
Tetrahedron 62 (2006) 6370–6378
a-Aminoisobutyric acid modified protected analogues of
b-amyloid residue 17–20: a change from sheet to helix
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Abstract—The strong intermolecular interactions mediated by short hydrophobic sequences (e.g., 17–20, -L-Leu-L-Val-L-Phe-L-Phe-) in the
middle of Ab are known to play a crucial role in the neuropathology of Alzheimer’s disease. FTIR, TEM and Congo red binding studies
indicated that a series of L-Ala substituted terminally protected peptides related to the sequence 17–20 of the b-amyloid peptide, adopted
b-sheet conformations. However, the Aib-modified analogues disrupt the b-sheet structure and switch over to a 310 helix with increasing
number of Aib residues. X-ray crystallography shed some light on the change from sheet to helix at atomic resolution.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The molecular self-assembly of synthetic peptides demands
special interest in advanced medicine because such mole-
cules can serve as bioactive extra cellular materials. Self-
aggregation of proteins or protein fragments is particularly
important for studying pathogenesis of certain age-related
diseases.1 Though there is no similarity in native structures,
sequences, length and composition of different proteins or
peptides, subsequent formation of insoluble amyloid plaque
is the key factor for several neurodegenerative diseases
including Alzheimer’s disease,2 Huntington’s disease3 and
prion protein diseases.4 The fibrillar deposits of amyloid
plaque with diameters ranging from 60 to 120 Å appeared
in vivo by the transition of a misfolded protein or a peptide
from its native structure to a supramolecular b-sheets
arrangement.5 For Alzheimer’s disease, the Ab peptide is
generated by the proteolytic processing of a type-1 glycopro-
tein APP by successive b-cleavage at the N-terminus of Ab
and g-cleavage (in the trans membrane domain) either at
position 40 or 42. Moreover, APP is more frequently cleaved
between amino acid 16 and 17 of the Ab region (a-cleavage)
(Fig. 1).6 The fibrillar aggregation due to the strong inter-
molecular interaction of the resultant hydrophobic peptide
fragments may be the direct or indirect cause of the patho-
logical conditions associated with the amyloid diseases.7
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Some recent results demonstrate that not the matured fibrils
but their precursor is pathogenic.8 Hence, the therapeutic
target is to prohibit the fibrillogenesis process.

In order to design therapeutic drugs against amyloid dis-
eases, one of the popular approaches is the modification of
amyloidogenic proteins to prevent their ability to adopt a
b-sheet conformation. Previously, numerous studies have
been performed using b-sheet breaking elements into short
recognition sequence of amyloid protein to develop inhibi-
tory drugs.9 Proline and a-aminoisobutyric acid (Aib)10

have been widely used for this purpose. Gazit et al. have
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Figure 1. The sequence of amyloid b-peptide (Ab42) and schematic presen-
tation of the residue 17–20 of Ab42. The proteolytic processing of a type-1
gycloprotein APP to generate Ab peptide. APP is first cleaved at the
N-terminus of Ab (b-cleavage) and then in the trans membrane domain
(g-cleavage), either at position 40 or 42. Moreover, APP is more frequently
cleaved between amino acid 16 and 17 of the Ab region (a-cleavage).
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reported that the Aib modification of 13–20 residue of human
islet amyloid polypeptide (hIPP) generates significant inhibi-
tion.11 Formaggio and co-workers have demonstrated that
the incorporation of an Aib residue into a fully protected
Alzheimer’s b-amyloid fragment (Ab 17–21) can change the
backbone conformation in organic solvents.12 But all these
studies depend on conventional methods like TEM and
FTIR and the finer structural detail at the atomic level is still
elusive.11,12 In this context, we have synthesized some termi-
nally protected L-Ala and Aib13 modified analogs of Ab 17–
20 (LVFF) peptide sequences (Fig. 2). The L-Ala substituted
peptides (peptides 4 and 5) LVFA and LAFAwhich also have
existence in the b-sheet region of corresponding protein
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Figure 2. The schematic presentation of peptides 1–6.
structures (NCBI GI 5915735 (60–63) and GI 23019621
(300–303), Protein Data Bank) retain their b-sheet confor-
mations and form amyloid-like fibrils. However, from
X-ray crystallography, the Aib-modified analogues (peptide
2 and peptide 6) disrupt the b-sheet structure and switch
over to a 310 helix conformation in the solid state.

