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Amyloid aggregation and microbial infection are considered as pathological risk factors for developing

amyloid diseases, including Alzheimer's disease (AD), type II diabetes (T2D), Parkinson's disease (PD), and

medullary thyroid carcinoma (MTC). Due to the multifactorial nature of amyloid diseases, single-target

drugs and treatments have mostly failed to inhibit amyloid aggregation and microbial infection

simultaneously, thus leading to marginal benefits for amyloid inhibition and medical treatments. Herein,

we proposed and demonstrated a new “anti-amyloid and antimicrobial hypothesis” to discover two host-

defense antimicrobial peptides of a-defensins containing b-rich structures (human neutrophil peptide of

HNP-1 and rabbit neutrophil peptide of NP-3A), which have demonstrated multi-target, sequence-

independent functions to (i) prevent the aggregation and misfolding of different amyloid proteins of

amyloid-b (Ab, associated with AD), human islet amyloid polypeptide (hIAPP, associated with T2D), and

human calcitonin (hCT, associated with MTC) at sub-stoichiometric concentrations, (ii) reduce amyloid-

induced cell toxicity, and (iii) retain their original antimicrobial activity upon the formation of complexes

with amyloid peptides. Further structural analysis showed that the sequence-independent amyloid

inhibition function of a-defensins mainly stems from their cross-interactions with amyloid proteins via b-

structure interactions. The discovery of antimicrobial peptides containing b-structures to inhibit both

microbial infection and amyloid aggregation greatly expands the new therapeutic potential of

antimicrobial peptides as multi-target amyloid inhibitors for better understanding pathological causes

and treatments of amyloid diseases.

1. Introduction

Protein-misfolding diseases (PMDs) including Alzheimer's

disease (AD), type II diabetes (T2D), Parkinson's disease (PD)

and medullary thyroid carcinoma (MTC) are complex, multi-

factorial, age-related disorders, which are generally associated

with progressive damage in the localized regions of the central

nervous system.1–3 Different evidence-driven hypotheses have

been proposed to elucidate the pathological causes of PMDs,

although they are still under hot debate. Among them, amyloid

aggregation and microbial infection are oen considered as the

two major pathological causes for initiating and promoting the

onset and progression of PMDs. Specically, the current pre-

vailing “amyloid cascade hypothesis” strongly believes that the

misfolding and aggregation of intrinsically disordered proteins

into highly ordered, b-structure-rich species (namely amyloids)

is mainly responsible for a central pathogenic cause of PMDs,4–6

e.g., the abnormal aggregation of Ab, hIAPP, a-synuclein and

hCT is associated with AD, T2D, PD, and MTC, respectively.

Signicant efforts and progress have been made to develop

different types of amyloid inhibitors (i.e., small organic mole-

cules,7,8 nanoparticles,9 antibodies,10,11 polymers,12 and

peptides13,14) to prevent the production and aggregation of

amyloid proteins. However, these inhibitors are mostly limited

to single-target prevention strategies against specic amyloid

proteins/aggregates, leading to no success for clinical cures of

PMDs. Meanwhile, recent ndings have shown the co-existence

and mixtures of different amyloid proteins in blood and cere-

brospinal uids, which may correlate with the co-occurrence of

different PMDs in the same individuals.15,16 This nding indi-

cates that some different amyloid proteins/aggregates cross-

interact with each other to mutually initiate or accelerate the

pathogenic event of respective PMDs (this process is known as

amyloid cross-seeding), which cannot be simply explained by

the “amyloid cascade hypothesis”. The marginal benets from

the “amyloid cascade hypothesis” drive parallel efforts to

examine an alternative “microbial infection hypothesis”.17–19

Accumulating genetic, epidemiological, and clinical data have
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shown that microbial infection caused by herpesvirus type 1–

7,20 HIV,21 bacteria,22,23 and fungi24 promotes the over-

expression, accumulation, and aggregation of amyloid proteins,

thus triggering the neuroinammation and neurodegeneration

of PMDs.17–19,25–29 These ndings have renewed our under-

standing of PMDs, but do not necessarily preclude a biological

role of amyloid proteins/aggregates.

Both the “amyloid cascade hypothesis” and “microbial

infection hypothesis” have been extensively studied regarding

their own molecular mechanisms, thus providing different

strategies to design (i) amyloid inhibitors for preventing

amyloid aggregation and (ii) antibiotics for preventing micro-

bial infection, most of which do not achieve clinical success.30–33

On the other hand, numerous studies have reported certain

pathological links, despite still unknown, between amyloid

aggregation and microbial infection,34–36 i.e., microbial patho-

gens are reported to promote the production and over-

expression of amyloid proteins (Ab, prion, and SEVI),37–39 and

a number of amyloid proteins (e.g., Ab, hIAPP, and serum

amyloid A) have been identied, which possess antimicrobial

activity against several common microorganisms,40–43 while

amyloid aggregates are found to induce prominent microbial/

virus infection and inammation.44,45 This indicates that both

microbial pathogens and amyloid proteins could work together

to form a bidirectional communication system that co-

contributes to the pathogenesis of PMDs. Such potential links

also suggest that single-target hypotheses and treatments

provide marginal benets for amyloid inhibition, medical

treatments, and disease diagnosis. Therefore, it is fundamen-

tally important, but a great challenge for developing a new

multiple-target amyloid model that can re-examine or reconcile

the two hypotheses for better understanding the pathological

causes and links of PMDs.

Considering that (i) both amyloid aggregation and microbial

infection are the key pathological causes of PMDs46 and (ii)

some amyloid and antimicrobial peptides share certain struc-

tural and functional properties, i.e., amyloid proteins (Ab,40,41

hIAPP,42 and SAA43) possess antibacterial and antifungal

activity,47–49 while some antibacterial peptides (protegrin-1,50

plantaricin A,51 uperin 3.5,52 magainin,53,54 and dermaseptin S9

(ref. 55)) have amyloid-like aggregation behaviors, here we

proposed and demonstrated a new “anti-amyloid and antimi-

crobial hypothesis” by discovering several host-defense anti-

microbial peptides of a-defensins containing b-sheet structures

(human neutrophil peptide of HNP-1 and rabbit neutrophil

peptide of NP-3A), which possess multi-target inhibition func-

tions against both amyloid aggregation andmicrobial infection.

Specically, both HNP-1 and NP-3A demonstrate multi-target

functions to (i) prevent the aggregation and misfolding of

different amyloid-b (Ab, associated with AD), human islet

amyloid polypeptide (hIAPP, associated with T2D), and human

calcitonin (hCT, associated with MTC), (ii) reduce amyloid-

induced cell toxicity, and (iii) kill four commonmicroorganisms

against microbial infection. Further structural analysis by

molecular dynamics simulations showed that the new amyloid

inhibition function of a-defensins mainly stems from their

cross-interactions with amyloid proteins via b-structure

interactions. This work provides a new “kill two birds with one

stone” model to not only reconcile both the “amyloid cascade

hypothesis” and “microbial infection hypothesis”, but also

reveal the functional and structural correlations between anti-

microbial peptides and amyloid proteins with their built-in

bacterial killing and amyloid inhibition functions.

2. Results

Considering that b-rich structures are the common structural

motifs in amyloid aggregates, irrespective of their sequences,

we propose a testable “conformational selection binding”

hypothesis by selecting a-defensins containing b-structures (or

any other b-structure-forming peptide) to interact with the

conformationally similar b-structures of amyloid aggregates via

b-structure interactions, in which a-defensins–amyloid inter-

actions will competitively reduce amyloid–amyloid interactions,

thus preventing amyloid aggregation and amyloid-induced

toxicity. Two a-defensins of the human neutrophil peptide of

HNP-1 and the rabbit neutrophil peptide of NP-3A were selected

as amyloid inhibitors, because they both consist of three b-

strands, stabilized by three pairs of intramolecular disulde

bonds, oriented in an antiparallel way, and linked by short

loops (Fig. S1a†). While both a-defensins have similar struc-

tures, they only exhibit 26% sequence similarity with different

net charges (+3e in HNP-1 and +8e in NP-3A). The high struc-

tural similarity and diverse sequences of both a-defensins allow

us to examine the conformational-specic, sequence-indepen-

dent inhibition function against the aggregation of Ab associ-

ated with AD, hIAPP associated with T2D, and hCT associated

with MTC.

