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Natural Product-informed exploration of chemical space to enable
bioactive molecular discovery

Adam Nelson®® and George Karageorgis*®*

The search for new bioactive molecules remains an open challenge limiting our ability to discover new drugs to treat disease
and chemical probes to comprehensively study biological processes. The vastness of chemical space renders its exploration
unfeasible by synthesis alone. Historically, chemists have tended to explore chemical space unevenly without committing to
systematic frameworks for navigation. This Minireview covers a range of approaches that take inspiration from the structure
or origin of natural products, and help focus molecular discovery on biologically-relevant regions of chemical space. All these
approaches have enabled the discovery of distinctive and novel bioactive small molecules such as useful chemical probes of
biological mechanisms. This Minireview comments on how such approaches may be developed into more general
frameworks for the systematic identification of currently unexplored regions of biologically-relevant chemical space, a
challenge that is central to both chemical biology and medicinal chemistry.

1. Introduction

Small molecules dominate our ability to treat disease! and can
facilitate our understanding of complex biological mechanisms.2
The discovery of bioactive small molecules is facilitated by the
ability to space
effectively and efficiently, including previously unexplored

navigate biologically-relevant chemical
regions. However, the vastness of chemical space3 prevents
exploration by synthesis alone. Although estimates vary
widely,*® extrapolation of the exhaustive fragments database
GDB17 has suggested that there are ca. 1033 possible drug-like
small molecules.” The historic exploration of chemical space
has been uneven and sparse,® which has hampered the
discovery of bioactive molecules based on novel molecular
scaffolds.? This uneven exploration may stem from the over-
reliance on a limited palette of established, reliable chemical
transformations1® despite the recent development of many
novel synthetic methodologies.1! Furthermore, in the context of
natural products, there has been an historic focus on the target-
oriented synthesis of specific complex molecules.12 To enable
diverse chemical space to be explored, approaches such as
diversity-oriented synthesis (DOS)3 and lead-oriented synthesis
(LOS)¥4 have been developed. Although DOS and LOS can
enable diverse and novel regions of chemical space to be
explored efficiently, they tend not to be informed by biology
(see below). In contrast, fragment-based ligand discovery,
which has been reviewed extensively elsewhere,1516 starts with
fragments (typically with MW<250) that bind weakly, yet
efficiently to a target protein. The exploration of chemical space
is rendered more tractable by focusing on fragment-like
chemical space; in a few cases, fragment sets based on natural
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product (NP) substructures have been designed!”1® and
productively exploited.18

In this Minireview, we focus on approaches in which the
exploration of chemical space is informed by the structures or
origin of natural products (see Section 2). In contrast to
approaches that enable the optimisation of structure-function
relationships, the featured approaches enable new regions of
space to be identified and
In each case, the approaches that can drive the

discovery of structurally distinctive functional molecules such as

biologically-relevant chemical
explored.

drugs and chemical probes.

2. Natural Product-informed Approaches for
the Discovery of Functional Molecules

Several approaches to help identify novel biologically-relevant
chemical space have been developed that are informed by
known bioactive compounds or the evolution of biosyntheses
of natural products (NPs). Additionally, ingenious platforms
have been developed to enable the discovery of molecules that
bind/modulate a specific target.’® A number of these platforms
harness evolved biological mechanisms to enable molecular
discovery. These include, but are not limited to, the split-intein
circular ligation of peptides and proteins (SICLOPPS)
technology?® for the discovery of bioactive peptidic
marcocycles, the flexizyme platform for the expression of
peptides consisting of unnatural amino acids,?! and phage-
display technology that has enabled the discovery of protein-
protein interaction inhibitors.22 In this review, we focus on
approaches which are underpinned by synthetic chemistry, and
have enabled the discovery of novel and distinctive series of
bioactive compounds which lie in new regions of biologically-



relevant chemical space. In each case, the approaches are
informed by the structures or the origin of natural products. All
of these approaches have enabled useful tools to be developed
that may facilitate the investigation of complex biological
processes.

