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The case for a renewed focus on Nature in drug The Exploitation of Natural Motifs and Processes in Drug Discovery
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discovery is reviewed; not in terms of natural product screening, _ 1), decoraton @
but how and why biomimetic molecules, especially those produced S N N
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by natural processes, should deliver in the age of artificial .
intelligence and screening of vast collections both in vitro and in \\1
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silico. The declining natural product-likeness of licensed drugs and O . %s’ Q @Q Q/)b
the consequent physicochemical implications of this trend in the D : N recomeinater
context of current practices are noted. To arrest these trends, the H°' = @ﬁ O
logic of seeking new bioactive agents with enhanced natural
mimicry is considered; notably that molecules constructed by
proteins (enzymes) are more likely to interact with other proteins
(e.g, targets and transporters), a notion validated by natural products. Nature’s finite number of building blocks and their
interactions necessarily reduce potential numbers of structures, yet these enable expansion of chemical space with their inherent
diversity of physical characteristics, pertinent to property-based design. The feasible variations on natural motifs are considered and
expanded to encompass pseudo-natural products, leading to the further logical step of harnessing bioprocessing routes to access
them. Together, these offer opportunities for enhancing natural mimicry, thereby bringing innovation to drug synthesis exploiting
the characteristics of natural recognition processes. The potential for computational guidance to help identifying binding
commonalities in the route map is a logical opportunity to enable the design of tailored molecules, with a focus on “organic/
biological” rather than purely “synthetic” structures. The design and synthesis of prototype structures should pay dividends in the
disposition and efficacy of the molecules, while inherently enabling greener and more sustainable manufacturing techniques.
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It is evident that the propensity for “natural product”
likeness'’ and natural mimicry in drug molecules is
diminishing,11 as illustrated in Figurela, a temporal compar-
ison of natural product likeness of approved drugs assessed by
the Natural Product Scout algorithm' versus the year of the
first disclosure of the drug. This change begins to take hold in
around 1990, followed by a sharp decline after 2000. Leading
up to the early 1990s, many drugs and drug families originated
from “prototype” structures which were predominantly of
natural origin, with fewer found from screening or “serendip-

This Perspective presents rationales and prospects for an
increased focus on natural motifs and natural processes in drug
discovery, bringing together concepts, observations, and
opportunities to support and implement the hypothesis. Such
methods are perhaps at odds with contemporary drug
discovery practices, where practitioners remain heavily focused
on a numbers-driven process through screening of molecules
that can be made rapidly and cheaply,' ™ contrasting to former
practices of targeting designed natural product-like or e ' : .
biomimetic structures that often required more complex ity”.”" By 1990, a major change had begun in drug discovery
syntheses.” The following discussion is not about natural with the advent of rapid primary screening employing cloned
products per se, a subject well-covered in recent reviews,” " human protein targets. This, together with developments in

rather the contextualisation of the importance of the features

and motifs inherent to physiological molecules and bioactive July 26, 2022

exogenous natural products is presented.” This notion is October 6, 2022
developed to include variations on Nature’s themes through October 6, 2022
pseudo-natural products and the inherent opportunities October 14, 2022

presented through an increased employment of biotransforma-
tions in synthetic approaches toward bioactive molecules.
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Figure 1. Mean oral drug properties versus year of first publication (mostly the first patent) as found in CAS Scifinder (CAS SciFinder | CAS) from
1930 onward. Years with <S drugs are excluded. (a) Natural product class probability.8 (b) Molecular weight. (c) Lipophilicity (XLogP3). (d)
Carbo- and heteroaromatic ring counts and aromatic nitrogen atom counts. Drugs published post-1990 are boxed. The oral drug data set was
manually updated to September 2022 approvals, from where previously disclosed.”® Property calculations were done with Swiss ADME
(SwissADME) and DataWarrior (www.openmolecules.org) and graphs created with DataWarrior. The higher mean values of molecular weight and
XLogP3 in the years 2010 and 2012 are a consequence of several Hepatitis C Virus inhibitors, which comprise 5 of 23 drugs in 2010 and 4 of 9

drugs in 2012, all having molecular weight > 750 and XLogP3 > 4.5.

synthesis of compound libraries using parallel chemistry,
facilitated the optimization of in vitro affinity of screening
hits. These changes in practice help to explain the trend in
Figurela.

