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Abstract

Aggregation of 42-residue amyloid B-protein (AB42) can be prevented by B-sheet breaker
peptides (BSBps) homologous to LVFFA residues, which are included in a 3-sheet region of
APB42 aggregates. To enhance the affinity of BSBps to the AB42 aggregates, we designed and
synthesized B-strand-fixed peptides (BSFps) whose side chains were cross-linked by ring
closing metathesis. Conformation analysis verified that the designed peptides could be fixed
in B-strand conformation. Among the synthesized pentapeptides, 1 and 12, whose side chains
of 2nd and 4th residues were cross-linked, significantly inhibited the aggregation of A42.
This suggested that -strand-fixation of BSBps could enhance their inhibitory activity against
the AP42 aggregation. However, pentapeptides 1 and 12 had little effect on morphology of

APA42 aggregates (fibrils) and neurotoxicity of APB42 against SH-SYSY cells.
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Abbreviations

AD, Alzheimer’s disease; AP, amyloid pB-proteins; BSBp, -sheet breaker peptide; BBB,
blood-brain barrier; Tyr(Allyl), O-allyl-tyrosine; Gly(Allyl), allylglycine;
BSFp, B-strand-fixed peptides; HBTU, [Bis(dimethylamino)methylene]-1H-benzotriazolium
3-Oxide Hexafluorophosphate; DIEA, N, N-diisopropylethylamine; RCM, ring-closing
metathesis; DMSO, dimethyl sulfoxide; NOE, nuclear Overhauser effect; Th-T, thioflavin-T,
TEM, transmission electron microscopy; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; RP-HPLC, reversed-phase high
performance liquid chromatography; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; PBS,

phosphate buffered saline



1. Introduction

Alzheimer’s disease (AD), the leading cause of dementia, is neuropathologically
characterized by appearance of senile plaques in the cerebral cortex.! Senile plaques are
mainly composed of aggregated 40- and 42-mer amyloid B-proteins, called AB40 and AB42,
respectively (Figure 1A).> 3 After excised from amyloid precursor protein, AR forms
intermolecular B-sheets to aggregate. Aggregation of AP induces neurotoxicity,* which is
thought to be the main cause of AD. Since AP42 is far more aggregative than AB40,’
inhibition of AB42 aggregation is expected to be an effective treatment for AD.

The structure of the AB42 aggregates (fibrils) has been intensively studied to elucidate the
aggregation mechanism.® 7 The AP42 aggregates were revealed to form intermolecular
parallel B-sheets, in which B-strands (a ‘B-strand’ is a stretch of amino acids whose peptide
backbones are almost fully extended) are connected with intermolecular hydrogen bonds.3!°
Hydrophobic residues at the positions 17-21 (LVFFA) of AB42 are considered to play critical
roles in the aggregation by forming a core 3-sheet structure in the central region (Figure 1A).
In addition, intermolecular n—mn stacking of two successive phenylalanines at the positions 19
and 20 might help the parallel alignment of B-strands.!!: 1> The aggregation of AB42 can be
hampered in the presence of short peptides homologous to the ‘LVFFA’ residues (known as
B-sheet breaker peptide, BSBp). Soto ef al. first synthesized a series of BSBps and developed
a famous BSBp called iAB5 (LPFFD).!3: 14 So far, many researchers have developed BSBp
with good inhibitory activity against the AB aggregation in vitro.!> 1 However, the peptide
backbones should be susceptible to proteolytic degradation and hard to cross the blood-brain
barrier (BBB). To overcome these problems, BSBps have been subjected to various chemical
modifications, such as N-methylation!” '8 and incorporation of unnatural amino acids
including D-isomers.!®- 20 These modifications could improve their biological stability and

BBB permeability, showing a great potential of BSBp for becoming a drug for AD.