2.1, Biology-Oriented Synthesis

Biology-Oriented Synthesis (BIOS) takes inspiration from the
structures of NP scaffolds. NPs are inherently biologically
relevant as they have evolved to interact dynamically with
multiple proteins during their biosynthesis, and bind to evolved
small-molecule binding sites. Using the computational
algorithm SCONP to enable systematic simplification of NP
scaffolds,?3 it is possible to select NP-inspired scaffolds which
may retain biological relevance. An interactive computational
tool, termed Scaffold Hunter,?* has been developed to facilitate
the identification of NP-inspired scaffolds that are sub-
structures of NP scaffolds. In this manner, BIOS identifies and
exploits the gaps in the coverage of chemical space by NPs,
focusing synthetic effort on simplified, yet unexplored,
molecular scaffolds. Compound libraries resulting from BIOS
scaffolds can be regarded as more biologically relevant than
conventional combinatorial compound libraries.2>

Inspired by NPs such as sodwanone S2¢ (1, Fig. 1 Panel A), a
compound library based on a bicyclic oxepane scaffold was
designed. The development of a multistep, one-pot synthetic
sequence was crucial, and enabled the preparation of 91
derivatives. Utilising a reporter gene assay, 50 of these
compounds were found to modulate the Wnt pathway.?” The
Wnt signaling pathway is involved in biological processes such
as cell migration, renewal, and polarity, and is implicated in the
proliferation of cancerous tissue.?® The number of active
compounds allowed structure-activity relationships to be
established, and ten modulators with low micromolar activity to
be discovered. The synthetic route also enabled the preparation
of biotinylated analogues which were used to validate the
observed bioactivity of the most active analogue, Wntepane (2,
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Fig. 1 Panel B), by means of competitive immunoblotting.
Additional, immunoenrichment investigations revealed that
Whntepane activates the Wnt pathway by binding reversibly to
the protein Vangl1,2° for which no previous small-molecule
ligands had been reported.

The Hedgehog (Hh) pathway is conserved,
developmental signaling pathway involved in a number of
biological processes such as tissue regeneration and repair, and
has been linked with birth defects.3° Inspired by NPs such as
sominone3! (3, Fig. 1, Panel A), a BIOS approach, involving five
linear steps and three parallel derivatisations, resulted in the
preparation of 30 compounds. Four analogues were identified
as Hh pathway inhibitors of which the most potent compound
(4, Fig. 1, Panel B) was revealed to act through modulation of
the protein Smoothened.32 Novel chemotypes for modulation
of the Hh pathway are in high demand as they may potentially
have direct clinical applications.33

BIOS has yielded small molecule inhibitors for non-
mammalian biological targets as well, demonstrating the
general applicability of this approach in exploring biologically-
relevant chemical space.3* MptpB is a protein tyrosine
phosphatase in M. Tuberculosis, which alters host signaling
pathways and is a key biological target for the development of
new drugs against this pathogen.3> Brachiation along the branch
of the NP yohimbine (5, Fig. 1, Panel A), suggested a tetracyclic
indoloquinolizidine scaffold. A solid-support synthesis enabled
the preparation of a library with 188 compounds. Biological

another

evaluation then revealed that eleven compounds inhibited
MptpB, with compound 6 (Fig. 1, Panel B) being active in the low
micromolar range. Notably, this activity was not shared by the
NP yohimbine itself. Moreover, 6 was selective for MptpB over
its isoform MptpA, and other mammalian-derived protein
tyrosine phosphatases such as Cdc25A and PTP1B.

Overall, it has been demonstrated that BIOS can afford
selective compounds which reside in previously unexplored
portions of biologically-relevant chemical space. Crucially,
bioactive compounds based on BIOS scaffolds can have
functions that are wholly distinct from those of the parent NP.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1: NPs inspire the design of BIOS libraries. BIOS exploits structurally simplified molecular scaffolds derived from natural products and has been effective in the identification
of biologically relevant small molecules with diverse bioactivities. Panel A: Structures of Natural Products that have provided inspiration for BIOS. Panel B: Structures of corresponding

bioactive compounds which retain conserved portions of the NPs (blue).

