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Abstract: Amyloid-β (Aβ) in the form of neurotoxic aggregates is 
regarded as the main pathological initiator and key therapeutic target 
of Alzheimer’s disease. However, anti-Aβ drug development has been 
impeded by the lack of a target needed for structure-based drug 
design and low permeability of the blood-brain barrier (BBB). An 
attractive therapeutic strategy is the development of amyloid-based 
anti-Aβ peptidomimetics that exploit the self-assembling nature of Aβ 
and penetrate the BBB. Herein, we designed a dimeric peptide drug 
candidate based on the N-terminal fragment of Aβ, DAB, found to 
cross the BBB and solubilize Aβ oligomers and fibrils. Administration 
of DAB reduced amyloid burden in 5XFAD mice, and downregulated 
neuroinflammation and prevented memory impairment in the Y-maze 
test. Peptide mapping assays and molecular docking studies were 

utilized to elucidate DAB-Aβ interaction. To further understand the 
active regions of DAB, we assessed the dissociative activity of DAB 
with sequence modifications. 

Introduction 

Amyloid proteins transiently folding into heterogenous 
aggregates are implicated as the pathological initiators of 
neurodegenerative disorders.[1] In Alzheimer’s disease (AD), 
amyloid-β (Aβ) spontaneously aggregates into neurotoxic 
oligomeric and fibrillar assemblies that deposit as amyloid 
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plaques.[2] Accumulation of Aβ aggregates in the brain initiates 
pathological downstream cascades contributing to cognitive 
decline, including the abnormal activation of glial cells, microglia 
and astrocytes, associated with neuroinflammation and cell 
death.[3] As such, neurotoxic amyloid aggregates are regarded as 
a key therapeutic target for AD therapy. 

Many attempts to develop disease-modifying drugs 
targeting amyloid in the brain were made but have seen very little 
success. Due to the intrinsically unstructured and polymorphic 
nature of Aβ, the development of Aβ-targeting small molecules is 
impeded by the lack of a definite target structure needed for 
rational drug design and resultant off target interactions.[4] Anti-Aβ 
antibody drugs can overcome target-specificity, but have high 
production cost and poor drug delivery across the blood-brain 
barrier (BBB).[5] Peptide-based drugs can be an attractive 
alternative to small molecules and antibody drugs owing to their 
high-selectivity, low cost, and BBB permeability.[6] Shifting 
perspective, an amyloid-based peptide drug exploiting the self-
assembling nature of amyloid can best overcome the polymorphic 
nature of the therapeutic target. Several research groups have 
evinced the therapeutic efficacy of Aβ-targeting peptide drugs 
derived from the central hydrophobic core or C-terminal of Aβ.[7] 

Recently, clinical AD studies have been recurrently reported 
the increase of 16-17 residue N-terminal fragments of the full-
length Aβ(1-42), Aβ(1-17), in the cerebrospinal fluid of early AD 
patients.[8] As opposed to the central hydrophobic core or 
hydrophobic C-terminal, the N-terminal fragment of Aβ is mainly 
comprised of hydrophilic residues and its anti-amyloid therapeutic 
potential has not been investigated. In this study, we 
hypothesized the transient rise of Aβ(1-17) levels may be an 
innate defense mechanism against amyloid aggregation and 
assessed its anti-amyloid properties. We found that Aβ(1-17) 
dissociates aggregates of Aβ(1-42) in vitro and designed a 
dimeric Aβ(1-17)-based peptide drug (DAB) that binds to and 
solubilizes neurotoxic Aβ aggregates with enhanced multivalency 
effect (Scheme 1). Upon administration to 5XFAD transgenic 
mice, DAB crosses the BBB and reduced amyloid burden, 
concomitantly alleviated neuroinflammation and inhibited memory 
impairment in the Y-maze test. Furthermore, peptide mapping 
assays were fabricated and performed to predict binding and 
dissociation sites of DAB. To assess essential residues for 
dissociative activity, truncation and lengthening modifications of 
DAB were performed.