2. Results and discussion

The peptides reported in this study have been synthesized
using conventional solution phase methodology (Scheme
1).14 FTIR spectra were recorded to determine the internal
conformation of the reported peptides in the solid state
(KBr matrix). The most informative frequency ranges are
(i) 3500–3200 cm�1, corresponding to the N–H stretching
vibrations of the peptide and (ii) 1800–1500 cm�1, corre-
sponding to the stretching band of amide I and bending
peak of amide II.15 Figure 3 shows that molecules of the
fully protected Ab 17–20 peptides Boc-Leu-Val-Phe-OMe
(1) and Boc-Leu-Val-Phe-Phe-OMe (3) have strong inter-
molecular H-bonds in the solid state. An intense band at
3295 cm�1 (peptide 1) and 3291 cm�1 (peptide 3) and a
shoulder at 3328 cm�1 were observed for the reported pep-
tides, indicating the presence of strongly hydrogen-bonded
NH groups.16 No band was observed at around 3400 cm�1,
indicating that all NH groups are involved in intermolecular
hydrogen bonding.16 The CO stretching band at 1628,
1648 cm�1 (amide I) and the NH bending peak at 1554,
1544 cm�1 (amide II) corresponding to peptides 1 and 3 sug-
gest the presence of a b-sheet conformation in the solid
state.17 Modification of the native peptides with L-Ala
produced no significant change in the infrared spectra.
Peptides 4 (Boc-Leu-Val-Phe-Ala-OMe) and 5 (Boc-Leu-
Ala-Phe-Ala-OMe) have peaks at 3316 and 3289 cm�1,
which might indicate the presence of intermolecular hydro-
gen-bonded NH groups (Fig. 4). Moreover, the characteristic
IR absorption bands at about 1642 and 1640 cm�1 (amide I)
O N
H

COOH

O
a

O N
H

O
H
N COOMe

O
O N

H

O
H
N

O

N
H

COOMe

O
b, c

d

e

O N
H

O
H
N COOMe

O

b, e

6

b, c b, c

31

b, d

4

O N
H

O
H
N COOMe

O

5

b, c

2

b, d

Scheme 1. Reagents and conditions: (a) DMF, H-Val-OMe, DCC, HOBt, 0 �C, 90% yield; (b) MeOH, 2 M NaOH, 85% yield; (c) DMF, H-Phe-OMe, DCC,
HOBt, 0 �C, 80% yield; (d) DMF, H-Ala-OMe, DCC, HOBt, 0 �C, 80% yield; (e) DMF, H-Aib-OMe, DCC, HOBt, 0 �C, 90% yield.
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and 1530 and 1546 cm�1 (amide II) of peptides 4 and 5, re-
spectively, suggest that the peptides have spectra typical of
b-sheet structures.15,17 Therefore, this very minor chemical
modification (replacement of amino acid residues 2 and 4
of peptide 3 by L-Ala) results in little effect on the amyloido-
genic potential of the native peptide. But the Aib-modified
peptides produce significant changes (1659 and 1661 cm�1

(amide I) for peptide 2 and 6), which are consistent with
the previous report.11,18

Further, we examined the ability of the L-Ala modified pep-
tides to form amyloid-like fibrils, compared to that of native
peptides. Although the overall changes in the chemical struc-
tures are minor, we observed no differences between the abil-
ities of the native and modified peptides to form amyloid-like
fibrils. The amyloidogenic nature of the peptides was deter-
mined by transmission electron microscopy (TEM). The TEM
was performed on both transmission mode and diffraction
mode. From the TEM images of these peptides, it is evident
that they share a common morphological property irrespective
of the difference in sequences. Figure 5 clearly shows that pep-
tide 4 exhibits amyloid-like tangles with multiple branching
nodes, a very common feature of amyloid plaque obtained
frommany neurodegenerative diseases. From the transmission

Figure 3. Solid state FTIR spectra of (a) peptide 1 and (b) peptide 3 at the
region 2500–4000 cm�1 and 1500–2000 cm�1.
Figure 4. FTIR spectra at the region 2500–4000 cm�1 and 1500–2000 cm�1

of (a) peptide 5 and (b) peptide 4 in the solid state.

Figure 5. Electron microscopy and electron diffraction (inset) (0.5% w/v)
of peptide 4. Transmission electron micrograph of peptide 4 showing
amyloid-like tangles and multiple branching nodes.
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electronmicrograph,peptide 5 aggregates likea bundle of long
filaments, reminiscent of amyloid fibrils (Fig. 6). However, the
transmission electron micrograph of the corresponding Aib
analogue (peptide 6) shows nanorod19-like structures with di-
ameters ranging from 60 to 70 nm in the solid state (Fig. 7).

The morphological resemblance of these peptide fibrils
with amyloid plaque was also studied by Congo red staining.
It has been reported that Congo red binds with amyloid
fibrils responsible for various neurodegenerative diseases
like Alzheimer’s disease and shows a distinct birefringence
under polarized light. To determine the similarity with
Alzheimer’s b-amyloid fibrils, the aggregated fibrils ob-
tained from these peptides were stained with Congo red
and observed through a cross polarizer. Figure 8 exhibits the
typical green-gold birefringence of Congo red bound fibrils
of peptide 5 under cross polarizer, similar to the native pep-
tides. These results are consistent with Congo red binding to
an amyloid b-sheet fibrillar structure.7a,b,d We conclude
that there is almost no difference between native peptides,
which are highly amyloidogenic and their L-Ala containing
analogues. But the aggregate obtained from Aib-modified
analogue peptide 6 does not exhibit typical birefringence
when stained with Congo red and viewed through cross
polarizers under same conditions (Fig. 9).