The time dependency of other physical properties in
Figureslb—d is also consistent with a turning point occurring
in around 1990. The overall increase in molecular weight in
drugs over time is well-known,">™'? but the detailed annual
analysis in Figurelb shows that, after a period of little change
in the 1980s, a further increase starts from around 1990. The
lipophilicity of drug molecules is a key attribute and is
increasing less over time than is molecular weight, and indeed
in early studies it appeared relatively unchanged.>'”'®
However, the extended time frame from 1990 shows an
overall increase in XLogP3 of about 0.5 units has occurred
since then'® (Figure 1c).

The increase in molecular weight since 1990 is accompanied
by increases in aromatic ring count, with a notable shift toward
increased use of aromatic heterocycles (Figure 1d). The
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changes in nonaromatic rings over time are less substantial in
comparison (not shown). Controlling carboaromatic ring
count is consistent with the need to manage lipophilicity and
overall developability.'®”**' The large increase in aromatic
nitrogen atom count (Figure 1d) occurring since 1990 helps to
explain the reduced natural product score, because nitrogen
atoms are relatively uncommon in natural products versus
synthetic compounds.®

Overall, increased molecular weight, lipophilicity, and
heteroaromaticity co-occur along with the decline of computed
natural product probability in oral drugs invented from 1990
onward. It is notable that novel ring systems”” and frame-
works™ are being continuously introduced into drugs over
time, but these appear to be having little impact on the natural
product score in recent drugs. Combinations of natural
product motifs in nonbiogenetic patterns, called pseudo-
natural products,”* provide additional insight into the impact
of natural product structure in drug discovery, and are
discussed in subsequent sections.
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Synthetic innovation in drug discovery is often interpreted as
the need for the employment of a wider array of techniques,
methodologies, and technologies to furnish libraries of
molecules,” providing the bedrocks that enable contemgorary
screening 2practices. The notion of defining,”” exploring,” and
extending™ “chemical space” leads to various interpretations of
what is needed for bioactivity’® — as such, space is a nebulous
term that might be described in various ways ([Box 1), as

Box 1. Chemical Space

Compounds can be characterized by combinations of various
descriptors, such as their size, mass, lipophilicity, charge, and
topological features. Multidimensional combinations of these
could be said to describe chemical space and drugs may
disproportionately occupy regions defined by some combina-
tions, yet frequent outliers clearly exist.

Box 2. Drug-like

This rather nebulous term is often misused—as there are no
overarching descriptions that might differentiate drug
molecules from other natural or synthetic compounds
(without recourse to their activity and efficacy). Combina-
tions of physical descriptors such as lipophilicity, weight, size,
aromatic ring count etc that are used to define Chemical
Space, may be used to define Drug-like, but different targets
and routes of administration necessitate distinct combinations
of properties.

could the term “drug-likeness” (Box 2). Combinations of size,
structure, shape, lipophilicity, and other physical characteristics
can all be used to define space” or even devise rules for drug-
likeness; but one size clearly does not fit all.

To fuel the capacity of high throughput screens, most
corporate collections are populated with inexpensive molecules
made using readily available building blocks®” and privileged
structures (Box 3); a paradigm that delivers hits. Such practices

Box 3. Privileged Structure

A chemical structure that is predisposed to furnish bioactive
compounds based on differing substitution patterns appro-
priate for distinct binding sites.

