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Abstract—NMR experiments are able to provide some of where|| - || represents the computed distance between two
the distances between pairs of hydrogen atoms in molecular agtoms of X, and di; is the known value of their relative
conformations. The problem of finding the coordinates of sue  gistance. This constraint satisfaction problem is usudly
atoms is known as the molecular distance geometry problem.His f lated lobal optimizati bl The aim is t
problem can be reformulated as a combinatorial optimizatian o.rrr_1u_ae as a. 99 al op |m|za |or_1 prQ em. € alm IS 1o
problem and efficiently solved by an exact algorithm. To this Minimize an objective function which is able to provide a
purpose, we show how an artificial backbone of hydrogens can measure of how much the distandés; — z;||, related to a
be generated that satisfies some assumptions needed for hayi certain conformationX, differ from the known distances;;,
the combinatorial reformulation. Computational experiments for each(i,j) € E. Different objective functions have been

show that the combinatorial approach to this problem is very proposed, and one of the most used is the Largest Distance

promising.
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Proteins are important molecules because they perform (w2, ocsan}) |m] {z:} i - @
1,3 ’

different functions, often of vital importance, in the catif the ] ) ]
living beings. Their function is determined by the dynandés Wherem is the total number of known distances. Supposing
the proteins, which depend on their three-dimensionalarent that @ position is given to the atoms of the conformatio’,
mation. While finding the chemical composition of a proteif{ the value of the LDE function is 0, then the set of given
molecule is relatively simple, finding its three-dimensibn distances is feasible and the conformati¥nsatisfies all of

conformation is not an easy task. Nuclear Magnetic Resana@€m: For a survey on methods and algorithms for the MDGP,
(NMR) is an experimental technique which is able to provide® [6]-

some of the distances between pairs of atoms forming theXecently, @ new approach to the MDGP has been proposed.
molecule [5]. These experimentally obtained data can treen 1§ the event that some particular assumptions are satisfied,
used for computing the coordinates (into a given Cartesid}f 9lobal optimization problem associated to the MDGP is
system) of all the atoms of the molecule. The problem seformulated as a corT_1b|.nator|aI opt|m|zat_|on problem.His t
finding the conformation of the molecule (i.e. all the coerd{Vay. the search domain is reduced to a discrete set. Moreover
nates of its atoms), starting from the known distances berwd e computation of the number of solutions contained in the
pairs of atoms, is ;eferred to as theoMECULAR DisTance discrete search domain is possible, and it is related to the
GEOMETRY PR,OBLEM (MDGP) [3]. The focus of this paper number of atoms forming the molecule. Computational experi
is, in particular, on protein molecules. ments presented in ([7], [8], [9]) showed that the combiriato

Over the years, many methods have been proposed mproach to the MDGP is much more efficient than the con-

solving the MDGP. Most of them are based on a continunguous one. We refer to this combinatorial reformulatidn o

formulation of the problem. Le = {z,zs,...,2,} be a the MDGP as the BBCRETIZABLE MOLECULAR DISTANCE

protein conformation, where; is thei*" atom of the protein, GEOME,TRY PROBL'_EM (DMDGP). )
in a given ordering. LetE be the set of pairs of atoms Proteins are chains of smaller molecules calledno acids

whose distance is known. Then, the MDGP can be seenvgllgiCh are chemically bound to each other through a subgroup
the problem of findingX such that of atoms that each amino acid has in common. We will refer to
this subgroup of atoms as tkemmon parbf each amino acid.
llz; — z;|| =dij V(i,j) € E, All these parts define the so-callédickboneof the protein.



Il. THE BRANCH AND PRUNE ALGORITHM

Let us suppose that some of distances between pairs of
atoms of a molecule are known. L& = (V,E,d) be a
weighted undirected graph, where

« there is a vertex € V associated to each atom of the
molecule, in a given ordering;

« there is an edgéu,v) € E if and only if the distance
betweenu andwv is known;

« the weightsd associated to the edges provide the numer-

The general structure of an amino acid is shown in Figure 1. ical values of the known distances.

