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1. Introduction
The remarkable complexity of globular protein structures

was first revealed about half a century ago, when the crystal
structure of myoglobin was determined at 2.4 Å.1 In the
decades since, the diversity of protein structures has been
extensively catalogued, establishing that the polypeptide
backbone can be induced to adopt a very large range of
compact folded conformations.2-5 In natural proteins, struc-

tural diversity arises due to patterning of 20 chemically
distinct, genetically coded, R amino acids along the length
of the polypeptide chains. Local folding patterns are deter-
mined by backbone conformational preferences of individual
residues, which depend principally on short-range interac-
tions, involving forces between nonbonded atoms and
hydrogen bonding between donor NH and acceptor CO
groups on the polypeptide backbone.6-10 Globular protein
structures effectively consist of short pieces of regular
secondary structures like helices and �-strands, connected
by irregular segments generally denoted as loops. The
association of extended strands by interstrand hydrogen
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bonding results in the formation of sheets. Tertiary interac-
tions, between projecting side chains held on the secondary
structure scaffold, result in compact packing into well-defined
globular structures. Since protein backbones are composed
exclusively of R amino acids linked by peptide bonds, folded
structures in polypeptides are conveniently defined using
backbone torsion angles φ and ψ, as backbone descriptors
of local conformations.11,12 Each R amino acid residue in a
protein possesses two degrees of torsional freedom about
the N-CR (φ) and CR-CO (ψ) bonds, with the peptide unit
largely restricted to a trans, planar (ω ∼ 180°) conformation.
The Ramachandran map that outlines the stereochemically
allowed regions of conformational space in a two-dimensional
plane with φ and ψ as variables, provides a convenient means
of analyzing and representing the observed backbone conforma-
tions of R amino acid residues in peptides and proteins.13-16 A
very large range of noncoded amino acids, both synthetic
and natural, have been used in generation of analogues of

biologically and structurally interesting compounds.17,18 There
has also been considerable effort in developing methodolo-
gies for the introduction of noncoded amino acids into
proteins using the methods of molecular biology.19,20 A new
dimension to the field of biomimetic structures has been
introduced, by Seebach and co-workers, through the recogni-
tion that the repertoire of polypeptide conformations can be
greatly expanded by the creation of structures that incorporate
backbone homologated amino acids, synthetically accessible
from the proteinogenic amino acids (Figure 1).21-25 Studies
of model peptides containing covalently constrained � amino
acids, by Gellman and co-workers, led to the realization that
new classes of folded polyamide structures (foldamers) could
be generated in sequences containing backbone expanded
amino acids.26,27 Omega (ω) amino acids may be defined as
residues in which a variable number of backbone atoms are
introduced between the terminal amino and carboxylic acid
groups involved in amide bond formation. The insertion of
additional atoms in between the flanking peptide units
enhances the number of degrees of torsional freedom,
resulting in an expansion of energetically accessible con-
formational space. For example, in the � amino acid residue,
local backbone conformations are determined by values of
three torsional variables (φ, θ, ψ) while for the γ-residue,
the number of torsional variables is four (φ, θ1, θ2, ψ) (Figure
1). In this review, peptides formed by linkages involving R
amino and R carboxyl groups are referred to as R peptides,
while linkages involving homologated residues are termed
as �, γ...ω peptides.

The finding by Hanby and Rydon in 1946 that the capsular
substance of Bacillus anthracis was “a long chain molecule
made up of R peptide chains of 50-100 D-glutamic residues
joined together by γ peptide chains of D-glutamic acid
residues” constitutes the first report of a polymer containing
ω peptide bonds.28 Subsequent studies of the poly-γ-D-
glutamate produced by Bacillus species using optical rotatory
methods suggested the possibility of structural states that
depended upon the state of ionization of the R carboxylic
acid group, which projects out from a γ peptide backbone.29,30

In his 1964 study,30 Rydon did consider folded, intramo-
lecularly hydrogen bonded helical structures for this γ
polypeptide, basing his proposals on the models that had been
considered in the literature by Bragg, Kendrew, and Perutz31

and Pauling, Corey, and Branson.32 The development of the
pentachlorophenyl active ester approach for the synthesis of
optically pure higher molecular weight polypeptides led to
the study of poly �-L-aspartic acid using optical rotatory
dispersion. In a 1965 report, Kovacs et al.33 concludes that
“A number of poly-�-amino acid helices have been con-
structed with Courtauld stereomodels. One helix that appears
to be particularly favorable... is formed by hydrogen bonding
each carbonyl to the third amide group removed toward the
N-terminus. This model has 3.4 residues/turn and an axial
translation of 1.58 Å/ residue. It is necessarily right-handed
for the �-amino acids with the L-configuration at the
R-carbon.” In a subsequent study using NMR methods,
Glickson and Applequist concluded that poly � peptide helix
would be unstable because of “the entropic effect of one
additional single bond in the residue backbone”. These
authors also advanced the generally accepted view that
gauche conformations necessary for helix formation would
tend to be energetically unfavorable relative to the extended
trans form.34 Much of the early structural investigations in
the 1980s on polyamides focused on the nylons.35-43 These
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extensive investigations by Muñoz-Guerra, Subirana, and co-
workers, used fiber X-ray diffraction and infrared spectroscopy.

Recent interest in the chemistry and biology of peptides
containing backbone expanded amino acid residues stems
from the studies reported in the mid 1990s that novel
polypeptide helices could be formed in oligo �-peptides44-52

and the characterization of hybrid structures53,54 that dem-
onstrated that the � and γ residues can be accommodated
into canonical helical folds, with an expansion of the
intramolecular hydrogen bonded rings. At first glance, these
findings appear surprising since folded helical structures
require gauche conformation about the additional C-C bonds
in � and γ residues. Subsequent structural studies have
established ready accessibility of folded structures in � and
γ peptides. This review summarizes the available structural
information on the molecular conformation of peptides
obtained principally from X-ray diffraction studies. We

attempt to integrate available information in the light of
extensive knowledge available in R peptide structures, in
order to stimulate the design of new folding patterns in
synthetic molecules. The creation of hybrid structures that
pattern backbone homologated amino acids in specific
fashion may provide an entry to a novel class of synthetic
protein mimics. The recent literature in the field of � and γ
residues has been the subject of several reviews and
overviews.21-27,55-62 To avoid overlap with these accounts
we will restrict our focus primarily to the structural chemistry
of peptides containing backbone expanded amino acid
residues. Complete list of currently available crystal struc-
tures of peptides containing ω amino acid residues, together
with relevant backbone dihedral angles and literature cita-
tions, used for discussions in this review is provided as
Supporting Information, Table S1.

Figure 1. Substitution patterns for a � amino acid residue. Numbering of C atoms from the C-terminus is indicated. For monosubstituted
residues, the substitution can be on C2 (�2) or C3 (�3) and in each case, depending on the configuration at the C2 or C3 atoms, two different
possibilities (2S and 2R or 3S and 3R) arise. Disubstituted residues are of two kinds, depending on whether the substituents are on adjacent
C atoms (vicinal) or on the same C atom (geminal). Within the two types, configuration at each C atom leads to four different possibilities
of substitution. Similar situations can be considered for tri- and tetrasubstituted residues.
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2. Nomenclature and Substitution Patterns
The current literature on peptides containing homologated

residues describe the extensive use of a variety of substituted
ω amino acid residues. Figure 1 illustrates the substitution
pattern for a � amino acid residue. The most commonly used
monosubstituted (�3) residues are those derived by Arndt-
Eistert homologation of the readily available R amino acid
residues that occur in protein structures.63-66 Synthetic routes
to �2-monosubstituted and multiply substituted � residues67-84

and γ residues85-91 have also been the subject of several
investigations. Substitution at backbone carbon atom in the
ω amino acids can result in the creation of new chiral centers
which can then influence the handedness of folded backbone
conformations. Methodologies for homologation of the
C-terminal residue in synthetic R peptides have also been
studied.92 In substituted ω amino acids, the presence of one
or more chiral centers along the backbone of the residue
results in the need for careful consideration of nomenclature
issues. The reviews by Seebach21,22 provides a comprehensive
description. For the present overview of folded conforma-
tions, simplified abbreviations for the substituted residues
are used and defined at appropriate points in the text.
Representative examples of substituted � and γ residues

present in the crystallographically characterized peptides are
illustrated in Figure 2.

Figure 3 illustrates the definition of the backbone torsion
angles used throughout this review. Designation of the N-Cω

bond as φ, and the CR-CO bond as ψ, permits analogies to
be drawn between R residues and their higher homologues.
The numbering scheme for the remaining backbone torsion
angles θn, is in increasing order of n from the amino terminus.
The use of a numeral subscript avoids excessive use of
multiple Greek letters as the number of torsional variables
increases.62

Unsubstituted ω amino acids are expected to be able to
sample a much larger extent of conformational space than
their substituted counterparts. In the case of R amino acid
residues, the sterically allowed regions of φ, ψ (Ramachan-
dran) space diminishes dramatically on going from the CR

unsubstituted residue Gly, to the monosubstituted residue
Ala, to the disubstituted residue R-aminoisobutyric acid,
Aib.93-96 Accessible conformational space can also be
restricted by side-chain backbone cyclization as in the case
of the R amino acid Pro, where the torsion angle φ is limited
by the constraint of pyrrolidine ring formation.93

Figure 2. Representative examples of crystallographically characterized substituted � (top panel) and γ (bottom panel) residues.

Figure 3. Chemical structures of R and ω amino acid residues (top) and definition of backbone torsion angles of R, �, and γ residues
(bottom). The number of torsional variables is also indicated.
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3. Conformationally Constrained Residues
In the case of � and γ amino acid residues, the confor-

mational space available for R peptide backbone may be
restricted by the introduction of substituents. Indeed, first
hints for folded structures in oligo � peptides were derived
from the work of Seebach and co-workers, in which they
established folded intramolecularly hydrogen bonded struc-
tures in solution for short sequences containing monosub-
stituted � residues (�3).44 The sampling of conformational
space can be further restricted by introducing additional
substituents or by the use of cyclic ω amino acids.

3.1. Gem-Dialkyl Substitution
In the case of R amino acid residues, the introduction of

gem-dialkyl groups at the CR atom, dramatically reduces
sterically allowed conformational space. The R-amino isobu-
tyryl residue Aib, the most extensively studied member of
this class has been shown to promote helical conformations,
resulting in its use in the design of a large number of peptides
with folded structures.93-96 Geminally disubstituted � amino
acids were first introduced into synthetic peptides by the
group of Seebach.70,97,98 Figure 4a depicts � and γ residues
which have been used in the design of peptides, where a
gem- dialkyl substitution pattern is present.

In our hands the �,�′-disubstituted γ-amino acid residue,
1-(aminomethyl) cyclohexaneacetic acid, gabapentin (Gpn,
Figure 4a), has proved extremely valuable in revealing the
features of novel folding patterns in hybrid sequences.99-107 The
presence of geminal substituents at the C� carbon atom restricts
the torsion angles θ1 and θ2 primarily to gauche conformations,
a feature that will be considered subsequently.105-107

3.2. Side Chain-Backbone Cyclization
Restricting torsional freedom using cyclic amino acids is

an attractive possibility as illustrated in the examples in
Figure 4b. The first crystallographic characterization of novel
helices in oligo-� peptides by Gellman was based on the
use of the amino acids trans-2-aminocyclopentanecarboxylic
acid (ACPC) and trans-2-aminocyclohexanecarboxylic acid
(ACHC) in which the dihedral angle θ is constrained to
conformations close to the gauche form, necessary for the
helical folding in the backbone.46-49 Nipecotic acid provides
an interesting example of a �-residue in which the torsion
angles φ and θ are constrained by cyclization.108,109 A recent
report describes the synthesis of a γ2,3,4-trisubstituted residue,
in which the torsional freedom is constrained by side chain-
backbone cyclization.90,110

Folding of the polypeptide backbone in peptides containing
backbone homologated residues is facilitated when gauche
conformations are adopted at the new C-C bonds in the
backbone. In the initial studies of oligo-�-peptides, using
�3-substituted residues, the observation of folded structures
was considered surprising.44,45 Extended backbone conforma-
tions with θ-180° might have been anticipated for the �
residues. The growing body of structural data in peptides
containing � and γ residues however suggests that this
expectation was misplaced. Figure 5 summarizes the back-
bone conformations observed about the C-C bonds in
peptides containing � and γ amino acid residues. It is evident
that an appreciable number of examples of � residues adopt
gauche conformations in the case of the unsubstituted amino
acid �Gly and also mono substituted residues.53,111-117

Similarly, several examples of γAbu in gg conformations
have been reported.118,119

Figure 4. Examples of � and γ amino acid residues in which torsional freedom has been restricted using (a) geminal dialkyl substitution
and (b) side chain-backbone cyclization.
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Figure 6 summarizes the conformational possibilities about
the C-C bonds in � and γ residues. The Gauche conforma-
tions are generally observed for residues in helices and turns,
while the extended trans conformation is readily accom-
modated into �-strand structures. Figure 7 provides examples
of unsubstituted �, γ, and δ residues that have been
characterized in peptide sequences that adopt helical and
hairpin conformations in the crystalline state. Inspection of
the molecular conformations of the hairpin peptides Boc-
Leu-Val-γAbu-Val-DPro-Gly-Leu-γAbu-Val-Val-OMe120 and
Boc-Leu-Val-Val-DPro-δAva-Leu-Val-Val-OMe121 reveals
example of the γAbu (γ-aminobutyric acid) in the extended

strand and δAva (δ-aminovaleric acid) in the (i + 2) position
of a �-hairpin facilitating turn. Clearly, these two examples
illustrate the structural plasticity of the unsubstituted ω amino
acid residues, with conformational choices likely to be
influenced by the nature of the cooperative hydrogen bond
interactions formed in the folded conformation of the
peptides. The possibility that the folding transitions of short
� and γ peptides is noncoopertive in nature has been
considered.122-125 Figure 8 provides examples of �3 amino
acid residues in both peptide helices and hairpins. Backbone
homologation can therefore be accomplished within the
framework of canonical peptide structures like helices and
hairpins.