2.2, Complexity to Diversity

In contrast to NP synthesis research, “Complexity-to-
Diversity” (CtD) exploits NPs themselves as starting materials
for the preparation of diverse scaffolds. The resulting scaffolds
are related to the guiding NPs, but are distinct from those
generated through scaffold simplification in BIOS. Reactions
that retain certain parts of a NP structure, while modifying other
portions, lead to unprecedented structures which are likely to
retain the biological relevance of NPs. Through chemoselective
reactions, the core scaffold of a given NP, can be systematically
transformed into new scaffolds, for example through ring
expansion, fusion or rearrangement (or combinations of these
processes). The resulting compounds may also have favourable
key properties for bioactive compound discovery, such as high
number of stereogenic centres,3® number of sp3 hybridised
carbons,3?” and solubility.38 Additionally, as the structural
complexity is already embedded into the resulting scaffold,
synthetic effort can be focused on the preparation of diverse
analogues.

Novel scaffolds were prepared from the readily-available
diterpene gibberellic acid (7, Fig. 2, Panel A), the steroid
andrenosterone (8, Fig. 2, Panel A), and the alkaloid quinine (9,
Fig. 2, Panel A).3° Compounds were prepared in three to five
synthetic steps using suitably applicable chemoselective ring
cleavage or ring expansion reactions. A compound library based

This journal is © The Royal Society of Chemistry 20xx

on all three starting NPs 7-9 was subjected to a cheminformatic
analysis, looking at desired molecular properties metrics. This
analysis showed that CtD compounds had higher three-
dimensionality than compounds in the ChemBridge
MicroFormat Library. Further pairwise Tanimoto similarity#0
analysis provided additional evidence for the high diversity of
the CtD library.

Demonstrating the general applicability of CtD approach, the
preparation of compound libraries using the diterpene abietic
acid (10, Fig. 2)* or the alkaloid yohimbine (5)*2 has been
reported. In both cases, compounds where prepared by the
application of known chemical transformations following a
general pattern. Ring-cleavage (e.g. — 12, 13, Fig. 2) reactions
enabled dramatic structural changes in one chemical step and
provided new functional groups that can be further diversified.
Ring-expansions, (e.g. — 12, 14 Fig. 2) for example via the
Baeyer—Villiger reaction, led to the formation of novel ring
systems, and also preceded ring-cleavage reactions. Ring-fusion
reactions provided further diversification by connecting distal
groups in the pre-existing scaffold or by merging a new ring to
it. Finally, ring-rearrangement (e.g. — 11, 13, 15, Fig. 2)
reactions, which drastically change the core scaffold, were used
on a case-by-case basis. The molecular scaffolds prepared were
demonstrated to be structurally diverse between them and
have high fraction of sp® carbons and number of stereogenic
centres. The yohimbine based library was subjected to a range

J. Name., 2013, 00, 1-3 | 3
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of phenotypic screens for example related to inflammation, pathway.*3 Notably, yohimbine does not share this bioactivity
proliferation, and anti-bacterial activity. This comprehensive profile, further validating CtD as an approach for exploring novel
biological evaluation led to the identification of a compound biologically-relevant chemical space in the pursuit of small
(15, Fig. 2), which demonstrated anti-inflammatory and molecules with diverse biological functions.

anticancer activities by modulating the HIF functional
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Figure 2: From complex NPs to diverse scaffolds. CtD exploits NPs as starting materials for organic synthesis. Chemoselective transformations, can yield structurally complex
molecules which are not accessible by nature. Examples of NPs (left) that have been transformed into novel complex molecular scaffolds (right) are shown. The approach enabled
identification of a HIF pathway inhibitor with antiproliferative effects.
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2.3. Pseudo-Natural Products

Fragment-based ligand discovery** (FBLD) is an established
approach for biomolecular discovery, enabling the rapid
exploration of chemical space. NPs have been exploited directly
as fragments,*> and have inspired sets of NP-derived
fragments.’® However, it is also possible to merge NP-derived
fragments to yield unprecedented molecular scaffolds. The
resulting compounds have been termed pseudo-natural
products as they are inspired by NPs and may be inherently
biologically relevant. Moreover, these scaffolds lie in portions
of chemical space which are not accessible via biosynthesis, and
are not simplified versions of NP scaffolds.

