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Double helix formation in α-peptides: a
theoretical study

Peter Schramm and Hans-Jörg Hofmann∗

A complete overview on all possible hydrogen bonding patterns of double helices with antiparallel and parallel strand orientation
in α-peptide sequences is provided on the basis of ab initio molecular orbital theory. The most stable representatives belong
to the group of antiparallel helices. The study on side chain influence shows that these double helices can only be realized if
the strands are composed of L- and D-amino acids in alternate order. The stability of the double helices is compared with that
of competing single-stranded helices. The data contribute to an understanding of secondary structure formation in peptides
and provide a basis for a rational design of membrane channels. Copyright c© 2010 European Peptide Society and John Wiley &
Sons, Ltd.

Supporting information may be found in the online version of this article
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Introduction

Double helix formation by association of two conformationally
identical native polypeptide strands is a relatively rare event in
comparison with nucleic acids and polysaccharides, where it is a
characteristic feature. The most prominent example is the peptide
antibiotic gramicidin A. This molecule is a sequence of alternating
L- and D-amino acids. A single strand with this composition is
able to form a mixed or β-helix exhibiting alternate hydrogen-
bonded pseudocycles of different size, where the direction of the
hydrogen bonds alternately changes in backward and forward
directions [1–7]. Two such helices can be arranged in a head-
to-head orientation forming a channel through the membrane
(Figure 1a). The single-stranded helices show dimer periodicity, i.e.
the backbone torsion angles of every second amino acid agree. It
was very interesting to see two alternating L,D-polypeptide strands
forming double helices as an alternative to the single-stranded
helices (Figure 1b and c) [8–19].

In the meantime, several representatives of double helices with
L,D-polypeptide strands were experimentally found with both
parallel and antiparallel strand orientation (protein data base files:
1MIC [14], 1BDW [16], 1C4D [10,13], and 1Al4 [17]). This finding
raises the question on the number of double helix alternatives
between peptide strands and their stabilities. In 1977, two groups
tried to answer this question on the basis of molecular mechanics
[20,21]. They confirmed some of the experimentally available
structures and predicted further representatives. However, the
range of search was limited in these studies and not all
experimentally found structures were confirmed. A detailed look
at the data shows that further interaction possibilities have to be
considered. In view of the importance of such basic structures
for a design of membrane channels, potential antibiotics, and
nanomaterials, we decided to perform a more extended systematic
search for double helices between α-amino acid strands using the
more reliable methods of ab initio MO theory.

Methodology

An inspection of the experimentally found double helices shows
that the dimer periodicity, which is typical for the single-stranded
gramicidin A helices, is kept. As expected, the conformation
of the two strands resembles that in β-sheet structures. The
interaction mode between the two strands is different in helices
with antiparallel and parallel strand orientation. In parallel double
helices, an amino acid of one strand interacts with two amino
acids of opposite configuration of the other strand via its NH-
and CO-functions (Figure 2a). In antiparallel helices, two amino
acids of the same configuration in both strands interact pairwise
(Figure 2b). On the basis of these interaction modes, all possible
hydrogen bonding patterns between two identical peptide strands
of approximate β-sheet conformation were generated beginning
with the tightest one and continuing up to the three next
higher interaction possibilities in the antiparallel case and the
two next higher interaction possibilities in the parallel case by
using constraints in the geometry optimization. This procedure
leads to 11 different hydrogen bonding patterns for antiparallel
double helices and 6 different hydrogen bonding patterns for
parallel double helices (Tables 1 and 2).

To describe the various interaction patterns in Tables 1 and 2,
we numbered the amino acids of the two strands from the N- to
the C-terminus. Now, it is possible to indicate the hydrogen bond
patterns considering the dimer periodicity by starting from the
NH- and CO-groups of two consecutive amino acids i and (i + 1)
of the one strand each interacting with the NH- and CO-groups of
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Germany. E-mail: hofmann@uni-leipzig.de

Institute of Biochemistry, Pharmacy, and Psychology, University of Leipzig,
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Figure 1. Gramicidin A-like helices: (a) two single-stranded helices in head-to-head arrangement; (b) double helix with antiparallel strand orientation;
and (c) double helix with parallel strand orientation.