2.1 a-Defensins exhibit a general amyloid inhibition ability

To test the amyloid inhibition function of a-defensins, we rst

investigated the inhibition properties of both a-defensins (HNP-

1 and NP-3A) against the aggregation of Ab, hIAPP, and hCT in

vitro using ThT, AFM, and TEM. Freshly prepared Ab, hIAPP,

and hCT (25 mM) were separately incubated with HNP-1 or NP-

3A at different molar ratios of 0.004–2 and 37 �C for 24–32 h.

ThT kinetic proles in Fig. S1† showed that both HNP-1 and NP-

3A enabled the inhibition of the aggregation of Ab, hIAPP, and

hCT at sub-stoichiometric concentrations (#equimolar ratio) in

a dose-dependent manner. Specically, ThT data in Fig. 1b

showed that at an equal molar ratio of c ¼ 1, HNP-1 can

completely suppress the amyloid bril formation of the three

different amyloid peptides as evidenced by almost 0% relative

ThT intensity. Even at c ¼ 0.004, HNP-1 was able to largely

reduce Ab brils by 30%, hIAPP brils by 33%, and hCT brils

by 31%, respectively. TEM images (Fig. 1c) and AFM images

(Fig. S2†) also showed that the co-incubation HNP-1–amyloid

samples exhibited much less brillar aggregates than pure

amyloid samples at each aggregation stage, conrming that

HNP-1 greatly reduces the formation of amyloid brils,

consistent with ThT results. Consistently, another a-defensin of

NP-3A also exhibited a similar dose-dependent inhibition effect

on the three amyloid aggregations. The increase of the NP-
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3A : amyloid molar ratio from c ¼ 0.004 to c ¼ 1 led to a large

reduction in ThT signals by 69–100% (Fig. S3b†), the formation

of less-brillar, amorphous-like aggregates (Fig. S2†), and the

retention of the original disordered structures (Fig. S3c†). This

nding provides preliminary evidence to support our

hypothesis that a-defensins containing b-structures show

a sequence-independent inhibition ability to prevent the mis-

folding and aggregation of Ab, hIAPP, and hCT.

To better understand the possible inhibition pathways of

both a-defensins imposed on amyloid aggregation, we further

characterized the size distributions and structural transitions

of a-defensins–amyloid co-assemblies using SDS-PAGE and

CD. SDS-PAGE gels in Fig. 1d showed that upon co-incubation

of a-defensins and amyloids at an equal molar ratio for 24 h,

both HNP-1 and NP-3A displayed two major bands at 4–5 kDa

of monomers and 7–8 kDa of dimers, indicating that they do

not self-aggregate into large species at 25 mM. In contrast, all

three amyloid peptides (Ab, hIAPP, or hCT) displayed typical

time-dependent, self-aggregation bands, which were initially

dominated by small monomers and oligomers of 5–15 kDa at

1–2 h and then gradually shied to large aggregates of >25 kDa

at 24 h. The co-incubation of HNP-1 with amyloid peptides

revealed the size distribution of HNP-1–amyloid co-assem-

blies to be located at �5 kDa and 16 kDa within 24 h, indi-

cating that HNP-1 indeed suppresses the aggregation of

amyloid peptides by stabilizing their monomeric or small

oligomeric states and thus preventing amyloid peptides from

growing into large species. Consistently, the co-incubation of

NP-3A with amyloid peptides showed similar size distribu-

tions in SDS-PAGE gels, i.e., small homo-/hetero-assemblies of

5–20 kDa for NP-3A–Ab, 5–10 kDa for NP-3A–hIAPP, and 5–15

kDa for NP-3A–hCT were retained almost unchanged

(Fig. S3d†). Furthermore, time-dependent CD spectra in

Fig. 1e and S3e† further showed that the presence of HNP-1 or

NP-3A interfered with the structural transition of amyloid

aggregates (Ab, hIAPP and hCT) from disordered structures to

b-sheet structures, as evidenced by almost unchanged CD

curves and a minimal peak at �200 nm.

Taken together, side-by-side comparison between HNP-1–

amyloid and NP-3A–amyloid co-assemblies revealed concen-

tration- and sequence-dependent inhibition effects, i.e., (i)

HNP-1 generally has better amyloid inhibition properties than

NP-3A. NP-3A usually requires higher concentrations to achieve

similar amyloid inhibition efficiency than HNP-1. (ii) HNP-1

and NP-3A inhibit the aggregation of different amyloid peptides

in the same order hCT > Ab > hIAPP. (iii) Both a-defensins (HNP-

1 and NP-3A) displayed concentration-dependent inhibition

pathways against amyloid formation. a-Defensins at low

concentrations are more effective to slow down amyloid growth

from small aggregates to larger ones, while those at higher

concentrations favor the inhibition of the amyloid nucleus at

a lag phase. Such differences in amyloid inhibition suggest the

existence of cross-species energy barriers between different a-

defensin and amyloid proteins.

2.2 a-Defensins bind to amyloid aggregates to induce their

inhibition effects

In principle, the amyloid inhibition ability of any molecule (e.g.,

a-defensins) mainly stems from its strong interactions with

amyloid peptides, because these inhibitor–amyloid interactions

will competitively reduce amyloid–amyloid interactions and

Fig. 1 HNP-1 exhibits general inhibition properties against the fibril-

lization of different amyloid peptides. (a) Sequence and structure of a-

defensin HNP-1 with a b-rich structure. (b) Dose-dependent inhibition

effect of HNP-1 on Ab, hIAPP, and hCT aggregation by ThT fluores-

cence assays. Inhibition efficiency of HNP-1 is determined by the

relative final fluorescence intensity (%) normalized by that of pure

amyloid aggregation. Equivalent value of HNP-1 is defined by the

molar ratio of the HNP-1 : amyloid peptide. Error bar represents the

standard deviation (s. d.) of triplicate measurements. (c) TEM image of

25 mM Ab, hIAPP, and hCT in the absence or presence of an equimolar

concentration of HNP-1. Samples were prepared after 3 days of

incubation in a physiological environment (pH 7.4 and 37 �C). Scale

bars¼ 200 nm. (d) SDS-PAGE characterization of 25 mMAb, hIAPP, and

hCT homo-/hetero-assemblies in the absence or presence of 25 mM

HNP-1. (e) Circular dichroism (CD) spectra of 25 mM Ab, hIAPP, and

hCT in the absence (gray diamond, control) or in the presence of HNP-

1 after 0, 0.5, 1 and 3 days of incubation. HNP-1 was added to Ab or

hIAPP solution at 25 mM, but to hCT solution at 10 mM.

9126 | Chem. Sci., 2021, 12, 9124–9139 © 2021 The Author(s). Published by the Royal Society of Chemistry
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thus prevent amyloid aggregation. Here, to understand the

binding-induced amyloid inhibitionmechanism of a-defensins,

we quantied the binding affinity and preference of a-defensins

(HNP-1 and NP-3A) to different amyloid peptides (Ab, hIAPP,

and hCT) using surface plasmon resonance (SPR), ThT, and

molecular simulations. Briey, monomeric Ab, hIAPP, and hCT

were rst covalently immobilized on a SPR chip surface via

direct amine-coupling, followed by HNP-1 or NP-3A solutions of

different concentrations (Fig. S5a, and b†). In general, SPR

sensorgrams (Fig. 2a & S6a†) showed several common a-

defensins–amyloid binding scenarios. At a rst glance, both a-

defensins showed a general, strong binding ability to all three

different amyloid peptide-coated SPR surfaces in a concentra-

tion-dependent way, i.e., the number of a-defensins bound to

the amyloid peptide-coated surfaces increased with their ow-

ing concentrations. Second, HNP-1 exhibited a higher binding

affinity to amyloid peptides than NP-3A, consistent with their

amyloid inhibition properties. This again supports the a-

defensin binding-induced amyloid inhibition mechanism.

