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ABSTRACT: Alzheimer’s disease (AD) is the most common
form of dementia and currently aﬀects 5.4 million Americans.
A number of anti-Aβ (beta amyloid) therapeutic agents have
been developed for AD, but so far all of them failed in clinic.
Here we used peptoid chemistry to develop ligands selective
for Aβ42. Peptoids are N-substituted glycine oligomers, a class
of peptidomimics. We synthesized an on-bead peptoid library
consisting of 38 416 unique peptoids. The generated peptoid
library was screened and arrays of Aβ42-selective peptoid
ligands were identiﬁed. One of those peptoid ligands, IAM1
(inhibitor of amyloid), and the dimeric form (IAM1)2 were
synthesized and evaluated in a variety of biochemical assays. We discovered that IAM1 selectively binds to Aβ42, while the
dimeric derivative (IAM1)2 has a higher aﬃnity for Aβ42. Furthermore, we demonstrated that IAM1 and (IAM1)2 were able to
inhibit the aggregation of Aβ42 in a concentration-dependent manner, and that (IAM1)2 protected primary hippocampal
neurons from the Aβ-induced toxicity in vitro. These results suggest that IAM1 and (IAM1)2 are speciﬁc Aβ42 ligands with
antiaggregation and neuroprotective properties. IAM1, (IAM1)2, and their derivatives hold promise as Aβ42 detection agents
and as lead compounds for the development of AD therapeutic agents.
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brain-barrier (BBB) also creates signiﬁcant problems in
applying immunotherapy to AD.7 Experimental evidence has
suggested that inhibitors which selectively prevent Aβ42 from
forming aggregates or oligomers while keeping Aβ40
unperturbed may be eﬀective therapeutic agents for AD.1,8−11
Although various small molecules were reported as Aβ ligands
that inhibit Aβ aggregation or oligomerization3,12−14 and some
even demonstrated in vitro or in vivo neuroprotective
eﬀects,15−19 majority of them bind to Aβ42 with low aﬃnity
and without selectivity.
To address this problem, we utilized novel chemical modality
(peptoids) to develop selective and high aﬃnity Aβ42 ligands.
Peptoids are N-substituted glycine oligomers, a class of
peptidomimics. They are similar to peptides in the chemical
structure except that in peptoids, side chains are attached to the
nitrogen instead of the α-carbon as in peptides. Our laboratory
recently developed HQP09 peptoid ligand that speciﬁcally
binds to expanded polyglutamine proteins20 and we applied a
similar approach in the current study. To identify speciﬁc Aβ42
peptoid ligands, we synthesized an on-bead peptoid library

lzheimer’s disease (AD) is a neurodegenerative disease
and a form of dementia in the elderly, which is
characterized by a progressive damage to the brain cells that
leads to cognitive dysfunction. Most cases of AD are sporadic
and occur in the aging population, but in approximately 1−2%
of cases AD segregates as an autosomal dominant trait in
families. Although the cause of AD is not clear, studies have
uncovered that the beta amyloid (Aβ) peptides of various
lengths (typically 40 and 42 amino acids) which are generated
from the amyloid precursor protein (APP) tend to aggregate
and deposit as plaques in the brain of AD patients.1 The level of
Aβ40 is higher in the brain, but Aβ42 is more pathogenic as it is
more prone to aggregate and is more abundant in the plaques.1
These ﬁnding led to formulation of the “amyloid cascade
hypothesis” that states that accumulation of synaptotoxic and
neurotoxic Aβ42 oligomers cause AD.1 The “amyloid cascade
hypothesis” is the major driving force behind developing antiAβ therapeutics for AD. A main strategy for such therapeutics is
to target Aβ42, by reducing its formation, preventing its
aggregation or facilitating its removal from the brain.2,3 Most
eﬀorts in those areas are focused on anti-Aβ antibodies which
have demonstrated positive eﬀects in animal models of AD.4,5
However, severe adverse eﬀects such as encephalitis and brain
inﬂammation accounted for the clinical failure of active
immunization with Aβ.6 Poor penetration across the blood© XXXX American Chemical Society
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consisting of a total of ∼38 416 unique compounds. The
generated peptoid library was screened and arrays of Aβ42selective peptoid ligands were identiﬁed. One of those peptoid
ligands IAM1 (Inhibitor of Amyloid) was synthesized. A
dimeric form of IAM1, (IAM1)2, was also derived. These
peptoids were evaluated for their binding ability to Aβ peptides,
for their inhibitory ability toward the aggregation of Aβ
peptides, and for neuroprotection activity toward primary
hippocampal neuronal cultures. The obtained results suggested
that IAM1, (IAM1)2, and their derivatives hold promise for the
development of Aβ42 detection agents and as lead compounds
for the development of AD therapeutic agents.

attached to multiple copies of a unique peptoid, which is
achieved via combinatorial library synthesis.39 The general
structure of our library (Figure 1A) included a spacer

