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Alzheimer’s disease (AD), an age related neurodegenerative disorder, threatens to become a major
health-economic problem. Assembly of 40- or 42-residue amyloid β-peptides (Aβ) into neurotoxic
oligo-/polymeric β-sheet structures is an important pathogenic feature in AD, thus, inhibition of this
process has been explored to prevent or treat AD. The C-terminal part plays an important role in Aβ
aggregation, but most Aβ aggregation inhibitors have targeted the central region around residues
16-23. Herein, we synthesized hexapeptides with varying extents of N-methylation based on residues
32-37 of Aβ, to target its C-terminal region. We measured the peptides’ abilities to retard β-sheet and
fibril formation ofAβ and to reduceAβneurotoxicity.A penta-N-methylated peptidewasmore efficient
than peptides with 0, 2, or 3N-methyl groups. This penta-N-methylated peptide moreover increased life
span and locomotor activity in Drosophila melanogaster flies overexpressing human Aβ1-42.

Introduction

A key neuropathological manifestation in Alzheimer’s dis-
ease (ADa) is extracellular amyloid deposits composed mainly
of the 40-42 residue amyloid β-peptide (Aβ).1 Aβ self-assem-
bly can generate different species in vitro.2,3 Presently, there is
little consensus on the relative neurotoxicity of the different
species evolved from Aβ self-assembly. Mature fibrils are
considered to be less important for neuronal death and impair-
ment of hippocampal long-term potentiation than soluble
intermediates, such as protofibrils, low-number oligomers,
globulomers, and Aβ-derived diffusible ligands.4-6 Most of
the Aβ assemblies postulated to be toxic share a common
feature in that they contain β-sheet structures. It has also been
observed that fibrils can be disassembled into neurotoxic
oligomers. These findings imply that therapeutic agents should
target early Aβ oligomers rather than Aβ fibrils.7 During the
last decades, a number of strategies to preventAβ self-assembly
and amyloid fibril formation in AD have been suggested,
including inhibitors based on so-called β-sheet blockers.8-10

Many peptide-based inhibitors of Aβ aggregation have
been reported.11 Especially, short N-methylated peptides
corresponding to parts of the central region (residues ∼16-24)
of Aβ have been used for designing antiamyloid agents with
attractive pharmacological properties.12-14 Doig and co-
workers optimized a single N-methyl derivative of Aβ
(16-20), which prevented both aggregation and toxicity of
Aβ1-42 toward PC12 cells in culture.15

While the central region of Aβ has attracted much atten-
tion, the role of the C-terminal region has been far less
explored despite the facts that this region forms intermolecu-
lar β-sheet contacts in Aβ fibrils and was previously proposed
to be the kinetic determinant of the self-assembly process.16

More recently, it was also demonstrated that peptides derived
fromAβ positions 28-42 were efficient in protecting neurons
from Aβ toxicity, again pointing to the importance of the
C-terminal region.17

Aswe recently reported the first high-resolution structureof
a poly-N-methylated peptide18 and observed that peptides
containing consecutive N-methyl amino acids have a high
propensity of adopting an extended β-strand conformation,
we became interested in evaluating if peptides with multiple
N-methylated amide bonds also were capable of inhibiting
protein aggregation caused by intermolecular β-sheet forma-
tion. Thus, we hypothesized that N-methylated peptides
derived from the C-terminal sequence of Aβ could act as
inhibitors of Aβ self-assembly mainly for two reasons. First,
their conformational preference for adopting a β-strand
structure should allow interference with the archetypal amy-
loid intermolecular β-sheet aggregation and thus disrupt the
process of self-assembly. Second, sequence specificity should
allow modulation of the parallel in-register interactions
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underlying Aβ self-assembly.1 Herein, we report our findings
of a novel poly-N-methylated peptide derived from the Aβ
C-terminal region capable of decreasing Aβ β-sheet and fibril
formation and neurotoxicity in vitro and in vivo.

