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We have investigated the potential energy surfaces for alanine chains consisting of three and six amino acids.
For these molecules we have calculated potential energy surfaces as a function of the Ramachandran angles �

and �, which are widely used for the characterization of the polypeptide chains. These particular degrees of
freedom are essential for the characterization of the proteins folding process. Calculations have been carried
out within the ab initio theoretical framework based on the density functional theory and accounting for all the
electrons in the system. We have determined stable conformations and calculated the energy barriers for
transitions between them. Using a thermodynamic approach, we have estimated the times of characteristic
transitions between these conformations. The results of our calculations have been compared with those
obtained by other theoretical methods and with the available experimental data extracted from the Protein Data
Base. This comparison demonstrates a reasonable correspondence of the most prominent minima on the
calculated potential energy surfaces to the experimentally measured angles � and � for alanine chains appear-
ing in native proteins. We have also investigated the influence of the secondary structure of polypeptide chains
on the formation of the potential energy landscape. This analysis has been performed for the sheet and the helix
conformations of chains of six amino acids.
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I. INTRODUCTION

It is well known that proteins consist of amino acids
whose number may vary in the range from hundreds up to
tens of thousands. Small fragments of proteins are usually
called polypeptide chains or polypeptides. This work is de-
voted to a study of the conformational properties of alanine
polypeptide chains.

Since recently, it became possible to study experimentally
small fragments of proteins and polypeptides in the gas
phase with the use of the matrix assisted laser desorption
ionization �MALDI� mass spectroscopy �1–4� and the elec-
trospray ionization �ESI� mass spectroscopy �5,6�. From the-
oretical viewpoints, the investigation of small polypeptides is
of significant interest because they can be treated by means
of ab initio methods which allow accurate comparison of
theoretical predictions with experiment. The results of ab
initio calculations can be then utilized for the development of
model approaches applicable for the description of larger and
more complex protein structures.

Polypeptides are characterized by the primary and the sec-
ondary structure �7–10�. Different geometrical configurations
of a polypeptide are often called as the conformations. The
number of various conformations �isomeric states� grows
rapidly with the growth of a system size. Thus, a search for
the most stable conformations becomes an increasingly dif-
ficult problem for large molecules.

The sheet and the helix structures are the most abundant
motifs in proteins. The study of the transition between these

motifs and the evaluation of its characteristic duration is of
significant interest, because it is closely related to one of the
most intriguing problems of the protein physics—the protein
folding. To study this transition it is necessary to investigate
the potential energy surface of amino acid chains with re-
spect to their twisting. In the present paper we have studied
the potential energy surfaces for small alanine chains. These
molecules were chosen because they are often present in na-
tive proteins as fragments, and also because they allow ab
initio theoretical treatment due to their relatively small size.

Previously, only glycine and alanine dipeptides were stud-
ied in detail. Sometimes their analog was used to reduce the
computational costs �for example, �S�-
�-formylamino�propanamide�. In Refs. �11–13� alanine and
glycine dipeptides were investigated within the Hartree-Fock
theory. In these papers the potential energy surfaces were
calculated versus the twisting angles of the molecules. Dif-
ferent stable states of the dipeptides, corresponding to differ-
ent molecular conformations, were determined. In Refs.
�14–19� different conformations and their energies were de-
termined within the framework of the density functional
theory. In Ref. �19� dynamics of the alanine dipeptide analog
was discussed and the time of the transitions between the
two conformations of the alanine dipeptide was found.

A number of papers were devoted to the study of tripep-
tides. In Refs. �20–24� dynamics of the alanine and glycine
tripeptides was studied by means of classical molecular dy-
namics and with the use of semiempirical potentials �such as
GROMOS �25�, CHARMM �26�, and AMBER �27��. In �28�
within the framework of the Hartree-Fock theory several
stable conformations of alanine and glycine tripeptides were
found. In Ref. �29� the Raman and IR spectra for alanine and
glycine tripeptides were measured in neutral, acidy, and al-
kali environments.

Polypeptides of greater length have been studied less. We
are aware of only several related papers. In particular, stable
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conformations of neutral and charged alanine hexapeptides
were obtained with the use of empirical potentials and dis-
cussed in Ref. �30�. Experimental NMR study of various
conformations of alanine heptapeptides at different tempera-
tures was carried out in Ref. �31�. In Ref. �32� with the use of
empirical molecular dynamics based on Monte-Carlo meth-
ods, a polypeptide consisting of 21 amino acids was de-
scribed.