■

RESULTS AND DISCUSSION
AD is a fatal and common neurodegenerative disease. Neuronal
accumulation and aggregation of Aβ42 peptides is considered
to be one of the major pathological events in AD.1 A number of
agents that bind and sequester Aβ42 have been developed as
potential AD therapeutics.2,3 These agents include anti-Aβ
antibodies and small molecules. So far not one of these agents
was successful in clinic. Potential reasons for clinical setbacks
include adverse side eﬀects, poor brain permeability, and low
selectivity of these agents. In the present study, we used a novel
chemical modality (peptoids) to develop selective and high
aﬃnity Aβ42 ligands. These peptoids are more resistant to
proteolytic degradation21 and demonstrate higher membrane
permeability.22−25 When compared to peptides, the synthesis of
peptoids is facile and cost-eﬀective. As a result, peptoids can
readily reach higher chemical diversity, and their bioavailability
and BBB permeability can be readily adjusted by chemical
modiﬁcation.24,26 Both academia and the biotech industry have
been developing peptoids as potential therapeutics for more
than two decades.24 The peptoids have been used as scaﬀolds
for the generation of chemically diverse libraries of novel
molecules24,26 and proven as a rich source of ligands possessing
biological functions for various proteins.24,26−28 The peptoids
are in particularly advantage for development of novel protein−
protein interaction inhibitors, something that is diﬃcult to
achieve by using small molecules.29,30 The peptoids were used
to develop novel antibacterial agents31 and as a potential
therapy for neonatal respiratory distress syndrome.32 A number
of peptoids were studied for pharmacokinetic properties,33,34
and some even advanced into preclinical and clinical trials. To
utilize peptoids more eﬃciently, on-bead peptoid library
screening has recently been developed and applied successfully
in identifying inhibitors for a variety of protein targets.35,36
Despite all these potential advantages, peptoids have not
been widely used in neurodegenerative disease ﬁeld. Our
laboratory recently developed HQP09 peptoid ligand that
speciﬁcally binds to expanded polyglutamine proteins.20 The
HQP09 peptoid can potentially be useful as a therapeutic agent
for treatment of Huntington’s disease (HD) or spinocerebellar
ataxias resulting from polyglutamine expansion mutations.20 In
another application, peptoids were developed as antibodydetection agents for AD biomarker studies.37 In the present
paper, we report development of selective Aβ42-binding
peptoid agent.
The peptoid library was synthesized according to a solidphase submonomer method,28,38 which consists of an acylation
step followed by a nucleophilic displacement with a primary
amine. The same synthesis procedure was used in our previous
studies of polyglutamine-binding peptoids.20 An essential
feature of the library is that a single TentaGel macrobead is

Figure 1. Structure and composition of peptoid library. (A) General
structure of the peptoid library containing two constant monomers
and four variable monomers (R1−R4). (B) Primary amines used for
the synthesis of monomers. The abbreviation in the parentheses under
each amine refers to the corresponding monomer formed from that
amine.

composed of two Nlys residues at the C-terminus. The other
four residues (R1−R4) were variable and randomized using
diﬀerent amino acids (Figure 1A). The ﬁxed spacer was used to
facilitate the sequencing of R1−R4 in peptoids and to increase
their water solubility, whereas the four variable residues were
aimed at interacting with Aβ42. The NMR structures of Aβ42
ﬁbrils have shown that residues 18−42 of Aβ42 form a β-turnβ-fold that is stabilized by hydrophobic interactions among
three hydrophobic regions (residues 18−21, 31−36, and 39−
42) and a salt bridge between Asp23 and Lys28.40 Accordingly,
we reasoned that four residues would allow a peptoid to
interact eﬀectively with any hydrophobic region in Aβ42 in
order to disrupt the formation of hydrophobic interactions
among Aβ42 monomers, thus preventing Aβ42 from
aggregating. The selection of primary amines for the
construction of peptoids (Figure 1B) was done with the
following considerations: (i) to maximize hydrophobic
interactions between peptoids and Aβ42, four aromatic amines
were chosen, as it has been shown that aromatic rings
commonly exist in CNS active drug molecules and the addition
of aromatic groups facilitates BBB permeability;40,41 (ii) three
aliphatic amines were also selected to facilitate hydrophobic
interactions; (iii) three hydrophilic amines were chosen because
their hydrophilic side groups can form electrostatic interactions
or hydrogen bonds with Aβ42; (iv) four additional amines were
included to increase chemical diversity of the library. These 14
various amines (Figure 1B) were randomly incorporated in 4
positions to form side chains R1−R4, resulting in a
combinatorial diversity of 144 = 38 416 peptoids in the library.
The synthesized library was of high quality and diversity, as
B
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conﬁrmed by sequencing of peptoid beads randomly picked out
from this library.
To identify Aβ42 selective ligands from the library, aliquots
of the library TentaGel macrobeads were screened using
previously reported bead-based screening method.30 A similar
screening procedure was used in our previous screen for mutant
Huntingtin-binding peptoids.20 The beads were incubated with
1 μM biotin-labled Aβ42 (biotin-Aβ42) in the presence of
unlabeled Aβ40 at increasing concentrations. Following
incubation with biotin-Aβ42:Aβ40 mixture, the beads were
incubated with streptavidin-Qdot 655 and the beads that
associated with biotin-Aβ42 were visualized under a ﬂuorescence microscope. Once excited, Qdot 655 emitted red
ﬂuorescence that appeared as a red halo around the attached
bead under the lens of the microscope. The red halo appeared
due to biotin-Aβ42 interaction with streptavidin. Beads that
displayed such red-halos were considered as “hits”.
In our experiments, the generated peptoid library was divided
into 4 equal parts of approximately 9600 beads each. Each
portion of the library was incubated with 1 μM biotin-Aβ42 in
the blocking buﬀer overnight (see Methods for details).
Following overnight incubation, the beads were washed and
incubated with streptavidin-Qdot 655 to visualize the Aβ42binding peptoids. In the initial experiments, we discovered that
approximately 25% of the beads were binding to Aβ42 (Table
1). To identify peptoids which are selective for Aβ42 versus
Table 1. Hit Frequency in the Peptoid Library Screens with
Biotin-Aβ42 as Bait
biotin-Aβ42:Aβ40 (mol:mol)
hit rate
no. of hits

