
Self-assembly of b-turn forming synthetic tripeptides into
supramolecular b-sheets and amyloid-like fibrils in the solid state

Samir Kumar Maji,a Debasish Haldar,a Michael G. B. Drew,b Arijit Banerjee,a

Apurba Kumar Dasa and Arindam Banerjeea,*

aDepartment of Biological Chemistry, Indian Association for the Cultivation of Science, Jadavpur, Kolkata 700 032, India
bDepartment of Chemistry, The University of Reading, Whiteknights, Reading RG6 6AD, UK

Received 19 November 2003; revised 12 January 2004; accepted 5 February 2004

Abstract—We have described here the self-assembling properties of the synthetic tripeptides Boc-Ala(1)-Aib(2)-Val(3)-OMe 1, Boc-
Ala(1)-Aib(2)-Ile(3)-OMe 2 and Boc-Ala(1)-Gly(2)-Val(3)-OMe 3 (Aib¼a-amino isobutyric acid, b-Ala¼b-alanine) which have distorted
b-turn conformations in their respective crystals. These turn-forming tripeptides self-assemble to form supramolecular b-sheet structures
through intermolecular hydrogen bonding and other noncovalent interactions. The scanning electron micrographs of these peptides revealed
that these compounds form amyloid-like fibrils, the causative factor for many neurodegenerative diseases including Alzheimer’s disease,
Huntington’s disease and Prion-related encephalopathies.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Oligopeptides with appropriate conformations can self-
assemble to form many regular structures such as sheets,
ribbons, rods and tubes which have numerous applications
in biological and material sciences.1,2 For example, Ghadiri
and his coworkers have established that self-assembling
cyclic peptides form hollow nanotubes, which can act as
artificial ion channels and biosensors.3 Zhang and his
colleagues have shown that a self-assembling peptide
scaffold can serve as a substrate for neurite outgrowth and
synapse formation and this type of biologically compatible
scaffold is also important for tissue repair and tissue
engineering.4 Self-assembling peptides sometimes form
gels when they encapsulate solvent molecules under
suitable conditions.5 Very recently, Artzner and his
co-workers have demonstrated that self-assembly of a
synthetic therapeutic octapeptide, Lanreotide, leads to the
formation of supramolecular b-sheets which upon further
self-assembly ultimately form monodisperse nanotubes in
water with diameters that are tunable by suitable modifi-
cations in the molecular structure.6 Higher order molecular
self-assembly of a peptide into a b-sheet structure is not
only important for designing biomaterials, but also useful in
studying pathogenesis of certain age-related disease causing
fibrils where self-assembly of mis-folded proteins or protein
fragments leads to the formation of the aggregated mass that

is known as amyloid fibrils.7 The supramolecular b-sheet
stabilization and consequent insoluble amyloid plaque
formation are associated with several neurodegenerative
diseases including Alzheimer’s disease8 and Prion-protein
diseases.9 Sequences and three dimensional structures of
disease-causing amyloid proteins and/or protein fragments
are enormously varied. However, they self-assemble into
supramolecular b-sheets and consequently form protease
resistant amyloid fibrils and exhibit similar physicochemical
properties (viz.: congophilicity, binds to thioflavin T).10 The
therapeutic challenge in all forms of these fatal neuro-
degenerative diseases is to prevent amyloid fibril formation,
a goal that requires a detailed understanding of the path-
way(s) of b-sheet aggregation as well as fibrillation.
Recently, many research groups also have used self-
assembling, b-sheet forming peptides as amyloid fibril
inhibitors.11