Scheme 1. Scheme of study. 1) Drug candidate, DAB, was designed as a dimeric form of Aβ(1-17). 2) In vitro assays were performed to verify the dissociating 
ability of DAB against Aβ(1-42) aggregation. 3) Brain permeability tests suggest DAB crosses the BBB via RAGE. 4) Administration of DAB lowered amyloid 
burden in transgenic Alzheimer mice, concomitantly downregulating inflammatory biomarkers and preventing cognitive decline. 5) Mechanism of action was 
elucidated by mapping sites of interactions and molecular docking simulations. 6) Modification studies were executed to find critical regions for dissociative 
activity.
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Results and Discussion 

Non-amyloidogenic Aβ(1-17) Solubilizes Aggregated Aβ(1-
42) 

To assess the anti-amyloid properties of the N-terminal 
fragment of Aβ, we first acquired Aβ(1-17) and Aβ(1-42) peptides 
through fluorenylmethyloxycarbonyl solid-phase peptide 
synthesis (Fmoc SPPS) (Figure 1a,; See Figure S1a-d in the 
Supporting Information). Then we tested whether Aβ(1-17) 
exhibited self-aggregation characteristic of amyloid proteins by 
incubating monomeric Aβ(1-17) samples dissolved in 1% DMSO 
at concentrations of 0.25, 2.5, 25, 125, and 250 μM at 37°C for 24 
hours. Monomeric Aβ(1-42) dissolved in 1% DMSO at 25 μM was 
prepared and incubated for comparison. After 24 hours, Aβ(1-42) 

aggregated into β-sheet-rich fibrils detected by thioflavin T (ThT) 
fluorescence, while Aβ(1-17) did not exhibit self-assembly (Figure 
1b). 

Inhibitory action by Aβ(1-17) against Aβ(1-42) aggregation 
was assessed by the co-incubation of Aβ(1-17) (0.25, 2.5, 25, 125, 
and 250 μM) and monomeric Aβ(1-42) (25 μM) at 37°C for 24 
hours. Upon measurement of ThT-detected fibrillar content, we 
found that co-incubation of Aβ(1-17) 250 μM inhibited the 
formation of aggregated Aβ(1-42) by 40.51% in comparison to 
Aβ(1-42)-only samples (P < 0.0001) (Figure 1c). Next, 
dissociative activity of Aβ(1-17) against pre-formed Aβ(1-42) 
aggregates was evaluated. Aβ(1-42) aggregates were prepared 
by incubation at 37°C for 24 hours, and were subsequently treated 
with Aβ(1-17) for an additional 24 hours. At 250 μM, Aβ(1-17) 
dissociated Aβ(1-42) fibrils by 22.04% (P < 0.0001) (Figure 1d).

Figure 1. Design of anti-amyloidogenic N-terminal based dimeric Aβ peptide drug. a) Sequence of Aβ(1-42) and N-terminal fragment Aβ(1-17). b) ThT-detected β-
sheet fibril content of Aβ(1-42) (25 μM) and Aβ(1-17) (0.25, 2.5, 25, 125, 250 μM) aggregated for 1 day. c) Inhibitory effects of Aβ(1-17) (0.25, 2.5, 25, 125, 250 
μM) against Aβ(1-42) (25 μM) aggregation were evaluated using ThT fluorescence. d) Dissociative effects of Aβ(1-17) (0.25, 2.5, 25, 125, 250 μM) against pre-
aggregated Aβ(1-42) (25 μM) were evaluated using ThT fluorescence. e) Schematic illustration of spacer selection for dimeric Aβ(1-17)-based peptide drug. f) 
Inhibitory effects of dimeric Aβ(1-17) with various spacers (L0, 4SG, 8SG, 8AP, and 8EE) against Aβ(1-42) (25 μM) aggregation. g) Dissociative effects of 
dimeric Aβ(1-17) with various spacers (L0, 4SG, 8SG, 8AP, and 8EE) against pre-aggregated Aβ(1-42) (25 μM). Total aggregation time for Aβ(1-42) is indicated 
as ‘–’ for 0 day, ‘+’ for 1 day, and ‘++’ for 2 days. Fluorescence intensities for inhibition and dissociation assays were normalized and statistically compared to 
Aβ(1-42)-only 1 days (+) control (100%). One-way analysis of variance followed by Bonferroni’s post-hoc comparisons tests were performed in all statistical 
analyses (*P < 0.05, **P < 0.01, ****P < 0.0001). Data are presented as mean ± SEM. Abbreviations: Aggr. = Aggregation. 
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Design of Dimeric Aβ(1-17)-based Peptide 
As our results suggested that Aβ(1-17) is a non-

