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6.1: Molecular Descriptors

Molecular Similarity 

Molecular similarity [1-3] is one of the most heavily exploited concepts in cheminformatics and related areas (such as medicinal
chemistry and drug discovery). It is applied to multiple tasks, including similarity searching [1], property prediction [4], synthesis
design [5], virtual screening [2,3,6], cluster analysis [7,8], and molecular diversity analysis [9-11]. However, because molecular
similarity is a concept, not a physical observable, “measuring” molecular similarity is inherently subjective and context-dependent.
There is no correct or authoritative measure of molecular similarity. As a result, various similarity measures have been proposed to
quantify the degree of structural similarity between molecules. In general, these measures involve two principal components [12]:

Molecular descriptors that represent the structures of the molecules being compared.
Similarity coefficient (metric) used to compute a quantitative score for the degree of similarity based on the weighted values of
structural descriptors.

The molecular descriptors may need to be pre-processed before the similarity calculation, using a weighting scheme that assigns
differing degrees of importance to various components of molecular descriptors. For this reason, some papers list the weighting
scheme as a third component of similarity measures [1,13]. While some studies [14,15] have focused on the effects of the
weighting schemes upon similarity calculations, much more attention has been given to molecular descriptors and similarity
coefficients. Therefore, this chapter also focuses on these two components. 

Molecular descriptors 
There are many molecular descriptors that capture different aspects of molecules, but they are broadly classified according to their
“dimensionality” [16]. One-dimensional (1-D) descriptors include bulk properties and physicochemical parameters (e.g., log P,
molecular weight, polar surface area). Two-dimensional (2-D) descriptors include structural fragments or connectivity indices
derived from the 2-D representation of the molecule. Three-dimensional (3-D) descriptors, such as molecular shape, are derived
from 3-D molecular structures (i.e., 3-D coordinates of the atoms in the molecule). In this chapter, we focus on 2-D molecular
fingerprints, which encodes the 2-D structure of molecules. While many molecular fingerprints have been developed, we discuss
two types of molecular fingerprints, structural keys and hashed fingerprints, because they are more widely used than others.

Structural keys 

Fig. 1. (above) Two molecules are shown along with the respective bit substructures highlighted for comparison. The number of
bits and designations used for this figure is simply for display and illustrative purposes. The true fingerprint would be much longer.

In structural keys, the structure of a molecule is encoded into a binary bit string (that is, a sequence of 0’s and 1’s), each bit of
which corresponds to a “pre-defined” structural feature (e.g., substructure or fragment). If the molecule has a pre-defined feature,
the bit position corresponding to this feature is set to 1 (ON). Otherwise, it is set to 0 (OFF). It is important to understand that
structural keys cannot encode structural features that are not pre-defined in the fragment library. Examples are the MACCS keys
[17,18] and PubChem Fingerprints [19].

MACCS keys

The MACCS (Molecular ACCess System) keys [17,18] are one of the most commonly used structural keys. They are
sometimes referred to as the MDL keys, named after the company that developed them [the MDL Information Systems (now
BIOVIA)]. While there are two sets of MACCS keys (one with 960 keys and the other containing a subset of 166 keys), only
the shorter fragment definitions are available to the public. These 166 public keys are implemented in popular open-source
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cheminformatics software packages, including RDKit [20], OpenBabel [21,22], CDK [23,24], etc. The fragment definitions
for the MACCS 166 keys can be found in this document:

https://github.com/rdkit/rdkit/blob/master/rdkit/Chem/MACCSkeys.py

PubChem fingerprints

The PubChem fingerprint [19] is a 881-bit-long structural key, which is used by PubChem for similarity searching
(interactively through the PubChem Homepage or programmatically through PUG-REST). It is also used for structure
neighboring, which “pre-computes” a list of similar chemical structure for each compound. This pre-computed list is
accessible through the Compound Summary page (the Related Compounds and Related Compounds with Annotation
sections). The fragment dictionary of the PubChem fingerprint is organized in seven sections, as described in the following
document:

ftp://ftp.ncbi.nlm.nih.gov/pubchem/specifications/pubchem_fingerprints.pdf

Hashed Fingerprints 

An alternative to structural keys is hashed fingerprints. Contrary to structural keys, hashed fingerprints do not require a pre-defined
fragment library. Instead, they are generated by enumerating through the molecule all possible fragments that are not bigger than a
certain size and then converting these fragments into numeric values using a “hash” function
(https://en.Wikipedia.org/wiki/Hash_function). These numeric values can be used to indicate bit positions in the hashed
fingerprints.

Hash functions are used to map data of arbitrary size to “fixed-size” values. Enumerating all possible fragments with a molecule
may result in a very large number of fragments. Hashing them into values within a fixed range inevitably results in “bit collisions”,
in which different fragments are converted into the same numeric value (and the same bit position). Because of this, there is no
one-to-one correspondence between fragments and fingerprint bits (contrary to structural keys).

Hashed fingerprints may be further classified into topological or path-based fingerprints and circular fingerprints, according to the
way by which the fragments are enumerated.

Path-based fingerprints

Fig. 2. Shown above is a topological fingerprint with multiple collisions between fragments. A bit collision is represented by
having two or more arrows from the molecular fragments pointing to the same bit value. Starting with the chlorine atom, all of the
possible fragments are shown. However in a true fingerprint, each atom could be the starting point which would allow for many
more fragments than this example shows. The more bits allowed, the less likely for the bit collisions, which is represented by
having two collisions due to only 10 bits being used.

In this type of fingerprints, fragments of the molecule are generated by following a (usually linear) path up to a certain
number of bonds within the molecule. The most well-known example of path-based fingerprints is the Daylight fingerprint
[25,26].
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Circular fingerprints

Circular fingerprints are generated by considering the “circular” environment of each atom up to a given “radius” or
“diameter”. Examples of circular fingerprints are extended-connectivity fingerprints (ECFPs) [27]. ECFPs are generated
using a variant of the Morgan algorithm [28], which is a method for solving the molecular isomorphism problem (i.e., how to
identify identical molecules that have different atom numberings). Different flavors of ECFPs may be generated by selecting
different maximum diameter of the circular atom neighborhood and they are referred to as ECFP2, ECFP4, ECFP6, etc.,
where the digit at the end indicates the maximum diameter value employed to generate the fingerprint. The most commonly
used ones are ECFP4 and ECFP6. 

Another example of circular fingerprints is functional-class fingerprints (FCFPs) [27], which are a variation of ECFPs.
FCFPs are further abstracted in that FCFPs encodes atom’s roles (not atoms). At the initial stage of FCFP generation, each
atom in the molecule is assigned a special code that represents one of the atom roles (e.g., hydrogen-bond acceptor and
donor, negatively or positively ionizable, aromatic, and halogen), and these codes (not the atoms) are used to generate
FCFPs, through the same process as ECFPs.
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