Third, the kinetic analysis of SPR sensorgrams yielded the

binding affinity (KD, binding constant) of each sample (Fig. S5c,

and d†). Specically, the KD values of HNP-1 binding to Ab,

hIAPP, and hCT were 0.6 mM, 17.6 mM, and 1.6 mM, respectively,

indicating that HNP-1 exhibits comparably high binding affinity

to Ab and hCT, but low binding to hIAPP. In parallel, NP-3A

displayed an increasing order of binding affinity to amyloid

peptides of hIAPP (KD ¼ 27.6 mM) < Ab (KD ¼ 10.6 mM) < hCT (KD

¼ 9.9 mM). The different binding affinities explain the amyloid

Fig. 2 HNP-1 binds to amyloid aggregates to induce its amyloid inhibition effects. (a) SPR sensorgrams of the concentration-dependent binding

of HNP-1 to Ab-, hIAPP-, and hCT-coated surfaces. Binding affinity between HNP-1 and amyloid peptides is determined by the binding constant

(KD) based on the Langmuir model (Fig. S5†). (b) Inhibition effect of HNP-1 on Ab, hIAPP, and hCT seeds preformed at different aggregation stages

by ThT fluorescence assay. Arrows indicate the time points of adding HNP-1 to specific amyloid seed solutions. (c) Binding of HNP-1 to the U-

turn region of the Ab pentamer determined from MD simulations via nonbonded interactions. At the Ab/HNP-1 binding interface, Leu17, Phe19,

Gly33, Leu34, Met35, and Val36 of Ab showed a strong binding preference to Gln22, Cys4, Arg5, Ile6, and Pro7 of HNP-1 via hydrogen bonding

and hydrophobic interactions. (d) Structural characterization and comparison of Ab pentamers in the presence and absence of HNP-1 binding by

using the RMSD (red) and b-content ratio (green). (e) Binding probability (%) of HNP-1 to Ab residues.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 9124–9139 | 9127
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inhibition efficiency of a-defensins to different amyloid

peptides.56

Next, it is also important to examine the binding preferences

(inhibition potency) of a-defensins to specic amyloid aggre-

gates at different aggregation phases (e.g., monomers, oligo-

mers, or brils). To this end, we added a-defensins of specic

concentration to a specic amyloid seed solution (25 mM)

prepared at the growth and equilibrium phases, followed by

monitoring the change of ThT signals before and aer adding a-

defensins. The selection of a-defensin concentration was

determined by the complete inhibition of amyloid aggregation

from freshly prepared monomers (Fig. 1b and S3b†), i.e., 25 mM

of HNP-1 and NP-3A to Ab seed solutions, 25 mM of HNP-1 and

50 mM of NP-3A to hIAPP seed solutions, and 10 mM of HNP-1

and 25 mM of NP-3A to hCT seed solution. As shown in Fig. 2b

and S6b,† ThT curves clearly showed that the addition of a-

defensins to amyloid seeds at the growth phase immediately

slowed down amyloid growth into higher order species, nally

leading to a 34%/62%, 46%/54%, and 44%/52% decrease of Ab,

hIAPP, and hCT brils by HNP-1/NP-3A, respectively. However,

both HNP-1 and NP-3A did not affect the growth of amyloid

seeds preformed at the equilibrium phase into amyloid brils,

as evidenced by the almost unchanged ThT curves. Thus, both

HNP-1 and NP-3A enable the prevention of the aggregation of

amyloid monomers and oligomers at early aggregation stages,

but not amyloid protobrils or brils at later stages, revealing

different inhibition pathways of a-defensins by either stabi-

lizing amyloid monomers or blocking the elongation of amyloid

oligomers.

To better understand the amyloid binding mechanism of a-

defensins on the atomic scale, we computationally study the

binding structures, affinities, and residues between the HNP-1

dimer and amyloid pentamer (Ab and hIAPP) using a combina-

tion of molecular docking and molecular dynamics (MD)

simulations.57–59 A HNP-1 dimer was selected because it is

a functional unit to form a dimeric pore to disrupt bacterial

membranes with a crystal structure available,60,61 while Ab and

hIAPP pentamers were used because they were experimentally

identied as highly populated aggregates.62–64 Briey, we rst

applied PatchDock65 to generate a pool of binding models of

HNP-1–Ab and HNP-1–hIAPP based on the rigid shape

complementarity docking principle, followed by structural

optimization using FireDock with exible residue renement.66

As a result, the top ten binding complexes of HNP-1–Ab and

HNP-1–hIAPP were collected to obtain the most possible

binding modes at lower energy states (Fig. S7†). At the rst

glance, while these HNP-1–amyloid assemblies exhibited

different binding structures, they can be classied into two

similar binding modes, i.e., HNP-1 displayed favorable binding

to either the b-sheet region or the U-turn regions of Ab and

hIAPP pentamers. These two binding modes suggest the two

possible amyloid inhibition pathways of HNP-1, i.e., binding of

HNP-1 to the b-sheet and U-turn regions of amyloid aggregates

allows blocking of the lateral association and elongation path-

ways of amyloid aggregation. Further energy analysis revealed

that different HNP-1–amyloid complexes were stabilized by

favorable interfacial interactions, but vdW and electrostatic

interactions contributed differently to different HNP-1–amyloid

assemblies, strongly depending on interfacial residues and

their packing details (Fig. S7†).

We then selected four HNP-1–amyloid assemblies, each

presenting a distinct interfacial binding mode of HNP-1–AbC,

HNP-1–AbU, HNP-1–hIAPPC, and HNP-1–hIAPPU (square ones in

Fig. S7†), for subsequent all-atom, explicit-water MD simula-

tions to determine their dynamic binding behaviors. The visual

inspection of MD trajectories showed that in sharp contrast to

unstable HNP-1–AbC and HNP-1–hIAPPC, HNP-1–AbU (Fig. 2c)

and HNP-1–hIAPPU (Fig. S8a†) were found to be more struc-

turally stable, in which no interfacial separation and no peptide

disassociation between and within HNP-1 and amyloid pen-

tamer were observed. On the other hand, the presence of HNP-1

induced a slight increase of the RMSD of Ab from 4.28 to 4.85 Å

(Fig. 2d) and hIAPP from 3.13 to 3.79 Å (Fig. S8b†) and

a decrease of the b-content of Ab from 0.54 to 0.43 (Fig. 2d) and

hIAPP from 0.62 to 0.58 (Fig. S8b†). This indicates that HNP-1

not only has a higher probability to prevent the elongation of Ab

or hIAPP from growing in their U-turn regions, but also disturbs

the overall and secondary structures of Ab or hIAPP, in which

both effects improve the amyloid inhibition capacity of HNP-1.

We further computationally identied whether HNP-1 has

binding preferences to certain Ab or hIAPP residues using the

averaged contact probabilities between each amyloid residue

and HNP-1 based on their atomic contacts of HNP-1 within 4 Å

of each amyloid residue (Fig. 2e & S8c†). HNP-1 exhibited

inhomogeneous residue binding probability to both Ab and

hIAPP pentamers, clearly indicating that HNP-1 favored to

interact with certain residues over others. Specically, HNP-1

showed high binding probabilities to Leu17, Val18, Phe19, and

Phe20 from the N-terminal b-sheet and Ile32, Gly33, Leu34,

Met35, Val36, Gly37, Gly38, and Val40 from the C-terminal b-

sheet of the Ab pentamer (Fig. 2c). Differently, HNP-1 preferred

to bind to Leu27, Ser29, and Asn31 from the C-terminal b-sheet

of hIAPP. Close-up investigation revealed the continuous

formation of hydrogen bonds along interfacial structures,

which serve as glue to associate HNP-1 and amyloid pentamers

(Fig. S8a†).