Figure 6. Transmission electron microscopy and electron diffraction (inset)
(0.5% w/v) of peptide 5. The TEM image exhibits filamentous fibrillar
morphology.

Figure 7. Transmission electron micrographs of peptide 6 showing
nanorod-like morphology in the solid state.
However, from X-ray crystallography, the modification of
the native peptides to Aib-containing peptides produced
a significant change in the peptide backbone conforma-
tions.20 Most of the f and j values of the constituent amino
acid residues of peptide 2, an Aib analogue of native peptide
1, fall within the helical region of the Ramachandran map.
The torsion angles f1 (�62.91) and j1 (�41.20) are in the
right-handed helical region whereas the f2 (58.15) and j2

(46.24) are in the left-handed helical region. There is also
a distortion for f3 (�55.3) and j3 (141.4), which prevents
the peptide from forming any intramolecular hydrogen-
bonded folded structures. Hence, the overall backbone
conformation is a helical one in comparison with the native
peptides (Fig. 10a).20a However, with an increasing number
of Aib residues, the peptide backbone completely switches
over into a 310 helical conformation. Peptide 6 contains
two alternating Aib residues and forms a consecutive b-turn
(10 member intramolecular hydrogen-bonded ring) structure
where the Aib(2) occupies the i+2th position of first turn and
i+1th position of the second turn (Fig. 10b). From Figure 10b,
there are two intramolecular hydrogen bonds N4–H4/O11
(2.21 Å, 2.94 Å, 143�) and N7–H7/O14 (2.41 Å, 3.26 Å,
169�) resulting in a consecutive double bend conformation
for individual peptide (6) molecules in the solid state. Most
of the backbone torsion angles [f1(�70.2�), j1(�16.9�),

Figure 8. Congo red stained peptide 5 fibrils observed through crossed po-
larizer showing green-gold birefringence, a characteristic feature of amyloid
fibrils.

Figure 9. Peptide 6 stained with Congo red dye fails to show any birefrin-
gence observed between cross polarizer.
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Figure 10. The molecular backbone conformation of (a) peptide 2 and (b)
peptide 6 showing a 310 helical switch over from peptide 2 to 6.
Intramolecular hydrogen bonds are shown as dotted line. The side chains
for Leu and Phe residues and other non-hydrogen-bonded hydrogen atoms
are omitted for clarity. Nitrogen atoms are blue, oxygen atoms are red and
carbon atoms are gray.

Figure 11. The packing of peptide 2 along crystallographic a-axis showing
multiple intermolecular hydrogen bonds that connect individual molecules to
form parallel sheet-like structure. Hydrogen bonds are shown as dotted line.
f2(�57.8�), j2(�21.3�), f3(�56.4�) and j3(�35.9�)] of
peptide 6 are in the 310 helical region of Ramachandran
diagram [except f(51.3�) and j(�135.7�) values of
Aib(4)].20b Thus, there is a distinct conformational change
from the native peptide to its Aib analogues. The peptide
backbone changes from a b-sheet structure of the native
peptide to the 310 helical conformations in the Aib-modified
peptide.

Moreover, in higher order packing, two intermolecular
hydrogen bonds N4–H4/O3 (2.27 Å, 3.08 Å, 158�) and
N6–H62/O5 (2.10 Å, 2.98 Å, 147�) connect individual
molecules of peptide 2 to form a parallel sheet-like structure
(Fig. 11) along crystallographic a-axis. Therefore, peptide 2
preserves some characteristics of the native peptides instead
of the incorporation of an Aib residue. But, the individual
sub-units of the 310 helical peptide 6 are themselves regu-
larly inter-linked via multiple intermolecular hydrogen
bonds N10–H10/O5 (2.20 Å, 2.99 Å, 152�) and N13–
H13/O8 (2.30 Å, 3.15 Å, 170�) and thereby form a supra-
molecular helix along the crystallographic b-direction
(Fig. 12). This very minor chemical modification results
in such a dramatic effect on the molecular backbone

Figure 12. The packing diagram of peptide 6 showing the intermolecular
hydrogen bonded supramolecular helix along the crystallographic b-direc-
tion in (a) stick and (b) polyhedron representation.



6375D. Haldar et al. / Tetrahedron 62 (2006) 6370–6378
conformation and nature of the native peptides. Crystal data
for peptides 2 and 6 are listed in Table 1.

3. Conclusion

In conclusion, it is clearly established that the L-Ala sub-
stituted analogue of the fully protected peptides related
to the sequence 17–20 of amyloid b peptide have almost
similar characteristics in comparison to the native pep-
tides, which are highly amyloidogenic. Moreover, the
b-sheet structure of the native peptides is completely disrup-
ted by the incorporation of a conformationally constrained
a-aminoisobutyric acid. From X-ray crystallography, it is
unambiguously demonstrated that there is a distinct change
from b-sheet to 310 helix conformations in the Aib modifica-
tion of the native peptides. These results will be useful in
efforts to design peptide-based inhibitors of amyloid fibrillo-
genesis to prevent various neurodegenerative diseases.