Results

Design and Synthesis of Poly-N-methylated Peptides.Aβ is
amphiphilic because of its first 28 residues beingmainly polar
(including 12 charged residues at neutral pH) and the last 12
(for Aβ1-40) or 14 (in Aβ1-42) residues being mainly non-
polar. Aβ aggregates and forms higher-order oligomers in
vitro, but themolecular pathway(s) underlying generation of
soluble oligomers, insoluble fibrils, and other neurotoxic
species are not entirely known.1,19 Intermolecular interac-
tions involving Aβ C-terminal region has been proposed in
relation to generation of neurotoxic Aβ oligomers.20-22

Urbanc et al. showed the formation of a crucial turn struc-
ture centered at Gly(37)-Gly(38) and stabilized by an intra-
molecular contact between Val(36)-Val(39), which is a key
structural formation in Aβmonomer which effectively paves
the way for the generation of pentameric nucleus for Aβ
(particularly for Aβ1-42).

21 Met(35), and the side chains of
neighboring residues, in the full length Aβ sequence has also
been suggested to play a role in paranucleus formation.21,23

Recently, it has been found that C-terminal fragments
(covering residues 31-42 or parts thereof) may be incorpo-
rated into the putative hydrophobic core of Aβ1-42 oligo-
mers consequently disrupting the same, thereby reducing
Aβ1-42 toxicity.

17 Hence, Met(35) and its neighboring resi-
dues are apparently important for early Aβ self-assembly.
With this inmind, we focused our efforts on analogues of the
C-terminal end of Aβ, i.e., position 32-37. Thus Meptide
1-Meptide 4 (1-4), containing 0, 2, 3, or 5 methyl groups,
respectively (Figure 1), were designed and synthesized.
Peptides were synthesized using solid-phase peptide synth-

esis employing the Fmoc-protecting group strategy. The
nonmethylated peptide 1 was synthesized using a Pioneer
Applied Biosystems synthesizer. For coupling, TBTU in
combination with DIPEA was used. The resin used for the
parent peptide contained the Rink amide linker in order to
produce the C-terminal amide. Standard procedures,
95:2.5:2.5 (TFA, TIS, H2O), were used for cleavage of the
peptide from the resin and removal of side-chain protecting

groups. The known challenges associated with the synthesis
of peptides containing consecutive N-methyl amino acids24,25

forced us to employ special techniques for the preparation of
2-4. The syntheses were performed by manual solid phase
peptide synthesis on a Sieber resin with HATU as coupling
reagent. The high acid sensitivity of this linker allowed the
highly acid sensitive poly-N-methyl peptide 4 to be cleaved
by mild acidic conditions (2% TFA in DCM). Full synthetic
details are given in the Experimental Procedures and Sup-
porting Information. All Fmoc-N-methyl amino acids were
synthesized according to a procedure previously reported
by us.18,26

Effects on Aβ β-Sheet Formation by 1-4. Conformational
homogeneity ofAβ samples is a prerequisite for reproducibly
monitoring Aβ self-assembly. We have adopted a protocol
that employs pretreatment with trifluoroacetic acid and
hexafluoroisopropanol with some modifications, as de-
scribed in the Experimental Procedures.27,28 Circular dichro-
ism (CD) experiment confirmed that this results in Aβ
samples with mainly unordered structure; see Figures 2a
and 3a.
CD spectroscopy is suitable for monitoring folding and

aggregation kinetics.27,29,30 A common picture emerging

Figure 1. Structures of the N-methylated peptides 1-4.

Figure 2. CD spectra for 20 μMAβ1-40 over 5 h (a) alone or in the
presence of 100 μM of (b) 1, (c) 2, (d) 3, (e) 4. Aβ was incubated
either alone in 10 mM sodium phosphate buffer, pH 7.4, at 37 �C
under agitation, or in the presence of 100 μM 1-4.

Figure 3. CD spectra for 20 μMAβ1-42 over 5 h (a) alone or in the
presence of 100 μM of (b) 1, (c) 2, (d) 3, (e) 4. Aβ was incubated
either alone in 10 mM sodium phosphate buffer, pH 7.4, at 37 �C
under agitation, or in the presence of 100 μM 1-4.
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from biophysical studies suggests that Aβ exists in a “na-
tively unfolded” conformation and undergoes nucleation-
dependent self-assembly. It is suggested that Aβ can form
pentameric or hexameric “paranuclear” units, which self-
associate to form beaded protofibrils, which further aggre-
gate to form fibrils, ultimately leading to plaque formation.1

Throughout this self-assembly process, β-sheet structures
become more and more prominent.31

To evaluate the effects of 1-4 on Aβ aggregation, we
therefore used CD spectroscopy to monitor formation of
β-sheet structure, from a predominantly unordered initial
state, during early assembly stages (0-5 h). The C-terminal
part of Aβ1-42 is more rigid than that of the more abundant
and less toxic Aβ1-40.