amyloidogenic fragment that possesses anti-amyloid properties 
against Aβ(1-42) aggregation, we sought to design a Aβ(1-17)-
based peptide drug candidate. To enhance the Aβ-solubilizing 
abilities of Aβ(1-17), we attached two peptide fragments by using 
lysine amine groups as a linker and added spacers to increase 
accessibility and flexibility. For optimal spacer selection, we 
tested the inhibitory and dissociative activity of a dimer with no 
spacer (L0) and dimers with four types of spacers: 4SG (GGGS), 

8SG (GGGSGGGS), 8AP (APAPAPAP), and 8EE (EEEEEEEE) 
(Figure 1e; See Figure S2a-j). Dimeric fragments attached with 
8SG spacers had the highest efficacy in ThT assays testing for 
Aβ(1-42) aggregate inhibition (Figure 1f) and dissociation (Figure 
1g). Additionally, 8SG linker, dimeric form of 8SG spacers, solely 
is insufficient to create the effect that dimeric fragments attached 
with 8SG spacers exert (See Figure S3a-d) and may enhance the 
solubilizing effect of the dimeric fragments. Thus, 8SG spacers 
attached dimer fragments form was selected for DAB sequences.

Figure 2. DAB solubilizes toxic amyloid fibrils and oligomers. a) Sequence of DAB, a dimeric Aβ(1-17) peptide drug. b) ThT-detected β-sheet fibril content of 
Aβ(1-42) (25 μM) and DAB (0.25, 2.5, 25, 125, 250, 500 μM) aggregated for 1 day. ThT fluorescence assay of c) inhibitory effects and d) dissociative effects of 
DAB (0.25, 2.5, 25, 125, 250, 500 μM) against Aβ(1-42) (25 μM) aggregation. Gel electrophoresis with PICUP and silver staining of e) DAB only, f) DAB-inhibited 
Aβ(1-42) species, and g) DAB-dissociated Aβ(1-42) species. h) Dot blot assay using anti-oligomeric A11 antibody to detect oligomeric species of DAB (lower 
row), DAB-inhibited Aβ(1-42) species (higher row), and DAB-dissociated Aβ(1-42) (middle row) with respective densitometries. i) Aβ(1-42)-induced toxicity was 
reduced upon co-incubation of Aβ(1-42) (10 μM) with DAB (10 μM) in HT22 and BV2 cell lines for 24 hours. Total aggregation time for Aβ(1-42) is indicated as ‘–’ 
for 0 day, ‘+’ for 1 day, and ‘++’ for 2 days. Fluorescence intensities for inhibition and dissociation assays were normalized and statistically compared to Aβ(1-
42)-only 1 days (+) control (100%). One-way analysis of variance followed by Bonferroni’s post-hoc comparisons tests were performed in all statistical analyses 
(**P < 0.01, ***P < 0.001, ****P < 0.0001). Data are presented as mean ± SEM. Abbreviations: Aggr. = Aggregation.
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DAB Dissociates Neurotoxic Aβ(1-42) Oligomers and Fibrils 
The sequence of the DAB selected for this study is shown 

in Figure 2a (See Figure S4a-d). To check for self-assembly, DAB 
was dissolved in 1% DMSO at concentrations of 0.25, 2.5, 25, 125, 
250, and 500 μM and incubated at 37°C for 24 hours. Similar to 
Aβ(1-17), DAB did not exhibit self-assembly into β-sheet-rich 
aggregates (Figure 2b). Co-incubation of DAB with Aβ(1-42) 
monomers inhibited the formation of ThT-detected Aβ(1-42) fibrils 
by 81.05% at 250 μM (P < 0.0001) and by 78.59% at 500 μM (P 
< 0.0001) (Figure 2c). In the dissociation assay, DAB 
disaggregated fibrils by 47.68% at 250 μM (P < 0.0001) and by 
63.94% at 500 μM (P < 0.0001) (Figure 2d), exhibiting higher 
solubilizing ability than Aβ(1-17) against aggregated Aβ(1-42). 

