, ***P = 0.0001, ****P < 0.0001 by t-test. f Circular dichroism (CD) spectra of pure hIAPP 
(15 µM) and GNNQQNY-hIAPP (15 µM:15 µM) aggregations at different times of 0, 4, 8, 12, 
and 24 h. g Secondary structure distributions of pure hIAPP (15 µM) and GNNQQNY-hIAPP (15 
µM:15 µM) aggregates at 24 h.

Our findings have demonstrated, for the first time, that GNNQQNY can cross-seed 
with the two different amyloid proteins of Aβ and hIAPP, and effectively promote their 
fibrillization. On the other hand, concentration- and sequence-dependent cross-seeding 
behaviors also indicate the existence of energy barriers and competitive interactions 
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between homologous-seeding and cross-seeding, leading to different cross-seeding 
scenarios. In the first cross-seeding scenario, as the target amyloid protein (Aβ or hIAPP) 
at low concentrations undergoes the slow homologous-seeding, this allows small 
GNNQQNY peptides to easily adjust their conformations to accommodate with target 
amyloid proteins and to form cross-seeds at the early stage. Long sequence of Aβ or 
hIAPP makes homologous-seeding less efficiency than cross-seeding due to its much 
larger structural misfolding spaces. This cross-seeding scenario was observed in the 
cross-seeding of GNNQQNY with hIAPP or with Aβ at low concentration. Differently, 
when target amyloid proteins aggregate faster at high concentrations, homologous-seeding 
outperforms cross-seeding to form dominant homo-seeds at the early stage, which serve as 
structural templates to recruit GNNQQNY to further grow into high-order cross-seeds at 
the later aggregation stage. This second cross-seeding scenario was observed in the case of 
the cross-seeding of GNNQQNY with high concentration of Aβ. 

2.3. GNNQQNY cross-seeds with different Aβ and hIAPP seeds to modulate the 
cross-seeding pathways

To further gain insights into the cross-seeding pathways between GNNQQNY and 
Aβ/hIAPP, we designed different cross-seeding tests by adding non-amyloidogenic 
GNNQQNY (15 μM) to preformed Aβ (15 μM) or hIAPP (15 μM) seeds formed at 
different aggregation stages, including lag phase, middle of growth phase, and early 
equilibrium phase. For the cross-seeding of GNNQQNY with Aβ (Fig. 3a), addition of 
GNNQQNY to 1 h Aβ seeds promoted ThT intensity significantly and immediately, 
indicating that Aβ seeds can efficiently cross-seed GNNQQNY and promote their 
aggregation, leading to an increase of final fibrils by 133% relative to pure Aβ 
aggregation. Further, cross-seeding of GNNQQNY with 5 h Aβ seeds at the growth phase 
also promoted fibril formation, but in much less efficient way, as evidenced by 13% 
increase of amyloid fibrils. This less cross-seeding efficiency became more pronounced 
when adding GNNQQNY to preformed Aβ fibrils (14 h), leading to almost no change in 
ThT curve. SDS-PAGE gels in Fig. S3 reveals different aggregates formed by pure and 
cross-seeding amyloids. It can be seen in Fig. S3a, the distribution of Aβ aggregates in the 
absence of GNNQQNY was first presented by single band for monomers (~4.5 kDa) at 1 
h, followed by two light bands for tetramers (~14 kDa) and pentamers (~18 kDa) at 4 h. 
The addition of GNNQQNY to Aβ solution advanced the appearance of tetrameric and 
pentameric bands at 1 h, which were rapidly faded away and converted into high-ordered 
aggregates of 150 kDa after 3 h. We also recorded the β-structure changes before and after 
adding GNNQQNY to Aβ seeds using CD spectra (Fig. S4a & Fig. 3c). Of note, since 
GNNQQNY mainly adopted random structures when adding it to equimolar concentration 
of Aβ or hIAPP, it is not surprising to observe the initial decrease of β-sheet content at the 
time point of GNNQQNY addition. In the case of cross-seeding of GNNQQNY with 1 h 
Aβ seeds, after a short period of cross-seeding, β-sheet content was rapidly increased to 
50% at 12 h and remained almost unchanged after that. Differently, the cross-seeding of 
GNNQQNY with 5 h Aβ seeds led to a gradual and continuous increase of β-sheet content 
to 37% at 12 h and 47% at 24 h. More importantly, we examined the binding affinity and 
preference of GNNQQNY to different preformed Aβ seeds of different concentrations 
using SPR sensors. Briefly, GNNQQNY was covalently immobilized on 
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carboxymethylated dextran-modified gold SPR chips by direct amine coupling, followed 
by flowing different Aβ seed solutions (the detailed SPR experimental setup was described 
in Methods and Fig. S5). Comparison of SPR sensorgrams between Fig. 3e-f showed that 
the immobilized GNNQQNY adsorbed (i) more 1 h Aβ seeds than 5 h Aβ seeds at every 
concentration tested (1, 3.75, 7.5, and 15 μM) and (ii) more Aβ seeds of higher 
concentrations. Kinetic analysis further revealed that 1 h Aβ seeds exhibited a dissociation 
constant (KD) of 0.9 μM, which was 7-times lower than that of 6.3 μM for 5 h Aβ seeds. 
This indicates that GNNQQNY binds to early Aβ seeds more strongly than to later Aβ 
ones. 

Next, we tested whether GNNQQNY has preferentially interact with certain hIAPP 
seeds. It can be seen in Fig. 3b that after adding GNNQQNY to the 5 h seeded hIAPP 
solution at the lag-phase, the cross-seeding aggregation remained at lag phase for ~1 h, 
followed by a rapid increase of aggregation at growth phase between 6-10 h, and finally 
promoted fibril formation with a 96% increase in Imax. Differently, addition of 
GNNQQNY to 12 h hIAPP seeds at growth phase caused a temporary retard in the 
cross-seeding growth as reflected by the flat ThT intensity for additional 3 h, this indicates 
that large hIAPP seeds and small GNNQQNY may require longer time to mutually adjust 
and optimize their conformations to achieve cross-seeding. After passing this prolonged 
lag phase, cross-seeding gained a momentum to accelerate the aggregation, finally leading 
to 29% increase of amyloid fibrils. However, hIAPP mature fibrils lost its ability to 
cross-seed GNNQQNY, as judged by the almost same ThT kinetic curves of cross-seeding 
of GNNQQNY with 18 h hIAPP fibrils as that of pure hIAPP aggregation. SDS-PAGE 
gels in Fig. S3b also showed that GNNQQNY interacted with hIAPP to produce 
high-molecular-weight bands at 37-250 kDa, which were largely unavailable in pure 
hIAPP aggregates. CD spectra in Fig. S4b and Fig. 3d showed that addition of 
GNNQQNY to both 5 h and 12 h hIAPP seeds promoted the respective β-sheet structural 
conversion by 11% and 4%. Consistently, SPR results showed that GNNQQNY interacts 
more preferentially and strongly with 5 h hIAPP oligomeric seeds (KD=3.2 μM, Fig. 3g) 
than 12 hIAPP protofibrillar seeds (KD=9.0 μM, Fig. 3h), indicating different 
cross-seeding pathways. 

