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Classification of Organic Molecules by Molecular Quantum Numbers

Kong T. Nguyen, Lorenz C. Blum, Ruud van Deursen, and Jean-Louis Reymond*!

The periodic table classifies elements by increasing atomic
number in periods following the principal quantum number,
and allows their physicochemical properties to be rational-
ized." Herein, we propose a related system for organic mole-
cules based on 42 molecular quantum numbers (MQNs), de-
fined here as counts for simple structural features such as
atom, bond and ring types, creating a multidimensional grid
called MQN space. In analogy to the elements and their iso-
topes grouped in each entry of the periodic table, MQN iso-
mers have identical MQNs and occupy the same position in
MQN space. The MQN system is able to analyze large molecu-
lar databases and clusters compounds with similar structure,
physicochemical properties and bioactivities, as illustrated for
the databases ZINC® and GDB-11.”

Organic molecules can be named by systematic nomencla-
ture,” or coded in line notations such as SMILES™ or InChl.©
These methods achieve an exact description of the molecular
structure, but only provide a unidimensional classification,
which is of limited use for analyzing molecular diversity. More
recently, chemical space has emerged as a concept to classify
large molecular databases.”” Chemical space is most often rep-
resented as a property space whose dimensions measure a
combination of structural parameters and predicted physico-
chemical properties, allowing useful data mining, such as the
quest for natural products analogues.® While many descriptors
of molecular structures and properties of varying complexity
are known and may be used for defining chemical space,”” we
set out to test whether a system based only on counts for
simple structural features (MQNs) might produce an easily ac-
cessible and logical classification system for organic molecules.

MQNs were considered counting atoms and bonds, polarity
and topology (Table 1). MQNs were determined for the ZINC
database, listing 8.4 million organic molecules,”” and the GDB-
11 database, listing 26.4 million possible molecules with up to
11 atoms of C, N, O, F® giving a total of 6501005 MQN combi-
nations, or MQN bins (Table 2)."” Molecules with identical
MQNs (MQN isomers) were strongly related structural isomers
(Figure 1).

Principal component analysis (PCA) showed that MQN space
organizes molecules by structural types. For ZINC, 73% of the
variability is visible in the PC1/PC2 plane. PC1 mostly repre-
sents molecular size (Figure 2a, and figure S1 in the Support-
ing Information). Molecules appear in elongated clusters dis-
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Table 1. Molecular quantum numbers.

Category 1: Atom counts Category 3: Polarity counts

1. ¢ (carbon) 20. hbam (H-bond acceptor sites)
2. f(fluorine) 21.  hba (H-bond acceptor atoms)
3. cl (chlorine) 22.  hbdm (H-bond donor sites)
4.  br (bromine) 23.  hbd (H-bond donor atoms)

5. i (iodine) 24. negc (negative charges)®

6. s (sulfur) 25.  posc (positive charges)®

7. p (phosphorous)

8. an (acyclic nitrogen) Category 4: Topology counts™

9. cn (cyclic nitrogen) 26. asv (acyclic single valent nodes)
10. ao (acyclic oxygen) 27. adv (acyclic divalent nodes)

1. co (cyclic oxygen) 28. atv (acyclic trivalent nodes)
12.  hac (heavy atoms)™ 29. aqv (acyclic tetravalent nodes)

30. cdv (cyclic divalent nodes)
Category 2: Bond counts 31.  ctv (cyclic trivalent nodes)
13. asb (acyclic single bonds) 32.  cqv (cyclic tetravalent nodes)
14. adb (acyclic double bonds) 33. 3 (3-membered rings)
15.  atb (acyclic triple bonds) 34. r4 (4-membered rings)
16.  csb (cyclic single bonds) 35. 5 (5-membered rings)
17.  cdb (cyclic double bonds) 36. r6 (6-membered rings)
)
)

18. ctb (cyclic triple bonds) 37. 17 (7-membered rings
19. rbc (rotatable bonds) 38. 8 (8-membered rings
39. 19 (9-membered rings)

40. rg10 ( >10-membered rings)
41.  afrc (nodes shared by > 2 rings)
42.  bfrc (edges shared by > 2 rings)

[a] All non-H atoms. [b] Predicted charges at pH 7. [c] For parent graph
without H’s.

Table 2. MQN-statistics for ZINC and GDB-11.

ZINC GDB-11
no. of compounds 8436272 26434567
no. of MQN-bins 3654836 2859938
no. of single occupied MQN-bins 1832566 660851

no. of compounds in most occupied MQN-bin 300 1982
no. of shared MQN-bins 13769 13769
no. of compounds in shared MQN-bins 30779 254604

tributed along the ascending diagonal with increasing number
of rings (Figure 2b).

The number of rotatable bonds (rbc) representing molecular
flexibility, the number of H-bond acceptor sites (hbam, count-
ing nonbonding electron pairs on N- and O-atoms) and the
topological surface area (TPSA in A%)" indicative of polarity, all
increase along the descending diagonal (Figure 2¢, d & e). The
calculated water-octanol partition coefficient (clog P)!'? follows
molecular size and, in part, rings and hbam (Figure 2 f). PCA of
GDB-11 shows similar patterns in the PC1/PC2 plane, contain-
ing 63% of the variability (Supporting Information, figure S2/
S3).

Interestingly, compounds with similar bioactivities form
groups in MQN space. Ranking by MQN distance (calculated as
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o by Tanimoto similarity coefficients for structural fingerprints,'

\/Of o OH although the two measures are only weakly correlated (Sup-
o MeO‘Q o porting Information, figure S5). Despite their simplicity, MQNs

capture relevant structural features for bioactivity and might

HN N
o) )/ be useful in virtual screening for pharmaceutically relevant
@_2: compounds.

HN” S0 o P In summary, MQNs provide a readily accessible classification
system for organic molecules. MQNs can be determined man-
ually from any structural formula. The method defines a univer-

1 2 3 sal chemical space in which organic molecules from any data-

base of interest can be placed.
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Figure 2. Principal component analysis (PCA) of the ZINC database in MQN space. PC1: horizontal axis, 49 % of total variability (range: +3.06 to + 68.76); PC2:
vertical axis, 24 % of total variability (range: —32.58 to + 12.93). PCA was computed using non-normalized MQN values. a)-f) The surface is color coded in HSL
code for average value (hue scale) and standard deviation (saturation to grey) according to the scales below each image for selected MQN (a—d) and comput-
ed molecular properties (e-f). g) Bioactivity classes in MQN space. Positions of known inhibitors in MQN space in the PC1/PC2 plane of ZINC (cox2 = cyclooxy-
genase 2; dhfr=dihydrofolate reductase; ampc=AmpC beta lactamase; gart=glycinamide ribonucleotide transformylase; gpb =glycogen phosphorylase f3;
sahh = S-adenosyl-homocysteine hydrolase;'¥ bzr =benzodiazepine receptor!™). h) Enrichment curve showing recovered bzr ligands (%) from ZINC as a func-
tion of the database screened (%) when ranked by MQN distance or by Tanimoto similarity coefficient to a reference nabenzodiazepine taken at the corre-
sponding cluster center. i) Logarithmic scale histogram of the number of ZINC or bzr compounds as a function of MQN distances to same reference. See also

Supporting Information, figure S4.
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