In the present paper we have performed an ab initio cal-
culation of the multidimensional potential energy surface for
the alanine polypeptide chains consisting of three and six
amino acids. The potential energy surface versus twisting
degrees of freedom of the polypeptide chain has been calcu-
lated. The calculations have been performed within an ab
initio theoretical framework based on the density functional
theory �DFT� accounting for all the electrons in the system.
Previously, these kinds of calculations were performed only
for dipeptides �see, e.g., �11,12,19��. For larger molecules,
only a few conformations were considered �see citations
above�. We have calculated the energy barriers for the tran-
sitions between different conformations and determined the
energetically most favorable ones. Using a thermodynamic
approach, we have estimated times of the characteristic tran-
sitions between the most energetically favorable conforma-
tions. The results of our calculation have been compared
with other theoretical simulations and with the available ex-
perimental data. We have also analyzed how the secondary
structure of polypeptide chains influences the potential en-
ergy landscapes. In particular, the role of the secondary
structure in the formation of stable conformations of the
chains of six amino acids being in the sheet and in the helix
conformations has been elucidated. Some preliminary results
of our work were published as electronic preprints �33,34�.

Our paper is organized as follows. In Sec. II we give a
brief overview of theoretical methods used in our work. In
Sec. III we present and discuss the results of our computa-
tions. In Sec. IV we draw a conclusion to this paper. The
atomic system of units, �e�=me=�=1, is used throughout the
paper unless other units are indicated.

II. THEORETICAL METHODS

In the present paper we study the multidimensional poten-
tial energy surfaces for alanine polypeptides within the
framework of the density functional theory. The potential
energy surfaces are multidimensional functions of atomic co-
ordinates. In our work the potential energy surfaces are con-
sidered as a function of the dihedral angles formed by the
atoms of the polypeptide chain. For this calculation the
Born-Oppenheimer approximation allowing to separate the
motion of the electronic and ionic subsystems is used.

DFT is a common tool for the calculating of properties of
quantum many body systems in which many electron corre-
lations play an important role. The DFT formalism is well
known and can be found in many textbooks �see, e.g.,
�35,36��. Therefore in our work we present only the basic
equations and ideas of this method.

Electronic wave functions and energy levels within the
framework of DFT are obtained from the Kohn-Sham equa-
tions, which read as �see, e.g., �35,36��

� p̂2

2
+ Uions + VH + Vxc��i = �i�i, i = 1, . . . ,N , �1�

where the first term represents the kinetic energy of the ith
electron with the wave function �i and the energy �i, N is the
number of electrons in the system. Uions describes the elec-
tron attraction to the ionic centers, VH is the Hartree part of
the interelectronic interaction Ref. �37�,

VH�r� =� ��r��
�r − r��

dr�, �2�

and ��r�� is the electron density,

��r� = 	
�=1

N

��i�r��2. �3�

Vxc is the local exchange-correlation potential, which is de-
fined as a functional derivative of the exchange-correlation
energy functional:

Vxc =
	Exc���
	��r�

. �4�

Equation �4� is exact and follows from the Hohenberg theory
Ref. �38�. However, no unique potential Exc, universally ap-
plicable for different systems and conditions, has been found
so far.

Approximate functionals employed by the DFT usually
partition the exchange-correlation energy into two parts, re-
ferred to as the exchange and the correlation terms:

Exc��� = Ex��� + Ec��� . �5�

Both terms are the functionals of the electron density, which
can be of two distinctly different types: either a local func-
tional depending on only the electron density �, or a
gradient-corrected functional depending on both � and its
gradient, ��. A variety of exchange-correlation functionals
can be found in the literature. Below, we refer only to those
which are related to the calculation performed in this work.

The local exchange functional is virtually always defined
as follows:

Ex
LDA = −

3

2
� 3

4

�1/3� �4/3d3r . �6�

This form was developed to reproduce the exchange en-
ergy of a uniform electron gas. By itself, however, it is not
sufficient for the adequate description of a multiatomic sys-
tem.

The gradient-corrected exchange functional introduced by
Becke �39� and based on the LDA exchange functional reads
as

Ex
B88 = Ex

LDA − �� �4/3x2

1 + 6� sinh−1x
d3r , �7�

where x=�−4/3���� and �=0.0042 is a parameter chosen to fit
the known exchange energies of the noble gas atoms.

Analogously to the above written exchange functionals,
there are local and gradient-corrected correlation functionals,
for example, those introduced by Lee, Yang, and Parr �40�.
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Its explicit expression is somewhat lengthy and thus we do
not present it here and refer to the original papers.

In the pure DFT, an exchange functional usually pairs
with a correlation functional. For example, the well-known
BLYP functional pairs Becke’s gradient-corrected exchange
functional �7� with the gradient-corrected correlation func-
tional of Lee, Yang, and Parr �40�.

