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In this paper we present a Prolog program which generates a molecular code that identifies the topological
and geometrical equivalence classes of atoms in molecules. The initial partitioning of atoms is based on
the list of successive extended connectivity and on the chromatism of the molecular graph. The definitive
topological classes are obtained by matching all canonical labeled mapping trees exhaustively generated
during the construction of a unique one-to-one topological code. Further, the geometric classes of atoms
are identified on the basis of the lists of successive interatomic Euclidean distances generated following the
molecular topology. The resulting topo-geometrical equivalence classes of atoms allow the construction of
a molecular canonical code which maintains the distinction between the topology and the geometry. Thus
stereoisomers and conformers share the same topological part of the canonical code but differ by their
geometrical parts. The method developed in this work has a wide range of applications in chemical
information systems: coding of chemical compounds in three-dimensional databases, searching in molecular
databases, generation of substitution and labeled isomers, and the identification of the number of signals
and equivalent atoms in NMR and ESR spectra. The algorithm, implemented in a Prolog program, can be
used for the automatic recognition of topo-geometrical features of chemical compounds.

INTRODUCTION experimental and computed 3-D structure databases, 3-D
similarity, and clustering®* *® The development of 3-D CIS

the computer-assisted manipulation of chemical structures,Offers the opportunity to investigate the r_elatlonshlps betwee_n
the geometrical arrangement of atoms in a molecule and its

such as synthesis planning, structure elucidation, molecular hvsical. chemical. and biological i
design, database management, and structure-spectra correl&1Ysial, chemical, and blological properties.
tion. Many of these problems have been investigated using The manipulation of 3-D molecular structures is compu-
molecular descriptors based on molecular graphs rather tharfationally much more intensive than the topological analysis;
on a three-dimensional (3-D) representation of the molecular therefore, searching for efficient algorithms is a necessity.
structure. As implied by their name, the molecular graph However, the two approaches are complementary, and the
(topological) descriptors are devoid of spatial characteristics, Usefulness of topological information is not ruled out by the
and their applications are restricted to problems which show availability of geometrical information.
little dependence on molecular conformation or to sets of In the present paper we describe a new method for the
structurally related compounds> Based on the good results  determination of topo-geometrical equivalence of atoms in
offered by the topological indices in developing Quantitative 3-D molecular structures; this method is an extension of an
Structure-Property Relationships (QSPR) and Quantitative algorithm for the determination of topological equivalence
Structure-Activity Relationships (QSAR) models, a novel classes of atoms. For this extension, the geometry of the
approach to molecular structure modeling was proposed bymolecule must be taken into account explicitly. This
characterizing the 3-D chemical structure with numerical information is generally stored as tables of atomic coordinates
descriptors (topographic) derived from the geometry of a (internal or Cartesian) or as tables of bond lengths, bond
molecule® ' The new topographic indices are structural angles, and dihedral angles. In a recent pe@alasubra-
invariants which can discriminate between geometric isomers manian has pointed out the difficulties which originate from
or different conformations of a molecule. using these classical methods of representation and has
Molecular graph algorithms form the basis of topological suggested the use of Euclidean distance matrices (EDMs)
chemical structure manipulations: generation of a molecular which are structurally invariarit:'® The EDM contains alll
code, structure and substructure search, molecular similarityinformation required to characterize the three-dimensional
determination, and determination of atoms and bonds equiva-structure of a molecular systerh.
lence. These fundamental operations are developed using | 5 previous papét we presented an algorithm for the
algorithms operating on labeled graphs: graph coding, graphgetermination of topological equivalence classes of atoms
isomorphism, subgraph isomorphism, maximum common ang phonds which is based on the matching of canonical
subgraph, and graph traversals. labeled mapping trees of the molecular graph. Atoms in the
In recent years, more emphasis was placed on 3-D same topological equivalence class are further partitioned
Chemical Information Systems (CIS): molecular modeling, into geometrical equivalent classes using as criteria the list
TLARTIC University of Nice-Sophia Antipolis of successive _interatomic Euclidean distance cla_sses con-
# University “Politehnica” of Bucharest. ' structed _folIowmg the molecular graph. The resulting topo-
® Abstract published irfAdvance ACS Abstractfecember 15, 1996.  geometrical equivalence classes of atoms allow the con-

The perception of molecular symmetry is important for
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struction of a molecular canonical code which maintains the K o
distinction between the topology and the geometry. Thus \/C\// \\/C\/
stereoisomers and conformers share the same topological part C\ /C C\ /C
of the canonical code but differs by their geometrical parts. //C\\C//C\\
The method developed in this paper has a wide range of ¢

applications in chemical information systems: coding of Figure 1. Example of graph which requires an exhaustive search
chemical compounds in three-dimensional databases, searchi® determine the topological equivalent classes of atoms.

