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Structural and morphological diversity of
self-assembled synthetic γ-amino acid
containing peptides†

Maruthi Konda,a Brice Kauffmann,b Dnyaneshwar B. Rasalea and Apurba K. Das*a

Regulating the nanostructural morphology of synthetic hybrid peptides through external stimuli is still a

great challenge. Here, we report the synthesis of constrained amino acid building block gabapentin (Gpn)

based hybrid peptides and their structural and morphological diversity in different conditions. The syn-

thesized three hybrid peptides Boc-Gpn-Aib-Phe-Aib-OMe (P1), Boc-Gpn-Aib-Leu-Aib-OMe (P2) and

Boc-Gpn-Aib-Tyr-Aib-OMe (P3) are folded into C12/C10 hydrogen-bonded double turn conformations.

The double turn feature is probed and confirmed by conformational analysis of hybrid peptides using

2D-NMR studies and X-ray crystallography. DMSO-d6 solvent titration investigations also support the

double turn conformation adopted by our reported peptides in CDCl3 solution. Solvent assisted self-

assembled morphological features of peptides P1–P3 and the salt-prompted mineralization studies of

peptide P1 under ambient conditions are studied. All three reported peptides P1–P3 form diverse supra-

molecular scaffolds in solid states through non-covalent interactions to attain higher order architectures.

Introduction

Molecular self-assembly of small organic molecules has
attracted considerable interest in recent years due to its appli-
cations in biology and material sciences. Biomolecular self-
assembly is spontaneous and reversible which is governed by
the combination of various covalent and non-covalent inter-
actions. Molecular self-assembly facilitates the organization of
small organic molecules into higher order functional nano-
structures. Peptide self-assembly offers significant advantages
due to its biological compatibility, ease of synthesis, low toxi-
city and multi-functionalibility.1 Strategies to design and
control supramolecular architectures are important as the pro-
perties of a material are associated with the molecular struc-
ture of self-assembling building blocks. Peptides are an
attractive scaffold for this task. Natural amino acid based
peptide scaffolds for the development of supramolecular archi-
tectures have limitations due to their proteolytic hydrolysis.2

There is an increased interest for modular synthesis of un-
natural amino acids for designing amphiphilic self-assembling
peptide scaffolds. In nature, proteins/peptides are made up of
natural amino acids, which have the tendency to fold into
regular secondary structures such as helices, sheets and turns.
In living systems, peptides show specific and important bio-
chemical tasks because of their compact folded conformations
and self-assembly.3 Small synthetic unnatural amino acids can
be incorporated to mimic the secondary structural features of
peptides4 and to impart biological stability as well. Synthesis
of β and γ-peptides has vast importance in medicinal chem-
istry owing to their resistant to the action of protease
enzymes.5 Therefore, β and γ-amino acids are being used to
mimic the distinct self-assembled structure of peptides. At the
same time diverse H-bonded folded structures are investigated
via design and synthesis of various peptide sequences which
evinced mimicry of discrete peptide secondary structures.6–8

Short synthetic peptides are platforms to understand the
folding patterns with numerous H-bonded conformational pre-
ferences.9 Gabapentin, a constrained achiral β,β-disubstituted
γ-amino acid and α-amino isobutyric acid (Aib) are unnatural
amino acids which enhance the helical turn behaviour of the
peptide backbone. Various constrained cyclic γ-amino acids
have been used to mimic the secondary structure in the solid
state. Self-assembly of these peptides leads to the formation of
sheet and ribbon type structures at their supramolecular
level.10 There are few reports on constrained aromatic γ and
δ-amino acids based peptides, which adopt double helices,11
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helices12 and extended sheets.13 In particular, aromatic
γ-hybrid peptides reveal different self-assembled nano-
structures at the supramolecular level and possess various
applications in nanotechnology.14 However, several groups
have designed and synthesized short hybrid peptides through
a suitable choice of natural and synthetic building blocks
which adopt interesting double turn/bent conformation.15–17

Thus, there is considerable interest to study using short
peptide based small molecules with intriguing H-bonded con-
formations. Here, our objectives are (i) to synthesize Gpn con-
taining hybrid peptides with the sequence Boc-Gpn-Aib-Xaa-
Aib-OMe (where Xaa = phenylalanine for P1, leucine for P2
and tyrosine for P3), differing in third residue side chains, (ii)
to study the structural propensities of γα-hybrid peptides P1,
P2, P3 in the solid state as well as in a solution state by means
of substitution of the amino acid residue at the third position
of the peptide sequence and (iii) to analyze distinct nanostruc-
tural morphological features of peptides in different solvents
and conditions.

Herein, we report C12/C10 hydrogen-bonded double turn
conformations and diverse supramolecular propensities of
three short peptides where Gpn is placed at the N-terminal of
the peptide sequence and a variable amino acid residue (Phe
or Leu or Tyr) is placed at the third position of the C-termini
of the peptide sequence. The turn structures are observed in
hybrid peptides containing conformationally constrained
γ-amino acid i.e. gabapentin sequence of Boc-Gpn-Aib-Xaa-Aib-
OMe (Scheme 1).