Through gel electrophoresis followed by silver staining, DAB 
at concentrations of 25, 125, and 250 μM could be seen at 8 kDa 
and as dimers at 16 kDa but not fibrils (Figure 2e). The monomeric 
and fibril forms of Aβ(1-42) aggregates treated with DAB were 
separated and visualized by gel electrophoresis followed by silver 
staining. Prior to gel analysis, metastable DAB and Aβ(1-42) 
assemblies were fixed by photoinduced crosslinking of 
unmodified proteins (PICUP). In inhibition assay samples, fibrillar 
Aβ(1-42) assemblies at high molecular weights (~250 kDa) were 
effectively reduced in 125 μM and 250 μM, with concomitant 
increase of monomeric species at 4.2 kDa (Figure 2f). In 
dissociation assay samples, DAB 250 μM markedly reduced fibrils 
while increasing monomers (Figure 2g). The oligomeric levels of 
Aβ(1-42) samples were quantified by dot blot assay utilizing the 
anti-oligomer A11 antibody (Figure 2h). DAB at higher 
concentrations reduced blot intensity of A11-detected Aβ(1-42) 
and the oligomeric species of DAB (lower row in Figure 2h) were 
not detected. Our results suggest that the co-incubation of DAB 
solubilizes both oligomeric and fibrillar species of Aβ(1-42) to 
monomeric states. 

As aggregates of Aβ(1-42) exert neurotoxic effects 
characteristic of AD pathology, we tested whether solubilization of 
aggregates by DAB could reduce Aβ-induced cell toxicity utilizing 
MTT assay. Prior to assessing anti-Aβ toxicity, we examined 
whether DAB had innate toxicity. DAB at concentrations of 2000, 
1000, 500, 250, 124, 61.5, and 31.25 µM was treated to HT22 
cells for 24 hours and subsequently MTT reagent was utilized to 
quantify cell viability (See Figure S5). Our results show that the 
TD50 of DAB in HT22 cells was higher than 2000 μM, suggesting 
DAB has low toxicity. Next, we assessed if the co-treatment of 
DAB could alleviate Aβ neurotoxic effects. Aβ(1-42) treatment of 
24 hours significantly induced cell death in HT22 cells and BV2 
cells, and co-incubation of DAB significantly prevented Aβ-
induced neurotoxicity (Figure 2i). In sum, our results show that 
DAB solubilizes Aβ(1-42) aggregates and prevents Aβ-induced 
toxicity. 
 
DAB Reduced Amyloid Burden and Rescues Aβ-induced 
Memory Deficits and Inflammation in 5XFAD Mice 

The therapeutic efficacy of DAB against Aβ was evaluated 
in the 5XFAD, a transgenic AD mouse model with aggressive 
amyloid accumulation. Adult models of AD and aged models of 
AD were selected at the ages of 5 months and 11 months, 
respectively (Figure 3a). During an administration period of five 
weeks, DAB (200 mg/kg) was dissolved in PBS (See Figure S6) 
and intravenously injected to adult model 5XFAD mice three times 
per week. Age- and sex-matched littermate wildtype and 5XFAD 
mice were injected PBS as controls. During the last week of DAB 

administration, we assessed changes in hippocampal memory 
impairment of the mice at the age of 6 months by employing the 
Y-maze test. In addition, untreated 5-month-old male wildtype and 
5XFAD mice were used as pre-treatment controls. While PBS-
injected 5XFAD mice displayed significant decrease of 
spontaneous alternations in comparison to wildtype mice, DAB-
treated mice increased the alternation levels to wildtype level 
(Figure 3b). Total arm entries were not different among groups 
(Figure 3c) and representative tracking heatmaps of the aged 
model groups are shown in Figure 3d. After five weeks, the mice 
were sacrificed, and brains were extracted for protein analysis. As 
the hippocampus is one of the earliest brain areas affected in 
AD,[9] the alterations of hippocampal Aβ levels were examined 
through western blot analysis (See Figure S7). In comparison to 
PBS-treated 5XFAD mice, Aβ oligomers were lowered by 21.46% 
in DAB-treated mice (P < 0.05) (Figure 3e). Furthermore, in DAB-
treated mice, astrogliosis detected by anti-GFAP and microglial 
activation detected by anti-Iba1 were inhibited by 17.62% (P < 
0.05) and 24.05% (P < 0.05), respectively (Figure 3e). 