4. Intramolecularly Hydrogen Bonded Rings in
Peptides

The importance of hydrogen bonded rings in stabilizing
the regular structures of fibrous proteins was first recognized
by Maurice Huggins, whose major reviews in the early 1940s
contain the fore-runners of many of the structures that have
become commonplace today.126,127 In a paper published in
1950, Bragg, Kendrew, and Perutz extended the ideas of
Huggins in understanding the structural features that emerged
in the early analysis of crystalline hemoglobin and myoglo-
bin.31

Pauling’s insights into the secondary structures formed by
polypeptide chains were based principally on the assumption
that the intramolecular hydrogen bonding is a dominant force
in determining folded conformations of polypeptide chains.32,128

Helices and �-sheets constitute a most dramatic illustration
of the importance of hydrogen bond formation in promoting
the folding of the polypeptide backbone in protein structures.
The �-turns, which facilitate the reversal of polypeptide chain
direction, are a widespread element in protein structures and
were first identified in a theoretical study that examined all
the stereochemically accessible conformations for a system
of three linked peptide units, in which a 4 f 1 hydrogen

Figure 5. Distribution of the dihedral angle θ (about C-C bonds) for (a) �-residues and (b) γ- residues in crystal structures. The number
of examples in each case are indicated in parentheses. In the case of �-residues, the maximum number of examples are for �3-residues,
followed by the cyclic residue ACPC. The average value of θ for the ACPC residue is approximately 85°, while for all other examples the
average values of θ are close to 60°.

Figure 6. Conformational possibilities about the C-C bonds in �
and γ residues. The gauche conformations about the additional C-C
bonds in these cases are observed in helical structures and turns,
while the trans conformation is observed in extended strands or
�-hairpins (The sole exception is the (R)Nip-(S)Nip C12 turn in
�-peptides, in which Nip residues are constrained to θ ≈ 180°.108,109

See Figure 15, and Table S1). In the case of γ-residues, hydrogen
bonded turns can also result with one of the C-C single bond in
a gauche conformation (tg/gt).103 (See Figure 23)
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bond is formed between the CO group of the residue (i) and
the NH group of the residue (i + 3).129,130 This theoretical
study identified specific families of �-turns, which differ in
the backbone torsion angles φ and ψ at the (i + 1) and (i +
2) residues, characterized by the formation of a 10 atom (C10)
hydrogen bonded ring. In view of the importance of
intramolecular hydrogen bonding in determining the local
conformations over short peptide segments, we consider
the nature of the hydrogen-bonded rings that may be of
importance in peptides containing backbone homologat-
ed residues. Hydrogen bonds in helical structures of pep-
tides containing R amino acids have the directionality
CO(i) · · ·NH(i + n), where n ) 3, for a 310 helix, 4, for an
R helix, and 5, for a π helix. This results in hydrogen bonded
ring sizes of 10 atoms (C10), 13 atoms (C13), and 16 atoms
(C16). The acceptor CO lies toward the N-terminus of the
sequence while the donor NH group lies toward the C-

terminus end. In the case of peptides containing homologated
amino acids, for example oligo-�-peptides, two types of
helical structures with opposing directionality of hydrogen
bonds are possible. This feature needs to be borne in mind
when exploring the conformations of peptides containing
backbone homologated amino acid residues. Hydrogen
bonded structures involving ω amino acid residues are
considered below.

4.1. Single Residue Hydrogen Bonds (3f 1, 1f 1)
Figure 9 compares the hydrogen bonded rings that can be

obtained by an interaction between the peptide units flanking
a single amino acid residue. In the case of an R amino acid,
two structures can be considered. There is the C7 (γ turn)
conformation, which is stabilized by a 3f 1 hydrogen bond
between CO(i) · · ·NH(i + 2). The Ramachandran φ, ψ angles

Figure 7. Unsubstituted �, γ, and δ residues in helix and hairpin structures. (a) Boc-Leu-Aib-Val-�Gly-γAbu-Leu-Aib-Val-Ala-Leu-Aib-
OMe,54 (b) Ac-�Gly-Nip-Nip-�Gly-NHMe,109 (c) Boc-Leu-Val-γAbu-Val-DPro-Gly-Leu-γAbu-Val-Val-OMe,120 and (d) Boc-Leu-Val-Val-
DPro-δAva-Leu-Val-Val-OMe.121

Figure 8. Crystallographic examples of �3 amino acid residues in peptide helices and �-hairpins. (a) Boc-Leu-Phe-Val-Aib-�Phe-Leu-
Phe-Val-OMe,102 (b) Boc-Val-Ala-Phe-Aib-�Val-�Phe-Aib-Val-Ala-Phe-Aib-OMe,190 (c) Boc-Leu-Val-�Val-DPro-Gly-�Leu-Val-Val-OMe,209

and (d) Boc-Leu-Val-�Phe-Val-DPro-Gly-Leu-�Phe-Val-Val-OMe.209 The backbone atoms of the �-residues are shown in a ball and stick
representation.

�, γ, and Hybrid Peptides Chemical Reviews, 2011, Vol. 111, No. 2 663



have values of (70°, (70°. In the case of L amino acids,
the -70°, +70° conformation is energetically favored. The
3 f 1 hydrogen bond directionality places the acceptor CO
groups at the N-terminus and the donor NH group at the
C-terminus. The γ turn is widely observed in protein
structures and cyclic peptides.131-135 A second hydrogen
bonded ring involving a single residue is the C5 conforma-
tion.136 This feature is formed by a fully extended polypeptide
chain, placing the NH and the CO groups of the R residue
almost parallel to one another resulting in an unfavorable
hydrogen bond angle. Such C5 conformations have been
crystallographically characterized for CR,R-disubstituted resi-
dues like diethylglycine (Deg) and di-n-propylglycine
(Dpg).136,137 The insertion of additional backbone atoms in
the homologated amino acids expands the hydrogen bond
ring size. Figure 9 illustrates the conformations that have
been obtained by X-ray crystallography for the case of �
and γ residues. For the δ and ε residues, the hydrogen bonded
turns indicated in the Figure 9 are modeled. For the C10 and
the C8 hydrogen bonded rings of the δ amino acid residue
and the C11 and C9 hydrogen bonded rings of the ε residue,

the models have been constructed using torsion angle values
computed by Hofmann.138,139 In the case of δ amino acid
residues, the C10 atom hydrogen bond is equivalent to the 4
f 1 hydrogen bonded �-turn in an RR segment with the
central C�-Cγ bond in a trans conformation.138 In the case
of ε amino acid residues, the 11 atom hydrogen bond is
equivalent to the 4f 1 hydrogen bonded ring in the case of
R� hybrid peptides.139

4.2. Hydrogen-Bonded Ribbons
The regular repetition of hydrogen bonded rings formed

by single amino acid residues results in the generation of
ribbonlike structures (flattened helices). For Rn sequences, a
C7 ribbon or 2.27 helix has not been characterized in a long
peptide, although isolated C7 hydrogen bonded rings (γ turns)
are frequently observed in proteins and cyclic peptides.131-135

Figure 10 illustrates the nature of hydrogen bonded ribbons
that can be formed in Rn, �n, and γn sequences. Crystallo-

Figure 9. Single residue (3 f 1 and 1 f 1) hydrogen-bonded
rings in peptides. For R residues, idealized values are shown for
structures. For � and γ residues, specific examples are shown from
crystal structures: C8 (�), Boc-�2,2Ac3c-�2,2Ac3c-�2,2Ac3c-OH (no.
38, Table S1),97 C6 (�), Boc-�3,3Ac6c-�3,3Ac6c-NHMe (no. 50, Table
S1),142 C9 (γ), Piv-Pro-Gpn-Val-OMe (no. 158, Table S1),100 and
C7 (γ), Boc-Aib-Gpn-Aib-Gpn-NHMe (no. 165, Table S1).191 For
δ and ε peptides, the values are obtained from theoretical
studies.138,139

Figure 10. 3 f 1 hydrogen bonded structures. (a) A model 2.27

helix constructed by using the ideal values for γ turn (φ ) -70°,
ψ ) 70°) (top) and the structure of a dipeptide with consecutive γ
turns in the crystal structure of Ac-LPro-D-c3Dip-NHMe140 (bot-
tom). (b) C8 (28) Ribbon in �-peptides (top) and the crystal state
conformation of a tripeptide Boc-�2,2Ac3c-�2,2Ac3c-�2,2Ac3c-OH97

(no. 38, Table S1). (c) 2.79 Helix of γ peptide (Reprinted with
permission from ref 141. Copyright 2005 Wiley-VCH Verlag
GmbH & Co. KGaA.) and the molecular conformation of the
dipeptide Boc-Gpn-Gpn-NHMe141 (no. 156, Table S1) in crystals.
The models for �-peptide and γ-peptide ribbons/helices are
constructed using the average values of torsion angles observed in
crystals and then minimizing the resulting model in INSIGHT II,
to relieve any short contacts. The average values of torsion angles
in the minimized models provided in Table 1 are used to build the
final models shown in the top panel for � and γ peptides.
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graphically characterized examples of peptides containing
successive hydrogen bonded rings are also illustrated. A
recent example of two consecutive C7 hydrogen bonds is
seen in the crystal structure of the dipeptide Piv-Pro-c3-Dip-
NHMe (c3-Dip ) 2,2-diphenyl-1-aminocyclopropane car-
boxylic acid).140 A novel C8 structure has been established
in the tetrapeptide Boc-(1-(aminomethyl)cyclopropanecar-
boxylic acid)4-OMe.97 The stereochemically constrained γ
amino acid residue, gabapentin (Gpn) favors the C9 confor-
mation and ribbon structures are observed in the dipeptide
Boc-Gpn-Gpn-NHMe and the tetrapeptide Boc-(Gpn)4-
NHMe.141 In considering hydrogen bonded ribbons, it is
pertinent to note that for achiral sequences, the signs of
backbone torsion angles need not be correlated between
adjacent residues, resulting in a large number of conforma-
tional possibilities within the framework of a ribbon scaffold.
For the γ amino acid C9 ribbon, when the handedness of the
adjacent residues alternates, a significant curvature of the
backbone leads to cyclization after a large number of
residues.141 Table 1 lists the torsional variables for the
hydrogen bonded ribbons that have been characterized
experimentally (X-ray crystallography) or theoretically (quan-
tum mechanical calculations). For single-residue rings formed
by hydrogen bonds with opposite directionality (1 f 1),
repetitive structures have not been observed thus far in
peptide crystal structures. However, isolated C6 hydrogen
bonded rings in � residues92,98,142 and C7 hydrogen bonded
rings in γ residues,100 specifically Gpn containing peptides,
have been observed in the crystal structures (Supporting
Information, Table S1).

