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Abstra t

Finding energeti ally stable onformations of proteins is one of the most interesting and di ult
problems in biology. Given the hemi al omposition of a mole ule, its three-dimensional onformation is of interest be ause it is dire tly related to the fun tion it is able to perform. Sin e some
years, we have been working on an easier problem, where the identi ation of protein onformations is aided by information obtained by experiments of Nu lear Magneti Resonan e (NMR).
Under ertain assumptions, we are able to dis retize the problem and use an e ient Bran h &
Prune (BP) algorithm for its solution. In this work, we move towards the more di ult situation
in whi h the information given by NMR is not available. The original BP does not work in this
ase, be ause 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 devi e to be added
to the BP algorithm. First omputational experien es on a set of small homopolymers show that
this approa h is promising for the identi ation of low-energy onformations of mole ules.
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1.

Introduction

Proteins are

omposed by smaller mole ules

alled amino a ids.

They are able to perform

several important fun tions in bodies of living beings, and the fun tions they perform are
strongly dependent on their three-dimensional

onformations. While modern te hnologies are

urrently able to easily identify the sequen e of amino a ids for a given protein, the identi ation
of the

orresponding three-dimensional

onformation is still a real

hallenge.

There are dierent approa hes to this problem, whi h depend on the information that are
a tually available and that
as the Nu lear Magneti

an be e iently used for its solution. Experimental te hniques, su h

Resonan e (NMR), are able to provide a subset of lower and upper

bounds on some inter-atomi
possible three-dimensional

distan es, and this information

onformations for a given mole ule. However, if the only knowledge

about the mole ule is given by its
of its

an be exploited for identifying

hemi al

omposition, the only way to nd an approximation

onformation is by identifying the most stable

onformation from an energeti

point of

view.
Sin e years, we are working on the problem of identifying the

onformation of a mole ule by

exploiting information on the distan es that NMR experiments are able to provide (see [24,
6, 7℄). This problem is known in the s ienti

literature as the Mole ular Distan e Geometry

Problem (MDGP) [1℄, and it is an NP-hard problem. In this
given by a dis retization pro ess that we

ontext, our main

ontribution is

an apply for redu ing the sear h spa e from a

on-
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tinuous domain to a dis rete one. Even if this transformation does not de rease the
of the problem (whi h is still NP-hard), it allowed us to
(BP) algorithm for the solution of MDGPs that

omplexity

on eive an e ient Bran h & Prune

an be dis retized.

We named this

lass of

problems Dis retizable MDGP (DMDGP). An instan e of the MDGP belongs to the DMDGP
lass if and only if some assumptions are satised [2℄.
The dis retization is performed by interse ting three spheres

entered in three

onse utive

atoms and having three known distan es as radii. This interse tion, with probability 1, gives two
points only, whi h

orrespond to the possible

oordinates for the su

[2℄. This allows to generate a tree where ea h layer
same atom. As a

essive atom in the sequen e

ontains the potential

onsequen e, a solution to the DMDGP

oordinates for the

an be sear hed by identifying a path

from the root node (representing the rst atom) to one of the feasible leaf nodes (representing
the last atom) of the tree. Ea h bran h in luded in the solution path
torsion angles

ω

(dened by 4

orresponds to a

ertain

onse utive atoms of the mole ule). The dis retization is possible

when the referen e distan es (the radii of the spheres) are exa t, as well as when one of the
three referen e distan es is represented by an interval [4℄.
Even for small-sized mole ules, the

omplete

onstru tion of the tree

tionally expensive. However, distan es (that NMR
the

onstru tion of the tree)

an be too

omputa-

an provide and that are not exploited in

an be used in the BP algorithm for pruning a part of the bran hes

where there are no feasible solutions. The pruning phase in BP allows therefore to fo us the
sear h on bran hes of the tree where there

an be solutions. In protein instan es of the DMDGP,

distan es used for pruning are available and they allow to prune large parts of the tree, so that
the problem

an be solved very e iently by the BP algorithm [7℄.

