An Artificial Backbone of Hydrogens
for Finding the Conformation of
Protein Molecules

C. Lavorr A. Mucherind L. Libertit and N. Maculah

*Dept. of Applied Mathematics (IMECC-UNICAMP), State Unigey of Campinas, Campinas-SP, Brazil.
cl avor @ me. uni canp. br
fLIX, Ecole Polytechnique, Palaiseau, France.
{mucherino, liberti}@ix. pol ytechni que. fr
1COPPE, Systems Engineering, Federal University of Rio deida, Rio de Janeiro-RJ, Brazil.
macul an@os. ufrj . br

Abstract—NMR experiments can provide distances between function is the Largest Distance Error (LDE):
pairs of hydrogens of a protein molecule. The problem of

identifying the coordinates of such hydrogens by exploitig the ||z — IJ|| dij |
information on the distances is a Molecular Distance Geomey LDE({@1, 22, s 2n}) = Z d;j
Problem (MDGP). In a previous work, we defined an artificial g

backbone of hydrogens related to the protein backbones, whe \,hare 1, is the total number of available distances,is the
a particular ordering was given to the hydrogens. This ordeing ;

allows to formulate the MDGP as a combinatorial optimizatian generic atom of the Conformatlori.,-j is the known dl_stance
problem, to which we refer as the Discretizable MDGP (DMDGP) betweenz; and z;, and ||x; — ;|| is the computed distance
and that we efficiently solve by an exact algorithm, the Branh  betweenz; andx;.

and Prune (BP) algorithm. Once the coordinates of the hydrogns We recently proposed the Discretizable MDGP (DMDGP)
have been found, the problem of finding the remaining backboa 5], [7], [9], [11], [12], which consists in a subclass of

atoms (N, C, and C) is another MDGP. In this short paper, we . . . .
propos<(e a simple m)etlhod for solving the MSGP relzfteg tov;/he instances of the MDGP for which a discrete formulation can

backbone atoms N.C,, and C of a protein, where the coordinates b€ supplied. This subclass contains instances that satisfy
of the hydrogens previously found by the BP algorithm are particular assumptions:

exploited. « for each quadruplet of consecutive atoms, all the relative

distances must be known;

« for each triplet of consecutive atoms, x> andxs, the
distance betweem; andxs cannot be perfectly equal to
sum of the distance betwean andz, and the distance
Nuclear Magnetic Resonance (NMR) experiments are able betweenxz; andxs.

to detect the distances between pairs of atoms of a prot@inpractice, the second assumption is always satisfied, es-

molecule. Even though molecules can be formed by diffgsecially when the distances are considered in the floating-

ent kinds of atoms, NMR usually detects distances betwegsint arithmetic of a computer machine. The first assumption
hydrogen atoms shorter tha AIl these distances can beinstead, is harder to be satisfied.

used to find the conformation of the molecule. This problem The reformulation of the MDGP as a combinatorial problem

is known in the literature as the Molecular Distance Geoyetsllows to reduce the search domain from a continuous to

Problem (MDGP) [1], [3]. discrete set. However, both the MDGP and the DMDGP
In its basic form, the MDGP is a constraint satisfactioare NP-hard problems [5], [13]. The DMDGP has particular

problem, because a set of constraints on the distances mustyymmetry properties that can be exploited in order to find

satisfied in the possible solutions to the problem. Howeher, solutions to the problem in a more efficient way [5].

problem is usually faced by global continuous optimization The Branch and Prune (BP) algorithm [9] is an exact

techniques, where a penalty function is defined in order &gorithm for the DMDGP. Our computational experiences

measure how much a given conformation satisfies the cahowed that it is very efficient in solving the discrete pesb|

straints (for a survey on methods for the MDGP, see [6])h both terms of CPU time and quality of the solutions [5],,[7]

The global minima of the penalty function correspond to th®]. We also implemented a modified version of the algorithm

conformations in which all the constraints (or the majoofy which is able to handle experimental errors [12]. In its basi

the constraints) are satisfied. One of the most used pendtiym, the BP algorithm is able to deal with exact valuks

|I. INTRODUCTION
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Fig. 1. An artificial backbone of hydrogens related to thetgirobackbones. Note that some of the hydrogens are coadideice and that the considered
ordering is specified by the labels associated to the edges.