Previously, we have demonstrated that short peptides with
extended backbone conformations can self-assemble to
form supramolecular b-sheet structures in crystals and
amyloid-like fibrils in the solid state.12 As Ab-peptides
(Amyloid b-peptide) contain many short loops and turn
conformations in their backbones,13 self-assembly of turn-
forming peptides is important for model studies. Recently,
Kirschner and his co-workers measured the powder
diffraction patterns of a solubilized and dried Ab31-35
sample and demonstrated that this peptide adopts an
intramolecular hydrogen bonded reverse-turn conformation
which is important for amyloid fibril formation and its
cytotoxicity.14 However, the crystal structures of model
peptides which form an intermolecularly hydrogen-bonded
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Figure 1 (legend opposite )
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supramolecular b-sheet from a turn-forming semi-cyclic
peptide backbone are still rarely obtained. In our very recent
communication, we have demonstrated that a b-turn
forming peptide can form supramolecular b-sheet structure
through self-aggregation and can exhibit amyloid-like
fibrillar morphology in the solid state.15 Continuing our
research in this field, we report here the results of our studies
on three synthetic terminally blocked tripeptides, Boc-
Ala(1)-Aib(2)-Val(3)-OMe 1, Boc-Ala(1)-Aib(2)-Ile(3)-
OMe 2 and Boc-Ala(1)-Gly(2)-Val(3)-OMe 3 which all
adopt reverse turn conformations and self-assemble to form
supramolecular b-sheets in crystals and amyloid-like fibrils
in the solid state.

2. Results and discussion

Peptides 1 and 2 contain the centrally located confor-

mationally constrained Aib (a-aminoisobutyric acid) resi-
due together with hydrophobic Val (valine) and Ile
(isoleucine) residues at the C terminus and both adopt a
turn structure. In tripeptide 3, the centrally positioned Aib
has been substituted by the structurally very flexible Gly
(glycine) residue with the aim of investigating whether or
not peptide 3 forms the folded turn conformation. These
peptides were studied using X-ray crystallography, NMR,
scanning electron microscopy and optical microscopy.

Figure 1. (a) The structure of peptide 1 showing the atomic numbering scheme. Ellipsoids at 20% probability. The weak intramolecular hydrogen bond is
shown as a dotted line. (b) Molecular conformation of peptide 2 showing the atomic numbering scheme. The weak intramolecular hydrogen bond is shown as a
dotted line. Ellipsoids at 30% probability. (c) ORTEP diagram with atomic numbering scheme of the peptide 3. Thermal ellipsoids are shown at 30%
probability level. The weak intramolecular hydrogen bond is shown as a dotted line.

Table 1. Selected backbone torsion angles (8) of peptides 1, 2 and 3

Torsional angles Peptide 1 Peptide 2 Peptide 3

v0 169.6(7) 170.8(4) 173.9(6)
f1 258.1(9) 254.6(6) 255.6(9)
c1 146.7(6) 147.1(4) 139.6(6)
v1 170.6(6) 171.4(5) 171.0(6)
f2 60.1(9) 60.0(6) 72.7(8)
c2 30.8(9) 30.0(5) 19.1(10)
v2 170.8(6) 170.6(4) 175.9(6)
f3 263.8(8) 260.8(5) 256.7(8)
c3 143.7(7) 142.2(4) 137.9(8)

Table 2. Intra and intermolecular hydrogen bonding parameters of peptides
1, 2 and 3

D-H· · ·A H· · ·A (Å) D· · ·A (Å) D-H· · ·A (8)

Peptide 1
N10-H10· · ·O31 2.89 3.61 142
N4–H4· · ·O121a 2.33 3.10 150
N7–H7· · ·O91b 2.14 3.00 172
Peptide 2
N10–H10· · ·O3 2.77 3.48 141
N4–H4· · ·O112c 2.37 3.12 145
N7–H7· · ·O9d 2.16 3.02 172
Peptide 3
N10–H10· · ·O31 2.56 3.29 143
N4–H4· · ·O91e 2.29 3.03 145
N7–H7· · ·O91f 2.10 2.93 160

a Symmetry equivalent xþ0.5, yþ0.5, z.
b Symmetry equivalent x, 1þy, z.
c Symmetry equivalent 0.5þx, 0.5þy, z.
d Symmetry equivalent x, 1þy, z.
e Symmetry equivalent 12x, y20.5, 22z.
f Symmetry equivalent x21, y, z.
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2.1. X-ray crystallography