Results and discussion

Conformationally constrained β,β-disubstituted γ-amino acid
(Gpn)18 and α,α-dialkylated residue α-aminoisobutyric acid
(Aib)19,20 are well known as powerful inducers which can
restrict the local accessible conformations and induce helicity
and crystallinity to the peptide backbone. The available infor-
mation allowed us to design hybrid peptides where the Boc-
Gpn-Aib segment has been used as a constituent and the third
position has been altered with proteinogenic aromatic/ali-
phatic amino acids. The C-termini of the synthesized peptide
sequence is occupied by an Aib residue. We have synthesized
three hybrid peptides Boc-Gpn-Aib-Phe-Aib-OMe (P1), Boc-

Gpn-Aib-Leu-Aib-OMe (P2), and Boc-Gpn-Aib-Tyr-Aib-OMe (P3)
by conventional solution-phase methodology (Scheme S1†).
Our investigations exemplified that the γα-peptides P1–P3 are
explored to show diversity in self-assembly propensities in
both solid and solution states. Phenylalanine in peptide P1
contains an aromatic side chain which can provide a platform
for aromatic–aromatic and other non-covalent interactions.
The third residue in peptide P2 is substituted by leucine,
which has an aliphatic side chain. In peptide P3, tyrosine is
used as a substituent at the third position of the peptide
sequence, which has the capability to show aromatic–aromatic
interactions along with side chain phenolic –OH functionality,
an additional hydrogen bonding site.21

NMR study

In the course of structural investigations of the reported
hybrid peptides, we have first investigated the conformational
preferences in CDCl3 at 298 K. The comprehensive 1H NMR
spectrum assignments of three peptides have been achieved by
using a combination of 2D COSY and ROESY experiments
(Fig. S1–S5†). Table 1 summarizes the chemical shifts of
several amide resonances for peptides P1, P2 and P3. The
folded or turn conformation of peptides is stabilized by intra-
molecular hydrogen-bonds. The intra-molecular hydrogen-
bonds of peptides are favored in CDCl3 which is a poorly inter-
acting solvent with peptides and does not possess any strong
hydrogen-bonding groups. The presence of intra-molecular
hydrogen-bonded NH groups and the strength of the hydro-
gen-bonds are measured by a solvent titration study with a
hydrogen-bond accepting solvent like DMSO-d6 to the solution
of peptides in CDCl3. The effect of DMSO-d6 addition to the
solution of peptides P1, P2 and P3 is represented in Fig. 1.
Generally, the addition of a small amount of DMSO-d6 to the
CDCl3 solution of peptides can shift the chemical shift to a
downfield region for the solvent exposed NH groups. There is
a negligible change in the chemical shift for strong hydrogen-
bonded or solvent shielded NH groups.

Fig. 1 reveals the shielded nature of the NH groups of
Aib(4), Phe(3) and Aib(2) for peptide P1, Aib(4) NH, Leu(3) NH
and Aib(2) NH for peptide P2, and Aib(4) NH, Tyr(3) NH and
Aib(2) NH for peptide P3. By addition of DMSO-d6 to the
peptide solution in CDCl3, a very minor solvent dependence
behavior was observed for the three NHs except Gpn NH. In

Scheme 1 Chemical structures of peptides P1, P2 and P3 with back-
bone torsion angles parameters.

Table 1 Representative 1H NMR NH resonances observed for peptides
P1, P2 and P3 (Chemical shifts δ)a

Residue P1 δ ppm Δδb P2 δ ppm Δδb P3 δ ppm Δδb

Gpn (1) NH 5.98(4.89) 1.09 5.96(4.82) 1.14 6.05(4.91) 1.14
Aib (2) NH 8.09(7.98) 0.11 8.00(7.76) 0.24 8.20(8.00) 0.20
Xaac (3) NH 6.79(6.36) 0.43 6.95(6.53) 0.42 6.65(6.37) 0.28
Aib (4) NH 7.36(7.56) 0.20 7.57(7.33) 0.24 7.63(7.30) 0.33

a Chemical shifts of proton resonances in 8% DMSO-d6/CDCl3, values
in parentheses correspond to CDCl3.

bΔδ is the chemical shift differ-
ence for NH protons in 8% DMSO-d6/CDCl3 and CDCl3.

c Xaa(3) = Phe
(3) for P1, = Leu (3) for P2, = Tyr (3) for P3.
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contrast, Gpn(1) NHs of peptides P1, P2 and P3 show solvent
sensitivity with a downfield shift upon addition of DMSO-d6.
Solvent insensitivity behavior appeared for several solvent
shielded NH groups of peptides P1–P3 which was supported
by the observation of small values of ΔδNH < 0.45 ppm
(δ(CDCl3+8.00% DMSO-d6)−δ(CDCl3)), ppm, Table 1). These results
suggest that Aib(2) NH, Phe(3) NH and Aib(4) NH for peptide
P1, Aib(2) NH, Leu(3) NH and Aib(4) NH for peptide P2 and
Aib(2) NH, Tyr(3) NH and Aib(4) NH for peptide P3 are
involved in hydrogen-bonding interactions.7a,b

To know about the inter-residue NOEs, ROESY experiments
were carried out in CDCl3. Fig. S2 and S5† show ROESY
spectra of peptides P1 and P3 in CDCl3. Various inter-residual
NOEs for P1 and P3 are listed in Table S1.† The ROESY spec-
trum of P1 reveals some important NOEs that are observed
between backbone NH protons. In the ROESY spectrum of P1,
the dNN[(i)↔(i+1)] and dαN[(i)↔(i+1)] medium range NOEs are per-
ceived over the peptide backbone. The scrutiny of dNN[(i)↔(i+1)]

