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Abstract
Gamma-aminobutyric acid (GABA, gammaAbu), an unsubstituted gamma-amino acid, is an important inhibitory neurotransmitter in the mammalian brain. The role of GABA in the treatment of epilepsy has triggered a great deal of interest in
substituted gamma-amino acids, which may serve as GABA analogs, acting as inhibitors of GABA aminotransferase. Pregabalin (Pgn), a well-known antiepileptic drug, is also a beta-substituted gamma3-amino acid. Pregabalin and gamma4Leu,
an isomer of the pregabalin (Pgn) residue, both carrying the same isobutyryl group in the side chain, were introduced in
the present study to have a comparison of their respective conformational differences as well as their role in influencing the
overall conformation of the peptides, they are inserted in. Two alpha–gamma–alpha–alpha–alpha hybrid pentapeptides were
designed that contain Aib-Pgn and Aib-gamma4Leu segments at the N terminus. The study provides a detailed analysis
of the conformational properties and non-covalent interactions observed in the crystal structures of two polymorphs of the
pentapeptide monohydrate, Boc-Aib-(S)Pgn-Leu-Phe-Val-OMe ( C38H63N5O8·H2O) and the isomeric pentapeptide, Boc-Aibgamma4(R)Leu-Leu-Phe-Val-OMe (C38H63N5O8), obtained from single crystal X-ray diffraction experiments.
Keywords γ-residues · Hybrid-peptides · Conformational analysis · X-ray diffraction

Introduction
γ-Aminobutyric acid (GABA, γAbu) is an important
neurotransmitter in the brain. The importance of regulating the levels of glutamate and GABA, in the treatment
of epilepsy, has generated a great deal of interest in the
development of substituted γ-amino acids, which may
serve as GABA analogs, acting as inhibitors of GABA
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aminotransferase. Gabapentin (Neurontin) was among the
first γ-amino acids to be introduced as a therapeutic (Nanavati and Silverman 1989). Pregabalin (Lyrica, β isobutyric
GABA) was first developed by Silverman and successfully introduced as an antiepileptic drug (Silverman 2008).
More recently, Vigabatrin (γ-vinyl-GABA, Sabril) has
been introduced specifically for the treatment of infantile
spasms. Recent interest in vigabatrin has been stimulated
by the observation that it prevents cocaine addiction in
experimental animals (Silverman 2012). The availability
of these GABA analogs as bulk drugs provides an opportunity to use these novel γ-amino acid residues in exploring
the conformational properties of designed peptides. In earlier studies from this laboratory, the gabapentin (Gpn) residue which is a symmetric β,β disubstituted γ-amino acid
was extensively used to explore the conformational properties of peptides in which conformational biases have been
introduced at the γ residues (Vasudev et al. 2009, 2011).
The studies on γ4 monosubstituted γ residues like γ4(R)
Val and γ4(R)Leu in homo and hybrid peptides yielded C12
and C14 helices (Hanessian et al. 1998; Hintermann et al.
1998; Seebach et al. 2004; Jadhav et al. 2013; Basuroy
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et al. 2012, 2013a, b; Sonti et al. 2014). To explore the
consequences of introducing a single substituent at the β
position in γ residue, we look at pregabalin (Pgn), which
is a γ3 residue, with a leucine side chain (isobutyryl group)
substituted at the β position. Two groups have independently characterized crystalline, chiral (S) pregabalin by
single crystal X-ray diffraction (Venu et al. 2007; Samas
et al. 2007). Both these studies have shown the existence
of pregabalin in zwitterionic form in the crystal structures.
A crystal structure of vigabatrin has also been reported
(Haramura et al. 2004).
In earlier studies reported from our laboratory, two distinct local conformations of the αγ segment were observed
in peptides containing the Aib-Gpn unit. In the case of
the octapeptide Boc-(Gpn-Aib) 4-OMe, a αγ C 12 helix
was established in crystals by X-ray diffraction (Chatterjee et al. 2009). In sharp contrast, the αγ segment in the
octapeptide Boc-Leu-Phe-Val-Aib-Gpn-Leu-Phe-Val-OMe
adopted a non-helical C
 12 turn conformation resulting in
the characterization of a β-hairpin structure, facilitated by
a central αγ turn. It was, therefore, of interest to examine
the conformational properties of peptides containing the
Aib-Pgn segment, since pregabalin is much less conformationally constrained than gabapentin (Gpn). To study
the influence of γ-amino acids on the backbone conformations in hybrid sequences, we designed two pentapeptides containing Aib-Pgn and Aib-γ 4Leu segments at
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the N terminus. γ 4Leu is an isomer of the Pgn residue
(Scheme 1). The crystal structures of two polymorphs,
1 and 1a, of the pentapeptide monohydrate, Boc-Aib-(S)
Pgn-Leu-Phe-Val-OMe (CH3863N5O8.H2O) and the isomeric pentapeptide, Boc-Aib-γ4(R)Leu-Leu-Phe-Val-OMe
(C38H63N5O8), are described.