32-34 This higher conformational
stability of C-terminal Aβ1-42 apparently makes it more
prone to aggregation and allows the formation of oligomer
populations with higher neurotoxicity than Aβ1-40.

19-22We
therefore evaluated the potential of 1-4 against bothAβ1-40

and Aβ1-42, using a 5-fold molar excess of ligands. CD
spectroscopy showed that changes in secondary structure
indeed differ between Aβ1-40 and Aβ1-42 during the first 5 h
(Figures 2a and 3a). Inhibitor spectra were subtracted from
the corresponding spectra of inhibitor treated-Aβ. The CD
spectra of inhibitors are shown in Supporting Information
Figure S1. The inhibitors themselves did not show any
change in CD spectra within the experimental time course
(5 h).
The first CD sign of conversion from unordered to β-sheet

structure (loss ofminimumaround 200 nmandoccurrence of
a broad minimum around 217 nm) occurred after 2 h for
Aβ1-42 but first after 4 h for Aβ1-40 (Figures 2a and 3a).
Moreover, 1-4 had different effects on the first occurrence
of Aβ1-40 and Aβ1-42 β-sheet structure. The nonmethylated
1 and the di- or trimethylated 2 and 3 retarded the appear-
ance of β-structure for Aβ1-40 to 4-5 h (Figure 2b-d) and
for Aβ1-42 to 3 h (Figure 3b-d). The penta-methylated 4, in
contrast, completely prevented β-sheet formation of Aβ1-40

during the time period studied (Figure 2e) and delayed the
appearance of Aβ1-42 β-sheet structure to 4 h (Figure 3e).
This suggested that 4 is more efficient than the less methy-
lated peptides in reducing formation of soluble oligomers
with β-sheet structure from Aβ1-40 and Aβ1-42. We tested
the efficiency of 3 and 4 against Aβ1-40 using a 1:1 molar
ratio between Aβ and ligand. Ligand 3 showed no effect on
the CD spectra of Aβ1-40 over a 5 h period, while 4

prolonged the appearance of β-sheet structure until 4 h
(data not shown). Monitoring, the residual molar ellipticity
at 217 nmover time likewise shows different effects of 1-4on

the evolution of Aβ1-40 and Aβ1-42 β-structure (Supporting
Information Figure S2). Moreover, deconvolution of CD
spectra using SELCON3 algorithm support these conclu-
sions.35,36 The β-structure content of Aβ1-40 at time 0 was
∼25%, in accordancewith the recent data,37 and increased to
about 45%at 5 h. The content of unordered structure at time
0 was about 42%, which decreased to∼25% after 5 h. In the
presence of 1, 3, and 4, the Aβ1-40 β-structure contents at 5 h
were 25-30%. Notably, in the presence of 4, the content of
unordered structure was increased to about 55% after 5 h.
This supports a stabilization of Aβ1-40 monomers by in
particular 4 within the experimental time course. For
Aβ1-42, deconvolution of CD spectra with and without
inhibitors showed that in the presence of 4, there was a
significant increase in unordered structure already at time 0
(about 30% in native Aβ1-42 and about 50% in the presence
of 4).
To further assess whether 1-4 were able to reduce forma-

tion of amyloid-like aggregates, Congo red binding assay
was used.38 As seen in Figure 4, 4 reduced the formation of
Congo red positive assemblies from Aβ1-40 and Aβ1-42 in
line with its ability to reduce the formation of β-sheet
structure. On the other hand, 1-3 could not reduce the
formation of Congo red positive aggregates as effectively
as 4 (Figure 4a,b). These results together suggest that 4 has
promising inhibitory effect on the aggregation of Aβ.