To design new pseudo-NPs, it has been proposed to increase
the high fraction of stereogenic centres, combine fragments of
diverse  biological relevance, and fragments with
complementary heteroatoms, e.g. oxygen and nitrogen.
Following these basic principles, a new bridged molecular
scaffold based on the chromane and tetrahydropyrimidinone
(THP) NP-derived fragments was designed.*® An efficient
synthesis enabled the preparation of 44 chromopynone
derivatives (22, Fig. 3). A cheminformatic analysis showed that
these compounds occupied a different portion of chemical
space compared to NPs as judged by their NP-score
distribution,*” and possessed desired molecular properties for
bioactive molecular discovery. Biological evaluation in a broad
range of phenotypic and cell-based assays monitoring
macroscopic effects in cell signalling and metabolic processes
revealed that some chromopynones were active glucose uptake
inhibitors. Malignant cells are over-reliant on glucose as an
energy source*8 and selective modulators of glucose uptake can
have clinical applications in cancer therapy.*® A more in-depth
biological investigation revealed that the most potent
compound (22) was a dual GLUT-1/-3 inhibitor. Additionally,
compounds containing either a chromane or a THP fragment
alone did not inhibit glucose uptake, indicating that
chromopynones display a novel bioactivity profile and are more
than just the sum of their constituent parts. This observation
demonstrates the potential of this approach to enable the

discovery of bioactive small molecules with new functions.
Notably, indolomorphane pseudo-NP compounds such as 23
(Fig. 3,), stemming from the combination of the indole and
morphan fragments were discovered to display a
complementary glucose uptake inhibition profile, engaging
primarily with GLUT-3.50

Merging biosynthetically-unrelated NP-derived fragments can
also afford pseudo-NP scaffolds and can enable the
identification of compounds with novel bioactivity profiles. For
example, combining the pyridone and dihydropyran fragments
resulted in the design of pyrano-furo-pyridones (24, Fig. 3)
which were readily prepared by the application of a Tsuji-Trost
oxa-Michael cascade reaction.>® Related cheminformatic
analysis demonstrated that pyrano-furo-pyridones reside in a
different portion of chemical space compared to NPs, and they
may have optimal physiochemical properties as judged by the
distribution of molecular weight and estimated lipophilicity
(ALogP). The pyrano-furo-pyridones were evaluated for
bioactivity in multiple bioassays covering a range of biological
processes. This broad evaluation led to the identification of
compound 24 as a potent inducer of reactive oxygen species
(ROS). ROS have been implicated in several diseases>? and
compounds which allow modelling their generation in a
controlled manner are of high value. Once more, the observed
bioactivity was not shared by compounds containing either the
pyridone or pyran fragments, indicating that the biological
effect is unique to the pseudo-NP scaffold. Further biological
studies showed that 24 induces the production of ROS by
inhibiting mitochondrial complex I.

From the above case studies and others,>3 more specific
guidelines for the design of pseudo-NPs have been developed.>*
In brief, these guidelines build on connectivity patterns
between fragments that are observed in NPs themselves.
Designing pseudo-NP scaffolds following these patterns, allows
the resulting scaffold to inherit the biological relevance of its
constituent NP-derived fragments. Crucially, bioactive
molecules based on pseudo-NP scaffolds have tended to have
biological functions that are distinct from compounds based on
either of the parent fragments.
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Figure 3: From NPs to Pseudo-NPs. Merging NP-derived fragments yields novel pseudo-NP scaffolds. These compounds retain the biological relevance of NPs, yet reside in chemical
space that is not accessible through biosynthesis. Embedded fragments in NPs (left) were fused to yield pseudo-NPs (right). The embedded and merged NP-derived fragments are

indicated by colour.

