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aDepartment of Biological Chemistry, Indian Association for the Cultivation of Science, Jadavpur, Kolkata 700032, India; bSchool of Chemistry, The
University of Reading, Whiteknights, Reading, RG6 6AD, UK

(Received 14 December 2005; accepted 27 February 2006)

Three terminally protected tripeptides Boc–g-Abu–Val–
Leu–OMe 1, Boc–g-Abu–Leu–Phe–OMe 2 and Boc–g-
Abu–Val–Tyr–OMe 3 (g-Abu 5 g-aminobutyric acid)
each containing an N-terminally positioned g-aminobu-
tyric acid residue have been synthesized, purified and
studied. FT-IR studies of all these peptides revealed that
these peptides form intermolecularly hydrogen bonded
supramolecular b-sheet structures. Peptides 1, 2 and 3
adopt extended backbone b-strand molecular structures
in crystals. Crystal packing of all these peptides
demonstrates that these b-strand structures self-assem-
ble to form intermolecularly H-bonded parallel b-sheet
structures. Peptide 3 uses a side chain tyrosyl –OH group
as an additional hydrogen bonding functionality in
addition to the backbone CONH groups to pack in
crystals. Transmission electron microscopic studies of all
peptides indicate that they self-assemble to form
nanofibrillar structures of an average diameter of 65 nm.
These peptide fibrils exhibit amyloid-like behavior
as they bind to a physiological dye Congo red and
show a characteristic green-gold birefringence under
polarizing microscope.

Keywords: Self-assembly; Nanofibril; Peptide; g-Abu

INTRODUCTION

Self-assembling systems are ubiquitous in biology.
Being inspired from biology, design and construction
of suitable molecular building blocks, which self-
assemble to form supramolecular helices [1–3],
b-sheets etc. [4–7] is a very active area of current
research. The b-sheet is a biologically important
structure present in many proteins. There are
numerous examples of self-assembling synthetic

peptides [8–17] and peptidomimetics [18,19] which
form b-sheet nanofibrillar structures. Some of these
self-assembling, nanofibril forming oligopeptides are
also important as they can be used as responsive soft
materials (hydrogels) [9,10]. A recent study from
Schneider’s group shows the formation of b-sheet
and non-twisting nanofibrils from self-assembling de
novo designed synthetic peptides [11]. Woolfson and
his coworkers have successfully engineered the
morphology of self-assembling polypeptide-based
nanofibers [20]. Nonlinear peptides can be used to
govern the assembly of peptide based nanostruc-
tured materials using the bottom-up approach in
which peptide self-assembly and fibrillogenesis can
be programmed [21]. Ionic self-complementary
oligopeptides self-assemble to form b-sheet struc-
tures and nanofibers and these nanofibers under
suitable conditions encapsulate a large volume of
water molecules to form hydrogels comprising of
.99.5% water [12]. These nanofiber scaffolds can be
fragmented by sonication and reassembled to form
the original-like nanofiber scaffold indicating its high
potentiality for future application in tissue repair
and regenerative medicine [13]. Stupp and his
coworkers have nicely demonstrated the formation
of nanofibers using self-assembling peptide based
amphiphiles [22,23] and these peptide nanofibers can
be effectively used as substrates for nucleation and
growth of a semiconductor cadmium sulfide (CdS)
nanocrystals [24]. Magnetic resonance active peptide
amphiphiles self-assemble into nanofibers and these
peptide-based nanobiomaterials can be potentially
used as diagnostics in medical science [25]. Many
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fatal neurodegenerative diseases (viz. Alzheimer’s
disease, Parkinson’s disease etc.) appear to be caused
by the deposition of self-aggregated peptides/pro-
teins and subsequent formation of highly ordered
nanofibrillar structure, which is popularly known as
amyloid fibrils. Gazit and his coworkers have made a
seminal contribution in the study of self-assembling
peptide based nanofibrils which show the properties
of amyloid fibrils [14–16,26,27]. His group has
successfully demonstrated that even small peptides
like pentapeptide or tetrapeptide fragments of
human calcitonin can be self-assembled to form
amyloid fibrils [17]. He has also established that
there is a possible role of p–p stacking in the
molecular self-assembly of amyloid fibrils [28]. We
are also engaged in studying synthetic self-assem-
bling b-sheet forming short peptides, which form
amyloid-like fibrils [4–7]. In this paper, we describe
the molecular self-assembly of three synthetic
terminally protected tripeptides 1, 2 and 3 (Fig. 1)
containing N-terminally located g-aminobutyric acid
residues. These peptides self-assemble to form
b-sheet structures in crystal and also form nanofi-
brils that were visualized by TEM. All these peptide
nanofibrils show characteristic amyloid-like
behaviour.

