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One of the most important chemical issues in drug discovery is
innovation, in particular at the level of small organic fragments
that can provide new lead structures." The search for novel
molecules can be assisted by in silico methods such as enumeration
of chemical space,”* breeding of molecules by genetic algorithms,*
and analysis of molecular scaffolds.” We recently proposed an
exhaustive enumeration approach for small organic molecules by
assembling the chemical universe database GDB-11,° which
describes the 26.4 million structures containing up to 11 atoms of
C, N, O, and F that satisfy simple chemical stability and synthetic
feasibility rules. We now report GDB-13, which enumerates in a
similar manner small organic molecules containing up to 13 atoms
of C, N, O, S, and CI. With 977 468 314 structures, GDB-13 is the
largest freely available small molecule database to date.

Table 1. Structure Generation Statistics for GDB-13

nodes? graphs® GDB° cls? CPU time (h)®
1 1 1 0 0.00
2 1 3 0 0.00
3 2 12 0 0.00
4 4 43 0 0.00
5 8 155 3 0.01
6 20 934 19 0.02
7 57 5726 315 0.05
8 194 37 151 2438 0.33
9 706 255542 17 056 2.68
10 2 831 1784 626 130 465 25.26
11 12011 12961 686 938 704 223.49
12 53789 99 821 343 7240 108 3023.79
13 250 268 795 244 451 59 027 533 36 606.45
Total 319 892 910 111 673 67 356 641 39 882.08

“ Number of graph nodes considered. ” Number of graphs corresponding
to saturated hydrocarbons passing topological and ring-strain criteria.
“ Molecules obtained from the graphs by combinatorial enumeration of
unsaturations and heteroatoms and satisfying chemical stability and
synthetic feasibility criteria. “ Molecules with a selection of CI/S-containing
functional groups (see the text and Supporting Information for details).
¢ The database was computed in parallel on a 500-node cluster (see the
Supporting Information for details).

The assembly of our previously reported GDB-11 started with a
collection of graphs’ considered as hydrocarbons, from which chemi-
cally relevant cases were selected by topological and ring-strain criteria
and expanded to produce more molecules by introducing unsaturations
and heteroatoms following valency rules.® The limiting factor in
computing GDB-11 was the elimination from this initial list of 98.4%
of unstable and/or chemically impossible molecules using functional-
group filters. Because most of the rejected molecules contained multiple
heteroatoms, we reasoned that it might be possible to accelerate the
database computation using a very fast “‘element-ratio” filter. Analysis
of databases of known compounds suggested cutoff values of (N +
0)/C < 1.0, N/C < 0.571, and O/C < 0.666 (see the Supporting
Information). We also eliminated fluorine because it was rarely found
and never considered in our group for synthesis in virtual-screening
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Figure 1. Composition of GDB-13. Category priority: heteroaromatic >
aromatic > heterocyclic > carbocyclic > heteroacyclic (interrupted carbon
chain) > carboacyclic (continuous carbon chain).

guided drug discovery applications of GDB-11.® Together with the
optimization of graph selection by replacing the computationally slow
MM2 minimization® with a simple geometry-based estimation of
strained polycyclic ring systems (see the Supporting Information) and
some general code improvement, the assembly time for GDB-11 was
thus reduced 6.4-fold, from 1600 to 250 CPU h.

With these improvements, the algorithm was sufficiently fast to
compute the database up to 13 atoms, which produced 910 million
molecules in 40 000 CPU h (Table 1). In addition, we also produced
a chlorine/sulfur set of 67.3 million compounds that enumerates
all molecules up to 13 atoms with sulfur atoms appearing in
aromatic heterocycles (e.g., thiophenes), sulfones, sulfonamides,
and thioureas and chlorine atoms as aromatic substituents. The Cl/S
set is of interest for virtual screening because of the distinct
molecular shapes and functional groups that are possible with these
larger atoms.

The molecular diversity of GDB-13 is well-illustrated by the
available molecular types (Figure 1). While polycyclic topologies
dominate the graphs, the molecular enumeration results in a majority
of monocyclic, bicyclic, and tricyclic molecules, most of which
are heterocyclic; 54% of GDB-13 molecules have at least one three-
or four-membered ring. The distribution of descriptor values shows
that essentially all the molecules are druglike according to
Lipinski'®® (100%) or Vieth'®" (99.5%). Many of them are also
leadlike'® (98.9%) or fragmentlike'®® (45.1%) (Figure 2)."

The size of GDB-13 is a consequence of the systematic
combinatorial enumeration. For example, between 0.2 and 18
million compounds share the structural formula of typical marketed
drugs present in GDB-13, some of which are structurally very
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Figure 2. Distribution of C/N/O molecules (blue bars) and the CI/S set
(red bars) in GDB-13 according to property values. MW = molecular weight
in Da. TPSA = topological polar surface area in A2.'? clogP = calculated
water/octanol partition coefficient. RBC = rotatable bond count. HBD/A
= hydrogen-bond donor/acceptor atom count.

Table 2. Structural Isomers of Marketed Drugs Found in GDB-13

Tse®
name? formula same formula® avg >0.7
aspirin CoHgO, 804 153 0.23 178
benzocaine CoH1NO, 1846 579 0.24 74
L-tyrosine CoH || NO; 9276 529 0.46 24952
levetiracetam CgH;4N,0, 2154955 0.28 35
memantine CpHy N 2 872 586 0.31 10912
menadione C,1HgO, 233715 0.44 112 186
metaraminol CoH3NO, 2920516 0.26 30
mexiletine C1H;NO 18 371 393 0.25 119
propofol C,H;50 5263227 0.25 240
rasagiline C,H ;3N 1323525 0.13 411
rimantadine Cp,Hy N 2 872 586 0.26 173

“Common drug names as found in the DrugBank database.'
® Number of GDB-13 molecules sharing the same structural formula.
¢ Tanimoto similarity'* compared to the parent drug; “avg” = average
value across all compounds sharing the structural formula, “>0.7" =
number of these compounds with a Tanimoto value greater than 0.7.

similar to the parent compounds as estimated by their Tanimoto
coefficients of structural fingerprints (Table 2).'*

On the other hand, GDB-13 leaves out a large fraction of
chemical space because of the choices made to accelerate computa-
tion. Thus, of the 619 675 structures containing up to 13 atoms
that are found in PubChem,'> ACX,'® and the NCI Open Data-
base,'” 66.2% do not appear in GDB-13, either because they contain
nonenumerated elements [e.g., F, Br, I, P, Si, metals (24.7%)] and
functional groups [e.g., chlorine on nonaromatic carbons, mercap-
tans, sulfoxides, hemiacetals, enamines, allenes (35.9%)] or because
their heteroatom-to-carbon ratio is too high [e.g., mannitol (5.3%)]
or the parent graph was not considered (0.3%).

Despite these limitations, GDB-13 is to our knowledge the largest
publicly available database of virtual molecules ever reported. It
contains a wealth of yet unknown structures to be explored and
synthesized and should provide a rich source of inspiration for
design and synthesis in the search for new bioactive fragments not
present in databases of already existing compounds, such as ZINC,'®
ACX, and PubChem. The database is available free of charge at
http://www.gdb.unibe.ch.
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