24. Activity-Directed Synthesis

The discovery of non-naturally occurring bioactive small
molecules is broadly achieved through iterative rounds of
design, synthesis and testing. Within this context, medicinal
chemists tend to rely on a narrow ensemble of well-established
chemical transformations with predictable outcomes such as

6 | J. Name., 2012, 00, 1-3

metal-catalysed biaryl couplings and heteroatom
functionalisations.1® In stark contrast, NPs have evolved in
tandem with their respective biological targets and their
associated biosynthetic pathways, in a function-driven manner
i.e. to provide evolutionary advantage to the host organism.5>
Activity-Directed Synthesis (ADS) is a function-driven discovery
approach that draws inspiration from the evolution of

This journal is © The Royal Society of Chemistry 20xx
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biosynthetic pathways to NPs (rather than the structures of
specific NPs). However, ADS exploits reactions which are not
catalyzed by biosynthetic machinery, instead harnessing
promiscuous reactions with multiple potential outcomes.
Through iterative rounds of reaction arrays, screening and array
redesign, ADS focuses attention on active compounds, rather
investing resources equally on all compounds within a designed
array.

Starting with a structural motif5¢ (25) found in known ligands,
ADS enabled the discovery of androgen receptor modulators
(26 and 27) that were based on scaffolds with no previously
annotated activity for this target (Figure 5).57°8 Both intra- and
intermolecular reactions were exploited in sequential rounds of
carbenoid reactions which had many alternative outcomes.
Three iterative rounds of screening crude product mixtures and
design of subsequent reaction arrays enabled the rapid
discovery of reactions that yielded bioactive products. When
harnessing intramolecular reactions, a total of 272
microreactions was performed. Initially, an array of 36 reactions
was performed in which 12 diazo substrates 25 were treated
with 3 catalysts. The crude reaction mixtures were screened,
enabling the identification of four hit reactions. In round 2, the
most promising substrates were treated with an expanded
range of 8 catalysts in 4 different solvents. Based on ten hit
reactions from round 2, 4 additional diazo substrates were
prepared. Finally, in round 3 the selection was focused on six
catalysts and three solvents, leading to the identification of
eight promising reactions that were prioritised for scale-up. This

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

iterative approach enabled the parallel discovery of multiple
ligand series. Retrospective analysis showed that ADS enabled
parallel optimisation of both the structure of bioactive
molecules, and the routes for their syntheses. It was
subsequently shown that intermolecular reactions could also be
harnessed to drive molecular discovery.>” Here, using non-
exhaustive reaction arrays totalling 326 microreactions,
additional structurally-diverse sub-micromolar modulators of
the androgen receptor (30, Fig. 4, Panel B) were also discovered.

More recently, the applicability of ADS to more challenging
targets was demonstrated by the discovery of diverse inhibitors
of the p53/hDM2 protein-protein interaction (PPI).5° In this
case, the co-substrates and diazo-substrates contained motifs
that were intended to mimic p53 hotspot residues.®0 In just two
rounds of ADS, a total of 346 microscale reactions was
performed leading to the identification of four diverse novel
p53/hDM2 inhibitors (31-33, Fig. 4, Panel C). The structures of
these inhibitors were shown to be dissimilar to each other, as
judged by Tanimoto similarity index values, as well as to over
1000 reported hDM2 ligands. This observation demonstrates
that ADS can enable the parallel discovery of multiple distinct
and novel chemotype. It was noted that ADS had enabled
scaffold-hopping: that is, the discovery of ligands in which a
common pharmacophore is displayed in the context of different
scaffolds. In addition, this study showed that ADS was useful
approach for lead generation against a target without an
evolved small-molecule binding site.