All the atoms of the common part are shown, whereas t]&€¢ MOLECULAR DISTANCE GEOMETRY PROB'—E'\Q
circle marked byR represents all the others. When two amin@PGP) is the problem of finding a function : & — ®
acids bind to each other during protein synthesis, someeof {fHCh that the molecular conformation

atoms of their common parts are lost, and the carbon atom C X ={z(v):veV}

of the first amino acid binds to the nitrogen N of the second

one. Therefore, the protein backbone is finally formed by ttgatisfies all the distances

sequence of atom¥ — C,, — C, where oxygen and hydrogen The MDGP can be formulated as a combinatorial problem

to formulate the problem as DMDGP. In Section IIl, we will
show how to generate an artificial backbone of hydrogens that
satisfies the necessary assumptions. In Section IV, computa
,, 0 tional experiments on instances related to artificial baclds
0\ é are shown. In Section V, we end with some conclusions.
e

Fig. 1. The general structure of an amino acid.

atoms are also attached. if the following two assumptions are satisfied:
In previous works ([7], [8], [9], [10]), the DMDGP has beenAssumption 1 all the distances; 3 ;, d;—2,; andd;_; ; must
tested on instances related to the sequence of atom€,, — be known,

C of the protein backbones. As it is also supposed in mafgsumption 2 for each triplet of vertice¢i — 2,7 — 1,4}, the
related works (see for example ([2], [13])), no distincon strict triangular inequality

among the different kinds of atoms (N, C, H, O, ...) were

done. The computational experiments showed that instances

related to the sequende — C, — C can be almost always must hold,

solved by the combinatorial approach, because the negessgr a given ordering of the atoms of the molecule. Assump-
assumptions are satisfied. tion 2 is satisfied in most of the cases. Indeed, if, for a gerta
In order to perform more realistic experiments, we do N@fiplet of consecutive verticesl;_,; were perfectly equal to
consider in this work the sequente— C, — C, but rather di_24_1 + d;_14, then the corresponding three atoms would
all the hydrogen atoms of the protein backbones. Indeedpié perfectly aligned. The probability for this to happen is
is very important to make a distinction among the atoms thafmost zero. Assumption 1 is harder to be satisfied. If data
are contained in protein backbones, because the majorityf@fm NMR are considered, then only the distances smaller
the distances detected by NMR are distances between pairgah 6 are available, and therefore, if some of the distances
hydrogens. Unfortunately, in general, if only the hydrogeh 4, ., 4, ,; andd;_,, are large, then it cannot be detected
the protein backbones are considered, then the corresgpndind Assumption 1 may not be satisfied.
instance does not satisfy the assumptions of the DMDGP injf hoth assumptions are satisfied, then it is possible to@rov
the natural ordering given to the atoms. that the cosine of the torsion angle among four consecutive
The focus of this paper is a procedure for building artificiasdtoms {x;_3, x;_2,2;_1,2;} of a protein backbone can be
backbones formed by the hydrogen atoms associated to genputed. If the atoms;_s, x;_2, z;—; are already placed
protein backbones. We will show some orderings that can pgo a fixed location, then, by exploiting all the known dis-
given to the hydrogens and how they can make the needefices and the value of the torsion angle, the exact position
assumptions satisfied. We will work in the simplified casef the atomz; can be obtained. Unfortunately, the value of
in which the distances can be considered as accurate. The torsion angle is not available, but only its cosine, Wwhic
work here presented can be extended in order to managhgs to two possible values for the angle. Because of this
experimental errors, by integrating, for example, thetef uncertainty, each atom:; can be placed in two different
presented in [10]. positions. This allows to reformulate the MDGP as a com-
The paper is organized as follows. In Section I, we wilbinatorial problem, to which we refer to asiSCRETIZABLE
outline an algorithm for solving the DMDGP, and emphasi®!OLECULAR DISTANCE GEOMETRY PROBLEM (DMDGP).
will be given to the assumptions that must be satisfied inrordeor more details, we refer the reader to ([7], [8], [9]).

di—o; < di—2;—1+di—1;



Algorithm 1 BP algorithm

o: BP(, n, d)

0: compute the first atomic position for thi& atom:z/;
0: check the feasibility of the atomic positiat}:

IIl. CONSTRUCTING ARTIFICIAL BACKBONES

Let us suppose that the sequence of atom&€N—C (defin-
ing the protein backbones) and all the hydrogens H which

it (| |2 — ]| — dij | < ,¥j < i) then
the atomic position; is feasible;

bound to such atoms are considered. et= (V, E,d) be
the associated weighted undirected graph. Since all thasato
detected by NMR are hydrogens, we can estimate the kind of