4. Experimental

4.1. Synthesis of the peptides

4.1.1. Boc-Leu-OH 7. See Ref. 21.

4.1.2. Boc-Leu-Val-OMe 8. See Ref. 22.

4.1.3. Boc-Leu-Val-OH 9. See Ref. 22.

4.1.4. Boc-Leu-Val-Phe-OMe 1. See Ref. 23.

4.1.5. Boc-Leu-Val-Phe-OH 10. To Boc-Leu-Val-Phe-OMe
(9.82 g, 20 mmol), methanol (50 mL) and 2 M NaOH
(20 mL) were added and the progress of saponification was
monitored by thin layer chromatography (TLC). The reac-
tion mixture was stirred at room temperature. After 10 h,
methanol was removed under vacuum, the residue was taken

Table 1. Crystal and data collection parameters of peptides 2 and 6

Peptide 2 Peptide 6

Empirical formula C25H39N3O6 C29H45N4O7

Crystallizing solvent Dimethyl sulfoxide Ethyl acetate
Crystal system Orthorhombic Orthorhombic
Space group P212121 P212121

a (Å) 6.023(3) 13.253(17)
b (Å) 10.311(3) 15.694(19)
c (Å) 43.051(7) 15.768(19)
a (�) 90 90
b (�) 90 90
g (�) 90 90
n (Å3) 2673.6(16) 3280(7)
m (Mo Ka)/mm 0.085 0.081
Z 4 4
Mol. wt. 477.59 561.69
Density (calcd, mg/mm3) 1.186 1.137
F(000) 1032 1212
T (�) 293 293
Tot., uniq. data 4509, 4179 3474, 3474
Observed reflns. I>2s(I) 2887 1716
R 0.0577 0.0624
wR 0.1983 0.1800
S 1.22 0.98
l (Å) (Mo Ka) 0.71073 0.71073
No. of param. 340 372
in 50 mL of water, washed with diethyl ether (2�50 mL).
Then, pH of the aqueous layer was adjusted to 2 by adding
1 M HCl and it was extracted with ethyl acetate (3�
40 mL). The extracts were pooled, dried over anhydrous
sodium sulfate and evaporated under vacuum to yield a white
waxy solid.

Yield¼80% (7.64 g, 16 mmol). 1H NMR (DMSO-d6,
300 MHz): d 12.37 (br, 1H), 8.27 (d, J¼7.5 Hz, 1H), 7.46
(d, J¼9.1 Hz, 1H), 7.19–7.27 (m, 5H), 7.05 (d, J¼8.5 Hz,
1H), 4.42 (m, 1H), 4.20 (m, 1H), 3.94 (m, 1H), 3.02 (m,
2H), 2.88 (m, 1H), 1.92 (m, 2H), 1.36 (s, 9H), 0.87 (d, J¼
6.9 Hz, 6H), 0.76–0.84 (m, 7H) ppm. 13C NMR (CDCl3,
300 MHz): d 11.24, 11.47, 18.18, 22.37, 22.93, 22.98,
24.82, 28.14, 31.17, 35.03, 41.38, 52.23, 52.26, 58.43,
80.16, 127.14, 128.47, 129.15, 135.81, 170.18, 170.81,
171.69, 176.25 ppm. [a]D

27.8 �19.9 (c 2.10, CHCl3).
Elemental Anal. Calcd for C25H39N3O6 (477): C, 62.89;
H, 8.18; N, 8.80. Found: C, 63.21; H, 8.36; N, 7.94.

4.1.6. Boc-Leu-Val-Phe-Phe-OMe 3. The mixture of 10
(4.77 g, 10 mmol) in DMF (20 mL) was cooled in an ice-
water bath. H-Phe-OMe was isolated from the corresponding
methyl ester hydrochloride (4.33 g, 20 mmol) by neutraliza-
tion with saturated NaHCO3 solution, subsequent extraction
with ethyl acetate and the ethyl acetate extract was concen-
trated to 20 mL. This was added to the reaction mixture,
followed immediately by DCC (2 g, 10 mmol) and HOBt
(1.4 g, 10 mmol). The reaction mixture was stirred for 3
days. The residue was taken in ethyl acetate (50 mL) and
DCU was filtered off. The organic layer was washed with
2 M HCl (3�50 mL), brine, 1 M sodium carbonate (3�
50 mL), brine (2�50 mL), dried over anhydrous sodium
sulfate and evaporated in vacuum to get a white solid.