J. Name., 2013, 00, 1-3 | 7
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Figure 4: Applications of Activity-Directed Synthesis. ADS is a function-driven approach where bioactive molecules emerge in tandem with their associated synthetic routes, through
iterative rounds of activity optimisation. Panel A: ADS was used to discover AR modulators based on scaffolds with no previously annotated AR activity. Panel B: ADS was used to

“grow” a known fragment to yield structurally-diverse ligands with increased activity against AR. Panel C: Structures of recently-reported inhibitors of the p53/hMDM2 interaction

discovered through ADS. AR: Androgen Receptor.

3. Towards Systematic Frameworks for Exploring
Biologically-Relevant Chemical Space.

The chemocentric approaches presented (BIOS, CtD, Pseudo-
NPs, ADS) can enable the discovery of functional molecules
based on novel small-molecule scaffolds. Although these
approaches have been described here in the context of specific
case studies, they may also enable more systematic
identification and exploration of biologically-relevant chemical
space. The progress of each approach highlighted in this
Minireview towards enabling the systematic exploration of
biologically-relevant chemical space has been summarised in
Table 1.

BIOS and pseudo-NPs focus on molecular scaffolds that are
informed by specific NP structures. Crucially, both approaches

8| J. Name., 2012, 00, 1-3

can identify fertile regions of chemical space for exploration,
and can enable discovery of molecules with functions other
than those of the parental NPs. For BIOS, the SCONP algorithm
can enable systematic navigation of NP-related scaffolds, and
can inspire the selection of specific scaffolds for synthesis. This
analysis may be facilitated by the computational tool, Scaffold
Hunter.'® Unfortunately, a similar tool is not available to
facilitate the generation of pseudo-NP structures by fusion of
NP-derived fragments, preventing systematic navigation of
pseudo-NP scaffolds. Additionally, both approaches require
specific scaffolds to be selected for synthesis, which is currently
a human-driven process. We note, however, that
computational approaches have been developed to identify
large numbers of likely synthetically-accessible structurest!
from which future BIOS and pseudo-NP scaffolds could be
selected systematically. Finally, considerable resource is
required to address the synthetic challenges tend to arise (and

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




be solved) on a scaffold-by-scaffold basis.  Screening of NP-
informed libraries against multiple targets can be achieved
through phenotypic, cell-based assays including multi-
parametric screening platforms.62  “Cell-painting” assays
combine the high information content that is captured in the
form of a phenotypic fingerprint. Cell-painting has enabled the
systematic assessment of the functional diversity of specific
pseudo-NP classes to be captured.>? Whilst BIOS and pseudo-
NP approaches can identify fertile chemical space for the
discovery of bioactive small molecules, it remains an open
question whether the guidance from NP scaffolds is more
effective than from other classes of bioactive molecules (for
example, human-designed FDA drugs). It has been shown that
BIOS and pseudo-NP libraries have relatively high hit rates
compared to conventional compound libraries used in high-
throughput screening campaigns.®3-¢ However, rigorous
assessment of the productivity of the BIOS and pseudo-NP
approaches would require statistical analysis of the
performance of many libraries across many assays. Itis possible
that large-scale screening efforts, such as the European Lead
Factory,®” may enable such analyses to be performed.

CtD focuses on the design of transformations that exploit the
functionality within complex NPs as starting materials for
synthesis. Thus far, the approach has required the selection of
specific NP/reaction combinations by individually. Similar to
BIOS and pseudo-NPs, a tool for the systematic selection of NP
starting materials, together with transformations that may
enable the preparation of diverse scaffolds, have not been yet
reported. Again, we note the potential value of computational
tools that enable systematic assessment of synthetic
feasibility.6? As with BIOS and Pseudo-NPs, in each example
reported, significant resource was invested in the synthesis of
each novel scaffold. In addition, learnings from the optimisation
of reactions involving specific substrate/transformation
combinations are unlikely to be transferrable to other scaffolds.