may not be the panacea or contribute proportionately to the
costs and quality of output; indeed, different organizations
experience contrasting outcomes.”> That the makeup and
composition of corporate collections differ from both drugs®*
and natural products® is recognized, leading to questions
about the biological relevance of synthetic collections versus
natural compounds. An outcome of the review of Nature versus
Nurture in drug discovery was to suggest a sweet spot (Figure 2)
for drug design based on lipophilicity and weight,*® perhaps
relevant for synthetic molecules of but clearly unrepresentative
of the physicochemical diversity of natural products or
approved drug molecules (vide infra). The size-lipophilicity
singularity of the “sweet spot” is probably reflective of synthetic
origins and the chemistries employed in contemporary
practice; such narrowness is clearly challenged by naturally
derived molecules, and such a narrow range of properties is
unlikely to be apposite for all targets. In particular, drugs with
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Figure 2. Adapted version of the drug discovery “sweet spot” defined
in the molecular mass—log P space proposed by Hann and Keseru
taken from ref 43. The diagonal line “Waring p50%” is the proposed
line for 50% chance of achieving reasonable permeability.** Additional
regions for “small hydrophilic molecules” (SHMs) with potential
paracellular routes of absorption and the Pfizer “golden triangle,”*
beyond the Rule of 5/AbbVie MPS,* and common antibiotic space
are highlighted.

increased molecular weight and higher lipophilicity are
emerging, contrasting practices that delivered more hydrophilic
drugs with lower molecular weights. Current developments in
computational methods allow for the virtual screening of
millions of compounds to identify smaller numbers of
molecules for screening, with demonstrable success.”’
Furthermore, the imaginative exploration38 of vast virtual
databases such as the innovative Enamine Real® has enabled
the rapid and more cost-effective procurement of smaller
numbers in silico hits for in vitro validation, demonstrably
changing screening practices and quality.’> Using such
methods or well-designed indexed HTS collections, potentially
rapid SAR expansion is thus feasible. DNA encoded Libraries
(DELs) can be constructed with similar design principles to
furnish similarly vast numbers for screening, limited only by
synthetic feasibility."”*' The success of these approaches in
delivering synthetic hits is proven, but how they might better
be exploited in future will be considered, with opportunities for
more imaginative monomer design with simple chemistries.*”

The ensuing three sections consider and contextualize (i)
the properties of drug molecules and how these relate to their
disposition, noting the importance of molecular recognition in
this; (ii) the motifs and structures in natural and pseudo-
natural products, and (iii) the relevance and opportunities for
the employment of biotransformations in drug discovery.

A principle advocated by Hansch that drug molecules should be
made as hydrophilic as possible without loss of efficacy’” is
commonly expressed and utilized as Lipophilic Ligand
Efficiency (LLE).*® This metric, widely accepted and exploited
in drug discovery as a key metric in optimization, is expressed
on a log scale as activity (e.g, —log;o[XCso]) minus a
lipophilicity term (typicall}r the Partition coefficient or log,, P
or sometimes logD,,)."”” The impact of lipophilicity on
efficacy needs to be considered in the context that reducing
lipophilicity (equating to increasing hydrophilicity) will
generally increase the solubility, reduce the metabolism, and
reduce the promiscuity of a given compound in a series.”’

https://doi.org/10.1021/jacsau.2c00415
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Figure 4. Proposed regions of size/lipophilicity space for an oral drug set,”" using the effectual combination of Chrom Log D, vs calculated molar
refraction (cmr) as a description of chemical space. The highlighted regions suggest likely absorption mechanisms, based on ref 65 with compounds
colored by binned NPScout probability scores. Below the LDF line, then mean NPScout score is 0.45, (median 0.33) and above it (indicative of

likely oral exposure) the mean is 0.31 and median 0.17 (p < 0.01).

Conversely, such a change will often reduce the inherent
potency of the molecule and potentially compromise
permeability.”’ Optimization in drug discovery is a necessary
process of compromises between such conflicting demands,
wherein intrinsically less potent molecules can prove more
efficacious with improved pharmacokinetic exposure/higher
free fraction.
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The crossing of biological membranes by drug molecules is a
necessary process to enable efficacy for most drugs, important
in, inter alia, absorption from the gut, reabsorption in the
kidneys, traversing the blood-brain barrier, and achieving
therapeutic concentrations at intracellular targets. That these
processes are sometimes facilitated by proteins’> (solute
carriers or transporters) is widely demonstrated,”® but

https://doi.org/10.1021/jacsau.2c00415
JACS Au 2022, 2, 2400-2416
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Figure S. Illustration of antibiotic drug space, expressed as Calculated Chrom Log D, vs cmr adapted from data in ref 65 colored by antibiotics
(circles) and TB drugs (diamonds) which are sized by NP class probabilities and colored by prediction of likelihood of oral exposure (either side of
the diagonal “linear discriminant function line” so to be oral, transporters a likely mechanism for the red colored compounds, which mostly have a
high NPScout score). Vertical (cmr < 8) and horizontal lines (Chrom Log D,, < 2.5) together represent likely boundaries for paracellular

absorption.