Next, we assessed the dissociative ability of DAB against 
Aβ aggregates in the aged models of mice manifesting abundant 
deposits of amyloid plaques. DAB (200 mg/kg) was treated to 11-
month-old 5XFAD mice for 2 weeks, three times a week, via 
intravenous injections. Control 5XFAD mice were injected PBS. 
After 2 weeks, the brains were extracted and dissected in to two 
hemispheres for immunohistochemical staining and western blot 
analysis. In the aged models, DAB treatment reduced the number 
of plaques in the hippocampus and whole brain slides by 50.09% 
(P < 0.01) and 31.64% (P < 0.01), respectively (Figure 3, f-h). In 
hippocampal lysates, levels of oligomeric Aβ and Iba1 were 
lowered by 34.52% (P < 0.05) and 24.97% (P < 0.01), while a 
trend of decline was observed in GFAP (reduced by 12.21%, P = 
0.0746) (Figure 3i). 
 
DAB Crosses the BBB via RAGE-mediated Transport 

Injection of DAB to 5XFAD mice reduced amyloid burden in 
the brain, suggesting that DAB crosses the BBB. To confirm that 
DAB enters the brain, we prepared and administered 14C-
methylated-DAB to wildtype mice via intravenous injections, and 
subsequently examined the time-dependent concentration of 
DAB in the plasma and brain (Figure 4a; See Figure S8). 14C-
methylated-DAB was found in the plasma and brain at highest 
concentrations at 20 minutes, 3694.5 ng/mL and 2353.2 ng/g, 
respectively, and showed time-dependent decrease in 
concentration (Figure 4b). The brain to plasma ratio was 0.65 at 
20 minutes, 0.80 at 40 minutes, and 1.07 at 60 minutes (Table 1), 
confirming that DAB crosses the BBB. Furthermore, we assessed 
the concentration and total amount of 14C-methylated-DAB in the 
cerebral cortex, hippocampus, cerebellum, olfactory bulb, and 
remaining regions (Figure 4c, d). 
Table 1. Brain to plasma ratio of [C14] methyl DAB in mice. 

Time (min) Brain (ng/g) Plasma (ng/mL) Brain to Plasma 
Ratio 

20 2353.2 3694.5 0.65 

40 2013.0 2489.7 0.80 

60 1542.6 1361.2 1.07 
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Figure 3. DAB reduces Aβ plaques and oligomers in 5XFAD mice, rescuing hippocampal memory and alleviating neurotoxicity. a) Scheme of DAB administration 
to adult and aged AD mouse models. b-e) DAB (200 mpk) was administered via IV injection to 5-month-old male 5XFAD mice for 5 weeks. b) Spontaneous 
alternation and c) total entry in Y-maze test for pretreated 5-month-old mice and treated 6-month-old mice. d) Representative heatmap of Y-maze trials. e) Through 
western blot, soluble fractions of hippocampal lysates of the 6-month-old were immunoblotted for Aβ oligomers, GFAP, and Iba1, with respective densitometries. f-
i) DAB (200 mpk) was administered via IV injection to 11-month-old male 5XFAD mice for 2 weeks. f) Brains were immunostained with 6E10 (green) and the number 
of plaques in the g) hippocampus and h) total slice of the mice were quantified. i) Through western blot, soluble fractions of hippocampal lysates of the 11.5-month-
old mice were immunoblotted for Aβ oligomers, GFAP, and Iba1, with respective densitometries. Densitometries were normalized and statistically compared to 
PBS-treated 5XFAD mice (100%). Two-tailed T-tests and one-way analysis of variance followed by Bonferroni’s post-hoc comparisons tests were performed for 
statistical analyses (*P < 0.05 and **P < 0.01). Data are presented as mean ± SEM. 
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Figure 4. DAB crosses the BBB. a) 14C-methylated-DAB was synthesized and administrated to wildtype mice. b) Concentration of 14C-methylated-DAB in the plasma 
(ng/mL) and whole brain (ng/g). c) Concentration of 14C-methylated-DAB in specific brain regions (ng/g). d) Total amount of 14C-methylated-DAB in specific brain 
regions (ng). e) Entry of DAB is blocked upon inhibition of RAGE transporter in wildtype mice. 
 