ing in molecular databases, 3-D similarity and clustering Ttable 1. Distance Matrix for the Cyclohexane in Chair and Boat
determination, 3-D substructure search, and pharmacophoreconformation

search. Also, the classes of equivalent atoms generated with 1 2 3 4 5 6

the algorithm described in this work allow one to generate
substitution and labeled isomers and to determine the number
of signals and equivalent atoms in NMR and ESR spectra.

a. Chair Conformation

0.000

1.536 0.000

1.536 2.529 0.000

2.529 1.536 2.959 0.000

2.529 2.959 1.536 2.529 0.000

From a chemical point of view, partitioning of atoms in 2959 2529 2529 1536 1536  0.000

geometrical equivalent classes is meaningful only among b. Boat Conformation
atoms belonging to the same topological class. Although it

METHOD

OO WNPEF

1 0.000
may be possible to formally place atoms in 3D space which 2 1.535 0.000
3 1535 2526  0.000

are geometrically symmetric but not topologically equivalent,
these cases have no chemical significance. Therefore the 4 ~ 2:260  1.540 2.959 0.000
h of ical val : K | 2560 2959 1540 2526  0.000
search o gemeFnca equiva ent atoms |S- Underta en only 6 2.727 2.560 2.560 1.535 1.535 0.000
after the partitioning of atoms into topological equivalence

classes is completed and concerns only atoms in the same ) ) ) ) )
topological class. exhaustive search of the equivalence relationships, like the

HOC (hierarchically ordered extended connectivities) pro-
cedureg3-2° or by making use of highly elaborated atomic
descriptors. From the second group we mention here some
algorithms which, after extensive tests, gave correct results:
the Gasteiger algorithii?;*'the partitioning of atoms on the
basis of their topological staféthe computation of atomic
weights® by using the layer matri& or the characterization

of the atomic local environment by means of a subspanning

The method previously used to constitute the topological
classe¥is extended to the determination of geometric classes
by using the list of the Euclidean distances between the
current atom and all atoms from the same topological
distance instead of the value of extended connectivity. For
the sake of completeness this topological method will be
briefly outlined here before its extension to geometry will
be described. freed

Determination of Topological Equivalence Classes of ree._ i ) )
Atoms. The method is made of three steps. The first one 1hiS step of the method is the most demanding one in

consists of an initial partitioning of atoms based on the List COMPUter time. However, it can be optimized by pruning
of Successive Extended Connectivity (LSEC) which is the search as soon as the linear code being generated becomes

expanded iteratively. The use of a list instead of a sole greater than the shortest one currently stored. Tests have

extended connectivity value imposes a hierarchy over the Shown that, even for highly symmetrical molecules such as

classes built at each iteration and avoids oscillations betweerfullerenes, the computing time remains reason&bl@he

atoms classes. Therefore the maximum discrimination based"@ Step consists of matching the equivalent CLMTs
on this local invariant is reached in fewer iterations. This °Ptained as aresult of the previous step to identify the atoms

partitioning is further refined by taking into consideration Which occupy the same nodes and building the topological
the following atom characteristics: atom type, number of equivalent classes by gathering these atoms in the same class.
attached hydrogen atoms, formal atom charge, and ordered’ the number of such classes equals the number of atoms,
list of bond types originating from this atom. The second all atoms are topol'oglcally d_|fferent, and therefore searching
step includes the construction of the Canonical Mapping Tree fO" ge0metric equivalence is not necessary.

(CMT) of the molecular graph which allows the canonical ~ Determination of Geometrical Classes of Atoms.The
numbering of atoms. All Canonical Labeled Mapping Trees method used afterward for partitioning atoms belonging to
(CLMT) corresponding to the different equivalent number- the same topological class into geometrical classes will be
ings of the structure are generated during this step. Thisdescribed using the chair and boat conformations of cyclo-
exhaustive search ensures that the complete topologicahexane. To simplify, we will consider only the carbon atoms
partitioning is obtained, as it was demonstrated in a previousWhich are all topologically equivalent. First the matix
paper!8 Such a result cannot be guaranteed if one uses only0f Euclidean geometric distancBg is constructed from the
local invariants however discriminant they may be, and internal or Cartesian coordinates. This matrix has the
although this was pointed out by Truééand Carhart? properties thab; = Dj; for i = j andD;; = 0. Table 1 (parts
some incomplete methods have still been proposed re-2 and b) contain théd matrices for the chair and boat
cently2122 Both methods fail in some cases of highly conformations of cyclohexane, respectively. Due to the
symmetric peri-condensed cycles such as the one presentegymmetry of theD matrix, only the lower triangle will be

in Figure 1. However, there exist some algorithms which presented.

avoid the problems mentioned by Carhart, either by making The distances are rounded off and sorted by ascending
a topological classification of the atoms followed by an order to assign to each pair of atoms Distance Class Numbers
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Figure 3. Examples of molecules with atoms in Z/E positions.