conflicting hypotheses regarding the extent of such processes
remain subjects of contention.”* Whether all molecules cross
membranes via protein-mediated processes rather than a
proportion entering by a partitioning process through the
lipid bilayer structure is the essence of the debate.”> Noting
that carrier proteins facilitate the passage of molecules suggests
that recognition processes are important in some (or
potentially all) permeation events.”® The evolutionary
selection for cells expressing carrier proteins was driven by
the necessary functions or beneficial impact of the transported
molecules. The general levels of similarity between oral drugs
and exogenous metabolites,”” the major class of substrates for
the carriers, led to the proposal of a “Rule of 0.5” by the Kell
group.”®

The impact of suboptimal physicochemical properties and
the potency driven culture in drug discovery,” fuelled by high
throughput screening practices are subjects for many reviews, >
dissections and formulations of rules and principles.’”®!
Indeed, as molecules became more lipophilic, the consensus
method to estimate lipophilicity itself was shown to be flawed
when chromatographic methods and solubility were consid-
ered.”® The bilinear relationship between permeation and
lipophilicity’> was rediscovered and the implications of this
illustrated the necessary compromises needed to optimize
intracellular® and/or oral drugs. Two useful guides to predict
oral exposure, formulated from empirical observations, are the
GSK model based on logD,, vs calculated molar refraction
(cmr, which largely correlates with MW)>' and the AbbVie
MPS* (AV MPS = Iclog D7.4 — 3| + #Ar + #Rot; developed
for high MW compounds, but the principles are applicable to
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less heavy ones too’') are consistent with these observations.
In their groundbreaking paper on permeability and solubility
that introduced the Rule of S (RoS), Lipinski and colleagues
noted the anomalies represented by compounds of classes
known to be substrates for transporters.”> Such exceptions,
commonly at extremes of lipophilicity and or higher MW/size,
which nonetheless achieve oral exposure, are almost invariably
recognizable natural products or close analogues. The
distribution of marketed oral drugs in terms of their
lipophilicity and size, shows a remarkably similar distribution
to the set of compounds designed by Kell as a representative
set of natural products to investigate carrier mechanisms
(Figure 3).°* Natural mimics with these size/lipophilicity
combinations offer genuine means of exploring expanded
regions of space away from the perceived singularity described
earlier. Analysis of oral drugs in Figure 4 shows the distribution
of NP Scout probability scores, which is significantly higher (p
< 0.01) for those orally available compounds lying below the
linear discriminant function line than those above it (in spite of
natural products showing ubiquitous distribution as illustrated
in Figure 3). While this is a simplification, the ability for
natural products to bend the rules, most likely due to the
exploitation of transporters, is evident in the observed patterns.

The disconnect between the properties of tuberculosis drugs
in particular® and antibiotics in general from approved drugs
and screening collections was described in these terms (Figure
4).% That the majority of antibiotics have high NP likeness
scores (indeed, several semisynthetic beta lactam structures
have low scores) and lie in a hydrophilic region clearly
differentiated from the majority of oral drugs is illustrated in

https://doi.org/10.1021/jacsau.2c00415
JACS Au 2022, 2, 2400-2416
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Figure 5. Nonetheless, most of these compounds are oral
agents and not susceptible to microbial efflux defense
mechanisms, so it is logical and reasonable to invoke the
importance of molecular recognition and natural transporters
in their activity.”> This has profound implications for the
physical descriptors to target for future antimicrobial
research®” and reflects observations of poor success rates in
the field from high throughput screening of corporate
collections.®® In this vein, a recent notable antibiotic success
story focused on porin permeation®” in addition to
biochemical potency during optimization.”’

