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Design and Engineering of Amyloid Aggregation-Prone
Fragments and Their Antimicrobial Conjugates

with Multi-Target Functionality

Yanxian Zhang, Yijing Tang, Yonglan Liu, Dong Zhang, and Jie Zheng*

Amyloid aggregation and microbial infection are considered major risk factors
for neurodegeneration and neuroinflammation in protein misfolding diseases
(PMDs), including Alzheimer’s disease (AD) and Type 2 diabetes (T2D). How-
ever, current amyloid inhibitors are mostly limited to single-target prevention
strategies against specific amyloid proteins or pathogenic microbes, leading
to no success for clinical cures of PMDs. Here, a step-by-step strategy to
design new, multi-target amyloid aggregation-prone fragments (APFs) and
their APFs antimicrobial agent conjugates is proposed, capable of achieving
the stepwise improved multifunctionality of amyloid inhibition, antimicrobial
activity, and amyloid imaging. The two APFs of KLVFF from Af (associated
with AD) and FGAIL from hIAPP (associated with T2D) with S-structure-
forming property are selected and used as building block to construct a
hybrid KLVFFGAIL peptide (K9) and a K9-AMC (7-amino-4-methylcoumarin)
fluorescence conjugate, both of which have demonstrated the improved,
multiple-target, sequence-independent functions to inhibit the aggregation of
both Af and hIAPP, reduce both AS- and hIAPP-induced cell toxicity, prevent
different microbial growth, and introduce fluorescence images for amyloid
fibrils. The sequence-independent amyloid inhibition function of K9 and
K9-AMC mainly stems from their cross-interactions with amyloid proteins

via f-structure and aromatic interactions. This work provides a proof-of-
concept example to not only explore a new family of APFs as antimicrobial
and anti-amyloid drugs for the therapeutic potential of PMDs, but also better
understand the pathological links between protein aggregation and microbial
infection in PMDs along the gut—brain axis.

and microbial infection is still largely
unknown. “Amyloid cascade hypothesis”
and “microbial infection hypothesis” have
driven different prevention and treatment
strategies to design i) amyloid inhibitors
for preventing amyloid aggregation and ii)
antibiotics for preventing microbial infec-
tion,*® most of which do not achieve any
clinical success. Due to the multifactorial
nature of PMDs, single-target preven-
tion strategies provide marginal benefits
for amyloid inhibition and medical treat-
ments. Therefore, it is highly important,
but a great challenge for developing a new
multiple-target amyloid model that can
re-examine or reconcile the two hypoth-
eses for better understanding pathological
causes and links of PMDs.

While full-length amyloid proteins are
reported to misfold and aggregate into
insoluble amyloid fibrils that are patho-
logically linked to PMDs, it is generally
accepted that only aggregation-prone frag-
ments (APFs) play a determinative role
in driving full-length amyloid peptides to
self-assemble into [-structure-rich amy-
loid fibrils. A number of APFs have been
identified from different full-length amy-
loid proteins, including KLVFF and GLM-
VGGVVIA from amyloid-f3 (Af, associated
with AD),”) NFGAILS and LANVFLVH

1. Introduction

Abnormal protein aggregation and microbial infection are
considered as major pathological risk factors for initiating and
promoting the onset and progression of different protein mis-
folding diseases (PMDs), including Alzheimer’s (AD), type 2
diabetes (T2D), and Parkinson’s diseases (PD).3l While the
exact pathological link between abnormal protein aggregation
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from human islet amyloid polypeptide (hIAPP, associated with
T2D),Bl VQIVYK from tau protein (associated with AD),l and
QVLHTSN from f,-microglobulin (#2m, associated with hemo-
dialysis-associated amyloidosis).'”) Despite the high sequence
diversity of these APFs, they all contain hydrophobic-dominant
residues responsible for amyloid aggregation. More impor-
tantly, due to B-structure-forming property, APFs may serve
as a sequence/structural template to design general amyloid
inhibitors via a “like-interacts-like” mechanism,™ that is, APFs
with f-structure-forming properties will highly likely interact
with conformationally similar S-structures of amyloid proteins,
which will competitively reduce amyloid-amyloid interactions,
thereby preventing amyloid aggregation./'>-

Apart from a general amyloid inhibition property, a
number of our and other studies have shown that some amy-
loid proteins (e.g., AF™ hIAPP,”l and Serum amyloid A
18) and APFs (e.g., PrP,;_,5"! and GNNQQNY™2%) possess

© 2021 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202102978&domain=pdf&date_stamp=2021-05-13

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

antimicrobial activity against several common microorgan-
isms with a potency equivalent to, and in some cases greater
than, LL-37 antimicrobial peptide.'®1921-26] Such antimicrobial
property has been explored to enlighten a new class of anti-
fouling/antibacterial materials, as derived from amyloid-like
protein aggregates, for effectively achieving both interfacial
anchoring and antifouling capability.?-% The “microbial infec-
tion hypothesis” suggests that microbial infection promotes the
overexpression, accumulation, and aggregation of amyloid pro-
teins, which in turn triggers the neuroinflammation and neuro-
degeneration of PMDs.31-33 Several compounds (e.g., Masitinib,
COR388, and ALZT-OP1a/OP1b) targeting microbial infection
have been progressed to phase 3 clinical trials for PMD treat-
ments.}¥ The potential link between amyloid aggregation and
microbial infection also suggests that conventional single-
target prevention strategies against either amyloid proteins or
microbes have proven insufficient. Instead, developing new
inhibitors targeting both amyloid proteins and microbes may
open new possibilities for better understanding of the pathoge-
netic role of amyloid proteins or microbes in PMDs and for the
development of effective treatments for PMDs.