Effects on Abundance and Morphology of Aβ Fibrils by

1-4. Transmission electron microscopy (TEM) can be used
to assess the impact of inhibitors on Aβ fibril’s overall
abundance and morphology.39 The effects of 1-4 on forma-
tion of Aβ1-40 amyloid fibrils were studied for aminimum of
two separate samples prepared at different occasions. The
whole EM grid was examined and a minimum of eight
different representative fields were used for classification of
fibril density andmorphology. As for effects on formation of
β-sheet structure and Congo red positive aggregates, the
peptide’s efficacy to reduce the number of fibrils increased
with increasing degree of N-methylation. Meptide 4 inhib-
ited fibril formation ofAβ1-40 to a large extent and the fibrils
obtained after coincubation with 4 were shorter, while 3 was
less efficient. Peptides 1-2 had little or no effects (Figure 5,
and Supporting Information Table 2). Oxidizing the methio-
nine side-chain of 4 (4Ox, Supporting Information Figure
S3b) to the more hydrophilic sulfone reduced the inhibitory
capacity with no observable effect on the occurrence or
length of fibrils (Supporting Information Figure S4b and
Table 2). As a control, a peptide consisting of five N-
methylatedalanineresidues, (NMe-Ala)5 (SupportingInformation

Figure 4. Effects of 1-4 on Congo red binding of (a) Aβ1-40 and (b) Aβ1-42. Aβs (20 μM) were incubated with or without 1-4 (100 μM) in
10 mM sodium phosphate buffer, pH 7.4, at 37 �C under agitation. Error bars represent standard deviation (n = 3).
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FigureS3a)wasusedandshowedtohavenoeffectonAβ1-40 fibril
formation (Supporting InformationFigure S4a andTable 2). The
results with 4Ox and (NMe-Ala)5 indicate sequence specificity of
the inhibitors.
Atomic force microscopy (AFM) can provide further

insights into the Aβ morphology, and it can be used to
explore factors that affect fibril formation. Moreover,
AFM is label-free and provides high resolution structural
details.40,41 Because CD, Congo red, and TEM experiments
suggested that 4 is the most potent of the peptides now
studied, we used ex situ AFM to explore the impact of 4 on
fibril formation of Aβ1-40 in more detail. This showed the
morphology of the fibrils formed in the presence of 4 was
different, and the number of fibrils was dramatically low-
ered, as compared to the sample of Aβ1-40 alone (Figure 6
and Supporting Information Figure S5). Indeed, as seen in
Figure 6, fibrils formed in the presence of 4 appeared as
“beads on a string” with a definite periodicity. Each of the
repeat units had very similar dimensions. Another striking
difference between 4 treated Aβ1-40, as compared to un-
treated Aβ fibrils was the absence of globular aggregates
(Figure 6). To conclude, 4 altered both the morphology and
reduced the abundance of Aβ fibrils.

Effect of Aβ1-42 Toxicity on PC12 Cells. Aβ self-assem-
bly generates assemblies that are toxic to cells in culture.
The ability of the meptides (1-4) to reduce Aβ aggrega-
tion indicated that they may be useful in protecting
cells from Aβ induced toxicity. For this purpose an

MTT (3-(4, 5-dimethylthiazol-2-yl)-2-5 diphenyltetra-
zolium bromide) assay was employed to monitor oxida-
tive capacity of PC12 cells42,43 after treatment with
Aβ1-42 polymerized in the absence or presence of 1-4.
Again, efficiency correlated with the number ofN-methyl
groups (Figure 7). Peptide 1 had no effect on Aβ1-42

toxicity, while treatment of Aβ1-42 with 2-4 reduced the
toxicity. Meptides 3 and 4 were most efficient, and treat-
ment of 4 resulted in an MTT signal not different from
that for nontreated control cells. Thus the efficiency of
the meptides to rescue cells from Aβ mediated toxicity
appears to increase with degree of N-methylation.

Improvement of Longevity and Locomotor Activity in

Transgenic Aβ1-42 Drosophila melanogaster. Transgenic
Drosophila melanogaster expressing human Aβ1-42 in the
neurons of the central nervous system provide a model
system for studying the consequences of Aβ1-42 aggregation
in vivo.44-46 The Aβ1-42 expressing flies exhibit a markedly
reduced survival comparedwith wild-type flies.47 Congo red,

Figure 5. Transmission electron microscopy of (a) 25 μM Aβ1-40

alone or in the presence of 125 μM (b) 1, (c) 2, (d) 3, (e) 4. The scale
bars measure 100 nm. All samples were incubated in 10 mM sodium
phosphate buffer, pH 7.4, at 37 �C for 72 h.