g-Aminobutyric acid is a non-protein, naturally
occurring amino acid found in the mammalian brain
[29] and acts as a neurotransmitter [30]. Each peptide

in this present study contains this N-terminally
located g-aminobutyric acid (g-Abu) residue
together with an adjacently positioned valine residue
for peptides 1 and 3 and leucine residue for peptide
2. g-Abu is a flexible g-amino acid, which prefers to
form an extended backbone conformation, when
there is no contiguously positioned conformationally
restricted amino acid residue like Aib (a-aminoiso-
butyric acid) present in the sequence [31]. The third
residue for peptides 1, 2 and 3 is leucine (Leu),
phenylalanine (Phe) and tyrosine (Tyr) respectively.
The bulky side chain of Leu, Phe or Tyr can help to
aggregate in a self-assembling system.

RESULTS AND DISCUSSION

FT-IR Study

From the FT-IR study we obtained preliminary
information about the conformational features of all
peptides in solid state. In the solid state (using KBr
matrix) intense bands lying between 3292 –
3341 cm21 have been observed for all three peptides,
which indicates the presence of strongly hydrogen
bonded NH groups (Fig. 2). No band has been
observed around 3400 cm21 for any of the three
peptides in the solid state. An absence of this band
suggests that all NHs for all three peptides in solid
state are involved in intermolecular hydrogen
bonding. The CO stretching band at around
1636–1644 cm21 (amide I) and the NH bending and
the C–N stretching peak near 1532–1540 cm21

suggest the presence of intermolecularly hydrogen
bonded supramolecular b-sheet conformation for all
peptides in the solid state [32]. So, it can be
concluded from the above FT-IR data, that all
peptides share this common structural feature.

X-ray Structural Analysis

Single crystals suitable for an X-ray diffraction study
of peptides 1, 2 and 3 were grown from methanol–
water solution by slow evaporation. Important
crystallographic information for all three peptides
is listed in Table I. All three peptides adopt extended
backbone molecular conformations (Fig. 3). Accord-
ing to Table II only the torsion angles of the second
amino acid in the three peptides fall within the
b-sheet region of the Ramachandran Map [33]. The
torsions about the methylene groups of the g-Abu
(namely u1 and u2) in peptides 1, 2 and 3 are in the
extended region. This facilitates the easy accommo-
dation of CH2 groups into the b-sheet conformations
for all three peptides. For peptide 1 individual
molecules self-assemble via intermolecular hydro-
gen bonds N(11) and O(10) (x, y þ 1, z), N(8) and
O(7) (x, y 2 1, z) and N(3) and O(2) (x, y þ 1, z)

FIGURE 1 Schematic representation of peptides 1, 2 and 3.

FIGURE 2 Solid state FT-IR spectra of peptides 1, 2 and 3.
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of 3.027, 2.944, 2.862 Å respectively (Table III) and
other non-covalent interactions to form an infinite
parallel b-sheet assemblage in the crystal along the
screw axis parallel to the crystallographic b direction
(Fig. 4). These individual b-sheet columns are
themselves regularly stacked via van der Waals’
interactions to form a complex quaternary supramo-
lecular sheet structure along the crystallographic c
direction.

The crystal structure of peptide 2 shows that it
adopts an infinite parallel b-sheet structure through
intermolecular hydrogen bonding. There are three
intermolecular hydrogen bonds between N(4) and
O(3) (x 2 1, y, z), N(9) and O(81) (x þ 1, y, z) and
N(12) and O(11) (x 2 1, y, z) with donor–acceptor
distances of 2.855 Å, 3.048 Å and 2.953 Å respectively
(Table III). These intermolecular hydrogen bonds
help in the formation of a parallel b-pleated
sheet along the crystallographic a direction. Each
b-sheet layer is then regularly packed along crystal-
lographic b axis by using van der Waals’ interactions
(Fig. 5) to form a complex quaternary b-sheet
structure.