Materials and methods
Peptide synthesis
The amino acid (S)-pregabalin is generous gift from
Dr. K. Ananda, Matrix Laboratory, Hyderabad, and the
amino acid Boc-γ 4(R)Leu-OH was synthesized by previously described procedures (Hintermann et al. 1998;
Pluncinska and Liberek 1987; Brenner and Seebach
1999; Dinesh et al. 2012). Peptides 1 and 2 were synthesized by classical solution phase chemistry using N,N′dicyclohexylcarbodiimide (DCC)/1-hydroxybenzotriazole
(HOBt) as the coupling reagent following established procedures (Hintermann et al. 1998; Pluncinska and Liberek
1987; Brenner and Seebach 1999; Dinesh et al. 2012).
N and C termini were protected as the t-butoxycarbonyl
(Boc) and methyl ester (OMe) groups, respectively. Deprotections were achieved by using formic acid to cleave the
Boc group and saponification to convert C terminal esters
to free acid. The final target peptides 1 and 2 were purified
by reversed-phase medium pressure liquid chromatography
(C18, 40–60 μ) with methanol/water mixtures for elution.
The peptides were characterized by electrospray–ionization mass spectrometry (ESI–MS) on a Bruker Daltonics
Esquire mass spectrometer and by complete assignments
of 500 MHz 1H NMR spectra. ESIMS: peptide 1, 783.50
[M + H]+ and 2, 783.22 [M + H]+ (Mcal, 782.41 Da).