2.3 a-Defensins reduce amyloid-induced cell toxicity

Due to the complex pathological nature of amyloids, the inhi-

bition of amyloid aggregation does not necessarily reduce

amyloid-induced cell toxicity. Here, we applied MTT, LDH, and

live/dead assays to study (i) Ab- and hCT-induced cytotoxicity

using the human neuroblastoma SH-SY5Y cell line and (ii)

hIAPP-induced b-cell dysfunction using the rat pancreatic

insulinoma RIN-5fm cell line. As controls, both HNP-1 and NP-

3A were almost non-toxic to SH-SY5Y and RIN-5fm cells (86–

100% cell viability at 1–25 mM concentration), while Ab, hCT,

and hIAPP (25 mM) alone signicantly decreased cell viability to

67%, 69%, and 58%, respectively. MTT assays further showed

that the co-incubation of HNP-1 with the three different amyloid

proteins (25 mM) exhibited dose-dependent inhibition proper-

ties for rescuing cells from amyloid-induced toxicity to different

extents. Under optimal conditions, HNP-1 increased the cell

9128 | Chem. Sci., 2021, 12, 9124–9139 © 2021 The Author(s). Published by the Royal Society of Chemistry
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viability from 67% to 90% with Ab, from 69% to 97% with hCT,

and from 58% to 82% with hIAPP, respectively (Fig. 3a).

Furthermore, visual inspection by live/dead cell assays also

showed that the introduction of HNP-1 (5 mM) allowed the

signicant reduction of the number of dead cells (red stains) for

each cell line, again conrming the protective role of HNP-1

from amyloid-induced cell toxicity (Fig. 3c).

Numerous studies have shown that amyloid-induced cell

toxicity is likely attributed to the disruption and leakage of cell

membranes.67,68 To explore the protection mechanism of HNP-1

against amyloid-induced cell apoptosis, we examined the effect

of HNP-1 (1–25 mM) on modulating the amyloid-induced

membrane leakage using LDH assays. As controls, while both

HNP-1 and NP-3A are known to permeabilize the bacterial cell

membrane and kill broad-spectrum of bacteria,69,70 neither

HNP-1 (Fig. 3b) nor NP-3A (Fig. S9b†) induced obvious

membrane leakage of SH-SY5Y and RIN-5fm cells (#5% LDH

activity at 1–10 mM and #10% for NP-3A at 25–50 mM). More

interestingly, HNP-1 exhibited a concentration-dependent

membrane-disruption ability to SH-SY5Y cells where LDH

activity increased from �1% at 1 mM to �16% at 25 mM but was

inert to RIN-5fm cells. In contrast, Ab-, hCT-, and hIAPP-treated

cells experienced a signicant membrane leakage (LDH activity)

of 24%, 26%, and 36%, respectively (Fig. 3b). For comparison,

under optimal conditions, HNP-1 reduced Ab-induced

membrane leakage by 39%, hIAPP-induced membrane leakage

by 84%, and hCT-induced membrane leakage by 77%, relative

to HNP-1-untreated controls (Fig. 3b).

In parallel, NP-3A alone was also found to be non-toxic to

both SH-SY5Y and RIN-5fm cells ($95% cell viability at 1–50

mM) and non-susceptible to their membrane disruption (#5%

LDH activity at 1–25 mM) (Fig. S9a and b†). The co-incubation of

NP-3A with the three different amyloid peptides indeed

improved cell viability to 81–92% and decrease cell apoptosis to

5–16%, as compared to the amyloid-induced cell viability of 57–

69% and cell apoptosis of 26–36% (Fig. S9a and b†). Collective

cell data suggest several mechanistic possibilities for a-defen-

sins to reduce amyloid-induced toxicity. Strong interactions

between a-defensins and amyloid peptides could reduce the

formation of toxic amyloid aggregates that are highly active to

disrupt cell membranes, form less or nontoxic a-defensin–

amyloid complexes that are largely inert to cell membranes, and

competitively decrease the binding propensity of amyloids to

cell membranes, all of which endow a-defensins with an

improved cell protection function.

2.4 a-Defensins, amyloid peptides, and cross-species of a-

defensins–amyloid peptides retain their antimicrobial activity

Microbe-induced neuroinammation is considered as a poten-

tial risk factor that triggers the pathologies of amyloid

diseases.71–74 Given the facts that (i) a-defensins have an

intrinsic antimicrobial function; (ii) Ab75 and hIAPP76 have been

identied with new antimicrobial activities against bacteria,

fungi, and viruses, it still remains unknown whether cross-

species of a-defensins–amyloids can retain antimicrobial

activities; and (iii) antimicrobial and amyloid peptides share

some commonality to kill their targets by disrupting cell

membranes in some scenarios,77–79 we examined the antimi-

crobial activity of a-defensins, amyloid proteins, and their

complexes using Gram-negative bacterial strains of E. coli and P.

aeruginosa and Gram-positive bacterial strains of S. aureus and

Fig. 3 HNP-1 rescues mammalian cells from amyloid-induced cell

toxicity. Dose-dependent protection effect of HNP-1 against amyloid

Ab-, hCT-, and hIAPP-induced (a) cell toxicity determined by MTT

assay and (b) cell membrane disruption determined by LDH assay. Cells

were incubated with amyloid peptides (25 mM) for 24 h in the absence

or presence of 1–25 mM HNP-1. Untreated cells were set as controls

for 100% MTT reduction and 0% LDH activity, cells after lysis were set

for 100% LDH activity, and cells only incubated with HNP-1 (grey bars)

were also analyzed for comparison. All data represent mean � s. d. of

three independent experiments. Statistical analysis (n ¼ 3) was con-

ducted for cells treated with HNP-1 or amyloid peptides alone relative

to the control (Bp < 0.05; BBp < 0.01; BBBp < 0.001), as well as cells

treated with both HNP-1 and amyloid peptides relative to cells treated

with amyloid peptides alone (*p < 0.05; **p < 0.01; ***p < 0.001). (c)

Representative fluorescence microscopy images of cells treated with

freshly prepared amyloid peptides (25 mM) in the absence or presence

of 5 mM HNP-1. Untreated cells were set as a control. Red and green

fluorescence indicate dead and live cells, respectively. Scale bars ¼

100 mm.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 9124–9139 | 9129

Edge Article Chemical Science



S. epidermidis. The bacteria growth proles in Fig. S10†

demonstrated the broad-spectrum antimicrobial properties of

a-defensins (HNP-1 and NP-3A) and amyloid peptides (Ab and

hIAPP), but with different antimicrobial efficiencies. Speci-

cally, a-defensins (10–50 mM) exhibit an overall higher antimi-

crobial activity against Gram-positive bacteria than against

Gram-negative bacteria80 (Fig. S10†). Also, HNP-1 showed higher

antimicrobial activity against all four different bacterial strains

than NP-3A. Both Ab and hIAPP against different bacteria was in

a descending order of S. aureusz P. aeruginosa > E. coli, with an

exception of S. epidermidis that was not susceptible to Ab and

hIAPP. Differently, among the four different bacterial strains,

hCT only inhibited the growth of P. aeruginosa.

Upon demonstrating the antimicrobial activities of a-

defensins (HNP-1 and NP-3A) and amyloid peptides (Ab and

hIAPP), we further tested the antimicrobial activity of co-

assemblies of a-defensins and amyloid peptides as compared to

that of native a-defensins or amyloid peptides. Considering that

amyloid peptides were expected to be largely sequestered in

reaction with a-defensins, here we used the antimicrobial

activity of a-defensins as a basis for evaluating the antimicrobial

activities of a-defensins–amyloid assemblies. As a result, a-

defensins–amyloid assemblies generally presented a compa-

rable or even higher antimicrobial efficiency than the corre-

sponding a-defensins. Of note, there were several exceptions

due to the complex cross-species interactions between the two

different families of antimicrobial and amyloid peptides. Ab–

HNP-1 assemblies displayed minor antimicrobial activity

against E. coli (95.2%) and P. aeruginosa (70.5%), as compared to

the HNP-1-induced antimicrobial activity of E. coli (73.8%) and

P. aeruginosa (45.7%) and the Ab-induced antimicrobial activity

of E. coli (78.6%) and P. aeruginosa (41.7%) (Fig. 4a). In another

case of NP-3A–hIAPP assemblies, NP-3A–hIAPP assemblies

(37.9%) exhibited less antimicrobial activity against S. epi-

dermidis than NP-3A (19.4%) (Fig. S11b†). Additionally, we

further monitored the bacterial membrane integrity by using

uorescent probes. Fluorescence microscopy showed that all a-

defensins–amyloid assemblies caused massive red uorescent

signals, an indicator of a damagedmembrane, in representative

Gram-negative E. coli (Fig. 4b & S11c†) and Gram-positive S.