The molecular conformations of tripeptides Boc-Ala(1)-
Aib(2)-Val(3)-OMe 1, Boc-Ala(1)-Aib(2)-Ile(3)-OMe 2
and Boc-Ala(1)-Gly(2)-Val(3)-OMe 3 are shown in Figure
1(a)–(c), respectively. Figure 1 reveals that peptides 1, 2
and 3 adopt folded conformations corresponding to the
distorted b-turn structure. Backbone torsion angles for these
peptides 1, 2 and 3 are listed in Table 1. For peptides 1 and 3
there exists a very weak 4!1 hydrogen bond between Boc-
CO and Val (3) NH (N10· · ·O31, 3.61 and 3.29 Å for 1 and
3, respectively) and for peptide 2 the weak hydrogen bond is
between Boc-CO and Ile(3) NH (N10· · ·O3, 3.48 Å). These
hydrogen bonds are illustrated in Figure 1(a)–(c) and
dimensions are detailed in Table 2. In peptide 1 there are
two intermolecular hydrogen bonds (N7–H7· · ·O91 and
N4–H4· · ·O121) that are responsible for connecting indi-
vidual peptide molecules to form and stabilize the

Figure 2. Packing of b-turn conformations of peptide 1 along the
crystallographic b axis forming semi-cylindrical ribbon structure and
further self-assembly along the crystallographic a and b axes to form a two
dimensional monolayer b-sheet structure. Hierarchical self-assembly of
individual b-sheets along the c direction results in the formation of a highly
ordered cross b-sheet structure.

Figure 3. Two dimensional monolayer b-sheet structure obtained by the packing of individual b-turn conformations of peptide 2 along the crystallographic a
and b axes which on further self-assembly gives supramolecular cross b-sheet structure along the c direction.

Figure 4. Self-assembly of peptide 3 in the b-turn conformation to form supramolecular b-sheet structure in crystal. (a) the b-turn building block, (b) packing
of b-turn conformations along the crystallographic a axis forming semi-cylindrical ribbon structure, (c) and (d) the spacing of b-turn conformation along
crystallographic b axis through intermolecular hydrogen bonds to form corrugated sheet like structures, (e) packing of individual b-sheets along the
crystallographic c axis by van der Waals interactions forming highly ordered b-sheet structure in crystal.

S. K. Maji et al. / Tetrahedron 60 (2004) 3251–32593254



supramolecular monolayer sheet assembly along the crystal-
lographic b and a axes, respectively. These b-sheets are
regularly stacked via van der Waals interactions as shown
by the projection of the unit cells in the c direction to form
the complex quaternary sheet structure (Fig. 2). The
hydrogen bonding parameters of peptide 1 are listed in
Table 2. In peptide 2, the b-turn building blocks are
aggregated via two unique intermolecular hydrogen bonds
N7–H7· · ·O9 and N4–H4· · ·O112 (Table 2) along the b and
a axes respectively to form two-dimensional sheet-like
structures which on further self-assembly form a supra-
molecular b-sheet structure via van der Waals interactions
in the c direction (Fig. 3). Figure 4 schematically illustrates
the stepwise b-sheet formation for peptide 3. Each turn-like
conformation (Fig. 4(a)) self-assembles via an inter-
molecular hydrogen bond (N7–H7· · ·O91) to form a semi-
cylindrical ribbon structure along the short crystallographic
a axis (Fig. 4(b)). These ribbons are connected along the
screw axis parallel to b via intermolecular hydrogen bonds
N4–H4· · ·O91 to form two-dimensional corrugated sheet-
like structures (Fig. 4(c)) which are regularly stacked via
van der Waals interactions as shown by the projection of the
unit cells in the c direction to form a supramolecular b-sheet
structure (Fig. 4(e)). Hydrogen bonding data for peptide 3
are also listed in Table 2. Crystal data for these three
peptides are detailed in Table 3.

