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Abstract

Structures of the large majority of bioactive molecules | © || (" || "2 | "0 | 50| o

are composed of several rings that are decorated by
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numerous cheminformatics studies focusing on rings
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been published about the third important structural
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current study attempts to fill this gap. The most
common linkers present in bioactive molecules are Q ot YNQy oL ~or" ~or"

identified, their properties analyzed and a method for
linker similarity search introduced. The bioisosteric replacement network of linkers is generated based on a
large corpus of structure-activity data from medicinal chemistry literature.The results are presented in a
graphical form and the underlying data are also made available for download. This analysis is intended to
help medicinal chemists to better understand the role of linkers in bioactive molecules and to select an
optimal set of linkers in their future project.
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1. Introduction

The linkers, sometimes also called spacers, i.e. sets of atoms connecting 2 parts of a molecule together,
play an important role in many areas of synthetic and medicinal chemistry. Many common linkers, for
example amides, esters or amines are created by well established standard reactions used very often in
medicinal chemistry (see more detailed discussion later). Some oxygen-containing linkers, like ethers,
ketones or esters are used in synthesis of natural product-like molecules.’? In fragment-based drug
discovery tailored linkers are used to connect two fragments that have been identified to bind to the target
protein.? This strategy is particularly important for more challenging targets with extended binding sites.*
The selection of linkers is also important in connecting the reactive part of the molecule with the actual
binding part in several so-called new modalities strategies,®® including covalent drug discovery, bisubstrate
inhibitors, targeted protein degradation and stabilization or antibody-drug conjugates.’ Identification of an
optimal collection of bifunctional building blocks, forming the central linkers of synthesized molecules, plays
a crucial role in the design of combinatorial libraries and more recently of DNA-encoded libraries.® All these
examples show that a good knowledge about linkers, their properties and selection strategies is indeed
crucially needed in the drug discovery process.

While numerous studies are available about rings®'® and substituents™'? present in bioactive
molecules, essentially nothing has been published about their third important structural constituent - the
linkers. The present analysis attempts to fill this gap. We hope that the results will help medicinal chemists
to better understand the roles of linkers commonly present in bioactive molecules and easily navigate their
bioisosteric replacement network.
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2. Methodology

2.1. Generation of the linker database

In medicinal chemistry the term linker is generally used to describe a part of the molecule that connects its
other two parts together. This is a very broad description and for the purpose of this study we will use a
more restricted definition of the linker. First of all, only the moieties that connect 2 ring systems are
considered to be linkers, so the R atoms shown in the linker depictions below are ring atoms. We also
introduced limits on the linker size, to restrict the linker space to only more common systems. The
maximum size of linkers processed in this study was set to 8 non-hydrogen atoms and the maximal
topological length (i.e. the number of bonds separating the 2 R atoms) limited to 5, which corresponds for
example to a 1,4-substituted phenyl ring. Additionally, atoms in such longer linkers could be only part of a
ring or a multiple bonded functional group, preventing many less-interesting linkers consisting of long
flexible chains. Another restriction was that the linkers cannot contain side chains with 2 or more atoms.
These rules were applied to extract linkers from 2 large molecular databases - ChEMBL' and ZINC.™
ChEMBL is an indispensable resource for medicinal chemists and cheminformaticians alike, containing in
its 31st release information about 2.3 million molecules, 15 thousand targets and 19.8 million bioactivity
data points extracted from 85 thousand documents, mostly articles in medicinal chemistry journals. ZINC is
a popular database containing offerings from a large number of commercial vendors. We extracted linkers
from the "on the shelf" subset of the ZINC database, containing about 12 million molecules and
representing well the commercially available drug-like chemical space.

Despite the rather strict limitations on the linker size and the structural features described above, the
database analysis provided 926 linkers from the ChEMBL database and 1467 from the ZINC collection,
yielding altogether 1686 unique linkers that formed the basis of the current study. Structures of the 40 most
frequent linkers present in the bioactive molecules in the ChEMBL database are shown in Figure 1. As
mentioned previously, these linkers connect together 2 rings. The types of these rings are, however, very
diverse, including aliphatic and aromatic rings, pure carbon cycles and heterocycles. Also the connecting
atom may be carbon or a heteroatom (mostly nitrogen). To illustrate this the most common ring
environments for the 8 common liners are shown in Figure 2. This environment can provide information on
how the particular linkers were synthetically accessed.