Yield¼80% (5.1 g, 8 mmol). Mp 153–154 �C. IR (KBr):
1544, 1648, 1690, 1744, 2853, 2930, 2952, 3084, 3291,
3328 cm�1. 1H NMR (CDCl3, 300 MHz): d 7.22–7.26 (m,
10H), 7.02 (d, J¼6.9 Hz, 1H), 6.62 (d, J¼7.8 Hz, 1H),
6.53 (d, J¼7.1 Hz, 1H), 4.83 (d, J¼8.3 Hz, 1H), 4.78 (m,
1H), 4.74 (m, 1H), 4.14 (m, 1H), 4.03 (m, 1H), 3.66 (s,
3H), 2.94–3.13 (m, 4H), 2.14 (m, 1H), 1.94 (m, 2H), 1.44
(s, 9H), 0.96 (d, J¼6.6 Hz, 6H), 0.74–0.85 (m, 7H) ppm.
13C NMR (CDCl3, 300 MHz): d 11.23, 11.49, 18.23,
22.35, 22.91, 22.99, 24.83, 28.14, 31.13, 35.07, 36.88,
41.33, 51.71, 52.33, 52.19, 58.47, 80.18, 127.14, 128.47,
129.15, 135.81, 170.20, 170.80, 171.69, 171.84,
173.35 ppm. [a]D

27.8 �35.7 (c 2.10, CHCl3). Mass spectral
data (M+Na)+¼661.60, Mcalcd¼638. Elemental Anal.
Calcd for C35H50N4O7 (638): C, 65.83; H, 7.84; N, 8.78.
Found: C, 65.34; H, 7.51; N, 10.16.

4.1.7. Boc-Leu-Val-Phe-Ala-OMe 4. The Boc-Leu-Val-
Phe-OH (2.40 g, 5 mmol) in DMF (10 mL) was cooled in
an ice-water bath. H-Ala-OMe was isolated from the corre-
sponding methyl ester hydrochloride (1.4 g, 10 mmol) by
neutralization with saturated NaHCO3 solution, subsequent
extraction with ethyl acetate and the ethyl acetate extract
was then concentrated to 7 mL. This was added to the reac-
tion mixture, followed immediately by DCC (1 g, 5 mmol)
and HOBt (0.7 g, 5 mmol). The reaction mixture was stirred
for 3 days. The residue was taken in ethyl acetate (50 mL)
and DCU was filtered off. The organic layer was washed
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with 2 M HCl (3�50 mL), brine, 1 M sodium carbonate
(3�50 mL), brine (2�50 mL), dried over anhydrous sodium
sulfate and evaporated under vacuum to get 1.97 g of white
solid.

Yield¼70% (1.97 g, 3.5 mmol). Mp 144–145 �C. IR (KBr):
1530, 1642, 1691, 1740, 2933, 2961, 3039, 3316 cm�1. 1H
NMR (CDCl3, 300 MHz): d 7.22–7.26 (m, 5H), 7.19 (d,
J¼6.9 Hz, 1H), 6.75 (d, J¼8.4 Hz, 1H), 6.70 (d, J¼7.5 Hz,
1H), 4.91 (d, J¼6.0 Hz, 1H), 4.80 (m, 1H), 4.50 (m, 1H),
4.16 (m, 1H), 4.06 (m, 1H), 3.71 (s, 3H), 3.01 (m, 2H),
2.15 (m, 1H), 1.93 (m, 2H), 1.44 (s, 9H), 1.37 (d,
J¼7.2 Hz, 3H), 0.95 (m, 6H), 0.74–0.87 (m, 7H) ppm. 13C
NMR (CDCl3, 300 MHz): d 11.16, 11.29, 18.99, 22.33,
22.82, 22.97, 24.79, 24.83, 28.14, 31.13, 35.07, 41.35,
51.71, 52.13, 52.19, 58.47, 80.17, 127.14, 128.47, 129.15,
135.81, 170.24, 170.87, 171.73, 171.81, 172.25 ppm.
[a]D

27.8 �42.2 (c 2.10, CHCl3). Mass spectral data (M+Na+
2H)+¼587.20, Mcalcd¼562. Elemental Anal. Calcd for
C29H46N4O7 (562): C, 61.92; H, 8.18; N, 9.96. Found: C,
61.49; H, 7.81; N, 10.26.

4.1.8. Boc-Leu-Ala-OMe 11. See Ref. 24.

4.1.9. Boc-Leu-Ala-OH 12. See Ref. 25.

4.1.10. Boc-Leu-Ala-Phe-OMe 13. See Ref. 26.

4.1.11. Boc-Leu-Ala-Phe-OH 14. To Boc-Leu-Ala-Phe-
OMe (3.70 g, 8 mmol), methanol (50 mL) and 2 M NaOH
(20 mL) were added and the progress of saponification
was monitored by thin layer chromatography (TLC). The
reaction mixture was stirred at room temperature. After 10 h,
methanol was removed under vacuum, the residue was taken
in water (50 mL), washed with diethyl ether (2�50 mL).
Then, pH of the aqueous layer was adjusted to 2 by adding
1 M HCl and it was extracted with ethyl acetate (3�
40 mL). The extracts were pooled, dried over anhydrous
sodium sulfate and evaporated under vacuum to yield
a waxy solid.