In this work, we proposed a new step-by-step strategy to
rationally design new APFs and APFs-fluorescent conjugates
with S-structure-forming property, which serve as multi-target
inhibitors to prevent both microbial infection of Staphylococcus
aureus and Staphylococcus epidermidis and amyloid aggregation
of A (associated with AD) and hIAPP (associated with T2D).
Our design strategy is based on the two rationales to select two
APFs of KLVFF from Af and FGAIL from hIAPP: i) Af and
hIAPP have been reported to share high structure/sequence
similarity, cross-interact with each other to form hybrid amyloid
fibrils, and co-exist in bloods and cerebrospinal fluids,?*! which
may explain the AD-T2D link as observed in clinical data,?*l
and ii) KLVFF and FGAIL themselves can form [-structure-
rich amyloid-like fibrils, similar to their parent A and hIAPP.
Thus, it is expected that KLVFF and FGAIL will interact with
their parent proteins via conformationally specific B-structure
interactions. To further optimize our design, we first combined
KLVFF and FGAIL sequences into KLVFFGAIL (K9) to enhance
cross-interaction ability to both Af and hIAPP and their dual
amyloid inhibition against A and hIAPP aggregation. Then,
we conjugated 7-amino-4-methylcoumarin (AMC) to the C-ter-
minus of K9 to produce a hybrid K9-AMC, which is expected to
enhance antimicrobial activity, because AMCPl as a coumarin
fluorescence derivative is a well-demonstrated antimicrobial
compound with strong antibacterial and antifungal activities*®l
and antioxidant and anticancer properties.’%# Additionally, the
aromatic nature of AMC allows increasing hydrophobic and
-1 interactions between AMC and amyloid proteins. Through
this step-by-step design strategy, we demonstrated the stepwise
improvement of multifunctionality of the APFs from KLVFF
and FGAIL to K9 to K9-AMC, including the enhanced i) amy-
loid inhibition efficiency against both A and hIAPP aggrega-
tion and toxicity, ii) antimicrobial activity against different bac-
teria, and iii) fluorescent characteristics for in vivo imaging.
This work for the first time provides a new peptide and pep-
tide-conjugate system as multi-target inhibitors to prevent both
microbial infection and amyloid aggregation pathologically
linked to PMDs.
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2. Results and Discussion

We proposed a step-by-step strategy to re-design and repurpose
KLVFF from Af and FGAIL from hIAPP for achieving new and
multi-target amyloid inhibitors. A key design principle to select
KLVFF and FGAIL as basic building blocks is based on two fun-
damentals: i) both A and hIAPP can cross-interact with each
other to form fibrillar co-assembly™! and ii) both KLVFF from
A and FGAIL from hIAPP is derived from high hydrophobic
amyloid region (Figure 1a), and exhibit the self-assembling
property to form amyloid-like fibrils similar to those formed by
full-length A8 and hIAPP.[* To achieve this goal, both KLVFF
and FGAIL were combined into KLVFFGAIL (K9) for real-
izing the cross-interactions with both Af and hIAPP to prevent
their aggregations. Next, the C-terminus of the K9 peptide was
modified with aromatic AMC moiety (K9-AMC) to amplify its
antimicrobial activity (Figure 1b). Most importantly, all these
short peptides of KLVFF, FGAIL, K9, and K9-AMC were able
to self-assemble into amyloid-like fibrils (Figure 1c). Among
them, K9-AMC outperformed others in terms of anti-amyloid
aggregation, antimicrobial activity, and fluorescent signals for
imaging Af and hIAPP aggregates.

2.1. Dual Inhibition Effect of K9 on the Aggregation and Toxicity
of Both Aj3 and hlAPP

As a control for comparison, we first examined the inhibitory
property of KLVFF and FGAIL against the aggregation of both
Ap (associated with AD) and hIAPP (associated with T2D) in
vitro using ThT, atomic force microscopy (AFM), and CD. As
shown in Figure 2a, KLVFF showed concentration-dependent
inhibition against Af aggregation, as evidenced by the reduc-
tion of final ThT intensity from 440 to 405 a.u. and from 440 to
300 a.u (equivalent to 8% to 32% of Ap fibrillization reduction)
as KLVFF:Af molar ratio increased from 1:1 to 4:1. But KLVFF
also inhibited hIAPP aggregation by 20% at all KLVFF: hIAPP
ratios, showing a nearly dose-independent inhibition behavior.
Similarly, FGAIL (100 uM) demonstrated its cross-interaction
ability to both Af and hIAPP, thus leading to a maximal Af
and hIAPP inhibition of 35% and 31%, respectively. Next, upon
combining KLVFF and FGAIL into a nine-residue peptide of
K9, K9 exhibited the much higher amyloid inhibition prop-
erty than individual KLVFF and FGAIL in a dose-dependent
manner, that is, as K9:amyloid molar ratios increased from 1:1
to 4:1, Ap fibrillization was reduced by 29-97%, while hIAPP
fibrillization was reduced by 16-39%.