Aβ is well known to enter the brain from the blood by 
receptor for advanced glycation endproducts (RAGE),[10] but the 
exact mechanism has not been elucidated. A molecular modeling 
study predicted that the N-terminal of Aβ interacts with RAGE, 
which transports Aβ from the blood to the brain.[11] To test whether 
RAGE transports DAB across the BBB, we injected DAB (200 
mg/kg) to wildtype mice treated with RAGE inhibitor FPS-ZM1 (1 
mg/kg) and extracted their brain after 20 minutes. As controls, we 
injected PBS and DAB (200 mg/kg) to wildtype mice. Brain lysates 
were blotted onto membranes and probed with anti-6E10 
antibody, which detects Aβ residues 1-16. We found that DAB-
injected mice had higher intensity in comparison to PBS-injected 
mice and DAB-injected mice treated with RAGE-inhibitor (Figure 
4e). Our results suggest that RAGE, at least in part, contributes 
to the transport of DAB across the BBB. 
 
Binding Site and Dissociation Site of DAB 

We then investigated whether DAB dissociates Aβ 
aggregates through direct binding. To test this possibility, we 
fabricated Aβ aggregate plates. Aβ(1-42) peptides with terminal 
cysteine residues were synthesized by Fmoc SPPS and 
immobilized to a maleimide activated well plate, which was 
subsequently incubated with monomeric Aβ(1-42) (10 μM) for 24 
hours to create aggregates. To test for concentration-dependent 
binding, DAB labeled by fluorescent dye fluorescein-5-
isothiocyanate (FITC) (10 μM) was synthesized and added to the 
wells in a range of concentrations (0.005, 0.01, 0.05, 0.1, 0.5, 1, 
5, 10, 50, 100, 500, 1000, and 5000 μg/mL). A blank well was 
used as a control. After 20 minutes, we measured the 
fluorescence intensity of the wells and found DAB exhibited 
concentration-dependent binding to Aβ(1-42) aggregates, 
suggesting direct interaction (Figure 5a, b). 

As our results suggest DAB directly binds to Aβ, we sought 
to identify both the binding site and dissociation site involved in 
interactions between DAB and Aβ by utilizing an Aβ-fragment-
based mapping assays. Sequential Aβ fragments of 6 residues 
with terminal cysteine residues were synthesized by Fmoc SPPS 
and immobilized to a maleimide activated well plate. A blank well 
and full-length Aβ(1-42)-bound well were prepared as controls. 

To identify the binding site of interaction between DAB and 
Aβ, DAB labeled by FITC (10 μM) was synthesized and incubated 
in the wells of the mapping plate for 24 hours (Figure 5c). For 
comparison, we prepared and incubated FITC-labeled Aβ(1-17) 
in separate wells. After 24 hours, wells with binding sequences 
exhibited enhanced fluorescence intensity. Aβ(1-17) and DAB 
bound to full-length Aβ(1-42) sequences with equal strength, but 
differed in degrees of binding to specific sequences (Figure 5d). 
DAB exhibited binding preference to Aβ residues 14-19, 15-20, 
16-21, the central hydrophobic core, and 37-42, the hydrophobic 
C-terminal, and weak binding to residues 30-35, the secondary 
central region.[12] In contrast, Aβ(1-17) displayed moderate 
binding strength to the three hydrophobic regions, with a slight 
preference for the C-terminal of Aβ. 

Next, to identify the dissociate sites of interaction on Aβ, 
fluorescently labeled Flamma552-Aβ(1-42) (10 μM) was prepared 
and incubated in wells for 6 hours to induce aggregates between 
fluorescent Flamma552-Aβ(1-42) and Aβ fragments (Figure 5e). 
Fluorescence intensity were measured to establish baselines of 
individual wells and compared with altered baselines upon 
incubation of Aβ(1-17) or DAB (500 μM) for 24 hours. Reduced 
fluorescence intensity in wells were determined as sequences 
disrupted Aβ(1-42)-Aβ fragment complexes. We found that DAB 
had stronger dissociation than Aβ(1-17) against full-length Aβ(1-
42), and contrasting sites of dissociation (Figure 5f). While Aβ(1-
17) dissociated sequences of the central hydrophobic core, DAB 
dissociated the secondary central region and, with higher strength, 
the C-terminal of Aβ. 