" gs_oﬁj)tiz)hneins found: atoms associated to verticesand v such that(u,v) € E.
else ’ There can be indeed two possibilities:
BP( + 1,n,d); « both the vertices refer to hydrogens, and, in this case, the
end if distanced,,, must be computed by NMR;
else « at least one of the vertices refers to an hydrogen, and the
the atomic position:’ is pruned,; distanced,,,, could be knowra priori, because it may be
end if the length of a chemical bond.

compute the second atomic position for #e atom: z/;

check the feasibility of the atomic positiar}':
if (||| — ;|| —dij | <e,Vj <i) then
the atomic positionz is feasible;

Let us consider the subgraghy, such thatG > Gy =
(Vu, Em,dg) and such thatGy contains all the vertices
in V to which at least two edges are associated. For what
observed above, the graghy can contain hydrogen atoms

if (i =n) then only. Therefore, given an ordering on the verticesVima for
a solution is found; which the assumptions 1 and 2 are satisfied, the MDGP can
else be formulated as a DMDGP, and solved by the BP algorithm.
BPG + 1,n,d); We will refer to the set of hydrogens associated to the westic
end if of the graphG iy asartificial backboneof hydrogens. We will
else show how a particular ordering on the vertices ®f; can
the atomic positiorx! is pruned; make assumptions 1 and 2, needed for formulating the problem
end if as combinatorial and applying BP, satisfied.

The main problem we need to solve is the following. The
artificial backbone of hydrogens must satisfy both assumnpti
In the combinatorial reformulation, a binary tree of poksib 1 and 2. As previously observed, there are a few possilgilitie
solutions for the DMDGP can be defined. The/BicH AND to have Assumption 2 unsatisfied, and therefore we will
PRUNE (BP) algorithm [9] is based on this tree structure. Theot consider it in the following. Inversely, in order to have
binary tree of possible solutions is explored starting friten Assumption 1 satisfied, all the distancés s ;, d;—2, and
top where the first atom of the conformation is placed, and the_1,;, for eachi, must be known. Then, in the hypothesis
search proceeds by placing the following atoms one per tintBat these distances come from an NMR experiment, they all
As soon as a branch of the tree is found to be infeasibleeed to be smaller thanA6 because NMR can provide only
then it is pruned and the search is backtracked. Becausedistances smaller than this threshold. Thus, our main probl
the pruning phase, the size of the tree is reduced quickly aisdo identify an artificial backbone of hydrogens such that t
therefore an exhaustive search on the remaining branchesligiancesi;_s ;, d;_»; andd;_, ; are smaller than 4.
not too computational demanding. A protein is a chain of amino acids. The set of all common
Algorithm 1 provides a sketch of the BP algorithm. Thearts of the amino acids consists in a sequence of bound atoms
algorithm is invoked iteratively, starting from the atomiavhich is usually referred to aprotein backboneFigure 1
position 4. The input parameters arehe current atom whose shows the common part of each amino acid (the structure
position is searched, the total number of atomd, the set of of the proline is slightly different, but all the following
known distances. One of the solutions to the problem is foursdnsiderations can be applied anyway). As one can see from
when BP,n,d) finds one feasible position at least for the ladfigure 1, there are 4 hydrogens in the common part of each
atom of the conformation. The conditi¢fiz;—x;||—d;; | < e, amino acid. However, during the protein synthesis, cortsecu
for all j < i and where= > 0 is a given tolerance, represent&mino acids bind to each other through a peptide bond. During
a pruning test, which we employ for discovering infeasiblthis process, one of the hydrogens bound to the nitrogen N and
atomic positions. the group OH bound to C separate from the other atoms and
We showed in previous works that the BP algorithm is abferm a water molecule (kD) [12]. Therefore, the common
to efficiently solve instances of the DMDGP. It is importanpart of each amino acid in a protein contains two hydrogens
to note that, even though it is able to find solutions of anly.
global optimization problem, the BP algorithm does not eitpl ~ We will refer to the hydrogen bound to N with the symbol H,
any objective function. Once solutions are found by BP,rtheand we will refer to the hydrogen bound@, with the symbol
quality can then be evaluated through, for example, the LCHEA. The most natural way for building an artificial backbone
function (1). of hydrogens is to consider the sequeiite- HA one amino
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Fig. 2. An artificial backbone created by considering theusaege of hydrogens in the common parts of the amino acidsein tiatural ordering.