In contrast, ADS focuses on the exploitation of promiscuous
reactions to generate compounds in situ, rather than on

specifically designed target structures. ADS thereby links actual
synthetic availability with biological relevance. The design of
subsequent reaction arrays is informed by the function of
product mixtures obtained in previous rounds. Although this
design has been human-driven to date, the approach may lend
itself to being algorithmically-driven. For example, one can
computational that enable reactant
combinations to be selected on the basis of the reaction hits

envisage tools
from previous rounds. Furthermore, having designed these
arrays, their execution could be performed by a liquid handling
robot. Crucially, the experimental stages in the workflow are all
performed in parallel and may be readily integrated (and
potentially automated). As such ADS raises the prospect of
realising fully autonomous molecular discovery. We note that
autonomous robotic approaches have been developed to
address chemical discovery problems such as the discovery of
ligands for supramolecular chemistry,®® and the identification of
novel chemical reactivity.®®

Finally, novel chemistry has always been at the heart of
biomolecular discovery. Innovative chemical transformations
can prove crucial in our ability to efficiently explore chemical
space in general. Recent advances in late-stage
functionalisations’%11 can be implemented in the context of
either of the highlighted discovery approaches to expedite their
coverage of chemical space. For example, methods which allow
chemoselective  ring  formations from  functionalised
fragments”® or linear precursors,’! could expand the current
scope of CtD and Pseudo-NPs. Additionally,
multicomponent’? or cascade reactions could also be
beneficially as part of the workflow of any of these
approaches.”? Modifying NP-derived fragments or
structural motifs creates opportunities for the application of
biocatalytic methods due to the fact that NPs have evolved to
interact with multiple protein binding sites. Together these new
reactions

new

larger

may facilitate the productive exploration of
biologically-relevant chemical space.

Table 1: Progress towards the systematic exploration of biologically-relevant chemical space.

Synthesis

Scaffold Hunter tool help

Tailored synthesis developed for each

Approach How informed by NPs Scaffold selection
SCONP algorith d
Biology-oriented Simplified NP algorithm an
synthesis scaffolds

NPs are starting

Complexity-to- .
materials for

scaffold identification

prioritised scaffold

Tools not currently available
to identify NPs that may be

Synthetic methods developed for each NP
starting material

Tailored synthesis developed for each

diversit
Y synthesis suitable substrates
Algorithms to generate
Scaffolds are merged 8 8
Pseudo-NPs merged structures not

NP fragments

currently available

Broadly parallels
emergence of
biosynthetic
pathways to NPs

Activity-directed
synthesis

Scaffolds are not designed:
functionalised scaffolds
emerge on the basis of their
biological function

prioritised scaffold

Common protocols used for each reaction class
used. Reaction arrays are informed by the
activity of products obtained in previous rounds.
Array design is currently human-driven.

This journal is © The Royal Society of Chemistry 20xx
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4. Summary and Outlook

Small molecules are powerful tools for the study of complex
biological processes and treating disease, but their discovery
requires exploration of relevant chemical space. Approaches
which are informed by biology have met great success in
navigating the vast chemical space and identifying unexplored,
yet biologically-relevant regions. Genetically- and DNA-encoded
libraries exploit biological mechanisms leading to the discovery
of functional molecules. However, they are inherently limited in
their ability to identify bioactive compounds based on
previously unexplored molecular scaffolds. BIOS, CtD, Pseudo-
NPs, and ADS exploit natural or non-naturally occurring
compounds, building on their biological function by trimming,
merging, or expanding the original structures. Each approach
has led to the successful identification of bioactive small
molecules with novel compounds which, in selected cases, have
been used as probes to uncover key biological targets.

Although these approaches have been proven to be successful
on a case-by-case basis, they have generally not been
implemented in a systematic manner: we have commented in
Section 3 how this might be done in the future. In particular,
tools which integrate the design of new scaffolds with the
assessment of synthetic accessibility may have great value in
opening up broader swathes of unexplored chemical space of
direct relevance to molecular discovery. The resulting
integrated approaches will thereby address central challenges
at the chemistry/biology interface. As such they would have a
transformative effect on our collective ability to discover novel
small-molecule drugs and chemical tools for elucidating
complex biological mechanisms.
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