In spite of the success of the pure DFT theory in many
cases, one has to admit that the Hartree-Fock theory accounts
for the electron exchange more naturally and precisely. Thus,
Becke has suggested �39� functionals which include a mix-
ture of Hartree-Fock and DFT exchange along with DFT
correlations, conceptually defining Exc as

Exc
mix = cHFEx

HF + cDFTExc
DFT, �8�

where cHF and cDFT are constants. Following this idea, a
Becke-type three parameter functional can be defined as fol-
lows:

Exc
B3LYP = Ex

LDA + c0�Ex
HF − EX

LDA� + cx�Ex
B88 − Ex

LDA� + Ec
VWN3

+ cc�Ec
LYP − Ec

VWN3� . �9�

Here, c0=0.2, cx=0.72, and cc=0.81 are constants, which
were defined by fitting to the atomization energies, ionization
potentials, proton affinities, and first-row atomic energies
�41�. Ex

LDA and Ex
B88 are defined in �6� and �7�, respectively.

Ex
HF is the functional corresponding to Hartree-Fock equa-

tions. The explicit form for the correlation functional Ec
VWN3

as well as for gradient-corrected correlation functional of
Lee, Yang, and Parr, Ec

LYP, can be found in �42,40�, respec-
tively.

III. RESULTS AND DISCUSSION

A. Determination of the polypeptide twisting degrees of
freedom

In this section we present the potential energy surfaces for
the glycine polypeptide chains calculated versus dihedral
angles � and � defined in Fig. 1. In particular, we focus on
the chains consisting of three and six amino acids.

Both angles are defined by the four neighboring atoms in
the polypeptide chain. The angle �i is defined as the dihedral
angle between the planes formed by the atoms �Ci−1� −Ni

−Ci
�� and �Ni−Ci

�−Ci��. The angle �i is defined as the dihe-
dral angle between the �Ni−Ci

�−Ci�� and �Ci
�−Ci�−Ni+1�

planes. Beside the angles �i and �i there is an angle �i,
which is defined as the dihedral angle between �Ci

�−Ci�
−Ni+1� and �Ci�−Ni+1−Ci+1

� � planes. The atoms are numbered
from the NH2 terminal of the polypeptide. The angles �i, �i,
and �i take all possible values within the interval �
−180° ;180° �. For the unambiguous definition we count the
angles �i, �i, and �i clockwise, if one looks at the molecule
from its NH2 terminal �see Fig. 1�. This way of angle count-
ing is the most commonly used �10�.

The angles �i and �i can be defined for any amino acid in
the chain, except the first and the last ones. Below we omit
the subscripts and consider angles � and � for the middle
amino acid of the polypeptide.

B. Optimized geometries of alanine polypeptides

In order to study the twisting of a polypeptide chain one
needs first to define its initial structure. Although the number
of its conformations increases with the growth of the mol-
ecule size, there are certain types of polypeptide structure,
namely the sheet and the helix conformations, which are the
most typical. In the present paper we have investigated the
twisting of the polypeptide chains of the sheet and the helix
conformations. By varying the angles � and � in the central
amino acid one can create the structure of the polypeptide
differing significantly from the pure sheet or helix conforma-
tions. If the structure of a polypeptide can be transformed to
a helix or a sheet one by a trivial variation of � and �, such
polypeptides for the sake of simplicity are referred below as
belonging to the group of the helix or the sheet structure,
respectively.

In Fig. 2 we present the optimized geometries of alanine
polypeptide chains that have been used for the exploration of
the potential energy surfaces. All geometries were optimized
with the use of the B3LYP functional. Figure 2�a� shows the
alanine tripeptide structure. In the present work we choose
the sheet conformation, because the tripeptide is too short to

FIG. 1. �Color online� Dihedral angles � and � used to charac-
terize the potential energy surface of the polypeptide chain.

FIG. 2. �Color online� Opti-
mized geometries of alanine
polypeptide chains calculated by
the B3LYP/6–31+ +G�d,p�
method: �a� alanine tripeptide; �b�
alanine hexapeptide �sheet confor-
mation�; �c� alanine hexapeptide
�helix conformation�.
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form the helix conformation. Figures 2�b� and 2�c� show
alanine hexapeptide in the sheet and the helix conformations,
respectively. The total energies �in atomic units� of the mol-
ecules are given below the images.

C. Polypeptide energy dependance on the dihedral angle �

For each amino acid there are only three dihedral angles
formed by atoms of the polypeptide chain which describe its
twisting. The angle � �see Fig. 1� differs from the angles �
and �, because the Ci� atom has the sp2 hybridization state,
what leads to formation of a quasidouble bond between Ci�
and Ni+1 atoms. Therefore, the angle � is often referred as a
“stiff” degree of freedom, whose value depends only slightly
on both the polypeptide constituent amino acids and the val-
ues of other degrees of freedom. To illustrate this fact, in Fig.
3 we present the energy dependencies on � calculated for
alanine dipeptide with different values of angles � and � in
the central amino acid.