In a re ent work [4℄, we proposed a spe ial ordering for the atoms forming protein ba kbones:
all instan es in whi h the atoms are sorted a
DMDGP

ordingly to this spe ial ordering belong to the

lass. Moreover, all the distan es that are ne essary for applying the dis retization

pro ess do not have to be

omputed by NMR experiments, but they

by simple observations on the

hemi al

an rather be obtained

omposition of protein ba kbones. Many distan es are

related to bonded atoms and other ones are related to atoms bonded to a

ommon atom.

It is important to remark that, if this spe ial ordering is employed, the dis retization pro ess
is

ompletely independent on the DMDGP instan e at hand. A tually, any instan e related to

any protein ba kbone of a given size has the same tree as a sear h domain. NMR data
used for sele ting the bran hes of the tree that are
In this paper, we

an be

ompatible with the distan es.

onsider for the rst time the possibility of repla ing distan e-based pruning

devi es with energy-based ones. Sin e our sear h trees are independent on NMR, these experiments are not ne essary for performing the dis retization. We
only available information about the mole ule

on erns its

an suppose therefore that the

hemi al

omposition. At this point,

the only possibility for dis arding the infeasible bran hes of BP trees is through energy-based
riteria.
This work opens the doors to more di ult problems in biology for whi h we

ould supply

a suitable dis retization. We will present in Se tion 2 a new pruning devi e based on energeti
riteria, and we will show some preliminary

2.

omputational experiments in Se tion 3.

New pruning devices for BP

In the BP algorithm, the idea is to generate the possible atomi

oordinates for ea h atom

of the mole ule, 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 distan es
that are not

onsidered in the dis retization pro ess (supposed to be obtained through NMR

experiments). In this work, we suppose instead that all distan es ne essary for the dis retization
are obtained by observations on the

hemi al stru ture of the mole ule at hand, and that there

is no information on other additional distan es.

Therefore, we need to

onsider the internal

energy of the mole ule and the pruning phase needs to be based on this energy.

Low-energy homopolymers by a discrete approach
An a

3

urate des ription of all intera tions among the atoms in a mole ule

an be very

plex. There are however approximations of this potential energy that take into
the most important intera tions. We will

om-

onsideration

onsider the same expression used in [8℄, given by:

En = Ebond + Eangle + Etorsion + ELJ ,

(1)

where

Ebond =

Eangle =

Vn̄ X
=
[1 + cos(n̄ωi + δ)] ,
2 i

Etorsion

The term

1X
kd (di − d0 )2 ,
2 i

Ebond

1X
kθ (θi − θ0 )2 ,
2 i
ELJ =

X
i,j



!12

σi,j
εi,j 
ri,j

− 2Hi,j

atoms. Any modi ation on this distan e makes the energeti

onstant, and
term

d0

Eangle

distan e for the two

term positive. The term models

therefore the repulsive for e between the two atoms if they get too
as the attra tive for e between them in
The energeti

!6 
.

onsiders the energy given by the intera tion between two bonded atoms.

Depending on the kind of atoms, indeed, there is a typi al inter-atomi

stret hing

σi,j
ri,j

lose to ea h other, as well

ase they get too far. The parameter

is the preferred value for the inter-atomi

kd

is the bond

distan e.

is used similarly to model the lo al intera tions among three atoms

X, Y and Z su h that atom X is bonded to Y, and Y is bonded to Z. Depending on the kind
of atoms, there is a typi al lo al

onformation for the three atoms that

angle between the segment XY and the segment YZ. The term
this angle is
parameter

are

orrespond to a typi al

ensures that the value of

lose to the typi al one by penalizing any modi ations (in both dire tions). The

kθ

is the angle bending

The third term
onsidered

Eangle

Etorsion

onstant, and

allows to dene a

onformations. For example, if

60◦ , 180◦

and

300◦ .

The energeti

θ0

is the preferred value for the bond angle.

ertain subset of preferred torsion angles

n̄ = 3

and

δ = 0,

ω

for the

then the preferred torsion angles

term gives a penalty to all other torsion angle values, and

the penalty is proportional to the dieren e between the sele ted torsion angle and the
among the preferred ones.