In addition to lipophilicity, higher counts of aromatic rings
(#Ar)*® and sp® hybridized atoms’' are associated with
increased risks in developability assays and lesser chances of
clinical progression’”> (Escape from Flatland, Box 4).

Box 4. Escape from Flatland, Aromatic Ring Count (#Ar)

A concept coined to reflect improved chances of favorable
outcomes for compounds with a higher ratio of sp*- vs sp>
hybridized atoms in their structure, alternatively (and more
tangibly) expressed as the simplistic count of aromatic rings
(#Ar) in a structure. Property and Solubility Forecast indices
are based on the addition of #Ar to the logarithm of the
partition or distribution coefficients; the higher the
summation, the bigger risk of undesirable outcomes in
developability assays is the principle.

Carboaromatics are most notably risky,”" noted from data
analyses'® and the principles of the Property Forecast Index,
which equates to an aromatic ring of having an im})act akin to
another log unit (10-fold increase) in lipophilicity.”” Structural
constraint delivers enhancements to physiological interactions
and activity by minimizing entropy loss”® (Freire principles,”*
Box §), so achieving this with sp>-rich structures and minimal

Box S. Freire Principles for Enthalpy-Driven Design

Work on characterizing the thermodynamic signatures of drug
binding by Freire’* and co-workers led to the following four
principles to maximize the enthalpic contribution to the free
energy (activity) signature associated with binding.

1. Polar groups should establish strong hydrogens bonds
with structured groups in target.

a. Enthalpy of hydrogen bond formation usually
offsets desolvation of ligand; make a H-bond =
retain activity

. Eliminate buried polar groups that do not establish
hydrogen bonds with the target.

a. Polar group making no interaction = loss of
activity (can be very important in achieving
selectivity)

. Nonpolar groups should fit tightly in binding pocket
cavities

a. Maximise filling of pockets; nature abhorring a
vacuum and the positive effect of van der Waals
interactions are important here.

. Losses in conformational degrees of freedom should be
minimized.

a. Similarity of bound and solution conformations
(or ready interconversion between them) = lesser
entropy loss on binding
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aromaticity is a desirable tenet in design.”> Nature has
optimized such interactions over hundreds of millions of
years. Minimizing rotatable bond count is another key element
of the AbbVie MPS and is an established design principle.
Hydrophilic character in molecules is introduced by polar-
ization of bonds with heteroatoms (i.e., noncarbon atoms,
most commonly oxygen, nitrogen, sulfur) that are key to polar
(hydrogen bonding or charged-based) molecular interactions.
Forming such specific and directional interactions contributes
to both specificity and selectivity given the energetic cost of
desolvation between aqueous solution and a bound state (the
enthalpy change of a productive polar interaction usually
offsets the desolvation cost on removing the motif from
aqueous solution). Noting the differing distribution of, inter
alia, rings, rotatable bonds, lipophilicity, and nitrogens, Feher
and Schmidt suggested that mimicking these patterns could
produce collection of substantially more diverse compounds
with greater biological relevance.™

A logical extension of this hypothesis would be to consider
recognition processes with natural molecules, which are likely
to have discrete interactions with carrier proteins and
therapeutic targets. Small molecule drugs are noted to be
relatively promiscuous, so making interactions with several
proteins is a likely event.”® It similarly is logical to consider that
a molecule made by a recognition process in a catalytic enzyme
may also interact with another protein in a similar manner.””

The ensuing sections will consider these physicochemical
observations in the context of (i) the finite number of
substructures present in natural products, progress in the
synthesis of close analogues (or pseudo-natural products), (ii)
why natural products are validated via their interaction with
protein surfaces during biosynthesis, and (iii) where and how
biosynthetic mechanisms and methods offer sustainable
methods for the discovery and manufacture of more rationally
designed drugs in future.