From this figure it is clear that there are two stable states
in the system with �=0° and �=180° which do not depend
on the angles � and �. The heights of the barriers between
these states are weakly dependent on � and �, being equal to

1 eV=23.06 kcal/mol.

The calculation shows that at temperatures close to the
room temperature, the value of the angle � changes insig-
nificantly. The potential energy surface as a function of the
angles � and � appears to be much more complex as it is
shown in the next section.

D. Potential energy surface for alanine tripeptide

In Fig. 4 we present the potential energy surface for the
alanine tripeptide calculated by the B3LYP/6–31G�2d,p�
method. The energy scale is given in eV, kcal/mol, and
kelvin. Energies on the plot are measured from the lowest
energy minimum of the potential energy surface.

From the figure follows that there are several minima on
the potential energy surface. They are numbered according to
the value of the corresponding energy value. Each minimum
corresponds to a certain conformation of the molecule. These
conformations differ significantly from each other. In the

case of alanine tripeptide there are six conformations, shown
in Fig. 5. Dashed lines show the strongest hydrogen bonds in
the system, which arise when the distance between hydrogen
and oxygen atoms becomes less then 2.9 Å.

To calculate the potential energy surface the following
procedure was adopted. Once the stable structure of the mol-
ecule has been determined and optimized, all but two �these
are the angles � and � in the central amino acid� degrees of
freedom were frozen. Then the energy of the molecule was
calculated by varying � and �. This procedure was used to
calculate all potential energy surfaces presented below in this
section. It allows one to find efficiently the minima on the
energy surface and to determine the main stable conforma-
tions of the molecule. The absolute energy values of different
conformations of the tripeptide found by this method are not
too accurate, because the method does not account for the
relaxation of other degrees of freedom in the system. To
calculate the potential energy surface with accounting for the
relaxation one needs 20–30 times more of the computer time.
Therefore, calculations with accounting for the relaxation
have not been performed in our work. Instead, we have per-
formed a complete optimization of the molecular conforma-
tions, corresponding to all minima on the calculated potential
energy surface.

In Fig. 5 we compare stable conformations of the alanine
tripeptide calculated with and without accounting for the re-
laxation of all atoms in the system. As it is seen from this
figure the angles � and � differ by about 10 percent in the
two cases. This difference arises due to the coupling of � and
� with other degrees of freedom. Note the change of the sign
of the relative energies of some conformations. This effect is
due to the rearrangement of side atoms �radicals� in the
polypeptide chain which lowers the energies of different con-
formations differently.

In our work the potential energy surface has been calcu-
lated and interpolated on the grid with the step of 18°. This
step size is an optimal one, because the interpolation error is
about 9°, i.e., comparable with the angle deviations caused
by the relaxation of all degrees of freedom in the system.

FIG. 3. �Color online� Dependence of alanine tripeptides energy
on angle � calculated by the B3LYP/6–31G�d� method at different
values of angles � and �.

FIG. 4. �Color online� Potential energy surface for the alanine
tripeptide calculated by the B3LYP/6–31G�2d,p� method. Ener-
gies are given in eV, kcal/mol, and kelvin. Numbers mark the en-
ergy minima on the potential energy surface. Arrows show transi-
tion paths between different conformations of the molecule.
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Note that for the alanine tripeptide an additional maxi-
mum appears at �=120° ±50°, �=30° ±30°, while it is ab-
sent on the potential energy surface for the glycine tripeptide
�33�. This maximum is a result of the overlapping of the side
CH3-radicals, which are substituted in the case of the glycine
polypeptide with the H atoms.

In Refs. �11,12� several stable conformations were found
for alanine and glycine dipeptides. The values of angles �
and � for the stable conformations of dipeptide and tripep-
tide are close indicating that the third amino acid in tripep-
tide makes a relatively small influence on the values of di-
hedral angles of two other amino acids. In earlier papers
Refs. �11,12� dipeptides were studied within the framework
of the Hartree-Fock theory. In Ref. �11�, values of � and �
were obtained by the HF/6-31+G* method, and in Ref. �12�
by HF/6-31G**. In Table I we compare the results of our
calculation for tripeptides with the corresponding data ob-
tained for dipeptides. Some discrepancy between the values

presented is due to the difference between the dipeptide and
tripeptide �i.e., the third alanine in the tripeptide affects the
values of angles � and ��. However, another source of dis-
crepancy might arise due to the accounting for the many-
electron correlations in the DFT and neglecting this effect in
the Hartree-Fock theory used in Refs. �11,12�.