Figure 2. Hydrogen bonding principles in: (a) the tightest double helix with parallel orientation of two poly-glycine strands and (b) the tightest double
helix with antiparallel orientation of two poly-glycine strands.
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Table 1. Overview on the formally possible hydrogen bonding patterns in double helices with antiparallel strand orientationa,b

1 iNH → (n − i)′CO 2 iNH → (n − i)′CO 3 iNH →(n − i)′CO
(n − i)′NH → iCO (n − i)′NH → iCO (n − i)′NH →iCO
(i + 1)NH → (n − i + 1)′CO (i + 1)NH → (n − i + 3)′CO (i + 1)NH →(n − i + 5)′CO
(n − i + 1)′NH → (i + 1)CO (n − i + 3)′NH → (i + 1)CO (n − i + 5)′NH →(i + 1)COb

4 iNH → (n − i − 1)′CO 5 iNH →(n − i − 1)′CO
(n − i − 1)′NH →iCO (n − i − 1)′NH →iCO
(i + 1)NH →(n − i + 1)′CO (i + 1)NH →(n − i + 3)′CO
(n − i + 1)′NH →(i + 1)COc (n − i + 3)′NH →(i + 1)COd

6 iNH → (n − i − 3)′CO 7 iNH → (n − i − 3)′CO

(n − i − 3)′NH →iCO (n − i − 3)′NH → iCO

(i + 1)NH → (n − i + 1)′CO (i + 1)NH → (n − i + 3)′CO

(n − i + 1)′NH → (i + 1)CO (n − i + 3)′NH → (i + 1)CO

8 iNH → (n − i − 5)′CO 9 iNH → (n − i − 5)′CO

(n − i − 5)′NH → iCO (n − i − 5)′NH → iCO

(i + 1)NH → (n − i + 1)′CO (i + 1)NH → (n − i + 3)′CO

(n − i + 1)′NH → (i + 1)CO (n − i + 3)′NH → (i + 1)CO

10 iNH → (n − i − 7)′CO 11 iNH → (n − i − 7)′CO

(n − i − 7)′NH → iCO (n − i − 7)′NH → iCO

(i + 1)NH → (n − i + 1)′CO (i + 1)NH → (n − i + 3)′CO

(n − i + 1)′NH → (i + 1)CO (n − i + 3)′NH → (i + 1)CO

a n = n′, number of amino acids per strand; i, i′ , amino acid positions on the stands 1 and 2; helix patterns experimentally found in bold, helix patterns
found by molecular mechanics in italics, helix patterns found both in experiment and by molecular mechanics in bold and italics.
b PDB-code: 1BDW [16].
c PDB-code: 1Al4 [17].
d PDB-code: 1C4D [10,13].

Table 2. Overview on the formally possible hydrogen bonding
patterns in double helices with parallel strand orientationa

12 iNH → (i − 1)′CO 13 iNH → (i − 1)′CO

(i + 1)′NH → iCO (i + 1)′NH → iCO

(i + 1)NH → (i − 2)′CO (i + 1)NH → (i − 4)′CO

i′NH → (i + 1)CO (i − 2)′NH → (i + 1)CO

14 iNH →(i + 1)′CO 15 iNH → (i + 1)′CO

(i + 3)′NH →iCO (i + 3)′NH → iCO

(i + 1)NH →(i − 2)′CO (i + 1)NH → (i − 4)′CO

i′NH →(i + 1)COb (i − 2)′NH → (i + 1)CO

16 iNH → (i + 3)′CO 17 iNH → (i + 3)′CO

(i + 5)′NH → iCO (i + 5)′NH → iCO

(i + 1)NH → (i − 2)′CO (i + 1)NH → (i − 4)′CO

i′NH → (i + 1)CO (i − 2)′NH → (i + 1)CO

a n = n′, number of amino acids per strand; i, i′ , amino acid positions
on the stands 1 and 2; helix patterns experimentally found in bold;
helix patterns found by molecular mechanics in italics, helix patterns
found both in experiment and in molecular mechanic studies in bold
and italics.
b PDB-code: 1MIC [14].