Fig. 4 Cross-species of HNP-1–amyloids retain a broad-spectrum antimicrobial activity against both Gram-negative and Gram-positive

bacteria. (a) Antimicrobial activity of HNP-1 (10 mM), amyloid peptides (25 mM), and cross-species of HNP-1–amyloids against Gram-negative

bacteria of E. coli and P. aeruginosa and Gram-positive bacteria of S. aureus and S. epidermidis. Bacterial density is determined by OD600 and

relative bacterial density (%) was determined by the ratio of OD600 values from untreated (100%) and peptide-treated bacteria assays. Statistical

analysis (n¼ 3) of all samples was conducted relative to control (*p < 0.05; **p < 0.01; ***p < 0.001) and HNP-1-treated bacteria (Bp < 0.05;Bp <

0.01). Representative fluorescencemicroscopy images of (b) Gram-negative E. coli bacteria and (c) Gram-positive S. aureus bacteria treated with

or without peptides (25 mM amyloid peptides and 10 mM HNP-1). Red fluorescence of propidium iodide and green fluorescence of SYTO 9 were

used to identify dead bacteria with damaged membranes and live bacteria with intact membranes, respectively. Scale bars ¼ 20 mm. (d) Minimal

inhibitory concentration (MIC) of HNP-1 and amyloid peptides against bacteria. (e) Fractional inhibitory concentration (FIC) index of the

combination of HNP-1 and amyloid peptides as calculated from the checkerboard assay as shown in Fig. S12.† Synergy (FIC# 0.5), additive (0.5 <

FIC # 1), indifferent (1 < FIC # 4), and antagonism (FIC > 4).
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aureus (Fig. 4c & S11d†), further conrming that a-defensins–

amyloid assemblies still retain bacterial killing properties.

In addition, the antibacterial potency of a-defensins and

amyloids in combination was quantitively evaluated by checker-

board assay (Fig. S12†). Considering that S. epidermidis was not

susceptible to Ab, hIAPP, and hCT, while hCT can actively inhibit

P. aeruginosa (Fig. 4a), herein we purposely designed an antibac-

terial checkerboard assay to evaluate the combination antimicro-

bial activity of (1) amyloid (Ab/hIAPP)–a-defensins (HNP-1/NP-3A)

against E. coli, P. aeruginosa, and S. aureus and (2) amyloid hCT–a-

defensins (HNP-1/NP-3A) against P. aeruginosa. We rstly analyzed

the MICs of pure amyloid peptides and pure a-defensins in the

checkerboard assay, whose MIC values are set as controls and

dened as the lowest concentrations to quantify the combined

effect of amyloid peptides and a-defensins. As shown in Fig. 4d &

S11e,† HNP-1 showed higher antibacterial activity (i.e., lower MIC

values) against all bacterial strains than NP-3A. HNP-1 displayed

a comparable inhibition effect to P. aeruginosa and S. aureus (MICs

¼ 128 mg ml�1), but lower inhibition efficiency to E. coli (MIC ¼

256 mg ml�1) and S. epidermidis (MIC > 256 mg ml�1). NP-3A

exhibited low antimicrobial activity to all of the four bacteria with

MICs $ 256 mg ml�1. Both Ab and hIAPP peptides exhibited

similar antibacterial efficiency against E. coli and P. aeruginosa

(MICs ¼ 1024 mg ml�1), but Ab (MIC ¼ 512 mg ml�1) was more

effective to inhibit Gram-positive S. aureus than hIAPP (MIC ¼

1024 mg ml�1). hCT had a MIC value of 512 mg ml�1 against P.

aeruginosa growth. As shown in Fig. 4e & S11f,† in most cases, the

combination of a-defensins and amyloids led to a FIC index of

0.75–1.5, suggesting no or a slight increase in inhibitory activity as

compared to the sum of individual FIC values of a-defensins and

amyloids alone. Meanwhile, the combination of HNP-1 and Ab

resulted in a FIC index of >4 against both E. coli and P. aeruginosa,

likely indicating an antagonism effect of their assemblies with

lower antibacterial activity. In another combination case of HNP-1

and hCT, a FIC value of >4 suggests reduced antibacterial activity

against P. aeruginosa, in contrast to the increase inhibitory activity

of NP-3A and Ab against P. aeruginosa (FIC index ¼ 0.5). Of note,

similar to many challenges in antimicrobial studies (e.g., multi-

drug-resistance, bacterial membrane disruption, and metal/oxide-

induced bacterial killing effects), while this study has revealed

different antimicrobial activities of combined antimicrobial and

amyloid peptides (beyond a-defensins, Ab, hIAPP, and hCT), the

underlying antimicrobial mechanisms induced by amyloid

peptides still remain fundamentally unclear.

The different antimicrobial efficiencies of a-defensins–

amyloid assemblies indicate different interaction patterns to (i)

prevent or promote amyloid aggregation, (ii) remodel mutual

conformational changes of a-defensins and amyloids, (iii)

change their native functions of antimicrobial activity, self-

aggregation, or both, and (iv) modulate their membrane

disruption properties, all of which depend on the complex

interplays of the sequence-structure-interaction between a-

defensins and amyloid in the context of cell membranes, thus

leading to different antimicrobial scenarios. For instance,

numerous studies have shown that Gram-negative bacteria

normally possess a higher negative surface charge than Gram-

positive ones, thus undergoing a larger surface perturbation in

response to electrostatic interactions with antimicrobial

agents.81,82 Of note, HNP-1, NP-3A, and hIAPP are cationic

peptides with a net charge of +3e, +8e, and +2e, while Ab is

anionic with a net charge of �3e. Electrostatic attractions make

the formation of a-defensins–Ab assemblies relatively easy at

the expense of the decrease of cationic charges, which in turn

decrease their membrane disruption properties,83,84 thus

explaining the lower antimicrobial performance of a-defensins–

Ab assemblies as compared to a-defensins alone.

3. Discussion

Abnormal protein aggregation and microbial infection are

considered as major pathological risk factors for initiating and

promoting the onset and progression of PMDs.27–29 While the

exact pathological link between the two risk factors is still

largely unknown, different prevention and treatment strategies

as driven by the “amyloid cascade hypothesis” and “microbial

infection hypothesis” have not achieved any clinical success.

Due to the multifactorial nature of PMDs, the single-target

prevention hypotheses and strategies, in which amyloid inhib-

itors prevent the abnormal aggregation of amyloid proteins,

while antimicrobial peptides inhibit microbial infection,

provide marginal benets for amyloid inhibition and medical

treatments. On the other hand, a number of amyloid peptides

(Ab, hIAPP, SAA, and prion proteins) have been identied with

antimicrobial activity,41,43,49,76,85 while several antimicrobial

peptides (protegrins, dermaseptin S9, and uperin 3.5) enable

the formation of b-structure-rich, amyloid-like brils.50,52,55,86–88

While antimicrobial and amyloid peptides belong to different

families of biomolecules with distinct native functions, such

mutual common functionalities provide a fundamental basis to

developing multi-target amyloid inhibitors to block different

pathological pathways of PMDs.

To this end, we propose a new “anti-amyloid and antimi-

crobial hypothesis” to explore and identify antimicrobial a-

defensins with a new repurposing function of amyloid inhibi-

tion, which serve as multi-target inhibitors to prevent microbial

infection and amyloid aggregation both pathologically linked to

PMDs. Our working hypothesis is that apart from the intrinsic

antimicrobial activity of a-defensins, b-rich structures in a-

defensins are expected to interact with conformationally similar

b-structure-rich amyloid aggregates via conformational selec-

tive binding mode, which will in turn reduce amyloid–amyloid

interactions and thus inhibit amyloid aggregation. To test these

conformational-specic, sequence-independent amyloid inhi-

bition properties of a-defensins, we selected two different b-

structure-rich a-defensins (HNP-1 and NP-3A) to inhibit the

misfolding and aggregation of three amyloid peptides (Ab,

hIAPP, and hCT) at different aggregation stages from mono-

mers to oligomers to protobrils.