In parallel, visual inspection of such inhibition effect was
also demonstrated by AFM images. It can be seen in Figure 2b
that upon incubation of amyloid peptides (A and hIAPP) with
APFs of 100 uM (KLVFF, FGAIL, and K9) for 24 h, all APFs
inhibited amyloid fibril formation to some extent, as compared
to the densely formed Af3 and hIAPP fibrils alone. Particularly,
both K9 and FGAIL displayed higher inhibition efficiency than
KLVFF, that is, addition of APFs in freshly prepared amyloid
solution almost eliminated the formation of mature fibrils,
instead only a small amount of nonfibrillar spherical aggregates
were observed. Furthermore, we quantified the structural tran-
sition and misfolding of A3 and hIAPP (25 uM) in the presence
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Figure 1. Rational design and repurpose of APF peptides and peptide-conjugate as multi-target amyloid inhibitors. a) Sequence comparison of full-
length Af and hIAPP proteins. (blue: similar residues; bold: identical residues; highlight: amyloid APFs). b) Step-by-step design of APFs from KLVFF
from A and FGAIL from hIAPP to K9 to K9-AMC to achieve multi-target functionality. c) Self-assembly of APFs (2 mM) into amyloid-like fibrils after
5 days incubation in physiological environment (pH 7.4, 37 °C) by AFM. Scale bars = Tum.

of different APFs (25-100 uM) using time-dependent circular
dichroism (CD). As controls, Figure S1, Supporting Informa-
tion, showed that KLVFF aggregation led to two major positive
maxima at 200 nm corresponding to 7—7* transition and at
216 nm corresponding to a n—7* transition.”] Differently, FGAIL
was lack of the typical secondary structure, instead it just pre-
sented random structure as evidenced by a dominate negative
peak at =190 nm. Similarly, K9 also displayed a small negative
peak at 190 nm, indicating the presence of a random secondary
structure. Another set of controls in Figure S2, Supporting
Information, showed that both A and hIAPP (25 uM) alone
displayed a typical structural transition, starting from random
coli as signified by negative peak at =198 nm, to crhelix (neg-
ative peak at =208 nm and =222 nm), finally to characteristic
cross f-sheet structure (negative peak at =215 nm). For com-
parison, when co-incubation of KLVFF with A or hIAPP at
4:1 ratio, the Bstructure formation of Af3 or hIAPP was largely
disrupted due to the increase of aromatic stacking interac-
tions between KLVFF and amyloid peptides. Similarly, FGAIL
also suppressed the structural transition of A or hIAPP from
random coils at 190 nm to f-structures at 195 and 220 nm. Evi-
dently, K9 indeed demonstrated a concentration-dependent dual
inhibition ability to delay the spectral change (i.e., secondary
structure change) of ASB/hIAPP (Figure S2b,e, Supporting
Information). However, final f-sheet structure content of K9/
amyloid systems was slightly higher than KLVFF/amyloid sys-
tems and comparable to FGAIL/amyloid systems (Figure S2c,f,
Supporting Information). This indicates that K9 still exhibit
high inhibition ability to prevent the growth and association of
amyloid aggregates into amyloid fibrils (as indicated by strong
ThT intensity reduction in Figure 2a), but it is less efficient to
alter the preformed [-structures in these amyloid aggregates.
In other words, it is possible for K9 to inhibit A and hIAPP
fibrillization by forming off-pathway oligomeric complexes,
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whose S-structures are largely retained and not disrupted by
K9. Meanwhile, as shown in Figure S1, Supporting Informa-
tion, native K9 (26%+24% = 50% [-sheet structure) possessed
the higher S-sheet structure than KLVFF and FGAIL (20% and
22% [-sheet structure), which may also contribute to the final
high S-structure content in the AS/hIAPP-K9 complex.

We further examined whether all APFs could protect cells
from Af- and hIAPP-induced toxicity using MTT assay, where
SH-SY5Y cells and RIN-m5F cells were used to assess the
ApB- and hIAPP-induced cytotoxicity, respectively. As a control,
all KLVFF, FGAIL, and K9 were almost non-toxic to SH-SY5Y
and RIN-5fm cells (974-115.9% cell viability at 25-100 uM con-
centration), except the notable toxicity of KLVFF to RIN-m5F
cells at 100 uM concentration (82.4% cell viability). While A
and hIAPP (25 uM) alone significantly decreased cell viability
to 52.6% (0 h freshly prepared) and 61.5% (20 h aged), and
64.1% (0 h freshly prepared) and 65.6% (20 h aged), respec-
tively (Figure 2c¢,d). When introducing KLVFF, FGAIL or K9 to
ApB-cultured SH-SY5Y cells, they all exhibited a concentration-
dependent cell protection, as evidenced by the increase of cell
viability from 61.5% to 79.8% with KLVFF, 77.6% with FGAIL,
and 83.9% with K9 (Figure 2c). However, three APFs did not
show obvious cell protection from hIAPP-induced cell toxicity.
As shown in Figure 2d, maximum cell viability was 65.6%,
67.9%, 62.4%, and 674% in the presence of hIAPP, hIAPP and
KLVFF, hIAPP and FGAIL, and hIAPP and K9, respectively.
It should be noted that due to complex pathological nature of
amyloids, the inhibition of amyloid aggregation and amyloid
toxicity may not necessarily be correlated with each other. It is
not surprising that KLVFF derived from Af3 may not have direct
cell protection effect on hIAPP-relevant RIN-m5F cells. While
FGAIL as a hIAPP fragment can inhibit hIAPP aggregation, it
is also possible that FGAIL redirects the aggregation pathway
of hIAPP into different FGAIL-hIAPP aggregates, which may