NOEs of Aib(2) NH ↔ Phe(3) NH and Phe(3) NH ↔ Aib(4) NH
along with dαN[(i)↔(i+1)] NOEs Phe(3) CαH ↔ Aib(4) NH is indi-
cative of the presence of a turn conformation in solution.
From the crystal structure of P1, inter proton dNN distances
observed in the double turn conformation between Aib(2)
NH ↔ Phe(3) NH and Phe(3) NH ↔ Aib(4) NH are 2.72 Å and
2.74 Å respectively. Some other NOEs between Aib(2) NH ↔
Gpn(1) CαH and Aib(2) NH ↔ Aib(2) CβH are also observed. In
the DMSO-d6 titration experiment, the Δδ NH values are
observed as 1.09 ppm for Gpn(1) NH, 0.11 ppm for Aib(2) NH,
0.43 ppm for Phe(3) NH and 0.20 ppm for Aib(4) NH. The high
ΔδNH value for Gpn(1) NH indicates the solvent exposed
nature. The low ΔδNH values for the rest of the NH protons
indicate the solvent-shielded behavior. The NOEs data and
solvent-shielded nature of Phe(3) NH are supportive of a
12-membered hydrogen-bonded ring conformation between
(Boc)CvO and H–N of Phe(3). In peptide P1, the observations
of dαN[(i)↔(i+1)] medium range NOEs for Phe(3), Aib(4) and

Fig. 1 DMSO-d6 solvent titration plots for peptides (a) P1, (b) P2, (c) P3 in CDCl3. The initial concentration of the samples in CDCl3 was
20 mmol L−1, and the total amount of DMSO-d6 used was 8% of the total volume.
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dNN[(i)↔(i+1)] medium range NOEs for residues Aib(2), Phe(3)
and Phe(3), Aib(4) distinctly suggest the presence of a 10-mem-
bered hydrogen-bond conformation (β-turn), which involves
the interaction between Gpn(1) CvO and H–N Aib(4).

2D ROESY spectra of peptides P2 and P3 do not show
several critical NOEs in CDCl3 at a mixing time of 200 ms.
Though the DMSO-d6 titration study reveals that Δδ NH values
are observed for P2 as 1.14 ppm for Gpn(1) NH, 0.24 ppm for
Aib(2) NH, 0.42 ppm for Leu(3) NH and 0.24 ppm for Aib(4)
NH. For peptide P3, ΔδNH values are observed as 1.14 ppm for
Gpn(1) NH, 0.20 ppm for Aib(2) NH, 0.28 ppm for Tyr(3) NH
and 0.33 ppm for Aib(4) NH. The high ΔδNH values for Gpn(1)
NH for both peptides P2 and P3 elucidate the solvent exposed
nature and the remaining NH protons show solvent shielded
behavior. Some of the NOEs observed for peptide P3 are listed
in Table S1.† The solvent-titration studies support that the
peptides P2 and P3 are folded in a double turn conformation
similarly to P1 in CDCl3.

Circular dichroism (CD) study

Circular dichroism is a useful tool to elucidate the propensity
of conformational features of peptides in solution. Fig. 2
shows circular dichroism spectra of peptides P1, P2 and P3 in
a methanol : water (1 : 1 v/v) solution and reveals a distinct
pattern of Cotton effects. The CD spectrum of peptide P1
shows characteristic positive CD signatures at 193 nm and
196 nm (attributed to the π–π* transition) and negative CD sig-
natures at 205 nm, 215 nm and 220 nm (attributed to the n–π*
transition) which suggest a helical conformation. The CD spec-
trum of peptide P2 shows a positive CD signature at 190 nm
(attributed to the π–π* transition) and a strong negative signa-
ture at 200 nm (attributed to the n–π* transition). This pattern
of CD indicates the adaptation of a β-hairpin type of structure.
The CD spectrum of peptide P3 shows a positive CD signature
at 200 nm and a negative signature at 210 nm, which corres-

pond to the n–π* transition. Another negative CD band at
230 nm is also observed. The observed diagnostic CD signatures
of peptide P3 can be assigned to the presence of a helical confor-
mation. Peptides P1 and P3 show a similar type of CD pattern
with small CD shifts while peptide P2 shows a completely
different type of CD pattern. As peptides P1 and P3 contain an
aromatic side-chain which contributes towards the overall CD of
peptide secondary structures along with peptide chromophores,
therefore the coupling interactions of the local band (La band) of
the aromatic chromophore with backbone peptide groups and
other nearby groups are found responsible for showing such
Cotton effects. Peptide P2 has no aromatic chromophore and as
such does not show such coupling interactions.22

Morphological analysis of peptides

We observed interesting molecular self-assembly and nano-
structural transformation of these hybrid peptides in solution
as well as in solid states. Self-assembly phenomena of these
peptides were observed by the involvement of various non-
covalent interactions and, as a result, peptides can form
various nanostructural features.23 Peptide based self-
assembled structures may have significant importance as bio-
materials in bio-medicinal applications.24–26 To investigate
solvent assisted self-assembled morphological diversity of pep-
tides P1–P3, we performed scanning and transmission electron
microscopy to study the morphological features (Fig. 3–5). As
shown in the SEM image (Fig. 3a), peptide P1 forms self-
assembled microspheres in methanol : water (1 : 1) at a concen-
tration of 3.0 mmol L−1. These spherical entities have a dia-
meter approximately ranging from 75 nm to 325 nm. The SEM
image clearly depicts the presence of smaller and larger
spherical aggregates. These larger spherical aggregates could
be formed by the fusion of small spherical structures.27–29

Transmission electron microscopy investigations were also per-
formed to image the self-assembled morphological features.
The TEM image (Fig. 3c) clearly shows well-organized self-
assembled spherical entities. The average diameter of these
spherical entities observed in TEM studies is found to be
143 nm. The TEM image also clearly shows the formation of
larger spherical aggregates from relatively small spherical
structures by a fusion process which has been similarly
observed through SEM measurements (Fig. 3a). In addition to
that, the formation of self-assembled spherical nanostructures
in solution was also supported by a dynamic light scattering
(DLS) experiment of peptide P1. DLS is a technique to measure
size distribution of nanostructures in solution. The DLS study
(Fig. S6†) revealed an average diameter of 201 nm for self-
assembled spherical aggregates of peptide P1 (c = 3.0 mmol
L−1 in methanol–water (1 : 1) solution).14a,b,27a SEM and TEM
results altogether evidenced the formation of self-assembled
spherical aggregates by peptide P1 in a polar solvent (metha-
nol–water (1 : 1) solution) which was also supported by DLS
measurements. Surprisingly, SEM and TEM studies in a THF–
water (1 : 1) solvent (Fig. 3b and d) of peptide P1 (c = 5 mmol
L−1) demonstrate the change in morphological features, which
form exclusively nanorod assemblies under similar experi-