Yield¼87% (3.14 g, 7 mmol). 1H NMR (DMSO-d6,
300 MHz): d 12.1 (br, 1H), 7.20–7.27 (m, 5H), 8.02 (d,
J¼7.5 Hz, 1H), 7.85 (d, J¼7.9 Hz, 1H), 6.80 (d, J¼8.8 Hz,
1H), 4.40 (m, 1H), 3.97 (m, 1H), 3.86 (m, 1H), 3.10 (m,
2H), 2.88 (d, J¼4.4 Hz, 3H), 2.50 (m, 2H), 1.36 (s, 9H),
0.80–0.90 (m, 7H) ppm. 13C NMR (CDCl3, 300 MHz):
d 11.35, 11.57, 18.19, 22.37, 22.93, 24.79, 24.82, 28.14,
31.17, 41.38, 52.23, 52.26, 58.43, 80.16, 127.14, 128.47,
129.15, 135.81, 170.18, 170.80, 171.71, 176.35 ppm.
[a]D

27.8 �15.3 (c 2.10, CHCl3). Elemental Anal. Calcd for
C23H35N3O6 (449): C, 61.47; H, 7.79; N, 9.35. Found: C,
61.85; H, 8.16; N, 8.89.

4.1.12. Boc-Leu-Ala-Phe-Ala-OMe 5. The mixture of 14
(2.24 g, 5 mmol) in DMF (10 mL) was cooled in an ice-
water bath. H-Ala-OMe was isolated from the corresponding
methyl ester hydrochloride (1.40 g, 10 mmol) by neutraliza-
tion with saturated NaHCO3 solution, subsequent extraction
with ethyl acetate and the ethyl acetate extract was con-
centrated to 7 mL. This was added to the reaction mixture,
followed immediately by DCC (1 g, 5 mmol) and HOBt
(0.70 g, 5 mmol). The reaction mixture was stirred for 3
days. The residue was taken in ethyl acetate (50 mL) and
DCU was filtered off. The organic layer was washed with
2 M HCl (3�50 mL), brine, 1 M sodium carbonate
(3�50 mL), brine (2�50 mL), dried over anhydrous sodium
sulfate and evaporated in vacuum to get 2.14 g (4 mmol) of
white solid.

Yield¼80% (2.14 g, 4 mmol). Mp 161–162 �C. IR (KBr):
1546, 1640, 1693, 1747, 2930, 2959, 3032, 3289 cm�1. 1H
NMR (CDCl3, 300 MHz): d 7.24–7.27 (m, 5H), 7.18 (d, J¼
8.4 Hz, 1H), 6.72 (d, J¼9.4 Hz, 1H), 6.66 (d, J¼9.4 Hz, 1H),
4.99 (d, J¼7.1 Hz, 1H), 4.63 (m, 1H), 4.00 (m, 2H), 3.80 (m,
1H), 3.72 (s, 3H), 3.17 (m, 2H), 3.03 (m, 2H), 1.44 (s, 9H),
1.36 (d, J¼7.2 Hz, 6H), 0.89–0.96 (m, 7H) ppm. 13C NMR
(CDCl3, 300 MHz): d 11.23, 11.49, 18.95, 22.36, 22.80,
22.99, 24.74, 24.80, 28.16, 31.23, 35.09, 41.25, 51.69,
52.11, 52.20, 58.47, 80.18, 127.14, 128.47, 129.15, 135.81,
170.24, 170.85, 171.73, 171.80, 172.25 ppm. [a]D

27.8 �52.7
(c 2.10, CHCl3). Mass spectral data (M+Na)+¼557.70,
Mcalcd¼534. Elemental Anal. Calcd for C27H42N4O7 (534):
C, 60.67; H, 7.86; N, 10.49. Found: C, 60.43; H, 7.25;
N, 10.07.

4.1.13. Boc-Leu-Aib-OMe 15. See Ref. 27.

4.1.14. Boc-Leu-Aib-OH 16. See Ref. 27.

4.1.15. Boc-Leu-Aib-Phe-OMe 2. Boc-Leu-Aib-OH
(6.06 g, 20 mmol) in DMF (20 mL) was cooled in an
ice-water bath and H-Phe-OMe was isolated from the corre-
sponding methyl ester hydrochloride (8.62 g, 40 mmol) by
neutralization with saturated NaHCO3 solution, subsequent
extraction with ethyl acetate and the ethyl acetate extract
was concentrated to 10 mL. It was added to the reaction
mixture, followed immediately by DCC (4.12 g, 20 mmol)
and HOBt (2.70 g, 20 mmol). The reaction mixture was
stirred for 3 days. The residue was taken in ethyl acetate
(60 mL) and the DCU was filtered off. The organic layer was
washed with 2 M HCl (3�50 mL), brine, 1 M sodium carbon-
ate (3�50 mL), brine (2�50 mL), dried over anhydrous
sodium sulfate and evaporated under vacuum to yield 8.11 g
(17 mmol) of white solid. Purification was achieved by silica
gel column (100–200 mesh) using ethyl acetate and toluene
mixture (1:2) as an eluent. Single crystals were grown from
dimethyl sulfoxide (DMSO) mixture by slow evaporation.