X‑ray diffraction

Scheme 1  Chemical structure of a pregabalin b γ4Leu c, d definition
of the backbone torsion angles in the pregabalin and γ4Leu residue
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The crystals of peptides 1 and 2 were obtained by slow
evaporation from ethyl acetate/petroleum ether and methanol/water mixture, respectively, while the polymorph of
peptide monohydrate 1, 1a was obtained from methanol/
water mixture. X-ray diffraction data were collected using
MoKα (λ = 0.71073 Å) radiation on a Bruker AXS KAPPA
APEXII CCD diffractometer. Data collection was carried
out in phi and omega scan-type mode using dry crystals
at room temperature. The structure of peptide monohydrate 1 was solved by using direct-phase determination
in SHELXS-97 (Sheldrick 1997). Peptides 1a and 2,
were solved using iterative dual-space direct methods in
SHELXD (Schneider and Sheldrick 2002), which combines ‘peak list optimization’ with the ‘minimal function’
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involving dual-space recycling. The initial structures were
refined against F2 isotropically, followed by full-matrix
anisotropic least-squares refinement using SHELXL-97
(Sheldrick 1997, 2008). The high quality of the diffraction data enabled the location of many hydrogen atoms
in peptides, directly from the difference Fourier maps.
In the case of peptide 1, hydrogen atoms bonded to the
water molecule, nitrogen atoms, and C4A, C5A, C2E, and
C5B were located from difference Fourier maps. In the
case of peptide monohydrate 1a, Molecule-1, hydrogen
atoms bonded to nitrogen atoms, C2G, C2B, C2A, C2D,
C2E, C3A, C4B, C5A, C5B and in Molecule-2 hydrogen
atoms bonded to nitrogen atoms, C2G′, C2B′, C2A′, C3A′,
C3B′, C4A′, C4B′, C5A′, C5B′ were located from difference Fourier maps. For peptide 2, hydrogen atoms bonded
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to nitrogen atoms, C2G, C2B, C2A, C2D, C2E, C3A, C3B,
C3G, C4A, C4B, C5A, C5B were located from difference
Fourier maps. The rest of the hydrogen atoms in all these
peptides were fixed geometrically, in idealized positions,
and allowed to ride with the respective carbon atom to
which they were bonded, in the final cycles of refinement.
In peptide monohydrate 1, the N terminus t-butyl moiety
of the Boc group was disordered, which was treated with
the partial occupancy ratio of 0.83:0.17. In peptide monohydrate 1a, the side chain of the (S)Pgn residue in Molecule-2 exhibited positional disorder in crystals with the
occupancy ratio of 0.57:0.43. In these cases of positional
disorder in the structures of 1 and 1a, proper distance and
angle constraints/restraints were used to get chemically
meaningful geometries of the disordered groups. The
details of the crystal data and structure refinement parameters are listed in Table 1. Crystallographic information

Table 1  Crystal data and structure refinement parameters for peptides 1, 1a, and 2

Empirical formula
Crystal habit
Crystal size (mm)
Crystallizing solvent
Space group
a (Å)
b (Å)
c (Å)
β (°)
Volume (Å3)
Z/Z′
Co-crystallized solvent
Molecular weight
Calculated density (g/cm3)
F (000)
Radiation
Temperature (°C)
θ range (º)
Scan type
Measured reflections
Unique reflections
Observed reflections
[│F│ > 4σ(F)]
Final R/wR2 (%)
Goodness-of-fit on F2 (S)
Δρ max/Δρ min (e.Å-3)
No. of restraints/parameters
Data-to-parameter ratio

Peptide 1

Peptide 1a

Peptide 2

C38H63N5O8 + H2O
Thin plate
0.53 × 0.13 × 0.02
Ethyl acetate/petroleum ether
P212121
10.7714(4)
16.4014(6)
24.4748(9)

C38H63N5O8
Rectangular plate
0.32 × 0.10 × 0.07
Methanol/water
P212121
9.960(2)
18.660(2)
22.882(4)

4323.9(3)
4/1
H2O
717.94 + 18.01
1.131
1600
Mo Kα (λ = 0.71073 Å)
23
1.49–28.30
ω and ϕ
74,489
5954
3466

C38H63N5O8 + H2O (O)
Thin plate
0.20 × 0.10 × 0.02
Methanol/water
P21
10.4285(5)
18.7195(9)
22.488(1)
94.117(3)
4378.4(4)
4/2
H2O (O)
717.94 + 15.99
1.113
1592
Mo Kα (λ = 0.71073 Å)
23
1.82–29.71
ω and ϕ
70,017
12,510
4718

5.54/16.40
1.019
0.414/− 0.193
43/550
6.30:1

7.29/21.94
0.987
0.423/− 0.264
140/1134
4.16:1

5.93/17.08
0.966
0.240/− 0.204
13/560
4.92:1

4252.8(1)
4/1
None
717.94
1.121
1560
Mo Kα (λ = 0.71073 Å)
23
1.78–29.63
ω and ϕ
26,165
6543
2755

Peptide 1: Boc-Aib-(S)Pgn-Leu-Phe-Val-OMe (Form-I)