Figure 2. Cyclohexane in chair and boat conformations.
Table 3. LSDCNs for the Cyclohexane in Chair and Boat

Table 2. Distance Class Matrix for the Cyclohexane in Chair and Conformation

Boat Conformation

1 2 3 4 5 6
a. Chair Conformation

iteration number

atom number 1 2 3

a. Chair Conformation

% (i 0 1 [1,1] [1,1],[2,2] [1,1],[2,2],[3]
2 ! 0 0 2 [1,1] [1,1],[2,2] [1,1],[2,2],[3]
3 ! : 0 ; 3 L1 A2 [LaR2lsE
N CB HE HEs
6 3 2 2 1 1 0 6 [111] [1:1]:[2:2] [1:1]:[2:2]:[3]
b. Boat Conformation b. Boat Conformation
% (1) 0 1 [1,1] [1,1],[3,3] [1,1],[3,3].[4]
2 L 0 . 2 [1.1] [1,1],[2,3] [1,1],[2,3].[5]
3 ! : 0 ; 3 L1 @23  [LA][23L[5]
S c B HE b
6 4 3 3 1 1 0 o 1] [1.1].[3.3] [1.1].[3.3],[4]

(DCNs) which are gathered in the Distance Class Matrix Table 4. DCN Matrix of Molecule of Figure 3 (Parts a and b)
(DCM). Distances can be rounded off to different levels of 1 2 3 4 5
precision giving some flexibility in what concerns small

deviations from the symmetry of a molecule. Table 2 (parts a. Figure 3a

a and b) contain the DCMs obtained for the chair and boat % Cl’ 0

conformations of cyclohexane, respectively, rounding the 3 2 3 0

distances to 0.01 A. In the case of the boat conformation, 4 2 3 4 0
although the Euclidean distance matrix contains six different 5 3 2 5 6 0

values, only five different class distances are obtained with b. Figure 3b
this level of rounding, and four classes would be obtained if
rounding to 0.1 A. Nevertheless, the correct geometrical
classes would be obtained in all cases by application of the
method described below.

For each atom from the same topological class, a local
geometrical index, the list of successive distance class
number (LSDCN), is calculated using a relaxation procedure
based on the DCN_ corresponding to the geometrical distanceatoms made of the two stern and bow atoms and the four
between the qon5|d_ered atoms and qll atoms located at th%thers, respectively, can be identified.
same topological distance. At each iteration, a new topo-
logical environment is taken into consideration. This atomic
descriptor is expanded by the ordered list of DCNs of all EXAMPLES OF APPLICATION
atoms of the next concentric level. The procedure is repeated The method can be applied to discriminate between all
until all the topologically equivalent atoms are differentiated molecules containing topologically equivalent atoms belong-
or until all atoms of the molecule are taken into account. At ing to different 3-D equivalence classes. A few illustrating
this stage, all atoms sharing the same LSDCNs are topo-examples will be given.
geometrically equivalent. Atoms occupying Z or E positions with respect to a

Table 3 (parts a and b) contain the LSDCNs obtained at substituent on a double bond (Figure 3a) or on a cycle (Figure
each iteration for the cyclohexane chair and boat conforma-3b) are topologically equivalent and are discriminated by
tions, respectively. As shown in Table 3 (part a), all the their geometry when the LSDCN is expanded for the
carbon atoms in the chair conformation share the sametopologically equivalent atoms.

LSDCNs all along the iterative procedure which ends when Table 4 (parts a and b) present the DCN matrices for these
all atoms have been considered. On the opposite, as showmmolecules rounded to 0.1 A. The LSDCNs for topologically
in Table 3 (part b), atoms 1 and 6 are differentiated from equivalent atoms: 3-4 in molecule a; 2-3 and 4-5 in molecule
the four other atoms as early as the second iteration, but theb are given in Table 5 (parts a and b, respectively).
procedure must be pursued because at this stage all atomExamination of these tables shows that atoms 3-4 in molecule
are not discriminated. As a consequence, for the chaira and 4-5 in molecule b are correctly discriminated and that
conformation all atoms are recognized as geometrically atoms 2-3 in molecule b are geometrically equivalent.
equivalent, while for the boat conformation two classes of Therefore, atoms in Z positions having a smaller LSDCN
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Figure 4. Example of molecules with endo/exo (syn/anti) positions.