Figure 4 shows that some domains of the potential energy
surface, where the potential energy of the molecule increases
significantly, appear to be unfavorable for the formation of a
stable molecular configuration. The growth of energy takes
place when some atoms in the polypeptide chain approach
each other at small distances. Accounting for the molecule
relaxation results in the decrease of the system energy in
such cases, but the resulting molecular configurations remain
unstable. We call such domains on the potential energy sur-
face as forbidden ones. In Fig. 4 one can identify two for-
bidden regions in the vicinity of the points �0, 0� and �0,
180�. At �0, 0� a pair of hydrogen and oxygen atoms ap-

FIG. 5. �Color online� Optimized conforma-
tions of the alanine tripeptide. Different geom-
etries correspond to different minima on the po-
tential energy surface �see contour plot in Fig. 4�.
Below each image we present angles � and �,
which have been obtained with accounting for re-
laxation of all degrees of freedom in the system.
Values in brackets give the angles calculated
without accounting for relaxation. Above each
image the energy of the corresponding conforma-
tion is given in eV. The energies are counted from
the energy of conformation 1 �the energy of con-
formation 1 is given in a.u.�. Values in parenthe-
ses correspond to the energies obtained without
relaxation of all degrees of freedom in the sys-
tem. Dashed lines show the strongest hydrogen
bonds. Their lengths are given in angstroms.

TABLE I. Comparison of dihedral angles � and � corresponding to different conformations of alanine
tripeptide.

Conformation � �11� � �11� � �12� � �12� � �

1 −168.4 170.5 −157.2 159.8 −157.4 166.2

2 −60.7 −40.7 −82.3 −68.3

3 63.8 32.7 67.0 30.2 64.7 30.5

4 −166.9 −52.1

5 74.1 −57.3 76.0 −55.4 72.0 −60.5

6 −128.0 29.7 −130.9 22.3 −119.1 13.6

7 57.9 −136.3
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proach the distances much smaller than the characteristic
H-O bondlength. This leads to a strong interatomic repulsion
caused by the exchange interaction of electrons. At �0, 180�
the Coulomb repulsion of a pair of oxygen atoms causes the
similar effect.

Figure 4 shows that there are six minima on the potential
energy surface for alanine tripeptide. The transition barrier
between the conformations 1↔2 is shown in Fig. 6. The
barrier has been calculated with and without relaxation of the
atoms in the system. The corresponding transition path is
marked in Fig. 4 by an arrow. This comparison demonstrates
that accounting for the relaxation significantly lowers the
barrier height and influences the relative value of energy of
the minima.

Let us now estimate the time needed for a system for the
transition from one conformation to another. To do this we
use the Arhenius equation, which reads as

1


= �e−�E/kT �10�

where  is the transition time, � is the factor, determining
how frequently the system approaches the barrier, �E is the
barrier height, T is the temperature of the system, k is the
Boltzmann factor.

Figure 7 shows the transition barrier between two main
conformations of the alanine dipeptide analog ��S�-
�-�formylamino�propanamide�. It is seen that �E1→2
=0.047 eV for the transition 1→2, while �E2→1=0.079 eV
for the transition 2→1. The frequency � for this molecule is
equal to 42.87 cm−1. Thus, at T=300 K, we obtain 2�Ala

1→2


5 ps and 2�Ala
2→1 
17 ps. This result is in excellent agree-

ment with the molecular dynamics simulations results ob-
tained in Ref. �19� predicting 
7 ps for the transition 1
→2 and 
19 ps for the transition 2→1. This comparison
demonstrates that our method is reliable enough and it can be
used for the estimation of transition times between various
conformations of the polypeptides.

Using the B3LYP/6-31G�2d,p� method we have calcu-
lated the frequencies of normal vibration modes for the ala-
nine tripeptide. The characteristic frequency corresponding
to the twisting of the polypeptide chain is equal to
32.04 cm−1. From Fig. 6 follows that �E1→2=0.066 eV for

the transition 1→2 and �E2→1=0.114 eV for the transition
2→1. Thus, we obtain 3�Ala

1→2 
13 ps and 3�Ala
2→1 
86 ps. Let

us note that these transition times can be measured experi-
mentally by means of NMR Refs. �10,43�.

E. Potential energy surface for alanine hexapeptide with the
sheet and the helix secondary structure

In Fig. 8 we present contour plots of the potential energy
surface for the alanine hexapeptide with the sheet �part �a��
and the helix �part �b�� secondary structure, respectively, ver-
sus dihedral angles � and �. In both cases the forbidden
regions arise because of the repulsion of oxygen and hydro-
gen atoms analogously to the alanine tripeptide case.

Minima 1–6 on the potential energy surface Fig. 8�a� cor-
respond to different conformations of the alanine hexapep-
tide with the sheet secondary structure. Note that these
minima are also present on the potential energy surface of
the alanine tripeptide �see Fig. 4�. Geometries of the confor-
mations 1–6 are shown on the right-hand side of Fig. 8�a�.