Peptide 1a: Boc-Aib-(S)Pgn-Leu-Phe-Val-OMe (Form-II)
Peptide 2: Boc-Aib-γ4(R)Leu-Leu-Phe-Val-OMe
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files are deposited at the Cambridge Crystallographic
Data Centre with the deposition numbers 971416 (peptide
monohydrate 1), 971417 (peptide monohydrate 1a), and
971418 (peptide 2). These data can be obtained from the
Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

Results and discussions
Molecular conformation
The pregabalin containing pentapeptide monohydrate,
Boc-Aib-(S)Pgn-Leu-Phe-Val-OMe crystallized in two
polymorphic forms (1 and 1a). Pentapeptide monohydrate
1 crystallized from ethyl acetate/petroleum ether mixture,
in the orthorhombic space group P212121 with one molecule along with one co-crystallized water molecule. The
polymorphic form 1a crystallized from a methanol/water
mixture, in the monoclinic space group P21, with two molecules in the crystallographic asymmetric unit with two
water molecules. The γ4(R)Leu containing peptide, BocAib-γ4(R)Leu-Leu-Phe-Val-OMe (Peptide 2), crystallized
from a methanol/water mixture, in the orthorhombic space
group P212121, with one molecule in the crystallographic
asymmetric unit.
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Figure 1 shows the molecular conformation of peptides
in crystals. All the peptides adopt a helical conformation
stabilized by a mixture of C
 12/C10 hydrogen bonds. The
torsional angles and hydrogen bond parameters are listed
in Tables 2 and 3, respectively. In peptide monohydrate 1,
the helical conformation is stabilized by two successive
C12 hydrogen bonds followed by a single C 10 hydrogen
bond. The two C12 hydrogen bonds are formed between
αγ and γα segment involving Aib(1)-(S)Pgn(2) and (S)
Pgn(2)-Leu(3) segments. The C
 10 hydrogen bond formed
between Leu(3)-Phe(4) segment, results in a C12/C12/C10
intramolecular hydrogen bonding pattern. The C
 10 hydrogen bond, involving the Leu(3)-Phe(4) segment, corresponds to a Type-I β-turn: Leu (3) ϕ i + 1 = − 56.7º (≈
− 60º), ψi + 1 = -37.6º (≈ − 30.0º); Phe (4) ϕi + 2 = − 99.2º
(≈ − 90.0º), ψi + 2 = 12.1º (≈ 0.0º). The water molecule
which is located near the C terminus, bridges the carbonyl
groups of Leu(3) CO and Val(5) CO. The Phe(4) CO group
is not involved in any hydrogen bond formation. This is
an example of peptide helix hydration without disruption
of the intramolecular hydrogen bonds and the molecular
conformation.
In the polymorphic form 1a, the conformation was stabilized by C12 and C10 hydrogen bonds in both the molecules.
The C12 hydrogen bond at the N terminus was disturbed by
the presence of the water molecule (O1w in Molecule-A and
O2w in Molecule-B) which hydrogen bonded to the carbonyl

Fig. 1  Molecular conformation of peptides in crystals. a Peptide 1, b Peptide 1a (Molecule-1 and Molecule-2) c Peptide 2. The disordered group
is shown as broken bonds in Peptide 1 and Molecule-2 in Peptide 1a. The hydrogen bonds are shown as broken lines
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Table 3  Hydrogen bond parameters

Table 2  Torsion angles (deg)
Residue

Peptide 1

Peptide 1a
Molecule-1

Aib(1)
ϕ
– 57.1
ψ
– 34.1
ω
– 179.4
(S)Pgn (2)/γ4(R)Leu (2)
ϕ
– 118.0
57.3
θ1
59.8
θ2
ψ
– 128.8
ω
– 167.5
1
– 71.5
χ
– 62.0
χ21
175.6
χ22
Leu(3)
ϕ
– 56.7
ψ
– 37.6
ω
– 175.5
– 177.1
χ1
21
61.2
χ
178.9
χ22
Phe(4)
ϕ
– 99.2
ψ
12.1
ω
– 176.5
– 67.0
χ1
– 76.4
χ21
104.8
χ22
Val(5)
ϕ
– 62.7
ψ
145.7
ω
179.9
72.5
χ11
– 160.7
χ12