First, upon co-incubation of a-defensins with freshly

prepared amyloid monomers, both HNP-1 and NP-3A at sub-

stoichiometric concentrations (0.1–25 mM) exhibited a general

and strong amyloid inhibition ability to prevent the amyloid

aggregation of the three different amyloid peptides to different

extents (Fig. 1 & S1–S4†), independent of amyloid sequences. It
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should be noted that current dual-target89,90 or multi-target

inhibitors91,92 require 2–20 molar ratios to achieve at least 50%

amyloid inhibition. For comparison, both a-defensins at

equimolar concentration can completely suppress the three

amyloid brillizations, while a-defensins at even 0.004 molar

ratios can still achieve 20–33% amyloid inhibition. Further

analysis by CD and SDS-PAGE revealed the a-defensins can

stabilize disordered amyloid monomers, block the growth of

small amyloid aggregates into larger ones, or both (Fig. 1d, e,

S3d and e†), indicating the two different amyloid inhibition

pathways of a-defensins.

Moreover, cross-seeding experiments in Fig. 2b and S6b†

showed that both a-defensins can also interact with different

amyloid seeds preformed at the growth phase to prevent their

aggregation into nal mature brils. However, once higher-

ordered amyloid protobrils are formed, a-defensins do not

have the ability to either disassemble or inhibit these amyloid

aggregates. These ndings conrm that a-defensins are more

effective to inhibit the aggregation and conversion of amyloid

species formed at the early lag and growth phases, but unable to

prevent the amyloid brillation of higher-order protobrils

preformed at the equilibrium phase.

Comparative molecular simulations conrmed that on one

hand, the greater common inhibition of a-defensins is to

establish strong interaction with the target amyloid aggregates

to prevent amyloid–amyloid interactions for their self-aggrega-

tion. a-Defensins showed a strong binding preference to the

turn and b-sheet regions, both of which involve highly popu-

lated b-structures in both Ab and hIAPP aggregates (Fig. S7†).

On the other hand, different a-defensin–amyloid systems

involved different b-structure binding sites with different

binding populations and binding affinities, thus suggesting

different routes to inhibit amyloid formation by a-defensins.

The binding of a-defensins to the b-sheet groove regions of

amyloids is to prevent the lateral association between different

amyloid aggregates, while the binding of a-defensins to the turn

region is to prevent the addition of amyloid peptides to the

edges of amyloid aggregates. Additionally, the binding of a-

defensins also disturbed the local structure of amyloid aggre-

gates, which provide an additional steric barrier for amyloid

aggregation.

As multi-target inhibitors, apart from showing intrinsic

antimicrobial activity and low/non-toxicity to mammal cells,78,93

a-defensins are also required to (i) rescue mammalian cells

from amyloid-induced cell toxicity and (ii) retain their antimi-

crobial activity in the presence of amyloid peptides. MTT cell

assays conrmed that a-defensin-treated cell samples are

enabled to rescue cells from both Ab-, hIAPP-, and hCT-induced

toxicity by 70–71%, 42–57%, and 74–90% (Fig. 3a & S9a†). LDH

assays explained the protective role of a-defensins against cell

toxicity due to the suppression of toxic amyloid aggregates, the

formation of less toxic a-defensins–amyloid assemblies, and the

prevention of membrane leakage. More importantly, a-defen-

sins–amyloid assemblies mostly possessed a similar or even

better antimicrobial activity against the growth of both Gram-

negative and Gram-positive bacteria, in comparison with pure

a-defensins (Fig. 4 & S10–S12†).

Conventional single-target, sequence-dependent amyloid

inhibitors or antimicrobial agents usually preserve their broad-

spectrum inhibition activity at the expense of inhibition effi-

ciency (Fig. 5).94–96 Differently, we demonstrated a new strategy

by repurposing antimicrobial peptides to simultaneously

Fig. 5 Comparison of the overall inhibition performances of amyloid inhibitors using the minimal molar ratio of an inhibitor and cell cytotoxicity

reduction. Minimal molar ratio of inhibitor : amyloid on the x-axis indicates the minimal concentration of the inhibitor to completely suppress

amyloid aggregation, while cell cytotoxicity reduction on the y-axis is quantified by a maximal ratio of amyloid-induced cell toxicity in the

presence and absence (control) of the inhibitor. *No cytotoxicity data are available in the references (for references refer to Table S1†).
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achieve both general and strong amyloid inhibition and to

prevent both amyloid aggregation and antimicrobial infection,

both of which are pathologically linked to the causes of PMDs.

a-Defensins as multi-target, sequence-independent inhibitors

present general and strong inhibition activity against the

aggregation of other amyloid peptides (not limited to Ab, hIAPP,

and hCT) at different aggregation stages. This work not only

demonstrates new antimicrobial-based amyloid inhibitors and

prevention strategies beyond the few available today, but also

provides a new strategy to design/discover b-structure-rich

antimicrobial peptides as amyloid inhibitors, which will greatly

expand potential therapeutic drugs for amyloid diseases. More

fundamentally, cross-species interactions between the two

different families of antimicrobial and amyloid peptides also

allow revealing potential biological links and functions of each

family of peptides and their complexes.

4. Methods
4.1 Preparation of amyloid and antimicrobial peptides

Full-length amyloid peptides including amyloid–b 1–42 (Ab,

purity $ 95.0%), human islet amyloid polypeptide 1–37 (hIAPP,

purity $ 95.0%), and human calcitonin 1–32 (hCT, purity $

95.0%) peptides were obtained from AnaSpec (CA, USA). a-

Defensins, human defensin-1 (HNP-1, purity 97.0%) and rabbit

corticostatin (NP-3A, purity 96.2%) were obtained from CPC

Scientic (CA, USA). All the lyophilized peptide powder was

reconstituted in 1,1,1,3,3,3-hexauoro-2-propanol (HFIP,

$99.9%) at 1 mg ml�1 concentration, sonicated in an ice bath

and subsequently centrifugated at 14 000 rpm and 4 �C for 30

min to obtain a homogeneous, aggregate-free peptide solution.

The peptide solution was aliquoted and lyophilized to remove

HFIP, and stored under �20 �C. Unless otherwise states, both

Ab and hIAPP were rst solubilized in 10 mM NaOH to further

dissolve in different buffers. Ab, hIAPP, and hCT were dissolved

in 10 mM phosphate-buffered saline buffer (PBS, pH 7.4) to

reach 25 mM concentration. a-Defensins, HNP-1 and NP-3A were

solubilized in 10 mM PBS (pH 7.4) directly to prepare peptide

solutions at desired concentrations.

4.2 Thioavin T (ThT) uorescence assay

The ThT spectra of amyloid aggregation were recorded by using

a SpectraMax M3 microplate reader (Molecular Devices, CA,

USA) at an excitation wavelength of 450 nm and emission

wavelength in the range of 470 nm to 500 nm under kinetic

bottom-read mode. Samples were prepared on ice by dissolving

amyloid peptides in 10 mM ThT–10 mM Tris buffer solution (pH

¼ 7.4) in the absence or presence of a-defensins. ThT uores-

cence kinetic measurements were carried out aer transferring

the samples to a 96-well plate and incubating at 37 �C. The pitch

of the data points: 30 min.

4.3 Negative staining electron microscopy

Negative-stained amyloid samples were imaged by using a JSM-

1230 transmission electron microscope (JEOL) operating at 120

kV. For negative staining, the samples were prepared aer

dropping amyloid solutions onto formvar-coated 400-mesh

copper grids, blotted, and immediately negatively stained with

UAR-EMS uranyl acetate replacement stain (Electron Micros-

copy Sciences, PA, USA) for 30 min. The images were recorded

with a bottom mount CCD camera with 2048 � 2048 pixels

using digital micrograph soware.