There has been considerable interest in the theoretical
analysis of energetically allowed conformations of �-peptides
and their higher homologues.138,139,143-151 Molecular dynamics
simulations using GROMOS have been extensively carried
out by van Gunsteren, Seebach, and their collegues, integrat-
ing theoretical studies with experimental investigations. This
approach permits analysis of the effect of specific amino acid
residues on folding-unfolding equilibrium.152-158 Hofmann
and co-workers have carried out extensive theoretical studies
providing a systematic conformational analysis of ω amino acid
monomers and homooligomers using ab initio MO theory
(HF/6-31G*, B3LYP/6-31G*, PCM/HF/6-31G*).138,139,150,151

These studies provide a framework for assessing the
energetics of various intramolecularly hydrogen bonded
structures in peptides containing �,150 γ,151 δ,138 and ε139

amino acid residues. Interestingly, these theoretical studies
reveal conformational possibilities which are yet to be
experimentally realized. A δ amino acid residue may be
considered as equivalent to a system of two linked R amino
acids, in which the connecting peptide bond is replaced by
a CH2-CH2 fragment.55,138 Thus, the C10 (4f1) hydrogen
bonded structures widely observed in �-turns formed by RR
segments can be mimicked by a δ amino acid residue flanked
by two peptide bonds. Figure 11 illustrates three types of

ribbon structures formed by C10 hydrogen bonded rings in
δn sequences. In conformer A, the dihedral angles correspond
to the lowest energy conformer H10

I computed by Hofmann
and co-workers.138 Conformers B and C are generated using
the C10

VII and C10
VIII structures,138 which are mimetics of the

canonical type I � turn and type II �-turn in RR sequences.
Conformer B is an analog of the R polypeptide 310 helix in
which alternate peptide units have been replaced by ethylene
(CH2-CH2) groups. In this structure, alternate 4 f 1
hydrogen bond in the 310 helix are replaced by a nonbonded
contact between methylene units on adjacent residues. The
closest interhydrogen distances observed for the model C10

VIII

of Hofmann and co-workers is approximately 2.03 Å,
suggesting that an optimally close packed 3-fold helical
structure may indeed be accessible for δ amino acid
oligomers. The accommodation of guest δ residues into host
R peptide 310 helical structures without disruption of the
folding pattern, has been suggested from the NMR studies
of a model heptapeptide Boc-Leu-Aib-Val-δAva-Leu-Aib-
Val-OMe in organic solvents.53

Table 1. Backbone Dihedral Angles (deg) for Ribbons Stabilized with 3 f 1 Hydrogen Bondsa

helix type
(n, h)

residue
repeat

atoms in hydrogen
bond ring φ ψ φ θ1 θ2 ψ methodb

3 f 1
C7 (2.27) (2.2, 2.7) R 7 -70 70 C
C8 (2.28) (2.2, 3) � 8 -112.3 (-111.5) 69.6 (68.6) 4.5 (13.9) C/T
C9 (2.79) (2.7, 3.4) γ 9 -100 (-97.4) 70 (69.6) 70 (75.1) -90 (-97) C/T

a The torsion angles given in parentheses for � and γ peptides correspond to that suggested by theoretical calculation.144,151 The average values
of torsion angles in the minimized models, constructed by using the crystallographically determined values of dihedral angles (See Figure 10). b C
and T indicate crystallographic and theoretical studies, respectively.

Figure 11. Three different types of C10 hydrogen bonded ribbons
in δ-peptides generated by using the dihedral angles given by
Baldauf et al.138 (a) The H10

I Helix, which is proposed as the most
stable helix and (b) a ribbon in which the δ-residues are in C10

VII

conformation and (c) ribbon with the δ-residues in C10
VIII confor-

mation. The latter conformations (b) and (c) are described only for
the monomer.
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The higher ω amino acids may also provide an opportunity
to characterize hydrogen bonded rings of the 1 f 1 type,
which result in C8 structures for δ residues138 and C9

structures for the ε residues.139 It may be noted that the C11

structures for the ε residues may be considered as equivalent
to the expanded turns formed by hybrid R� sequences, which
are considered in the next section.

4.3. Two Residue Hydrogen Bonds (4 f 1, 1 f 2)
Two residue hydrogen bonded rings can be formed in the

case of both homodipeptide and heterodipeptide segments.
In the case of hybrid peptides, it is also useful to recall the
formal equivalence of the nature of the hydrogen bonded
rings formed in hybrid sequences.55,53 Figure 12 illustrates
the C12 hydrogen-bonded rings in Rγ and �� segments and
C13 hydrogen bonded rings, which may be formed in a three
residue RRR segment and the equivalent structures that can
be generated in �γ and Rδ units.

The 4 f 1 hydrogen-bonded two residue structure in RR
segments is the extremely well studied � turn.129,130 � turn
variants that differ in the backbone conformational angles
(φ,ψ) at the two residues (i + 1, i + 2) yield turns with
distinctive influences on polypeptide chain folding. The type
I/III structures (φ(i+1) ) -30°, ψ(i+1) ) -60°, φ(i+2) ) -60°/
-90°, and ψ(i+2) ) -30°/0°) upon repetition form helices,
while the type II structures (φ(i+1) ) -60°, ψ(i+1) ) 120°,
φ(i+2) ) 80°, and ψ(i+2) ) 0°) facilitate reversal of chain
direction. In sequences that contain all L amino acids,
insertion of a type II′ turn (enantiomer of type II) forming
segment promotes antiparallel registry of the flanking strands,
thereby stabilizing � hairpins.159,160 Figure 13 summarizes
the hydrogen bond ring sizes in two residue turns in hybrid
sequences with hydrogen bond directionalities that run in
normal direction (4 f 1) and reversed direction (1 f 2).
Crystallographically characterized examples of 4f 1 hybrid
turns in R�, Rγ, and Rδ sequences and 1 f 2 turns in �R
and �� sequences are illustrated. The C8 turn, which has
been considered in the spectroscopic studies of short peptides
in an RR sequence requires a cis geometry at the linking
peptide unit.161 Thus far no examples of the C8 RR turn have
been established in crystals. Table 2 summarizes backbone
torsion angles for the various types of two-residue 4 f 1
hydrogen-bonded turns in both homo and hybrid sequences.

Figure 12. Formal equivalence of backbone atoms in polypeptides.
Acceptor atoms and donor atoms in the 12 and 13-atom hydrogen
bonded rings are indicated by down and up arrows, respectively.
For example, a three residue RRR C13 hydrogen bonded turn will
be equivalent to two residue C13 turns formed by �γ and Rδ
segments.

Figure 13. (a) Schematic diagram showing the number of atoms
in the two-residue hydrogen-bonded turns (4 f 1 and 1 f 2) in
homo oligopeptides and hybrid peptides. Shaded squares correspond
to crystallographically characterized examples. (b) Some examples
of 4 f 1 hydrogen-bonded turns in hybrid peptides. A C10 turn
(�-turn) formed in an RR segment is also shown. (c) Examples of
two-residue hydrogen bonds formed with a reversed hydrogen bond
directionality (1 f 2). All the examples, except the RR C8 turn
(this structure required a cis amide conformation for the central
peptide unit) in (c) are from crystal structures (type, sequence (entry
number in Table S1)): R� C11, Piv-Pro-�3,3Ac6c-NHMe121 (48), Rγ
C12, Boc-Ac6c-Gpn-Ac6c-OMe121 (160), Rδ C13, Boc-Leu-Val-Val-
DPro-δAva-Leu-Val-Val-OMe,121 �R C9, iodobenzoyl-Ala-R,R-
dimethyl-D-�Ala-Phe-OMe92 (89), and �� C10, Boc-�2,2Ac6c-
�2,2Ac6c-�2,2Ac6c-OMe97 (40, residues 2 and 3).
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Figure 14 illustrates the backbone expanded analogs of the
type I � turn that has been widely characterized in RR
sequences. These turns can be repeated in longer sequences
resulting in the formation of successive 4 f 1 hydrogen
bonds generating helical structures containing a two residue
hybrid repeating unit. Figure 15 provides examples of
expanded analogs of the type II � turn widely observed in
the RR sequences. Such turns may also be described as “non
helical” turns since they cannot be repeated to generate
successive 4f 1 hydrogen bonds. These structural features
generate chain reversals.

4.4. 310 Helix Expanded Analogs
Helical structures stabilized by 4 f 1 hydrogen bonds are

observed in oligo � and γ peptides and in hybrid sequences
containing R, �, and γ residues. Figure 16 illustrates 4 f 1
hydrogen-bonded helices in synthetic model peptides for
(�)n,45-48 (γ)n,52,124 (R�)n,162-165 (Rγ)n,90,100,102,103,166 and (�γ)n

110

sequences, characterized experimentally by X-ray diffraction.
Several studies have also provided NMR evidence for
formation of helical structures in solution.50,51,167-183 For theT
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Figure 14. The type I �-turn in an R-peptide sequence and analogs
in �-, γ- and hybrid peptides. The backbone torsion angles are listed
in Table 2. These turn types can be continuously repeated in (R�)n,
(Rγ)n, (�γ)n and (�)n, and (γ)n sequences and referred to as “helical
turns.

Figure 15. Nonrepeatable (non-helical) 4 f 1 hydrogen-bonded
turns. Such turns occur as isolated structural features or facilitate
hairpin formation. The backbone torsion angles are listed in Table
2. The figure shows nonhelical turns in the following crystal
structures: R�, Piv-Pro-�Ac6c-NHMe121 (no. 48 in Table S1), Rγ,
Boc-Leu-Phe-Val-Aib-Gpn-Leu-Phe-Val-OMe103 (no. 170 in Table
S1), ��, Ac-�Gly-Nip-Nip-�Gly-NHMe (mol. 1)109 (no. 28 in Table
S1), and γγ, Boc-(4-amino-2-benzyl-4-methylbutanoyl)-(4-amino-
2-methyl-4-(2-methyl-1-propyl) butanoyl)-NHMe226 (no. 134 in
Table S1).
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�γ sequence, a single example of a 4f1 hydrogen bonded
C13 helical turn has been observed in a tripeptide sequence
Boc-�Leu-Gpn-Val-OMe (No:61, Table S1).100 The back-
bone conformational angles observed for the �γ segment in
this tripeptide can be repeated to generate the regular �γ
C13 helix (Figure 16e).102 A recent report that appeared
subsequent to the submission of this review revealed the
crystal structure of a pentapeptide, Boc-ACPC-(S,S,S)(2-
ethyl)3ACHC-ACPC-(S,S,S)(2-ethyl)3ACHC-ACPC-Obn (No:
96, Table S1), with three successive C13 hydrogen bonds
(Figure 16f).110 Successful substitution of an entire heptad
repeat in an R-helical coiled-coil protein by a non-natural
fragment constituting five alternating � and γ residues, with

the retention of global conformation has also been proved
in solution.184 Figure 17 compares the ideal backbone
expanded helical structures with the idealized 310 helix of R
peptides. The parameters used to generate these idealized
structures have been derived from crystallographic observa-
tions and are listed in Table 3.

Helices with variable 4 f 1 hydrogen-bonded ring sizes
have also been characterized in hybrid sequences that lack
a regular (Rω)n repeat. Mixed 4f 1 hydrogen-bond patterns
of the C12/C11 type have been observed in (��R)n peptide
sequences (1:2 R/� peptides)163,164 (Figure 17), C10/C11 mixed
hydrogen bonds in (RR�)n sequences (2:1 R/� peptides)163,164

(see Table S1), while the C12/C10 hydrogen-bond pattern has

Figure 16. Examples of experimentally characterized helices with 4f 1 hydrogen-bonded turns in �, γ, and hybrid peptides. (a) 12-helix
formed by �-peptide Boc-ACPC-ACPC-ACPC-ACPC-ACPC-ACPC-OBn49 (no. 123 in Table S1) and (b) 14-helix formed in the γ-peptide
Boc-(4-amino-2,3,4-trimethylbutanoyl-4-amino-3,4-dimethyl-2(2-methyl-1-propyl) butanoyl)2-OBn124 (no. 136 in Table S1). (c) R� C11-
helix, Boc-Aib-ACPC-Aib-ACPC-Aib-ACPC-Aib-ACPC-OBn162 (no. 110 in Table S1), (d) Rγ C12-helix, Boc-Gpn-Aib-Gpn-Aib-Gpn-
Aib-Gpn-Aib-OMe103 (no. 169, Table S1), (e) �γ C13 turn, Boc-�Leu-Gpn-Val-OMe100 (no. 61 in Table S1), (f) �γ C13 Helix, Boc-ACPC-
(S,S,S)(2-ethyl)3ACHC-ACPC-(S,S,S)(2-ethyl)3ACHC-ACPC-OBn110 (no. 96 in Table S1), and (g) 12/11/11 helix, Boc-ACPC-ACPC-
Phe-ACPC-ACPC-Phe-OBn163 (no. 100 in Table S1).
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been observed in the (RγR)n sequence Boc-(Leu-Gpn-Aib)2-
OMe (no. 168 in Table S1).166 Theoretical calculations by
the group of Hofmann have resulted in energetically favor-
able models for 4 f 1 hydrogen bonded C11 (R�),185 C12