Although a variety of BSBps have been developed, their inhibitory activities were not
sufficient for practical use. In general, to enhance the affinity of the ligands to their target
proteins, it is necessary to consider enthalpic as well as entropic contribution. In case of
BSBp, conformation fixation of BSBp to a B-strand conformation would be a good approach
for reducing the entropy loss upon binding. Arai et al. designed and synthesized cyclic BSBps
to identify the pharmacophores by stabilizing the active conformation.?!- 2> Quite recently, Jha
et al. reported a promising example of a conformationally restricted BSBp.?* They developed
an octapeptide with a B-hairpin structure stabilized by a B-turn-inducing segment (°Pro-Gly
motif) and a disulfide cross-linkage. The B-hairpin-containing peptide was found to inhibit the
aggregation and neurotoxicity of AP42. This report demonstrated that the
conformation-fixation could be a powerful approach for enhancing the inhibitory activity of
BSBp.

The molecular size of BSBps should be as small as possible to keep the good BBB
permeability for AD drug. Although many methods for B-strand-fixation of the peptide
backbone have been proposed,?* 2> a compact motif of a B-strand is preferred for the design of
conformation-fixed BSBp. Abell ef al. designed and synthesized a tripeptide, in which, the
side chains of the Ist and 3rd residues (O-allyl-tyrosine (Tyr(Allyl)) and allylglycine
(Gly(Allyl)), respectively) were cross-linked with (E)-alkene by ring-closing metathesis
(RCM) (Figure 1B).?% 27 X-ray crystal analysis of the synthesized peptide revealed its B-strand
geometry (Figure 1C).?” Abell et al. also reported that B-strand fixation of the peptides could
enhance their inhibitory activity against the calcium-activated cysteine protease calpain.?® It is
noteworthy that Abell’s motif can fix the peptide conformation in a B-strand without
increasing its molecular size. Moreover, this motif includes an aromatic ring, which could
disrupt the intermolecular m-r stacking of the phenylalanine residues at the positions 19 and
20 of the AP42. To enhance the inhibitory activity of BSBps against the AB42 aggregation,
we designed and synthesized a series of -strand-fixed peptides (BSFps) whose side chains

are cross-linked.
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Figure 1. (A) Amino acid sequence of AP42. ‘LVFFA’ region is underlined. Chemical
structure (B) and X-ray crystal structure (C) of a B-strand-fixed tripeptide developed by Abell

et al?’

2. Results
2.1. BSFps with Abell’s motif (1-4)
2.1.1. Design and synthesis of 1-4

APB1721 (LVFFA) pentapeptide was chosen as a template for designing the BSFps to target
the core [-sheet structure in the central region of the AP42 aggregates (Figure 1A). In a
general structural model of the B-strands, the side chains of neighboring residues face in the
opposite directions, resulting in the same direction of every second side chain. Hence, we
designed an A7 ,;-based pentapeptide 1 (Figure 2), in which, the side chains of 2nd and 4th
residues were cross-linked by RCM to mimic the -strand conformation using the Abell’s motif
(Figure 1B and 1C).2% 27 Since the incorporation of Asp and Pro into BSBp could enhance their
inhibitory activity,! 14 24, bearing Asp and/or Pro residues at the termini, were also designed

(Figure 2).
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Figure 2. Chemical structures of 1-4.

Our preliminary synthetic study found that the side-chain cross-linking of the peptides in
the early-stage lead to low yield because the cross-linked peptides are poorly soluble in any
solvent. Therefore, synthesis of 1-4 was conducted by solution-phase peptide elongation
followed by ring-closing metathesis of dienes (Scheme 1). The starting material 5 (Boc-Tyr
(Allyl)-OMe) was prepared as reported previously.?® After alkaline hydrolysis of the methyl
ester 5, the resultant carboxylic acid was coupled with H-Phe-OMe using
1-[Bis(dimethylamino)methylene]-1H-benzotriazolium 3-Oxide Hexafluorophosphate
(HBTU) and N, N-diisopropylethylamine (DIEA) to give dipeptide 6. Hydrolysis of the methyl
ester in 6 and the subsequent coupling with H-Gly(Allyl)-OMe provided tripeptide 7, which
can be used as a common synthetic intermediate for the syntheses of 1-4. After hydrolysis of
the methyl ester in 7, the resultant carboxylic acid was condensed with H-Ala-OMe and
H-Asp(OMe)-OMe to form tetrapeptide 8a and 8b, respectively. After removal of Boc groups
from 8a and 8b, the resultant amines were acylated with Boc-Leu-OH and Boc-Pro-OH to
give pentapeptides 9a—9d. RCM of dienes 9a—9d using Hoveyda-Grubbs’ 2nd generation

