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Abstract Finding energetically stable conformations of proteins is one of the most interesting and difficult
problems in biology. Given the chemical composition of a molecule, its three-dimensional confor-
mation is of interest because it is directly related to the function it is able to perform. Since some
years, we have been working on an easier problem, where the identification of protein conforma-
tions is aided by information obtained by experiments of Nuclear Magnetic Resonance (NMR).
Under certain assumptions, we are able to discretize the problem and use an efficient Branch &
Prune (BP) algorithm for its solution. In this work, we move towards the more difficult situation
in which the information given by NMR is not available. The original BP does not work in this
case, because there is no information for performing its pruning phase, that is the strong point of
the algorithm. In this paper, we study and present a new energy-based pruning device to be added
to the BP algorithm. First computational experiences on a set of small homopolymers show that
this approach is promising for the identification of low-energy conformations of molecules.
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1. Introduction

Proteins are composed by smaller molecules called amino acids. They are able to perform
several important functions in bodies of living beings, and the functions they perform are
strongly dependent on their three-dimensional conformations. While modern technologies are
currently able to easily identify the sequence of amino acids for a given protein, the identification
of the corresponding three-dimensional conformation is still a real challenge.

There are different approaches to this problem, which depend on the information that are
actually available and that can be efficiently used for its solution. Experimental techniques, such
as the Nuclear Magnetic Resonance (NMR), are able to provide a subset of lower and upper
bounds on some inter-atomic distances, and this information can be exploited for identifying
possible three-dimensional conformations for a given molecule. However, if the only knowledge
about the molecule is given by its chemical composition, the only way to find an approximation
of its conformation is by identifying the most stable conformation from an energetic point of
view.

Since years, we are working on the problem of identifying the conformation of a molecule by
exploiting information on the distances that NMR experiments are able to provide (see [2—4,
6, 7]). This problem is known in the scientific literature as the Molecular Distance Geometry
Problem (MDGP) [1], and it is an NP-hard problem. In this context, our main contribution is
given by a discretization process that we can apply for reducing the search space from a con-
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tinuous domain to a discrete one. Even if this transformation does not decrease the complexity
of the problem (which is still NP-hard), it allowed us to conceive an efficient Branch & Prune
(BP) algorithm for the solution of MDGPs that can be discretized. We named this class of
problems Discretizable MDGP (DMDGP). An instance of the MDGP belongs to the DMDGP
class if and only if some assumptions are satisfied [2].

The discretization is performed by intersecting three spheres centered in three consecutive
atoms and having three known distances as radii. This intersection, with probability 1, gives two
points only, which correspond to the possible coordinates for the successive atom in the sequence
[2]. This allows to generate a tree where each layer contains the potential coordinates for the
same atom. As a consequence, a solution to the DMDGP can be searched by identifying a path
from the root node (representing the first atom) to one of the feasible leaf nodes (representing
the last atom) of the tree. Each branch included in the solution path corresponds to a certain
torsion angles w (defined by 4 consecutive atoms of the molecule). The discretization is possible
when the reference distances (the radii of the spheres) are exact, as well as when one of the
three reference distances is represented by an interval [4].

Even for small-sized molecules, the complete construction of the tree can be too computa-
tionally expensive. However, distances (that NMR can provide and that are not exploited in
the construction of the tree) can be used in the BP algorithm for pruning a part of the branches
where there are no feasible solutions. The pruning phase in BP allows therefore to focus the
search on branches of the tree where there can be solutions. In protein instances of the DMDGP,
distances used for pruning are available and they allow to prune large parts of the tree, so that
the problem can be solved very efficiently by the BP algorithm [7].

In a recent work [4], we proposed a special ordering for the atoms forming protein backbones:
all instances in which the atoms are sorted accordingly to this special ordering belong to the
DMDGP class. Moreover, all the distances that are necessary for applying the discretization
process do not have to be computed by NMR experiments, but they can rather be obtained
by simple observations on the chemical composition of protein backbones. Many distances are
related to bonded atoms and other ones are related to atoms bonded to a common atom.

It is important to remark that, if this special ordering is employed, the discretization process
is completely independent on the DMDGP instance at hand. Actually, any instance related to
any protein backbone of a given size has the same tree as a search domain. NMR data can be
used for selecting the branches of the tree that are compatible with the distances.

In this paper, we consider for the first time the possibility of replacing distance-based pruning
devices with energy-based ones. Since our search trees are independent on NMR, these exper-
iments are not necessary for performing the discretization. We can suppose therefore that the
only available information about the molecule concerns its chemical composition. At this point,
the only possibility for discarding the infeasible branches of BP trees is through energy-based
criteria.

This work opens the doors to more difficult problems in biology for which we could supply
a suitable discretization. We will present in Section 2 a new pruning device based on energetic
criteria, and we will show some preliminary computational experiments in Section 3.