The X-ray crystal structure of peptide 3 shows
some different structural features from that of

peptides 1 and 2. This is due to the presence of the
phenolic –OH group in the Tyr residue. Each
molecule of peptide 3 is connected with neighboring
molecules through three intermolecular hydrogen
bonds between N(5) and O(6) (x, y þ 1, z), N(11) and
O(13) (x, y 2 1, z) and N(17) and O(18) (x, y 2 1, z)
with a donor acceptor distance of 2.972 Å, 3.014 Å
and 2.861 Å respectively, to construct an infinite
parallel b-sheet structure (Table III) along crystal-
lographic b axis (Fig. 6). Interestingly, one such
parallel b-sheet is linked with another neighboring
b-sheet by an intermolecular hydrogen bond
between O(48) and O(48) (2 2 x, y 2 0.5, 2 2 z)
with a donor–acceptor distance of 2.864 Å, to form a
complex quaternary b-sheet structure.

Morphological Study

The morphological studies of all three reported
peptides were done by transmission electron
microscope (TEM). The TEM picture of peptide 1
shows linear nanofibrillar structure with an average
diameter of 65 nm (Fig. 7a). Similarly, the TEM image
of peptide 2 exhibits nanofibrillar structure (Fig. 7b).
Peptide 3 forms linear and also helically twisted

TABLE I Crystallographic data for peptides Boc–g-Abu(1)–Val(2)–Leu(3)–OMe 1, Boc–g-Abu(1)–Leu(2)–Phe(3)–OMe 2 and Boc–g-
Abu(1)–Val(2)–Tyr(3)–OMe 3.

Peptide 1 Peptide 2 Peptide 3

Formula C21H39N3O6 C25H39N3O6 C24H37N3O7

Formula Weight 429.55 477.59 479.57
Crystallizing solvent Methanol–water Methanol–water Methanol–water
Crystal system Orthorhombic Monoclinic Monoclinic
Space group P212121 P21 P21

a (Å) 14.337(17) 5.028(7) 15.886(17)
b (Å) 4.957(7) 19.210(22) 4.989(7)
c (Å) 36.51(4) 14.391(16) 17.898(19)
b (Å) (90) 93.35(1) 107.29(1)
n (Å3) 2594(6) 1387(3) 1354(3)
Z 4 2 2
Dcalcd (g cm 23) 1.099 1.143 1.176
No of independent reflections 4276 4429 4820
Reflections with I . 2s(I) 1290 1731 3305
No of Parameters 279 313 315
R1 (I . (2s(I)) 0.0607 0.0653 0.1014
wR2 (I . 2s(I)) 0.10441 0.0826 0. 1734
Max and Min Residual electron density, eÅ23 0.153, 20.193 0.148, 20.125 0.249, 20.234

TABLE II Selected torsion angles* (deg) in peptides Boc–g-Abu(1)–Val(2)–Leu(3)–OMe 1, Boc–g-Abu(1)–Leu(2)–Phe(3)–OMe 2 and
Boc–g-Abu(1)–Val(2)–Tyr(3)–OMe 3.

Peptide Residue f C v u1 u2

Peptide 1 g-Abu 108.5(8) 2101.5(6) 170.4(6) 2175.5(5) 2176.0(7)
Val 2116.4(6) 107.7(5) 169.7(5)
Leu 48.3(7) 45.3(6) 2172.2(5)

Peptide 2 g-Abu 102.7(5) 2113.3(5) 2177.6(5) 2174.0(4) 2175.5(4)
Leu 2110.4(5) 111.9(5) 177.2(5)
Phe 296.6(6) 154.7(5) 2179.5(5)

Peptide 3 g-Abu 79.4(7) 96.1(6) 179.8(5) 179.7(5) 172.0(5)
Val 2121.1(5) 115.2(5) 176.5(5)
Tyr 2110.6(5) 68.4(6) 2168.0(4)

* The torsion angles for rotation about the bonds of peptide backbone: f, C, v. Torsions in the main chain in the N-terminal g-Abu residue about Ca–Cb and
Cb–Cg: u2 and u1 respectively.
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FIGURE 3 The ORTEP diagrams of (a) peptide 1, (b) peptide 2 and (c) peptide 3 with atomic numbering schemes. Ellipsoids are at 20%
probability for peptides 1 and 2 and 30% probability for peptide 3.
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nanofibril (Fig. 7c). These nanofibils obtained from
self-assembling peptides 1, 2 and 3 bind to a
physiological dye Congo red and exhibit a charac-
teristic green-gold birefringence when observed
under a cross-polarizer (Fig. 8), a characteristic
feature of amyloid fibrils [34].