acid at a time, in the ordering defined by the protein backbottean one hydrogen HA and HB can be found for the same
(see Figure 2). Unfortunately, this artificial backboneglnet amino acid. The algorithm reads the first HA or HB, and then
satisfy Assumption 1 in most of the cases. Indeed, simptesubstitutes the hydrogens if another HA or HB is found. In
geometric considerations show that the distance between tlur implementation, this substitution is allowed only whke
hydrogen H of thek-th amino acid and the hydrogen HA ofnew HA or HB is closer to the previous atoms of the artificial
the (k + 1)-st amino acid cannot be smaller tha&,except backbone. Algorithm 2 creates an instance of the DMDGP
for very particular cases. The same observation holds if thdhere only the hydrogen atoms of the protein backbones are
hydrogen HA of the:-th amino acid and the hydrogen H of theconsidered.

Ufﬁ?)'nd admi;c(;_acid are conside_rlegi T_fflerr](_afore_,f?n.glt(egeral, NOtrhe artificial backbones generated by Algorithm 2 have
all the needed distances are available It this artificiakbaae particular properties. Since some of the hydrogens are con-

is considered, and then Assumptlon 1 canr\ot be .sat|sf|ed.. sidered twice, some of the relative distances between them
In order to overcome this problem, we will consider a third e perfectly zero. If one of the distances between the atoms

hydrogen for each amino a_C|d. ThIS hyd_rog(_en is borrowehq the generic triplef{z;_o, z;_1,2;} is zero, then two atoms

from the groupR of the amino acids, which is also called.yincide and, as a consequence, the atoms of the triplenlie o

side chainof the amino acid (see Figure 1). We will refer tqne same straight line (this goes against Assumption 2). For
this hydrogen by the symbol HB. The grolipis bound 10 s reason, the artificial backbone is built in a way thatyonl
the common part of the amino acid through a carbon ato&btancesjij with j > i + 2, can be zero.

calledCg. The only exception is given bglycine whose side ) _ )

chain consists in only one hydrogen atom. In the particular Since there are distances equal to zero, the LDE function
case ofglycine we consider as third hydrogen the only onél) cannot be used for evaluating the performances of the BP
that forms its side chain. In general, one hydrogen HB at le490rithm on the generated distances, because there weuld b

is bound to the carbofi's, and we consider one of them indivisions by zero. Therefore, in the experiments showetién t
our artificial backbone. next section, we will consider a modified version of the LDE

§Jncti0n, in which the terms that would contain the divison

The artificial backbone we consider is the one in Figure 3. _
by zero are discarded.

A label is associated to each arrow for specifying the ortgri
given to the hydrogens. As the figure shows, the artificial Finally, note that the nitrogen atom N and the carbon
backbone considers more than once some of the hydrogestem C, of the first amino acid are also included in the
in order to reduce the relative distances between the hydestificial backbone (see Figure 3). The distances betwesseth
gens contained into the quadruplets;_s,z;—2,z,—1,2;}. two atoms and their following three atoms on the artificial
Algorithm 2 shows the set of instructions for generating thgackbone are known a priori, and hence they do not need to
artificial backbone in Figure 3 starting from a known proteibe detected experimentally. We decided to add these twosatom
conformation.X. We suppose that all the coordinates of thfor the following reason. Once the coordinates of the atoms
atoms of the protein are stored in a PDB file, which is af the artificial backbone are identified by an algorithm such
standard text file, used for storing the list of coordinatés as BP, then the coordinates of the atoms of the real protein
the atoms forming a protein. backbone can be computed. The atoms(ly,and the first H

Algorithm 2 reads the information about the hydrogens afefine a common coordinate system for all the hydrogens and
the backbone of a protein from a PDB file. Note that morthe other backbone atoms.
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Fig. 3. An artificial backbone providing an ordering suchtttiee assumptions for the DMDGP are satisfied.

protein name| #Sol LDE time

IV. COMPUTATIONAL EXPERIMENTS Tail 8 T 2796151 0.00

. . . 1bbl 8 | 3.94e-15| 0.00

In this section, instances of the DMDGP generated by 1K1v 8 | 4.46e-15| 0.01

applying Algorithm 2 on a set of known proteins are solved by 1j kz 8 | 8.05e-15| 0.36

the BP algorithm. We consider a subset of monomeric proteins igjﬁ 186 i'iggj‘g 8'82

downloaded from the Protein Data Bank (PDB) ([1], [11]), 2hsy 8 | 6.79e-14| 0.06

where all the selected proteins have been experimentally ob litm 8 | 6.98e-14| 0.03

tained by NMR. All the codes were written in C programming ingl 32| grseia) 034

language and all the experiments were carried out on an Intel 2ron 16 | 2.26e-14| 1.69

Core 2 CPU 6400 @ 2.13 GHz with 4GB RAM, running idg\é 684 g.gge-ig 2041191
. . . q 70e- .