Although the main sites of binding and dissociation by DAB 
and Aβ(1-17) overlapped, the degree of binding and dissociation 
differed, implicating that Aβ(1-17) and DAB are distinct entities 
with differing mechanisms of action. Our results suggest that DAB 
binds to the central hydrophobic core KLVFF, known as the self-
recognition ‘nucleation’ site of Aβ,[13] and dissociates aggregates 
at the C-terminal, a critical region for oligomer formation.[14] 
 
DAB Preferential Binds to Aβ(1-42) Aggregates than 
Monomers 
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We performed a docking study to examine the interactions 
between DAB and different aggregated forms of Aβ(1-42) 
available in the Protein Data Bank (PDB). The single monomeric 
Aβ(1-42) structure mainly consists of helical motifs while all other 
Aβ(1-42) aggregates are composed of β-sheets. The constrained 
docking simulation suggests that the binding complex models 

display a significant binding energy difference between 
monomeric and aggregated forms of Aβ(1-42), which strongly 
suggests that the DAB preferentially binds the aggregated form of 
Aβ(1-42) rather than the monomeric form (Table S1). The binding 
mode comparison for the monomeric (PDB ID: 1IYT) and

Figure 5. Aβ(1-17) and DAB distinctly bind to and dissociate Aβ. a) Fabrication of concentration-dependent binding assay utilizing well-bound Aβ(1-42) aggregates 
and FITC-labeled DAB. b) Concentration-dependent binding of DAB to Aβ(1-42) aggregates. c) Fabrication of binding site mapping assay utilizing well-bound 
hexameric fragments of Aβ and FITC-labeled Aβ(1-17) and DAB. d) Binding sites of Aβ(1-17) and DAB on Aβ were mapped. e) Fabrication of dissociation site 
mapping assay utilizing Flamma552-labeled Aβ(1-42) aggregated to well-bound hexameric Aβ fragments. f) Dissociation sites of Aβ(1-17) and DAB on Aβ were 
mapped. g) Binding of DAB to U-shaped aggregated Aβ(1-42). 
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the representative U-shaped aggregated form (PDB ID: 2BEG) 
shows distinctive peptide binding modes (Fig. 5g; See Figure 
S9a-d). In the 2BEG docking model, DAB forms a continuous 
parallel β-strand (9-14) with the edge strand of Aβ(1-42), which 

contributes to make a more stable binding complex. Other 
aggregated Aβ(1-42) structures also showed similar β-strand 
pairing with DAB. In contrast, DAB was fully exposed and showed 
little contact with the monomeric Aβ(1-42) 1IYT docking model. 

Figure 6. Modification of DAB sequence length. a) DAB with modified sequence lengths were synthesized for dissociative activity analysis. b) Inhibitory effects of 
DAB with truncated N-terminal against Aβ(1-42) (25 μM) aggregation. c) Dissociative effects of DAB with truncated N-terminal against pre-aggregated Aβ(1-42) (25 
μM). d) Inhibitory effects of DAB with lengthened C-terminal against Aβ(1-42) (25 μM) aggregation. e) Dissociative effects of DAB with lengthened C-terminal against 
pre-aggregated Aβ(1-42) (25 μM). Total aggregation time for Aβ(1-42) is indicated as ‘–’ for 0 day, ‘+’ for 1 day, and ‘++’ for 2 days. Fluorescence intensities for 
inhibition and dissociation assays were normalized and statistically compared to Aβ(1-42)-only 1 days (+) control (100%). One-way analysis of variance followed by 
Bonferroni’s post-hoc comparisons tests were performed in all statistical analyses (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Data are presented as mean 
± SEM. Abbreviations: Aggr. = Aggregation. 
 