amino acids of the other strand following the general interaction
principles for parallel and antiparallel double helices described
earlier and illustrated in Figure 2. The positions of the interacting
amino acids on the second strand are indicated by a prime. In our
calculations, the strands consisted of 14 amino acids (n = n′ = 14)
blocked by an acetyl group at the N- and an NHMe-group at the
C-terminus.

The double helices obtained in the constrained geometry
optimization were subject of free geometry optimization then by
deleting the constraints followed by an inspection of the back-

bone structure to check the maintenance of the dimer periodicity
and the hydrogen bond pattern. Finally, the minimum character
of the optimized structures was confirmed by the calculation of
the vibration frequencies. These calculations provided also the
free enthalpy differences between the various double helices.

To get a complete overview on all principal double helix
possibilities, side chains were omitted at first. The poly-glycine
double helices obtained in this way provided the basis for
an estimation of side chain effects extending the study to
poly-alanine double helices.

All calculations were performed at the Hartree–Fock level of
ab initio molecular orbital (MO) theory selecting the 6-31G∗ basis
set (HF/6-31G∗) and using the Gaussian 03 program package
[22]. In numerous studies, the HF/6-31G∗ approximation level
has proved to be reliable for the prediction of structural and
energetic data of peptide secondary structures [6,23–27]. In view
of the considerable size of the double helices with 14 amino
acid residues per strand, it is an acceptable approximation level
for complete geometry optimizations and the calculation of the
vibration frequencies.

Results and Discussion

Helix Types

The complete geometry optimization and the analysis of the
vibration frequencies confirm all 11 antiparallel and 5 of the
6 parallel double helix patterns in Tables 1 and 2 as minimum
conformations for poly-glycine strands. The hydrogen bonding
pattern 12 with parallel strand orientation (Table 2) is not kept in
the geometry optimization. The conformation of the two strands is
rather extended in this structure and excludes a regular hydrogen
bonding. The relative energies and free enthalpies of the various

www.interscience.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2010; 16: 276–283
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Table 3. Relative energiesa and free enthalpiesa of poly-glycine and
poly-L,D-alanine double helices with parallel and antiparallel strand
orientations at the HF/6-31G∗ level of ab initio MO theory

�E �G

Helix typeb Poly-glycine Poly-L,D-alanine Poly-glycine

Antiparallel strands

1 239.3 322.4 191.7

2 0.0c 15.5 3.1

3 13.4 0.0d 1.9

4 16.8 18.5 31.7

5 3.9 6.9 15.3

6 34.0 68.5 15.3

7 19.2 64.5 0.0e

8 25.2 38.4 3.7

9 50.2 75.1 4.9

10 53.2 62.2 4.4

11 69.9 123.1 2.8

Parallel strands

13 29.8 34.5 29.9

14 16.5 18.5 34.4

15 41.4 56.1 37.3

16 34.0 35.9 34.6

17 47.4 97.9 39.9

a Relative energies and free enthalpies are expressed in kJ/mol.
b See Tables 1 and 2.
c ET = −5871.419101 a.u.
d ET = −6886.397742 a.u.
e ET = −5869.773693 a.u.