Linux. The codes have been compiled by the GNU C compiler lezo 8 | 1290-13| 9460

v.4.1.2 with the- O3 flag. TABLE |
Table | shows the obtained resultrotein namerefers to BP (ALGORITHM 1) APPLIED TO THE ARTIFICIAL BACKBONES OBTAINED
the label given to the considered protein in the PDB. #Sol is BY ALGORITHM 2.
the number of found solutions. The LDE function (modified
in order to avoid divisions by zero) is used for evaluating
the quality of the solutions and the best one is showed in

Table I. Finally, the CPU time (in seconds) is given for eachf such hydrogens, if they are considered in the orderingrgiv
experiment. in Figure 3. This is what our computational experiences show

The number of solutions is at least 8 in each experimeMowever, we are not able yet to perform experiments in which
This is due to the fact that no distanegs, with j > i+3, are real data from NMR are considered, because we supposed so
given in correspondence with the first two atoms. Then, thgr that all the given distances are accurate. The work that
first computed atomic positions can never be pruned, leddings here presented can be extended in order to consider the
multiple solutions. The LDE function indicates that thefidu realistic case in which the given distances are not accurate
solutions are very accurate. This proves that the hydrogéngsee for example [10]). These preliminary experiments show
the protein backbones can be efficiently identified by the BRat our way to approach to the problem is promising.
algorithm if they are organized on a suitable artificial Hzuhke
satisfying the necessary assumptions. V. CONCLUSIONS

It is important to note that the artificial backbones gerestat We presented a strategy for building artificial backbones
by Algorithm 2 can also be identified by exploiting theassociated to the hydrogens of real backbones of protein
data obtained by NMR experiments, and the correspondinmmlecules. The aim is to find an ordering for the hydrogen
instances can then be solved by applying BP. In other wordgpms, so that the distances usually detected by NMR can be
supposing that NMR provided distances between the hydexploited for creating an instance of the DMDGP. This is not
gens of a protein backbone, and supposing that these distaridvial, because two particular assumptions must be sadisfi
are accurate, then BP can be used for finding the coordinate®rder to generate an instance of the DMDGP.



Algorithm 2 creating artificial backbones

o

procedure(input: PDB file)

# reading information on the hydrogens H, HA and HB
letn = 0;
open PDB file;
for (each amino acid in the PDB filejo
letn=n+1;
for (each hydrogen atongo
let ¢ = atom label;
let (z,y, z) = atom coordinates;
if (¢ =H) then
H[n] = (x.y, 2);
end if
if (¢ = HA) then
HA[n] = (z,y, 2);
end if
if (¢ = HB) then
HB[n] = (2,7, 2);
end if
end for
end for

# creating the artificial backbone
let X[1] = ((0,0,0),N);
let X[2] = ((—1.458,0,0),'CA);
let X[3] = (HA[1],HA);
let X[4] = (H[1],H");
let X[5] = (HB[1],HB);
let m = 5;
for (i = 2,n) do
let X[m + 1] = (H[4],H");
let X[m + 2] = (HA[:],HA);
let X[m + 3] = (HA[ — 1],’HA*");
let X[m + 4] = (H[<],'H*);
let X[m + 5] = (HB[3],’HB);
letm =m +5;
end for

# creating an instance for the DMDGP

compute all the distanceg; between all the pairs in
X[i),i=1,2,...,m;

keep all the distances$;; such that

j<i+3 or d(i,j) <6

The results discussed in this paper are very promising,
because they show how experimentally obtained data can
be used for identifying the conformations of the proteins.
Indeed, once the coordinates of the hydrogens have been
computed by BP, the remaining of the backbone atoms, i.e.
the sequence of atomé— C,, — C, can be built by exploiting
some geometric observations. We are currently working on
a method for automatically reconstructing the whole protei
backbone which exploits the information on the positions of
its hydrogens.
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