Table 5. LSDCNs for Atoms 3-4 (Part a) and 2-3 and 4-5 (Part b)
of Molecule of Figure 3

iteration number

atom
number 1 2 3 4
a. Figure 3a
3 [1] [1],[2,3] [1],[2,3].[4]
4 [1] [1],[2,3] [1],[2,3].[5]
b. Figure 3b
2 [1,1] [1,1],[2,3,3]
3 [1,1] [1,1],[2,3,3]
4 [1] [1],[3,3] [11.[3,3],[4]  [1].[3,3],[4].[5]
5 [1] [1],[3,3] (111331141  [11[3,3],[4].[6]

Table 6. LSDCNs for Atoms 4-5, 6-7, 8-9, and 10-11 of Molecule
of Figure 4

iteration number

atom
number 1 2

4 [1]
5 [2]
6 [1,1,2]
7 [1,2,2]
8 [1,2]
9 [2,2]

10 [1] [1],[15,16]

11 [1] [1],[13,18]

LAIDBOEUR ET AL.

to any class of topologically equivalent atoms in any
molecule to derive the topo-geometrical equivalence classes.
Starting from the topological and geometrical description of
a certain chemical compound, the algorithm can automati-
cally recognize the topo-geometrical features of the molecule
and can form the core of an automatic chemical structure
perception system.

GENERATION OF THE CANONICAL MOLECULAR
CODE

The canonical labeled matching trees built by the exhaus-
tive search necessary to constitute the topological equivalence
classes of atoms provide the link between the initial arbitrary
atom numbering and the canonical one. The linear canonical
molecular code is made of FROM, RING CLOSURE,
ATOM, and BOND LISTS defined by Morgai?. This code
contains all the topochromatic information of the molecule.
It is completed by a section describing the 3-D geometry.
The canonical EDM could be used for this purpose, because
it is invariant with respect to the choice of the coordinate
system. However the size of the EDM is proportional to
the square oh (the number of atoms). If one keeps only
the lower triangle of the matrix the sizengn — 1). But an
even more serious drawback originates from the fact that
stereochemical information is lost in the EDM, thereby it is
more convenient to keep atomic coordinates calculated with
respect to a canonical system of coordinate. Using the
canonical atom numbering, atom 1 is chosen as origin, atoms
1 and 2 define the X axis, atoms 1, 2, and 3 define the XY
plane, the Z axis being oriented to lead to a direct coordinate
system. The linear geometrical code, LGC, is then simply
built by the list of atom coordinates on this system omitting
the null values for the three first atoms, leading to a size of
3n — 6. Thus, the resulting code maintains a distinction

Compared to atoms in E pOSitiOﬂ must receive a smaller between the topo|ogy and the geometry, and as a conse-

number as shown in Figure 3 (parts a and b).

guence geometrical isomers and conformers share the same

The method is also applicable, in a similar manner, to topological part of the canonical code but differ by their
atoms in endo/exo (or syn/anti) location as in the molecule geometrical part.

presented in Figure 4. Before taking into account the

The canonical codes for the molecules given above as

geometry, atoms 4-5, 6-7, 8-9, and 10-11 are pairwise examples are given in Table 7.

topologically equivalent. But the construction of the LSD-

CNs for these atoms leads to the discrimination of atoms in
endo/exo and syn/anti locations as well as atoms 6-7 and

CONCLUSION

8-9 as shown in Table 6. Based on the increasing values of The canonical numbering of molecules is by far not a new
these lists a unique one-to-one correspondence between thproblem in the field of chemical information. The starting

atom numbering and their 3D position can be achieved aspoint of the existing methods relies almost universally on
illustrated in Figure 4b. Thus all atoms in this molecule are the partitioning of atoms in topological equivalence classes.

found to be topo-geometrically different.

Although several methods have been proposed to avoid

The above examples have been given only as illustrations;exhaustive searches through the molecular graph by using
as a matter of fact the method is general and can be appliechighly discriminating local invariants, to our knowledge even

Table 7. Canonical Codes for the Molecules Given in the Text as Examples

example canonical molecular code
2a topological: #FROM001001002003004 #RINS005006
geometrical: #L.GCG 1.54:-0.55;1.43;2.08;0.80;1.19;0;2.23;1.19;1.54;2.23;1.19
2b topological: #FROM 001001002003004 #RIN&005006
geometrical: #L.GC 1.54:-0.54;1.44;2.13;0.86;1.13;0.05;2.30;1.13;1.05;1.53;2.00
3a topological: #FROM 001001001002 #BONB2111
geometrical: #L.GG1.34-0.79;1.28:-0.76-1.31;0;2.20;1.24;0
3b topological: #FROM 001001001001002006 #RINE03006

geometrical: #LGC 1.57;0;1.57;0;-0.61;-0.61;1.29;-0.61-0.61;-1.29;1.57;1.57;0;2.20;2.20;1.26
4 topological: #FROM 001001001001002002003003006006 #RMNIB6008007009
geometrical: #L.GE1.56:—0.02;1.54:-0.68—0.66;1.22:-0.67—0.65-1.23;1.96;0.89;1.20;1.87;0.78;
—1.30;0.81;1.91;1.26;0.83;1.921.24;2.29;0.14;2.50;3.31;1.261.54
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