Taken together, collective data from ThT, AFM, SDS-PAGE, CD, and SPR analyses 
confirm that GNNQQNY serves as a dual cross-seeding peptide to interact with both Aβ 
and hIAPP at monomeric, oligomeric, and protofibril states, all eventually promoting their 
amyloid fibrillization to different degrees. Cross-seeding of GNNQQNY with hIAPP or 
Aβ appears to follow the same mechanism. GNNQQNY tends to cross-seed more 
efficiently with small Aβ/hIAPP oligomers than large Aβ/hIAPP protofibrils, presumably 
due to the easier structural compatibility and the less energy barrier for small GNNQQNY 
to accommodate Aβ/hIAPP. Moreover, Aβ and hIAPP fibrils are less structurally active 
and more insoluble, making hydrophilic GNNQQNY difficult to interact with 
hydrophobic Aβ/hIAPP aggregates and thus reducing cross-seeding activity.

Page 10 of 33Journal of Materials Chemistry B



11

Figure 3. Cross-seeding of GNNQQNY with different Aβ and hIAPP seeds. Time-dependent 
ThT fluorescence curves for adding GNNQQNY (15 μM) to a Aβ (15 μM) and b hIAPP (15 μM) 
seeds preformed at the lag, growth, and equilibrium phases. β-sheet structure changes before and 
after adding GNNQQNY to c Aβ and d hIAPP seeds at different time points. SPR sensorgrams to 
show the binding amount and affinity of GNNQQNY to e 1 h Aβ seeds, f 5 h Aβ seeds, g 5 h 
hIAPP seeds, h 12 h hIAPP seeds at different concentrations. Dissociation constant (KD) is 
calculated from SPR sensorgrams and shown in each panel.  

2.4. Cross-seeding of GNNQQNY with Aβ and hIAPP reveals steric zippers at 
interfaces  

To better understand molecular-level mechanism of cross-seeding of GNNQQNY 
with both Aβ and hIAPP, we developed a multiscale simulation platform to reveal the 
molecular structures, association forces, and interfacial packings of GNNQQNY-Aβ and 
GNNQQNY-hIAPP assemblies at atomic details. Briefly, we first applied an in-house 
peptide-packing program62, 66-69 to high-throughput screen all possible cross-seeding 
interfaces between GNNQQNY and Aβ (or hIAPP) by considering four key parameters of 
interlayer translation (dx), interlayer distance (dy), layer-to-layer orientation (parallel vs. 
antiparallel), and interfacial sidechain contacts (even face vs. odd face of GNNQQNY) 
between two different amyloid assemblies (see details in Methods). As a result, a total of 
2,240 GNNQQNY-Aβ and 2,400 GNNQQNY-hIAPP cross-seeding interfaces were 
generated and their conformational energies were evaluated to determine the most possible 
cross-seeding interfaces at their lowest energy states. Among them, 11 GNNQQNY-Aβ 
(Fig. S6) and 14 GNNQQNY-hIAPP (Fig. S7) cross-seeding interfaces were determined. 
At the first glance, while all of these lowest-energy cross-seeding interfaces exhibited 
distinct interfacial packing and orientation between two β-layers, they all adopted steric 
zipper structures, whose side chains are geometric complementarity to form a dry interface 
within the bilayer, to make the two β-sheets from different amyloid aggregates packed 
more closely. Since the lowest-conformation-energy structures determined by energy 
minimization do not necessarily imply the most stable structures in the explicit solvent due 
to the lack of certain explicit peptide-water interactions especially for hydrogen bonds 
between peptides and waters, all of 25 double-layer cross-seeding assemblies were then 
submitted to all-atom explicit-solvent MD simulations to truly determine their structural 
stability for model validation. 
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Throughout a total of 1,250 ns (50 ns × 25 systems=1,250 ns) MD simulations, five 
GNNQQNY-Aβ (A1, A3, A4, A5, and A10) and eight GNNQQNY-hIAPP (H1, H2, H3, 
H4, H7, H8, H9, and H13) assemblies were found to be the most structurally stable, all of 
which were capable for maintaining their overall β-layer association and secondary 
β-sheet structures, as evidenced by low RMSDs, high SASAs, no interfacial separation 
between the two pentamers, and no peptide disassociation within the pentamers (Fig. S8). 
Among them, Fig. 4 presented the most populated structures of double-layer amyloid 
cross-seeding assemblies based on conformational energies of all constructed models. A1 
(~24.9%), A3 (~20.9%), A5 (~16.3%) and A10 (~33.4%) for GNNQQNY-Aβ (Fig. 4a) 
and H3 (~19%), H4 (~16%), H7 (~12%), H9 (~11%), and H13 (~22%) for 
GNNQQNY-hIAPP (Fig. 4b) were identified as the most structurally stable and 
energetically favorable cross-seeding assemblies, as evidenced by their high structural 
stability (RMSD: ~2.6-4.4Å for GNNQQNY-Aβ, ~3.5-4.9Å for GNNQQNY-hIAPP), 
highly dry interface (SASA: ~150-204 Å2/peptide for GNNQQNY-Aβ, ~156-214 
Å2/peptide for GNNQQNY-hIAPP), and high populations (~16.3-33.4% for 
GNNQQNY-Aβ, ~11.0%-22.0% for GNNQQNY-hIAPP). These highly structural stable 
and populated cross-seeding assemblies covered the longer interface with a maximum 
overlap of the two β-sheets between GNNQQNY and Aβ (or hIAPP), enabling strong 
interfacial interactions to stabilize well packed, dry, steric-zipper interfaces. It is 
interesting to note that due to highly hydrophilic and uncharged nature of GNNQQNY, the 
hydrophobic interactions are less important for stabilizing the cross-seeding assemblies. 
Instead, interfacial steric zippers formed by two tightly interdigitated β-sheets provide 
general driving forces to stabilize cross-seeding assemblies. 

On the other hand, since all of double-layer cross-seeding assemblies presented 
completely different steric zippers at interfaces, they were likely stabilized by different 
steric zipper interactions stemmed from different interfacial residues and layer-to-layer 
orientations (Table S1 and Fig. S6-7). Specifically, for GNNQQNY-Aβ assemblies, 
GNNQQNY favored to interact with the C-terminal surface of Aβ (A1, A3, A4 and A5) 
with the two tightly interdigitated and widely spanned β-sheets between GNNQQNY and 
C-terminal residues of Aβ (I31, G33, M35, G37, V39, I41, A42) (Fig. 4a). Meanwhile, 
more diverse steric zippers were observed in GNNQQNY-hIAPP assemblies with a more 
evenly distributed structural population ranging from ~11.0 to ~22.0%. H3, H4, H7, and 
H9 favored to form steric zippers with C-terminal residues of hIAPP (S29, N31, G33, 
N35, Y37). Additional structural differences between these steric zippers included (1) 
different interfacial orientations, i.e., parallel β-sheet packing in A5, A10, H7, and H9, 
while anti-parallel β-sheet packing in A1, A3, H3, H4 and H13; (2) different interacting 
faces, i.e., odd surface of GNNQQNY and C-terminal residues of Aβ or hIAPP (namely, 
odd-C-terminal) in A1, A5, H3, and H9, even-C-terminal in A3, H4 and H7, and 
even-N-terminal in A10 and H13. 