catalyst under high dilution condition resulted in 10a—10d in high yields. (£)-configurations



of 10a—10d were confirmed by the characteristic coupling constants (>15 Hz for trans) of the

corresponding two vinylic protons. Few (Z)-isomers were detected in all the RCM products.

In Abell’s synthesis of B-strand-fixed tripeptide (Figure 1B), 10mol% Grubbs’ 2nd generation

catalyst was used for RCM of the dienes in 1,1,2-trichloroethane under thermal or microwave

heating.?% %7 They also reported that the addition of chlorodicyclohexylborane as Lewis acid

markedly improved the yield of the RCM.?” In contrast, we succeeded in high-yield RCM of

the dienes 9a—9d using 5mol% of Hoveyda-Grubbs’ 2nd generation catalyst without additive

in dichloromethane under reflux condition. Finally, hydrolysis of the methyl esters and

subsequent removal of the Boc groups from 10a—10d provided the desired 1-4.
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2.1.2. Conformational analysis of 1-4

To verify whether the conformations of 1-4 were fixed to B-strand, their 3D structures
were analyzed by NMR. NMR experiments for structural analysis were performed using
dimethyl sulfoxide (DMSO)-d; as the solvent because all the BSFps were soluble in it. Since
2D NOESY experiments did not indicate any nuclear Overhauser effect (NOE) that can be
used for distance information, dihedral angle information based on J-coupling constants
between vicinal protons was used for conformation analysis. It has been reported that the
amide proton-C, proton coupling constants (i) in the peptides and proteins correlate well
with their torsion angles 6.2% 30 Since dihedral angles ¢ of the peptides and proteins are
dependent on the torsion angles 6, 3Jyn, is known to correlate with the local conformation;
3JiNe Value is typically 810 Hz for a B-strand conformation, 6-8 Hz for a random coil, and
less than 6 Hz for an a-helix. 3Jyn, values of 1-4 were measured by 1D and 2D NMR
experiments, which are summarized in Table 1. It is noteworthy that all the /i, values at the
4th residues (Gly(Allyl-RCM)) were considerably larger than 8 Hz, suggesting the formation
of B-strand conformation at this position of 1-4. On the other hand, 3Jin, values at the 2nd,
3rd, and 5th residues were 6—8 Hz, indicating that these positions might not be fully fixed to
the 3-strand conformation.

3D structures of 1-4 were estimated by the molecular mechanics calculation on
CONFLEX 8 program.’'-33 Molecular modelling was performed using the distance geometry
followed by a conformational search based on the reservoir-filling algorithm with dihedral
angle constraints derived from the NMR data. The &-angles at the 4th residues of 1-4 were set
at around 180°, which constrain the position in a B-strand conformation. Since the 3Jyng
values of 6-8 Hz can be observed in any conformations, the #-angles at the 2nd, 3rd, and 5th

residues were not constrained for the calculations. The search limit was set at 3 kcal/mol



above the global energy minimum. For energy minimization, we applied MMFF94s force
field with a dielectric constant value of 46.45 (the dielectric constant for DMSO at 25 °C).
The above calculations yielded stable conformations of 1-4 as shown in Figure 3. The ¢
and y angles of the lowest energy conformers (Figures 3A, C, E, and G) are summarized in
Table S1. It is well known that the amino acid with torsion angles in the range of —180° < ¢ <
—45° and 45° < y < 225° are considered to be in the B-sheet region.?* 35 According to this
empirical rule, the ¢ and y angles of 1-4 (Table S1) suggested that all the residues form a
B-strand conformation. The similarity of the macrocyclic frames in the superpositions of the

top-10 stable conformers (Fig. 3B, D, F, and H) supported their rigidity.