screen 1

screen 2

screen 3

screen 4

1:0
>25%
>2400

1:1
∼20%
∼1920

1:10
∼1.3%
∼125

1:20
∼0.4%
∼37

Aβ40, we repeated the screens in the presence of increasing
amounts of unlabeled Aβ40 (1, 10, and 20 μM) in the blocking
buﬀer. As the molar ratio of Aβ40:Aβ42 was increased, the
number of potential hits was decreased (Table 1). To identify
most selective Aβ42 peptoid ligands, we focused on the screen
preformed in the presence of the highest concentration of Aβ40
(20 μM) and isolated 37 potential hits obtained in this screen
(Table 1). These 37 hits were designated as IAMs. Fourteen
beads out of selected 37 were selected at random and
sequenced by Edman degradation. Resulting peptoids
(IAM1−IAM14) showed high similarity in their chemical
structures (Supporting Information Figure 1). IAM1 possessed
the four most frequently recurring residues critical in binding to
Aβ42; therefore, we selected IAM1 (Figure 2A) for further
evaluation. The random peptoid (RP) from the library was
chosen to be used in control experiments (Figure 2B).
The IAM1 and RP peptoids were resynthesized on TentaGel
beads. Using the same conditions as used in the screening, the
IAM1 and RP beads were incubated with biotin, biotin-Aβ42,
or biotin-Aβ40 overnight. Unbound ligands were washed, and
the beads were incubated with streptavidin-Qdot 655. When
observed under the ﬂuorescence microscope, only IAM1displaying beads incubated with biotin-Aβ42 showed red
ﬂuorescent halo (Figure 2C). No red ﬂuorescent signal was
observed when IAM1 beads were incubated with biotin-Aβ40
(Figure 2C). The negative control peptoid RP was also tested
in parallel. No ﬂuorescent signal was observed when RP beads
were incubated with biotin-Aβ42 or biotin-Aβ40 (Figure 2C).

Figure 2. Quantitative binding aﬃnity of peptoid IAM1 to Aβ42 and
Aβ40. (A) Chemical structure of the peptoid IAM1 identiﬁed from the
screen of the library. (B) Chemical structure of a random peptoid
(RP) used as a negative control. (C) Biotin-Aβ42 and biotin-Aβ40
binding assay with IAM1 and RP peptoid beads. (D) Principle of solid
phase binding assay with ﬂuorescent readout. (E) Solid-state binding
curve for IAM1 peptoid using synthetic Aβ42 and Aβ40. (F) Solidstate binding curve for RP peptoid using synthetic Aβ42 and Aβ40. In
panels (E) and (F), the average ﬂuorescence reading at each Aβ
concentration is shown as mean ± SE (n = 3). The average
ﬂuorescence data were ﬁtted with a nonlinear regression curve using
one site binding equation.