The FT-IR studies as well as crystal structure
analyses reveal that these reported peptides self-
assemble to form intermolecularly hydrogen-bonded

b-sheet structures. All these peptides on further self-
assembly form nanofibrillar structures. These nano-
fibrillar structures are capable to bind with a
physiological dye Congo red and exhibit specific
birefringence under cross polarizer showing their
similarities with amyloid fibrils.

CONCLUSIONS

All terminally protected synthetic tripeptides share a
common structural motif, an extended backbone
b-strand molecular conformation without any intra-
molecular hydrogen bonded bend structure.
In crystals, each molecular strand self-assembles to
form a parallel b-sheet structure using various non-
covalent interactions including intermolecular
hydrogen bonding. The relatively fast evaporation
of peptide solution leads to form nanoscale fibrils
that were visualized by TEM. Peptides 1 and 2 form
non-helical linear nanofibrils, while the peptide 3
forms linear and also helically twisted nanofibrils.
Various factors including the amino acid sequence,
concentration of the peptide, molecular size of
the peptide, ionic strength etc. may govern the

TABLE III Intermolecular hydrogen-bonding parameters for peptides 1, 2 and 3.

D–H· · ·A H· · ·A (Å) D· · ·A (Å) D–H· · ·A (Å) Symmetry element

Peptide 1
N3–H3· · ·O2 2.04 2.862(8) 160 a
N8–H8· · ·O7 2.09 2.944(7) 173 b
N11–H11· · ·O10 2.17 3.027(7) 172 a
Peptide 2
N4–H4· · ·O3 2.04 2.855(8) 156 c
N9–H9· · ·O81 2.19 3.048(9) 173 d
N12–H12· · ·O11 2.10 2.953(9) 171 c
Peptide 3
N5–H5· · · O6 2.14 2.972(9) 163 a
N11–H11· · ·O13 2.16 3.014(10) 171. b
N17–H17· · ·O18 2.02 2.861(11) 165 b
O48–H48· · ·O48 2.05 2.864(11) 171 e

a Symmetry element x, 1 þ y, z. b Symmetry element x, 21 þ y, z. c Symmetry element 21 þ x, y, z. d Symmetry element 1 þ x, y, z. e Symmetry element 2 2 x,
1/2 þ y, 2 2 z.

FIGURE 4 Crystal packing of peptide 1 showing the formation of
a supramolecular parallel b-sheet structure along the
crystallographic b-axis. Nitrogen atoms are blue and oxygen
atoms are red. Hydrogen bonds are shown as dotted lines.

FIGURE 5 The higher order packing of peptide 2 illustrating the
intermolecular hydrogen bonded supramolecular parallel b-sheet
structure along the crystallographic b direction. Hydrogen bonds
are shown as dotted lines. Non hydrogen bonded hydrogen atoms
are omitted for clarity.
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morphology of nanofibrils obtained from self-
assembling oligopeptides. The morphology of nano-
fibrils can be tuned using self-assembling branched
polypeptides [21,35]. Here, the amino acid sequence
in short peptides may play a role in nanofibrillation
and controlling its morphology. In the present case,
the exact cause of nanofibrillation and exhibiting
different morphologies (helical and linear) for
different peptides are yet to explored. Moreover,
these nanofibrils exhibit amyloid-like behavior as
they bind to a physiological dye Congo red and show
a typical birefringence when viewed through a cross-
polarizer. This indicates that these self-assembling
short peptide based nanofibrils may have some
biological significance.

EXPERIMENTAL

Peptide Synthesis

Peptides 1, 2 and 3 were synthesized by conventional
solution phase methods by using racemization free
fragment condensation strategy [36]. The Boc group
was used for N-terminal protection and the C-termi-
nus was protected as a methyl ester. Deprotections
were performed using saponification method. Coup-
lings were mediated by dicyclohexylcarbodii-
mide/1-hydroxybenzotriazole (DCC–HOBt). All
the final compounds were fully characterized by IR

spectroscopy, 300 MHz 1H-NMR spectroscopy and
mass spectrometry.