2.2. Morphology of peptides

The scanning electron microscope (SEM) was used for the
morphological studies of these peptides. The SEM image of
peptide 1 obtained from dried fibrous materials (which were
grown slowly from methanol–water mixture) clearly shows
that the aggregate in the solid state is a bundle of long
filaments (Fig. 5). The SEM images (Figs. 6 and 7) of the
dried fibrous materials (which were grown slowly from a
methanol–water mixture) of peptides 2 and 3 exhibit that
the aggregates in the solid state have amyloid-like fibrillar
morphology.16 Moreover, the time-dependent optical
microscopic studies of peptide 1 in chloroform solution
clearly indicates that these fibrils were grown from

Table 3. Crystal and data collection parameters of peptides 1, 2 and 3

Peptide 1 Peptide 2 Peptide 3

Empirical formula C18H33N3O6 C19H35N3O6 C16H29N3O6

Crystallizing solvent Dimethylsulphoxide Methanol–water Ethyl acetate
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2 C2 P21

a(Å) 19.349(25) 19.345(22) 6.112(12)
b(Å) 6.094(10) 6.068(8) 12.515(14)
c(Å) 19.438(25) 20.323(21) 13.357(14)
a(8) (90) (90) (90)
b(8) 101.34(1) 101.27(1) 102.89(1)
g(8) (90) (90) (90)
U(Å3) 2248 2339 997
Z 4 4 2
Mol. wt. 387.5 401.5 359.4
Density (calcd, Mg/mm3) 1.145 1.140 1.197
Unique data 3758 4115 3152
Observed reflns. (I.2s (I)) 2347 2132 1246
R 0.1059 0.0736 0.0858
wR2 0.2440 0.1776 0.2554

Figure 5. SEM image of peptide 1 showing a bunch of rod-like fibrils in the
solid state.

Figure 6. Typical SEM image of peptide 2 in the solid state.

Figure 7. SEM image of peptide 3 exhibits filamentous fibrillar
morphology in solid state.
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relatively smaller protofibrils (Fig. 8(a)), which ultimately
form higher order mature fibrils (Fig. 8(b)), a characteristic
feature of amyloid fibril formation.7b,d,17 These fibrils
obtained from peptides 1, 2 and 3 were stained with a
physiological dye, Congo red, and exhibit distinct green-
gold birefringence under polarized light (Fig. 9). These
results are consistent with Congo red binding to an amyloid
b-sheet fibrillar structure.10

3. Conclusion

In spite of having different sequences and compositions, all
three reported peptides adopt a distorted b-turn confor-
mation in their crystal structures. Moreover, these turn-
forming peptides self-associate to form supramolecular
b-sheet structures via non-covalent interactions including
intermolecular hydrogen bonds, in which all the hydrogen
bonds are formed between the peptide linkages. These turn-
forming peptides also form amyloid-like fibrils upon further
self-aggregation, as is evident from the characteristic Congo
red binding studies and observing the typical birefringence
of these fibrils under a cross polarizer. So, these peptides
represent a good model system for self-assembling b-sheets
from turn-forming model synthetic peptides. These results
have also established that the unconventional folded,
b-turn-like structure (apart form the conventional extended
backbone conformations) is a competent subunit for

supramolecular b-sheets and amyloid-like fibrils in short
model peptides.

4. Experimental

4.1. Peptide synthesis

The tripeptides were synthesized by conventional solution
phase methods using racemization-free fragment conden-
sation strategy.18 The Boc group was used for N-terminal
protection and the C terminus was protected as a methyl
ester. Couplings were mediated by dicyclohexylcarbodi-
imide-1-hydroxybenzotriazole (DCC/HOBt). All inter-
mediates have been characterized by 1H NMR (300 MHz)
and thin layer chromatography (TLC) on silica gel and used
without further purification. The final products were purified
by column chromatography using silica (100–200-mesh
size) gel as stationary phase and ethyl acetate as eluent.
Purified final compounds have been fully characterized by
300 MHz 1H NMR spectroscopy.

4.1.1. Boc-Ala-OH (4). A solution of Ala (3.56 g, 40 mmol)
in a mixture of dioxan (80 mL), water (40 mL) and 1 M
NaOH (40 mL) was stirred and cooled in an ice-water bath.
Di-tert-butylpyrocarbonate (9.6 g, 44 mmol) was added and
stirring was continued at room temperature for 6 h. Then the
solution was concentrated in vacuum to about 40–60 mL,
cooled in an ice water bath, covered with a layer of ethyl-
acetate (about 50 mL) and acidified with a dilute solution of
KHSO4 to pH 2–3 (congo red). The aqueous phase was
extracted with ethyl acetate and this operation was done
repeatedly. The ethyl acetate extracts were pooled, washed
with water and dried over anhydrous Na2SO4 and evapo-
rated in vacuum. Pure material was obtained as white solid.

