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Use of molecular mechanics for secondary structure prediction.
Is it possible to reveal o-helix?
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Abstract A new approach to predicting protein standard
conformations is suggested. The idea consists in modeling by
molecular mechanics tools a continuous o-helical conformation
for the whole protein. The profile of energy along the model o-
helix reveals minima corresponding to real o-helical segments in
the native protein. The 3/10-helices and B-turns including a local
o-helical conformation may be detected as well. All o-helical
segments in the test sample are delineated; mean residue by
residue accuracy Q3. is 79%. This non-statistical approach can
shed light on the physical grounds of a-helix formation. © 2002
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

In spite of the progress in protein secondary structure pre-
diction, alternative approaches appear to be necessary for
understanding the physical grounds of structure formation.
We try to demonstrate that conventional conformation anal-
ysis may be employed for this purpose.

It is reasonable to treat the set of conformations in a native
protein as a superposition of typical standard conformations.
Among them we know o-helix, B-structure, and left-handed
helix of polyproline II type. The localization of a certain con-
formation in a definite site of polypeptide chain must to be
consistent with local and long-range interactions and with the
global minimum of energy for the whole protein. A common
way to do the conformation search by the molecular mechan-
ics method implies generation of a combinatorial set of con-
formations. After this and subsequent energy minimization,
the conformation with favorable energy may be treated as
realistic. However, for standard conformations having ob-
vious advantages in energy, e.g. o-helix, a combinatorial
choice of conformations seems superfluous.

The idea of the work may be outlined as follows. If we
formally assume one and the same type of conformation for
the entire protein chain, the segments that actually have this
conformation in the real protein will get advantages in energy.
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The o-helical conformation is naturally the first candidate for
such study, since o-helix is a tight structure simultaneously
stabilized by hydrogen bonding, and Coulomb and van der
Waals energies.

Physical conditions as well as local and long-range interac-
tions play an important role in secondary structure formation
[1-4]. Nevertheless, contemporary methods for secondary
structure prediction are based on statistics and even on direct
resemblance between the primary structures within a protein
family [5-7].

Molecular mechanics is employed for protein conformation
analysis in general. In particular, it may provide a new inde-
pendent view on the problem of secondary structure. We hope
this approach will serve to explain the sequence effect and the
role of various energy terms in the establishment of o-helical
conformation.

2. Material and methods

2.1. Protein sample

Eight proteins were taken from PDB database with account for the
structural class according to the CATH classification (http://www.bio-
chem.ucl.ac.uk/bsm/cath) [8]. The choice was random within the fol-
lowing conditions: resolution < 2.5 A, no disulfide bridges, no ligands
or ions interacting with o-helical segments.

2.2. Modeling of o-helical conformation

By ICM molecular mechanics program [9,10] using ECEPP/3 pa-
rameters [11], all protein chains were folded into a continuous o-helix;
starting values of dihedral angles were ¢=—57°, ¥=—47°. Optimal
conformations of side groups were found by a standard Monte Carlo
procedure using limited grid search of conformations. The number of
variations of variables in average exceeds 1000 for all dihedral angles
of a side chain. The starting temperature was 600 K. For explicit
description of the optimization procedure, see [10]. At the last step
of optimization, the ¢, ¥ angles of the backbone were restrained. The
penalty function switched on beyond *10° around ideal o-helical
¢, values.

2.3. Modeling of extended baseline conformation

To take into account constant and nearly constant contributions in
energy that vary from residue to residue, it is necessary to subtract the
energy of an unrestrained conformation. The baseline conformation
was obtained by altering the ¢,%¥ angles of model a-helix conforma-
tion to —160°,+160° respectively as in [12].

With the aim of removing some possible hindrances in the extended
conformation, additional optimization was performed to adjust the
% angles in side chains and ¢,¥ angles in the main chain. This opti-
mization practically does not alter the conformation.

2.4. Energy profile construction
The energies of pentapeptides (or any oligopeptides) were estimated
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separately for the helical and for the extended conformation. The
resultant profile is a subtraction of energies of these conformations.

2.5. Residue by residue performance
We followed the standard Qs, formula for two-state prediction
(positive correct and negative correct predictions) as in [13].