(a) Synthesis of Boc–g-Abu–OH 4: See ref [31].
(b) Boc–g-Abu(1)–Val(2)–OMe 5: 4.06 g (20 mmol)

of Boc–g-Abu–OH 4 was dissolved in a mixture of
10 mL dichloromethane (DCM) in an ice-water bath.
H–Val–OMe was isolated from 6.7 g (40 mmol) of
the corresponding methyl ester hydrochloride by
neutralization, subsequent extraction with ethyl
acetate and concentration to 10 mL was done. This
extract was added to the reaction mixture, followed
immediately by 4.12 g (20 mmol) of dicyclohexylcar-
bodiimide (DCC). The reaction mixture was allowed
to come to room temperature and stirred for 24 h.
DCM was evaporated, residue was taken in ethyl
acetate (60 mL), and dicyclohexylurea (DCU) was
filtered off. The organic layer was washed with
2 M HCl (3 £ 50 mL), brine (2 £ 50 mL), then
1 M sodium carbonate (3 £ 50 mL) and brine
(2 £ 50 mL) respectively. Then dried over anhydrous
sodium sulfate, and evaporated in vacuo to yield 5 as
a white solid.

Yield ¼ 5.68 g (18 mmol, 90%). (Found: C, 55.7; H,
8.5; N, 8.2%. C15H28N2O5 (316) requires C, 56.96; H,
8.86; N, 8.86%); 1H NMR (300 MHz, CDCl3) d 6.61
(Val(2) NH, 1H, d, J ¼ 6 Hz); 4.76 (g-Abu(1) NH, 1H,
t); 4.55–4.51 (CaH of Val(2), 1H, m); 3.75 (2OCH3,
3H, s); 3.30–3.14 (CgHs of g-Abu(1), 2H, m); 2.46
(CaHs of g-Abu(1), 2H, m); 1.95–1.77 (CbHs of g-
Abu(1), 2H, m); 1.67 (CbH of Val(2), 1H, m); 1.44
(Boc–CH3s, 9H, s); 0.97 (CgHs of Val(2), 6H, m).

(c) Boc –g-Abu(1) – Val(2) – OH 6: To 5.05 g
(16 mmol) of Boc–g-Abu(1)–Val(2)–OMe, 5 20 mL
MeOH and 15 mL of 2 M NaOH were added. The
reaction mixture was stirred and the progress of
saponification was monitored by thin layer chroma-
tography (TLC). After 10 h methanol was removed
under vacuo, the residue was taken in 50 mL of water,
washed with diethyl ether (2 £ 50 mL). Then the pH
of the aqueous layer was adjusted to 2 using 1 M HCl
and it was extracted with ethyl acetate (3 £ 50 mL).
The extracts were pooled, dried over anhydrous
sodium sulfate, and evaporated in vacuo to yield 6 as
a white solid.

Yield ¼ 4.2 g (14 mmol, 87%). (Found: C, 55.2; H,
8.4; N, 9.15%. C14H26N2O5 (302) requires C, 55.62; H,
8.6; N, 9.27%); 1H NMR (300 MHz, (CD3)2SO) d 12.34
(2COOH, 1H, b); 7.95–7.93 (Val(2) NH, 1H, d,
J ¼ 6 Hz); 6.81–6.80 (g-Abu(1) NH, 1H, t); 4.15–4.10
(CaH of Val(2), 1H, m); 2.98–2.86 (CgHs of g-Abu(1),
2H, m); 2.50–2.49 (CaHs of g-Abu(1), 2H, m); 2.21–
2.08 (CbH of Val(2), 1H, m); 2.06–1.99 (CbHs of g-
Abu(1), 2H, m); 1.62–1.52 (CgHs of Val(2), 6H, m);
1.37 (Boc–CH3s, 9H, s).

(d) Boc–g-Abu(1)–Val(2)–Leu(3)–OMe 1: 1.5 g
(5 mmol) of Boc–g-Abu(1)–Val(2)–OH 6 in 10 mL
of DMF was cooled in an ice-water bath and
H–Leu–OMe was isolated from 1.8 g (10 mmol)

FIGURE 6 The packing of peptide 3 illustrating the
intermolecular hydrogen bonded supramolecular parallel b-
sheet structure along crystallographic b direction. Nitrogen
atoms are blue, oxygen atoms are red and carbon atoms are
green. Non-hydrogen bonded hydrogen atoms are omitted for
clarity.
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of the corresponding methyl ester hydrochloride by
neutralization, subsequent extraction with ethyl
acetate and concentration to 10 mL was done. The
extract was added to the reaction mixture, followed
immediately by 1.03 g (5 mmol) DCC and 0.68 g
(5 mmol) of HOBt. The reaction mixture was stirred
for three 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
(2 £ 50 mL), 1M sodium carbonate (3 £ 50 mL) and
brine (2 £ 50 mL) respectively. Then dried over
anhydrous sodium sulfate and evaporated in vacuo
to yield peptide 1 as a white solid. Purification was

done by silica gel column (100–200 mesh) using 3:1
ethyl acetate–toluene as eluent.