Fig. 2 Circular dichroism spectra of peptides P1, P2 and P3 in MeOH–

water (1 : 1). C = 0.625 mmol L−1 at 25 °C.
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Fig. 3 Electron microscopy analysis of the self-assembled structures formed by peptide P1 and showing the solvent assisted morphological diver-
sity. Image (a) SEM and (c) TEM showing the well-organized spherical aggregates formed in a methanol–water (1 : 1 v/v, c = 3 mmol L−1) solvent.
Image (b) SEM and (d) TEM showing nanorod like architectures in a THF–water (1 : 1 v/v, c = 5 mmol L−1) solvent.

Fig. 4 Schematic representation for the formation of spheres and salt-prompted disruption followed by microscopic transformations to aligned
nanofibers by peptide P1 in methanol : water. (a) Fluorescence microscopy image of rhodamine B dye (0.0312 mmol L−1 in methanol : water 1 : 1)
entrapped sphere like structures of P1 in methanol : water (1 : 1 v/v, c = 3.0 mmol L−1). Images (b) SEM, (d) TEM and (c) SEM, (e) TEM illustrate the dis-
ruption of spheres with CaCl2 solution (c = 3.0 mmol L−1 in methanol : water (1 : 1 v/v)) and NaCl solution (c = 3.0 mmol L−1 in methanol : water (1 : 1
v/v)) resulting in microscopic transformation to aligned nanofibers respectively under ambient conditions.
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mental conditions employed for the microscopy study of P1 in
aqueous methanol. The average width of the nanorod observed
by SEM analysis is 500 nm, whereas in TEM images these
nanorods have a width ranging from 150 nm to 700 nm.

Furthermore, the spherical morphology was also studied by
entrapment of a fluorescent dye rhodamine B and alkali metal
salt-prompted disruption. Fig. 4a clearly demonstrates the
encapsulation of rhodamine B dye under ambient conditions.
The mixed aqueous methanolic (1 : 1) solution of P1 with rho-
damine B dye29 was studied by a fluorescence microscopy
experiment. We examined disruption of these spherical aggre-
gates by a salt-induced disruption study using CaCl2 and NaCl
solutions. A few examples have been reported in the literature
which describe the interaction of cations to the aromatic resi-
dues of aromatic amino acids in peptides, which result in mor-
phological changes.30 Interestingly, in our experiment, we
observe the cation-responsive morphological transformations
of peptide P1 (Fig. 4 and S7†). Morphological transformation
of peptides by external stimuli has been also demonstrated by
several groups.31,32 In our study, spherical aggregates were rup-
tured simply by adding CaCl2 and NaCl solutions (3.0 mmol
L−1) to peptide P1 (3.0 mmol L−1) in a methanol–water (1 : 1)
solution. SEM and TEM studies revealed that the rapture of
spheres prompted the formation of a bunch of aligned minera-
lized nanofibrillar architectures (Fig. 4b–e). Biologically impor-
tant metal ions have an essential role to stabilize the higher-
order self-assembled structures made up of biopolymers, by
which many important biochemical tasks can be executed.
The mineralization and interaction of biocompatible metal
ions on the surface of peptide-assemblages have been demon-
strated and could also show promising applications in biotech-
nology and material sciences.33 Stupp et al. recently illustrated
the alignment of peptide amphiphilic nanofibers, which can
be driven by a thermal pathway.34 Tovar et al. also demon-
strated the formation of aligned nanofibers of π-conjugated
polydiacetylene-peptide amphiphiles by an extrusion tech-
nique.35 Our results depict the accumulations of aligned
mineralized nanofibers from spheres resulting from disrup-
tion of alkali metal salt under ambient conditions. Depending
on the nature of cations (Ca2+ or Na+), spheres transform into
size variable nanofibers. SEM results of the CaCl2 disruption

study (Fig. 4b) demonstrate the generation of elongated fibers.
The average width of the fibers is found to be 660 nm and the
length of the fibers is several micrometers. Fig. 4c shows SEM
results of the NaCl disruption study, which illustrates the
accumulation of a fibrous-architecture with an average width
of 500 nm with several micrometers in length. In addition,
TEM images (Fig. 4d and e) also support the transformation of
spheres to fibers. The average width of nanofibers is 825 nm
and 160 nm which result from the CaCl2 and NaCl disruption
study respectively. Mineralization of peptide nanofibers by
metal ions was supported by EDX analysis (Fig. S8†).36

Fig. 5 depicts morphological features of peptide P2 in
methanol–water (1 : 1) and peptide P3 in THF–water (1 : 1) sol-
vents. The SEM image of peptide P2 shows helical nanofibril-
lar structures having an average diameter of 40 nm. These
helical nanofibers twisted again and formed a more wide
twisted nanofibrillar architecture (Fig. S9†). It is well known
that supramolecular chirality of nanostructures is gained from
molecular chirality and self-assembly of chiral building
blocks.37 SEM observation of peptide P3 in the THF–water
(Fig. 5b) solvent exhibits elongated and cross-linked nano-
fibrillar structures. The average width of these nanostructures
is found to be 200 nm with several micrometers in length.
Transmission electron microscopy images of peptide P3 in
THF–water (Fig. 5c) demonstrate the presence of cross-linked
nanofibrillar aggregation which is similar to that of the SEM
analysis of peptide P3. TEM results are in accordance to that of
the SEM results with an average width of 200 nm and several
micrometers in length of peptide P3 nanostructures.