3. Results and discussion

Figure 1 shows coincidence of minima on the continuous o-
helix energy profiles and the real a-helices for the second
domain of the DNA-binding protein (1pdn). Regions of B-
structure, coils, and some B-turns correspond to high energy
levels and barriers in the profile. Fig. 1 illustrates also the
procedure of energy profile construction by subtraction of
two curves. It is obvious that energy variations for the ex-
tended conformation have minor amplitudes. Thus, the curve
for model a-helix alone bears essentially all meaningful pecu-
liarities. Note (Fig. 1C) that the van der Waals component of
energy reproduces in general the trace of total energy. We
may conclude that even for the best side groups conforma-
tions, the sequence in linking regions between real o-helical
segments remains less favorable for o-helix formation.

Another example of the protein from the all-o class is
shown in Fig. 2. Both o-helices of the Arc receptor (1baz)
may be reproduced by the long o-helix modeling procedure.
Additionally, Fig. 2 shows that the method is practically un-
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Fig. 1. Energy profiles for the second domain of regulatory DNA-
binding protein (1pdn). (A) Energy of modeling o-helical conforma-
tion; (B) energy of baseline extended conformation; (C) resulting
full energy after subtracting (B) from (C) and van der Waals com-
ponent (VW) of resulting full energy. Each point i corresponds to
the energy calculated for a pentapeptide comprising residues i to
i+4. The first residue of the first pentapeptide has number 71 ac-
cording to residue numeration in the protein chain. Rectangle and
adjunct triangles denote o-helical pentapeptides and pentapeptides
including at least one o-helical residue, respectively, in accordance
with the X-ray data. The line for prediction of o-helices is drawn at
—28 kcal/mol.
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Fig. 2. Profiles of full energy and van der Waals component for Arc
receptor (lbaz) for various lengths of the fragment. (A) Penta-,
(B) tri-, and (C) heptapeptide. All notations as in Fig. 1. The first
residue of the first oligopeptide has number 5 according to residue
numeration in the protein chain.

affected by fragment length chosen for local energy estima-
tion. The choice of a pentapeptide has some advantages. In-
deed, the first hydrogen bond forms at this length. Using
shorter fragments leads to some noise, and longer ones
smooth the borders of the low-energy regions, as can be
seen for tripeptide and heptapeptide fragments (Fig. 2B,C).
Although very short fragments provide better resolution, it
is difficult to take a universal baseline for various proteins
in this case. The pattern of energy profiles is apparently re-
tained for various force fields. The positions of maxima and
minima are conserved for lbaz and other proteins after in-
cluding, as variants of the surface term, the atomic solvation
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Fig. 3. Profiles of full energy and van der Waals component for
phosphotransferase (I1ptf). All notations as in Fig. 1. The first resi-
due of the first pentapeptide has number 1 according to residue nu-
meration in the protein chain. Additionally, pentapeptides including
B-turns are marked by arrows in accord with X-ray data.
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Fig. 4. Profiles of full energy and van der Waals component for the
transcription regulation domain of lopc protein. Notations as in
Figs. 1 and 3. The first residue of the first pentapeptide has number
137 according to residue numeration in the protein chain.

or the polarization added to the Coulomb term for electro-
static energy evaluation following standard procedures in
ICM [9,10] (data not shown).

Interestingly, the method is sensitive to even short segments
of o-helical conformation. For histidine-containing phospho-
carrier protein (1ptf), as Fig. 3 shows, there are minima which
may be attributed to the three B-turns (all type I). Note that in
B-turns of T types there are two consecutive residues with o-
helical ¢,%¥ values. These minima are narrow and lie higher
the prominent main minima corresponding to the o-helices in
the protein. The van der Waals curve is most useful to dis-
tinguish obvious minima for o-helices and rather subtle mini-
ma for B-turns. On the van der Waals curve, all B-turn mini-
ma lie above the a-helix ones.