Table 1. 3Jyn, (Hz) values for 1-4 in DMSO-d; at 25 °C.

Compound Residue No. Residue 3June (Hz)
1 1 Leu N.D.2
2 Tyr(Allyl-RCM)® 7.1
3 Phe 6.8
4 Gly(Allyl-RCM)P 9.2
5 Ala 7.2
2 1 Leu N.D.?
2 Tyr(Allyl-RCM)® 73
3 Phe 6.7
4 Gly(Allyl-RCM)® 9.2
5 Asp 6.0
3 1 Pro N.D.?
2 Tyr(Allyl-RCM)® 7.1
3 Phe 6.9
4 Gly(Allyl-RCM)® 9.1
5 Ala 7.0
4 1 Pro N.D.?
2 Tyr(Allyl-RCM)® 7.0
3 Phe 7.0
4 Gly(Allyl-RCM)® 9.0
5 Asp 7.9

aThe 3Jynq Values for the 1st residues could not be determined.

"The side chains of the residues were cross-linked by RCM (see Figure 2).

10



Lowest energy conformer Top-10 stable conformers

Figure 3. 3D structural models of 1 (A, B), 2 (C, D), 3 (E, F), and 4 (G, H) proposed by the
molecular mechanics calculations with restrained conformational search by the distance
geometry method. The lowest energy conformers (A, C, E, and G) and superposition of the
top-10 stable conformers (B, D, F, and H) of 1-4 are shown. The ¢ and y angles of the lowest
energy conformers (Figures 3A, C, E, and G) are summarized in Table S1.
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2.1.3. Effect of 1-4 on AP42 aggregation

Inhibitory activities of 1-4 against AB42 aggregation were evaluated by using thioflavin-T
(Th-T), which detects the AB42 aggregates through fluorescence.’® For comparison, the
activities of linear peptides such as LVFFA and LPFFD were also analyzed. As shown in
Figure 4A, only 1 among all the peptides significantly reduced the relative Th-T fluorescence
caused by AP42 aggregation. We confirmed that 1 exhibited dose-dependent inhibition of
Th-T fluorescence by AP42 aggregation (Figure S1). These data indicated the potent
inhibition of AP42 aggregation by 1. On the other hand, the Th-T fluorescence was only slightly
decreased by LVFFA and LPFFD. These data suggested that the cross-linking of the side chains
could enhance the inhibitory activity of BSBps against the AB42 aggregation. Since the inhibition
of the Th-T fluorescence by 2—4 was weaker than that of 1, introduction of Pro and/or Asp residue
into the termini of BSFps would decrease the inhibitory activities.

To analyze the effect of BSFps on the fibril formation of AB42, we observed the morphology
of the AP42 aggregate co-incubated with each peptide for 48 h using transmission electron
microscopy (TEM) (Figure 5). Since all the aggregates were found to form fibril structures, 14

would not change the pathway of amyloid fibril formation.

2.1.4. Effect of 1-4 on Ap42-induced neurotoxicity

Inhibitory activities of 1-4 against AB42-induced neurotoxicity were evaluated by MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide) assay using human
neuroblastoma SH-SYSY cells. After 48-h incubation of the cells with AB42 in the presence
or absence of each compound, the viabilities of the resultant cells were evaluated by MTT
assay. The cell viabilities with 1-4, despite the 10-fold addition, were almost same as that
without compound, indicating that not all the peptides prevented the AP42-induced toxicity

significantly (Figure 4B and S2).

12
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Figure 4. (A) Effect of 1-4 on the APB42 aggregation evaluated by Th-T assay (excitation:
430 nm, emission: 510 nm). AB42 (10 uM) was co-incubated with or without each compound
(40 uM) in PBS (pH 7.4) at 37 °C. Data are presented as the mean £ SD (n = 4). ** p <0.01
vs. AB42 only, ## p < 0.01 vs. AB42+LVFFA by Tukey-Kramer test. (B) Effect of 1-4 on
AB42-induced toxicity in SH-SYSY cells. After 48-h incubation of the cells with AB42 (1

uM) in the presence of each compound (10 uM), the viabilities of the resultant cells were

evaluated by MTT assay. Data are presented as the mean = SD (n = 3).