Page 12 of 33Journal of Materials Chemistry B



13

Figure 4. Highly populated and stable structures of double-layer GNNQQNY-Aβ and 
GNNQQNY-hIAPP assemblies. Structural populations and organizations of different steric 
zippers in double-layer a GNNQQNY-Aβ and b GNNQQNY-hIAPP assemblies, with different 
orientations and contacting residues between two β-sheets from GNNQQNY and Aβ/hIAPP.

Double-layer steric zippers in cross-seeding assemblies provide multiple possibilities 
to laterally assemble multiple amyloid aggregates into high-ordered, multiple-layer 
cross-seeding assemblies. To test this hypothesis, we constructed different sandwich-like, 
triple-layer cross-seeding assemblies by laterally combining two stable steric zippers (as 
identified in Fig. 4) with a GNNQQNY layer being sandwiched in between the two Aβ (or 
hIAPP) layers. Specifically, we constructed two triple-layer (i) Aβ-GNNQQNY-Aβ 
assemblies of AGA1 by combining A5 and A10 interfaces and AGA2 by combining A3 
and A5 interfaces (Fig. 5a) and (ii) hIAPP-GNNQQNY-hIAPP assemblies of HGH1 by 
combining H9 and H13 interfaces and HGH2 by combining H8 and H9 interfaces (Fig. 
5b), based on a combination criteria of structural stability, populations, contacting 
residues, and geometrical match. MD simulations showed that AGA1 and HGH1 
outperformed its respective AGA2 and HGH2 in terms of structural stability. AGA1 and 
HGH1 were able to retain overall structural integrity, local secondary structure, and dry 
steric zipper interface, as quantified by small RMSDs of 3-5 Å, high interaction energies 
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of ~-600 to -800 kcal/mol, and well-preserved secondary structures (Fig. S9). The two 
steric zippers in AGA1 and HGH1 can readily accommodate three layers by rotating and 
translating the β-layers to adopt different favorable packings, which can greatly enrich the 
polymorphism of fibrils. Further structural population analysis demonstrated the 
co-existence of different triple-layer cross-seeding assemblies, as such 74.9% of AGA1 
and 25.1% of AGA2 and 74.8% of HGH1 and 25.2% of HGH2. 

A close inspection of these steric zippers in double- and triple-layer assemblies revealed 
an interesting steric zipper structure located at the target Aβ and hIAPP β-sheets. It can be 
seen in Fig. S10 that C-terminal β-sheets of Aβ and hIAPP have completely different 
sequences, they both presented the similar structural motifs of Xout-G-Xout (“out” indicate 
that a residue of Aβ or hIAPP points outwards GNNQQNY), i.e., I31-G33-M35, 
M35-G37-V39 in Aβ (Fig. 5a) and N31-G33-N35 in hIAPP (Fig. 5b), which offer a large 
concave to accommodate the intrusion of even two long sidechains of GNNQQNY, again 
demonstrating that the geometrical sidechain matching in steric zippers plays an important 
role in determining the stability of oligomers. In a broader view, when more than three 
layers are stacked together, the layer-by-layer sandwich structure is likely to be less 
populated because the twisting of β-layer, asymmetrical stacking, heterogeneous interface, 
and other structural defects may prohibit layer-to-layer stacking69. Thus, different steric 
zippers presented in double-, triple-, and multiple-layer amyloid cross-seeding may 
explain a general structural polymorphism of amyloid seeding and cross-seeding, i.e., 
tightly interdigitating, dry steric zippers are general and strong building units for amyloid 
polymorphism, independent of complicated structural organizations with multiple layers. 
Due to the well-known lengthscale and timescale issues of MD simulations, it is 
computationally prohibitive to directly simulate the whole amyloid cross-seeding process 
starting from disordered monomers to highly β-structure-rich assemblies. Thus, we 
proposed another computational strategy to high-throughput examine the all possible 
cross-seeding interfaces between GNNQQNY and Aβ (or hIAPP) using in-house 
peptide-packing programs, followed by structural population analysis to computationally 
determine the most stable cross-seeding interfaces at the multiple low free energy states.
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Figure 5. Highly populated and stable structures of triple-layer Aβ-GNNQQNY-Aβ and 
hIAPP-GNNQQNY-hIAPP assemblies. Structural populations and organization of different 
steric zippers in triple-layer a Aβ-GNNQQNY-Aβ and b hIAPP-GNNQQNY-hIAPP assemblies, 
with different orientations and contacting residues between two β-sheets from GNNQQNY and 
Aβ/hIAPP.

2.5. Disruption of steric zippers disfavors cross-seeding of GNNQQNY with Aβ and 
hIAPP 

To test the important role of steric zippers in amyloid cross-seeding from a different 
aspect, we mutated Gln at a position 4 (Q4) of GNNQQNY with Ala and studied its 
homo-aggregation and co-aggregation with Aβ and hIAPP. As a result, Q4A mutant at all 
concentrates from 10 μM to even 1 mM completely lost its self-aggregation ability to form 
β-structure-rich amyloid-like fibrils (Fig. 6b-c). A number of our and other MD 
simulations also showed that Q4A mutation knocked down the intersheet steric zipper 
between two neighboring sheets, leading to the loss of sidechain-sidechain interactions 
and the destabilization of the whole assembly51, 52, 70. Further, co-incubation of 
non-amyloidogenic Q4A (15 μM) with either Aβ (15 μM) or hIAPP (15 μM) did not 
enable cross-seeding, instead exhibited similar aggregation kinetics to pure Aβ (Fig. 6d) 
or pure hIAPP (Fig. 6e). CD spectra in Fig. 6f-g confirmed that addition of equal molar of 
Q4A to Aβ or hIAPP did not largely alter their second structure changes. Particularly, 
Aβ-Q4A aggregates contained 56.1% of β-sheet structure (20.1% of parallel and 36.0% of 
antiparallel β-sheet structure), similar to 52.1% of β-sheet structure (31.7% of parallel and 
20.4% of antiparallel β-sheet structure) in pure Aβ aggregates (Fig. 6h). Similarly, there 
was almost no influence of Q4A on the secondary structure change of hIAPP, as indicated 
by the respective 42.8% and 44.3% of β-sheet structure with and without Q4A (Fig. 6i). 

In parallel, a series of MD simulations were performed to examine different 
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single-point mutations of GNNQQNY on the structural stability of double-layer 
GNNQQNY-Aβ and GNNQQNY-hIAPP assemblies. Distinct residue in GNNQQNY 
were selected and mutated to Ala in A5, A10, H9, and H13 cross-seeding assemblies (e.g., 
A5N3A, A5Q5A, A5Y7A, A10N2A, A10Q4A, H9N3A, H9Q5A, H9Y7A, H13N2A, H13Q4A and 
H13N6A) because these mutated residues were directly involved to form steric zippers with 
Aβ or hIAPP. As summarized in Fig. S11, all GNNQQNY mutants destabilized A5, A10, 
H9, and H13 assemblies to some extents, as indicated by the disruption of steric zippers 
(Fig. S11a, b), the decrease of β-sheet-to-β-sheet interactions (Fig. S11c, f), and the loss 
of β-structure (Fig. S11d,g) and hydrogen bonds (Fig. S11e,h), and even dissociation of 
double layers in A10Q4A and H13Q5A cases (Fig. S11a, b). Among these mutants, A10Q4A 

and H13Q4A assemblies had the same mutation residues of Q4A to experimental ones. It 
can be seen that A10Q4A assembly completely lost its interfacial steric zipper and 
double-layer organization, as indicated by the large separation of GNNAQNY from Aβ 
(Fig. 6j). While H13Q4A can still retain its double-layer association (Fig. 6k), inter-layer 
interactions to maintain steric zippers was reduced by 38% as compared to wild type H13 
assembly. This destabilization is due not only to changes in sidechain interdigitation but 
also to the loss of 43% hydrogen bonds and 14% β-sheet structure. Thus, the 
destabilization of steric zippers by GNNQQNY mutants explains the loss of cross-seeding 
efficiency.  