2.2. Calculation of linker properties

To process the linkers computationally and to develop a procedure for similarity calculation, it is of course
necessary to characterize the likers numerically by a suitable set of calculated descriptors. A very large
number of descriptors can be used, but it is of advantage that the descriptors should have clear physical
meaning and be fast to calculate to enable processing of a large number of molecules. For this study we
selected a set of simple topological descriptors including the number of non-hydrogen atoms, the
topological length (number of bonds separating the 2 R atoms) and the number of heteroatoms in the linker,
where the oxygen and nitrogen atoms contributed by 1 and other heteroatoms (not counting halogenes) by
0.5. Very important linker characteristics are their electronic properties, i.e. donating or accepting power at
the linker ends. These were characterized by the calculated Hammett sigma constants. The methodology to
calculate these parameters is fully described in' with the web tool allowing their calculations on-line being
also available,'® therefore here only a brief description is provided. To both ends of the linker phenyl groups
were added, then the geometry of the system was fully optimized and atomic charges on both phenyls
calculated using the xtb quantum chemical package.' These charges were used to calculate the Hammett
sigma parameters using the model derived previously for a training set of substituents with experimentally
known Hammett sigma constants. Since for the unsymmetrical linkers one needs to consider both possible
linker orientations (the most common example being amide and inverse amide) the final database of linkers
with calculated properties used for the follow-up studies contained 2972 entries. This dataset may be
downloaded as Supporting Information.
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2.3. Identification of the bioisosteric linkers

In order to identify the bioisosteric linkers, i.e. the linker pairs that after their exchange preserve bioactivity
of the parent molecule, a large-scale cheminformatic analysis of the bioactivity data from ChEMBL was
performed. The SAR information used for this analysis was extracted from compound series published in
medicinal chemistry journals. A series had to contain at least 3 molecules reported in the same publication
with bioactivity less than 10 uM on the same target measured by the same methodology (i.e. the same
ChEMBL assay id). All targets, with exception of the known non-specific anti-targets (the hERG potassium
ion channel and binding to Cytochromes P450), were considered. This analysis provided 60454 series with
the average size of 16 molecules. The sets of analogous linkers were extracted from these series. All
molecules in a series were pairwise compared and in the case that the 2 molecules differed only in central
linkers with the rests on both sides being identical, this linker pair was collected. Only the replacements
reported in at least 2 literature sources were retained, singletons were not considered. At the end the final
data set used for the analysis contained 11600 unique replacements.
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Figure 1. The most common linkers present in bioactive molecules.
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Figure 2. The most frequent ring substituents for the 8 most common linkers.
3. Results and discussion

3.1. Linkers in bioactive molecules

The most common linker connecting two rings present in bioactive molecules is a simple methylene group.
This linker is readily synthetically accessible by a Stille or Negishi coupling or the reaction of a Grignard
reagent from aryl bromides or of the corresponding lithium bromide intermediate with aryl- or heteroaryl
aldehydes to furnish carbinols which are subsequently hydrogenated (reduced) to provide the
diarylmethanes™ or by a Suzuki-coupling of benzylic bromides with aryl or heteroaryl boronic acids.' Also
hydrocarbon linkers containing a carbon-carbon double or triple bond are common. The acetylene moiety is
relatively easily introduced using a Sonogashira coupling, which is the 2nd most frequently used
carbon-carbon forming reaction after the Suzuki coupling.?’ The acetylene is a privileged structural motif for
targeting many important proteins,?' for example as a linker incorporated very successfully in kinase
inhibitors.?*?® A range of synthetic strategies are available for the preparation of derivatives incorporating
alkene linkers. Forming a C=C bond is frequently achieved by reduction of acetylenes with Lindlar’s
catalyst or through Wittig olefination by the reaction of phosphonate esters with aldehydes in the presence
of NaH. Alternatively alkenes are synthetically easily accessible with a palladium-catalyzed cross coupling
by a Heck reaction.?