(A) AB42 alone (B) AB42 + 1

(C) AB42 + 2

(D) AB42 + 3

Figure 5. TEM images of AP42 aggregates prepared in the presence of BSFps 1-4. The

aggregates were prepared by incubation of AB42 (10 uM) with each compound (40 puM) in
PBS (pH 7.4) at 37 °C for 48 h. Scale bar = 100 nm.
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2.2. BSFps with various cross-linking motifs (11-13)
2.2.1. Design and synthesis of 11-13

The study of 1-4 indicated that cross-linking of the side chains in BSFp pentapeptides
could mimic the -strand conformation and enhance their inhibitory activity against the Af342
aggregation. To find the optimal way of cross-linking, we designed and synthesized 11-13
whose cross-linking patterns were different from that of 1-4 (Figure 6). In these
pentapeptides, the aromatic rings were located at the side chains of 3rd and 4th residues,
mimicking the two successive phenylalanines of the LVFFA sequence. It should be noted that
the positions of Tyr(Allyl-RCM) and Gly(Allyl-RCM) in 11 and 12 are opposite to those in
Abell’s motif (1-4 and 13). 11-13 were synthesized in the synthetic routes similar to those of

1-4 (Schemes S1-S3).

Gly(Allyl-RCM) o_Tyr(Allyl-RCM) Tyr(Allyl-RCM)

%w A HOH Qt i L? 1A %@H ﬁ; ﬁ?ﬁ*

Phe Gly(Allyl- RCM) o Tyr(Allyl-RCM)

1 12 13

Figure 6. Chemical structures of 11-13
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2.2.2. Conformational analysis of 11-13

NMR analyses of 11-13 in DMSO-ds were performed and the obtained 3Jyn, values are
shown in Table 2. The 3Jyn, values at 2nd and 3rd residues of 11 and those at 3rd and 4th
residues of 12 were considerably larger than 8 Hz, suggesting the formation of B-strand at
these positions.?® 30 3 Jiy,, value at 5th residue of 13 was 9.0 Hz, which is as large as at 4th
residues of 1-4 (Table 1).

Molecular modelling of 11-13 was conducted in the same manner as those of 1-4. The
G-angles with their 3Jyn, values larger than 8.5 Hz were set at around 180°. The obtained
structural models are described in Figure 7, and ¢ and wangles of the lowest energy
conformers (Figures 7A, C, and E) are summarized in Table S1. According to the empirical
rule,’ 3 the ¢ and w angles in the macrocyclic frames suggested that the residues are
included in a B-strand conformation. Macrocyclic frames of the top-10 stable conformers
were similar to each other, whereas two residues outside the macrocycles were quite different

among the conformers (Figures 7B, D, and F).

Table 2. 3Jing (Hz) values for 11-13 in DMSO-d; at 25 °C.

Compound Residue No. Residue 3Jhne (Hz)
11 1 Gly(Allyl-RCM)® N.D.:
2 Val 9.0
3 Tyr(Allyl-RCM)® 9.7
4 Phe 8.0
5 Ala 7.2
12 1 Leu N.D.2
2 Gly(Allyl-RCM)® 8.0
3 Phe 8.6
4 Tyr(Allyl-RCM)° 9.7
5 Ala 6.9
13 1 Leu N.D.?
2 Val 8.7
3 Tyr(Allyl-RCM)® 6.8
4 Phe 6.5
5 Gly(Allyl-RCM)® 9.0

aThe 3Jynq Values for the 1st residues could not be determined.

YThe side chains of the residues were cross-linked by RCM (see Figure 5).

