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Abstract

Comparison of substituents present in natural products with the substituents found in average synthetic molecules
revealed considerable differences between these 2 groups. The natural products substituents contain mostly oxygen
atoms and very little other heteroatoms, are structurally more complex, often containing double bonds and are rich in
stereocenters. Substituents found in synthetic molecules contain nitrogen and sulfur atoms, halogenes and more
aromatic and particularly heteroaromatic rings. The characteristics of substituents typical for natural products
identified here can be useful in the medicinal chemistry context, for example to guide the synthesis of natural
product-like libraries and natural product-inspired fragment collections. The results may be used also to support
compound derivatization strategies and the design of pseudo-natural natural products.

Graphical abstract

Keywords
natural products, substituents, substructure analysis, chemical space, natural product-likeness, cheminformatics

1. Introduction

It is well known that the structures of natural products (NPs) differ considerably from those of synthetic molecules
[1]. This has been documented by several publications focusing on general substructure features [2], scaffolds [3,4]
or functional groups [5]. So far, however, no study focused on the detailed analysis of substituents typical for NPs
has been performed. The knowledge of substitution patterns that are typical for NPs can be used in several medicinal
chemistry activities, including the enrichment of synthetic scaffolds by NP substituents, design of NP-like libraries,
or generation of pseudo-natural products - synthetic molecules that contain typical structural features of NPs [6].

Practically all cheminformatics studies of substituents published so far focused on the analysis of drugs or
synthetic bioactive molecules. Bemis and Murcko analysed substituents in about 5000 marketed drugs and
concluded that their diversity is relatively low with only few common substituents [7]. Similar results were obtained
also in a large scale study where 3 million drug-like molecules were processed to identify about 850000 substituents
with up to 12 atoms, but only 400 of them were common, i.e. present in more than 0.1% molecules in the database
[8]. Effects of substituents on the ligand potency of 30 different protein targets was investigated in the study [9].
The authors found out that certain substituents consistently bias the bioactivity distribution toward higher or lower
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potency, suggesting the existence of preferred and nonpreferred chemical groups for lead optimization. Influence of
substituents on the activity cliffs has been investigated [10] and based on the results a compendium of substitutions
with general activity cliff-forming potential was compiled to provide an aid in compound optimization efforts. In the
study [11] effect of substituents on the molecule ADME properties, including CYP inhibition, hERG inhibition and
permeability through artificial membranes was investigated what helped to formulate "rules of thumb" how to better
understand effect of substituent on the ADME properties. In another study this topic was extended to the matched
molecular series - groups of molecules having the same core and differing only in one substituent [12]. Recently an
analysis of frequent substituents replacement identified from medicinal chemistry literature was performed [13]
offering also a list of frequent replacement hierarchies.

The only study focusing on the analysis of substituents in NPs is according to our knowledge a recent
publication about sugar substitution patterns in NPs [14] where authors studied the presence of circular, linear,
terminal, and non-terminal glycosidic units in NPs, together with their importance in drug discovery.

2. Computational Methodology

In the present study substituents present in natural products were analyzed and compared with the “common”
substituents found in bioactive molecules and in various commercial compound collections. The goal of the study
was to identify characteristics that are typical for NP substituents and separate them from the common synthetic
substituents.

2.1 Data Sources

The NP substituents were extracted from molecules in the COCONUT database [15]. This database (COlleCtion of
Open Natural prodUcTs) is an aggregation of more than 50 open data sources, containing in its 6th release structures
of more than 405,000 molecules. This freely available database is an indispensable resource for NP chemists and
cheminformatics scientists alike. A lot of effort has been devoted to curation and validation of the data, but due to
the fact that this database contains molecules from many sources of various origin and quality, the data inevitably
contains some errors, particularly many molecules that are not NPs but are of synthetic origin. Only 37% of
structures in the COCONUT database contain information about the source organism, identifying them clearly as
NPs, other entries contain only a chemical structure without provenance information. Therefore before extracting the
substituents the effort has been made to remove the structure that are not NPs, by discarding all molecules that have
the NP-score [16] less than zero. This procedure, although probably also removing numerous true NPs, provided a
cleaner data set with 222000 molecules, where one can be sure that the majority of structures are true NPs. The
substituents have been then extracted from this cleaned data set.

The synthetic molecules were represented by one million molecules from the ZINC database [17] that
contains commercially available structures. These molecules well represent the chemical space of the “common”
synthetic molecules. And finally, the bioactive molecules (i.e. the structures showing bioactivity better than 10 μm
on any target) were extracted from the ChEMBL database [18], providing a dataset with 750000 structures.

2.2. Extraction of substituents

Before the actual extraction of substituents the molecules were standardized by neutralizing charges and removing
smaller parts and counterions. NP structures were also preprocessed by transforming the glycosylated structures to
their aglycons. This has been done by a recursive removal of sugar units, described in detail in ref. [19]. Recently
also an open source procedure for in silico deglycosylation has been made available [20]. It is well known that the
presence of sugar units, influencing mostly molecule solubility and transport properties, is one of the most typical
structural features of NPs [14], in our study, however, we were interested in identifying other, smaller substituents
typical for NPs. After molecular preprocessing the substituents were extracted. A group with up to 12 non-hydrogen
atoms connected by a single non-ring bond to a ring atom was considered to be a substituent. The extraction worked
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recursively, for example if a phenol substituent was extracted then also a hydroxy group was extracted from this
phenol. The whole procedure is schematically illustrated on Figure 1.