© 2021 Wiley-VCH GmbH
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Figure 2. Dual amyloid inhibition activities of KLVFF, FGAIL, and K9. a) ThT kinetic aggregation profiles to quantify the inhibition of A3 (25 uM) or
hIAPP (25 uM) in the absence (black) or presence of KLVFF, FGAIL, and K9 at different concentrations (25-100 M). All data represent mean + standard
error of triplicate measurements. b) AFM images of Af3 (25 uM) or hIAPP (25 uM) aggregates in the absence or presence of 100 uM KLVFF, FGAIL, and
K9. All samples are imaged after 24 h incubation under physiological conditions (pH 7.4, 37 °C). Scale bars = Tum. Dose-dependent inhibition effect
of KLVFF, FGAIL, and K9 on c¢) Af}, and d) hlIAPP-induced cellular toxicity by MTT assay. Statistical analysis (n = 3) is conducted for cells treated with
APFs, Af3, or hIAPP alone relative to control (%, p < 0.05; ##, p < 0.01; #::, p < 0.001; #=:x:x, p < 0.0001), as well as cells treated with both APFs and Af
or hIAPP relative to cells treated with Af3 or hIAPP alone (°, p < 0.05; °°, p < 0.0T; °°°, p < 0.001).

or may not be cytotoxicity to RIN-m5F cells. Similarly, K9 had  diverse of hybrid aggregates with or without enhanced cytotox-
a weak protection effect on cell viability, and this is in accord-  icity. Taken together, our findings provide preliminary evidence
ance with the above explanation that K9 and hIAPP can form a  to support our hypothesis that i) APFs containing f-structure
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show a sequence-independent inhibition ability to prevent the
misfolding and aggregation of Af3 and hIAPP via the suppres-
sion of f-structure formation; ii) Cross-interactions of APFs
with amyloid protein determines their inhibition efficacy and
inhibition pathways; iii) hybrid APF-amyloid aggregates might
have varied cell cytotoxicity, which are hypothetically associated
with the degree of aggregation and oligomerization.*’l