double helices are given in Table 3. The average backbone torsion
angles corresponding to the dimer periodicity are listed in Table 4.
The complete geometry information is provided in the supporting
information. It can be seen that the most stable representatives
belong to the group of antiparallel helices. This corresponds
to the situation in parallel and antiparallel β-sheet structures.
The most stable double helix pattern 2 has not been found in
experiments until now. The four experimentally found double
helices 3–5 with antiparallel strand orientation and 14 with
parallel strand orientation are less unstable and follow in the
stability order (Table 3). There is a fair agreement between the
theoretically estimated and the experimental geometries. The
hydrogen bonds in all predicted structures are approximately
linear. The CO· · ·HN distances are in between 2.05 and 2.27 Å.
In Figures 3 and 4, all antiparallel and parallel double helices
formed between two poly-glycine strands are visualized. It can
be seen that the lengths of the double helices decrease, whereas
their diameters increase, the further interacting peptide bonds are
distant in the sequence.

Side Chain Effects

The pool of poly-glycine double helices provides a good basis for an
estimation of side chain influences. Therefore, alanine side chains
were added to these structures followed by complete geometry
optimizations. All attempts to maintain regular double helices
with only D- or, alternatively, L-configured alanines failed. Thus,
the poly-glycine double helix patterns could only be obtained
in poly-alanine sequences of alternating D- and L-amino acids.
There are some changes in the stability order (Table 3). The

Table 4. Average backbone torsion anglesa of a dimer unit of poly-
glycine double helices at the HF/6-31G∗ level of ab initio MO theory

Helix typeb ϕi ψi ϕi+1 ψi+1

Antiparallel strands

1 −93.0 168.1 171.4 −141.5

2 −95.8 146.2 155.2 −125.7

3 −117.2 145.3 149.6 −134.3

4 −99.1 143.1 154.8 −124.8

5 −116.6 138.0 149.0 −136.5

6 −114.1 137.8 144.8 −143.1

7 −131.9 146.8 132.9 −136.5

8 −111.7 122.7 153.5 −157.7

9 −136.8 146.8 152.7 −155.0

10 −127.2 132.7 157.7 −161.4

11 −147.1 154.6 159.0 −153.0

Parallel strands

13 −84.0 142.4 149.9 −133.1

14 −104.3 145.4 150.9 −114.9

15 −119.4 145.1 135.7 −116.9

16 −118.4 141.2 143.1 −126.3

17 −105.7 140.0 160.9 −108.3

a Backbone torsion angles are expressed in degrees; for complete
geometry information, see supporting information.
b See Tables 1 and 2.

antiparallel double helix 3, which was also experimentally found,
is most stable now followed by the double helix 5, which
is also known from experiment. Only then, the most stable
hydrogen bonding pattern 2 of the poly-glycine double helices
appears. It should be mentioned that the most stable double
helix 3 was not found on the basis of the molecular mechanics
calculations. The average backbone torsion angles of all poly-
alanine double helices are given in Table 5. They fairly agree with
those of the poly-glycine double helices (Table 4). The complete
geometry information on the poly-alanine helices is available in
the supporting information.

Competition Between Single- and Double-Stranded Helices

It could be interesting to discuss the competition of the double
helix structures with the single-stranded gramicidin A-like helices.
In the single-stranded helices, 20- and 22-membered hydrogen-
bonded pseudocycles alternate, but helices with alternating 14-
and 16-membered pseudocycles are also possible [4–6,18,19].
By geometry optimization of the single-stranded L,D-polyalanine
helices corresponding in length and configuration to the two
strands of the double helices at the same level of theory, it
was possible to estimate the stability difference between double
helices and two alternative single-stranded helices. In Table 6,
the data are given for the most stable antiparallel and parallel
double helices. It can be seen that the formation of double
helices is intrinsically favored over the formation of single-stranded
helices with 20/22- or 14/16-alternation of the hydrogen-bonded
pseudocycles in vacuum, which indicates that they may be realized
as channels in a polar environment of a membrane. The rank
order changes considerably in a polar medium. An estimation
of the influence of a polar solvent on the stability of the single-
stranded and the most stable double helices using a polarizable
continuum model (PCM) [28] at the IEFPCM//HF/6-31G∗ level