Incubation of IAM1 or RP with biotin did not generate any
ﬂuorescent signal (data not shown). The results obtained in onbeads binding assay conﬁrmed that IAM1 is a speciﬁc ligand for
Aβ42 and can be considered a genuine hit from the screening
procedure used in our study.
In order to quantitatively determine the binding aﬃnity of
IAM1 to Aβ42, we developed a solid phase binding assay that
had its origin in ELISA (Figure 2D). Similar binding assay was
used in previous studies of peptoids.42,43 For these experiments,
biotin-IAM1 was synthesized on Rink Amide AM resin, cleaved
C
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complete inhibition of Aβ40 aggregation (Figure 3B). Addition
of 100-fold molar excess of RP had minor eﬀect on Aβ42
aggregation (Figure 3A) and no eﬀect on Aβ40 aggregation
(Figure 3B). Scyllo-inositol (SCI) was developed recently as
potential amyloid ligand51,52 and was utilized in AD clinical
trials under the name AZD-103 or ELN005.53 Thus, we used
SCI as a reference compound in our studies. Surprisingly, SCI
exerted no eﬀect on Aβ42 or Aβ40 aggregation in our
experiments even when added at 500-fold molar excess (Figure
3A and B). In recently published ﬁndings, scyllo-inositol in
comparison to other inhibitors came out as a weaker
inhibitor.54
The ﬂuorescence properties of IAM1 incubated with ThT (in
the absence of Aβ42 or Aβ40) were similar to ThT in PBS
(data not shown). To evaluate antiaggregation activity of IAM1,
increasing concentrations of IAM1 were added to Aβ42 and
Aβ40 aggregation reactions. We discovered that IAM1 inhibited
Aβ42 aggregation in a concentration-dependent manner
(Figure 3C). To quantify these eﬀects, we plotted the
maximum ThT ﬂuorescence reached at the end of aggregation
experiment as a function of IAM1 concentration (Figure 3E).
The ﬁt to the obtained data suggested that IAM1 can
completely prevent Aβ42 aggregation with half-maximal eﬀects
observed at 10-fold molar excess of IAM1 and complete
inhibition of aggregation at 100-fold molar excess of IAM1
(Figure 3C and E). To conﬁrm these conclusions, samples of
Aβ42 aggregation reaction were collected at the end of the
experiment and images were taken by transmission electron
microcopy (TEM). TEM reported formation of Aβ42 ﬁbrils in
the presence of DMSO (Supporting Information Figure 2).
Consistent with ThT data, formation of the Aβ42 ﬁbers was
disrupted by 6E10 antibodies or in the presence of 10-fold
molar excess of IAM1 (Supporting Information Figure 2). In
contrast to Aβ42, IAM1 was a much less potent inhibitor of
Aβ40 aggregation (Figure 3D). Even at highest concentration
of IAM1 used (100-fold molar excess), ThTmax was reduced by
only 40% when compared to solvent control in experiments
with Aβ40 (Figure 3D, E). These results indicated that IAM1 is
able to inhibit Aβ42 aggregation much more eﬀectively that
Aβ40 aggregation, in agreement with the solid-phase binding
data (Figure 2E, Table 2).
IAM1 binds Aβ42 selectively, but with the modest aﬃnity
(Figure 2E, Table 2). To develop higher aﬃnity ligand for
Aβ42, we took advantage of dimerization and generated
(IAM1)2, a dimeric derivative of IAM1 (Figure 4A). The
dimerization was achieved by using linker between two
monomeric units of parent compound. Similar dimerization
strategy was used in the previous studies to develop high
aﬃnity peptoid antagonist to VEGFR2.35 (IAM1)2 was also
evaluated as parent compound IAM1. To measure the binding
aﬃnity of (IAM1)2 toward Aβ42, we utilized solid state binding
assay using the same procedure as for IAM1 (Figure 2D). We
discovered that (IAM1)2-covered plates bound Aβ42 with high
aﬃnity (Figure 4B). The binding curve (Figure 4B, line)
yielded Kd value of 0.06 ± 0.04 μM for Aβ42 (Table 2), that is
7.4-fold increase in aﬃnity for Aβ42 when compared to parent
peptoid IAM1. The higher aﬃnity of (IAM1)2 was possibly due
to the avidity eﬀect resulted from dimerization. In the case of
(IAM1)2, multiple binding sites simultaneously interacted with
a target. Many binding interactions present at the same time
signiﬁcantly enhance avidity and selectivity is observed in many
systems.55 The proposed mechanism is similar to an increase in
the aﬃnity for Aβ oligomers resulting from bridging of the two

from the resin and puriﬁed by HPLC (Supporting Information
Methods). The biotin-IAM1 was used to coat commercially
available 96-well NeutrAvidin plates (Figure 2D). The solutions
of increasing concentrations of Aβ42 or Aβ40 were incubated
in IAM1-coated wells overnight with shaking (Figure 2D). The
unbound Aβ was decanted and washed away. To measure the
amount of Aβ bound to IAM1, each well was incubated
sequentially with an anti-Aβ antibody 6E10 and a secondary
antibody conjugated to horseradish peroxidase (HRP) (Figure
2D). The QuantaBlu was used as a substrate for HRP; and the
resulting ﬂuorescence at 325 nm excitation and 420 nm
emission was recorded for each well and taken as an indication
of the amount of bound Aβ (Figure 2D).
When these experiments were performed with IAM1-covered
plates, a single site binding curve was observed for both Aβ42
and Aβ40 (Figure 2E). The ﬁt to the binding curves (Figure 2E,
curves) resulted in IAM1 Kd values equal to 0.43 ± 0.05 μM (n
= 4) for Aβ42 and 4.12 ± 1.45 μM (n = 4) for Aβ40 (Table 2).
Table 2. Binding Aﬃnities of Peptoids for Aβ42 and Aβ40
As Determined by Solid Phase Binding Assay
Kd (Aβ42) (μM)
Kd (Aβ40) (μM)
Kd (Aβ40)/Kd (Aβ42)