Thus, from all the morphological results, it is noted that
the hydrophobicity (contribution of the side chain) of the amino
acids and the solvent polarity play an important role in morpho-
logical diversity. The presence of external stimuli such as metal
ions is also responsible for molecular packing at the supramole-
cular level and the formation of tunable nanostructures.14a,38

Conformational analysis of peptides in solid state

The results obtained by 2D NMR studies as reported above
clearly revealed the double-turn conformation of peptides in
CDCl3. However, we were enthused to probe the conformation-
al analysis and supramolecular structure of these synthesized

Fig. 5 Electron microscopy analysis shows twisted nanofibers and nanorod like morphology of peptides P2 and P3. Image (a) SEM illustrates the
formation of twisted nanofibers, which are organized for P2 in methanol : water (1 : 1 v/v, c = 3.0 mmol L−1). Images (b) SEM and (c) TEM showing
the formation of a nanorod like structural design, which are organized from P3 in THF : water (1 : 1 v/v, c = 3.0 mmol L−1).
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peptides in a solid state. In this regard, we attempted to grow
crystals of P1–P3 in various combinations of solvents. Diffrac-
tion possible good quality single crystals were obtained from
the slow evaporation of P1 in DMSO and isopropanol solutions
and P2 and P3 crystals were grown from methanol/water mix-
tures. Peptides P1 and P2 were crystallized with four peptide
molecules named molecule A, molecule B, molecule C and
molecule D in the asymmetric unit, whereas peptide P3 was
crystallized with two peptide molecules named molecule A and
molecule B in the asymmetric unit (Table S2†).

Fig. 6–8 depict atomic resolution conformations of peptides
P1, P2 and P3. In spite of being different at the third position
in all three peptides (P1–P3) a C12/C10 double turn hydrogen-
bonded folded fashion was found in all three cases. Solid-state
structures of P1, P2 and P3 reveal 12-membered unusual 1 ← 4
type hydrogen-bonding interactions between CvO (Boc, i)
⋯H–N (3, i + 3). The C12 H-bond is located between (Boc)
CvO⋯H–N(Xaa = Phe for P1, Xaa = Leu for P2 and Xaa = Tyr
for P3). The gem dialkyl substitution at Cβ position of Gpn
restricts the torsion angles of Cγ–Cβ (θ1), C

β–Cα (θ2) to about ±
60° (Table S3†), which facilitate the formation of the C12

hydrogen-bonded turn.

In addition to the C12 H-bonded turn, there is one more
10-membered hydrogen-bonded β-turn, observed in each mole-
cule of P1, P2 and P3. This additional C10 H-bonded turn is
formed adjacent to the C12 H-bonded turn due to the inter-

Fig. 6 Crystal structure of P1 displaying a C12/C10 hydrogen-bonded double turn conformation and four molecules observed in the asymmetric
unit, named as molecule A, molecule B, molecule C and molecule D. Hydrogen atoms are removed for clarity. Hydrogen-bonds are shown as dotted
lines.

Fig. 7 Crystal structure of P2 displaying a C12/C10 hydrogen-bonded double turn conformation and four molecules observed in the asymmetric
unit, named as molecule A, molecule B, molecule C and molecule D. Hydrogen atoms are removed for clarity. Hydrogen-bonds are shown as dotted
lines.

Fig. 8 Crystal structure of P3 displaying a C12/C10 hydrogen-bonded
double turn conformation and two molecules observed in the asym-
metric unit, named as molecule A (along with one water molecule) and
molecule B (along with one water molecule). Hydrogen atoms are
removed for clarity. Hydrogen-bonds are shown as dotted lines.
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action between (Gpn(1))CvO⋯H–N(Aib(4)) which is located
over the Aib(2)-Xaa(3)-Aib(4) ααα segment. Torsion angles of
peptides P1, P2 and P3 in crystal structures are summarized in
Table S3.† Four individual molecules of P1 and P2 and two
individual molecules of P3 in the asymmetric unit are folded
into a C12/C10 hydrogen-bonded double turn conformation.
These 12-atom hydrogen-bonded conformations can be viewed
as expanded 10-membered hydrogen-bonded C10 turn which is
found in α-polypeptides.15 C10 hydrogen-bonded units in P1–
P3 form β-turn conformations. The segment Aib(2)-Phe(3)-
Aib(4) of P1 forms type I′ β-turn, type I β-turn, type I β-turn and
type I′ β-turn in molecules A, B, C and D respectively. The
segment Aib(2)-Leu(3)-Aib(4) of P2 forms a type I β-turn, type
III′ β-turn, type I β-turn and type III′ β-turn in molecules A, B,
C and D respectively. Moreover, Aib(2)-Tyr(3)-Aib(4) forms type
III′ β-turn and type I β-turn in molecule A and molecule B
respectively in P3.6f Type I/I′ and Type III/III′ turns are closely
associated with each other.6f,15

Molecular packing in supramolecular level

Short synthetic peptides can be self-assembled to form supra-
molecular motifs like supramolecular helices and double
helices.3,4a,39,40 Peptides are assembled at the supramolecular
level to give interesting structural motifs in crystals and solu-
tion phase. Here, the reported three peptides P1, P2 and P3
give double turn conformations in crystal structures and
further self-assemble to form diverse supramolecular helical
architectures (Fig. 9–11).