Yield ¼ 1.8 g (4.2 mmol, 84%). (Found: C, 58.5; H,
9.0; N, 9.6%. C21H39N3O6 (429) requires C, 58.74; H,
9.09; N, 9.79%); 1H NMR (300 MHz, CDCl3) d 6.61
(Leu(3) NH, 1H, d, J ¼ 9 Hz); 6.54–6.52 (Val(2) NH,
1H, d, J ¼ 6 Hz); 4.78 (g-Abu(1) NH, 1H, t); 4.65–4.58
(CaH of Leu(3), 1H, m); 4.32–4.27 (CaH of Val(2), 1H,
m); 3.72 (–OCH3, 3H, s); 3.29–3.09 (CgHs of g-
Abu(1), 2H, m); 2.30–2.25 (CaHs of g-Abu(1), 2H, m);
2.18–2.17 (CbH of Val(2), 1H, m); 1.85–1.76 (CbHs of
g-Abu(1), 2H, m); 1.68–1.52 (CbHs & CgH of Leu(3),
3H, m); 1.44 (Boc–CH3s, 9H, s); 0.98–0.96 (CdHs

FIGURE 7 Typical TEM images of (a) peptide 1, (b) peptide 2 and (c) peptide 3 showing nanofibrillar morphology. The inset in Fig. 7(c)
indicates the helical nature of the nanofibril. These samples were prepared from slow evaporation of methanol–water solution of peptides
on carbon coated copper grid.
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of Leu(3), 6H, m); 0.94–0.91 (Val(2) CgHs, 6H, m); MS
(ESI) m/z 453 (M þ Na þ H)þ; [a]D

20 ¼ 241.6 (c 0.65,
CH3OH).

(e) Boc –g-Abu(1) – Leu(2) – OMe 7: 2.03 g
(10 mmol) of Boc–g-Abu–OH 4 was dissolved in a
mixture of 10 mL dichloromethane (DCM) in an ice-
water bath. H–Leu–OMe was isolated from 3.63 g
(20 mmol) of the corresponding methyl ester hydro-
chloride by neutralization and subsequent extraction
with ethyl acetate and the ethyl acetate extract was
concentrated to10 mL. This extract was added to the
reaction mixture, followed immediately by 2.06 g
(10 mmol) of dicyclohexylcarbodiimide (DCC). The
reaction mixture was allowed to come to room
temperature and stirred for 24 h. DCM was evapor-
ated, residue was taken in ethyl acetate (60 mL), and
dicyclohexylurea (DCU) was filtered off. The organic
layer was washed with 2 M HCl (3 £ 50 mL), brine
(2 £ 50 mL), then 1 M sodium carbonate (3 £ 50 mL)
and brine (2 £ 50 mL) and dried over anhydrous
sodium sulfate, and evaporated in vacuum to yield 7
as a white solid.

Yield ¼ 2.8 g (8.5 mmol, 85%); (Found: C, 57.9; H,
8.9; N, 8.2%. C16H30N2O5 (330) requires C, 58.18; H,
9.09; N, 8.48%); 1H NMR (300 MHz, CDCl3) d 6.73

(Leu(2) NH, 1H, d, J ¼ 9 Hz); 4.75 (g-Abu(1) NH, 1H,
t); 4.54 (CaH of Leu(2), 1H, m) 3.75 (–OCH3, 3H, s);
3.19 (CgHs of g-Abu(1), 2H, m); 2.18–2.23 (CaHs of g-
Abu(1), 2H, m); 1.77–1.82 (CbHs of g-Abu(1), 2H, m);
1.92 (CbHs of Leu(2), 2H, m); 1.62 (CgH of Leu(2), 1H,
m); 1.44 (Boc–CH3s, 9H, s); 0.90 (CdHs of Leu(2), 6H,
m).