Yield¼7.308 g (36 mmol, 90%). Mp 85 8C. Anal. Calcd for
C8H15NO4 (189): C, 50.79; H, 7.94; N, 7.40. Found: C,
50.62; H, 7.77; N, 7.52.

4.1.2. Boc-Ala(1)-Aib(2)-OMe (5). A sample of Boc-Ala-
OH (4.54 g, 24 mmol) was dissolved in dichloromethane
(DCM) (40 mL) in an ice-water bath. H-Aib-OMe was
isolated from the corresponding methyl ester hydrochloride
(3.36 g, 48 mmol) by neutralization and subsequent extrac-
tion with ethyl acetate and the ethyl acetate extract was
concentrated to 20 mL. This was added to the reaction
mixture, followed immediately by di-cyclohexylcarbodi-
imide (DCC) (4.94 g, 24 mmol). The reaction mixture was
allowed to come to room temperature and stirred for 24 h.
DCM was evaporated, and the residue was taken up in ethyl
acetate (30 mL), and dicyclohexylurea (DCU) was filtered
off. The organic layer was washed with 2 M HCl
(3£30 mL), brine, 1 M sodium carbonate (3£30 mL) and
brine (2£30 mL) and dried over anhydrous sodium sulfate,
and evaporated in vacuum to yield 5 as waxy solid.

Yield¼5.48 g (19 mmol, 79.17 %). 1H NMR (CDCl3,
300 MHz, d ppm): 6.77 [Aib(2)NH, 1H, s]; 5.06 [Ala(1)
NH, 1H, d]; 4.16 [CaHs of Ala(1), 1H, t]; 3.73 [–OCH3, 3H,
s]; 1.54 [CbH3 s of Aib, 6H, s]; 1.45 [Boc-CH3 s, 9H, s];
1.35 [CbHs of Ala(1), 3H, m]. Anal. Calcd for C13H24N2O5

Figure 8. (a) Optical microscopic image of peptide 1 showing intermediate
protofibril formation in CHCl3 solution. (b) Optical microscopic image of
peptide 1 showing full-length fibril formation in CHCl3 solution.

Figure 9. Congo red stained peptide 3 fibrils observed through crossed
polarizers showing green-gold birefringence a characteristic feature of
amyloid fibrils.
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(288): C, 54.16; N, 9.72; H, 8.33. Found: C, 54.4; N, 9.8; H,
8.5.

4.1.3. Boc-Ala(1)-Aib(2)-OH (6). To a sample of 5 (4.6 g,
16 mmol), MeOH (40 mL) and 2 M NaOH (24 mL) were
added and the progress of saponification was monitored by
thin layer chromatography (TLC). The reaction mixture was
stirred. After 10 h, methanol was removed under vacuum,
the residue was taken up in 30 mL of water, washed with
diethyl ether (2£20 mL). Then the pH of the aqueous layer
was adjusted to 2 using 1 M HCl and it was extracted with
ethyl acetate (3£20 mL). The extracts were pooled, dried
over anhydrous sodium sulfate, and evaporated in vacuum
to yield 2.72 g of 6 as white solid.

Yield¼2.72 g (13.6 mmol, 85%). Mp 176 8C. 1H NMR
((CD3)2SO, 300 MHz, d in ppm): 11.8 [–COOH, 1H, br.];
7.8 [Aib(2) NH, 1H, s]; 6.73 [Ala(1) NH, 1H, d]; 3.94 [CaHs
of Ala(1), 1H, m]; 1.41 [CbH3 s of Aib(2), 6H, s]; 1.36 [Boc-
CH3 s, 9H, s]; 1.14 [CbH3 s of Ala(1), 3H, m]. Anal. Calcd
for C12H22N2O5 (274): C, 52.55; N, 10.21; H, 8.029. Found:
C, 52.6; N, 10.16; H, 8.2.