IAM1

(IAM1)2

ASR1

0.43 ± 0.05
4.12 ± 1.45
9.6

0.06 ± 0.04
0.12 ± 0.08
2.1

1.50 ± 0.34
3.61 ± 1.16
2.4

Thus, consistent with conditions used for library screening,
IAM1 is approximately 10-fold more selective for Aβ42 than for
Aβ40 (Table 2). This implied that the last two residues (IA) at
the C-terminus of Aβ42 contribute signiﬁcantly to its binding
to IAM1. Although it is unknown how those residues inﬂuence
the interaction between IAM1 and Aβ42, the reported NMR
structures of Aβ42 and Aβ4044−46 suggested that residues (IA)
result in higher rigidity of the C-terminus of Aβ42 in
comparison to the C-terminus of Aβ40. The increased rigidity
may facilitate the binding of IAM1 to Aβ42. The NMR studies
of IAM1 and Aβ42 complex may shed light on their
interactions and are currently underway. In control experiments
with biotin-RP-coated plates we failed to observe speciﬁc
binding of Aβ42 or Aβ40 (Figure 2F), conﬁrming speciﬁcity of
Aβ42 association with IAM1 in a solid phase binding assay.
Aggregation of Aβ42 and formation of amyloid plaques is
considered one of the important pathological events in AD.1 A
number of potential therapeutic compounds have been
developed as inhibitors of Aβ42 aggregation.2,3 To determine
if IAM1 also acts as an inhibitor of Aβ42 aggregation, we
applied an in situ kinetic thioﬂavin T (ThT) assay.47−49 This
assay is based on increase in ThT ﬂuorescence resulting from
its binding to amyloid aggregates.47 The assay is performed in a
multiwell plate, and progression of Aβ42 aggregation in each
well is measured by monitoring ThT ﬂuorescence (emission
440 nm and excitation 485 nm) in each well every 10 min. A
typical time course of Aβ42 aggregation in control conditions
(in the presence of DMSO) is shown in Figure 3A. A similar
ThT ﬂuorescence assay was also used to monitor Aβ40
aggregation, with the typical time course of Aβ40 aggregation in
control conditions shown in Figure 3B.
As a positive control in these experiments, we used anti-Aβ
antibody 6E10 that binds Aβ with extremely high aﬃnity (Kd ∼
300 pM).50 Indeed, addition of 6E10 antibodies to the
aggregation mixture (at 1:20 dilution of antisera) resulted in
strong suppression of Aβ42 aggregation (Figure 3A) and
D
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Figure 3. Inhibitory ability of IAM1 toward the aggregation of Aβ42 and Aβ40 using the in situ kinetic thioﬂavin T (ThT) assay. (A, B) Time course
of the ﬂuorescence of aggregate-bound ThT in the presence of Aβ42 (A) or Aβ40 (B) and diﬀerent compounds. The RP (100:1) was used as a
negative control and anti-Aβ antibody 6E10 (20-fold dilution) as a positive control. The scyllo-Inositol (500:1) was used as a reference compound.
(C, D) Time courses of the ﬂuorescence of aggregate-bound ThT in the aggregation processes of Aβ42 (C) or Aβ40 (D) in the presence of IAM1 at
diﬀerent concentrations. Molar ratio of IAM1:Aβ in the range from 1:1 to 100:1 as indicated. (E) The normalized ThTmax values for the Aβ42 and
Aβ40 aggregation processes are plotted as a function of IAM1 concentration. The data in each aggregation experiment were normalized to the
ThTmax value obtained in the presence of DMSO, averaged and shown as mean ± SEM (n = 3).

Aβ-binding peptides.56 The precedence in which nanomolar Kd
values resulted from dimerization was also found in vascular
endothelial growth factor receptor 2 (VEGFR2)-binding
peptoids as reported by Udugamasooriya and co-workers.35
(IAM1)2 covered plates bound Aβ40 with Kd of 0.12 ± 0.08
μM (Figure 4B, Table 2), that is a 34-fold increase in aﬃnity for
Aβ40 when compared to IAM1. Thus, the increase in aﬃnity
for Aβ42 resulted in some loss of speciﬁcity of the peptoid.
To further characterize activity of (IAM1)2, we evaluated the
inhibitory eﬀects of (IAM1)2 in Aβ42 and Aβ40 aggregation
assays as measured in situ by ThT ﬂuorescence. We found that
(IAM1)2 eﬃciently inhibited Aβ42 aggregation (Figure 4C),
with half-maximal inhibitory eﬀect achieved at 2:1 molar ratio
of (IAM1)2:Aβ42. That is, (IAM1)2 is approximately 5-fold
more eﬀective inhibitor of Aβ42 aggregation than IAM1, in
agreement with the solid state binding results. Interestingly,
(IAM1)2 was not eﬀective in inhibiting Aβ40 aggregation
(Figure 4D), with only 20% inhibition achieved even at 10-fold
molar excess of the peptoid (Figure 4E). Thus, Aβ42 vs Aβ40
selectivity appears to be retained by (IAM1)2 in aggregation
assay but partially lost in solid-state binding assay.
While our paper was in preparation, another group reported
a development of amyloid-binding peptoid ASR1 (Figure
5A).57 It was suggested that ASR1 peptoid can be used to