(f) Boc –g-Abu(1) – Leu(2) – OH 8: To 2.64 g
(8 mmol) of Boc–g-Abu(1)–Leu(2)–OMe 7, 20 mL
MeOH and 10 mL of 2 M NaOH were added. The
reaction mixture was stirred and the progress of
saponification was monitored by thin layer chroma-
tography (TLC). After 10 h methanol was removed
under vacuo, the residue was taken in 50 mL of water,
washed with diethyl ether (2 £ 50 mL). Then the pH
of the aqueous layer was adjusted to 2 using 1 M HCl
and it was extracted with ethyl acetate (3 £ 50 mL).
The extracts were pooled, dried over anhydrous
sodium sulfate, and evaporated in vacuo to yield 8 as
a white solid.

Yield ¼ 2.21 g (7 mmol, 87.7%); (Found: C, 56.7; H,
8.4; N, 8.55%. C15H28N2O5 (316) requires C, 56.96; H,
8.86; N, 8.86%); 1H NMR (300 MHz, (CD3)2SO)
d 8.01–7.98 (Leu(2) NH, 1H, d, J ¼ 9 Hz); 6.76
(g-Abu(1) NH, 1H, t); 4.21–4.13 (CaH of Leu(1), 1H,

FIGURE 8 Congo red-stained fibrils observed through crossed polarizer showing birefringence, a characteristic feature of amyloid fibrils,
for (a) peptide 1, (b) peptide 2 and (c) peptide 3.
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m); 2.90–2.84 (CgHs of g-Abu(1), 2H, m); 2.16–2.04
(CaHs g-Abu(1), 2H, m); 1.59–1.52 (CbHs of g-
Abu(1), 2H, m); 1.35 (Boc–CH3s, 9H, s); 2.48 (CbHs of
Leu(2), 2H, m); 1.49–1.43 (CgHs of Leu(2), 1H, m);
0.87–0.80 (CdHs of Leu(2), 6H, m).

(g) Boc–g-Abu(1)–Leu(2)–Phe(3)–OMe 2: 1.73 g
(5.5 mmol) of Boc–g-Abu(1)–Leu(2)–OH 8 in 10 mL
of DMF was cooled in an ice-water bath and H–Phe–
OMe was isolated from 2.37 g (11 mmol) of the
corresponding methyl ester hydrochloride by neu-
tralization, subsequent extraction with ethyl acetate
and concentration to10 mL was done. The extract
was then added to the reaction mixture, followed
immediately by 1.13 g (5.5 mmol) DCC and 0.74 g
(5.5 mmol) of HOBt. The reaction mixture was stirred
for three 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
(2 £ 50 mL), 1 M sodium carbonate (3 £ 50 mL) and
brine (2 £ 50 mL) respectively. Then dried over
anhydrous sodium sulfate and evaporated in vacuo
to yield 2 as a white solid. Purification was done by
silica gel column (100–200 mesh) using 3:1 ethyl
acetate–toluene as eluent.

Yield ¼ 2.14 g (4.5 mmol, 81.67 %); (Found: C,
62.7; H, 8.0; N, 8.4%. C25H39N3O6 (477) requires C,
62.89; H, 8.17; N, 8.80%); 1H NMR (300 MHz, CDCl3)
d 7.30–7.19 (Aromatic Hs of Phe(3), 5H, m); 7.14–7.11
(Phe(3) NH, 1H, d, J ¼ 9 Hz); 6.73–6.70 (Leu(2) NH,
1H, d, J ¼ 9 Hz); 6.52 (g-Abu(1) NH, 1H, t); 4.8–4.75
(CaH of Phe(3), 1H, m); 4.42–4.35 (CaH of Leu(2),
1H, m); 3.71 (–OCH3, 3H, s); 3.19–3.12 (CgHs of g-
Abu(1), 2H, m); 3.09–3.03 (CbHs of Phe(3), 2H, m);
2.33–2.28 (CaHs of g-Abu(1), 2H, m); 2.03–1.92
(CbHs of Leu(3), 2H, t); 1.85–1.74 (CbHs of g-Abu(1),
2H, m); 1.62–1.59 (CgH of Leu(2), 1H, m); 1.49 (Boc–
CH3s, 9H, s); 1.37–1.15 (CdHs of Leu(3), 6H, m); MS
(ESI) m/z 478 (M þ H)þ; [a]D

20 ¼ 223.3 (c 0.79,
CH3OH).