– 67.6
– 34.5
– 173.9
– 101.2
64.2
64.7
– 149.2
– 168.8
– 59.4
– 57.3
178.6
– 66.9
– 19.2
– 179.4
71.1
85.0
– 163.0
– 83.1
– 3.3
179.8
– 77.6
– 87.8
93.6
– 126.3
162.5
178.3
– 55.0
69.9
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Peptide 2
Molecule-2
– 65.7
– 36.5
– 176.4
– 99.3
67.4
63.8
– 155.0
– 169.5
– 113.3 (– 62.9)
– 53.2 (– 65.4)
167.4 (170.5)
– 68.1
– 19.5
– 177.4
70.5
97.9
– 139.2
– 85.5
– 0.1
178.5
– 70.4
– 80.4
97.4
– 119.2
165.1
177.4
– 53.3
73.3

Type

Donor Acceptor D···A
(Å)

H···A
(Å)

C=O···H C=O···D D–H···A
(°)
(°)
(°)

Peptide 1

– 65.7
– 27.7
– 177.2
– 118.7
51.0
61.0
– 128.7
– 167.8
– 64.0
– 66.6
170.5
– 59.3
– 31.6
– 172.6
– 172.8
62.8
– 175.3
– 87.0
0.6
169.0
– 63.1
– 18.4
161.8
– 59.0
– 32.4
178.0
70.0
– 165.1

For Pgn χ1 = Cγ(1)–Cβ(1)–Cδ(1)–Cε(1), χ21 = Cβ(1)–Cδ(1)–Cε(1)–
Cζ1(1) and χ22 = Cβ(1)–Cδ(1)–Cε(1)–Cζ2(1)

group of Boc CO and NH group of Leu(3). The C12 hydrogen bond is formed between Aib(1) CO···HN Phe(4) and the
C10 hydrogen bond between (S)Pgn(2) CO···HN Val(5). The
C10 hydrogen bonded between (S)Pgn(2) CO···HN Val(5),
involving the Leu(3)-Phe(4) segment, corresponds to TypeI β-turn, which is very similar to peptide 1. The backbone
superposition of both the molecules in peptide monohydrate 1a (RMSD = 0.108Å), suggests that both the molecules adopt a very similar identical molecular conformation
(Fig. 2a). Even though the location of water molecules in
peptide monohydrate 1 at the C terminus and in 1a, at the N
terminus, resulted in the loss of one C12 hydrogen bond in

