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a b s t r a c t

Structure, stability, cooperativity and molecular packing of two major backbone forms: 310-helix and
b-strand are investigated. Long models HCO-(Xxx)n-NH2 Xxx = Gly and (L-)Ala, n 6 34, are studied at
two levels of theory including the effect of dispersion forces. Structure and folding preferences are
established, the length modulated cooperativity and side-chain determined fold compactness is quanti-
fied. By monitoring DG�b?a rather than the electronic energy, DEb?a, it appears that Ala is a much better
helix forming residue than Gly. The achiral Gly forms a more compact 310-helix than any chiral amino
acid residue probed here for L-Ala.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Polypeptides can adopt a number of different conformers, but
helices and b-strands are the most abundant structural motifs of
proteins. Among helices the a- or 3.613-helix (sometimes it is
called 413), with the characteristic i (i + 4) type H-bonds is the
most common [1]. Less frequently 310- and sporadically p-helical
turns can also be assigned in proteins, all of right handedness.
Regardless of their length a-helices often start and terminate by
shorter 310-helical turn(s), where the intramolecular H-bonds are
of i (i + 3) type. This results in a narrower fold typically found
by computational methods. In vacuum, the latter helical structure
is the more stable backbone fold [2]. Furthermore, the mixing and
interconversion of 310- and a-helices is allowed and was success-
fully obtained by quantum mechanical (QM) calculations in vari-
ous solvents [2]. Helices have noticeable dipole moments, as each
of the component homo-conformers (aL for short [3]) has their
own dipole moment. The constructive summation is due to the
similar orientation of the adjacent amide planes around and along
the central axis of a helix. This results in a significant macro dipole

moment, with a positive end at the N- and a negative end at the C-
terminus.

Helices can be involved in a variety of motifs, such as all-a, bab,
Rossman-fold and TIM barrel [4]. Even in intrinsically dynamic pro-
teins (IDP), where the backbone of the protein presents an unex-
pectedly large structure fluctuation, residual helices could be
assigned [5], as temporarily existing structural motifs [6]. Helix
packing is an important issue, as there are only a limited number
of modes how helices can self organize. In the most common
four-helix bundle arrangement, the topology is ‘up-and-down’
allowing the side-chains formed ridges to ideally pack into each
other’s grooves. Different type of membrane proteins were already
characterized; those equipped with a single a-helical tail anchor-
ing the globular part to the membrane and those passing through
the membrane several times (e.g., bacteriorhodopsin) resulting in
seven transmembrane (7TM) helices. The longest helical regions
are in keratine, the protein of hair, in myosine and tropomyosine
[7,8], which form muscular fibers, winding around each other by
forming the coiled-coil superstructure.

The length of an a-helix varies as function of several factors, but
in globular proteins most helices comprise around 10–15 amino
acid residues [9]. By analyzing over 150 globular proteins the aver-
age length was found to be �18 ± 8, ranging between 10 and 50
[10]. In coiled-coils [11], the average length is �17, based on a re-
cent survey by using PDB select 2008 [12].
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However, the helices forming coiled-coils can be rather long,
comprising well over hundred residues (e.g., myosine). The analy-
sis of a total of 160 transmembrane helices of 15 non-homologous
proteins resulted in an average length of 17(18) ± 2(3) [10]. Finally,
in a single a-helical motif, the length of this secondary structural
element can be significantly longer, exceeding 60 helical residues
[13]. Thus, elucidation of the backbone structural features and
the inherent cooperativity of helices of various lengths are of sig-
nificance. Long helices could have additional structural features,
they can be curved or kinked [14].