The energy barrier as a function of a scan variable �see
Fig. 8�a�� for the transition between conformations 1 and 2 is
shown in Fig. 9. The energy dependence has been calculated
with and without relaxation of all the atoms in the system. In
the case of alanine hexapeptide with the sheet secondary
structure the barrier height for the transition 1→2 is signifi-
cantly higher than for the transition 2→1, being equal to
0.095 and 0.023 eV, respectively. The normal vibration
mode frequency, corresponding to the twisting of the
polypeptide chain is equal to 6.24 cm−1 and was calculated
with the B3LYP/STO-3G method, where STO-3G is a basis
set, whose acronym stands for Stater-type-orbitals simulated
by three Gaussians added together. Using Eq. �10� one de-
rives the transition times at room temperature: 6�Gly

1→2


211 ps, 6�Gly
2→1 
13 ps.

Let us now consider alanine hexapeptide with the helix
secondary structure. The potential energy surface for this
polypeptide is shown in Fig. 8�b�. The positions of minima
on this surface are shifted significantly compared to the cases
discussed above. This change takes place because of the in-

FIG. 6. �Color online� Transition barriers for between conforma-
tions 1↔2 of the alanine tripeptide. Circles and squares correspond
to the barriers calculated without and with relaxation of all degrees
of freedom in the system.

FIG. 7. �Color online� Transition barriers for between conforma-
tions 1↔2 of the alanine dipeptide analog calculated by the
B3LYP/6–31+G�2d,p� method accounting for the relaxation of all
degrees of freedom in the system. Structure of the conformations 1
and 2 is shown near each minimum.
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fluence of the secondary structure of the polypeptide on the
potential energy surface. The geometries of the most stable
conformations are shown on the right-hand side of Fig. 8�b�.

For the alanine hexapeptide with the helix secondary
structure there is a maximum at �
180° and �
40° in

addition to the central maxima on the potential energy sur-
face. This maximum appears because of the repulsive inter-
action of the outermost amino acids side radicals.

It is worth noting that for some conformations of alanine
hexapeptide the angles � and � change significantly when
the relaxation of all degrees of freedom in the system is
accounted �see, for example, conformations 1, 5 in Fig. 8�a�
and conformations 2, 4 in Fig. 8�b��. This means that the
potential energy surface of the alanine hexapeptide in the
vicinity of the mentioned minima is very sensitive to the
relaxation of all degrees of freedom. However, the calcula-
tion of the potential energy surface with accounting for the
relaxation of all degrees of freedom is unfeasible task. In-
deed, one needs about 2000 h of computer time �Pentium
Xeon 2.4 GHz� for the calculation of the potential energy
surface for the alanine hexapeptide. To perform an analog
calculation with accounting for the relaxation, about 5 y of
computer time would be needed. Nevertheless, the potential
energy surface calculated without accounting for the relax-
ation carries a lot of useful information. Thus, one can pre-
determine stable conformations of polypeptide, which then
can be used as starting configurations for further energy
minimization.

FIG. 8. �Color online� Potential energy surface for the alanine hexapeptide with the sheet secondary structure �part �a�� and with the helix
secondary structure �part �b�� calculated by the B3LYP/6–31G�2d,p� method. The energy scale is given in Fig. 4. Numbers mark the energy
minima on the potential energy surface. Images of optimized conformations of the alanine hexapeptide are shown near the corresponding
energy landscape. Values of angles � and �, as well as the relative energies of the conformations, are given analogously to that in Fig. 5.

FIG. 9. �Color online� Transitions barriers between conforma-
tions 1↔2 of the alanine hexapeptide with the sheet secondary
structure. Circles and squares correspond to the barriers calculated
without and with relaxation of all degrees of freedom in the system.
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F. Comparison of calculation results with experimental data

Nowadays, the structure of many proteins has been deter-
mined experimentally Ref. �9�. Knowing the protein struc-
ture one can find the angles � and � for each amino acid in
the �Fig. 10� protein.

In Fig. 10�a� we show a map of the allowed and forbidden
conformations for alanine residues in polyalanine chains
taken from Ref. �45� �steric Ramachandran diagram�. This
map was obtained from pure geometrical considerations, in
which the structure of the polypeptide was assumed to be
fixed and defined by the interatomic van der Waals interac-
tion radii. Depending on the distances between the atoms one
could distinguish three regions: completely allowed, conven-
tionally allowed, and forbidden. The conformation is called
completely allowed if all the distances between atoms of
different amino acids are larger than some critical value rij
�rmax. Conventionally allowed regions on the potential en-
ergy surface correspond to the conformations of the polypep-
tide, in which the distances between some atoms of different
amino acids lie within the interval rmin�rij �rmax. All other
conformations are referred to as forbidden. The values of rmin
and rmax are defined by the types of interacting atoms and can
be found in the textbooks �see, e.g., �45��. In Fig. 10�a� we
mark the completely allowed regions with white, the conven-
tionally allowed regions with light gray, and the forbidden
regions with a dark gray color. In this figure we mark the
points, which correspond to the geometries of alanine, whose

periodical iteration leads to the formation of chains with spe-
cific secondary structure. In Table II we compile the values
of angles � and �, which correspond to the most prominent
polyalanine secondary structures. For the illustrative pur-
poses we mark these points by white circles with the corre-
sponding type of the secondary structures typed in. Thus, 27