In the crystal structure of P1, the independent peptide
molecules are self-assembled through intermolecular hydro-

Fig. 9 The packing diagram and supramolecular helical view of peptide
P1 in the crystal structure. (a) Molecule A (green colour) and molecule B
(dark blue colour) are aligned and stacked with one on top of the other
to form supramolecular helices. (b) Supramolecular helices formed by
molecule C (purple colour) and molecule D (sky blue colour). Hydrogen
atoms are removed for clarity. Hydrogen-bonds are shown as dotted
lines.

Fig. 10 Supramolecular helical architecture of peptide P2 in solid state. Supramolecular helical architecture formed from (a) molecule A, (b) mole-
cule B, (c) molecule C and (d) molecule D. Hydrogen atoms are removed for clarity. Hydrogen-bonds are shown as dotted lines.
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gen-bonds and various non-covalent interactions to form
highly ordered supramolecular helical structures (Fig. 9). Mole-
cules A and B, and molecules C and D in the asymmetric unit
are co-ordinated via two different intermolecular hydrogen-
bonds along the b- and a-axis. These inter-molecular H-bonds
originate between Aib(4) CvO of molecule A and H–N Gpn(1)
of molecule B, Aib(2) CvO of molecule D and H–N Aib(2) of
molecule C. In higher order self-assembly, molecules A and B
are aligned and stacked to form supramolecular helical archi-
tectures using inter-molecular hydrogen-bonds. Similarly,
molecules C and D are aligned and stacked to form a supra-
molecular helix using repeated inter-molecular H-bonds which
originate between Aib(4) CvO of molecule C and H–N Gpn(1)
of molecule D, Aib(2) CvO of molecule D and H–N Aib(2) of
molecule C. The supramolecular helical assembles formed by
molecules A, B and molecules C, D are interconnected via
inter-molecular H-bonds. The peptide subunits in each supra-
molecular helical structure preserve proper registry and sub-
sequently these supramolecular helical structures are self-
associated to form higher ordered structures by inter-mole-
cular hydrogen-bonds and other non-covalent interactions.

Close investigation of the crystal structure of P2 reveals that
double bended peptide subunits are organized to form supra-
molecular helices through several intermolecular hydrogen-
bonds (Fig. 10). Molecules A, B and C, D are co-ordinated in a
head to tail fashion by two types of intermolecular H-bonds in
the asymmetric unit along the c-axis (Table 2). These H-bonds
are Aib(4) CvO of molecule A/B/C/D with H–N Gpn(1) of mole-
cule B/A/D/C. In the higher order self-assembly, molecule A is
coordinated with the other adjacent molecule A using repeated
inter-molecular hydrogen bonds to form a supramolecular
helix along the b-axis. Similarly molecule B, C and D individu-
ally co-ordinate to form a supramolecular helix by inter-
molecular H-bonds.

A doubly hydrated crystal structure is revealed for peptide
P3, which was grown in a methanol–water solution. Two water
molecules are crystallized in the asymmetric unit along with
two peptide molecules namely molecules A and B. The individ-
ual molecules A and B are connected in a head to tail fashion
with two inter-molecular hydrogen-bonds. These H-bonds are
Aib(4) CvO of molecule A/B with H–N Gpn(1) of molecule B/A.
Simultaneously molecules A and B interact with water mole-
cules using Aib(2)CvO and H–O (water) co-ordinates. The
solid state structure of P3 reveals that double turn structures of
peptide subunits are orderly organized by several inter-
molecular hydrogen-bonds to form highly ordered supramole-
cular helical motifs along the crystallographic b axis (Fig. 11).
Previous reports have shown that water molecules play an
important role to form and stabilize supramolecular helical
structures in short peptides.39b The crystal structure of P3
shows interesting supramolecular assemblies (Fig. 11 and
S10†), which are generated by the regular alignment of each
peptide subunit and water molecules through various potential
non-covalent interactions. Fig. 11 clearly explains that mole-
cules A or B individually stack one on top of the other via
inter-molecular hydrogen-bonds along the crystallographic b
axis. These supramolecular helical structures are generated by
the linear-association of molecules A and B through Tyr(3)
CvO⋯H–N Aib(2) intermolecular hydrogen-bond interactions
along the crystallographic b axis. Phenolic O–H functionality
of Tyr(3) in P3 is inter-molecularly hydrogen-bonded with
water molecules (Table 2). The side chain phenolic O–H func-
tionality of Tyr(3) in P3 plays an important role in the for-
mation of supramolecular arrays via interactions between the
peptide molecules and water molecules. The individual supra-
molecular strands (helical strand formed by molecules A and
B) are further associated by intervening bridged water mole-
cules through various H-bond interactions to form higher
order supramolecular assemblies. From this supramolecular
investigation, we noticed that peptides P1, P2 and P3 self-
assemble to form diverse supramolecular architectures using
various non-covalent interactions. Molecules A, B or C, D of
peptide P1 collectively self-assemble to form a supramolecular
helix along the b- and a-axis. Whereas, peptide P2 subunits
(molecules A, B, C and D) are individually interconnected to
form a supramolecular helix along the b-axis. Interestingly,
peptide P3 forms a highly ordered supramolecular architecture

Fig. 11 A higher order packing diagram of peptide P3 showing for-
mation of supramolecular helices along the crystallographic b axis.
Supramolecular helices individually formed by the linear-association of
molecules A and B by stacking with one on top of the other. These
supramolecular helices are self-associated to form higher order archi-
tecture. Hydrogen atoms are removed for clarity. Hydrogen-bonds are
shown as dotted lines.
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where phenolic –OH side chain functionality and bridged
water molecules play an important role to stabilize such well-
organized and packed supramolecular helices. The side chain
orientations of the third residue in peptides P1–P3 and non-
covalent interactions among side chains and neighbor mole-
cules at the supramolecular level are responsible for diverse
supramolecular architectures.