Yield¼81% (8.11 g, 17 mmol). Mp 115–117 �C. IR (KBr):
1659, 1697, 3321, 3421 cm�1. 1H NMR (CDCl3,
500 MHz): d 7.22–7.30 (m, 5H), 7.13 (d, J¼7.8 Hz, 1H),
6.89 (d, J¼6.8 Hz, 1H), 6.61 (s, 1H), 4.81 (m, 1H), 3.98
(m, 1H), 3.70 (s, 3H), 3.11 (m, 2H), 1.60 (m, 2H), 1.49 (s,
9H), 1.44 (s, 6H), 1.25 (m, 1H), 0.94 (m, 6H) ppm. 13C
NMR (CDCl3, 300 MHz): d 11.31, 11.49, 15.33, 18.18,
22.37, 24.38, 24.82, 28.04, 31.17, 37.03, 51.23, 56.26,
58.43, 80.24, 127.54, 129.06, 129.15, 136.81, 170.60,
170.80, 171.84, 173.58 ppm. [a]D

27.8 +5.3 (c 2.10, CHCl3).
Mass spectral data (M+Na)+¼500, Mcalcd¼477. Elemental
Anal. Calcd for C25H39N3O6 (477): C, 62.89; N, 8.80; H,
8.17. Found: C, 63.06; N, 8.87; H, 7.90.

4.1.16. Boc-Leu-Aib-Phe-OH 17. To Boc-Leu-Aib-Phe-
OMe (4.77 g, 10 mmol), methanol (50 mL) and 2 M NaOH
(20 mL) were added and the progress of saponification was
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monitored by thin layer chromatography (TLC). The reaction
mixture was stirred at room temperature. After 10 h methanol
was removed under vacuum, the residue was taken in water
(50 mL), washed with diethyl ether (2�50 mL). Then, the
pH of the aqueous layer was adjusted to 2 by adding 1 M
HCl and it was extracted with ethyl acetate (3�40 mL).
The extracts were pooled, dried over anhydrous sodium sul-
fate and evaporated under vacuum to yield a waxy solid.

Yield¼70% (3.24 g, 7 mmol). 1H NMR (DMSO-d6,
300 MHz): d 12.56 (br, 1H), 7.85 (s, 1H), 7.47 (d, J¼
5.4 Hz, 1H), 7.23–7.13 (m, 5H), 6.90 (d, J¼7.56 Hz, 1H),
4.36 (m, 1H), 3.85 (m, 1H), 2.86 (m, 2H), 1.56 (m, 2H),
1.34 (s, 9H), 1.26 (s, 6H), 0.84–0.80 (m, 7H) ppm. 13C
NMR (CDCl3, 300 MHz): d 11.23, 11.47, 15.31, 18.16,
22.37, 24.38, 24.82, 28.04, 31.17, 37.03, 56.26, 58.43,
80.24, 127.54, 129.06, 129.15, 136.81, 170.69, 170.78,
171.81, 176.25 ppm. [a]D

27.8 �5.7 (c 2.10, CHCl3). Elemen-
tal Anal. Calcd for C24H37N3O6 (463): C, 62.20; H, 7.99;
N, 9.07. Found: C, 62.05; H, 8.16; N, 8.89

4.1.17. Boc-Leu-Aib-Phe-Aib-OMe 6. Boc-Leu-Aib-Phe-
OH (2.32 g, 5 mmol) in DMF (10 mL) was cooled in an
ice-water bath. H-Aib-OMe was isolated from the corre-
sponding methyl ester hydrochloride (1.53 g, 10 mmol) by
neutralization with saturated NaHCO3, subsequent extrac-
tion with ethyl acetate and the ethyl acetate extract was
then concentrated to 7 mL. This was added to the reaction
mixture, followed immediately by DCC (1 g, 5 mmol) and
HOBt (0.7 g, 5 mmol). The reaction mixture was stirred for
3 days. The residue was taken in ethyl acetate (50 mL) and
DCU was filtered off. The organic layer was washed with
2 M HCl (3�50 mL), brine, 1 M sodium carbonate (3�
50 mL), brine (2�50 mL), dried over anhydrous sodium
sulfate and evaporated under vacuum to get white solid.
Purification was done by silica gel column (100–200 mesh)
using ethyl acetate as an eluent. Single crystals were obtained
from ethyl acetate solution by slow evaporation.