Figure 6. GNNQQNY mutant disfavors cross-seeding with Aβ and hIAPP. a Mutation of Gln 
residue of GNNQQNY at position 4 (Q4) to Ala (Q4A). b Time-dependent ThT fluorescence 
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curves of Q4A mutant at various concentrations of 10 μM -1 mM, confirming a 
non-amyloidogenic property. c Time-dependent CD spectra of 15 μM Q4A. Time-dependent ThT 
fluorescence curves to monitor the aggregation kinetics of d Aβ (15 μM) and e hIAPP (15 μM) 
with or without the addition of Q4A (15 μM). Time-dependent CD spectra of f Aβ (15 μM) and g 
hIAPP (15 μM) aggregating with or without Q4A (15 μM). Secondary structure distributions of h 
Aβ (15 μM) and i hIAPP (15 μM) with or without Q4A (15 μM) at 24 h. Inset: parallel and 
antiparallel β-sheet distributions. Molecular structures of mutants j Q4A-Aβ (A10Q4A) and k 
Q4A-hIAPP (H13Q4A), showing the disruption of steric zippers.

2.6. Cross-seeding of GNNQQNY with Aβ and hIAPP reduces cell toxicity 
It is generally accepted that amyloid oligomers are more toxic than amyloid fibrils, 

thus they are considered as main species to cause cell death. Based on our cross-seeding 
results that GNNQQNY enables to promote both Aβ and hIAPP fibrillization by quickly 
converting oligomers into fibrils, we continued to investigate the cross-seeding effect of 
GNNQQNY with Aβ and hIAPP on cell toxicity using LDH and MTT assays, where cell 
toxicity and viability data were normalized by uncreated cell control group. As a control, 
GNNQQNY (15 µM) exhibited 14.3±1.2% apoptosis and 81.9±5.2% viability of 
SH-SY5Y cells (Fig. 7 a-b), as well as 3.2±1.3% apoptosis and 99.2±5.8% viability of 
RIN-m5F cells (Fig. 7 c-d), showing that GNNQQNY at this concentration was low 
cytotoxic to both cell lines within 48 h. The cross-seeding of GNNQQNY with Aβ at a 1:1 
ratio for 48 h reduced cell apoptosis to 24.4±0.5% (Fig. 7a) and increased cell viability to 
75.0±5.9% (Fig. 7b), as compared to Aβ-induced cell apoptosis of 31.7±3.0% and cell 
viability of 40.6±3.1%. Consistently, the cross-seeding of GNNQQNY with hIAPP 
slightly improved the cell apoptosis of 17.8±1.0% and cell viability of 38.2±2.8%, as 
compared to hIAPP-induced cell apoptosis of 22.0±0.9% and cell viability of 30.0±3.2% 
(Fig. 7c-d). GNNQQNY appears to exert the less cell protection effect from 
hIAPP-induced cell toxicity than Aβ-induced cell toxicity, probably because the slower 
aggregation of hIAPP makes GNNQQNY less efficient to convert highly toxic oligomers 
into less toxic fibrils71, 72, consistent with ThT and SDS-page results.  

To better understand the origin of the reduced cell toxicity by amyloid cross-seeding, 
we performed carboxyfluorescein entrapped large unilamellar vesicles (LUVs, consisting 
of DOPC:DOPS liposomes) leakage assay to monitor cross-seeding-induced membrane 
disruption. Untreated LUVs were used as a reference for spontaneous leakage of the dye 
and were compared to LUVs incubated with pure amyloid aggregates or amyloid 
cross-seeding aggregates. Fig. 6e showed that freshly prepared Aβ (15 µM) caused rapid 
leakage of dye (43.8±0.9% leakage) in 7.5 h, after which dye release was saturated, 
indicating that Aβ disrupts the lipid bilayer during its aggregation. Addition of 
GNNQQNY to Aβ caused the slower and less leakage (35.4±2.1% leakage). The time of 
dye leakage is similar to that of accelerating growth in ThT results (Fig. 1a), indicating 
that a partial blockage of membrane disruption by cross-seeding is attributed to the bypass 
of the formation of toxic Aβ oligomers at lag phase. In contrast, LUVs with and without 
GNNQQNY caused the almost same dye leakage kinetics and final dye-leakage intensity 
of ~47%, indicating that presence of GNNQQNY has little influence on hIAPP-induced 
membrane leakage, consistent with ThT kinetics data that the lag phase remained 
unchanged in the presence and absence of GNNQQNY (Fig. 2a). These results confirm 
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that amyloid oligomers in lag or early growth phases cause more membrane disruption, 
and the reduction in membrane disruption is determined by the extent of the conversion of 
amyloid oligomers by GNNQQNY via its cross-seeding effect. 
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Figure 7. GNNQQNY reduces the amyloid oligomer-induced cell toxicity. a, b Aβ-induced (15 
μM) SH-SY5Y cell toxicity and c, d hIAPP-induced (15 μM) RIN-m5F cell toxicity, as evaluated 
by (a, c) LDH activity assay and (b, d) MTT reduction assay in the absence and presence of 
GNNQQNY (15 μM). Statistical significance from the control (cell treated with Aβ/hIAPP alone) 
was analyzed by one-way ANOVA test and t-test. (*P < 0.05, **P < 0.01, ***P < 0.001, three 
biological repeats n = 3). Standard membrane leakage assay for quantifying e 15 μM Aβ- and f 15 
μM hIAPP-induced membrane damage with and without 15 μM GNNQQNY. Data shown are 
mean ± s.d. of three-independent experiments (n=3). The time-dependent membrane leakage in the 
presence of Aβ/hIAPP or Aβ/hIAPP+GNNQQNY was analyzed by two-way ANOVA. 
Comparison of membrane leakage between Aβ and Aβ+GNNQQNY samples reveals P value 
< 0.01.

3. Discussion
Amyloid cross-seeding is, despite still under investigation, considered as one of main 

mechanisms for the spread of the overlapping pathologies across different cells and tissues 
between different PMDs and epidemics73-75. Epidemiological studies have pointed a 
statistic connection between prion disease (PD), Alzheimer disease (AD), and type II 
diabetes (T2D), as evidenced by (i) the co-occurrence of different amyloid diseases in the 
same individuals and (ii) the increased risk of developing the other two diseases if any 
abovementioned disease is presented. Such amyloid-linked pathologies between PD, AD, 
and T2D suggest the possible cross-seeding between the disease-related specific proteins 
to produce heterogenous amyloid aggregates, which may transport to heart, liver, and even 
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intestine via spinal fluid and blood plasma to achieve amyloid transmission76, 77.  