J. Pept. Sci. 2010; 16: 276–283 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 3. Theoretically predicted antiparallel double helices between two poly-glycine strands (n = n′ = 14) obtained at the HF/6-31G∗ level of ab initio
MO theory.

of ab initio MO theory (dielectric constant for water, ε = 78.4)
shows that the single-stranded helices gain considerable stability
in this environment. Referred to the 16/14-single-stranded helix,
the most stable antiparallel and parallel double helices 3, 5,
and 16 are still more stable, but referred to the 22/20-single-
stranded gramicidin A helix, the double helices are energetically
disadvantaged (Table 6).

Conclusion

On the basis of ab initio MO theory, it was possible to provide
an overview on the possibilities of double helix formation in
sequences of α-peptides. Both the representatives of antiparallel
and parallel double helices were found with poly-glycine strands.
The most stable double helices have an antiparallel orientation

www.interscience.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2010; 16: 276–283
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Figure 4. Theoretically predicted parallel double helices between two poly-glycine strands (n = n′ = 14) obtained at the HF/6-31G∗ level of ab initio MO
theory.

of the two strands. All hydrogen bond patterns could also be
confirmed for poly-alanine strands, but only with alternating
L- and D-alanine constituents. Strands with amino acids of
identical configuration cannot maintain regular structures. The
two poly-alanine double helices predicted as most stable by

theory were also found in experimental studies. The intrinsic
stability of poly-alanine double helices is higher than that of
single-stranded helix alternatives of gramicidin A type, but
in a polar environment this changes in favor of the single-
stranded helices. The numerous double helix patterns suggested

J. Pept. Sci. 2010; 16: 276–283 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Table 5. Average backbone torsion anglesa of a dimer unit of
poly-L,D-alanine double helices (n = n′ = 14) at the HF/6-31G∗ level of
ab initio MO theory

Helix typeb ϕL ψL ϕD ψD

Antiparallel strands

1 −93.4 166.8 173.3 −140.4

2 −104.5 141.4 156.8 −123.5

3 −125.2 139.8 157.1 −131.7

4 −101.5 137.9 156.8 −123.8

5 −118.4 141.6 151.8 −132.2

6 −114.3 137.4 152.0 −134.8

7 −137.6 144.5 155.3 −146.8

8 −133.5 142.1 155.0 −145.8

9 −137.1 149.1 155.7 −148.5

10 −145.8 147.3 156.5 −149.5

11 −153.7 152.2 157.9 −156.4

Parallel strands

13 −124.2 146.9 149.2 −94.9

14 −107.0 142.2 152.7 −111.9

15 −117.1 140.1 148.9 −131.7

16 −132.2 139.9 149.0 −120.3

17 −132.3 142.3 148.9 −138.2

a Backbone torsion angles are expressed in degrees; for complete
geometry information, see supporting information.
b See Tables 1 and 2.

Table 6. Energy differencesa between the most stable poly-L,D-
alanine double helices and two single strands of gramicidin A-like
helices with alternating 16- and 14-b and 22- and 20-memberedb

hydrogen-bonded pseudocycles in vacuum (HF/6-31G∗) and in
aqueous solution (IEFPCM//HF/6-31G∗)

Helix16/14 Helix22/20

Helix typec �ET �ET (PCM) �ET �ET (PCM)

Antiparallel strands

2 −105.2 15.9 −103.4 69.4

3 −120.7 −28.2 −118.9 25.3

4 −102.2 5.7 −100.5 59.2

5 −113.8 −37.4 −112.0 16.1

Parallel strands

13 −86.2 4.8 −84.4 58.3

14 −102.2 6.9 −100.4 60.4

16 −84.8 −20.9 −83.0 32.5

a Energy differences are expressed in kJ/mol.
b For total energies of single- and double-stranded helices in vacuum
and in aqueous solution, see supporting information.
c See Tables 1 and 2.

represent a good basis for a rational design of membrane channel
structures.
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