2. New pruning devices for BP

In the BP algorithm, the idea is to generate the possible atomic coordinates for each atom
of the molecule, and to verify their feasibility right away after their generation [6]. In the
original BP, the pruning phase is performed by exploiting information on a subset of distances
that are not considered in the discretization process (supposed to be obtained through NMR
experiments). In this work, we suppose instead that all distances necessary for the discretization
are obtained by observations on the chemical structure of the molecule at hand, and that there
is no information on other additional distances. Therefore, we need to consider the internal
energy of the molecule and the pruning phase needs to be based on this energy.
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An accurate description of all interactions among the atoms in a molecule can be very com-
plex. There are however approximations of this potential energy that take into consideration
the most important interactions. We will consider the same expression used in [8], given by:

E, = Ebond + Eangle + Etorsion + ELJ: (1)

where
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The term FEjp,,q considers the energy given by the interaction between two bonded atoms.
Depending on the kind of atoms, indeed, there is a typical inter-atomic distance for the two
atoms. Any modification on this distance makes the energetic term positive. The term models
therefore the repulsive force between the two atoms if they get too close to each other, as well
as the attractive force between them in case they get too far. The parameter kg is the “bond
stretching” constant, and dj is the preferred value for the inter-atomic distance.

The energetic term Eqpg is used similarly to model the local interactions among three atoms
X, Y and Z such that atom X is bonded to Y, and Y is bonded to Z. Depending on the kind
of atoms, there is a typical local conformation for the three atoms that correspond to a typical
angle between the segment XY and the segment YZ. The term E, 4. ensures that the value of
this angle is close to the typical one by penalizing any modifications (in both directions). The
parameter ky is the “angle bending” constant, and 6 is the preferred value for the bond angle.

The third term E}yrsi0n allows to define a certain subset of preferred torsion angles w for the
considered conformations. For example, if n = 3 and § = 0, then the preferred torsion angles
are 60°, 180° and 300°. The energetic term gives a penalty to all other torsion angle values, and
the penalty is proportional to the difference between the selected torsion angle and the closest
among the preferred ones. Vj is a “torsional” constant, which depends on the choice of 7 [§].

Finally, the last term is the Lennard Jones potential [5|. &;; and o;; are two parameters
that can be defined by the relationships between the pairs of atoms (or agglomerate of atoms)
which are interacting. The parameter H; ; is related to the hydrophobicity and hydrophilicity
of the interacting atoms. We will suppose that H; ; is always equal to 1.

Pruning devices have the difficult role of identifying the atomic positions from which infeasible
branches start. During the execution of BP, every time a leaf node is reached, the full set of
coordinates for a conformation is available, and hence the energy FE, for this conformation can
be computed. Let us suppose that E,, is the lowest energy found so far. Our idea is to verify in
advance whether new branches of the tree can actually contain conformations with an energy
that can be smaller than E,. This is done by computing a lower bound on the energy concerning
all the conformations belonging to a common branch.

The terms Eyond, Eangle and Ejorsion are always positive, and hence the lower bound for
their values can be 0. Er; can be negative, but, depending on the range in which the inter-
atomic distances can vary, we can compute an accurate lower bound for the actual value. Let us
suppose that we are executing BP and that the current layer is the k", where we have a partial
energy value E, (<) (computed by using the available coordinates) and a lower bound L~y on

the energy Ey,(spy. If Ey<p) + Lisp) > E,, then there is no hope to identify a conformation

with an energy smaller than E, by exploring the current branch of the tree. This branch can
therefore be pruned. The same strategy can be applied for electrostatic potentials
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n 4 5 6 7 8 9 10 11 12
energy (kcal) -0.12 | -0.26 | -0.42 | -0.64 | -0.96 -1.45 -1.99 -2.51 -3.27
time (no devices) 0.0s 0.0s 0.0s 0.6s | 19.5s | 9min 32s | 4h 35min > 12h > 12h
time (energy-based device) 0.0s 0.0s 0.0s 0.3s 5.6s 1min 2s 9min 1s 1h 4min | 10h 11min

Table 1. Experiments with homopolymers having size n ranging from 4 to 12.

3. Preliminary computational experiments

We present in this section some preliminary experiments. All codes were written in C program-
ming language and all the experiments were carried out on an Intel(R) Xeon(TM) CPU 3.40GHz
with 4GB RAM, running Linux. The codes have been compiled by the GNU C compiler v.4.1.1.

We consider homopolymers, that consist of strings of bonded atoms having the same chemical
properties. Bond lengths and bond angles are considered fixed, so that the first two terms of the
potential energy (1) disappear. All bond lengths are fixed to the preferred value dy = 1.526Aand
all bond angles are fixed to 6§y = 109°47. Moreover, in the term Fiorgion, 7 = 3, § = 0 and
Vi = 1.3. Finally, in the Lennard Jones term, ¢; ; = 0.181 and o; ; = 3.3.

Table 1 shows some experiments with homopolymers having size n ranging from 4 to 12 (in
[8], they consider a little larger instances, but use a much more stronger computer system).

When BP is executed without pruning devices, the computational cost is naturally very
expensive. When the energy-based pruning device is instead employed, the same solutions can
be identified in a shorter amount of time. For example, the same conformation with n = 10
and energy E, = —1.99 kcal can be identified in 9 minutes when our new pruning device is
employed, and in about 4 hours and half otherwise. Therefore, the proposed pruning device is
actually able to identify and prune the branches of the tree where there cannot be conformations
with a lower energy. Future works will be devoted to the development of other pruning devices
and ad-hoc strategies for speeding up the search.
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