The second most common linker is an amide, the functionality that is also incorporated in 3 other
spacer moieties shown in Figure 1. Several studies have shown that amide coupling is indeed the most
popular reaction used in medicinal chemistry projects as well as in patents.?2® This very reliable and well
established reaction can rely on a large number of amide coupling reagents and a large number and
diversity of commercially available carboxylic acid and amine building blocks which enable the synthesis of
a vast number of products. The same applies also for the closely related linkers - ureas and sulfonamides.
The popularity of sulfonamide linkers in medicinal chemistry has been growing in recent years.?’

Oxygen-containing linkers are typical spacers present in natural products?® and therefore this type of
tether is often used in the synthesis of pseudo-natural products.’? Ether linkers are generally accessed via
palladium coupling of phenols?*?° or can also be synthesized in a metal free manner using diaryliodonium
salt.*" While esters are generally obtained via standard esterification or transesterification, however, they
can also be obtained through nickel activation of amides.*? Diaryl ketones are often synthesized via aryl
Grignard addition to Weinreb amides, but in the last years there is an emergence of metal catalyzed
reactions such as Palladium CH activation of aldehydes,* Ni or Pd-catalyzed Suzuki of amides. (Weires,
Baker, and Garg 2016) The nitrogen containing linkers in the list are prepared by several reactions that
belong to the essential medicinal chemistry toolbox - e.g. reductive aminations, SN2 reactions,
Buchwald-Hartwig and Chan-Lam couplings and several others.?®%

There are only 3 aromatic rings among the most common linkers shown in Figure 1. The 1,3- and
1,4-substituted phenyl rings and the 1,2,4-oxadiazole as a single representative of aromatic heterocycles
(although many interesting 5-membered heterocycles follow just after the top 40 linkers). These will be
discussed in the following section.
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Figure 3. The most common ring linkers present in bioactive molecules.

Ring linkers are particularly important in medicinal chemistry. Rings provide several advantages
compared to flexible linear linkers, particularly higher conformational rigidity and a predictable molecular
shape. The most common cyclic spacers present in bioactive molecules (considering the size restriction
introduced in the methodology part) are shown in Figure 3. 30 out of the 40 ring linkers shown here are
aromatic. This is not surprising, aromatic rings are easily introduced synthetically and a very large number
of available building blocks of this type can accommodate practically any pharmacophore requirements.
Substituted phenyl and heteroaryl rings allow exploration of different vectors without introducing
stereocenters. On the other hand, one needs to be cautious, because a larger number of aromatic rings in
a molecule negatively impacts the properties and the developability of compounds.® The phenyl ring with 3
types of connectivity (1,4-, 1,3- and 1,2-) is the most common aromatic ring linker. It is an ideal linker from
the synthetic point of view due to availability of a very large and diverse collection of substituted
benzene-based building blocks and the straightforward synthesis of aryl-aryl systems via Suzuki coupling.
The disadvantage of phenyl ring is its high hydrophobicity, which negatively affects molecular properties like
solubility, plasma protein binding and metabolic stability which makes identification of phenyl bioisosteres
highly relevant.®® The nitrogen-containing 6-membered aromatic heterocycles (pyridine, pyrimidine and
pyrazine) share the above mentioned advantages of benzene derivatives, while providing better
properties.®® Another advantage of electron rich nitrogen heterocycles is that they can act as substrates for
the SnAr reaction, which is frequently used in the synthesis of bioactive molecules. 5-membered aromatic
heterocycles are represented with 17 members in the list of common ring linkers, which clearly
demonstrates their usefulness as building blocks for synthesis of bioactive molecules. The importance of
oxadiazoles, oxazoles and isoxazoles in medicinal chemistry is discussed in several reviews.*’*° The
pyrazole, also a very important constituent of bioactive molecules*®#' is presented in the list by 4 different
substitution patterns. The high frequency of triazole linkers may be explained by its easy synthesis by click
reaction, a very versatile synthetic method enabling the preparation of very diverse molecules by mild
conditions.*?