15



Lowest energy conformer Top-10 stable conformers

Figure 7. 3D structural models of 11 (A, B), 12 (C, D), and 13 (E, F) proposed by the
molecular mechanics calculations with restrained conformational search by the distance
geometry method. The lowest energy conformers (A, C, and E) and superposition of top-10
stable conformers (B, D, and F) of 11-13 are shown. The ¢ and y angles of the lowest energy

conformers are summarized in Table S1.
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2.2.3. Effect of 11-13 on Ap42 aggregation

Inhibition of APB42 aggregation by 11-13 was evaluated using Th-T assay. 12 significantly
decreased the relative Th-T fluorescence induced by the AB42 aggregation (Figure 8A) and
the inhibitory activity was found to be dose-dependent (Figure S1), suggesting the potent
inhibition of APB42 aggregation by 12. However, the inhibitory activity of 12 was slightly weaker
than that of 1. In addition, incubation of 12 alone in PBS caused a slight increase of Th-T
fluorescence (Figure S1), indicating a small amount of self-aggregation of 12. On the other hand,
11 and 13 did not reduce the Th-T fluorescence, suggesting that these peptides could not inhibit
the AP42 aggregation. TEM analysis of the APB42 aggregate co-incubated with each peptide

suggested the formation of fibril structures in all the aggregates (Figure 9).

2.2.4. Effect of 11-13 on Ap42-induced neurotoxicity

Effects of 11-13 on AB42-induced neurotoxicity were evaluated by MTT assay using
SH-SYS5Y cells. Since the cell viabilities in the presence of each compound were almost same
as that without compound, 11-13 would not prevent the AB42-induced toxicity (Figure §B).
We confirmed that 12 alone exhibited significant toxicity against the cells (Figure S2). This
cytotoxicity might be caused by the self-aggregation of 12 observed in the Th-T assay (Figure

S1).

17
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Figure 8. (A) Effect of 11-13 on APB42 aggregation evaluated by Th-T assay (excitation: 430
nm, emission: 510 nm). AB42 (10 uM) was co-incubated with or without each compound (40
uM) in PBS (pH 7.4) at 37 °C. Data are presented as the mean + SD (n = 4). ** p < 0.01 vs.
AP42 only. (B) Effect of 11-13 on AP42-induced toxicity in SH-SYSY cells. After 48-h
incubation of the cells with AB42 (1 uM) in the presence of each compound (10 uM), the
viabilities of the resultant cells were evaluated by MTT assay. Data are presented as the mean
+ SD (n = 3).

(A) Ap42 + 11 (B) Ap42 + 12

Figure 9. TEM images of AP42 aggregates prepared in the presence of BSFps 11-13. The
aggregates were prepared by incubation of AB42 (10 uM) with each compound (40 puM) in
PBS (pH 7.4) at 37 °C for 48 h. Scale bar = 100 nm.
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3. Discussion
3.1. Verification of [-strand-fixation by cross-linking of side chains

In this study, we synthesized two types of BSFps:
‘Tyr(Allyl-RCM)-Xaa-Gly(Allyl-RCM)’ such as 14 and 13, and
‘Gly(Allyl-RCM)-Xaa-Tyr(Allyl-RCM)’ such as 11 and 12. As shown in Tables 1 and 2,
3Jing values for Gly(Allyl-RCM) in ‘Tyr(Allyl-RCM)-Xaa-Gly(Allyl-RCM)’ type and those
for Tyr(Allyl-RCM) in ‘Gly(Allyl-RCM)-Xaa-Tyr(Allyl-RCM)’ type were much larger than
8.0 Hz. This indicated that the designed motifs could fix the residues in the p-strand
conformation. It is noteworthy that the 3Jyy, values of Xaa in the
‘Gly(Allyl-RCM)-Xaa-Tyr(Allyl-RCM)’ type (11 and 12) were considerably large. The motif
might strongly fix the conformation of this residue in 3-strand.