Fig. 1. Scheme illustrating the procedure for substituent extraction.

3. Results and Discussion

The substructure analysis of about 222000 natural products provided 16977 unique substituents. The substituents
show a typical power law (or “long tail”) distribution with a few very common substituents and a large number of
infrequent substituents. There are only 24 substituents present in more than 1% of the molecules and 157 in more
than 0.1% of the molecules, and there are 8963 substituents (52.8%) that are singletons (present in only one
molecule). The most frequent substituent present in NPs is the hydroxy group found in 59.3% of all molecules,
closely followed by the methyl group (56.7%) and then by the methoxy group (22.1%), acetoxy group (8.7%),
hydroxymethyl (8.5%), carboxyl group (5.7%) and isopropyl (3.7%). The 40 most frequent substituents present in
NPs are shown in Figure 2. The 2003 substituents typical for NPs that are present in the database 10 or more times
may be downloaded as SMILES from https://peter-ertl.com/molecular/data/npsubstituents.txt.

Fig. 2. The most common substituents present in natural products. The number indicates the percentage of molecules
having this substituent.



Another question we wanted to answer was how the substituent distribution between natural products and
common synthetic molecules differ. The results of this analysis are shown in Figure 3. Here, the distribution of the
50 most frequent substituents from both these sets (80 unique substituents totally) are visualized. The horizontal axis
in the diagram represents the substituent frequency (the most common groups are on the left and the less common on
the right), whereas the vertical axis indicates the propensity of substituents for natural products (green area at the
top) or synthetic molecules (brown area at the bottom). The graph shows clear differences between substituents
typical for NPs and those for synthetic molecules. The NP substituents contain mostly oxygen and very little other
heteroatoms, are structurally more complex, often containing multiple bonds and are rich on stereocenters.
Substituents found in synthetic molecules also contain nitrogen and sulfur and their combinations, halogenes and
more aromatic and particularly heteroaromatic rings. More detailed information about the structural differences
between the NP substituents and substituents from synthetic molecules is shown in Table 1, where the structural
features from the 100 top substituents from each class are compared.

Fig. 3. Plot of common substituents displaying their preference for natural products (green area) and synthetic
molecules (brown area). Position on the horizontal axis is proportional to the frequency of substituents - the most

common substituents are on the left, less common on the right.

Table 1. Number of substituents from the 100 most common substituents present in natural products (NP) and
synthetic molecules (SM), containing specified substructure features.

Substituent contains: NP SM

only carbon 26 18

only carbon and oxygen 56 26

oxygen 60 52

only carbon and nitrogen 9 13



nitrogen 13 37

sulfur 2 10

several heteroatoms 5 24

halogene 3 13

aromatic ring 23 34

heteroaromatic ring 3 10

stereo center 7 0

non-aromatic C=C bond 16 1

Another visualization comparing the distribution of substituents in NPs, bioactive molecules and synthetic
molecules is shown in Figure 4, where the frequencies of the 50 most common substituents within these 3 data sets
are shown. The heights of the bars in the graph are proportional to the relative frequencies of the particular
substituents in these 3 sets. As one could expect, the distribution of substituents in different sets is quite different,
with the NP substituents being a clear outlier, as already discussed in the previous analysis..

Fig, 4. Relative frequencies of common substituents present in natural products (green), bioactive molecules (blue)
and common synthetic molecules (orange).

The effect of substituent patterns on the NP-like character of molecules is illustrated in Figure 5. In this
figure 6 different sets of molecules are shown, with the molecules in each set having the same central core and
differing only in the substitution patterns. The molecules in the top row of each set originate from the ZINC database
and contain common synthetic substituents, while the molecule in the bottom row come from the COCONUT
database and have the NP-like substituents. One can nicely see how the different substituent patterns influence the
NP-like character of the whole molecule. This example also illustrates that the introduction of NP substituents to a
standard synthetic scaffold can be used to create libraries with good NP-likeness.



Fig.5. Example of how the substituents influence the overall NP character of the molecules. The image shows 6 sets
of molecules, each set has the same central scaffold and the molecules differ only in their substituents; in the top row
of each set molecules have synthetic substituents, in the bottom row the NP substituents. The color indicates the
NP-like character: green - NP-like, gray - neutral, orange - synthetic.

4. Conclusions

A cheminformatics analysis of substituents extracted from a large collection of natural products was performed.
Properties of nearly 17000 NP substituents were compared with the properties of substituents in bioactive molecules
and common synthetic molecules and the features that are typical for the NP substituents were identified. This
information may be used for the design of NP-like libraries, NP-inspired fragments or pseudo-natural products. The
list of typical NP substituents may also be used to drive creation of novel NP-like molecules in generative chemistry
applications. The most common NP substituents identified in this work are available for download at
https://peter-ertl.com/molecular/data/npsubstituents.txt.
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