4.1.4. Boc-Ala(1)-Aib(1)-Val(3)-OMe 1. A sample of Boc-
Ala-Aib-OH (0.82 g, 3 mmol) in DMF (8 mL) was cooled in
an ice-water bath and H-Val-OMe was isolated from the
corresponding methyl ester hydrochloride (1.0 g, 6 mmol)
by neutralization, subsequent extraction with ethyl acetate
and concentration (5 mL) and it was added to the reaction
mixture, followed immediately by DCC (0.62 g, 3 mmol)
and HOBt (0.4 g, 3 mmol). The reaction mixture was stirred
for 3 days. The residue was taken in ethyl acetate (20 mL)
and the DCU was filtered off. The organic layer was washed
with 2 M HCl (3£20 mL), brine, 1 M sodium carbonate
(3£20 mL), brine (2£20 mL), dried over anhydrous sodium
sulfate and evaporated in vacuum to yield 0.77 g (2 mmol,
66.66 %) of white solid. Purification was done by silica gel
column (100–200 mesh) using ethyl acetate as eluent.
Colourless single crystals were grown from dimethylsulph-
oxide by slow evaporation.

Yield¼0.77 g (2 mmol, 66.66 %). Mp 184 8C. 1H NMR
(CDCl3, 300 MHz, d ppm): 7.06 [Val (3) NH, 1H, d, J¼
4.58 Hz]; 6.71 [Aib(2) NH, 1H, s]; 4.96 [Ala(1) NH, 1H, d,
J¼4.98 Hz]; 4.50 [CaH of Ala(1), 1H, m]; 4.09 [CaH of
Val(3), 1H, m]; 3.74 [–OCH3, 3H, s]; 2.16–2.20 [CbH of
Val(3), 1H, m]; 1.54 [CbHs of Aib, 6H, s]; 1.45 [Boc-CH3,
9H, s]; 1.35, 1.36 [CbHs of Ala(1), 3H, d, J¼4.23 Hz];
0.89–0.94 [CgHs of Val (3), 6H, m]. Anal. Calcd for
C18H33N3O6 (387): C, 55.81; H, 8.53; N, 10.85. Found: C,
55.75; H, 8.37; N, 11.92. Mass spectral data MþNaþ¼410,
Mcalcd¼387.

4.1.5. Boc-Ala(1)-Aib(2)-Ile(3)-OMe (2). Boc-Ala-Aib-
OH (1.37 g, 5 mmol) in DMF (15 mL) was cooled in an
ice-water bath and H-Ile-OMe was isolated from
the corresponding methyl ester hydrochloride (1.82 g,
10 mmol) by neutralization and subsequent extraction with
ethyl acetate and the ethyl acetate extract was concentrated
to 8 mL. It was then added to the reaction mixture, followed
immediately by DCC (1.03 g, 5 mmol) and HOBt (0.68 g,
5 mmol). The reaction mixture was stirred for 3 days. The
residue was taken up in ethyl acetate 20 mL and the DCU

was filtered off. The organic layer was washed with 2 M
HCl (3£40 mL), brine, 1 M sodium carbonate (3£40 mL),
brine (2£40 mL), dried over anhydrous sodium sulfate and
evaporated in vacuum to yield 1.6 g (4 mmol) of white
solid. Purification was done by silica gel column (100–200
mesh) using ethyl acetate as eluent.

Yield¼1.6 g, 80%. Mp 178 8C. 1H NMR (CDCl3, 300 MHz,
d ppm): 7.08 [Ile(3) NH, 1H, d, J¼8.16 Hz]; 6.68 [Aib(2)
NH 1H, s]; 4.96 [Ala(1) NH,1H, d, J¼7.5 Hz]; 4.51–4.55
[CaH of Ala(1), 1H, m]; 4.09–4.11 [CaH of Ile(3), 1H, m];
3.72 [–OCH3, 3H, s]; 1.89–1.94 [CbHs of Ile(3), 1H, m];
1.61 [CbH3 s of Aib(2), 6H, s]; 1.45 [Boc-CH3 s, 9H, s];
1.34–1.39 [CbHs of Ala(1), 3H, d, J¼8.82 Hz]; 1.25 [Cgs of
Ile(3), 3H, d]; 0.89–0.96 [Cgs & CdHs of Ile(3), 5H, m].
Anal. Calcd for C19H35N3O6 (401): C, 56.85; N, 10.47; H,
8.72. Found: C, 56.71; N, 10.35; H, 8.8. Mass spectral data
MþNaþ þHþ¼425, Mcalcd¼401.