for the known distances that form an instance of the problem.  Il. AN ARTIFICIAL BACKBONE OF HYDROGENS
Moreover, we are also working on a new version of the
BP algorithm that can manage intervals;, u;;], where the  The artificial backbone presented in [8] considers only the
distancesl;; are contained, instead of exact distances [10].hydrogen atoms related to the real backbone of a protein.
There are 4 hydrogens that are common to all the amino acids.
We proposed in [8] a special ordering for the hydrogeridowever, during the protein synthesis, consecutive amino
related to the backbones of protein molecules for which ti@gids bind to each other through a peptide bond. During this
two assumptions for the DMDGP are satisfied. We named thigocess, one of the hydrogens bound to the nitrdgemd the
sequence of atometificial backbone of hydrogens§ince the group OH bound ta&C separate from the other atoms and form
two necessary assumptions are satisfied, the problem ofgind® water molecule (50) [14]. Therefore, only two hydrogens
the coordinates of all the atoms of this artificial backbane per amino acid are contained in the backbone of a protein: a
a DMDGP. As a consequence, we can solve this problem BydrogenH bound toN, and a hydroget,, bound toC,,.
applying the BP algorithm. The two hydrogendl and H, are used for defining the
artificial backbone. Moreover, another hydrogen per amino
In this short paper, we present a method for constructing theid is borrowed from the amino acid side chain. Each amino
real backbone of a protein conformation from the coordimatecid has a different side chain: 19 of the 20 amino acids
of its hydrogens. Let us suppose that NMR found the relatiivolved in the protein synthesis have a carbon atdmin
distances between the hydrogens related to the backbone dieir side chains which is bound to the carbon atom At
certain protein. If the hydrogens are sorted by following thieast one hydrogen is bound to the carligy) and one of them
ordering defined by the artificial backbone, the problem d$ considered in the artificial backbone. The only exception
identifying the coordinates of these hydrogens is a DMDGR. given by glycing whose side chain consists in only one
Once such coordinates have been obtained by applying the lBRIrogen atom. In the particular case @giycing the third
algorithm, the remaining backbone atoms, and in particulepnsidered hydrogen is the only one that forms the side chain
the sequence of atomN — C, — C, can be obtained by of this amino acid. We refer to this hydrogen with the symbol
solving another MDGP. This MDGP is easier to solve, becaubk;.
assumptions stronger than the ones needed for the DMDGP he artificial backbone of hydrogens is shown in Figure 1.
are satisfied. We will show how efficiently solve this MDGPThe same hydrogen can be considered twice in the sequence
in order to reduce the relative distances between pairs of
The rest of the paper is organized as follows. In Section hlydrogens. Moreover, note that the first three atoms of the
we briefly introduce the artificial backbone of hydrogenartificial backbone are not hydrogen atoms. We added them
proposed in [8]. Then, in Section Ill, we show a simple methdakcause they define a common coordinate system for the
for constructing the real backbone of a protein startingnfroreal backbone of the protein and the artificial backbone of
the coordinates of its hydrogens. Preliminary computationhydrogens. The distances related to these three atomsgdeed
experiments are shown in Section IV and conclusions arengivier formulating the problem as a DMDGP, do not need to be
in Section V. detected by NMR, because they are known a priori.
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Fig. 2. The atoms and the distances used in the three linstersg used to determine the protein backbone.