2.2. Enhanced Dual Amyloid Inhibition Activity of AMC-K9

Upon demonstrating the dual inhibition activity of both Af
and hIAPP aggregation, K9 also suffers from low inhibition
efficiency against hIAPP aggregation and amyloid-induced
cell toxicity. To overcome this issue, we optimized the K9 by
adding AMC to its C-termini, given that, i) AMC with aromatic
structure is expected to enhance its binding affinity to amyloid
peptides via hydrophobic and 7-7 interactions, so as to prevent
the self-aggregation of amyloid peptides, ii) AMC as a natural
coumarin derivative has been recognized with its antimicrobial,
antioxidant, anti-inflammatory, and anti-cancer properties, 384
and iii) AMC as a fluorescent molecule exhibits a maximal
excitation at 365 nm and emission at 440 nm, which is used
for detecting and imaging amyloid aggregates (Figure 3a).
Herein, we firstly evaluated the optical property of K9-AMC.
Figure 3b showed that K9-AMC in water solution exhibited a
maximal excitation at 337 nm and a wide emission region of
350-500 nm and a maximal peak at 393 nm. Consistently, ThT
fluorescent assay showed the self-assembly behavior of K9-AMC
alone at the concentrations of 12.5 UM or above (Figure 3c).
Such self-aggregation property of K9-AMC is likely attributed
by its aromatic chemistry, in sharp contrast to the lack of any
self-aggregation behavior of KLVFF, FGAIL, and K9 even at
concentration of 100 uM (Figure 2a). Considering the exist-
ence of aromatic and hydrophobic residues in K9-AMC and
amyloid peptides, we firstly quantitively analyzed the binding
affinity of K9-AMC to Af and hIAPP using fluorescence titra-
tion. The titration of K9-AMC (0.2 uM) with the increased
amount of Af and hIAPP from 0.2 to 17 uM was performed,
during which the excess of both Af and hIAPP resulted in a
new fluorescence emission maximum at 440 nm (Figure 3d).
Specifically, the slight decrease of fluorescence intensity at
390 nm can be attributed to the quenching effect as induced
by hydrophobic interactions between amyloid AS/hIAPP and
K9-AMC. Meanwhile, the strong red-shift of emission, as
indicated by the increasing emission peak intensity at 440 nm,
further emphasizes the enhancement effect of charge transfer
from amyloid AB/hIAPP (donor) to K9-AMC (acceptor) via
intermolecular bindings.[*>* Different from small fluorescence
quenching at 390 nm, fitting fluorescence titrations by taking
into account of strong emission at 440 nm allows to better
estimate charge transfer between AB/hIAPP and K9-AMC
through strong intermolecular interaction.’! By recording the
fluorescence intensity increased at 440 nm with titration, the
binding affinities (Kp) were determined, through the sim-
plified 1:1 binding model,™*! as 240.6 + 1.6 nM and 3079 +
1.9 nM between K9-AMC-Af3 and K9-AMC-hIAPP, respectively
(Figure 3e). Of note, since the freshly prepared K9-AMC, Ap,
and hIAPP mainly consist of monomers, fluorescence titration
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results demonstrate a nanomolar binding affinity of K9-AMC
to monomeric AS and hIAPP. Further, we also observed high
binding affinity of K9-AMC (10 uM, freshly prepared) to mature
A and hIAPP fibrils, accompanied by a strong fluorescence
emission to image Af and hIAPP fibrils (Figure 3f). Given that
i) AMC molecule (10 uM) alone failed to bind and imaging A
and hIAPP fibrils as demonstrated in Figure S3a, Supporting
Information, ii) Co-incubation of K9-AMC monomers with A
and hIAPP monomers did not produce any immediate fluores-
cence (Figure S3b, Supporting Information), and iii) K9-AMC
alone can self-assemble into short, thick fibrils (1 mM, 48 h, 37 °C)
with strong fluorescence emission (Figure S3c, Supporting
Information), the fluorescent imaging of the preformed A and
hIAPP fibrils by freshly prepared K9-AMC monomers is solely
stemmed from K9-AMC binding to Af and hIAPP fibrils, not
from K9-AMC itself (Figure S3d, Supporting Information).
High binding affinity between K9-AMC and AB/hIAPP is
expected to competitively interfere with AB-AS and hIAPP-
hIAPP interactions, thus achieving its amyloid inhibition prop-
erty. To evaluate the inhibition activity of K9-AMC against A3
and hIAPP aggregations, ThT data in Figure 4a showed that
K9-AMC of 12.5 uM (0.5 molar equivalent to Af) reduced A
fibrilization by 64%. Further increase of K9-AMC to 25 uM
led to =95% decrease of Ap fibrilization. However, no further
enhanced Af inhibition was observed as K9-AMC concentra-
tion was above 25 UM, suggesting that 25 uM of K9-AMC is
an optimal concentration to achieve the high inhibition efficacy
against Ap fibrillization. In the case of K9-AMC and hIAPP,
K9-AMC also exhibited the dose-dependent hIAPP inhibition
efficacy, that is, K9-AMC-induced hIAPP inhibition increased
from 19% at <25 UM to =33% at 50 UM to =56% at 100 uM. ThT
data in Figure 4a clearly showed that AMC alone did not exhibit
any inhibition effect on the aggregation of both Af3 and hIAPP,
while K9 alone at equimolar ratio to amyloid peptides reduced
the aggregation of Af3 by 29% and hIAPP by 16% (Figure 2a).
Upon introducing AMC to the C-terminal of K9 (i.e., K9-AMC),
K9-AMC at equimolar ratio can reduce the aggregation of Af3 by
95% and hIAPP by 19% (Figure 4a). Evidently, such enhanced
inhibition effect of K9-AMC, in comparison with both K9 and
AMC, is likely stemmed from the synergistic conjugation of K9
with AMC to enhance hydrophobic and aromatic interactions
with amyloid peptides. Such synergetic effects became more
pronounced at the higher molar ratios of K9-AMC:amyloid >
1. Furthermore, CD spectra was used to monitor the structural
transition of A and hIAPP (25 uM) in the presence of K9-AMC
(25-100 uM). As a control, K9-AMC (100uM) alone displayed a
typical structural transition, starting from o+helical structurel*®!
as signified by a strong positive peak at 200 nm and two nega-
tive peaks at 216 and 230 nm at 0 h to characteristic S-sheet
structure as indicated by a stronger minimum at 216 nm and
a decreased peak at 200 nm (Figure S4a, Supporting Informa-
tion). For comparison, when K9-AMC was added to Af fresh
solution at a molar ratio of 1:1 to 4:1, CD spectra differences
between the AB/K9-AMC mixture and pure Af spectra con-
firmed the interactions between A3 and K9-AMC (Figures S4b,
Supporting Information). Specifically, Af/K9-AMC mixture dis-
played an amplified signal at 200 nm within 6 h, suggesting a
7% transition of Bturn due to the binding of K9-AMC.5%
In parallel, hIAPP/K9-AMC mixture presented the structural
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Figure 3. Fluorescent and self-aggregation properties of K9-AMC. a) Design of K9-AMC by conjugating aromatic 7-amino-4-methylcoumarin (AMC) to
C-terminal of K9 peptide for introducing the enhanced hydrophobic and 7-7 interactions with amyloid peptides. b) Fluorescence emission of K9-AMC
at a concentration of 0.5 UM under the excitation of 355 nm. c) Self-aggregation of K9-AMC in a concentration-dependent manner by ThT fluorescence
assay. d) K9-AMC (0.2 uM) fluorescence emission as the increased concentrations of Af and hIAPP. e) Binding affinity (Kp) of K9-AMC to freshly
prepared A3 and hIAPP using fluorescence titration. f) Representative fluorescence microscopy images of A3 and hIAPP fibrils in K9-AMC (10 uM)

and ThT (10 uM) solutions.

transition from disordered structures to [-sheetrich assem-
blies after 24 h (Figure S4c, Supporting Information), similar
to the conformational change of pure hIAPP. But the entire
structural transition of hIAPP was delayed by K9-AMC at all
timepoints (Figure 4b). Further deconvolution of CD spectra
showed the decreased [-sheet content being proportional to
the amount of K9-AMC, with a maximum of 31.6% of [S-sheet
reduction as compared to pure Af and 12.0% of SB-sheet reduc-
tion as compared with pure hIAPP (Figure 4c). AFM images in

Adv. Funct. Mater. 2021, 2102978 2102978

Figure 4d showed that both Af3 and hIAPP assembled into long
and dense fibrillar aggregates after 24 h. Differently, the equi-
molar incubation of K9-AMC with Af can greatly suppressed
amyloid fibril formation, resulting in spherical aggregates and
short fibrils. Such inhibition efficacy became more pronounced
when adding 4 molar excess of K9-AMC to A3 solution, leading
to only several spherical aggregates being formed. Similarly,
the increasing amount of K9-AMC reduced the formation
of hIAPP fibrils. All anti-aggregation data from ThT, AFM,

(6 of 12) © 2021 Wiley-VCH GmbH
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and CD confirm the interaction-induced inhibition ability of
K9-AMC to redirect the assembly of amyloid peptides, retard
the amyloid fibrillization, and disfavors the fibril elongation.