4.1.6. Boc-Ala(1)-Gly(2)-OBz (7). A sample of Boc-Ala-
OH (3.78 g, 20 mmol) was dissolved in a mixture
of dichloromethane-N,N-dimethylformamide (DCM/DMF)
(30 mL) in an ice-water bath. H-Gly-OCH2Ph was isolated
from of the corresponding benzyl ester p-toluene sulphonate
(13.48 g, 40 mmol) by neutralization, subsequent extraction
with ethyl acetate and concentration (10 mL) and this was
added to the reaction mixture, followed immediately by
di-cyclohexaylcarbodiimide (DCC) (4.12 g, 20 mmol) and
1-hydroxybenzotriazole (HOBt) (2.7 g, 20 mmol). The
reaction mixture was allowed to come to room temperature
and stirred for 24 h. DCM was evaporated, the residue was
taken in ethyl acetate (40 mL), and dicyclohexylurea (DCU)
was filtered off. The organic layer was washed with 2 M
HCl (3£40 mL), brine, 1 M sodium carbonate (3£40 mL)
and brine (2£40 mL) and dried over anhydrous sodium
sulfate, and evaporated in vacuum to yield of the dipeptide 7
as white solid.

Yield¼5.712 g (17 mmol, 85%). Mp 73 8C. 1H NMR
(CDCl3, 300 MHz, d ppm): 7.35 [Ph, 5H, m]; 6.73 [Gly(2)
NH, 1H, t]; 5.18 [-benzyl CH2, 2H, s]; 5.01–5.03 [Ala(1)
NH, 1H, d]; 4.22 [CaH of Ala(1), 1H, t]; 4.04–4.09
[CaHs of Gly(2), 2H, t]; 1.44 [Boc-CH3, 9H, s]; 1.35–1.37
[CbHs of Ala(1), 3H, d]. Anal. Calcd for C17H24N2O5

(336): C, 60.71; H, 7.14; N, 8.33. Found: C, 60.67; H, 6.98;
N, 8.36.

4.1.7. Boc-Ala(1)-Gly(2)-OH (8). To Boc-Ala(1)-Gly(2)-
OBz 7 (4.37 g, (13 mmol), MeOH (40 mL) and 2 M NaOH
(15 mL) were added and the progress of saponification
was monitored by thin layer chromatography (TLC). The
reaction mixture was stirred. After 10 h methanol was
removed under vacuum, the residue was taken in 20 mL of
water, washed with diethyl ether (2£20 mL). Then the pH
of the aqueous layer was adjusted to 2 using 1 M HCl and
it was extracted with ethyl acetate (3£20 mL). The
extracts were pooled, dried over anhydrous sodium
sulfate, and evaporated in vacuum to yield 2.70 g of 8 as
white solid.

Yield¼2.70 g (11 mmol, 84.61%). Mp 88 8C. 1H NMR
(70% (CD3)2SOþ30% CDCl3, 300 MHz, d in ppm): 12.4
[–COOH, 1H, br]; 7.93 [Gly(2) NH, 1H, t]; 6.67 [Ala(1)
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NH, 1H, d]; 4.06 [CaH of Ala(1), 1H, t]; 3.76–3.80 [CaHs
Gly(2), 2H, m]; 1.40 [Boc-CH3, 9H, s];1.22–1.24 [CbHs of
Ala(1), 3H, m]. Anal. Calcd for C10H18N2O5 (246): C,
48.78; H, 7.31; N, 11.38. Found: C, 48.66; H, 7.29; N, 11.42.