(��/Rγ),150,186 and C13 (�γ)186 helices, whose conformational
parameters are in good agreement to those determined from
crystal structures. The helix types in (�δ)n peptide have
recently been predicted theoretically.187

4.5. Three-Residue Hydrogen-Bonded Turns
(5 f 1, 1 f 3)

In all R peptides, three-residue hydrogen-bonded rings
(CO(i) · · ·NH(i+4)) result in a 13 atom structure (C13).
Repetitive turns with successive 5f 1 hydrogen bonds along
the backbone yield a classical Pauling R (3.613) helix.32,128

In such a structure, the Ramachandran angles at each residue

lie in approximately the same region of φ, ψ space (RR: φ
≈ -57°, ψ ≈ -47°). Isolated C13 hydrogen bonded turns in
which the φ, ψ angles of the three residues are quite different
have also been characterized in proteins and are referred to
as R turns (nonhelical turns).188,189

In three-residue segments containing ω amino acids,
expanded hydrogen bond ring sizes are obtained for 5 f 1
hydrogen-bonded turns as summarized in Figure 18. Thus
far, crystal structures have provided several examples of
expanded three residue turns, as exemplified in Figure 18,
which shows experimentally established hydrogen-bonded
ring sizes of 14 (RR�),102 15 (R��),190 and 17 (γRγ)191 atoms.
Of these C14 (RR�)102 and C15 (R��)190 turns can be repeated
to yield continuous helices and may be classified as helical
turns. In contrast, γRγ (C17)191 structure illustrated in Figure
18 is a nonhelical three-residue turn. In the case of expanded
polypeptide backbones, structures in which hydrogen bond
directionality is reversed NH(i) · · ·CO(i + n) must also be
considered. Indeed, for a ��� segment, such a 1 f 3
(NH(i) · · ·CO(i + 2)) hydrogen bond has been characterized
in all � sequences46-48 (Figure 18c). Repetition of this
structure is indeed possible resulting in C14 helix.

In the case of R peptide sequences, considerable confor-
mational variability has been established within the overall
framework of two residue (4 f 1) and three residue (5 f
1) hydrogen-bonded turns, which have been termed as �
turns2,129,130,192 and R turns,188,189 respectively. Expansion of
the polypeptide backbones in sequences containing ω amino
acids must necessarily result in a variety of conformational
classes within the framework of a specific hydrogen bonded
ring size. These will undoubtedly be experimentally char-
acterized, as the database of crystal structures expands to
encompass hybrid sequences with greater residue diversity.

4.6. r Helix Expanded Analogs
The R helix formed by repetitive three residue (RRR) 5
f 1 hydrogen-bonded turns can be readily expanded by

Figure 17. Helices with 4 f 1 hydrogen-bond patterns in R, �,
γ, and hybrid peptides. The models for �, γ, and hybrid peptide
helices are constructed using the average values of torsion angles
observed in crystals and then minimizing the resulting model in
INSIGHT II to relieve any short contacts. The average values of
torsion angles in the minimized models provided in Table 3 are
used to build the final models shown in the figure.

Table 3. Torsion Angles (deg) for Helices Shown in Figures 17, 20, and 21a

helix type
(n, h)

residue
repeat

atoms in hydrogen
bond ring φ ψ φ θ1 θ2 ψ methodb

helices with normal directionality

4 f 1
310-helix (3.0, 1.8) RR 10 -49.3 -25.7 C
C12 (2.6, 2.0) �� 12 -96.2 91.5 -101.6 C/T
C14 (2.4, 1.8) γγ 14 -153.5 66.3 -55.7 124.9 C/T
C11 (3.1, 3.6) R� 11 -62.0 -44.0 -105.0 80.0 -73.0 C/T
C12 (4.3, 4.1) Rγ 12 -57.0 -53.0 -126.0 59.0 57.0 -99.0 C/T
C13 (2.1, 2.0) �γ 13 -106.0 75.0 -115.0 C/T

-117.0 66.0 62.0 -120.0

5 f 1
R-helix (3.6, 1.6) RRR 13 -57.8 -47.0 C
C14 (8.2, 3.9) RR� 14 -61.0 -50.0 -114.0 74.0 -91.0 C

-66.0 -48.0
C15 (9.7, 3.3) R�� 15 -72.0 -70.0 -101.0 71.0 -128.0 Cc

-83.0 84.0 -100.0

helices with reversed directionality

1 f 3
C14 (3.1, 1.5) ��� 14 -136.9 55.9 -131.1 C/T

helices with mixed directionality
C11/C9 (2.8, 4.8) R� 11 and 9 -69.5 129.6 97.9 61.7 -83.4 C/T
C12/C10 (3.9, 4.3) Rγ 12 and 10 -66.5 125.6 84.9 37.9 40.1 -117.8 C/T

a The torsion angles listed are for idealized helices generated based on the crystal state conformations in the case of �, γ, and hybrid peptides.
b C and T indicate crystallographic and theoretical studies, respectively. c A single hydrogen bonded turn has been determined in crystals.
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insertion of � and γ residues into predominantly R peptide
sequences. Figure 19 illustrates three examples of crystalline
hybrid peptides in which expansion of the C13 hydrogen

bonded ring to 14 and 15 atoms has been realized. In the
octapeptide Boc-Leu-Phe-Val-Aib-�Phe-Leu-Phe-Val-
OMe,102 the central Val-Aib-�Phe-Leu-Phe (RR�RR) seg-
ment folds into a short helix stabilized by three successive
C14 (5 f 1) hydrogen bonds. This example illustrates the
possibility of realizing an expanded analog of the R helix in
an (RR�)n sequence as shown in Figure 20. The crystal
structure of the undecapeptide Boc-Val-Ala-Phe-Aib-�Val-
�Phe-Aib-Val-Ala-Phe-Aib-OMe,190 which possesses two
centrally positioned contiguous �3 residues provides an
example of a further expansion of the hydrogen bonded ring
size to 15 atoms. In this peptide the central peptide segment
Aib-�Val-�Phe-Aib reveals C15 hydrogen bond across a R��
segment. The backbone conformation of this three residue
segment may be used to generate the idealized C15 helix
formed by continuous (R��)n sequence as illustrated in
Figure 20. The eleven residue peptide also illustrates the
heterogeneity of hydrogen bonding patterns which may be
encountered in hybrid sequences. The conformation of this
peptide is characterized by a succession of backbone
hydrogen bonds of the type C13 (RRR, 5f1)/ C14 (RR�/�RR,
5f 1)/C15 (R��, 5f 1). An interesting example of a regular
repeat of a mixed C14/C15 hydrogen bonding pattern is
provided in the crystal structure of peptide Boc-Ala-ACPC-
Ala-ACPC-Ala-ACPC-Ala-ACPC-OBz (ACPC ) trans-2-
aminocyclopentanecarboxylic acid) (Figure 19c).193,194

4.7. Helices with Reverse Directionality Hydrogen
Bonds

In R peptides and proteins, the 310 (4f 1) and R (5f 1)
helices have hydrogen bonds of the type CO(i) · · ·HN(i +
n), where n ) 3, 4. Helices with reversal of hydrogen bond
polarity of the type NH(i) · · ·CO(i + n) are not observed.
Interestingly, such hydrogen bonded structures were indeed
considered in a paper published by Bragg, Kendrew, and

Figure 18. (a) Schematic diagram showing the number of atoms
in the three-residue hydrogen bonded turns (5f 1) in R, �, γ, and
hybrid peptides. Shaded squares correspond to turns characterized
in crystal structures. (b) Examples of 5f 1 hydrogen bonded turns
in hybrid peptides. A C13 turn of an R-helix is shown for
comparison. The RR� C14 turn shown is from the crystal structure
of Boc-Leu-Phe-Val-Aib-�Phe-Leu-Phe-Val-OMe102 (no. 70 in
Table S1), the R�� C15 turn is observed in the peptide Boc-Val-
Ala-Phe-Aib-�Val-�Phe-Aib-Val-Ala-Phe-Aib-OMe190 (no. 60 in
Table S1) and the γRγ C17 turn is observed in the tetrapeptide Boc-
Aib-Gpn-Aib-Gpn-NHMe191 (no. 165 in Table S1). (c) The three
residue hydrogen bond formed with reversed directionality (1f3)
in �-peptides (14-helix).46-58

Figure 19. Examples of experimentally characterized 5 f 1
hydrogen bonded turns in hybrid peptide helices. (a) 14 atom (�RR/
R�R/RR�) turns in Boc-Leu-Phe-Val-Aib-�Phe-Leu-Phe-Val-
OMe,102 (b) 15 atom (��R) turn in Boc-Val-Ala-Phe-Aib-�Val-
�Phe-Aib-Val-Ala-Phe-Aib-OMe,190 and (c) 14/15 mixed helix with
alternating 14 atom (R�R) and 15 atom (�R�) hydrogen bonds in
Boc-Ala-ACPA-Aib-ACPC-Aib-ACPA-Aib-ACPC-Aib-OBn.193 The
backbone segment containing the 5f 1 hydrogen bonds are shown
as thick lines.

Figure 20. An ideal R-helix and model helices with 5f1 hydrogen
bonding pattern in ...RR�RR�... and ...R��R��... sequences,
constructed using the average values of torsion angles observed in
crystals and then minimizing the resulting model in INSIGHT II
to relieve any short contacts. The average values of torsion angles
in the minimized models are provided in Table 3, which are used
to build the final models shown in the figure.
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Perutz31 in 1950, before Pauling advanced the structure of
the R helix.32,128 A helix with reversed hydrogen bond
directionality was also considered for a short segment at the
N-terminus of lac-repressor, to explain the NMR observa-
tions.195 This structure, called the δ helix, described in 1979
has acceptable stereochemistry and has hydrogen bonds of
the type NH(i) · · ·CO(i + 3) (C14, 1f4). The idealized δ
helix for an (R)n sequence, shown in Figure 21, was not
observed when the crystal structure of the lac-repressor was
determined in 1996.196 The first example of a crystallo-
graphically characterized peptide helix with reversed hydro-
gen bond directionality was the structure of the oligo �
peptide determined by Gellman and co-workers in 1996 (C14,
1f 3) (no. 126 in Table S1) (Figure 21b).46 The superposi-
tion of the C14 hydrogen bonded rings formed in the �n

peptide and the proposed δ helix in the Rn sequence reveals
an rmsd of 0.75 Å for a superposition of 13 atoms in the
hydrogen bonded ring, suggesting an overall similarity
between the two structures.

In �n sequences, two types of helices C12 (4 f 1)49 and
C14 (1f 3)46 were originally characterized. While the former
is an expanded analog of the 310 helix, the latter does not
have well characterized precedent in the R peptide structures.
Interestingly, recent studies on large, designed all � se-
quences have yielded well characterized examples of C14

helices,197,198 suggesting that this structure may indeed be
favored for � peptides. This has been dealt in detail later in
the text under the subheading Revisiting Hydrogen-Bonded
Rings in Peptide Helices. Notably, the value of the CR-C�

torsion angle is θ ≈ 60° in the C14 helix and ∼90° in the
C12 helix.

5. Helices with Alternate Hydrogen Bond
Directionalities

The crystal structure of the tetrapeptide Boc-Leu-Gpn-Leu-
Aib-OMe,101 which contains an RγR sequence, reveals two
consecutive hydrogen bonded turns with opposite direction-
ality (Figure 22a). The observed C12 (4 f 1)/C10 (1 f 2)
hydrogen-bonding pattern may be repeated to generate the
mixed 12/10 helix for an (Rγ)n series (Figure 22c).101 In this
structure, the R residue adopts a polyproline (PII) conforma-
tion. The mixed 12/10 helix presents an interesting issue in

the description of helical structures. When considered in
terms of repetition of torsion angles, the C12 turn formed by
the Rγ unit can be repeated to generate the 12/10 helix.
However, the helix so generated consists of a mixed
hydrogen bond pattern with the result that if the hydrogen
bonding scheme is viewed as a repeat motif, then the
elementary unit would be an RγR segment. In the earlier
section of this review, we have classified this Rγ C12 turn as
a nonhelical turn to signify that the repetition of this unit
does not yield a continuous C12 helix stabilized by 12 atom
hydrogen bonded rings.101

A recent report describes crystal structures of model
peptides containing the trisubstituted � residues, R,R-
dimethyl-D-�-homoalanine, R,R-dimethyl-D-�-homo phe-
nylalanine, R,R-dimethyl-D-�-homoleucine, and their L-enan-
tiomers.92 Although the authors do not comment on the
folded structures obtained, these examples provide novel
intramolecular hydrogen bonding pattern. The molecular
conformation in crystals of the two R�R peptides containing
these trisubstituted residues reveals two consecutive hydrogen
bonded turns of the C11 type (R�, 4 f 1, normal direction)
and C9 type (�R, 1 f 2, reverse direction) (Figure 22b).92

This C11/C9 consecutive turn structure can be repeated to
generate the 11/9 helix with mixed hydrogen bond direc-
tionality in (R�)n sequences (Figure 22d). In this case also
the R residue adopts a PII conformation while the C11 R�
turn may be characterized as a nonhelical turn since a
repetitive C11 structure cannot be generated.