Yield¼80% (2.25 g, 4 mmol). Mp 141–142 �C. IR (KBr):
1661, 1728, 3273, 3341 cm�1. 1H NMR (CDCl3,
300 MHz): d 7.19–7.26 (m, 5H), 7.17 (s, 1H), 6.74 (d,
J¼8.1 Hz, 1H), 6.49 (s, 1H), 4.79 (d, J¼5.1 Hz, 1H), 4.75
(m, 1H), 3.87 (m, 1H), 3.72 (s, 3H), 3.43 (m, 2H), 2.94
(m, 2H), 1.52 (s, 6H), 1.48 (s, 6H), 1.45 (s, 9H), 0.93 (m,
7H) ppm. 13C NMR (CDCl3, 300 MHz): d 11.49, 11.57,
15.47, 18.18, 22.37, 24.38, 24.82, 28.04, 31.17, 37.03,
52.03, 56.26, 57.43, 80.24, 128.54, 129.06, 129.15,
155.82, 170.37, 171.80, 173.84, 174.89 ppm. [a]D

27.8 �17.6
(c 2.10, CHCl3). Mass spectral data (M+Na)+¼585.4,
Mcalcd¼462. Elemental Anal. Calcd for C29H46N4O7 (562):
C, 61.81; H, 8.35; N, 9.95. Found: C, 61.03; H, 8.57; N, 9.19.

4.2. NMR experiments

All NMR studies were carried out on Brüker DPX 300 and
DRX 500 MHz spectrometer at 300 K in CDCl3 and DMSO-
d6. Peptide concentrations were in the range 1–10 mM.

4.3. Mass spectrometry

Mass spectra of peptides were recorded on a Micromass
Zabspec Hybrid Sector-TOF by positive mode electronspray
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ionization using a 1% solution of acetic acid in methanol/
water as liquid carrier.

4.4. FTIR spectroscopy

The FTIR spectra were taken using Shimadzu (Japan) model
FTIR spectrophotometer. The solid-state FTIR measure-
ments were performed using the KBr disk technique.

4.5. Morphological studies

Morphologies of the reported compounds were investigated
using transmission electron microscopy (TEM). The trans-
mission electron microscopic studies of these peptides
were performed using a small amount of the solution of
the corresponding compound on carbon-coated copper grids
(200 mesh) by slow evaporation and allowed to dry in
vacuum at 30 �C for 2 days. Images were taken at an accel-
erating voltage of 100 kV both in the transmission mode
and diffraction mode (0.5% w/v, camera length 0.8 m).
TEM was done by a Hitachi 600 electron microscope.

4.6. Congo red binding study

An alkaline saturated Congo red solution was prepared. The
peptide fibrils were stained by alkaline Congo red solution
(80% methanol/20% glass distilled water containing
10 mL of 1% NaOH) for 2 min and then the excess stain
(Congo red) was removed by rinsing the stained fibril with
80% methanol/20% glass distilled water solution for several
times. The stained fibrils were dried in vacuum at room
temperature for 24 h, then visualized at 100� or 500�mag-
nification and birefringence was observed between crossed
polarizer.

4.7. Single crystal X-ray diffraction studies

For peptide 2, intensity data of orthorhombic colorless crys-
tals 0.48�0.52�0.65 of space group P212121 were collected
with Mo Ka radiation, u scan using graphite-monochro-
mated Siemens P4 diffractometer. The crystal was posi-
tioned at 70 mm from the image plate. One hundred
frames were measured at 2� intervals with a counting time
of 2 min to give 4179 independent reflections of which
2887 had I>2s(I). The structure was solved by direct
methods (SHELXS-97)28 and refined against F(obs)�2 by
full-matrix least squares (SHELXL-97).29 Hydrogen atoms
were placed at calculated positions and allowed to ride
on their parent atoms. Terminal reliability indices were
R1¼0.058 [I>2s(I)], wR2¼0.198 for 340 refined para-
meters, S¼1.21, min./max. res. 0.19/�0.19 eÅ�3.

For peptide 6, intensity data were collected with Mo Ka
radiation using the MAR research Image Plate System.
The crystal was positioned at 70 mm from the image plate.
One hundred frames were measured at 2� intervals with
a counting time of 5 min to give 3474 independent reflec-
tions. Data analysis was carried out with the XDS pro-
gram.30 The structure was solved using direct methods
with the SHELX-86 program.31 The non-hydrogen atoms
were refined with anisotropic thermal parameters. The
hydrogen atoms were included in geometric positions and
given thermal parameters equivalent to 1.2 times those of
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the atom to which they were attached. The structure was
refined on F2 using SHELXL.32 The final R values were
R1¼0.0610 and wR2¼0.1779 for 1716 data with I>2s(I).
The largest peak and hole in the final difference Fourier
were 0.20 and �0.20 eÅ�3.

Crystallographic data have been deposited at the Cambridge
Crystallographic Data Center reference CCDC-176329 for
peptide 2 and CCDC 184602 for peptide 6.
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