4.1.8. Boc-Ala(1)-Gly(2)-Val(3)-OMe (3). A sample of
Boc-Ala-Gly-OH (1.23 g, 5 mmol) in DMF (10 mL) was
cooled in an ice-water bath and H-Val-OMe was isolated
from the corresponding methyl ester hydrochloride (1.67 g,
10 mmol) by neutralization, subsequent extraction with
ethyl acetate and concentration (7 mL) and it was added to
the reaction mixture, followed immediately by of DCC
(1.03 g, 5 mmol) and HOBt (0.67 g, 5 mmol). The reaction
mixture was stirred for 3 days. The residue was taken in
ethyl acetate (40 mL) and the DCU was filtered off. The
organic layer was washed with 2 M HCl (3£40 mL), brine,
1 M sodium carbonate (3£40 mL), brine (2£40 mL), dried
over anhydrous sodium sulfate and evaporated in vacuum to
yield 1.32 g of white solid. Purification was done by silica
gel column (100–200 mesh) using ethyl acetate as eluent.
Colourless single crystals were grown from ethyl acetate by
slow evaporation.

Yield¼1.32 g (3.7 mmol, 74%). Mp 97 8C. 1H NMR
(CDCl3, 300 MHz, d ppm): 6.90 [Gly(2) NH, 1H, t]; 6.68
[Val (3) NH, 1H, d, J¼8.4 Hz]; 5.02 [Ala(1) NH, 1H, d,
J¼6.6 Hz]; 4.52 [CaH of Ala(1), 1H, m]; 4.23 [CaH of
Val(3), 1H, m]; 3.95–4.0 [CaHs of Gly(2), 2H, m]; 3.73
[–OCH3, 3H, s]; 2.16–2.22 [CbH of Val(3), 1H, m]; 1.44
[Boc-CH3, 9H, s]; 1.37–1.40 [CbHs of Ala(1), 3H, d, J¼
7.2 Hz]; 0.89–0.95 [CgHs of Val(3), 6H, m]. Mass spectral
data MþNaþ¼382, Mcalcd¼359. Anal. Calcd for
C16H29N3O6 (359): C, 53.48; H, 8.07; N, 11.70. Found: C,
53.46; H, 8.02; N, 11.77.

4.2. Single crystal X-ray diffraction study

For tripeptides 1, 2 and 3 intensity data were collected with
Mo Ka radiation using the MAR research Image Plate
System. For all peptides the crystals were positioned at
70 mm from the Image Plate. Selected details of the
structure solutions and refinements are given in Table 3.
100 frames were measured at 28 intervals with a counting
time of 2–5 min for various peptides. Data analyses were
carried out with the XDS program.19 The structures were
solved using direct methods with the Shelx8620 program.
For peptide 1, the tert-butyl group was disordered, with each
methyl group taking up two different sites each refined with
50% occupancy. Apart from the disordered atoms in peptide
1, all non-hydrogen atoms of all peptides were refined with
anisotropic thermal parameters. The hydrogen atoms were
included in geometric positions and given thermal para-
meters equivalent to 1.2 times those of the atom to which
they were attached. The structures were refined on F2 using
Shelxl.21 Crystallographic data for the three structures have
been deposited at the Cambridge Crystallographic Data
Center (CCDC 222157, 222158 and 173625).

4.3. NMR experiments

All NMR studies were carried out on a Brüker DPX
300 MHz spectrometer at 300 K. Peptide concentrations
were in the range 1–10 mM in CDCl3 and (CD3)2SO.

4.4. Mass spectrometry

Mass spectra of final compounds (tripeptides 1, 2 and 3)
were recorded on a HEWLETT PACKARD Series
1100MSD mass spectrometer by positive mode electrospray
ionization.

4.5. Morphological study

The Morphology of the tripeptides was investigated using
an optical microscope and scanning electron microscope
(SEM). For the SEM study, fibrous materials (slowly grown
from methanol–water mixtures) were dried and gold
coated. Then the micrographs were taken in a SEM
apparatus (Hitachi S-415A). For the optical microscopic
study of the peptide 1 in CHCl3, Olympus CH 30 imaging
microscope equipped with Image Pro Plus ver 4.0 software
was used.

4.6. Congo red binding study

An alkaline saturated Congo red solution was prepared. The
peptide fibrils were stained with alkaline Congo red solution
(80% methanol/20% glass distilled water containing 10 mL
of 1% NaOH) for 2 min 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£
magnification and birefringence was observed between
crossed polarizers.
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