capture Aβ. To compare ASR1 with IAM1, we synthesized
ASR1 based on published structure57 and evaluated activities of
ASR1 in solid-state binding and aggregation assays with Aβ42
and Aβ40. Using solid-state binding assay we discovered that
Aβ42 and Aβ40 indeed associated with ASR1-covered plates
yielded Kd values of 1.50 ± 0.34 μM for Aβ42 and 3.61 ± 1.16
μM for Aβ40 (Figure 5B, Table 2). These results reﬂected the
lower aﬃnity of ASR1 toward Aβ42 in comparison to IAM1
and much lower than (IAM1)2 in solid-state binding assay. We
further discovered that ASR1 was not able to inhibit
aggregation of Aβ42 or Aβ40, even when tested in 50:1
molar excess (Figure 5C, D). Thus, we concluded that IAM1
and (IAM1)2 are much more eﬀective Aβ42 ligands than ASR1.
As hippocampus is aﬀected most severely in AD patients,58
we evaluated the neuroprotective eﬀects of Aβ42-binding
peptoids in amyloid toxicity assay with cultured primary
hippocampal neurons. In this assay, Aβ-containing conditioned
media was generated by infecting cultured mouse cortical
neurons with lentivirus encoding human amyloid-precusor
protein (hAPP) with Swedish mutation (hAPPsw). Four or ﬁve
days after infection with Lenti-APPsw, the neuronal culture
media was collected and used as a source of amyloid. We
reasoned that conditioned media prepared this way represents
most biologically relevant source of human amyloid. A similar
E
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Figure 4. Evaluation of the dimeric derivative (IAM1)2. (A) Chemical structure of the dimeric derivative (IAM1)2. (B) The binding curves of
(IAM1)2 with Aβ42 and Aβ40 using ﬂuorescence solid phase binding assay. The average ﬂuorescence reading at each Aβ concentration is shown as
mean ± SE (n = 3). The average ﬂuorescence data were ﬁtted with a nonlinear regression curve using one site binding equation. (C, D) Time
courses of the ﬂuorescence of aggregate-bound ThT in the aggregation processes of Aβ42 (C) or Aβ40 (D) in the presence of (IAM1)2 at diﬀerent
concentrations. Molar ratio of (IAM1)2:Aβ in the range from 1:1 to 10:1 as indicated. (E) The normalized ThTmax values for the aggregation
processes of Aβ42 and Aβ40 is plotted as a function of (IAM1)2 concentration. The data in each aggregation experiment were normalized to ThTmax
value obtained in the presence of DMSO, averaged and shown as mean ± SEM (n = 3).

strategy was used in the previous studies of amyloid toxicity59
but with the conditional media from the hAPP transgenic mice
cortical cultures used in the studies. By using commercial
ELISA assay, we demonstrated that the concentration of Aβ42
in the conditioned media is in the range 700−800 pg/mL and
concentration of Aβ40 is in the range 2000−2500 pg/mL.
The amyloid-containing conditioned media was added to
DIV10 wild type mouse hippocampal neurons cultures at 1:1
dilution. In control experiments, conditional media from
noninfected cortical neurons was added at 1:1 dilution. Three
days after addition of conditioned media, the neurons were
ﬁxed, permeabilzed, and stained for neuronal marker MAP2.
The intensity of MAP2 staining in each well was quantiﬁed by
laser-based scanner. For neurons incubated with Aβ conditional
medium, the loss of MAP2 staining was clearly visible when
compared to control cultures (Figure 6A). On average,
neuronal viability was only about 73% relative to the control
(Figure 6B). Addition of Aβ-speciﬁc 6E10 antibody (at 100fold dilution) alleviated toxic eﬀects of amyloid conditional
media and restored the neuronal viability to about 95% (Figure
6A, B). This result is in agreement with the known
neuroprotective eﬀects of this antibody. Addition of IAM1
yielded variable results and did not result in consistent
neuroprotective eﬀects (data not shown), most likely because
of relatively low aﬃnity of IAM1 for Aβ42 (Table 2). However,

addition of (IAM1)2 resulted in signiﬁcant and dose-dependent
neuroprotective eﬀects. (IAM1)2 had no eﬀect on neuronal
survival at concentration of 10 nM (Figure 6B), but restored
neuronal viabilty to 87% at 100 nM (Figure 6A, B) and 92% at
1 μM (Figure 6B). For the neurons incubated with control
media addition of 6E10 antibody or (IAM1)2 had no eﬀect on
MAP2 signals (Figure 6A), indicating that these agents are not
neurotoxic. The eﬀect of (IAM1)2 was speciﬁc, as RP peptoid
had no protective eﬀect in Aβ-toxicity assay and actually
resulted in some additional toxicity for hippocampal cultures
(Figure 6A, B).