4.4 Atomic force microscopy (AFM)

The morphological changes of amyloid peptides during aggre-

gation were imaged by using a Nanoscope III multimode AFM

(Veeco, NY, USA). At different time intervals, 20 ml amyloid

solution was deposited on a mica surface for 2 min and rinsed

with water to remove salts. The as-prepared samples were blotted

and subsequently imaged by using a silicon AFM probe with

a nominal radius of <10 nm and 300 kHz resonant frequency

(Aspire, USA), in tapping mode with a scan rate of 1.0 Hz.

4.5 Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE)

The amyloid aggregates in the absence or presence of a-defen-

sins were separated and assessed by SDS-PAGE. Freshly isolated

amyloid solutions aer different aggregation times were

immediately subjected to photo-induced crosslinking of

unmodied proteins (PICUP) and subsequently analyzed by

SDS-PAGE. An equal volume mixture of the sample and 2�

Laemmli sample buffer (2.1% SDS, 26.3% w/v glycerol, 0.01%

bromophenol blue, and 65.8 mM Tris–HCl buffer pH 6.8) was

electrophoresed in 8% Bis-Tris SDS-PAGE gels (GenScript).

Electrophoresis was performed under 80 V in MES–SDS buffer

(50 mM Tris-base, 50 mMMES, 0.1% SDS, and 1mM EDTA) and

subsequently visualized by silver staining.

4.6 Circular dichroism (CD) spectroscopy

The secondary structural change of amyloid peptides along the

aggregation process was measured by far-UV CD spectroscopy

using a J-1500 spectropolarimeter (Jasco Inc., Japan). The

samples were prepared by dissolving amyloid peptides in 10

mM sodium phosphate buffer (pH¼ 7.4) and incubated at 37 �C

in the presence or absence of a-defensins. Aer 0, 0.5 d, 1 d, and

3 d incubation times, 150 ml of samples were transferred into

a cuvette (1 mm optical path length) and scanned between 190

and 250 nm with a step size of 0.5 nm and 50 nm min�1 scan

rate. Far-UV CD spectroscopy was performed and the results

were analyzed by using the Beta Structure Selection (BeStSel)

algorithm (http://bestsel.elte.hu/) to determine the secondary

structure contents of each sample.

4.7 Surface plasmon resonance (SPR) spectroscopy

A custom-built four-channel SPR instrument was used to

measure the interaction between amyloid peptides and a-

defensins. The interaction was studied by injecting a-defen-

sins, HNP-1/NP-3A, to ow over the surface of amyloid

peptides, Ab/hIAPP/hCT, immobilized SPR sensor chips, and

the association and disassociation processes were revealed by

the change of resonance signals due to the incident angle
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shi. For amyloid peptide immobilization, a dextran modied

SPR sensor chip was rst prepared following a well-established

method. In brief, a self-assembled monolayer of thiols was

rst prepared on a SPR gold chip by immersing in 5 mM 11-

mercapto-1-undecanol (ethanol/water 8 : 2 solution) for 24 h,

followed by a 3 h reaction in epichlorohydrin (2% v/v in 0.1 M

NaOH), and a 24 h reaction in 300 g l�1 dextran (500 kDa) 0.1 M

NaOH solution. The resultant dextran modied SPR sensor

chip surface was further carboxymethylated in 1.0 M bromo-

acetic acid in 2 M NaOH for 24 h to achieve the nal carbox-

ymethyl dextran SPR sensor chip.

The amyloid peptides (Ab, hIAPP, or hCT) were dissolved in

immobilization buffer (10 mM sodium acetate) and immobi-

lized on sensor chip surface through amine coupling right aer

activating the sensor chip surface with an equimolar mixture of

NHS (N-hydroxysuccinimide) and EDC (N-ethyl-N-(dieth-

ylaminopropyl) carbodiimide). The remaining unreacted free

amines were further blocked by ethanolamine–HCl solution

(pH ¼ 8.5) and the nal coupling level of amyloid peptides was

kept constant at 6–8 response units (1 RU ¼ 150 pg protein per

mm2). Serial two-folded diluted a-defensins in running buffer

(10 mM PBS and 0.005 wt% Tween-20, pH 7.4) were injected at

a ow rate of 10 ml min�1. Dissociation constant (KD) values

were evaluated using Anabel soware (http://

anabel.skscience.org/) by tting the data using a 1 : 1 Lang-

muir binding model and observed binding constant (kobs)

linearization method.

4.8 Cell viability assay

To evaluate the amyloid-induced cytotoxicity in vitro, different

cell lines were chosen for each amyloid peptide. Human SH-

SY5Y neuroblastoma cells (ATCC® CRL-2266™, VA, USA) were

used for both Ab and hCT, while rat insulinoma cells RIN-m5F

(ATCC® CRL-11605™, VA, USA) were chosen for hIAPP-induced

cytotoxicity. In general, SH-SY5Y cells were cultured in 1 : 1

Eagle's minimum essential medium (EMEM)/Ham's F-12

medium (F12), and RIN-m5F cells were cultured in RPMI-1640

medium. In addition, all culture media were supplemented

with 10% fetal bovine serum (FBS) and 1% penicillin/strepto-

mycin. Aer being incubated in a 5% CO2 humidied incubator

at 37 �C and reaching over 80% conuence, the cells were

separately seeded onto a 96-well plate (104 cells in 100 ml) and

further incubated for 24 h at 37 �C under 5% CO2.

For evaluating cell viability upon treatment with different

amyloid peptides, the media were replaced with fresh media

containing amyloid peptides (25 mM), a-defensins (5–50 mM),

and amyloid peptides in the presence of a-defensins. The cells

were further incubated for 24 h or 48 h, followed by replacing

the media with 0.5 mg ml�1 3-(4,5-dimethylthiazole-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) fresh media. Aer 4 h of

incubation at 37 �C under 5% CO2, the media were replaced

with dimethyl sulfoxide to dissolve the formazan crystals

formed through MTT reduction in cells. 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.

Data were exhibited as mean � s. d. of three independent tests.

4.9 Lactate dehydrogenase (LDH) activity assay

The amyloid-induced cytotoxicity was further evaluated by LDH

assay. The amount of cytosolic enzyme LDH released to media

due to plasmamembrane damage wasmeasured as a biomarker

to quantify the cytotoxicity. Spontaneous LDH release was

measured as a negative control in untreated cells, and

a maximal LDH release was measured as a positive control by

lysing the cells with Triton X-100. The leaked LDH activity in

media was measured using a Pierce™ LDH cytotoxicity assay kit

(Thermo, USA), and the absorbance was read at a wavelength of

490 nm by using a microplate reader. All LDH activity values

were normalized to spontaneous LDH release (negative control),

and cytotoxicity values were calculated as percentages of

maximal LDH release (positive control). Data were exhibited as

mean � s. d. of three independent tests.

4.10 Bacterial growth assays

Escherichia coli (ATCC 8739), Pseudomonas aeruginosa (ATCC

27853), Staphylococcus aureus (ATCC 6538P) and Staphylococcus

epidermidis (ATCC 14990) were grown to a late-lag phase and

diluted to an OD600 value of 0.05. a-Defensins or amyloid

peptides at desired concentration were added into experimental

groups and an equal volume of PBS was added correspondingly

into control groups. The growth curves of bacteria were recor-

ded by measuring OD600 in the following 12 h at 37 �C by using

amicroplate reader (SpectraMax M3). The nal bacterial density

aer the addition of a-defensins, amyloid peptides and their

complexes was compared in relative to that of an un-treated

control (100% bacterial density).

The representative images of the live and dead bacteria were

acquired to evaluate the antibacterial effects of each a-defensin,

amyloid peptide and their complexes. The Gram-negative E. coli

bacteria and Gram-positive S. aureus bacteria incubated with or

without peptides were stained using a LIVE/DEAD® BacLight™

bacterial viability kit (L7012, Invitrogen) and imaged by using

a uorescence microscope (Olympus IX81) to visualize the live

and dead bacteria.

4.11 Minimum inhibitory concentration (MIC) test

The MIC of each individual peptide is determined by the broth

microdilution method. All tested strains, including Escherichia

coli (E. coli, ATCC 8739), Pseudomonas aeruginosa (P. aeruginosa,

ATCC 27853), Staphylococcus aureus (S. aureus, ATCC 6538P) and

Staphylococcus epidermidis (S. epidermidis, ATCC 14990), were

used at a nal suspension concentration of 5 � 105 CFU ml�1.