Helices with mixed hydrogen bond directionalities have
also been proposed in solution from NMR studies of oligo-�
peptides in which �2 and �3 residues alternate along the
sequence.27,199-201 Studies of the peptide Boc-�2Val-�3Ala-
�2Lys-�3Val-�2Ala-�3Lys-OBn suggests a mixed 10/12 helix
in solution.201

Figure 21. Helices with reversed hydrogen bond directionality.
(a) A model of the R-peptide 4.314 helix (δ-helix) proposed by
Chandrasekaran et al., for the N-terminus of the Lac repressor
protein (φ ) -98°, ψ ) -80°, ω ) 170°).195 (b) Backbone of the
�-peptide 14-helix Boc-(ACHC)6-OBn.46 (c) Superposition of the
RRRR C14 hydrogen-bonded ring with the ��� C14 hydrogen-bonded
ring (rmsd )0.75 Å).

Figure 22. Helices with alternating hydrogen bond directionalities.
(a) An Rγ hybrid peptide, Boc-Leu-Gpn-Leu-Aib-OMe101 (no. 166
in Table S1) in which an Rγ C12 hydrogen bond in the normal
direction is followed by a γR C10 hydrogen bond in the reverse
direction. (b) Molecular conformation of a protected tripeptide,
iodobenzoyl-Ala-R,R-dimethyl-D-�-homoalanine-Phe-OMe92 (no.
89 in Table S1), with alternating R and � residues, featuring
consecutive C11 (R�, normal hydrogen bond direction) and C9 (�R,
reversed hydrogen bond direction) turns in crystals. (c, d) Models
of C12/C10 and C11/C9 helices with alternating hydrogen bond
directionalities in Rγ and R� hybrid peptides, respectively.
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6. ω Amino Acids in Hairpins

6.1. Insertion into Turn Segments
In R peptides and proteins, short polypeptide segments

that form chain reversals facilitate registry of antiparallel
strands stabilized by cross strand hydrogen bonds. � hairpin
structures formed using tight two residue turns are commonly
formed in proteins.202 In the case of two residue RR segments,
hairpins are nucleated by type I′ and II′ (prime) turns, a
feature recognized by an analysis of protein structures by
Thornton and co-workers.130 The use of prime turns in the
design of synthetic � hairpins and multistranded � sheets
has relied on the use of DPro-Xxx segments for facilitating
type I′/II′ turn formation19,93,203-217 and to a lesser extent on
the use of Asn-Gly segments.217-224 The prime turns require
positive φ values at the residue (i + 1) (type I′/II′: φ(i+1) )
60°); conformations which can be readily achieved with
D-amino acids or achiral residues. Among the L-amino acids,
Asn has the greatest propensity to adopt the positive φ
values.93,225 As in the case of RR segments, hybrid dipeptide
segments containing backbone homologated residues can also
form a variety of 4 f 1 hydrogen bonded turns. Here also,
turns may be classified into those that can be repeated to
generate helices as described in the previous section or
promote chain reversal with the possibility of generating

hairpin structures. Figure 23 shows examples of three
crystalline �-hairpins, in which �, γ, and δ residues are
present in the turn segment. In the case of the tetrapeptide
containing a central �� segment composed of (R)Nip-(S)Nip
(Nip ) Nipecotic acid), nascent hairpin formation is observed
with two cross-strand hydrogen bonds.109 The nipecotic acid
residue is constrained by cyclization to adopt θ ≈ 180°. This
4 f 1 C12 hydrogen bonded turn (φ(i+1) ) 115.6°, θ(i+1) )
-175.2°, ψ(i+1) ) 81.7°; φ(i+2) ) -117.4°, θ(i+2) ) -176.6°,
ψ(i+2) ) -71.2°) is distinct from the C12 �� turns, which
occurs in the repetitive C12 helical structures.49 Notably, the
linking peptide unit between the residues at (i + 1) and (i +
2) positions adopts a cis geometry (ω ≈ 0°). This �� C12

hydrogen bonded turn can be considered as a backbone
expanded analog of the type VI � turn in RR sequences.2 In
the case of γ peptides, no crystal structures are available for
�-hairpins with γγ turns. However, an N-acyl-γ-dipeptide
amide, reveals a 14-atom hydrogen bond in crystals, with
distinctly different backbone torsion angles from the helical
C14 hydrogen bond.226 This can be considered as a γ analogue
of the type II �-tuns formed by R peptides (see Figure 15).
Hairpin nucleation by centrally positioned Rγ (Aib-Gpn)103

and Rδ (DPro-δAva)121 segments are also demonstrated in
the synthetic octapeptides Boc-Leu-Phe-Val-Aib-Gpn-Leu-
Phe-Val-OMe103 and Boc-Leu-Val-Val-DPro-δAva-Leu-Val-

Figure 23. Examples of � and γ residues in the turn and strand regions of peptide �-hairpins. (a) The hairpin structures of a �-peptide,
with (R)-nipecotic acid and (S)-nipecotic acid residues in the turn segment108 (no. 74 in Table S1). This peptide also has vicinally disubstituted
�-residues as the strand residues. (b) An octapeptide �-hairpin with a Gpn residue at the (i + 2) position of the backbone expanded �-turn,
in Boc-Leu-Phe-Val-Aib-Gpn-Leu-Phe-Val-OMe103 (no. 170 in Table S1) (c) The unsubstituted δ-amino acid (δAva) at the (i + 2) position
of the octapeptide hairpin Boc-Leu-Val-Val-DPro-δAva-Leu-Val-Val-OMe.121 (bottom) Examples of � and γ residues in the strand region
of �-hairpins. (d) Boc-Leu-Val-�Phe-Val-DPro-Gly-Leu-�Phe-Val-Val-OMe207 (no. 72 in Table S1), (e) Boc-�Phe-�Phe-DPro-Gly-�Phe-
�Phe-OMe208 (no. 69 in Table S1), (f) Boc-Leu-Val-�Val-DPro-Gly-�Leu-Val-Val-OMe209 (no. 59, Table S1), and (g) PhCH2-trans-3-
ACPC-DPro-((1,1-dimethyl)-1,2-diaminoethyl)-trans-3-ACPC-OtBu230 (no. 138 in Table S1). The residue numbers and the ω-residues are
marked in each example.
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Val-OMe.121 In these cases, the strand registry is determined
by four and three cross strand hydrogen bonds, respectively.
The C13 hydrogen bond in the Rδ turn can be considered as
formally equivalent to a hairpin nucleating three residue RRR
segment. Such hairpins with centrally positioned three residue
turns have been characterized in solution by NMR studies
of designed R peptide sequences.227

6.2. Extended Strands
The accommodation of ω amino acids in extended stand

structures is favored when the backbone torsion angles adopt
values close to 180° (trans conformation). The homologation
of the backbone of extended strands in designed peptide �
hairpins has been demonstrated in several peptide crystal
structures.108,120,207-209 Figure 23 provides representative
examples. Strand registry can be achieved by placing the ω
amino acids in facing positions across the antiparallel chains.
The structure of the decapeptide Boc-Leu-Val-�Phe-Val-
DPro-Gly-Leu-�Phe-Val-Val-OMe207 (Figure 23d), provides
a good example of facing �Phe residues across antiparallel
strands. In this case, the � residue was inserted at a position
which corresponds to the non-hydrogen bonded segment in
the hairpins. The structure of the � hairpin hexapeptide Boc-
�Phe-�Phe-DPro-Gly-�Phe-�Phe-OMe (Figure 23e)209 il-
lustrates a feature of the extended strands composed of linked
� residues. In this case, polar strands are formed in which
one face presents acceptor CO groups, while the other face
presents donor NH groups. Inspection of the hairpin reveals
that the cross-strand hydrogen bonds are formed by interac-
tion between antiparallel strands of opposite polarity. Polar
sheet formation228-230 is a property of ω amino acids with
an even number of backbone atoms between the NH and
CO groups. In the case of ω amino acids, cross strand
hydrogen bonding patterns across the hairpin can be main-
tained even in the case of conformations, which accom-
modate gauche values for one of the torsion angles.229 The
structure of the octapeptide Boc-Leu-Val-�Val-DPro-Gly-
�Leu-Val-Val-OMe207 (Figure 23f) provides an example of
the accommodation of a gauche conformation (θ ≈ 65°) at
the �Val(3) residue. A cross strand hydrogen bonding pattern
is preserved despite the backbone distortion. A similar
example in the case of γ residues is observed in the
decapeptide Boc-Leu-Val-γAbu-Val-DPro-Gly-Leu-γAbu-
Val-Val-OMe (Figure 7),120 where the γ residue adopts a θ2

value of -65°, without disruption of the hydrogen bonds
involving the peptide units which flank the facing γ residues
at the positions 3 and 8. The accommodation of gauche
conformations in facing pairs of �� and γγ residues across
antiparallel strands is illustrated in Figure 24. Good hydrogen

bond geometries are possible despite the local distortion in
extended strands. Constrained γ amino acids can also be
incorporated into the strands, with the example of trans-3-
ACPC (trans-3-aminocyclopentane carboxylic acid),230 il-
lustrated in Figure 23g. In this residue, the geometry of the
1,3-disubstituted cyclopentane ring results in an appropriately
extended arrangement of the backbone atoms. The structure
of the molecule shown in Figure 23g has a parallel strand
arrangement generated by the use of a (1,1-dimethyl)-1,2-
diaminoethyl unit at the (i + 2) position of the nucleating
turn.230 Examples of both polar and apolar sheet formation
has been demonstrated in the crystal structures of several
short acyclic ω amino acid containing peptides (Figure
25).229,231

7. Conformational Representations
Discussions of the backbone folding patterns of R polypep-

tides and proteins have been greatly simplified by the use of
the two-dimensional Ramachandran map.11,12 In the Ram-
achandran representation, the two backbone torsion variables
φ (N-CR) and ψ (CR-CO) define a two-dimensional
conformational space. The use of dihedral angles permits
reduction of an analytical problem in three dimensions to a
problem in two-dimensional space. The peptide bonds
flanking a given residue are restricted to the trans conforma-
tion (ω ≈ 180°), a feature overwhelmingly present in
peptides and proteins. The φ-ψ space can then be partitioned
into stereochemically allowed and disallowed regions using
the elementary principles of hard sphere contacts between
atoms. Each residue in a polypeptide chain is then repre-
sented as a point in two-dimensional φ-ψ space. Regular
structures like the R helix (φ ) -57°, ψ ) -47°), � sheet
(φ ≈ -120° to 140°, ψ ≈ 113° to 135°), and polyproline PII

(φ ) -78°, ψ ) 149°) conformations are formed by
successive residues which cluster in a limited domain of φ-ψ
space. Ramachandran φ-ψ space has provided an important
conceptual basis for the understanding of polypeptide chain
folding. The original hard sphere approach, which uses van
der Waals contact limits between atoms as a steric filter, have
been replaced by conformational energy calculations using
semiempirical force fields. Experimental observations from
protein structures establish that the contours of the hard
sphere map are largely in agreement with experimentally
observed φ-ψ distribution.13,14 In the case of backbone
homologated ω amino acids, the introduction of additional
torsional variables (Figure 3) adds a further dimension of
complexity to the problems of representing observed con-
formations. The growing body of crystallographically de-
termined backbone conformations in synthetic peptides

Figure 24. Examples of � and γ residues with gauche and trans
conformations about the C-C bonds accommodated in the strand
segment of hairpins. (a) Boc-�Phe-�Phe-DPro-Gly-�Phe-�Phe-
OMe,208 (b) Boc-Leu-Val-�Val-DPro-Gly-�Leu-Val-Val-OMe,209

and (c) Boc-Leu-Val-γAbu-Val-DPro-Gly-Leu-γAbu-Val-Val-
OMe.120 The residues highlighted in bold letters are shown in the
figure.