Today computational quantum chemistry (QM) is suitable to
study even longer biopolymers at an acceptable level of accu-
racy. The great feature of a QM approach is that beside struc-
tural information (comparable to experiments), it can provide
stability data on molecular conformers. Varieties of QM methods
have been shown to give reliable information on the stability of
foldamers and transition state structures. It has been shown pre-
viously [2], in the case of (Ala)8, that the greater stability of the
413- or a-helix is due to solvation. Direct hydration with the
inclusion of explicit water molecule(s) has also been reported
[15]. Consequently the 310-helix must exhibit the intrinsic prop-
erties of the right-handed helical structure, since it is the most
stable form when environmental effects are excluded. Several
QM computations have been published on 310-helical structures
[16–19]. However, these studies reported electronic energies
rather than thermodynamic functions. Here we have used elec-
tron structure calculations to obtain thermodynamic properties
of oligopeptides, namely (Gly)n and (L-Ala)n in their extended-
and 310-helical conformers, where n ranges between 1 and 34.
These data allow us to study the build-up of the internal H-bond
network and the associated folding process as a function of the
number of residues within the peptide. The thermodynamics of
the folding process, particularly the associated entropy change,
is expected to contain a great deal of useful information [20].
In helices, L-Ala is regarded as the most preferred (most stabiliz-
ing) residue, while Gly (beside Pro) is the one to destabilize heli-
cal motifs the most [21]. Although, the structural difference
between the above two residues is extremely small (–H versus
–CH3), the propensity difference is very significant. The differ-
ence in helix stabilization is typically explained by hydrophobic
and folding entropy effects. We will focus here on the entropy
term with respect to the overall stabilization.

Our goal is to decipher the entropy and stability measures of
a helix of various lengths. This Letter has to precede studies on
more complex bundled helices (e.g., ion channels, 7TM systems)
of great biochemical significance. In addition, we wanted to sep-
arate stability arising from backbone/backbone interaction,
rather than from more specific backbone/side-chain interactions
or from hydration.

Thus, the following specific questions were asked:

(i) Is a 310-helix more stable and compact than a single
b-strand?

(ii) How do side chains and their chirality affect molecular pack-
ing and helix stability?

(iii) How accurately can the stability of a longer helix be pre-
dicted from its fragments?

(iv) What is the magnitude and location preference of subunit
cooperativity in a helix?

2. Methods and computational details

The oligo- and poly(Gly) and Ala peptides used here have the
following chemical structures:

For-(Gly)n-NH2 For-(Ala)n-NH2

where n stands for the number of residues.
Peptide geometries, both b-strand and 310-helical forms were

determined by full optimization, using the GAUSSIAN 09 software
[22] following the strict conformer selection rules published earlier
[23,24]. The chosen levels of theory are ab initio Hartree–Fock and
B3LYP implementation of the density functional theory. In both
cases the chosen basis set was 6-31G(d). Selected structure calcu-
lations were also completed at the larger basis set 6-311+G(d,p), to
assess the quality of the data. The optimized structures allow cal-
culation of the harmonic vibration frequencies, which in turn allow
determination of the thermodynamic functions (H�, G�, and S�). We
note that the entropy is sensitive to low frequency modes which
are found for long peptides. For a selected n the lowest frequency
is found in the b-strand – both for L-Ala and for Gly.

For describing the ‘folding process’, thermodynamic functions
and their normalized forms were calculated as follows:

DH�b!a ¼ H�½ðaLÞn� � H�½ðbLÞn� and DH�½n�b!a=n ð1Þ

DG�b!a ¼ G�½ðaLÞn� � G�½ðbLÞn� and DG�½n�b!a=n ð2Þ

DS�b!a ¼ So½ðaLÞn� � S�½ðbLÞn� and DS�½n�b!a=n ð3Þ

for n 6 34. The subscript b ? a indicates conformational transition
from the b-strand to the 310-helical conformer. We have completed
geometry optimizations up to n = 34, where the overall length of the
folded peptide is about 65 Å in its helical structure, similar to recent
estimates [25]. For practical reasons the vibration frequencies were
only determined for n = 34 in the case of Gly.

The calculations were done for the gas phase, as reliable meth-
ods for calculation of entropies in solution are computationally
very demanding [26,27]. This restriction may not be too important
if data are to mimic structure and stability of secondary structural
elements shielded from the solvent (e.g., inside of a protein or a
membrane).

In the world of the experimentalists the reference-state for the
experimental observations favoring Ala as a helix maker is not a
b-strand, which is a relatively uncommon secondary structural
motif, but rather a random coil. In the context of the present
calculations, this means that the reference-state should consists
of a large number, x, of ‘coil’ conformations in thermal equilibrium,
the large number itself adding to the entropy as R�ln x. Since in the
present case a single conformation, the b-strand, was used as ref-
erence-state the computed internal entropy cannot be compared
quantitatively to the experimentalists’ entropy, but qualitative
comparisons can indicate trends.

3. Results

3.1. Molecular structure I: torsion angles and twisting

Molecular structures of both the b-stranded and helical
structures of Ala10 (Figure 1) are very similar to those calculated
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