The most common aliphatic ring linkers are cyclic amines - piperazine, piperidine, pyrrolidine and
azetidine - classical medicinal chemistry building blocks.?® Also few aliphatic hydrocarbons, including
cyclobutane and 2 connection forms of cyclopropane are in the list of the most common ring linkers. This
type of small aliphatic rings have been increasingly exploited in medicinal chemistry as a means to
introduce 3-dimensionality into the molecule, for their beneficial physicochemical properties and
applications as functional group bioisosteres.*?
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3.2. Linker bioisosteric network

The collection of bioisosteric linker pairs generated as described in the methodology section above was
used to develop a model for the estimation of linker similarity. In fact a formula for the linker distance (what
is an opposite to similarity) was developed. The distance of 2 linkers was calculated as the sum of squared
differences between their descriptors. The weights of the descriptor contributions were optimized to provide
the best recovery of the 20 best known analogs for the 100 most common linkers, picked out of the whole
dataset of 2972 linkers. The optimization procedure yielded the following weights of linker descriptors:
difference in number of atoms 0.75, in topological length 0.19, in number of heteroatoms 0.41 and in the
sigma parameters 3.23. During the optimization process we noticed that the similarity searching
considering only the structural and physicochemical descriptors provides many hits, that although being
closely similar in properties to the query, are quite exotic, present only few times or even only as singletons
in the database. To get the result close to the bioisosteres reported in the literature also experimental
factors like their stability or ease of synthesis apparently must be considered. The results improved
considerably when also the frequency of the linkers in the ChEMBL and ZINC databases were taken into
account. We used this frequency in the form of log10(percentage of molecules having this linker in the
whole database) and the identified optimal weight for this parameter was -0.73.

The distance between linker L, and the query linker L, may be then calculated as:

distance = Y (w; * (Lqp;i - Lypi) ** 2) -0.73 * log10(%frequency L,) (Eq. 1)

where L,p; is the property i of linker L, and the w; is the weight (contribution) of the property p.. The last
parameter in the equation favors the more "common" replacements and reflects their easier synthetic
accessibility, availability of building blocks, stability and similar experimental effects. It is up users to include
also this weighting and get suggested bioisosteres close to those reported in the literature, or to perform
similarity searches based on the property descriptors only and get a diverse set of hits closely similar in
properties, but at the price of including also many exotic, and possibly unstable structures that would
require more thorough manual filtering.
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Figure 4. Example of linkers identified by the linker similarity search. The query linkers have blue
background and the linkers that are among the 20 closest analogs based on the ChEMBL data are marked
by yellow background.

With a large collection of linkers characterized by calculated properties and the procedure to
estimate their similarity it is now possible to analyze the multidimensional bioisosteric replacement network.
In Figure 5 the 150 most common linkers are placed in the 10 x 15 grid in such a manner, that the similarity
between the neighboring linkers in the grid is maximized. The layout was obtained by an iterative
optimization procedure where the initial position of linkers in the grid was selected based on the results of
principal component analysis and then in a loop pairs of linkers were exchanged until no more improvement
could be achieved. This procedure was repeated several times with different starting random seeds with the
best result shown in Figure 5. This image illustrates the 2-dimensional bioisosteric linker replacement
network. We believe that the depicted linker network is close to the way experienced medicinal chemists
think, their many years of chemistry experience created a similar relationship between molecular
substructures / linkers in their brains. The network depicted in Figure 5 is a generalization of such
experience, since it was created using the bioactivity data from about 60 thousand publications
summarizing results of more than 30 years of global medicinal chemistry research around the world.
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Figure 5. The bioisosteric replacement network of the 150 most common linkers.
4. Conclusions

The analysis of linkers present in bioactive molecules and their bioisosteric compatibility based on the data
from medicinal chemistry literature allowed us to develop a method for linker similarity search and apply this
method to create a linker bioisosteric network. The results, as well as the underlying data that are available
for download are provided with the hope that they can help chemists to better understand the relationship
between linkers, make rational decisions in selecting spacers in their project and ultimately make the quest
for novel bioactive molecules slightly more efficient.



Data availability

The set of 2972 linkers with calculated properties used in this study is provided as Supporting Information.
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