Dissociative Activity of Sequence Modified DAB  

Based on clinical reports of the emergence of Aβ(1-17) in 
early AD, we predicted the therapeutic potential of the 17 N-
terminal residues and designed DAB based on the unmodified 
Aβ(1-17) sequence. To acquire insight to which sequences 
contribute to the dissociative action of DAB, we synthesized DAB 

with modified sequence lengths and assessed their anti-Aβ 
properties. Modified DAB was prepared by truncation by 2 resides 
at the N-terminal or lengthening by 2 residues at the C-terminal 
(Figure 6a; See Figure S10a-l and Figure S11a-h). Inhibitory 
action by DAB gradually decreased as N-terminal residues were 
truncated (Figure 6b) and the dissociative action was dramatically 
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decreased after the truncation of 4 residues (Figure 6c). In 
lengthened versions, inhibitory and dissociative activity of DAB 
was reduced as the length of sequences increased until the 
addition of 6 residues, in which DAB(1-23) and DAB(1-25) 
significantly seeded the aggregation of β-sheet-rich fibrils (Figure 
6d,e). Our results suggest that further lengthening of sequences 
nor truncations exceeding 4 residues do not improve therapeutic 
potential of DAB. 

 
Conclusion 

In this study, we designed an anti-Aβ peptide drug DAB 
comprising dimeric fragments of Aβ(1-17), which was found to 
preferentially bind and solubilize amyloid aggregates, and proved 
its therapeutic efficacy in vitro and in vivo. Upon administration to 
the 5XFAD mouse model, DAB reduced Aβ oligomers and 
plaques, subsequently downregulating neuroinflammation and 
rescuing cognitive impairment in the Y-maze test. In peptide 
mapping assays, DAB was shown to bind and dissociate Aβ 
aggregates in a manner distinct to the Aβ(1-17) fragment. DAB 
modification studies were conducted to identify residues critical 
for dissociative activity against aggregates. 

Amyloidogenic processing of the amyloid precursor protein 
(APP) by β-secretase and γ-secretase generates Aβ, while non-
amyloidogenic processing involved the α-secretase and γ-
secretase.[15] Consecutive cleavage by the α-secretase and β-
secretase, a well less known route of APP processing, as well as 
proteolytic degeneration of Aβ by the matrix metalloproteinase-9 
is known to generate Aβ(1-17) fragments, which are increased in 
the brains of early AD patients.[8a, 16] While peptide drugs based 
on the hydrophobic core and C-terminal sequences of Aβ have 
been reported for their dissociative activity,[7] the anti-amyloid 
properties of the N-terminal fragment of Aβ have not been 
elucidated. Here, we demonstrated that the N-terminal fragment 
of Aβ(1-17) can solubilize aggregates of Aβ and have therapeutic 
potential as a structural basis for anti-amyloid peptide drugs. 

Neurotoxicity of Aβ aggregates is reported to initiate multiple 
pathological cascades characteristic of AD pathology, including 
neuroinflammation.[17] The administration of DAB reduced both 
amyloid burden and Aβ-associated microglia and astrocyte 
activation in adult and aged models of 5XFAD mice. 
Downregulation of gliosis by DAB may be the result of reduced 
levels of Aβ oligomers and plaques, and in part, the inhibition of 
toxic Aβ-microglia interactions via HHQK residues, the microglial-
binding domain of Aβ.[18] 

The aim of this study is to show the therapeutic potential of 
anti-amyloid peptide drugs comprising amyloid fragments with 
solubilizing residues. The dimeric design of DAB did not simply 
double the dissociative activity of Aβ(1-17), but instead converted 
DAB into a different entity with substantially enhanced 
dissociation and distinct interactions. However, we emphasize 
that DAB is not a drug, but rather a prototype in need of further 
investigation. Future studies on finding residues involved in 
RAGE-mediated BBB penetration, optimization studies, and D-
form modification are anticipated prior to development as a drug. 
Our results suggest that dimeric drug design comprising 
solubilizing and BBB-penetrating sequences may increase the 
efficacy for peptide drugs targeting other amyloidogenic proteins. 
As amyloid proteins such as tau, α-synuclein, and prion proteins 
are reported to cross the BBB,[19] identification and utilization of 

innate BBB-crossing sequences may facilitate drug delivery to the 
brain. 
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