R,
27

L are the right-handed and the left-handed 27 helix; 310
R , 310

L

are the right-handed and the left-handed 310 helix; �R, �L are
the right-handed and the left-handed �-helix �413�; 
R, 
L

are the right-handed and the left-handed 
-helix �516�; ↑↑, ↑↓
are the parallel and antiparallel � sheets. �I, �II correspond
to the �-turns of types I and II, respectively.

Note that not all of the structures listed above are present
equally in proteins. In Fig. 10�a� we show the distribution of
the angles � and � of alanine residues in protein structures
selected from the Brookhaven Protein Data Bank �9,44�. It is
possible to distinguish four main regions, in which most of
experimental points are located. In Fig. 10 these regions are
schematically shown with dashed ellipses. Note, that these
ellipses are used for illustrative purposes only, and serve for
a better understanding of the experimental data. The regions
in which most of the observed angles � and � are located
correspond to different secondary structures of the polyala-
nine. Thus, region I corresponds to the parallel and antipar-
allel �-sheets. Region II corresponds to the right-handed 27

R

helix. Region III corresponds to the right-handed �R-helix,
right-handed 
R-helix, right-handed 310

R helix, and �-turn of
type I. Region IV corresponds to the left-handed �L-helix,
right-handed 
L-helix, left-handed 310

L helix, and �-turn of
type II. In some cases there are several types of secondary
structure within one domain. In the present work we have not
studied the secondary structure of proteins systematically
enough to establish the univocal correspondence of the ob-
served experimental points to different types of the second-
ary structure.

Let us now compare the distribution of angles � and �
experimentally observed for proteins with the potential en-
ergy landscape calculated for alanine polypeptides and estab-
lish correspondence of the secondary structure of the calcu-
lated conformations with the predictions of the simple
Ramachandran model.

Region I corresponds to the minimum 1 on the both po-
tential energy surfaces of the alanine tripeptide �Fig. 10�b��
and the alanine hexpeptide with the secondary structure of

FIG. 10. �Color online� Comparison of angles � and � of ala-
nine residues in protein structures selected from the Brookhaven
Protein Data Bank �9,44� with the steric diagram for polyalanine
�45� �part �a��. Comparison of angles � and � of alanine residues in
protein structures selected from the Brookhaven Protein Data Bank
�9,44� with the minima on the calculated potential energy surfaces
for alanine tripeptide �b�; alanine hexapeptide in sheet conformation
�c�; alanine hexapeptide in helix conformation �d�. Transparent
rhomboids correspond to alanines surrounded with alanines, while
filled circles correspond to alanines surrounded by other amino ac-
ids. Dashed ellipses mark the regions of higher concentration of the
observed angles.

TABLE II. Angles � and � corresponding to the most prominent
polyalanine secondary structures.

Structure type � �deg.� � �deg.�

Right-handed �left-handed� 27 helix −78 �78� 59 �−59�
Right-handed �left-handed� 310 helix −49 �49� −26 �26�

Right-handed �left-handed� �-helix �413� −57 �57� −47 �47�
Right-handed �left-handed� 
-helix �516� −57 �57� −70 �70�

Parallel � sheet �↑↑� −119 113

Antiparallel � sheet �↑↓� −139 135

�-turn of type I −90 0

�-turn of type II 90 0
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the sheet conformation �Fig. 10�c��. These conformations
correspond exactly to the alanine chains in the �-sheet con-
formation �see Figs. 5 and 8�a��. Note that there is no mini-
mum in that region of the potential energy surface for alanine
hexapeptide with the secondary structure of helix �see Fig.
10�d��.

Region II corresponds to the minimum 2 on the both po-
tential energy surfaces Figs. 10�b� and 10�c�, as well as to the
minimum 3 on the potential energy surface Fig. 10�d�. On
the steric diagram for polyalanines this region corresponds to
the right-handed 27

R helix. The structure of conformations 2
on the surfaces of Figs. 10�b� and 10�c� differs from the
structure of this particular helix type. Only the central ala-
nines, for which the angles � and � in Figs. 10�b� and 10�c�
are defined, have the structure of the 27

R helix. Thus, one can
refer to the conformations 2 as to the mixed states, where the
central part of the polypeptide chain has the conformation of
helix and the outermost parts have the conformation of
sheets. Conformation 3 on the surface Fig. 10�d� is also a
mixed state. Here one can distinguish one turn of the 310

R

helix and two turns of the 27
R helix �see Fig. 8�b��.