Figure 6. AFM in tapping mode of fibrils formed from (a) 20 μM
Aβ1-40 alone or (b) in the presence of 100 μM 4 after incubation for
5 days in 10 mM sodium phosphate buffer, pH 7.4, at 37 �C under
agitation. The scale bars measure 500 nm. Inset in b shows a close-
up to emphasize the altered fibril morphology.

Figure 7. Effects of 1-4 on Aβ1-42 toxicity to PC12 cells. Cells
were treated with Aβ1-42 (2 μM) alone or Aβ1-42 plus 1-4 (10 μM)
for 4 h after which ability to reduceMTT was measured. Error bars
represent standard deviation (n=3). *>Aβ1-42 alone andAβ1-42þ
1 (p<0.001),Δ>Aβ1-42þ 2 (p<0.001) as analyzed by Student’s
t test. One representative experiment out of three is shown.

Figure 8. (a)Meptide 4prolongs lifespan ofAβ1-42 transgenic flies.
Kaplan-Maier plots of nontreated Aβ1-42 Drosophila melanoga-
ster flies kept at 29 �C (black, median survival 30 days, n=98) and
Aβ1-42 flies treated with 300 μM 4 (red, median survival 34 days, n=
100). P Value for nontreated vs 4 treated equals 0.004. (b) Frame
from the video of locomotor activity assay with 4 treated and non
treated transgenic Aβ1-42 Drosophila melanogaster flies. (See Sup-
porting Information for full movie video).
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a compound known to reduce the aggregation of Aβ1-42,
reduces toxicity in this Drosophila model of disease47 and
ligands designed to target the central Aβ R-helix are also
effective,48 butmethylated peptides have previously not been
investigated using this model. Hence, transgenic Drosophila
melanogaster expressing Aβ1-42 in the central nervous sys-
temwas employed to study the effects of 4 onAβ1-42 toxicity
in vivo by exposing the flies to the compound from the
embryonic stage and throughout adult life. This treatment
resulted in prolonged life span compared to nontreated
counterparts (Figure 8a). No effect on life spanwas observed
in w1118 wild type Drosophila fed 4 (Supporting Information
Figure S6), indicating that the mode of action of 4 is Aβ
specific.Drosophila flies expressing Aβ1-42 show progressive
loss of locomotor activity, eventually resulting in almost
complete immobility.47 A clear improvement inmobility was
observed in the Aβ1-42 expressing flies that were fed 4. In a
climbing assay performed on 27-day-old flies kept at 29 �C, it
was observed that the nontreated flies were seated at the base
of the tube, showed little movement and did not climb at all,
whereas the 4 treated flies climbed to the top of the tube
(Figure 8b and Supporting Information movie). Thus, 4
treatment improved the locomotor activity of the Aβ expres-
sing flies.

Discussion and Conclusions

We have designed a series of poly-N-methylated peptides,
which represents a first example of a peptidomimetic based on
residues 32-37of theC-terminal sequence ofAβ.One of these
peptides, i.e.4, inhibits or slows downβ-sheet aggregationand
fibril formation, reduces toxicity of Aβ1-42 in vitro, and has
protective effects on locomotor activity and longevity of a
transgenic Aβ1-42 Drosophila flies.
Various concentration ratios (in mol) of Aβ peptide: in-

hibitior typically ranging from 1:1 to 1:20 have been used
previously by others. Grape seed derived polyphenols were
shown to be potent in inhibiting Aβ1-42 oligomerization at a
ratio of 2:5 as determined in both cell-based and cell-free in
vitro assays.30 For small peptide based inhibitors, a high
degree of viability and less apoptosis in PC12 cells under Aβ
insult were observed when the inhibitor was used at 40-fold
excess, although its inhibitory activity was shown from a
molar ratio of 1:1.49 D-Amino acid based peptide-inhibitors
designed from the sequence 16-20 of Aβ rescued human
neuroblastoma cells from Aβ1-40 toxicity at an optimum
inhibitor concentration of 1:4.50 N-Methylated peptides de-
rived from sequence 16-20 also showed to be effective in the
similar concentration range. These peptides showed their
potential at 2-10 fold excess with respect toAβ1-40 in various
in vitro assays.12,14 In the present study, initial TEM experi-
ments at concentrations ranging from 1:1 to 1:10 indicated
that 1:5 ratio best distinguished between the most efficient (4)
and the less efficient (1-3) inhibitors, and this ratio was
therefore used in further experiments.
Previously reported N-methylated peptides based on resi-