From a viewpoint of protein misfolding and protein-protein interaction, considering 
the conformational complexity and polymorphism of amyloid proteins, whenever 
co-assembly of any two amyloid proteins, each type of amyloid proteins generates a vast 
number of structural ensembles with different populations at transient states. In principle, 
such structural diversity and instability between and within both amyloid aggregates will 
create high cross-species barriers to prevent their interactions and co-assembly into highly 
structured aggregates. Thus, to make cross-seeding happen, it is a necessary but not 
sufficient condition to acquire some structural compatibility between two amyloid 
aggregates. Specifically, highly similar β-sheet structures in different amyloid aggregates 
allow to largely lower the cross-seeding barriers and acts as general structural motifs and 
interaction template for amyloid cross-seeding. However, not any two β-sheets from 
different amyloid aggregates necessarily enable cross-seeding interactions, depending on 
both local conformational compatibility and populations of β-sheet structures between 
different amyloid aggregates from different aggregation pathways.

To line with the amyloid cross-seeding hypothesis above, we are the first to study the 
cross-seeding between GNNQQNY associated PD, Aβ associated with AD, and hIAPP 
associated with T2D using experiments and simulations, as well as propose the 
conformational fitting and selective binding to explain the cross-seeding of GNNQQNY 
with Aβ and hIAPP. First, collective results from ThT, AFM, and CD demonstrate that on 
one hand, GNNQQNY indeed cross-seeds with both Aβ and hIAPP to promote their 
structural conversion towards β-sheet structures by 34.5-57.0% (Fig. 1g & 2g) and 
amyloid fibrillization up to 142-200% (Fig. 1b & 2b), suggesting that a general 
mechanism governs their cross-seeding behavior. Molecular simulations further confirm 
that GNNQQNY can laterally and tightly associate with Aβ and hIAPP via β-sheet 
interactions to form a variety of GNNQQNY-Aβ and GNNQQNY-hIAPP complexes in 
double-layer and triple-layer organizations, which reflect a general and intrinsic nature of 
amyloid polymorphism. While all of stable cross-seeding complexes display different 
β-sheet organizations, they all form different steric zippers at their interfaces, whose side 
chains of two β-sheets of different amyloid aggregates are geometric complementarity to 
form a dry interface, rendering the two β-sheets from different amyloid aggregates to pack 
more closely. Beyond double-layer cross-seeding structures stabilized by a single steric 
zipper, a combination of two different steric zippers enables to form multiple, stable 
triple-layer cross-seeding complexes. Theoretically, the co-existence of both double- and 
triple-layer cross-seeding complexes, associated by single or two steric zippers, allows to 
cover all possible multiple β-sheet-layer packing via steric zippers, revealing that (i) steric 
zipper could be a basic structural unit to enable the cross-seeding of GNNQQNY with Aβ 
and hIAPP, explaining its promotion effect on amyloid fibrillization, and (ii) different 
steric zippers in cross-seeding aggregates are compatible with slow fibril nucleation and 
faster fibril growth, explaining amyloid polymorphism.  

On the other hand, cross-seeding efficiency of GNNQQNY-Aβ and 
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GNNQQNY-hIAPP is also varied with different sequences, concentrations, and preformed 
seeds of Aβ and hIAPP, indicating the existence of cross-species barriers along the folding 
pathways of different amyloid proteins. Cross-seeding results suggest two co-aggregation 
pathways via conformational-selection model and template-assisted growth model, largely 
depending on the target amyloid protein aggregation states and conformation populations 
(Fig. 8). We found that the cross-seeding of GNNQQNY with Aβ/hIAPP monomers or 
small oligomers at the early aggregation stage is more efficient than that of GNNQQNY 
with large Aβ/hIAPP (proto)fibrils and that of homo-seeding of either Aβ or hIAPP. In the 
cases of GNNQQNY cross-seeding with early Aβ/hIAPP oligomers, 
conformational-selection model (Fig. 8a) suggests that as compared to Aβ-Aβ or 
hIAPP-hIAPP homo-seeding, GNNQQNY is much easier to adjust its conformations to 
accommodate with small Aβ/hIAPP oligomers due to very small structural ensemble 
spaces. Small GNNQQNY-Aβ/hIAPP seeds will be further associated together to grow 
into higher-order aggregates. This model explains the observation that addition of 
GNNQQNY to early Aβ/hIAPP aggregates rapidly promotes their aggregation kinetics 
(Fig. 1a & 2a). Differently, when adding GNNQQNY to Aβ/hIAPP seeds at the growth 
phases, Aβ/hIAPP aggregates serve as structural templates to recruit GNNQQNY 
monomers in a less efficient way (Fig. 8b). Considering the non-amyloidogenic nature of 
GNNQQNY at 15 µM, it is more challenging for Aβ/hIAPP seeds to simultaneously 
recruit multiple GNNQQNY molecules at a time to form heterogeneous steric-zipper 
nucleus. This explanation is further supported by the loss of cross-seeding ability when 
adding GNNQQNY to Aβ/hIAPP protofibrils (Fig. 3a, b). Additional energy barrier is 
imposed for hydrophilic, soluble GNNQQNY to interact with more hydrophobic, 
less-soluble Aβ/hIAPP protofibrils. Both models apparently consider the existence of 
cross-seeding barriers and follow selective co-assembly of conformational compatible 
amyloid species of different sequences for the onset and efficiency of amyloid 
cross-seeding. 

Generally speaking, in vitro/in silico studies of amyloid peptides are usually 
performed under dilute conditions, in sharp contrast to in vivo environment that is much 
more complex and involve a large number of different biomolecules such as proteins, 
nucleic acids, lipids, and metabolites. These biomolecules occupy a significant fraction 
(~25%) of cellular volume and the extracellular matrix (e.g., 10% of blood plasma), 
leading to the crowded cell environment78, 79. The molecular crowding effect in vivo will 
influence the excluded volume and solution viscosity, both of which affect amyloid 
aggregation. It is worthy to note that while our in vitro and in silico study may not be able 
to completely mimic the in vivo cross-seeding process, it also provides the first 
fundamental understanding of amyloid cross-seeding at both protein and cellular levels.  
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Figure 8. Mechanistic models for GNNQQNY cross-seeding with Aβ and hIAPP at different 
aggregation states. a GNNQQNY cross-seeds with small Aβ/hIAPP monomers or oligomers 
through a conformational-selection pathway, in which short GNNQQNY preferentially 
accommodate its conformations with Aβ/hIAPP to form into high-order aggregates. b GNNQQNY 
cross-seeds with large Aβ/hIAPP aggregates or protofibrils through a template-assisted growth 
pathway, in which the preformed Aβ/hIAPP aggregates recruit GNNQQNY molecules slowly to 
form heterogeneous aggregates.

In summary, this work demonstrates, for the first time, the dual cross-seeding ability 
of GNNQQNY to facilitate both Aβ and hIAPP fibrillization, which may explain 
molecular crosstalk between PD, AD, and T2D as a result of amyloid cross-seeding 
between their corresponding disease-causative peptides. Collective experimental and 
simulation data reveal that (1) steric β-zippers, formed by a pair of tightly interdigitated 
β-sheets of different amyloid peptides, serve as a general interactive and structural unit to 
initiate and promote amyloid cross-seeding via conformational fitting and selective 
binding mechanism. (2) Different steric β-zippers alone or in combination present 
different packing structures and aggregation pathways to form a variety of cross-seeding 
assemblies, enriching amyloid polymorphism. (3) Single-point Q4 mutation of 
GNNQQNY disrupt the steric zipper formation and thus reduces its cross-seeding ability 
to interact with Aβ and hIAPP, again highlighting the importance of steric β-zippers in 
amyloid cross-seeding. (4) Different binding affinities of GNNQQNY to Aβ and hIAPP 
seeds at different aggregation stages demonstrates the existence of cross-seeding barriers 
that govern steric β-zipper formation and cross-seeding efficiency. 