I1l. COMPUTING THE PROTEIN BACKBONE FROM THE backbone, for example, the following four atoms with known
ARTIFICIAL ONE positions can be considered;, andC of the previous amino

Let us suppose that the coordinates of the hydrogens of &d: the hydrogeii bound toN and the hydrogefi,, bound
artificial backbone have been obtained by BP. The problem©fthe followingC,, (see Figure 2). The distances between
finding the coordinates of the backbone atd<, andC is @nd N and betweerN and H are known because these two
a MDGP. However, since the coordinates of the hydrogens &@rs of atoms are chemically bound. The distance between
already known, and some distances between hydrogens andthe@nd N is also known, because the bond lengths — C
other backbone atoms are known a priori, this MDGP satisfig§d C — N are known, and the angle among the three atoms
assumptions that are stronger than the ones of the DMD&R, — C — N is also known. For the same reason, the distance
As a consequence, the MDGP related to the backbone atd?féveen N andd, is available. The solution of the linear
N — C, — C can be solved in linear time, by following theSYStém (2) allows to identify the coordinates Nf Similar
method presented in [2], [15]. Let us suppose that we neg@servations can be made for the other two systems, related
to find the coordinates of the backbone atanand that the t© the backbone atom§, and C. See Figure 2 to find out
distances betweenand the other four atoris, by, b; andby which atoms and distances can be considered.

(with known coordinates) are known. In this hypothesis, the |v. PRELIMINARY COMPUTATIONAL EXPERIENCES

coordinates of the atom can be identified if the 4 atoms are We will show in this section how instances of the DMDGP
non-coplanabr. h lid di b h related to artificial backbones can be efficiently solvedhmy t
I(-jethda,bi € tfe Elljlc,' ean distance et\(/jveen tf_edatfm BP algorithm, and how the solutions found by BP can be
an é.e atorrbé, ﬁr ? ”Z Ny {1,2,3,4}. In Zr er tt)o ml tde exploited for reconstructing the real backbone of a protein
coordinates ot the following system needs to be solved ¢, cormation. All the codes were written in C programming

lla=0b1l] = dap, language and all the experiments were carried out on an Intel
lla—bel| = dap, ) Core 2 CPU 6400 @ 2.13 GHz with 4GB RAM, running
lla—bs|]| = daps Linux. The codes have been compiled by the GNU C compiler
lla—bal| = dap,- v.4.1.2 with the- G3 flag.

This is a quadratic system of 4 equations in 3 variables.The instances we consider are artificially generated. The

However, as shown in [2], [15], if the system of Iinearrnethod we use for ggneratmg such m_stan(_:es is very similar
to the one proposed in [4]. However, in this case, not only

equations Aw — b @ the backbone atomdl, C, and C are considered, but also
’ hydrogensH, H, and Hg. The atoms of the real backbone
where are used only for placing the hydrogen atoms in a way that
(by — b2)T they simulate protein conformations, and they are dischrde
A=-2| (b — b3)T , when creating the final instance. Some hydrogen atoms are
(b1 — b4)T considered twice and they are all sorted in accordance with
the special ordering of the artificial backbone discussed in
rT=a, Section Il. Only distances smaller thar @are considered.
&2 2 _ (||bl||2 _ ||b2||2) We randomly generated a set of instances having a different
abr ab2 number of amino acids. For each amino acid, 3 hydrogen
b= di,bl - dz,b?, - (||b1||2 - ||b3||2) atoms are defined, and 5 in total are included in the instance.
d2 by — d2 o) — (||b1||2 _ ||b4||2) When the real backbone is reconstructed, each amino acid is

represented by the 3 hydrogeHs H, andHg, the carbons
is solved, its solution is also solution for the quadratistsyn C, andC, and the nitrogem.

(1). Thus, the MDGP related to the protein backbone can beAll the instances we generated belong to the class of
solved by solving a sequence ®fx 3 linear systems. instances of the DMDGP. We applied the BP algorithm for
For each atonN, C,, andC of the protein backbone, theresolving such instances, and the computational experinzats

are 4 atoms; that need to be considered in the linear systerahown in Table I. In the tablep is the number of atoms
For computing the position of the nitrogé¥ of the protein included in the instance. It is always a number which is
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In this short paper, our focus was on the protein backbones.
This idea can also be extended to entire protein conformsitio
To this aim, the artificial backbone of hydrogens needs to be
extended in order to consider all the hydrogens in the prptei
and the method presented in this paper needs to be extended
for considering the side chains of the amino acids. We are als
working on a formal definition of the artificial backbone and
on proofs showing that it belongs to the DMDGP subclass.
We plan to present these results in future publications.