Intermolecular N1

O3a

2.99

2.15

Intermolecular N2

O1wa

2.93

2.16

Intramolecular N3

O0

3.37

2.54

145.1

140.2

161.9

Intramolecular N4

O1

2.89

2.05

147.6

150.0

167.4

Intramolecular N5

O2

3.05

2.21

123.6

124.3

166.9

Peptide solvent O1w

O3

2.90

1.97

121.1

126.5

167.0

Peptide solvent O1w

O5

2.95

2.02

131.6

133.2

165.0

Intermolecular N1

O5b

2.97

2.22

118.3

119.3

145.9

Intermolecular N2

O3b

3.01

2.23

142.3

137.9

Intramolecular N3

O1w

3.00

2.17

Intramolecular N4

O1

3.02

2.18

157.6

161.6

Intramolecular N5

O2

3.18

2.33

125.2

127.8

Peptide solvent O1w

O0

2.87

1.99

152.2

Peptide solvent O1w

O4c

2.85

1.89

172.8

Intermolecular N1′

O5′d

2.94

2.14

131.8

127.8

Intermolecular N2′

O3′d

2.94

2.20

141.0

143.9

Intramolecular N3′

O2w

3.03

2.21

Intramolecular N4′

O1′

3.05

2.21

164.2

162.8

Intramolecular N5′

O2′

3.27

2.42

124.4

126.1

Peptide solvent O2w

O0′

2.92

1.98

164.6

Peptide solvent O2w

O4′a

2.81

1.86

169.1

Intermolecular N1

O5e

3.07

2.26

119.1

115.7

157.9

Intermolecular N2

O4e

3.08

2.29

166.7

162.8

151.3

Intramolecular N3

O0

3.28

2.45

148.2

145.2

161.5

Intramolecular N4

O1

2.83

1.98

143.1

146.1

165.2

Intramolecular N5

O2

3.21

2.38

125.0

128.3

158.6

159.7

159.6

167.7
149.7

Peptide 1a molecule-1
151.0
160.4
165.6
170.0

Peptide 1a molecule-2
155.3
144.3
161.1
163.9
169.5

Peptide 2

a
b
c
d
e

Symmetry related by x + 1, y, z
Symmetry related − x, y + 1/2,− z
Symmetry related x−1, y, z
Symmetry related − x, y−1/2, −z−1
Symmetry related by −x, y−1/2, −z + 1/2

later, the superposition of the three independent peptide molecules (RMSD = 0.211Å, Fig. 2b) suggests that the backbone
conformations are similar. In both the polymorphic forms,
the Pgn(2) residue adopts a gauche–gauche (gg) conformation about θ1 (Cγ–Cβ) and θ2 (Cβ–Cα) bonds.
Peptide 2 is isomeric to peptide 1 where the γ3-substituted
(S)Pgn residue was replaced with γ 4(R)Leu. This peptide was synthesized to study the influence of γ3- and γ4substituted residues in peptide conformation. The molecular
conformation of peptide 2 was stabilized by two C12 hydrogen bonds followed by a single C10 hydrogen bond, which is
very similar to peptide 1. The superposition of peptide molecules 1 and 2 (RMSD = 0.385Å, Fig. 2c) shows that both
the molecules adopt a similar molecular conformation. The
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Fig. 2  Superpositions of crystal structures. a Two molecules in the
asymmetric unit of peptide 1a (RMSD = 0.108Å). b Peptide 1 and 1a
(RMSD = 0.211Å). c Peptides 1 and 2 (RMSD = 0.385Å). d All the

four molecules from peptides 1, 1a, and 2 (RMSD = 0.277Å). For
superposition, the backbone atoms (N, C
 α, C) of residues 1–5 were
used

two C12, intramolecular hydrogen bonds formed between
Boc CO···HN Leu(3) and Aib(1) CO···HN Phe(4) involved
the αγ segment of Aib(1)-γ4(R)Leu(2) and γα segment of
γ4(R)Leu(2)-Leu(3). The C
 10 hydrogen bonded turn that
has formed, involving the Leu(3)-Phe(4) segment, corresponds to a Type-I β-turn, which is very similar to that
observed in both 1 and 1a. The γ4(R)Leu(2) residue adopts
a gauche–gauche (gg) conformation about θ1 (Cγ–Cβ) and θ2
(Cβ–Cα) bonds. Backbone conformation of the four crystallographically independent molecules from the three crystal
structures of two isomeric hybrid peptides is very similar
(RMSD = 0.277Å), as evident from the backbone superposition of these four molecules (Fig. 2d). Large deviations of
backbone torsion angle were observed for the terminal Val(5)
residue. In peptide monohydrate 1, Val(5) lies in the β-sheet
region (− 62.7°, 145.7°), whereas in the polymorph 1a, an
extended conformation (− 126.3°, 162.5° for molecule-1;
− 119.2°, 165.1° for molecule-2) is observed. In peptide 2,
Val(5) adopts right-handed helical conformation (− 59.0°,
− 32.4°). The side chain of Val(5) adopts a gauche–trans
(gt) conformation in peptides 1 and 2 and gauche−–gauche+
(g−g+) conformation in peptide monohydrate 1a, while, the
Leu(3) side chain adopted gauche–trans(gt) conformation in
all four independent peptide molecules in the three peptides,
1, 1a and 2. The (S)Pgn (2)/γ4(R)Leu (2) side chain adopts
a gauche−-trans(g−-t) conformation.