Figure 25. Examples of parallel and antiparallel sheet formation
in short �-peptides: (a) parallel sheet229 and (b) antiparallel sheet.228
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containing ω amino acids suggests, that folded structures
invariably require gauche conformations about the additional
rotatable bonds. It is therefore useful to separate representa-
tions of the experimental data for � and γ residues into φ, ψ

scatter plots for specific conformations (gauche (g), trans (t))
for the additional degrees of freedom. Figure 26 illustrates
φ,ψ scatter plots that show the distribution of crystallo-
graphically characterized conformations for � and γ residues.

Figure 26. Scatter plots showing the distribution of φ, ψ values in crystallographically characterized � and γ residues.(a) Plot for �-residues
with θ ≈ +60° and (b) plot for �-residues with θ ≈ 180°. (c, d, e, f) Plots for γ-residues with θ1, θ2 ≈ +60°; θ1 ≈ +60° and θ2 ≈ 180°;
θ1 ≈ 180° and θ2 ≈ +60°; θ1, θ2 ≈ 180°, respectively. The values plotted are provided in Table S1 of Supporting Information.
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The experimental data consists of both multiply substituted,
constrained residues and unsubstituted, unconstrained resi-
dues. In comparison to the R amino acid residues, there is
only limited data available for ω amino acid residues. The
explosive growth of protein crystal structures has provided
a wealth of information on the backbone conformational
preferences of the genetically coded amino acids. In contrast,
conformational information on the noncoded amino acids
must largely be derived from studies of synthetic peptides.
The accumulated data on � and γ residues is thus biased by
the nature of residues chosen in the studies of model peptides.
It is clearly observed that the majority of the crystal structure
observations correspond to gauche (g) conformations about
the CR-C� (θ) bond in � residues and a gauche-gauche
(gg) conformation about the Cγ-C� (θ1) and C�-CR (θ2)
bonds in γ residues. Figure 27a and c provides φ, ψ
representations for all the observed hydrogen bonded turns
and helices in oligo � and γ peptides and in hybrid peptides
containing R, �, and γ residues. It is once again evident that
turn formation, stabilized by intramolecular hydrogen bonds
are largely observed where the additional torsional angles
are localized in gauche conformations.

7.1. Conformationally Constrained Residues
The design of folded structures (foldamers)21,22,24,27,59

containing ω amino acid residues is facilitated by the use of
stereochemically constrained amino acids. Conformational
constraints on backbone torsional freedom can be introduced
by substitution and backbone-side chain cyclization (Figure
4). Figure 27b summarizes the observed conformational
distribution for constrained � residues. ACHC (trans-2-
aminocyclohexane carboxylic acid)46 and ACPC (trans-2-
aminocyclopentane carboxylic acid)49 provide examples of
the covalent restriction on the dihedral angle θ, while the
�2,2Ac3c (1-aminomethylcyclopropane carboxylic acid),97

�2,2Ac6c (1- aminomethylcyclohexane carboxylic acid),98 and
�3,3Ac6c (1-aminocyclohexane acetic acid)142 are examples
where gem dialkyl substitution limits the flanking torsional
variables. A comparison of Figure 27a and b reveals that
the amino acids ACPC and ACHC largely supports helical
conformations and can also be readily accommodated into
hybrid helical structures. In contrast, the �3,3Ac6c residue is
almost entirely restricted to nonhelical conformations.142 For
γ residues, the most extensively used residue is gabapentin

Figure 27. Conformational space representation. Specific regions where the regular secondary structures of �, γ, and hybrid peptides are
observed in the φ-ψ space of �- and γ-residues. (a) �-residues with θ in gauche conformation, observed in all the helical structures and
hybrid nonhelical turns. (b) Comparison of the conformational space for cyclic constrained �-residues ACPC, ACHC which populate the
helical conformations, with geminally disubstituted �2,2Ac6c and �3,3Ac6c residues. (c) Conformational space for γ-residues with both θ1

and θ2 adopting gauche conformation, observed in helix and ribbon structures of γ-peptides and hybrid peptides. (d) Scatter plot for the
experimentally observed conformations of Gpn residue, with θ1 ≈ θ2 ≈ 60°.105
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(Gpn).99-107 Figure 27d summarizes the observed confor-
mational distribution of Gpn peptides, in φ-ψ space, with
θ1 ≈ θ2 ≈ 60°.105,106 Only one example of a Gpn residue
adopting a gt conformation for θ1, θ2 is observed in crystals
of the octapeptide Boc-Leu-Phe-Val-Aib-Gpn-Leu-Phe-Val-
OMe (Figures 5 and 23).103

The presence of gem dialkyl substituents on a carbon atom
results in a restriction of the flanking torsional angles. In
the case of R residues, R aminoisobutyric acid (Aib) has been
the most widely investigated residue. A large number of
experimental and theoretical studies have established that Aib
is almost exclusively constrained to the right- and left-handed
helical regions of φ-ψ space,17,93-96 with a very few
exceptions, most of which are observed in short peptides.232-234

The related residue 1-aminocyclohexane-1-carboxylic acid
Ac6c, has been shown to almost exclusively favor local
helical conformations (φ )( 60°, ψ ) 30 ( °).235-240 Figure
28 illustrates the structure of � and γ residues that can be
formally considered as Ac6c analogs, all of which are achiral.
Of these, the γ amino acid residue gabapentin (Gpn) is
readily available as a bulk drug, while both �2,2Ac6c and
�3,3Ac6c are accessible synthetically. A large number of
crystallographic examples of short peptides containing
�3,3Ac6c reveal a limited range of φ, ψ values as shown in
Figure 27b.142 These conformations do not lie in the regions
that support helical folding in hybrid sequences. Interestingly,

the only example of a 4f 1 hydrogen-bonded conformation
involving �3,3Ac6c is in the peptide Piv-Pro-�3,3Ac6c-NHMe
(Figure 28b).121 This conformation may be formally consid-
ered as an R� expanded analog of the conventional RR type
II �-turn and may be classified as a nonhelical turn. The
structure of the tetrapeptide Boc-(�2,2Ac6c)3-OMe reveals a
reverse directionality 1f2 (C10) hydrogen bond and also the
C6 hydrogen bonded conformation of an isolated � residue
(Figure 28c).98 As shown in the Figure 27d, the Gpn residue
is an excellent building block for the design of folded
peptides with hybrid backbones. In the Gpn residue, geminal
disubstitution at the � carbon atom, limits the flanking torsion
angles θ1 and θ2 almost exclusively to gauche conformations
(Figure 5).105,106 A fully extended conformation results in
steric overlap between methylene groups and backbone
atoms, while for the axial substituents, a θ value of 180°
results in unfavorable 1-3 diaxial interactions.106 Confor-
mational energy calculations using semiempirical force fields
establish that Gpn residues can be accommodated in a
relatively limited region of conformational space.105,106 In
the design of folded hybrid peptides, the use of stereochemi-
cally constrained ω amino acids permits a biasing of the local
conformational choices along the polypeptide backbone. The
area of hybrid peptides must undoubtedly benefit from the
explosive development of synthetic methodologies directed
toward preparation of a wide variety of substituted � and γ
amino acids together with methodologies for backbone
homologation at the C-terminus residues of R peptides.63-92

The design of hybrid helices, which are backbone ex-
panded analogs of the canonical helices formed by R
polypeptides, is aided by the availability of amino acid
residues, which preferentially favor backbone torsion angles
that lie in the helical region of conformational space. Figure
29 provides a representation that enables an understanding
of the relationship between the helical conformation of R,
�, and γ residues. In the conformational diagram shown in
Figure 29, the R�/�R helical turn is represented as a double
edged arrow. This corresponds to a repetition of the torsion
angles in an (R�)n sequence resulting in the generation of a
4 f 1 hydrogen bonded C11 helix, which is the backbone
expanded analog of the C10 helix in all R sequences (see
also Figures 16a and 17). Similarly the Rγ/γR C12 helix and
the �γ/γ� C13 helix are also represented on the diagram (see
Figures 16b, c and 17). Inspection of Figure 29 suggests the
possibility of designing hybrid helices that contain R, �, and
γ residues such that several variations of the hydrogen
bonded rings may be generated. For example, ansR�γR�γs
sequence could result in a C11/C13/C12/C11/C13 hydrogen
bonding pattern. An sR��γR�s pattern would give a C11/
C12/C13/C12/C11 hydrogen bonding patterns. The ability to
systematically vary the number of atoms in hydrogen bonded
helical turns may be used to modify spatial relationships
between projecting side chains on a helical scaffold. The
use of R, �, and γ residues in conjunction with functional
side chains may be of significance in the design of analogs
of biologically active R peptide sequences. The construction
of large structures composed of homologated amino acids
has progressed rapidly in the area of all � peptides and hybrid
R� sequences. The Schepartz group has reported the crystal
structures of � dodecapeptides (H2N-�3Glu-�3Leu-�3Orn-
�3Phe-�3Leu-�3Asp-�3Phe-�3Leu-�3Orn-�3Orn-�3Leu-�3Asp-
OH and H2N-�3Glu-�3Leu-�3Orn-�3Phe*-�3Leu-�3Asp-
�3Tyr-�3Leu-�3Orn-�3Glu-�3Leu-�3Asp-OH, where �3Phe*
stands for �3-4-iodohomophenylalanine), which adopt 14

Figure 28. (a) Stereochemically restricted CR,R-dialkylated R-res-
idue Ac6c (1-amino cyclohexane-1-carboxylic acid) and its back-
bone homologated analogs �2,2Ac6c, �3,3Ac6c and Gpn. (b) Molec-
ular conformation of the dipeptide Piv-Pro-�3,3Ac6c-NHMe121 (no
48, Table S1) in crystals, in which the �-residue is involved in an
R� nonhelical C11 hydrogen bond. (c) Molecular conformation of
the tripeptide Boc-�2,2Ac6c-�2,2Ac6c-�2,2Ac6c-OMe97 (no. 40 in
Table S1), which has a C6 hydrogen bond at �2,2Ac6c (1) and a
nonhelical �� C10 hydrogen bond with reversed directionality, at
the �2,2Ac6c (2)- �2,2Ac6c (3) segment. The backbone dihedral angles
are marked.
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helix (314) conformation that assembles into helical bundles
containing four crystallographically distinct molecules (Fig-
ure 30a).197,199 All the amino acids in the sequence are �3

amino acids which are homologues of L amino acids. This
14 helix has hydrogen bond directionality opposite to that
observed in conventional R peptides (Figure 21).46 The
average backbone dihedral angle for the � residues are φ )
-135.5°, θ ) 55.6°, and ψ ) -126.4°. The Gellman group
has characterized hybrid analogs of the yeast transcription
factors GCN4,241,242 in which specific positions along the
heptad repeat sequence is replaced by � residues. The
structure thus obtained fold into helix bundles, with the
successful crystallographic demonstration of a � amino acid
core (Figure 30b). The hybrid helix is characterized by
successive 14 atom hydrogen bonds.

8. Conformational Variability and Biological
Activity

8.1. Conformational Variability in Solution
Despite the many successes in characterizing folded

structures in peptides containing backbone homologated
amino acids, it must be recognized that even for conforma-
tionally constrained residues, several distinct regions of

conformational space are energetically accessible. For ex-
ample, inspection of crystallographically characterized con-
formations for the γ amino acid residue gabapentin (Gpn)
reveal three distinct clusters in φ-ψ space with θ1 and θ2

restricted to gauche conformations.166,191 Conformational
heterogeneity can lead to polymorphic crystal forms that
reveal distinct conformations. An example is provided by
the determination of crystal structure of the tetrapeptide Boc-
Aib-Gpn-Aib-Gpn-NHMe in three polymorphic forms,191 all
of which yield conformations distinct from the anticipated
C12 helical structure. Evidence for multiple conformations
is obtained by selective line broadening of NH resonances
in solution NMR spectra (Figure 31) and by the observation
of interproton nuclear Overhauser effects (NOEs) incompat-
ible with a single conformational species.166,191 The inter-
pretation of NOE data in solution is complicated in the case
of exchanging conformations in which interproton distances
vary widely between the two states (Figure 32).166 In such
situations minor conformations with short interproton dis-
tances can result in NOEs of significant intensities. Studies
in solution of peptides containing backbone homologated
amino acids have thus far been largely restricted to relatively
short sequences. It is likely that in longer sequences, the
energetics of helix formation may indeed favor a more

Figure 29. (a) Schematic diagram illustrating the relationship between helical conformations of R, �, and γ residues. The double edged
arrows indicate that the residues can occupy the central position of a consecutive hydrogen bonded turn structure (incipient helix), leading
to the formation of helical structures. The experimental points plotted are extracted from the crystal structures of hybrid �R and γR helices
(see Table S1). (b) (top) Model of hybrid peptide helix containing R, �, and γ residues (...R�γR�γ...) with varying hydrogen bonded ring
size resulting from 4 f 1 hydrogen bonds. The helix can be described as a 11/13/12 mixed helix (top). (bottom) A model helix with the
sequence repeat -R��γR��γ-. 4f1 hydrogen bonds in this sequence results in a mixed helix with 11/12/13/12/11/12/13 hydrogen bond
pattern (bottom).
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homogeneous conformational distribution. Structures in
solution of a �3-icosapeptide containing all the 20 proteino-
genic side chains have been reported using NMR methods.243

Circular dichroism (CD) has been reported only for relatively
few examples of backbone expanded peptides, in particular,
oligomeric � peptides.22,24 Systematic circular dichroism
studies of backbone homologated peptides which address
issues of chain length dependence of helix formation remain
to be done.