■

CONCLUSION
In this study, we used a novel chemical modality (peptoids) to
develop selective and potent ligand for Aβ42. By screening onbead peptoid library with biotinylated Aβ42 in the presence of
20-fold molar excess of Aβ40, we identiﬁed an array of Aβ42selective ligands and selected one of these peptoids (IAM1) for
detailed evaluation. We conﬁrmed that IAM1 selectively binds
Aβ42 in solid state binding assay and inhibits Aβ42 aggregation
in vitro. The potency of IAM1 in these assays was superior to
the known Aβ-binder scyllo-inositol (SCI, AZD-103,
ELND005)53 and to the recently developed Aβ-binding
peptoid ASR1.57 We further evaluated dimeric derivative
(IAM1)2 and demonstrated that this molecule binds Aβ42
F
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Figure 5. Evaluation of ASR1. (A) Chemical structure of ASR1. (B) The binding curves of ASR1 with Aβ42 and Aβ40 using ﬂuorescence solid phase
binding assay. The average ﬂuorescence reading at each Aβ concentration is shown as mean ± SE (n = 3). The average ﬂuorescence data were ﬁtted
with a nonlinear regression curve using one site binding equation (C, D) Time courses of the ﬂuorescence of aggregate-bound ThT in the
aggregation processes of Aβ42 (C) or Aβ40 (D) in the presence of ASR1 (50:1).
washed sequentially with DMF and dichloromethane. Protective
groups were removed by incubating with a mixture of 95%
triﬂuoroacetic acid (TFA), 2.5% triisopropylsilane (TIPS), and 2.5%
water at room temperature for 1 h. The beads were then again washed
sequentially with DMF and dichloromethane and stored at 4 °C until
further use.
Screening of the Peptoid Library. TentaGel macrobeads of the
synthesized peptoid library were allowed to swell in Tris-buﬀered
saline (50 mM Tris, pH 7.4, 150 mM NaCl) with 0.1% Tween 20
(TBST) overnight at room temperature. Then the beads were
incubated with a blocking buﬀer (10 mg/mL E. coli lysate and 0.5%
BSA in TBST) for 1 h. The beads were then incubated with biotinAβ42 (1 μM in the blocking buﬀer, including 0, 1, 10, or 20 μM Aβ40)
overnight. The unbound peptides were washed oﬀ with TBST. Finally,
beads were incubated with streptavidin-Qdot 655 (1:200 dilution) in
the blocking buﬀer for 3 h. The above reaction steps were done in a
cold room. The unbound streptavidin-Qdot 655 was removed by
washing with TBST. The beads were visualized under a ﬂuorescence
microscope. Thirty seven red beads were picked out as “hits” in the
screen performed in the presence of 20 μM Aβ40. The 14 beads out of
these 37 hits were chosen at random for sequencing. The streptavidinQdot 655 was stripped oﬀ the selected beads by incubating with 1%
SDS at 90 °C for 20 min. The beads were sequenced by automated
Edman degradation. Prior to screening, the library beads were
prescreened in order to remove those that nonspeciﬁcally bound to
streptavidin-Qdot 655.
Synthesis of Individual Peptoids. For on-bead binding assay,
each individual peptoid was synthesized on the TentaGel beads
following the same synthetic steps as in the synthesis of the peptoid
library. For other assays in which peptoids were used free from the
solid support, peptoids were synthesized on Rink Amide AM resin and
then cleaved from the resin. Detailed synthesis procedures are
presented in Supporting Information Methods. The molecular weight
of each peptoid was conﬁrmed by MALDI-TOF Mass spectrometry
and presented in Supporting Information Table 1.
Preparation of Aβ Peptide Solution. Peptides solutions are
prepared in this manner for the detection of beta amyloid in biological
samples which requires disaggregated peptide.60 Aβ42 or Aβ40 (0.05
mg; rPeptide) was dissolved in 5 μL freshly opened 100% dimethyl

with aﬃnity of 60 nM, eﬃciently inhibits Aβ42 aggregation and
exerts neuroprotective eﬀects in amyloid-toxicity assay with
cultured hippocampal neurons. Our results indicate that IAM1,
(IAM1)2, and derivatives hold promise for the development of
selective detection agents for Aβ42 and as lead compounds for
the development of anti-Aβ therapeutic agents. Further in vivo
studies to characterize the compounds BBB permeability will be
necessary to validate these claims.

■

METHODS

Materials, equipment and peptoid synthesis methods are described in
the Supporting Information.
Synthesis of the Peptoid Library. Synthesis of the Two
Constant Nlys Monomers. TentaGel macrobeads (1 g; capacity: 0.48
mmol/g) were incubated with 20 mL of N,N-dimethylformamide
(DMF, anhydrous) at room temperature for 1 h. The beads were
deprotected using 4 mL of 20% piperidine in DMF for 20 min at room
temperature. This step was repeated, and the beads were washed with
DMF. The acylation step was carried out in a standard 25 mL glass
peptide synthesis reaction vessel in an incubator shaker at 37 °C for 1
h. All the beads were incubated in a mixture of 10 mL of 1.0 M
chloroacetic acid (CAA) and 10 mL of 1.0 M diisopropylcarbodiimide
(DIC) in anhydrous DMF. The beads were washed with DMF. The
N-(tert-butoxycarbonyl)-1,4-diaminobutane (3.8 g, 10 mmol) in 20
mL of 1-methyl-2-pyrrolidinone (NMP, anhydrous) was added to the
beads and the reaction mixture was shaken at 37 °C for 2 h before
beads were washed with DMF. The above reaction steps were repeated
once in order to synthesize the second Nlys monomer. After the
synthesis of the two constant monomers was completed, the beads
were carried into the following reactions.
Synthesis of the Four Variable Monomers. CAA and DIC were
added to the beads and the reaction mixture was shaken at 37 °C for 1
h. In the substitution step, the beads were split into 14 equal aliquots.
Each aliquot was incubated with one of the 14 primary amines (1 M in
2 mL of NMP) chosen for this library (Figure. 1B) and the reaction
was allowed to react at 37 °C for 2 h. All the aliquots of the beads were
then combined and the two preceding steps were repeated three times
in order to synthesize the rest three monomers. The beads were
G
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well was measured by a Spectramax M5 microplate reader (Molecular
Device).
In Situ Kinetic Thioﬂavin T (ThT) Aggregation Assay. The
Aβ42 or Aβ40 solutions were prepared as described above. A volume
of 18 μL of Aβ42 or Aβ40 (110 μM stock in PBS, 10 μM ﬁnal
concentration) was mixed with 2 μL stock solution of IAM1 (1, 5, 10,
20, 50, 100 mM), RP (100 mM), ASR1 (50 mM), 10 μL scylloinositol (500 mM), or 10 μL 6E10 (20-fold dilution). In assays with
(IAMI)2, 18 μL of Aβ42 or Aβ40 (110 μM stock in PBS, 10 μM ﬁnal
concentration) was mixed with 2 μL stock solution of (IAM1)2 (1
mM, 2 mM, 5 mM, 10 mM). The mixtures were immediately added to
corresponding wells each containing 180 μL ThT (22.2 μM stock in
PBS, 20 μM ﬁnal concentration) in a 96-well plate (black/clear
bottom, BD Biosciences). Each sample was prepared in duplicate or
triplicate. The plate was placed on a Spectramax M5 microplate reader
at room temperature and the ﬂuorescence (excitation at 440 nm and
emission at 485 nm) in each well was measured every 10 min up to 24
h. The plate was automatically shaken for 5 s before each reading.
Amyloid Toxicity Assay. The hippocampal and cortical neurons
of wild type (WT) mice were established respectively from postnatal
day 0−1 pups and maintained in culture as described previously.61,62
The lentivirus encoding human amyloid-precusor protein with the
Swedish mutation (K595N/M596L) was generated using standard
molecular methods. Lenti-hAPPsw viruses were added to cortical
cultures at day 4 in vitro (DIV 4). The neurons were washed and fresh
medium was added on DIV 5. The Aβ conditioned media was
collected at DIV 10−11. Half of the original medium for hippocampal
neurons was removed and replaced with Aβ conditioned medium
harvested as described above. Diﬀerent concentrations of IAM1,
(IAM1)2 or RP were added at DIV 7 and DIV 10. After incubation at
37 °C (5% CO2) for another 3 days, the hippocampal neurons were
ﬁxed with 4% sucrose and formaldehyde in PBS. The immunostaining
of those neurons was performed as described previously,63,64 in which
neurons were stained with monoclonal antimicrotubulin-associated
protein-2 antibody, anti-MAP2 (Sigma, 1:1000 dilution), followed by
staining with Alexa Fluor-488 anti-mouse IgG (1:1000 dilution). The
quantitative analysis of MAP2 was performed blindly using the Isocyte
laser scanner system (Molecular Devices). The average area was
calculated automatically for each well (24-well plates) by using
proprietary image analysis software (Molecular Devices). Triple wells
of each group were quantiﬁed for the analysis.