Our conformational analysis proposed 3D structural models of the synthesized peptides
(Figures 3 and 7). 3D structures of the macrocyclic frames of 1-4 were quite similar to that in
the X-ray crystal structure of Abell’s tripeptide (Figure 1C).?’ This supports the validity of
our methodology for conformational analysis. The ¢and y angles of the lowest energy
structures (Table S1) indicated that three residues in the macrocycle (2nd to 4th residues in 1—
4 and 12, Ist to 3rd residues in 11, and 3rd to 5th residues in 13) should form the B-strand
conformation. Although the side chains and two successive residues were variable, the
macrocyclic frames of top-10 stable conformers were similar in each compound. These data
strongly supported that the cross-linking of the side chains in every second residue is an

effective way to fix the peptide conformation in a 3-strand.

3.2. Structure-activity relationships of BSFp
1 and 12 inhibited the aggregation of AP42, whereas 11 and 13 did not (Figures 4A and

8A). As described above, the whole conformation of 1 and 12 were fixed to the -strand, but
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two residues outside the macrocycle were variable in 11 and 13 (Figures 3 and 7). The
positions of cross-linking in the peptides should be critical for -strand-fixation, leading to a
high affinity to the B-sheet in the APB42 aggregates. Incorporation of Pro and/or Asp residues
in the terminus did not enhance but reduce the inhibitory activity against the AP42
aggregation as shown in case of 2—4 (Figures 4A). Since LPFFD also did not prevent the
aggregation, introduction of Pro and/or Asp residue might not enhance the inhibitory activity
in Th-T assay. Murvai et al. indicated that LPFFD might interrupt the assembly of
protofilaments.3” This might be a reason why LPFFD would not alter the aggregation kinetics
of AB42 in Th-T assay because binding of Th-T to the protofilament could also increase its
fluorescence.

Although 1 and 12 inhibited the AB42 aggregation in Th-T assay (Figure 4A), these
peptides could not prevent the AB-induced neurotoxicity in SH-SYS5Y cells (Figure 4B). This
might be due to their little effect on the aggregation pathway of AB42. Soluble AP aggregates
formed in the pathway of amyloid fibrils are known to be toxic to neuronal cells.’840 The
aggregation pathway could be changed into non-toxic by some aggregation inhibitors.*!> 42
Cyclic BSBp developed by Arai et al.?'*? and Jha et al.?® also prevented the formation of
fibrillar aggregates, resulting in the reduction of AB-induced neuronal death. In contrast, our
BSFp 1 and 12 could slow the aggregation kinetic (Figure 4A and 8A), but had little effect on
the morphologies of the AB42 fibrils (Figure 5 and 9). This might be a reason why 1 and 12
could not alleviate the neurotoxicity of AB42 in SH-SYSY cells. The difference of the
experimental condition between Th-T assay and cell-based assay should be also considered.
The content in the cell culture such as protein and cell membrane might interact with BSFp,

leading to fewer interactions between BSFp and A42 molecules.
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4. Conclusion

In this study, we designed and synthesized a new type of BSBp whose side chains were
cross-linked by RCM to fix the conformation in a B-strand. According to the conformation
analysis, cross-linking of every second side chains could fix the conformation of peptides in
the B-strands. Among the synthesized pentapeptides, 1 and 12, whose side chains at the 2nd
and 4th residues were cross-linked, inhibited the aggregation of APB42 in Th-T assay,
suggesting that the B-strand conformation fixation of BSBp could improve their inhibitory
activity against the AP42 aggregation. However, 1 and 12 could not change the aggregation

state of APB42 into a nontoxic one.

5. Materials and methods
5.1. Molecular modeling based on NMR Data

General techniques of NMR experiments were described in Supplementary Material.
3Jing Values in Tables 1 and 2 were determined by 'H-1D along with 'H-'H J-resolved 2D
and DQF-COSY experiments.