8.2. Biological Activity of Synthetic Peptides
Structure function studies of peptides containing backbone

homologated residues have been stimulated by the demon-
stration of a wide spectrum of biological activity in synthetic
sequences. Table 4 lists representative examples of peptides
exhibiting biological activity. The overwhelming majority
of examples reported to date have involved � peptides. An
important feature of � peptide sequences is their established
resistance to proteolytic degradation,244-255 although reports
of specific enzymes that hydrolyze ω peptide bonds are
available.256-263

9. Revisiting Hydrogen-Bonded Rings and
Polypeptide Helices

The insertion of additional atoms into polypeptide
backbone results in an expansion of the size of the
hydrogen-bonded rings that are formed upon local folding.

Figure 30. Crystallographic examples of helix bundles in �-peptides and R�-hybrid peptides. (a) Molecular conformation of a
�3-dodecapeptide 14-helix in H2N-�Glu-�Leu-�Orn-�Phe-�Leu-�Asp-�Phe-�Leu-�Orn-�Orn-�Leu-�Asp-OH (no. 64 in Table S1), in crystals.
Four molecules in the asymmetric unit of this peptide in the space group P41212 form a helix bundle.197 (b) Conformation of the a R�
hybrid peptide with the sequence repeat RRR�, which is derived from a 33 residue R-peptide of the dimerization domain of yeast transcriptional
regulator.241 The figure (left) shows the conformation of molecule-A of the peptide which has four molecules in the crystallographic asymmetric
unit, resulting in a four helix bundle (right). Only backbone atoms are shown for clarity, with the �-residues highlighted in pink color. The
�-residues present in this sequence are �3Lys (residues 4, 16, 28), �3Asp (residue 8), �3Glu (residue 12), �3Ileu (residue 20), �3Leu (residue
24), and �Gly (residue 32). The 5 f 1 hydrogen bonded helix has a hydrogen bond pattern 14/14/14/13, with the 14 atom hydrogen bonds
corresponding to RR�/R�R/�RR turns and the 13 atom turn corresponding to an RRR turn. For the sequence and backbone torsion angles
of �-residues see Table S1, entry number 32. Panels a and b are generated using the coordinates available for the peptides in the crystallographic
databases CSD and PDB.

Figure 31. (Top) (a, b, c) Conformations in polymorphic crystals
of Boc-Aib-Gpn-Aib-Gpn-NHMe191 and (d) anticipated C12 helix
in Boc-Aib-Gpn-Aib-Gpn-NHMe evidenced in solution. (Bottom)
Temperature dependence of line widths of NMR resonances
characteristic of presence of conformational exchange processes
in solution.

678 Chemical Reviews, 2011, Vol. 111, No. 2 Vasudev et al.



Peptide helices are generated by sequential hydrogen
bonded turns. In the case of R polypeptides, the 310 and
the R(3.613) helices, which contain 10 and 13 atom
hydrogen bonded rings, respectively are the only structures
that have been well characterized. The π helix (4.416),
which contains repetitive 16 atom hydrogen bonds has
not been observed. However, isolated 16 atom hydrogen
bonded rings involving a 6f1 hydrogen bond have been
observed in the Schellman motif which often terminates
helical segments in proteins.264-267 This structural feature
observed at the C-terminal end requires chiral reversals
(RL conformation) at the penultimate residue and possess
both a 4 f 1 and a 6 f 1 hydrogen bond (Figure 33).
Hydrogen bonded rings with ring sizes greater than 13
atoms can be formed in sequences containing ω amino

acids. Illustrative examples of C15, C16, C17, and C19

hydrogen bonds are shown in Figure 33. Of these, C15

(R��/�R�/��R),190,193,194 C16 (R�γ),54 and C19 (�γRR)54

occur in structures of helical hybrid peptides. The C17

hydrogen bond is a feature obtained in the structure of a
protected tetrapeptide sequence.191 The C19 hydrogen bond
characterized over the C-terminal segment �Gly-γAbu-Leu-
Aib-Val (�γRR) can be considered as a backbone expanded
analog of the Schellman motif.54 In this case, the penultimate
residue at the C-terminus (Aib(7)), adopts an RL conforma-
tion and an internal C12 hydrogen bond is formed by the γR
segment. This hydrogen bonding pattern shown in Figure
33f can be compared with the Schellman motif shown in
Figure 33a. The characterization of large hydrogen-bonded
rings upon backbone homologation raises the question as to

Figure 32. Averaging of NOE when two conformations with populations P1 and P2 (P1+ P2 ) 1) equilibrate in solution. (a) An ideal
case of two protons equilibrating between distinct conformations with interproton distances of 2.5 and 5.0 Å. (b) Two distinct conformations
across Gpn-Aib segment wherein d2,4 are 4.5 and 2.9 Å, respectively. (c) Effective internuclear distances at different populations of the two
conformers shown in b. (d) Two distinct conformations across the Gpn-Aib-Leu segment wherein d2,5 are 6.2 and 3.3 Å. (e) Effective
internuclear distances for different populations of the two conformers shown in (d).166 Reprinted with permission from ref 166. Copyright
2005 John Wiley and Sons.
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whether helices accommodating such expanded ring sizes
can be characterized. Discussion of helices in R polypeptides
and protein structures have centered almost exclusively on
the 310 and the 3.613 helices. Both of these structures have
hydrogen bonding patterns of the type CO(i) · · ·NH(i + n),
n ) 3, 4. As described earlier, the postulation of the δ helix
with a 1 f 4 hydrogen bond pattern is an isolated example
of the reversal of hydrogen bond directionality in R peptides.
Hydrogen bonds of the type NH(i) · · ·CO(i + n) have now
been well characterized in � peptides and hybrid sequences.
Extensive fiber diffraction studies on nylons, specifically
nylon-3(�-polypeptide) and poly-R-alkyl-�-L-aspartates have
suggested that larger helical structures, for example the 18
helix, (C18) may indeed be formed in these systems.40,41,268,269

Such a helix would correspond to a repetitive ���� segment,
with a 1 f 4 hydrogen-bonding pattern and would be an
expanded version of the well characterized C14 helix of the
� peptides. Much of the early work on poly γ peptides was
stimulated by the production of poly-γ-D glutamic acid by
Bacillus anthracis and Bacillus subtilis.34 In work published
in the mid 1960s, Rydon proposed helices with hydrogen
bond ring sizes of 19 atoms (normal direction, 5 f 1,
CO(i) · · ·NH(i + 4)) and 17 atoms (reverse direction, 1 f
3, NH(i) · · ·CO(i + 2)).30 The C19 helix would be the
expanded γ peptide analog of the R helix. The C17 helix
would be the expanded analog of the C14 helix of � peptides.
Theoretical analysis of the conformational preferences of
inionized poly-γ-D-glutamic acid, using molecular dymanics
and quantum chemical calculations suggests that a left

handed helix with a 19-membered hydrogen-bonding pattern
(5f 1) may indeed be the most stable.43 Note that Figure 1
of ref 43 labels this hydrogen bond scheme as (i, i + 3).
More recent experimental investigations of poly-γ-glutamates
have used biosynthetically derived samples (bionylons) that
contain both L- and D-glutamic acid residues.270 An interest-
ing feature of naturally occurring poly-γ-glutamates is that
several organisms produce poly-γ-D-glutamate, while others
produce D, L copolymers of variable stereochemical com-
position.271 Poly glutamate-biosynthesis has now been es-
tablished in both prokaryotes and archea and the sole example
of its production in an eukaryotic organism has been
reported.272

Helical structures that are optimally close packed would
be anticipated to be the most energetically favorable, since
hydrogen-bonding interactions and van der Waals interac-
tions may both be maximized. Table 4 provides a summary
of hydrogen-bond patterns and internal helix diameters
for idealized structures formed by homopolymers of R,
�, and γ residues. In R peptide helices, the 310 helix and
the 3.613 (R) helix have closely packed interiors as seen
from the space filling representations viewed as projections
down the helix axis (Figure 34). Indeed, there has been
considerable discussion in the literature on the relative
energetics of the 310 and R helical structures for the R
peptides with the former having somewhat unfavorable
non bonded interactions. The view shown in Figure 34 of
the 4.416 (π) helix reveals an internal cavity with the
estimated Miyazawa diameter273 of ∼4.2 Å. Using a value
of 2.7-2.9 Å for the sum of the van der Waals radii of C,
N, O atoms lining the helix interior, the resultant cavity size
may be estimated. For the π helix, the cavity diameter would
correspond to approximately 1.3-1.5 Å. The nonoccurrence
of the π helix in protein structures must indeed be a
consequence of its loose interior packing. Figure 34 also
compares helix packing for the C12 (��) and the C16 (���)
helices in � peptides and C14 (γγ) and C19 (γγγ) helices in
γ peptides. While the C12 �� helix is a well packed structure,
the C14 γγ helix also reveals only a very small internal cavity
(diameter ≈ 0.5-0.7 Å). Both of these helices are experi-
mentally characterized, although the C14 (γγ) helix has thus
far been established only in a short peptide (Figure 16).124

In contrast, the C16 helix for a �n sequence and the C19 helix
for a γn sequence reveal somewhat larger internal cavities,
which may be anticipated to be destabilizing. Figure 35
compares the helix packing in three polypeptide helices with
reverse hydrogen bond directionality (NH(i) · · ·CO(i + n)).
The experimentally characterized C14 helix for a �n polypep-
tide, reveals an internal cavity diameter of ∼1.2 Å, while a
significantly larger cavity (∼2.2 Å) is obtained for the
proposed C18 helix in the nylons.274 Interestingly, the
hypothesized 14 helix in R peptides (δ helix)195 reveals a
significantly large internal cavity in addition to having
somewhat unfavorable φ, ψ angles, which should be
estimated to make the structure energetically unfavorable.

10. Conclusions
The growing diversity of folded hydrogen-bonded structures

containing �, γ, and higher ω amino acids suggests that hybrid
sequences may provide unanticipated opportunities for the
design of novel peptide structures. The ω amino acids offer
great scope for a variety of backbone substitutions. Advances
in synthetic methodologies will undoubtedly rapidly enhance
the number of ω amino acid building blocks available to peptide

Figure 33. Hydrogen bonds with larger ring sizes determined in
crystals. (a) Example of a Schellman motif widely characterized
in R-peptides. Residues 5-8 of the peptide Boc-Leu-Aib-Val-Gly-
Leu-Aib-Val-DAla-DLeu-Aib-OMe267 are shown in the figure. (b)
C15 turn determined in the Boc-Val-Ala-Phe-Aib-�Val-�Phe-Aib-
Val-Ala-Phe-Aib-OMe190 (see Figure 19b), (c) C17 turn in Boc-
Aib-Gpn-Aib-Gpn-NHMe,191 (d) Boc-Leu-Aib-Val-�Gly-γAbu-
Leu-Aib-Val-OMe,54 (e) C16 turn, and (f) C19 turn (bottom)
characterized in Boc-Leu-Aib-Val-�Gly-γAbu-Leu-Aib-Val-OMe.
Backbone torsion angles are provided in Table S1.
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chemists.63-92 The ability to bias backbone conformational
choices should permit the use of a variety of substituted ω amino
acids in rational peptide design. The use of stereochemically
constrained residues that can occupy only limited regions of
conformational space may be valuable in generating peptide
sequences, which are conformationally homogeneous, permit-
ting crystallization and definitive structural characterization. The

utility of many readily available stereochemically constrained
� and γ residues to stabilize specific folded conformations
remain to be fully explored. Helices with mixed hydrogen bond
directionalities must be realized in long sequences and may
provide a new class of helical scaffolds for arraying functional
side chains. �, γ, and higher ω amino acids promise to expand
the structural space for polypeptides. Backbone expanded

Figure 34. Comparison of helices formed in R, �, and γ homo oligo peptides. The top panel shows helices of R-peptides formed with 4
f 1 (310-helix), 5 f 1 (R-helix), and 6 f 1 (π-helix) hydrogen-bond patterns. The bottom panel shows helices in � and γ peptides with
4 f 1 (12-helix for �-peptide, 14-helix for γ-peptide) and 5 f 1 (16-helix for �-peptide, 19-helix for γ-peptides) hydrogen-bond patterns.
The helices for R-peptides are generated using ideal values of backbone torsion angles for right handed helices. The backbone dihedral
angles for the 12-helix of �-peptide and 14-helix of γ-peptides are obtained by averaging the values determined in crystal structures (see
Table 3, Table S1). For the 16-helix of �-peptide and 19 helix of γ-peptides, torsion angle values derived from the fiber diffraction experiments
on poly-(R-isobutyl-L-aspartate)269 and poly(R-benzyl-γ-D,L-glutamate),270 respectively, were used. The values are 16-helix, φ ) 126.6°, θ
) -103.3°, ψ ) 113.6; 19-helix, φ ) -71°, θ1 ) -53°, θ2 ) 171.6° and ψ ) -160.6°. For the 12-helix, 14-helix, and 16-helix, which
are derived from chiral structures, the helix handedness shown (left-handed) is as reported in the original publications. For the 19-helix,
which is derived from a racemic crystal structure, a right-handed helix is shown. Projections perpendicular to the helix axis and down the
helix axis are shown. For the projections down the helix axis, a space filling model is also shown, to permit visualization of internal cavity
formation. The projections are not scaled. A comparison of the cavity dimension is provided in Table 5.