Conclusion

In summary, we have synthesized and demonstrated the struc-
tural propensities of Gpn containing hybrid peptides P1–P3 by
2D-NMR spectroscopy and single crystal X-ray diffraction
studies. The 2D NMR analysis reveals that double turn confor-

mations are being adopted via C12 and C10 intramolecular
hydrogen-bonds. The crystal structure also reveals a double
turn folded conformation adopted by hybrid peptides P1–P3,
irrespective of their third amino acid residue. The confor-
mationally rigid unnatural amino acids (α-aminoisobutyric
acid and gabapentin) induce the reported peptide backbones
to adopt into a folded double turn C12/C10 hydrogen-bonded
conformation. The reported peptides P1–P3 display diversity in
supramolecular and morphological propensities in solid as
well as solution states, which is attributed to the backbone
side chain variation at the third position of the peptide
sequence. The circular dichroism studies show distinct CD pat-
terns for peptides P1–P3 in an aqueous methanol medium
which can be attributed to the third residue side-chain effect.
Both scanning and transmission electron microscopy obser-

Table 2 Hydrogen bond parameters of peptide P1, P2 and P3

Peptide Type of hydrogen-bond D–H⋯A H⋯A (Å) D⋯A (Å) ∠D–H⋯A (°)

P1
Molecule A Intramolecular N014–H014⋯O001 2.02 2.74 142.0

N1A–H1A⋯O00M 2.20 3.02 160.5
Intermolecular N1C–H1C⋯O00B 2.26 2.88 128.7

N00X–H00X⋯O00Y 2.07 2.92 169.0
Molecule B Intramolecular N1W–H1W⋯O016 2.07 2.88 158.2

N1E–H1E⋯O005 2.30 3.11 156.6
Intermolecular N2K–H02V⋯O00H 2.15 2.86 139.5

N011–H011⋯O008 2.06 2.91 172.3
Molecule C Intramolecular N1T–H1T⋯O01L 2.02 2.83 156.0

N2P–H2P⋯O006 2.29 3.10 156.4
Intermolecular N1J–H1J⋯O00S 2.30 2.94 131.5

N2T–H2T⋯O009 2.10 2.95 170.1
Molecule D Intramolecular N1Q–H1Q⋯O003 2.00 2.72 141.2

N2Z–H2Z⋯O00K 2.24 3.03 152.7
Intermolecular N2J–H2J⋯O01A 2.41 2.97 123.0

N2O–H2O⋯O00L 2.07 2.92 168.3
P2
Molecule A Intramolecular N00N–H00N⋯O00S 1.98 2.75 149.0

N00U–H00U⋯O008 2.15 2.93 150.0
Intermolecular N1A–H1AA⋯O00R 1.95 2.81 178.5

N012–H012⋯O00O 2.06 2.91 172.0
Molecule B Intramolecular N00K–H00K⋯O00C 2.10 2.94 166.0

N014–H5⋯O007 2.42 3.04 173.4
Intermolecular N012–H012⋯O00O 2.06 2.91 172.0

N1A–H1AA⋯O00R 1.95 2.81 178.5
Molecule C Intramolecular N00P–H00P⋯O005 2.07 2.90 160.0

N00Z–H00Z⋯O001 2.19 2.97 152.3
Intermolecular N013–H013⋯O01M 2.04 2.88 166.0

N1U–H1U⋯O004 2.00 2.84 166.0
Molecule D Intramolecular N00X–H00X⋯O010 1.99 2.80 160.0

N00Y–H2⋯O00E 2.09 3.04 162.6
Intermolecular N1U–H1U⋯O004 2.00 2.84 166.0

N013–H013⋯O01M 2.04 2.88 166.0
P3
Molecule A Intramolecular N3–H3⋯O6 1.99 2.73 144.5

N4–H4⋯O5 2.17 2.88 139.1
Intermolecular N1–H1⋯O13 2.06 2.92 176.0

N2–H2⋯O3 2.23 2.97 143.6
Solvent mediated O17–H17⋯O20W 2.00 2.73 146.5

O20W–H501W⋯O4 2.30 2.75 109.6
Molecule B Intramolecular N7–H7⋯O9 2.15 2.94 160.1

N8–H8⋯O10 2.29 3.03 144.2
Intermolecular N5–H5⋯O2 2.23 3.05 158.6

N6–H6⋯O12 2.18 2.97 152.3
Solvent mediated O18–H18⋯O50W 2.01 2.77 155.7

O50W–H60W⋯O11 1.91 2.78 161.2
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vations demonstrate solvent dependent self-assembled mor-
phological features as well as morphological transformations
by biocompatible metal ions such as Ca2+ and Na+ under
ambient conditions. The designed hybrid peptides constructed
from proteolytically stable and conformationally rigid Gpn and
α-aminoisobutyric acid and their nanostructural features may
find useful applications in nanoscience and nanotechnology.

Experimental section
X-ray crystallography

Crystallographic data for all three compounds were collected
on a Rigaku FRX microfocus rotating anode (3 kW) at the
copper Kα edge equipped with a Dectris Pilatus 200 K hybrid
detector. Structures were solved using SHELXD (structure P1)
and SHELXT (structures P2 and P3). All data were processed
with the CrystalClear suite version 2.1b25. The structures were
refined using SHELXL 2014 version.41 Full-matrix least-squares
refinement was performed on F2 for all unique reflections,
minimizing w(Fo

2 − Fc
2)3, with anisotropic displacement para-

meters for non-hydrogen atoms. All H atoms found in differ-
ence electron-density maps were refined freely, all the others
were treated as riding on their parent C or N atoms. Data stat-
istics are reported in the Table S1† and cif files. Although the
structure of peptide P1 can be solved in the monoclinic P21
space group with two molecules in the ASU, this structure was
finally refined in the triclinic P1 space group with four mole-
cules in the ASU leading to more accurate thermal motion
parameters and better overall refinement statistics. Crystallo-
graphic data of P1, P2 and P3 have been deposited with the
CCDC: 1054010 (P1), 1463837 (P2) and 1054011(P3).

Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectra were obtained on a Jasco J-815
spectropolarimeter. Spectra were measured between 300 to
190 nm with 0.1 nm data pitch, 1 nm bandwidth, 20 nm
min−1 scanning speed and a response time of 1 s. A quartz cell
(Starna Scientific Ltd Hainault, UK) with a path length of
1 mm was used. Samples were prepared by dissolving the pep-
tides in methanol and diluting with water (Milli-Q) to get a
final concentration as stated in the CD spectra. Experimental
data were acquired thrice and the average data is shown.

NMR spectroscopy

All NMR spectra of peptides were recorded on a Bruker AV
400 MHz spectrometer at 298 K. The concentrations were in
the range of 1–10 mmol L−1 in CDCl3 and DMSO-d6 for

1H and
13C-NMR. The concentration for DMSO titration studies was
20 mmol L−1 and for 2D-NMR experiments was 30 mmol L−1.
Chemical shifts were expressed in parts per million (ppm, δ)
relative to residual solvent protons as internal standards
(CHCl3: δ 7.26, DMSO: 2.50 for 1H, CHCl3: δ 77.00, DMSO:
39.50 for 13C). 1H-NMR multiplicities were designated as
singlet (s), doublet (d), triplet (t), quartet (q) multiplet (m) and
broad singlet (bs). 1H NMR spectra assignments of three pep-

tides were achieved by using a combination of 2D COSY and
ROESY experiments. All the ROESY NMR experiments were
recorded at 298 K with a mixing time of 200 ms.

Microscopy study

Peptide solutions were prepared by mixing of 1.8 mg of P1 and
1.7 mg of P2 respectively in 0.5 mL of methanol in individual
vials. Peptides were completely dissolved by shaking. Distilled
water (Milli-Q water) was added to 0.5 mL of peptide solutions
to set the final peptide concentration to 3 mmol L−1 and
allowed to stand at room temperature for 30 minutes for SEM
analysis. Peptide solutions were also prepared by mixing
1.8 mg of P1 and 1.85 mg of P3 respectively in 0.5 mL of tetra-
hydrofuran. Peptides were completely dissolved by shaking.
The peptide solutions were added to 0.5 mL of pre-cooled vigo-
rously stirring distilled water (Milli-Q water) in another three
sets of vials. The final concentration of peptide solutions was
set to 3 mmol L−1 and allowed to stand at room temperature
for 30 minutes for microscopy analysis.

CaCl2 and NaCl solutions (6 mmol L−1) were prepared in
methanol : water (1 : 1 v/v). 0.5 mL of the prepared salt solu-
tions was added separately to the freshly prepared 0.5 mL of
peptide P1 (6 mmol L−1) in methanol : water (1 : 1 v/v). Thus,
the final concentrations of salt-peptide mixed solutions were
set to 3 mmol L−1 and allowed to stand at room temperature
for 30 minutes. 100 μL of prepared peptide solutions was drop-
casted on clean and dried glass slides and they were allowed to
dry in air at room temperature followed by microscopy
measurements. The self-assembled peptide samples were
drop-casted on a glass slide, coated with gold and measured
SEM was performed on a Carl Zeiss Microscope (model-Supra
55). Transmission electron microscopy images were taken
using a PHILIPS electron microscope (Model: CM 200), oper-
ated at an accelerating voltage of 200 kV. The self-assembled
peptide samples were dried on carbon-coated copper grids
(300 mesh) by slow evaporation in air and then allowed to dry
separately in vacuum at room temperature.

Fluorescence microscopy study

Peptide P1 was dissolved in 1 mL of rhodamine B
(0.0312 mmol L−1) in a methanol–water (1 : 1 v/v) solution to
make a final concentration of 3 mmol L−1. The solution was
kept at room temperature for 3 h. From this prepared solution,
20 μL was drop-casted on a clean and dried cover slip. The
sample was allowed to dry in air at room temperature, followed
by fluorescence microscopy measurements. Fluorescence
microscopy experiments were performed on a home-built epi-
fluorescence microscopy set-up. An air-cooled argon ion laser
(Melles Griot, model 400-A03) with an excitation wavelength of
488 nm was used to excite the spherical structure sample
placed on an inverted microscope (Nikon, model Eclipse Ti–
U). The laser beam was expanded and subsequently focused
on the back-focal plane of an oil immersion objective (100 ×
1.49 NA Nikon) to illuminate a 60 × 60 μm2 area of the sample.
The PL from the sample was recorded by a B2A filter cube
(Nikon) with a 505 nm dichroic mirror and a 520 nm long-pass
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filter and finally imaged with a back-illuminated EMCCD
camera (Andor, model iXon X3 897) at an exposure time of
300 ms. The images were analyzed with ImageJ (Version 1.46r)
NIH.

Polarimeter measurement

Specific rotations of reported peptides were measured on an
Autopol® V automatic polarimeter (Rudolph research analyti-
cal). The cell with length = 100 mm and capacity = 2 mL was
used for this study at 20 °C.

FT-IR spectroscopy

FT-IR spectroscopy of all reported peptides was performed
using a Bruker (Tensor-27) FT-IR spectrophotometer. The KBr
pellet technique was used and scanned between 500 cm−1 to
4000 cm−1 over 64 scans at a resolution of 4 cm−1 and at an
interval of 1 cm−1.

Mass spectrometry

Mass spectra were recorded on a Bruker micrOTOF-Q II by
positive-mode electrospray ionization.
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