Vn̄

is a torsional

onstant, whi h depends on the

Finally, the last term is the Lennard Jones potential [5℄.
that

εi,j

and

σi,j

hoi e of

losest

n̄

[8℄.

are two parameters

an be dened by the relationships between the pairs of atoms (or agglomerate of atoms)

whi h are intera ting. The parameter

Hi,j

is related to the hydrophobi ity and hydrophili ity

of the intera ting atoms. We will suppose that

Hi,j

is always equal to 1.

Pruning devi es have the di ult role of identifying the atomi

positions from whi h infeasible

bran hes start. During the exe ution of BP, every time a leaf node is rea hed, the full set of
oordinates for a
be

onformation is available, and hen e the energy

omputed. Let us suppose that

Ên

advan e whether new bran hes of the tree
that

an be smaller than

all the

This is done by

onformations belonging to a

The terms
their values
atomi

Ên .

Ebond , Eangle
ELJ

and

an be 0.

distan es

an vary, we

En

for this

onformation

an

is the lowest energy found so far. Our idea is to verify in
an a tually

ontain

onformations with an energy

omputing a lower bound on the energy

on erning

ommon bran h.

Etorsion

are always positive, and hen e the lower bound for

an be negative, but, depending on the range in whi h the interan

ompute an a

suppose that we are exe uting BP and that the

urate lower bound for the a tual value. Let us
urrent layer is the

kth ,

where we have a partial

En(≤k) ( omputed by using the available oordinates) and a lower bound L(>k) on
the energy En(>k) . If En(≤k) + L(>k) > Ên , then there is no hope to identify a onformation
with an energy smaller than Ên by exploring the urrent bran h of the tree. This bran h an

energy value

therefore be pruned. The same strategy

an be applied for ele trostati

potentials
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time
time

n
energy (k al)

Table 1.

(no devi es)
(energy-based devi e)

4
-0.12
0.0s
0.0s

5
-0.26
0.0s
0.0s

6
-0.42
0.0s
0.0s

7
-0.64
0.6s
0.3s

8
-0.96
19.5s
5.6s

9
-1.45
9min 32s
1min 2s

10
-1.99
4h 35min
9min 1s

11
-2.51
> 12h
1h 4min

12
-3.27
> 12h
10h 11min

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

3.

Preliminary computational experiments

We present in this se tion some preliminary experiments. All
ming language and all the experiments were
with 4GB RAM, running Linux. The
We

onsider homopolymers, that

odes were written in C program-

arried out on an Intel(R) Xeon(TM) CPU 3.40GHz

odes have been

ompiled by the GNU C

ompiler v.4.1.1.

onsist of strings of bonded atoms having the same

properties. Bond lengths and bond angles are

hemi al

onsidered xed, so that the rst two terms of the

d0 = 1.526Åand
Etorsion , n̄ = 3, δ = 0 and
Vn̄ = 1.3. Finally, in the Lennard Jones term, εi,j = 0.181 and σi,j = 3.3.
Table 1 shows some experiments with homopolymers having size n ranging from 4 to 12 (in

potential energy (1) disappear. All bond lengths are xed to the preferred value
all bond angles are xed to

[8℄, they

θ0 = 109◦.47.

Moreover, in the term

onsider a little larger instan es, but use a mu h more stronger

When BP is exe uted without pruning devi es, the

omputational

omputer system).
ost is naturally very

expensive. When the energy-based pruning devi e is instead employed, the same solutions
be identied in a shorter amount of time. For example, the same
and energy

En = −1.99

k al

onformation with

an

n = 10

an be identied in 9 minutes when our new pruning devi e is

employed, and in about 4 hours and half otherwise. Therefore, the proposed pruning devi e is
a tually able to identify and prune the bran hes of the tree where there

annot be

onformations

with a lower energy. Future works will be devoted to the development of other pruning devi es
and ad-ho

strategies for speeding up the sear h.
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