Packing
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Figures 3, 4, and 5 compare the packing of all the three peptides 1, 1a, and 2 in crystals. Peptide monohydrate 1 packs
as a column of helices, stabilized by one head-to-tail hydrogen bond along with water-mediated hydrogen bond along
the a axis (Fig. 3b). In the crystal lattice, the column of
helices runs parallel to each other. In the polymorphic form
1a, which crystallized with two molecules, independent helical columns run antiparallel to each other, stabilized by two
head- to-tail hydrogen bonds. The water molecules O1w and
O2w which are associated with Molecules-1 and -2, respectively, participate in a lateral hydrogen bonds along the a
axis (Fig. 4b, c). In peptide 2, the molecules pack as column
of helices which runs antiparallel to each other stabilized by
two head-to-tail hydrogen bonds between symmetry-related
molecules along the b axis (Fig. 5). In the lateral directions,
apolar interactions stabilized packing.
The comparison of γ 3 and γ 4 residues in the αγααα
model pentapeptides suggests that the position of the substituent along the backbone of γ residues (Specially C
 β and
γ
C ) does not significantly perturb the observed backbone
conformations.

Pregabalin peptides: conformational comparison of γ3‑ and γ4‑substituted γ‑amino acids…
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Fig. 3  a Packing of molecules (projection down b axis) in the crystals of peptide 1. b Head-to-tail and solvent-mediated hydrogen bonds with the
symmetry-related molecule observed in peptide 1. The hydrogen bonds are shown in broken lines
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Fig. 4  a Packing of molecules in the crystals of peptide 1a. The two molecules in the asymmetric unit form independent helical column, which
runs antiparallel to each other. b, c Solvent environment around O1w and O2w. The hydrogen bonds are shown as broken lines
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Fig. 5  Packing of molecules in
the crystals of Peptide 2. View
down the crystallographic a
axis. The hydrogen bonds are
shown as broken lines

Compliance with ethical standards

References

Conflict of interest The authors declare that they have no conflict of
interest.

Basuroy K, Dinesh B, Shamala N, Balaram P (2012) Structural characterization of backbone-expanded helices in hybrid peptides: (αγ)
n and (αβ)n sequences with unconstrained β and γ homologues of
L-Val. Angew Chem Int Ed 51:8736–8739
Basuroy K, Dinesh B, Shamala N, Balaram P (2013) Promotion of
folding in hybrid peptides through unconstrained γ residues: structural characterization of helices in (αγγ)n and (αγα)n sequences.
Angew Chem Int Ed 52:3136–3139
Basuroy K, Dinesh B, Reddy MB, Chandrappa S, Raghothama S,
Shamala N, Balaram P (2013) Unconstrained homooligomeric

Ethical approval For the present study, there were no human or animal
participants used as subjects in this study. Therefore, formal consent
wass not required.
Informed consent Informed consent was obtained from all individual
participants included in the study.