The amount of growth in each well is quantied by OD600 aer

20 h of incubation at 37 �C and compared with that in the pure

bacteria growth control. The MIC is recorded as the lowest

concentration of the peptide that inhibits over 90% of growth.

4.12 Checkerboard testing for synergy analysis

A checkerboard analysis is conducted to determine the anti-

bacterial potency of the combination of amyloid peptides and a-

defensins in comparison to their individual activities.97 To

quantify the interactions between amyloid peptides and a-
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defensins, the Fractional Inhibitory Concentration (FIC) index

is introduced by the equation:

A

MICA

þ
B

MICB

¼ FICA þ FICB ¼ FIC index;

where A and B are the MIC of each peptide in combination, and

MICA and MICB are the MIC of each peptide alone. The

combining effect is interpreted as: synergy, FIC index # 0.5;

additive or indifference, 0.5 < FIC index < 4.0; antagonism, FIC

index $ 4.0.98

In detail, in a 96-well plate, the 2-fold serial dilutions of

amyloid peptides (at concentrations from 1024 to 4 mg ml�1)

were added from columns 2 to 10, while the 2-fold serial dilu-

tions of a-defensins (at concentrations from 256 to 16 mg ml�1)

were added from row B to G. Column 12 contains a serial

dilution of a-defensins alone, while row H contains a serial

dilution of amyloid peptides alone, which are set as controls to

determine the MIC value for individual peptides alone

(Fig. S12d†). Assay plates are inoculated with 100 mL bacterial

suspensions (5 � 105 CFU mL�1), incubated at 37 �C for 20 h.

The amount of growth in each well is quantied by OD600 and

compared with that in the pure bacteria growth control. The

MIC is recorded as the lowest concentration of the peptide that

inhibits over 90% of growth.

4.13 Amyloid–HNP-1 models

The initial coordinate of HNP-1 dimer (PDB code: 3GNY) was

taken from the X-ray crystal structure,61 while the initial struc-

tures of Ab17–42 (PDB code: 2BEG) and hIAPP pentamers were

obtained from NMR crystal structures by the Riek lab99 and the

Tycko labs,100 respectively. Ab17–42 was used in the simulations,

because (1) the Ab fragment of 1–16 has a disordered structure

and has not been resolved by solid NMR or X-ray; (2) the N-

terminal of Ab is responsible for the cell membrane anchoring,

binding, and penetration, while the C-terminal or hydrophobic

regions are responsible for the aggregation. To determine the

initial inhibition models of HNP-1 on Ab and hIAPP (HNP-1–Ab

and HNP-1–hIAPP), a rigid docking method of PatchDock was

rstly carried out to roughly determine the binding sites of Ab

and hIAPP pentamers by HNP-1. Then, a renement docking

method of FireDock was conducted for exible optimization of

docking results. Top ten docking models of HNP-1–Ab or HNP-

1–hIAPP with the highest scores evaluated by global energy in

FireDock were chosen to screen out the optimal inhibition

model. For the ten obtained docking models of HNP-1–Ab or

HNP-1–hIAPP, different binding modes of HNP-1–Ab or HNP-1–

hIAPP were classied based on the three different external

surfaces of Ab (AbC, AbN, and AbU) or hIAPP (hIAPPC, hIAPPN,

and hIAPPU) pentamers by HNP-1. The docking models with the

same external binding surface of Ab or hIAPP pentamers by

HNP-1 were regarded as the same binding mode for HNP-1–Ab

(HNP-1–AbC, HNP-1–AbN, and HNP-1–AbU) or hIAPP–HNP-1

(HNP-1–hIAPPC, HNP-1–hIAPPN, and HNP-1–hIAPPU). Aer

that, these resulting inhibition models of HNP-1–Ab or HNP-1–

hIAPP were energy minimized in an implicit solvent model. The

nonbonded interaction energy between HNP-1 and amyloid

peptides was calculated for these minimized models to deter-

mine the optimal inhibition models of HNP-1–Ab or HNP-1–

hIAPP. For any given binding mode of HNP-1–Ab or HNP-1–

hIAPP, an optimal model with the lowest interaction energy of

HNP-1 with Ab or hIAPP pentamer was regarded as the optimal

inhibition model. The optimal models of HNP-1–Ab or HNP-1–

hIAPP with different binding surfaces of Ab or hIAPP by HNP-1

were solvated using an explicit TIP3P water model. Counterions

of Cl� and Na+ were added into the resulting systems to

neutralize the systems and mimic 150 mM ionic strength.

4.14 MD simulation protocol

Prior to equilibrium and production of MD simulations, all

resulting systems were initially energy minimized using 5000-

step conjugate gradient minimizations to remove bad contacts

between atoms and relax the systems. Aer energy minimiza-

tions, 80 ns all-atom MD simulations were subjected to the

NAMD 2.13 package101 with CHARMM27 force eld under the

3D periodic boundary conditions and the NPT ensemble

(constant number of atoms, constant pressure, and constant

temperature). The Langevin thermostat method with a damping

coefficient of 1 ps�1 was applied to maintain the temperature of

the systems at 310 K. The pressure of the systems was contin-

uously kept at 1 atm by the Langevin Piston method with

a decay period of 100 fs and a damping time of 50 fs based on

the Nose–Hoover algorithm. Long-range electrostatic potentials

were estimated by the particle mesh Ewald (PME) method with

a griding space of 1 Å, while short-range vdW potentials were

calculated using switch function with the twin-range cutoff at 12

Å and 14 Å, respectively. All covalent bonds of molecules in the

systems including hydrogen bonds were constrained using the

RATTLE method, and hence the velocity Verlet method was

conducted to integrate Newton's equations of motion with

a larger timestep of 2 fs. MD trajectories of all systems were

saved every 2 ps for further analysis. All analyses were con-

ducted in the VMD package102 using in-house codes.

Data availability

All data have been provided in main text and supplemental

materials.

Author contributions

Y. Zhang designed this research, performed the characteriza-

tion, assays and analysis. Y. Liu performed molecular dynamics

simulations and analysis. Y. Zhang and Y. Liu contributed

equally to this work. Y. Tang and D. Zhang assisted to perform

part of the SPR and antibacterial experiments. H. He and J. Wu

helped to develop characterization methods. Y. Zhang and J.

Zheng wrote themanuscript. J. Zheng concepted the project and

supervised this research. All authors contributed to the analysis

and discussion of the results and have given approval to the

nal version of the manuscript.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 9124–9139 | 9135

Edge Article Chemical Science



Conflicts of interest

There are no conicts to declare.

Acknowledgements

J. Z. acknowledges nancial support from a NSF grant

(2107619).

References

1 P. Watkins and P. Thomas, Diabetes mellitus and the

nervous system, J. Neurol., Neurosurg. Psychiatry, 1998, 65,

620–632.

2 B. Halliwell, Oxidants and the central nervous system: some

fundamental questions. Is oxidant damage relevant to

Parkinson's disease, Alzheimer's disease, traumatic injury

or stroke?, Acta Neurol. Scand., 1989, 80, 23–33.

3 C. Singaram, E. Gaumnitz, C. Torbey, W. Ashraf, E. Quigley,

A. Sengupta and R. Pfeiffer, Dopaminergic defect of enteric

nervous system in Parkinson's disease patients with chronic

constipation, Lancet, 1995, 346, 861–864.

4 S. M. Buttereld and H. A. Lashuel, Amyloidogenic protein-

membrane interactions: mechanistic insight from model

systems, Angew. Chem., Int. Ed., 2010, 49, 5628–5654.

5 M. G. Iadanza, M. P. Jackson, E. W. Hewitt, N. A. Ranson

and S. E. Radford, A new era for understanding amyloid

structures and disease, Nat. Rev. Mol. Cell Biol., 2018, 19,

755–773.

6 E. Karran and B. De Strooper, The amyloid cascade

hypothesis: are we poised for success or failure?, J.

Neurochem., 2016, 139, 237–252.
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