2.3. K9-AMC Modulates Amyloid Toxicity and Antimicrobial
Activity

Inhibition of amyloid aggregation does not necessarily lead to
the reduction of amyloid toxicity. Here, we applied MTT assays
to examine whether K9-AMC could protect both SH-SY5Y and
rat RIN-5fm cells from Af3- and hIAPP-induced toxicity within
24 h. While K9-AMC exhibited self-aggregation property at
25 uM or above (Figure 3c), K9-AMC aggregates were non-
toxic to SH-SYS5Y cells. On the contrary, RIN-5fm cells were
highly susceptible to K9-AMC, which decreased cell viability to
73.0-88.9% at 25-100 uM for 24 h (Figure 5a). Co-incubation
of K9-AMC with Af in SH-SY5Y cell culture led to the dose-
dependent protection on Af-induced cytotoxicity, in which cell
viability was increased from 63.6% to 75.4% as a K9-AMC:Ap
ratio increased from 1:1 to 4:1. This is consistent with the inhi-
bition effect of K9-AMC on A aggregation, indicating that
inhibition of A aggregation by K9-AMC also allows to reduce
Ap-induced cell toxicity. However, K9-AMC offered the limited
benefits to hIAPP-induced cytotoxicity, as evidenced by cell
viability of 54.4%, 54.5%, 63.3%, and 60.3% in the presence
of 0, 25, 50, 100 uM of K9-AMC, respectively. K9-AMC only at
100 uM improved the cell viability by 10% with significant dif-
ference (p < 0.05). It appears that the cytotoxicity of K9-AMC to
RIN-5fm cells corresponds to the degree of possible oligomeri-
zation, which is likely associated with its specific structure and
interactions with hIAPP. More fundamentally, hybrid APF-
amyloid aggregates formed by APFs (KLVFF, FGAIL, K9, and
K9-AMC) and amyloid peptides (A and hIAPP) might have
a wide structural and functional diversity along the complex
co-assembly pathways. Some hybrid aggregates might initiate
the apoptosis pathway and they are extremely toxic, while the
others are possibly off-pathway species that proceed to the
fibril formation or are deposited into inclusion bodies. The
less cell protection role of FGAIL or K9 in RIN-m5F could be
due to the lack of membrane-anchoring residues in our APF
design. Specifically, FGAIL was selected from the core amyloi-
dogenic region (residues 23-27) located at the turn and near
to C-terminal region of hIAPP, whose major function is to
inhibit the folding and aggregation of hIAPP. It is well-known
that N-terminal region of hIAPP (particular residues 1-19) is
responsible for the cell membrane anchoring, binding, and
penetrating,*°% thus lack of these membrane binding resi-
dues/sequences in FGAIL and K9 likely contributes to their
weak interactions with cell membranes,>> leading to the
less cell protection effect on RIN-m5F cells even both APFs

www.afm-journal.de

possessed strong ability to inhibit the aggregation of hIAPP in
bulk solution.

Considering that i) microbe-induced neuroinflammation is
considered as a potential risk factor to trigger the pathologies
of PMDsP>78 and ii) AMC possesses an intrinsic antibacterial
property, we examined the antimicrobial activity of amyloid pro-
teins, K9, AMC, and K9-AMC against both representative Gram-
positive (S. aureus and S. epidermidis) and Gram-negative (E. Coli
and P. aeruginosa) bacteria using optical absorbance (600 nm)
measurement. In contrast to the mild influence on Gram-neg-
ative bacteria (E. Coli and P. aeruginosa) growth (Figure S6, Sup-
porting Information), the effective inhibition effects of amyloid
proteins, K9, AMC, and K9-AMC on Gram-positive (S. aureus
and S. epidermidis) were observed. This is not surprising because
different from Gram-positive pathogens with single-layer cell
membrane, Gram-negative pathogens have an extra outer layer
in their cell membranes, which functions not only as physical
barriers for cell entry, but also as powerful molecular efflux
pumps to clear any antibiotics from the cells.”” It is likely that
our AFPs do not contain strong cell-penetration sequences/resi-
dues to penetrate into the cell membrane of Gram-negative bac-
teria, thus further engineering of the AFPs in the future work is
considered to include antimicrobial peptides or cell-penetrating
peptides into AFP sequences for enhancing their cell-penetrating
properties. The bacteria growth profiles in Figure S5a,d, Sup-
porting Information showed that K9 at 25 uM or above exhibited
limited reduction effect on S. aureus growth by 25%, but K9 at
increasing concentrations of 25-250 UM reduced S. epidermidis
growth by 23-64%. However, AMC at the concentrations of
5-250 uM did not influence the growth of both S. aureus and
S. epidermidis (Figure S5b,e, Supporting Information). K9-AMC
(250 pM) exhibited improved antibacterial activity against
S. aureus and S. epidermidis growth by 42% and 67%, respectively
(Figure S5¢,f, Supporting Information).l®*®!) Upon the confirma-
tion of antibacterial activity of K9-AMC, we further investigated
whether the co-incubation of K9-AMC with A or hIAPP and
their as-formed complexes could possess similar antibacterial
efficiency, relative to that of pure Af and hIAPP. As shown
in Figure 5b,c, both Af and hIAPP alone (25 pM) exhibit the
modest inhibition against the growth of S. aureus (69.7% with
A and 84.0% with hIAPP), but not that of S. epidermidis (107.6%
with Af and 93.0% with hIAPP). Remarkably, the addition of
100 uM K9-AMC to either Af3 or hIAPP significantly increased
the overall antimicrobial activity against both bacteria. Specifi-
cally, AB/K9-AMC reduced the bacterial density of S. aureus and
S. epidermidis by 49% and 31%, while hIAPP/K9-AMC also inhib-
ited the bacterial density of S. aureus and S. epidermidis by 32%
and 51%. Different antimicrobial activities of amyloid/K9-AMC
complexes probably imply different complex interplays of the
sequence-structure-interaction between K9-AMC and amyloid in
the context of cell membranes.