dues 16-20/22 of Aβ were found to bind to free peptide
monomers, effectively sequestering the pool of available
monomers for fibril growth.51,52 In this regard,N-methylated
amino acids placed in alternating positions had been found to
be most efficient in inhibiting β-sheet extension during fibril
formation.13 Similarly, β-sheet breakers corresponding to the
region 25-35 with either N-methylated Gly(33) or N-methy-
lated Leu(34) prevented fibrillation or altered the fibril’s

morphology in Aβ25-35.
53 The present investigation, on the

other hand, shows that a polymethylated peptide 4 is more
efficient than peptides with alternating N-methyl groups,
suggesting another mechanism of action. We believe that the
rigidity conferred by poly-N-methylation would result in
smaller loss of conformational entropy and consequently
more favorable free energy upon interaction with a homo-
logous sequence of Aβ during early self-assembly. Meptide 4
may thus interferemorewith the early process of self-aggrega-
tion of Aβ by coassembling with Aβ monomers during
incipient formation of oligomeric paranucleus, in a similar
manner as hypothesized for nonmethylated peptide inhibitors
derived from Aβ C-terminal region.17 On the basis of these
results, we conclude that small molecule peptidomimetics
based on the C-terminal region of Aβ deserve further atten-
tion as leads for Aβ self-assembly inhibitors.

Experimental Procedures

Synthesis of Fmoc-N-methyl Amino Acids and General Proce-

dures. All 9-fluorenylmethoxycarbonyl (Fmoc)-protected N-
methyl amino acids were synthesized as described.18,26 High
pressure liquid chromatography (HPLC) coupled to MS and
universal evaporative light-scattering detection (ELSD) was
done for all the synthetic compounds on a Gilson system
consisting of a 322 pump, a 233 XL autosampler, and a UV/
vis 152 detector, coupled in series with a Finnigan AQA mass
spectrometer (electrospray in the positive mode) and an ELSD
(Sedex 85 CC) from Sedere. The reverse phase HPLC analyses
were done using a Phenomenex Gemini C18 (3 μm, 3.0 mm �
150mm) column (for purity determination) with acetonitrile-water
(both containing 0.1% formic acid) as mobile phase (gradient:
5-95% acetonitrile in 6 minþ 6min at 95%, flow 1.0 mL/min).
Preparative HPLC was done using a Grace Vydac C18 (5 μm,
22 mm�150 mm) column with acetonitrile-water (both con-
taining 0.1% TFA) as mobile phase (gradient: 10-60% acet-
onitrile in 10 minþ 6 min at 95%, flow 18.0 mL/min). All of the
compounds were obtained in highly pure form (>95%). The
HPLC retention time and corresponding ESI-MS of 1-4 have
been tabulated in Supporting Information Table 1.

Synthetic Procedures for 4. The peptide was synthesized
according to general procedure 1A-1F described below.
The amino acids Fmoc-(NMe)Val-OH, Fmoc-(NMe)Ile-OH,
Fmoc-Met-OH, and Fmoc-(NMe)Gly-OH (near the N-term-
inal of the peptide) were coupled by method 1C. The first amino
acid bound to resin, i.e. Fmoc-(NMe)Gly-OH and Fmoc-(N-
Me)Leu-OH, were coupled by method 1B. Each amino acid
coupling was followed by deprotection of Fmoc group and
washing as described under 1D.

1A. Preparation/Deprotection of Resin. Sieber resin (0.63mmol/
g) 0.3 g was swelled in DMF for 20 min in a reaction vessel
equipped with a sintered glass bottom. A solution of 20% piper-
idine in DMF was then added for 10 min and then the same step
was repeated for another 20minwith freshpiperidine solution.The
resin was washed with 5� DMF, 5� MeOH, 5� DCM, and 2�
DMF (4 mL).

1B. Coupling of Fmoc-AA-OH or Fmoc-NMe-AA-OH to

Primary Amine. Fmoc-AA-OH or Fmoc-NMe-AA-OH (3
equiv), HATU (O-(7-azabenzotriazole-1-yl)-N,N,N0,N0-tetra-
methyluronium hexafluorophosphate) (2.9 equiv) was dissolved
in 4 mL of DMF until a clear solution was obtained. DIPEA
(6 equiv) was then added and the mixture was added to the resin
and stirred with the aid of nitrogen gas until a negative TNBS
(2,4,6-trinitrobenzenesulfonicacid) test was obtained.