13

1306
γ-peptides show high propensity for C14 helix formation. Org Lett
15:4866–4869
Brenner M, Seebach D (1999) Enantioselective preparation of γ‐amino
acids and γ‐lactams from nitro olefins and carboxylic acids, with
the valine‐derived 4‐Isopropyl‐5,5‐diphenyl‐1,3‐oxazolidin‐2‐one
as an auxiliary. Helv Chim Acta 82:2365–2379
Chatterjee S, Vasudev PG, Raghothama S, Ramakrishnan C, Shamala
N, Balaram P (2009) Expanding the peptide β-turn in αγ hybrid
sequences: 12 atom hydrogen bonded helical and hairpin turns. J
Am Chem Soc 131:5956–5965
Dinesh B, Basuroy K, Shamala N, Balaram P (2012) Structural characterization of folded pentapeptides containing centrally positioned
β(R)Val, γ(R)Val and γ(S)Val residues. Tetrhedron 68:4374–4380
Hanessian S, Luo X, Schaum R, Michnick S (1998) Design of secondary structures in unnatural peptides: stable helical γ-tetra-, hexa-,
and octapeptides and consequences of α-substitution. J Am Chem
Soc 120:8569–8570
Haramura M, Tanaka A, Akimoto T, Hirayama N (2004) Crystal structure of vigabatrin. Anal Sci 20:9–10
Hintermann T, Gademann K, Bernhard J, Seebach D (1998) γ‐peptides forming more stable secondary structures than α‐peptides:
synthesis and helical nmr‐solution structure of the γ‐hexapeptide
analog of H‐(Val‐Ala‐Leu) 2‐OH. Helv Chim Acta 81:983–1002
Jadhav SV, Misrra R, Singh SK, Gopi HN (2013) Efficient access to
enantiopure γ4‐amino acids with proteinogenic side‐chains and
structural investigation of γ4‐Asn and γ4‐Ser in hybrid peptide
helices. Chem Eur J 19:16256–16262
Nanavati SM, Silverman RB (1989) Design of potential anticonvulsant agents: mechanistic classification of GABA aminotransferase
inactivators. J Med Chem 32:2413–2421
Pluncinska K, Liberek B (1987) Synthesis of diazoketones derived
from α-amino acids; problem of side reactions. Tetrhedron
43:3509–3517
Samas B, Wang W, Godrej DB (2007) 1:1 cocrystal of (S)3-(ammoniomethyl)-5-methylhexanoate and (S)-mandelic acid.
Acta Cryst E63:o3938–o3938

13

K. Basuroy et al.
Schneider TR, Sheldrick GM (2002) Substructure solution with
SHELXD. Acta Cryst D 58:1772–1779
Seebach D, Beck AK, Bierbaum DJ (2004) The world of β‐ and γ‐peptides comprised of homologated proteinogenic amino acids and
other components. Chem Biodivers 1:1111–1239
Sheldrick GM (1997) SHELXS-97 program for crystal structure solution. Universität Göttingen, Göttingen
Sheldrick GM (2008) A short history of SHELX. Acta Cryst
A64:112–122
Silverman RB (2008) From basic science to blockbuster drug: the discovery of Lyrica. Angew Chem Int Ed 47:3500–3504
Silverman RB (2012) The 2011 E. B. Hershberg Award for important
discoveries in medicinally active substances: (1S,3S)-3-amino-4difluoromethylenyl-1-cyclopentanoic acid (CPP-115), a GABA
aminotransferase inactivator and new treatment for drug addiction
and infantile spasms. J Med Chem 55:567–575
Sonti R, Dinesh B, Basuroy K, Raghothama S, Shamala N, Balaram P
(2014) C12 helices in long hybrid (αγ)n peptides composed entirely
of unconstrained residues with proteinogenic side chains. Org Lett
16:1656–1659
Vasudev PG, Chatterjee S, Shamala N, Balaram P (2009) Gabapentin:
a stereochemically constrained γ amino acid residue in hybrid
peptide design. Acc Chem Res 42:1628–1639
Vasudev PG, Chatterjee S, Shamala N, Balaram P (2011) Structural
chemistry of peptides containing backbone expanded amino acid
residues: conformational features of β, γ, and hybrid peptides.
Chem Rev 111:657–687
Venu N, Vishweshwar P, Ram T, Surya D, Bhattacharya A (2007) (S)3-(ammoniomethyl)-5-methylhexanoate (pregabalin). Acta Cryst
C63:o306–o308
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