K9-AMC. To rule out the background influence of strong CD signals from native K9-AMC, CD spectra are reorganized by subtracting the background
K9-AMC signals in Figure S4a, Supporting Information, from the whole CD signals of A and hIAPP with K9-AMC in Figure S4b,c, Supporting Informa-
tion. c) Final B-sheet structure contents of A and hIAPP in the absence and presence of K9-AMC after 24 h incubation. d) AFM images of AS (25 uM)
or hIAPP (25 uM) aggregates in the absence or presence of 1, 2, and 4 molar equivalent K9-AMC. All samples are imaged after 24 h incubation under

physiological conditions (pH 7.4, 37 °C). Scale bars = Tum.
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3. Conclusions amyloid inhibitors to prevent both amyloid aggregation
of Af and hIAPP and microbial infection of S. aureus and

In this study, we proposed a step-by-step strategy to ration-  S. epidermidis. Through a step-by-step design, the original APFs

ally design new APFs and APFs-fluorescent conjugates with
[-structure-forming property, which serve as multi-target
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of KLVFF from A3 and FGAIL from hIAPP—capable of forming
[-structure-rich amyloid-like fibrils—were first engineered by
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combing both KLVFF and FGAIL into a single KLVFFGAIL
(K9). The hybrid sequence of K9 allowed to promote the cross-
interactions with both Af and hIAPP, which in turn intro-
duced a new dual inhibition function to prevent A and hIAPP
fibrillization by 97% and 39% and to reduce AS- and hIAPP-
induced cell toxicity by 58% and 5%. Next, AMC as an antimi-
crobial fluorescence was conjugated to K9 to produce K9-AMC.
The resultant K9-AMC exhibited high nanomolar binding
affinity of 240.6 £ 1.6 nM and 3079 + 1.9 nM to Af and hIAPP,
respectively. Consequently, the strong binding affinity between
K9-AMC and amyloid peptides led to the higher amyloid inhi-
bition property by the reduction of Af and hIAPP fibrils up to
100% and 56% and the increase of cell viability by 10-32% at
optimal conditions. As compared to K9, the enhanced amyloid
inhibition property of K9-AMC is likely stemmed from the
AMC, whose hydrophobic, aromatic nature allows to interact
strongly with amyloid peptides to disturb amyloid structural
transition, reduce J-structure content, and block aggrega-
tion pathways. More importantly, the antimicrobial nature of
AMC in K9-AMC also introduced a new and strong antimicro-
bial activity against the growth of S. aureus and S. epidermidis
by =40-70%. This work provides a general design strategy by
selecting, engineering, and optimizing APFs and functional
APF-conjugates, which can serve as dual-/multi-target inhibi-
tors to suppress amyloid aggregation and microbial infection
simultaneously for achieving more pharmaceutical/clinical
effectiveness for amyloid disease treatments.

4. Experimental Section

Materials: A (1-42) and hIAPP (1-37) was purchased from the CPC
Scientific (San Jose, CA), short peptide sequence, including KLVFF,
FGAIL, KLVFFGAIL, and C-terminal modified KLVFGAIL-AMC were from
GenScript (Piscataway, NJ), AMC (7-amino-4-methylcoumarin) was
from BeanTown Chemical (Hudson, NH). HFIP (1,1,1,3,3,3-Hexafluoro-
2-propanol), DMSO (dimethyl sulfoxide), and ThT (thioflavine T) were
from Sigma-Aldrich (St. Louis, MO).

Preparation of Monomeric Peptide Solutions: Peptides (lyophilized
powder, 1 mg) were dissolved in 1 mL HFIP and sonicate for 30 min on
ice, followed with 30 min centrifugation (14 000 rpm, 4 °C), to obtain
homogeneous, aggregate-free peptide solution. The supernatants
were aliquoted and lyophilized to remove solvent. Peptides were first
gradually dissolved in 10 mM NaOH (KLVFGAIL-AMC in 5% acetic acid)
with gentle tapping, and further diluted in buffer (PBS, 10 mM, pH 7.4)
to final concentration.