1C. Coupling of Fmoc-AA-OH or Fmoc-NMe-AA-OH to

Secondary Amine. Fmoc-AA-OH or Fmoc-NMe-AA-OH (3
equiv), BTC (bis(trichloromethyl)carbonate) (1 equiv) was dis-
solved in 3 mL of THF (tetrahydrofuran) until a clear solution
was obtained. 2.4.6-Collidine (8 equiv) was then added to the
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solution, and a white precipitate formed in solution. Before
adding the solution to the resin, the resin was pretreated with
THF:DIPEA (0.6 þ 0.6 mL) for 3 min. The solution was then
added to the resin and stirred with the aid of nitrogen gas until a
negative chloranil test was obtained. In those cases, a negative
chloranil test was not obtained after 12 h, and an additional
round of washing and coupling was performed as described
under 1A and 1B.

1D. Fmoc Deprotection.The resin was washed with 5�DMF,
5�MeOH, 5�DCM, and 2�DMF (4 mL). A solution of 20%
piperidine was then added for 10 min, and then the same step
was repeated for another 20 min with fresh piperidine solution.
An extra treatment with 2 � 5 mL DBU (1,8-diazabicyclo-
[5.4.0]undec-7-ene):piperidine:toluene:DMF (5:5:20:70) for 5 min
was included when secondary amines were deprotected. The
resin was washed with 5�DMF, 5�MeOH, 5�DCM, and 2�
DMF (4 mL) before the next coupling.

1E. Capping of N-Terminal Amino Acid. A solution of acetic
anhydride 50 equiv (0.89 mL, 9.45 mmol) and DIPEA 50 equiv
(1.65 mL, 9.45 mmol) was dissolved in 3mL of DMF and added
to the washed resin. After 40 min, the resin was washed with 5�
DMF, 5� MeOH, and 5� DCM (4 mL).

1F. Cleavage of Peptide from Resin. The resin was washed
with 10� DCM (4 mL) before cleavage to wash away residual
DMF.The peptidewas cleaved from the resin usingDCM:TFA:
EDT (1,2-ethanedithiol) (97.9:2:0.1) (5 mL) for 15 min. The
cleavage solution was collected into a flask containing 25 mL of
toluene. Then the resin was washed with 5� DCM, 5�MeOH,
5� DCM, and 5� MeOH (4 mL) to wash out residual cleaved
peptide. The cleavage solution was then evaporated and gave a
slightly yellow oil. A white solid precipitated upon addition of
water to the yellow oil, the mixture was sonicated, and acetoni-
trile was added until a clear solution was obtained. The solution
was then lyophilized. The obtained white material was purified
using preparative HPLC.

The synthetic procedures for peptides 1, 2, and 3 have been
described in the Supporting Information.

Preparation of Aβ1-40 andAβ1-42.Aβ1-40 or Aβ1-42 (1mg) was
dissolved in 1 mL of trifluoroacetic acid (TFA), and the TFA
was removed under a gentle stream of argon. The peptide was
then suspended in 1 mL of 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) and incubated at 37 �C for 1 h. The HFIP was
evaporated under a stream of argon, and the resulting peptide
film was dissolved in 2 mL HFIP and aliquoted. HFIP was
evaporated under argon, and the vials were kept for 3 h under
0.5 mbar to remove traces of HFIP. The aliquots were stored in
an airtight vial at -20 �C. Immediately prior to use, the
aliquots were dissolved to 200 μM in 20 mM NaOH followed
by brief sonication (15 s). This solution was diluted to 20 or
25 μM in 10 mM sodium phosphate buffer, pH 7.4, for all
experiments.

TEM.Aβ1-40 (25 μM) was mixed with 125 μM 1-4 in 10 mM
sodium phosphate buffer, pH 7. At specified time points,
aliquots of 2 μL of Aβ-inhibitor samples were adsorbed for
1 min on 200-mesh copper grids and stained with 2% uranyla-
cetate for 30 s before being examined and photographed using a
Hitachi H7100 microscope operated at 75 or 100 kV.