Molecular modeling was performed on the CONFLEX 8 program3'-33 by the distance
geometry method. For energy minimization, we utilized MMFF94s force field with a
dielectric constant value of 46.45 (DMSO at 25 °C). Conformational search was performed
using the reservoir-filling algorithm with dihedral angle constraints derived from the NMR
data (Tables 1 and 2); the G-angles with their 3Jyn, values larger than 8.5 Hz were set at 180°
with force constant of 1 kcalemol'srad. The search limit was set at 3 kcal/mol above the
global energy minimum. Atomic coordinates and calculated potential energies of the

lowest-energy structures were described in Supplementary material.
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5.2 Preparation of Ap42

AP42 peptide was kindly provided by Prof. Kazuhiro Irie at Graduate School of
Agriculture in Kyoto University. Synthetic procedure of the AB42 peptide was described
elsewhere. 43 44

APB42 peptide for all the assays was pre-treated with 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) to dissociate aggregation seeds, which were unavoidably formed during purification
and/or storage. AP42 peptide was dissolved in HFIP at 1 mg/mL. After being incubated at
room temperature for 30 min, the solution was sonicated for 5 min, and dried in vacuo using a

centrifugal evaporator. The resultant film (HFIP-treated APB42) was used for all the assays.

5.3. Thioflavin-T (Th-T) fluorescence assay

To 534 uL of phosphate buffered saline (PBS: 50 mM sodium phosphate with 100 mM
NaCl, pH 7.12) was added 6 pL of each compound solution (4 mM in DMSO), then 60 pL of
ABA42 solution (100 uM in 0.1% NH4OH). The final solution included 10 uM of AB42, 40
UM of each compound, and 1% DMSO in PBS (pH 7.4). After being incubated at 37 °C for 0,
4, 8, 24, 48 h, the suspension was vortexed for 5 second and 15 pL of the aliquot was
collected in a 96-well black plate. The plate was stored at —80 °C until measurement.

To each well of the plate was added 235 pL of 5.0 uM Th-T in 50 mM Gly-NaOH (pH
8.5), followed by the measurement of fluorescence using a 430 nm (FWHM 10 nm) a
excitation filter and a 510 nm (FWHM 40 nm) emission filter on a microplate reader (TriSter
LB941, Berthold Technologies). The background of the buffer without AB42 was subtracted

from recorded values.

5.4. Transmission electron microscopy (TEM)
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Morphology of the APB42 aggregates co-incubated with each compound were observed
by a TEM (Figures 5 and 9). The incubation conditions were the same as that for preparing
the samples for the Th-T assay. A solution of AB42 (10 uM) and each compound (40 uM) in
PBS (containing 1% DMSO, pH 7.4) was incubated at 37 °C for 48 h. After centrifugation,
the supernatant was removed from the pellets, and the aggregates were suspended in distilled
water by gentle vortex mixing. The suspensions were applied to a 200-mesh formvar-coated
copper grid (Nissin EM, Tokyo, Japan) and allowed to stand for 5 min before being
negatively stained with 2% uranylacetate. The fibrils were examined with the H-7650

electronmicroscope (Hitachi).

5.5. Cell culture

Human neuroblastoma SH-SYSY cells were obtained from the American Type Culture
Collection (ATCC®, CRL-2266™). They were cultured in Dulbecco’s Modified Eagle
Medium/F-12 Nutrient Mixture (Gibco) containing 10% (v/v) fetal bovine serum (Biowest),

100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C under 5% CO, atmosphere.

5.6. MTT assay

Near-confluent cultures of cells were plated at 2.0 x 10* cells/200 pL/well fresh culture
medium in 96-well plates, and pre-incubated at 37 °C under 5% CO, for 24 h. To the cell
culture was added 1 puL of compound solution (2.2 mM in DMSO) and 20 pL of AB42
solution (11 uM in 0.1% NH4OH) and. The final culture included 10 uM of each compound,
1 uM of AB42, 0.5% DMSO, and 0.01% NH4OH. After incubation at 37 °C under 5% CO,
for 48 h, 20 uL of MTT solution (5 mg/mL in water) was added to each well, followed by
incubation at 37 °C for 4 h. After discarding the medium, 100 pL. of DMSO was added to

each well. The optical density of the cell lysate was read at 545 nm (after background
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subtraction at 630 nm) using a microplate reader (CHROMATE4300, Awareness Technology

Inc.). The absorbance obtained by adding the vehicle was taken as 100%.
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