Thioflavin T (ThT) Fluorescence Assay: ThT stock solutions were
prepared by dissolving 2 mM ThT in 10 mM Tris buffer solution (pH
= 7.4) and then filtering through 0.2 um filter. ThT stock solution
was further diluted to final concentration of 10 uM Tris buffer before
fluorescence assay. The peptides were diluted in ThT solution to desired
concentrations and each was measured with three identical 200 pL
samples. The amyloid growth kinetics were measured by SpectraMax
M3 microplate reader (Molecular Devices, CA, USA), at excitation
wavelength of 450 nm and emission wavelength at the range of 470 to
500 nm under kinetic bottom-read mode. Measurements were taken
every 30 min at 37 °C incubation.

CD Spectroscopy: Secondary structure change of peptides was
monitored for 3 days at 37 °C. Samples were prepared by dissolving
amyloid peptides in 10 mM sodium phosphate buffer (pH = 7.4) and
incubated at 37 °C. After different time intervals, aliquot of sample
solution was measured in a quartz cell with 1 mm path length.
The CD spectra of peptide solutions were measured using J-1500
spectropolarimeter (Jasco Inc., Japan) and scanned between 190 and
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250 nm with a step size of 0.5 and 50 nm min~' scan rate. The secondary
structures were predicted by using the Beta Structure Selection (BeStSel)
algorithm.[62]

Atomic Force Microscopy (AFM): Morphology of amyloid aggregates
with or without the inhibitors was observed using Nanoscope
MultiMode 8 AFM (Bruker, NY, USA). 20 uL amyloid solution was
deposited on mica surface and rinsed with water to remove salts. The
as-prepared samples were blotted and subsequently imaged by silicon
AFM probe with a nominal radius of <10nm and 150 kHz resonant
frequency (Aspire, USA), in tapping mode with a scan rate of 1.0 Hz.

Fluorescence Microscopy: The fluorescent signals of K9-AMC and
AB/hIAPP co-incubated with K9-AMC were detected by fluorescence
microscope Olympus IX81 (Olympus, Japan). 25 uM AB/hIAPP were
incubated in 10 mM sodium phosphate buffer (pH 7.4) at 37 °C for
24 h to form mature fibrillar aggregates. Freshly prepared K9-AMC or
ThT stock solution (2 mM in 10 mM PBS buffer) were added into the
aged AS/hIAPP solution to reach a final concentration of 10 uM, and
co-incubated for 10 min before fluorescence microscope imaging. As a
control, AMC (10 uM) was added into the aged AS/hIAPP fibril solution
for 10 min before fluorescence microscope imaging. And the pure
K9-AMC fibrils were prepared at concentration of 1 mM in PBS buffer
for incubating under 37 °C for 48 h and imaged with or without 10 uM
ThT dye.

Fluorescence Titrations: Fluorescence titration studies were performed
using LS 55 Fluorescence Spectrometer (PerkinElmer, USA) and
measured in 3 mL quartz cuvette. The excitation wavelength was fixed
at 337 nm (slit width: 10 nm) and emission spectra were collected
between 350-550 nm (slit width: 7.5 nm). The apparent binding
constant Kp of the interaction between K9-AMC with AB/hIAPP were
quantified by titrating K9-AMC (200 nM) with increasing amount
of AB/hIAPP. In detail, for all experiments, freshly prepared 200 nM
K9-AMC in 10 mM sodium phosphate buffer (pH 7.4) was allowed to
equilibrate for 2 min before recorded and titrated with freshly prepared
AB/hIAPP solutions. The fluorescence spectra of K9-AMC were tested
with increasing concentrations of ligand AS/hIAPP from 0 to 17 puM.
Control buffer titration was also performed in parallel for diminishing
background influence in each experiment. Data were analyzed using

1 1 1

1:1 binding model (F.—F = Fom—Fo ' (Fom —Fo)Ko[X], where F, is the
fluorescence intensity during titration, Fy is the fluorescence intensity
before titration, F,, is the maximum fluorescence intensity, [X] is the
ligand concentration, and Kp is the equilibrium binding constant) and
were means (£SD) of three binding curves.

Cell Viability Assay: The cytotoxicity of amyloid peptides and the
effect of inhibitors on the amyloid-induced cytotoxicity was examined
by in vitro MTT assay. Human neuroblastoma SH-SY5Y cells (ATCC
CRL-2266, VA, USA) and the rat insulinoma cells RIN-m5F (ATCC CRL-
11605, VA, USA) were chosen for examining Af- and hIAPP-induced
cytotoxicity, respectively. 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. All culture mediums
were supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin. The cells were incubated at 37 °C in 5% CO, humidified
incubator and separately seeded onto 96-well plate (104 cells in 100 pL)
after reaching over 80% confluence. After incubated for 24 h, the medium
was replaced with fresh medium containing amyloid peptides. The cells
were further incubated for 24 h, followed by replacing the medium
with 0.5 mg mL™" 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution and incubated for another 4 h. The culture
medium was replaced by 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 in meants.d. of three independent tests.

Bacterial Growth Assays: S. aureus (ATCC 6538P) and S. epidermidis
(ATCC 14 990) were grown to late-lag phase and diluted to an ODgg
value of 0.05. Peptides at desired concentration were added in
experimental groups and the growth curves of bacteria were recorded by
measuring the ODgq in the following 12 h at 37 °C by microplate reader

© 2021 Wiley-VCH GmbH
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(SpectraMax M3). The final bacterial density after the addition of each
peptide and their complexes was compared relative to that of untreated
control (100% bacterial density).
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