AFM.At specific time points, aliquots of 2 μL of the incubated
Aβ-inhibitor samples were dropped on freshly cleaved mica sur-
face and left for 2min. Then the mica plate containing the drop of
sample solution was washed gently with drops of deionized water
and subsequently dried under dry argon. All the AFM measure-
ments were performed in tapping mode using a Nanoscope 3a
multimode instrument from VEECO.

CD Spectroscopy. Aβ1-40 or Aβ1-42 (20 μM) were mixed with
100 μM 1-4 in 10 mM sodium phosphate buffer, pH 7. CD
spectra were obtained using a Jasco-810-150S spectropolari-
meter (Jasco, Japan). A quartz cell with 1 mm optical path was
used. Spectra were recorded at 25 �C between 190 and 260 nm
with a bandwidth of 1 nm, a 2 s response time, and a scan speed

of 50 nm/min. Background spectra andwhen applicable, spectra
of 1-4, were subtracted. Each spectrum represents the average
of three consecutive scans. Deconvolution of CD spectra have
been performed using SELCON3 program.35,36

Congo Red Binding. Aβ1-40 or Aβ1-42 (20 μM solution in
10 μM sodium phosphate buffer, pH 7.4) was incubated in the
presence and absence of 100 μMof 1-4 at 37 �Cunder agitation.
At different time points, 100 μL of each sample was added to
66.6 μL of 100 μM stock solution of Congo red in 90% filtered
phosphate buffered saline (PBS) and 10%v/v ethanol and left at
22 �C for 15 min after brief vortexing. Readings were taken on a
Cary 300 BioUV-visible spectrophotometer at 403 and 541 nm
with a blank of Congo red. Contributions from 1-4 were
subtracted and the amount of Congo red bound was calculated
as described.38 Data from three independent experiments were
combined to statistically validate the results.

Cell Experiments. Rat pheochromocytoma cells (PC12 cells)
were cultured in 5% carbon dioxide in DMEMmedium supple-
mented with 10% fetal calf serum, 10% horse serum, and
penicillin/streptomycin (National Veterinary Institute, Sweden).
The cells were plated in 96-well Cellþ plates (Sarstedt, Sweden).
The following day, themediawas exchanged toDMEMwithout
phenol red (90 μL/well) supplemented with 10% fetal calf serum
and penicillin/streptomycin. Aβ1-42 at 20μMwas added (10 μL/
well), resulting in a final concentration of 2 μMwith or without
1-4 at five times molar excess. PBS was used as control
treatment. The cells were incubated for 4 h and thereafter
MTT (3-(4, 5-dimethylthiazol-2-yl)-2-5 diphenyltetrazolium
bromide) dissolved at 1 mg/mL in DMEM without phenol red
was added (50 μL/well) and incubated with the cells for 2 h at
37 �C. The purple formazan crystals were dissolved using 50%
dimethylformamide and 20%SDS inwater added directly to the
cell culture media (100 μL/well), and absorbance at 575 nm was
recorded.

Experiments with Flies. Aβ1-42 transgenic Drosophila mela-
nogaster strains were generated as described in Crowther et al.47

Transgenic flies expressing one gene copy of humanAβ1-42 were
obtained by crossing Aβ flies with flies transgenic for the Gal4-
elavc155 pan-neuronal driver. Flies expressing Aβ1-42 were
incubated in groups of 10 in 10 cm glass vials. Wild type w1118

flies treated the same way as the Aβ flies were used as controls.
The flies were kept at 29 �C and high humidity. Larvae were fed
instant fly food containing 300 μM 4 until eclosion. Thereafter,
flies were fed standard fly food with a streak of yeast paste
containing the same amount as stated above of 4. Food was
changed every second day and viable flies were counted. Survi-
val data were analyzed using the WinStat Kaplan-Maier soft-
ware package (R. Fitch Software, Germany). Longevity of the
flies depends substantially on conditions such as humidity and
temperature and therefore varies between experimental occa-
sions. For that reason, treated and nontreated control Aβ1-42-
expressing flies and w1118 wild type flies were kept under
identical conditions.
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Note Added after ASAP Publication. This paper was pub-
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and 4Ox, TEM, data of Aβ fibrils by AFM, survival of control
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the Internet at http://pubs.acs.org.
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