(h) Boc–g-Abu(1)–Val(2)–Tyr (3)–OMe 3: 1.51 g
(5 mmol) of Boc–g-Abu(1)–Val(2)–OH 6 in 10 mL of
DMF was cooled in an ice-water bath and H–Tyr–
OMe was isolated from 2.31 g (10 mmol) of the
corresponding methyl ester hydrochloride by neu-
tralization, subsequent extraction with ethyl acetate
and concentration to 10 mL and it was added to the
reaction mixture, followed immediately by 1.03 g
(5 mmol) DCC and 0.68 g (5 mmol) of HOBt. The
reaction mixture was stirred for three 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
(2 £ 50 mL), 1 M sodium carbonate (3 £ 50 mL)
and brine (2 £ 50 mL) respectively and then dried
over anhydrous sodium sulfate and evaporated in
vacuo to yield 3 as a white solid. Purification was
done by silica gel column (100–200 mesh) using 3:1
ethyl acetate–toluene as eluent.

Yield ¼ 1.96 g (4.1 mmol, 82%). (Found: C, 59.9; H,
7.4; N, 8.6%. C24H37N3O7 (479) requires C, 60.12; H,
7.72; N, 8.76%); 1H NMR (300 MHz, CDCl3) d 6.99–
6.61 (Aromatic Hs of Tyr(3), 4H, m); 6.45–6.42 (Tyr(3)
NH, 1H, d, J ¼ 9 Hz); 6.15–6.13 (Val(2) NH, 1H, d,
J ¼ 6 Hz); 4.8 (g-Abu(1) NH, 1H, t); 4.88–4.82 (CaH of
Tyr(3), 1H, m); 4.22–4.13 (CaH of Val(2), 1H, m); 3.75
(–OCH3, 3H, s); 3.20–3.07 (CgHs of g-Abu(1) & CbHs
of Tyr(3), 4H, m); 2.22–2.18 (CaHs of g-Abu(1), 2H,
m); 1.95–1.91 (CbHs of g-Abu(1), 2H, m); 1.79–1.69
(CbH of Val(2), 1H, m); 1.45 (Boc–CH3s, 9H, s); 0.93–
0.83 (CgHs of Val(2), 6H, d); MS (ESI) m/z 480
(M þ H)þ; [a]D

20 ¼ 216.4 (c 0.65, CH3OH).

NMR Spectroscopy

All NMR studies were carried out on a Brüker DPX
300 MHz spectrometer at 300 K. Peptide concen-
trations were in the range 1–10 mM in CDCl3 and
(CD3)250.

FT-IR Spectroscopy

The FT-IR spectra were taken using Shimadzu
(Japan) model FT-IR spectrophotometer. In the
solid state FT-IR studies, powdered peptides were
mixed with KBr for preparing thin films.

Mass Spectrometry

Mass spectra were recorded on a Hewlett Packard
Series 1100MSD mass spectrometer by positive mode
electrospray ionization.

Transmission Electron Microscopic Study

The morphologies of the reported compounds were
investigated using transmission electron microscope
(TEM). The transmission electron microscopic
studies of all the peptides were done using a small
amount of the solution (2 mg of peptide in 1 mL of
methanol–water (9:1) solution) of the corresponding
compounds on carbon-coated copper grids (200
mesh) by slow evaporation and allowed to dry in
vacuum at 30 8C for two days. Images were taken at
an accelerating voltage of 200 kV. TEM was done by a
JEM-2010 electron microscope.

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 10mL of 1% NaOH)
for 2 minutes 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
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vacuum at room temperature for 24 hours, then
visualized at 40 £ or 100 £ magnification and
birefringence was observed between crossed
polarizers.

Single Crystal X-ray Diffraction Study

For peptides 1, 2 and 3 colorless needle shaped single
crystals were obtained from methanol – water
solution by slow evaporation. Intensity data for all
the peptides were collected with MoKa radiation
using the MARresearch Image Plate system. The
crystals were positioned at 70 mm from the Image
Plate. 100 frames were measured at 28 intervals with
a counting time of 2 mins. Data analyses were carried
out with the XDS program [37]. The structures were
solved using direct methods with the Shelx86
program [38]. Non-hydrogen atoms were refined
with anisotropic thermal parameters. The hydrogen
atoms bonded to carbon were included in geometric
positions and given thermal parameters equivalent
to 1.2 times those of the atom to which they were
attached. The structures were refined on F2 using
Shelxl [39]. Crystallographic data have been depos-
ited at the Cambridge Crystallographic Data Centre
reference CCDC 608786 for peptide 1, CCDC 608787
for peptide 2 and CCDC 608788 for peptide 3.
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