4. Methods 
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Preparation of Amyloid Monomers  

Synthetic peptides (≥ 95%) without terminal modifications, including GNNQQNY, Aβ42, 

and hIAPP37 were purchased from AnaSpec (CA, USA), and single-point mutant 

GNNAQNY (Q4A) from GenScript (NJ, USA). All the bulk powdered peptides were 
dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, ≥ 99.9%) and incubated at ambient 
temperature for 2 h to breakdown pre-existing aggregates. Solutions of monomeric 
peptides were prepared by sonication in ice bath and subsequently centrifugation at 14000 
rpm, 4 °C for 30 min. The monomeric peptides were extracted after lyophilizing the 
supernatant, and stored under −20°C. For preparation of monomeric peptide stocks, dried 
peptide films were solubilized in 10 mM NaOH, and diluted into 10 mM 
phosphate-buffered saline (PBS), pH 7.4, stored on ice for subsequent usage within 1 
hour. 

Thioflavin T (ThT) Fluorescence Assay
ThT fluorescence was monitored by using the kinetic bottom-read mode of a SpectraMax 
M3 microplate reader (Molecular Devices, CA, USA) with excitation at 450 nm and 
emission at the range of 470 nm to 500 nm. Samples were prepared on ice by dissolving 

the Aβ42 and hIAPP37 peptides (15 or 30 M) in the absence or presence of GNNQQNY 

(15 M) in 10 M ThT-Tris buffer solution. The ThT fluorescence measurement was 
conducted in triplicate per sample. After transferring the samples to 96-well plate in the 
plate reader, the aggregation was initiated at 37 °C, and fluorescence intensity data were 
recorded consistently at 30 min intervals for 24 h.

Atomic Force Microscopy (AFM)
During the aggregation process, the morphology changes of peptides were imaged by 
using Nanoscope III multimode AFM (Veeco, NY, USA). The amyloid peptides were 
incubated in 10 mM PBS buffer, pH 7.4 with or without GNNQQNY at 37 °C, and at 
different time intervals samples (20 μL) were deposited on mica for 2 min at ambient 
temperature. The mica substrate was washed with deionized water to get rid of salts and 
dried by gentle airflow before stored in sealed containers. The imaging was carried out in 
tapping mode with a scan rate of 1.0 Hz, and silicon AFM probe with a nominal radius of 
< 10 nm and 300 kHz resonant frequency (Aspire, USA).

In the present experiments, the measurement of each sample was conducted at a minimum 
force between the tip and sample, and therefore does not strongly influence the 
morphology of the observed object. Additionally, the geometry of tip does not strongly 
affect the measurement of the cross-sectional height of observed objects. However, a tip 
with an apical radius of equal or larger than the dimensions of the object will affect the 
lateral resolution due to convolution effect, resulting in artifacts arising on lateral 
dimensions78. Here, objects with typical lateral dimensions within 10 nm were measured 
by a tip with < 10 nm radius, thus we quantified the deconvoluted width of the aggregates, 
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and compare the morphology of different samples consistently. Images were flattened and 
analyzed by Nanoscope software.

Circular Dichroism (CD) Spectroscopy
The secondary structure of protein can be monitored by far-UV CD spectroscopy with a 
J-1500 spectropolarimeter (Jasco Inc., Japan). In all, 15 µM Aβ42 or hIAPP37 were 
incubated at 37 °C in 10 mM phosphate-buffered saline (PBS, pH 7.4) in the presence or 
absence of 15 µM GNNQQNY. 150 L of samples were pipetted into a 1 mm optical path 
length CD cuvette, and the spectra were scanned between 190 and 250 nm with a step size 
of 0.5 nm and 50 nm/min scan rate, in all CD measurements after each time interval. The 
spectra were analyzed after subtracting the background signal of pure PBS buffer, and 
averaged by triplicated scan per sample. The secondary structural contents were 
determined by using the Beta Structure Selection (BeStSel) algorithm79 
(http://bestsel.elte.hu/).

Sodium Dodecyl Sulfate–Polyacrylamide Gel Electrophoresis (SDS-PAGE)
The aggregation process of 15 µM Aβ42 or hIAPP37 in the absence or presence of 15 µM 
GNNQQNY were assessed by SDS-PAGE. Freshly isolated amyloid solutions from 
aggregation experiments at different aggregation time were immediately subjected to 
photo-induced crosslinking of unmodified proteins (PICUP) and analyzed by SDS-PAGE. 
An equal volume mixture of sample and 2× laemmli sample buffer (2.1% SDS, 26.3% w/v 
glycerol, 0.01% bromophenol blue, 65.8 mM Tris-HCl buffer pH 6.8) was electrophoresed 
in 8% Bis-Tris SDS-PAGE gels. Gels were run at 80 V in MES SDS buffer and 
subsequently visualized by silver staining.

Surface Plasmon Resonance (SPR) Spectroscopy
The binding analysis was performed using a custom-built four-channel SPR instrument at 
ambient temperature. A dextran-modified SPR sensor chip was prepared following the 
well-established method80. Briefly, the dextran-modified SPR sensor chip was prepared by 
immersing the gold chip in a 5 mM 11-mercapto-1-undecanol in ethanol/water (8:2) 
solution for 24 h, reacted with epichlorohydrin (2% v/v) in 0.1 M NaOH for 3 h, , and 
transferred to a 300 g/L dextran solution (500 kDa) in 0.1 M NaOH for 24 h. The resultant 
surfaces were washed with Milli-Q water and subsequently immersed in 1.0 M 
bromoacetic acid in 2 M NaOH for 24 h to achieve the dextran-modified SPR sensor chip.
 
For GNNQQNY immobilization, the SPR sensor chip was activated by an equimolar mix 
of NHS (N-hydroxysuccinimide) and EDC (N-ethyl-N-(diethylaminopropyl) 
carbodiimide) and coupled with GNNQQNY in acetic acid buffer (10 mM, pH 4.5), 
followed by blocking with ethanolamine (Fig. S5a). The final coupling level of 
GNNQQNY was kept constant around 8 resonance units (1 RU=1500 ng protein/mm2). 
The interaction of GNNQQNY with Aβ42 or hIAPP37 was performed by injecting a serial 
diluted Aβ42 or hIAPP37 (1−15 µM) in running buffer (10 mM PBS and 0.005 wt% 
tween-20, pH 7.4) over channels at a flow rate of 30 μL/min. Dissociation constant (KD) 
values were evaluated using Anabel software81 (http://anabel.skscience.org/) by fitting the 
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data using a 1:1 Langmuir binding model (Fig. S5b) and observed binding constant (kobs) 
linearization method.

Cell Cultures
Human SH-SY5Y neuroblastoma cells (ATCC® CRL-2266TM, VA, USA) were cultured in 
sterile-filtered Eagle’s minimum essential medium (EMEM) and Ham’s F-12 medium 
(1:1) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. 
Rat insulinoma cells RIN-m5F (ATCC® CRL-11605TM, VA, USA) were incubated in 
sterile-filtered RPMI-1640 medium mixed with 10% FBS and 1% penicillin/streptomycin. 
Cell cultures were maintained in a 5% CO2 humidified incubator at 37 °C to reach 80% 
confluence. 