Figure 6. Neuroprotective eﬀects of (IAM1)2 in amyloid toxicity
assay. (A) MAP2 staining of neurons incubated in the control medium
(upper panel) and in Aβ-containing conditioned medium (lower
panel). The images are shown for DMSO, 6E10 antibodies, 100 nM
RP, and 100 nM (IAM1)2 as indicated. (B) The normalized MAP2
signals for hippocampal neurons treated with Aβ-containing
conditioned medium in the presence of 6E10 antibodies, RP or
(IAMI)2 at increasing concentrations. The MAP2 signals were
normalized to the signals in the wells that received only control
medium in sister cultures. The normalized and averaged data
presented as mean ± SE (n = 3). *p < 0.05; **p < 0.01 when
compared to DMSO control.

■

sulphoxide (DMSO) (Sigma), vortexed for 1 min and sonicated for 3
min. To the DMSO solution of Aβ42 or Aβ40, ice-cold PBS buﬀer
(ﬁltered twice through 0.02 μm Anotop 10 syringe ﬁlters, Whatman)
was added and resulted in 110 μM Aβ42 or Aβ40. This PBS solution
of Aβ42 or Aβ40 was placed on ice for further use.
Solid Phase Binding Assay. A NeutrAvidin coated 96-well plate
(black; Thermo Scientiﬁc) was washed three times with 200 μL/well
wash buﬀer (Tris-buﬀered saline (25 mM Tris, 150 mM NaCl, pH 7.2;
Thermo Scientiﬁc), 0.1% BSA, 0.05% Tween-20, 0.05% NaN3) and
then incubated with IAM1-biotin, or (IAM1)2-biotin, or RP-biotin, or
ASR1-biotin (62.5 nM in wash buﬀer, 100 μL/well) at room
temperature for 5.5 h. Unbound compounds were decanted; the
resulting IAM1/(IAM1)2/RP/ASR1-coated 96-well plate was washed
three times with wash buﬀer, rinsed three times with 200 μL/well
blocking Buﬀer (Super Block T2, Thermo Scientiﬁc) and again washed
three times with wash buﬀer. An Aβ42 or Aβ40 peptide of increasing
concentrations was added to corresponding wells (100 μL/well) and
incubated at 4 °C overnight with shaking. The plate was again washed
three times with wash buﬀer and incubated with anti-Aβ antibody
6E10 (Covance, 1:1000 dilution in blocking buﬀer) at room
temperature for 1 h. After incubation, plate was again washed three
times with wash buﬀer. The plate was then incubated with IgGhorseradish peroxidase (HRP, 1:1000 dilution in blocking buﬀer) at
room temperature for 1 h. The plate was washed three times with wash
buﬀer and incubated with (100 μL/well) of QuantaBlu ﬂuorogenic
peroxidase substrate (Thermo Scientiﬁc) at room temperature for 1 h.
Stop solution (100 μL/well) was added to stop the enzymatic reaction.
The ﬂuorescence (excitation 325 nm and emission at 420 nm) of each
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