Figure 35. Comparison of helices with reversed directionality in R- and �-peptides. (a) The 4.314 helix (δ-helix) with 1 f 4 hydrogen
bonds, (b) the widely characterized �-peptide 14-helix (314-helix) with 1f 3 hydrogen bonds, and (c) 18-helix formed with 1f 4 hydrogen
bonds in �-peptides. The left-handed 4.314 helix of R-peptides is generated using the backbone torsion angles given by Chandrasekaran et.
al195 and the right-handed 18-helix of �-peptides is built using the torsion angle values given by Fernandez-Santin et al. for poly-(R-
methyl-L-aspartate).268 The backbone dihedral angles of the left handed 14-helix of �-peptides shown is averaged from crystal structures
containing �3-residues with S-configuration (as there are more number of crystallographic examples in this case; see Table S1).
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analogs of the well studied locally folded conformations of R
peptides will undoubtedly prove important in the area of
biomimetic design. The results summarized in the review also
point to the need to revisit experimentally oligomeric γ peptides
related to the naturally occurring polypeptide poly-γ-D-
glutamate. The prospects for designing hybrid polypeptide
mimics of naturally occurring proteins are bright, with recent
studies providing examples of helix bundle formation.197,198,241,242
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(184) Araghi, R. R.; Jäckel, C.; Cölfen, H.; Salwiczek, M.; Völkel, A.;
Wagner, S. C.; Wieczorek, S.; Baldauf, C.; Koksch, B. ChemBioChem
2010, 11, 335.

(185) Baldauf, C.; Günther, R.; Hofmann, H. J. Biopolymers 2006, 84, 408.
(186) Baldauf, C.; Günther, R.; Hofmann, H. J. J. Org. Chem. 2006, 71,

1200.
(187) Schramm, P.; Sharma, G. V. M.; Hofmann, H. J. Biopolymers (Pept.

Sci.) 2010, 94, 279.
(188) Pavone, V.; Gaeta, G.; Lombardi, A.; Nastri, F.; Maglio, O.; Isernia,

C.; Saviano, M. Biopolymers 1996, 38, 705.
(189) Ramakrishnan, C.; Natraj, D. V. J. Pept. Sci. 1998, 4, 269.
(190) Roy, R. S.; Karle, I. L.; Raghothama, S.; Balaram, P. Proc. Natl.

Acad. Sci. U. S. A. 2004, 101, 16478.
(191) Chatterjee, S.; Vasudev, P. G.; Ananda, K.; Ragothama, S.; Shamala,

N.; Balaram, P. J. Org. Chem. 2008, 73, 6595.
(192) Zimmerman, S. S.; Scheraga, H. A. Biopolymers 1977, 16, 811.
(193) Choi, S. H.; Guzei, I. A.; Gellman, S. H. J. Am. Chem. Soc. 2007,

129, 13780.
(194) Choi, S. H.; Guzei, I. A.; Spencer, L. C.; Gellman, S. H. J. Am.

Chem. Soc. 2008, 130, 6544.
(195) Chandrasekaran, R.; Jardetzky, T. S.; Jardetzky, O. FEBS Lett. 1979,

101, 11.
(196) Lewis, M.; Chang, G.; Horton, N C.; Kercher, M A.; Pace, H C.;

Schumacher, M. A.; Brennan, R. G.; Lu, P. Science 1996, 271, 1247.
(197) Daniels, D. S.; Petersson, E. J.; Qui, J. X.; Schepartz, A. J. Am. Chem.

Soc. 2007, 129, 1532.
(198) Goodman, J. L.; Petersson, E. J.; Daniels, D. S.; Qiu, J. X.; Schepartz,

A. J. Am. Chem. Soc. 2007, 129, 14746.
(199) Seebach, D.; Gademann, K.; Schreiber, J. V.; Matthews, J. L.;

Hintermann, T.; Jaun, B.; Oberer, L.; Hommel, U.; Widmer, H. HelV.
Chim. Acta 1997, 80, 2033.

(200) Seebach, D.; Abele, S.; Gademann, K.; Guichard, G.; Hintermann,
T.; Jaun, B.; Matthews, J. L.; Schreiber, J. V. HelV. Chim. Acta 1998,
81, 932.

(201) Rueping, M.; Schreiber, J. V.; Lelais, G.; Jaun, B.; Seebach, D. HelV.
Chim. Acta 2002, 85, 2577.

(202) Gunasekaran, K.; Gomathi, L.; Ramakrishnan, C.; Chandrasekhar,
J.; Balaram, P. J. Mol. Biol. 1998, 284, 1505.

(203) Awasthi, S. K.; Raghothama, S.; Balaram, P. Biochem. Biophys. Res.
Commun. 1995, 201, 375.

(204) Raghothama, S.; Awasthi, S. K.; Balaram, P. J. Chem. Soc., Perkin
Trans. 2 1998, 1, 137.

(205) Karle, I. L.; Awasthi, S. K.; Balaram, P. Proc. Natl. Acad. Sci. U. S. A.
1996, 93, 8189.

(206) Das, C.; Naganagowda, G. A.; Karle, I. L.; Balaram, P. Biopolymers
2001, 58, 335.

(207) Karle, I. L.; Gopi, H. N.; Balaram, P. Proc. Natl. Acad. Sci. U. S. A.
2001, 98, 3716.

(208) Karle, I. L.; Gopi, H. N.; Balaram, P. Proc. Natl. Acad. Sci. U. S. A.
2002, 99, 5160.

(209) Gopi, H. N.; Roy, R. S.; Raghothama, S.; Karle, I. L.; Balaram, P.
HelV. Chim. Acta 2002, 85, 3313.

(210) Gellman, S. H. Curr. Opin. Chem. Biol. 1998, 2, 717.
(211) Schenck, H. L.; Gellman, S. H. J. Am. Chem. Soc. 1998, 120, 4869.
(212) Haque, T. S.; Gellman, S. H. J. Am. Chem. Soc. 1997, 119, 2303.
(213) Espinosa, J. F.; Gellman, S. H. Angew. Chem., Int. Ed. 2000, 39,

2330.
(214) Aravinda, S.; Shamala, N.; Rai, R.; Gopi, H. N.; Balaram, P. Angew.

Chem., Int. Ed. 2002, 41, 3863.
(215) Harini, V. V.; Aravinda, S.; Rai, R; Shamala, N.; Balaram, P.

Chem.sEur. J. 2005, 11, 3609.
(216) Hughes, R. M.; Waters, M. L. Curr. Opin. Struct. Biol. 2006, 16, 514.
(217) Robinson, J. A. Acc. Chem. Res. 2008, 41, 1278.
(218) Ramirez-Alvarado, M.; Blanco, F. J.; Serrano, L. Nat. Struct. Biol.

1996, 3, 604.
(219) Blanco, F. J.; Rivas, G.; Serrano, L. Nat. Struct. Biol. 1994, 1, 584.
(220) Blanco, F. J.; Jimenez, M. A.; Herranz, J.; Rico, M.; Santoro, J.;

Nieto, J. L. J. Am. Chem. Soc. 1993, 115, 5887.
(221) Searle, M. S.; Williams, D. H.; Packman, L. C. Nat. Struct. Biol.

1995, 2, 999.
(222) Maynard, A. J; Searle, M. S. Chem. Commun. 1997, 14, 1297.
(223) Sharman, G. J.; Searle, M. S. Chem. Commun. 1997, 20, 1955.
(224) De Alba, E.; Rico, M.; Jimenez, M. A. Protein Sci. 1999, 8, 2234.
(225) Creighton, T. E. Proteins: Structure and Molecular Properties, 2nd

ed.: W. H. Freeman and Company: New York, 1993.
(226) Brenner, M.; Seebach, D. HelV. Chim. Acta 2001, 84, 2155.
(227) Rai, R.; Ragothama, S. R.; Balaram, P. J. Am. Chem. Soc. 2006,

128, 2675.
(228) Krauthauser, S.; Christianson, L. A.; Powell, D. R.; Gellman, S. H.

J. Am. Chem. Soc. 1997, 119, 11719.
(229) Sengupta, A.; Roy, R. S.; Sabareesh, S.; Shamala, N.; Balaram, P.

Org. Biomol. Chem. 2006, 4, 1166.
(230) Woll, M. G.; Lai, J. R.; Guzei, I. A.; Taylor, S. J. C.; Smith, M. E. B.;

Gellman, S. H. J. Am. Chem. Soc. 2001, 123, 11077.
(231) Seebach, D.; Abele, S.; Gademann, K.; Jaun, B. Angew. Chem., Int.

Ed. 1999, 38, 1595.
(232) Shamala, N.; Nagaraj, R.; Balaram, P. J. Chem. Soc. Chem. Commun.

1978, 22, 996.
(233) Aravinda, S.; Shamala, N.; Balaram, P. Chem. BiodiVersity 2008, 5,

1238.
(234) Toniolo, C.; Crisma, M.; Bonora, G. M.; Benedetti, E.; Di Blasio,

B.; Pavone, V.; Pedone, C.; Santini, A. Biopolymers 1991, 31, 129.
(235) Bardi, R.; Piazzesi, A. M.; Toniolo, C.; Sukumar, M.; Antony Raj,

P.; Balaram, P. Int. J. Pept. Protein Res. 1985, 25, 628.
(236) Paul, P. K. C.; Sukumar, M.; Bardi, R.; Piazzesi, A. M; Valle, G.;

Toniolo, C.; Balaram, P. J. Am. Chem. Soc. 1986, 108, 6363.
(237) Mazzeo, M.; Isernia, C.; Rossi, F.; Saviano, M.; Pedone, C.; Paolillo,

L.; Benedetti, E.; Pavone, V. J. Pept. Sci. 1995, 1, 330.
(238) Di Blasio, B.; Lombardi, A.; Nastri, F.; Saviano, M.; Pedone, C.;

Yamada, T.; Nakao, M.; Kuwata, S.; Pavone, V. Biopolymers 1992,
32, 1155.

(239) Crisma, M.; Bonora, G. M.; Toniolo, C.; Barone, V.; Benedetti, E.;
Di Blasio, B.; Pavone, V.; Pedone, C.; Santini, A.; Fraternali, F. Int.
J. Biol. Macromol. 1989, 11, 345.

(240) Saviano, M.; Isernia, C.; Rossi, F.; Di Blasio, B.; Iacovino, R.;
Mazzeo, M.; Pedone, C.; Benedetti, E. Biopolymers 2000, 53, 189.

(241) Horne, W. S.; Price, J. L.; Gellman, S. H. Proc. Natl. Acad. Sci.
U. S. A. 2008, 105, 9151.

(242) Giuliano, M. W.; Horne, W. S.; Gellman, S. H. J. Am. Chem. Soc.
2009, 131, 9860.

(243) Seebach, D.; Mathad, R. I.; Kimmerlin, T.; Mahajan, Y. R.; Bindschä-
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G. J. Med. Chem. 2008, 51, 4270.

(317) Poenaru, S.; Lamas, J. R.; Folkers, G.; López de Castro, J. A.;
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