MTT Reduction Assay
The cell viability was determined by well-established 
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay. 
SH-SY5Y or RIN-m5F cells were seeded in 96-well plate at 104 cells per well density for 
12 h. 15 µM Aβ42 or hIAPP37 monomer was added and incubated with or without equal 
molar concentrations of GNNQQNY to cell culture medium. After 24 h or 48 h, cells were 
labelled in 0.5 mg/mL MTT culture medium solution at 37 °C for 4 h, and dissolved the 
formazan crystals in dimethyl sulfoxide. The absorbance value was read at 540 nm, and 
the cell viability was determined as the percentage of MTT reduction as compared to 
untreated cells.

Lactate Dehydrogenase (LDH) Activity Assay 
The cytotoxicity of amyloid peptides was assessed by LDH activity. Cytosolic enzyme 
LDH will be released into cell culture media after the plasma membrane is damaged, 
which can be measured as biomarker to quantify the cytotoxicity. Spontaneous LDH 
release was measured as positive control in untreated cells, and a total LDH release was 
measured by cell lysis as negative control in Lysis Buffer (10×). 15 µM Aβ42 or hIAPP37 
monomer was added in the presence or absence of equal molar GNNQQNY and added to 
the culture medium of 104 density cells seeded in 96-well plates for 24 h. The leaked LDH 
activity in the medium was evaluated by the Pierce™ LDH Cytotoxicity Assay Kit 
(Thermo, USA), and the absorbance was read at the wavelength of 490 nm and 680 nm by 
the microplate reader. The LDH activity values were normalized to spontaneous LDH 
release, and cytotoxicity values were calculated in percentages of total LDH release.

Large Unilamellar Vesicles (LUVs) 
The liposomes vesicles composed of zwitterionic phosphatidylcholine DOPC and anionic 
phosphatidylserine DOPS at a molar ratio of 7:3 have been widely used as an intra-cellular 
membrane model for different biological purposes of cell leakage, drug/gene carriers, and 
ion/protein diffusion82-84. Both DOPC and DOPS have two mono-unsaturated chains with 
an inverted cone lipid shape and the smaller hydrophobic thickness, all of which are 
amenable to the preparation of the stable and curved vesicles85. To prepare the liposomes 
vesicles, DOPC and DOPS were dissolved in chloroform and mixed in 7:3 molar ratio. 
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After evaporating the mixture under nitrogen airflow and further dried in high vacuum for 
at least 30 min, the lipid film was obtained. The lipid film was then hydrated in Tris buffer 
(10 mM Tris-HCl, 100 mM NaCl, pH 7.4) for 1 h to reach a concentration of 10 mM. The 
lipid solution was then subjected to 10 freeze-thaw cycles and extruded 10 times through a 
200 nm pore size filters to obtain a uniform LUVs size. 

For the membrane leakage experiment, LUVs containing 5(6)-carboxyfluorescein were 
prepared similarly except the lipid film was hydrated with saturated 
5(6)-carboxyfluorescein in Tris buffer. The free 5(6)-carboxyfluorescein was removed 
from the 5(6)-carboxyfluorescein-filled LUVs using a PD 10 desalting column (GE 
Healthcare Life Science) by carefully eluting with Tris buffer (10 mM Tris-HCl, 100 mM 
NaCl, pH 7.4). Dynamic light scattering was used to ensure the proper diameter and 
polydispersity and the vesicle solution should be used right after being prepared.

Membrane Permeability Assays
The leakage experiment was conducted to evaluate the amyloid peptide affiliation and 
induced damage to the membrane. The 5(6)-carboxyfluorescein encapsulated LUVs were 
used to mimic cell membranes for tracking the membrane disruption induced by amyloid 
kinetically. 15 µM Aβ42 or hIAPP37 monomer was added in the presence or absence of 
equimolar GNNQQNY to 10 mM 5(6)-carboxyfluorescein encapsulated LUVs (10 mM 
Tris·HCl, 100 mM NaCl, pH 7.4) solution, and incubated in 37 °C. The 
5(6)-carboxyfluorescein fluorescence signal was continuously measured at excitation and 
emission wavelength of 485 nm and 535 nm. A maximum leakage should be determined 
by adding Triton X-100 to a final concentration of 0.1% (v/v) to disrupt membranes 
thoroughly. The membrane permeability was determined as percentage fluorescence 
change L(t) = (Ft − F0)/(F100 − F0), where L(t) represent the normalized membrane 
leakage, Ft is the measured fluorescence intensity at time t, F0 is the initial fluorescence 
intensity at times t = 0 and F100 is the intensity after addition of Triton X-100.

Molecular Simulations of Amyloid Cross-seeding
Given that no atomic structural models are currently available to describe the 
cross-seeding complexes of GNNQQNY-Aβ and GNNQQNY-hIAPP, we developed a 
computational platform combining in-house peptide-packing program and all-atom 
molecular dynamics (MD) simulations to systematically screen and determine the most 
possible cross-seeding structures of GNNQQNY-Aβ and GNNQQNY-hIAPP aggregates 
with steric zippers in double-layer and triple-layer organizations and to reveal the 
underlying forces to drive the amyloid cross-seeding between GNNQQNY, Aβ, and 
hIAPP via three steps. 

Step 1: Interfacial scanning and packing for amyloid cross-seeding aggregates. An 
in-house peptide-packing program was developed to systematically search and determine 
all possible the lateral β-layer-to-β-layer interfacial packing between GNNQQNY and Aβ 
(or hIAPP) oligomers at the low energy minimization states. As shown in Fig. S6-7, four 
key parameters were considered for coarsely identifying the low-energy amyloid 
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cross-seeding packings, including (1) interlayer translation along the x axis (dx, one layer 
was translated with respect to another layer along the β-strand direction), (2) interlayer 
distance between two amyloid oligomers along the y axis (dy, along lateral direction), (3) 
layer-to-layer orientations (parallel vs. antiparallel), and (4) interfacial sidechain contacts 
of GNNQQNNY (even face vs. odd face of GNNQQNY) relative to Aβ or hIAPP 
oligomers. Four typical families of cross-seeding interfaces were constructed based on a 
given orientation between GNNQQNY and target oligomers (Aβ or hIAPP) and specific 
sidechains of GNNQQNY facing towards target oligomers (Aβ or hIAPP: [GYO-CAβ]↑↑, 
[GYO-NAβ]↑↓, [GYE-CAβ]↑↓, [GYE-NAβ]↑↓ and [GYO-ChP]↑↑, [GYO-NhP]↑↓, [GYE-ChP]↑↓, 
[GYE-NhP]↑↓, where the first and last letters of full name of amyloid peptides were used as 
the corresponding abbreviations (i.e., GY=GNNQQNY, Aβ=Aβ, and hP=hIAPP); the 
letters “O” and “E” of GNNQQNY represent the odd face containing G1, N3, Q5, Y7 
residues in odd positions and even face containing N2, Q4, N6 residues in even positions, 
respectively; the letters of “N” and “C” of both Aβ and hIAPP represent N-terminal and 
C-terminal β-sheet regions, respectively; and the symbols of “↑↑” and “↑↓” represent 
parallel and antiparallel orientation between the two β-sheets of GNNQQNY and Aβ, 
respectively. Specifically, a structural ensemble of any given cross-seeding interface will 
be generated by varying interlayer distance (dy) of every ~1 Å between the two amyloid 
oligomers and interlayer translation along the x axis (dx) of every ~1 Å. Thus, a specific 
ensemble of amyloid cross-crossing interface contains a total of 4,640 cross-seeding 
structures, each of which was minimized and compared in energy to determine their 
low-energy cross-seeding structures. As a result, 11 of 2,240 GNNQQNY-Aβ (A1-A11 in 
Fig. S6) and 14 of 2,400 GNNQQNY-hIAPP cross-seeding interfaces (H1-H14 in Fig. S7) 
were identified and selected at their low energy states, all of which adopted double-layer 
associations with different steric zippers formed by different β-sheet packings and 
orientations at cross-seeding interfaces. It should be noted that the low-energy structures 
determined by energy minimization method do not necessarily imply the most stable 
structures in the explicit solvent due to the lack of explicit peptide-water interactions, thus 
all of 25 double-layer cross-seeding models were further examined for their structural 
stability by subsequent all-atom explicit-solvent MD simulations.