Fig. 4 for the transcription regulation domain of protein
lopc exemplifies, above all, the effect of proline on the shape
of the profile. There are some shortcomings in Pro modeling
in most molecular mechanics programs. The Pro ring is frozen
in a rigid conformation, which leads to overestimating or
underestimating the energy of the Pro-containing fragments
to an extent that depends on the concrete conformation; over-
estimation is more frequent in practice (see Fig. 4). Prolines
are at position 158, 160, 176, 179, 216 and 219. To take into
account the Pro influence rigorously, it is desirable to intro-
duce a flexible pyrrolidine ring. Regarding the conformational
programs in general, a flexible Pro moiety would obviously be
useful to maximize the reliability of prediction, because the
borders of energy wells can be estimated more precisely.
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Table 1 summarizes the data for whole protein sample. Let
us discuss the prediction power of the method suggested.
Firstly, the van der Waals component is most convenient in
this respect as compared with electrostatic and H-bonding
terms. The minima for o-helices are readily observed. Sec-
ondly, the mean value of these minima seems to be constant.
We found that the —28 kcal/mol cutoff is most suitable for
prediction. Only one helical element, namely the terminal
3/10-helix, has not been reproduced (see eighth row in
Table 1). Generally, helices of the 3/10-type may be traced,
the mean energy for 3/10-helices is slightly above the a-helical
mean energy. At the same time, for replication terminator
protein (see second row in Table 1) we have one superfluous
helical fragment. That is, the underpredictions and overpre-
dictions of the helical segments are few. Standard per-residue
criteria (see Table 1) testify that the performance of the meth-
od is quite good. The mean values for Qsy, Qq, and Quon-o are
79, 74.4, and 84.4%, respectively. As for predictions of -
bends, particularly those that include local a-helical confor-
mation, they are sometimes difficult to reproduce, and the
mean value for Qp_qm does not exceed 45% (the baseline
was set at —19 kcal/mol in this case). The cases of under-
predictions in the second and fourth rows of Table 1 are
connected with the proline effect. Note that the method was
not intended for precise prediction of very short segments of
a-helical conformation. This is an unexpected possibility of
the approach proposed.

Thus, the segments of polypeptide chain that are predis-
posed to o-helix formation and are helical in native protein,
retain this property in continuous modeling of o-helix for the
whole chain. In this way, prediction of a-helical conformation
including o-helices and even B-bends with appropriate ¢,%¥
values becomes quite possible. We can also delineate the re-
gions that can never adopt o-helical conformation. Simulta-
neously, the physical grounds of o-helix formation become
more understandable. In particular, the main contribution
to energy is the van der Waals component. This component
is sufficient for domain protein structure determination [14].
The van der Waals energy is also sufficient for choosing the
correct fold for a particular primary structure [15]. Thus, the
role of local interactions in establishing a definite type of sec-
ondary structure can be traced, also in accordance with [2,3].
The results obtained suggest that the influence of tertiary
structure is not so significant. The computational protocol
described here uses readily available molecular mechanics pro-

Table 1

Summary of the computation results

No. PDB Protein Class Residue a-Helices Per-residue accuracy® B-Turns (o-helical

code No. (%) conf.)
X-ray Predicted Q3o Qo Ohnon-a. X-ray  Predicted

1 1baz Arc repressor o 5-53 2 2 73 61 94 0 0

2 1bm9 Replication terminator protein o 3-122 3 4 76 81 73 3 2

3 ligd Immunoglobulin-binding protein G ot+P 1-61 1 1 88 100 84 3 3

4 lopc OmpR (transcription regulation) o 137-229 3 3 84 61 97 8 6

5 Ipdn Paired protein o 71-124 3 3 84 65 100 0 0

6 Ipdo Phosphoenolpyruvate-dependent o/p 2-130 5 5 73 78 67 2 3
phosphotransferase

7 Iptf Histidine containing phosphocarrier o/p 1-87 3 3 86 74 94 3 3
protein

8 2chs Chorismate mutase (isomerase) o/p 2-115 5b 4 68 75 66 0 0

2Residue by residue accuracy of secondary structure prediction: Qs, — o and non-o, Qy, — only o, Qnon-o. — only non-c.
"Two o-helices and three 3/10-helices
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grams and, albeit comparatively time consuming, offers a way
of a priori secondary structure analysis and prediction.
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