Region III corresponds to the structure of right-handed
�R-helix, right-handed 310

R helix, right-handed 
R-helix, and
�-turn. It corresponds to minima 6, 5, and 4 on the potential
energy surfaces, Figs. 10�b�–10�d�, respectively. Conforma-
tion 6 cannot be assigned to any specific type of secondary
structure because the chain is too short. Note that conforma-
tion 6 is even not a stable one on the potential energy surface
of the alanine tripeptide. The most probable types of second-
ary structures in that region of the potential energy surface
are right-handed �R-helix and �-turn. However, for the for-
mation of a single turn of the �R-helix �or for the formation
of the �-turn� at least four amino acids are needed. Confor-
mation 5 on the potential energy surface of the alanine
hexapeptide can be characterized as a partially formed �-turn
because the alanine, for which the dihedral angles � and � in
Fig. 10�c� are defined has the geometry of �-turn, but its
neighbor forms a �-sheet �see Fig. 8�a��. Conformation 4 on
the potential energy surface Fig. 8�b� changes significantly
after accounting for the relaxation of all degrees of freedom
in the system, and gets outside the region III. In this confor-
mation one can locate fragments of right-handed 27

R and 310
R

helixes. The point corresponding to the minimum 4 �after
accounting for the relaxation� lies outside regions II and III
because angles � and � in Fig. 10�d� are defined for the
amino acid between two helix fragments.

Region IV is represented by the structure of the left-
handed �L-helix, the left-handed 310

L helix, left-handed

L-helix and �-turn of type II. The fragments with those
types of secondary structures are very rare met in native
proteins. To form these structures it is necessary to have at
least four amino acids, therefore minima 3 on the potential
energy surface for alanine tripeptides cannot be compared to
any type of the mentioned secondary structures. Region IV
corresponds to the conformations 3 and 2 on the surfaces of
Figs. 10�c� and 10�d�, respectively. Conformation 3 on the
surface of Fig. 10�c� corresponds to a partially formed
�-turn, because the alanine, for which the dihedral angles �
and � in Fig. 10�c� are plotted has the configuration of the
�-turn but the neighboring amino acid in the polypeptide

chain forms the �-sheet �see Fig. 8�a��. Conformation 2 on
the potential energy surface of Fig. 10�d� lies outside the
region IV, but accounting for the relaxation of all degrees of
freedom shifts the minimum on the potential energy surface
to the allowed region of left-handed �L and 310

L helix �see
Fig. 8�b��. The geometry of conformation 2 is similar to the
geometry of the left-handed 310

L helix �see Fig. 8�b��. The
main differences in the structure are caused by the insuffi-
cient length of the polypeptide chain to form a regular helix
structure.

IV. CONCLUSION

In the present paper the multidimensional potential energy
surfaces for amino acid chains consisting of three and six
alanines have been investigated and the conformational prop-
erties of these systems with respect to the twisting of the
polypeptide chain have been described. The calculations
have been carried out within ab initio theoretical framework
based on the density functional theory and accounting for all
the electrons in the system. We have determined stable con-
formations and calculated the energy barriers for transitions
between them. Using a thermodynamic approach, we have
estimated times of the characteristic transitions between the
conformations. It was demonstrated that the transition times
lie within the picosecond region. Our estimates are compared
with the available molecular-dynamics simulations results,
and the correspondence between the results of the two dif-
ferent methods is reported. A strong barrier asymmetry be-
tween neighboring stable conformations on the potential en-
ergy surface was found.

We compared values of angles � and � for alanine resi-
dues experimentally observed in real proteins with the coor-
dinates of minima on the potential energy surfaces. This
comparison showed that all profound minima on the poten-
tial energy surfaces correspond to the regions in which ex-
perimentally measured values of � and � are located. We
have also analyzed how the secondary structure of polypep-
tide chains influences the formation of the potential energy
landscapes. For the chains of six amino acids with the sec-
ondary structures of sheets and helix the influence of the
secondary structure on the stable conformations of the mol-
ecule has been demonstrated.

The results of this work can be utilized for modeling more
complex molecular systems. For example, the suggested
model for the estimation of the characteristic transition times
can be used for longer polypeptide chains, also consisting of
different amino acids and for estimates of the time of pro-
teins folding. It is also possible to use the results of the
present work for testing the applicability and accuracy of
different model approaches for the polypeptide description
requiring much less computer time than ab initio calcula-
tions.
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