Step 2: Stable steric zippers from double-layer cross-seeding models. Next, a total of 11 
GNNQQNY-Aβ and 14 GNNQQNY-hIAPP cross-seedings were solvated in in a TIP3P 
water box with a margin of at least 15 Å from any edge of the water box to any peptide 
atom. Any water molecule within 2.4 Å of the peptide was removed. Each system was 
then neutralized by adding Cl¬- and Na+ ions to mimic ~150 mM ionic strength. Then, 
these GNNQQNY-Aβ and GNNQQNY-hIAPP cross-seedings were subject to all-atom 
MD simulations in explicit water for determining stable steric zippers. As shown in Table 
S1, after a total of 1,250 ns simulations (50 ns for each system), 5 of 11 GNNQQNY-Aβ 
and 8 of 14 GNNQQNY-hIAPP were found to be structurally stable, with well-reversed 
steric zippers at interface, β-layer association, and overall structural integrity. Stable 
double-layer steric zippers will be further served as basic building blocks to construct 
triple-layer cross-seeding models and to reveal the GNNQQNY-promoted cross-seeding 
behavior at atomic details.
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Step 3: Stable Triple-layer cross-seeding models. Given that stable double-layer steric 
zippers with distinct interfaces are determined by MD simulations in Step 2, a 
combination of two possible steric zippers is able to exclusively construct sandwich-like, 
triple-layer, cross-seeding models, in which GNNQQNY oligomers were placed in 
between Aβ (or hIAPP) oligomers with the two exact steric zipper interfaces (i.e., the 
same orientation, position, and sidechain contacts) as determined in Step 2. As a result, 
three-layer models of Aβ-GNNQQNY-Aβ and hIAPP-GNNQQNY-hIAPP were 
constructed by considering different combinations of two steric zipper interfaces. Further 
100-ns MD simulations demonstrated that all triple-layer cross-seeding models were 
structurally stable, with well-reversed overall structural integrity without any tendency of 
disassociation, as well as well-interdigitated steric zippers at interface. All double-layer 
and triple-layer cross-seeding models were summarized in the Table S1.

Amyloid Models. Pentamers were selected as basic building units to study the structure, 
dynamics, and interactions of amyloid cross-seeding between them. The Aβ17-42 structure 
(PDB: 2BEG) was taken from the ssNMR and H/D exchange model as determined by the 
Riek lab59. While the first 1-16 sequence is disordered and has less tendency to form 
fibrils, it functions as membrane-binding motifs. In our simulations, we mainly focus on 
Aβ fibril structures, not Aβ-membrane interactions, thus Aβ17-42 model was selected for 
our cross-seeding study. Initial monomeric structures of GNNQQNY (PDB: 1YJP)86, 
Aβ17-42 (PDB: 2BEG)59, and hIAPP37

60
 structures were obtained from the solid-state NMR 

and x-ray crystal fibrillar structures. For three pentamer models, they were constructed by 
stacking five monomers on top of each other with initial interpeptide separation of ~4.7 Å 
in an in-register manner. All GNNQQNY, Aβ42, and hIAPP37 pentamers adopted 
well-preserved β-sheet structure. The N- and C-termini of all peptides were capped by 
NH3+ and COO- groups, respectively. For GNNQQNY mutant systems, single-point Ala 
mutation was used to replace those residues involving in the formation of cross-seeding 
steric zippers. 

MD Simulations. All MD simulations were performed using the NAMD software87 with 
CHARMM27 force field for peptides and TIP3P for water88. MD simulations were 
performed using an isothermal-isochoric ensemble (NPT, T=310K and P=1 atm) under 
periodic boundary conditions with the minimum image convention. The Langevin piston 
method with a decay period of 100 fs and a damping time of 50 fs was used to maintain a 
constant pressure of 1 atm, while the Langevin thermostat method with a damping 
coefficient of 1 ps-1 was used to control the temperature at 310 K. All covalent bonds 
involving hydrogen were constrained so that 2-fs timestep was used in the velocity Verlet 
integration. Van der Waals (VDW) interactions were calculated by the switch function 
with a twin-range cutoff. Long-range electrostatic interactions were calculated using the 
force-shifted method with a 14 Å cutoff. Each modeled system was run twice with the 
same initial coordinates but different initial velocities to verify statistical accuracy. All 
analyses were performed using tools within the CHARMM, VMD89, and in-house 
FORTRAN. 
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Cross-Seeding Population Analysis. To identify the most populated cross-seeding 
assemblies in the complex energy landscape, we extracted 1000 structures from the last 
10-ns MD simulation trajectories of double-layer GNNQQNY-Aβ (A1, A3, A4, A5, and 
A10), double-layer GNNQQNY-hIAPP (H1, H2, H3, H4, H7, H8, H9, and H13), 
GNNQQNY-Aβ-GNNQQNY (AGA1 and AGA2), and GNNQQNY-hIAPP-GNNQQNY 
(HGH1 and HGH2) assemblies after removing water molecules and counter ions. For any 
given cross-seeding assembly model, 1000 × 4 = 4000 conformers were produced and then 
used to produce the energy landscape of each cross-seeding assembly for determining the 
population probability of conformers using an in-house Monte Carlo program. To reduce 
the effect of thermal fluctuations by MD simulations, 400-step ABNR energy 
minimizations were applied to all conformers of each cross-seeding assembly. Next, 
conformation energies of these conformers were computed using generalized Born method 
with molecular volume (GBMV), consequently producing a Markov energy chain [E1, 
E2, ..., Ei, ..., En] for all conformers. To obtain the most populated conformers, 
conformational energies were calculated for two selected structures of conformers i and j 
based on the GBMV model. Further, transition probabilities (e.g. acceptance probability) 
from conformer i to conformer j were calculated based on the function of Paccept, move = 
min[1, exp((Ei – Ej)/kBT)] using metropolis algorithm. As a result, the number of 
“accepted” structures (Ni) for any conformer i was quantified from 1 million samplings. 
The relative populated conformer i with relative larger pi = Ni/Ntotal was determined from 
the energy landscape.
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