Typical screening collections are populated by molecules that
are structurally related to bioactive synthetic compounds with
purported drug-like or lead-like chemical properties.”® Never-
theless, their criteria represent a narrow portion of chemical
space that may not overlap with many potential biological
targets.8 Natural products (NPs) are the result of Nature’s
exploration of biologically relevant chemical space through
evolution and are a valuable source of structures”’” that
expand into areas of chemical space that are underrepresented
in screening libraries.*”®' Yet, NPs have limitations in the
scope of drug discovery. Natural evolution is slow and
restricted by selectivity pressures. These evolutionary con-
straints have resulted in NPs occupying only a small portion of
NP-like chemical space and having a limited number of
scaffolds due to conserved biosynthetic pathways.*” Addition-
ally, the supply of NPs of interest may be scarce due to low
yielding biosynthetic pathways and/or low synthetic tract-
ability. Therefore, employing logic derived from evolution to
design new small molecules may provide guidance for the
exploration of NP-like biologically relevant chemical space in a
synthetically more feasible manner.*’

As NP biosynthesis and protein modulation are intertwined, so
are protein and NP structures. Through evolutionary pressures,
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Figure 6. Natural product-like compound collections. (a) Design workflow for Biology-Oriented Synthesis and Pseudo-Natural Product compound
libraries (Pe = nPentyl). (b) Comparison of the chemical space of natural product fragments and fragments derived from commercially available
compounds. Each dot is a representative cluster of about 25 fragments with similar molecular features. Top left (b): Principal component analysis
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are in yellow. Adapted from 10.1038/nchem.1506.** (c) The number of bioactive molecules published according to ChEMBL and the proportion
that are pseudo-natural products over time. Adapted from ref 105. Copyright The Authors. (d) Selected pseudo-natural products for which mode of

actions and/or biological targets have been identified.

a minute fraction of possible proteins has been selected by
Nature that are fairIZ conserved as are the structures of their
binding pockets.’** Protein Structure Similarity Clustering
(PSSC)™ can identify the ligand sensing cores of proteins and
sort them into protein similarity clusters based on structures
and not amino acid sequences. Similarly, NPs have scaffolds
that are conserved but can have high variability in their
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appendages. The variability of substitutions of a common
scaffold can result in different protein targets and therefore
different bioactivities. The Structural Classification of NPs
(SCONP)*® charts the regions of chemical space explored
through evolution through systematic truncation of NP
structures to provide a scaffold tree that is representative of
all NPs with ring-based scaffolds.
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Biology-Oriented Synthesis (BIOS) merges the idea that (1)
the structure of ligand sensing cores of proteins and scaffolds
of NPs are conserved in Nature and (2) deviations in amino
acid side chains or scaffolds decorations can greatly influence
binding and selectivitg (Figure 6a).*’~* Using PSSC and
SCONP in tandem,” structurally similar protein binding
pockets can be matched with truncated scaffolds in the
SCONTP tree whose parent NPs show activity for one or more
proteins in the cluster. The identified scaffolds can then be
decorated to afford compound collections that may be
enriched in selective bioactive molecules for the entire protein
cluster and may be more synthetically tractable than their
parent NPs. In a sense, the workflow of BIOS can be
considered the matching of proteomic space with biologically
prevalidated chemical space.

BIOS compounds are inspired by NP structure and can
efficiently explore biologically relevant chemical space
occupied by NPs which inherently brings about limitations.
BIOS relies on NP scaffolds as starting points; however,
Nature has only explored a fraction of NP-like chemical space
which is represented in its limited NP scaffolds. Furthermore,
the scaffolds of BIOS compounds are directly derived from
NPs and are therefore likely target the same protein cluster as
the parent NPs, hindering the exploration of new bioactivities.

Fragment-based drug discovery (FBDD) can be employed to
rapidly explore large areas of chemical space for starting points
of molecular design.gl_93 However, most FBDD libraries are
composed of privileged substructures of known synthetic drugs
and drug candidates and populate already well-explored areas
of chemical space,”*™® often through the use of fragments
with high sp’-character.”” Underexplored areas of chemical
space can be rapidly explored by employing fragments derived
from NPs that are already biologically prevalidated by
evolution.

Through the deconstruction of more than 180000 NPs,
2000 structurally diverse NP fragments have been identified
that retain the molecular features of NPs and populate areas of
chemical space not occupied by representative synthetic
fragment collections (Figure 6a and b).” Employing NP
fragment collections that are composed of intrinsically different
characteristics to typical collections for FBDD programs may
lead to structurally novel ligand types for known biological
targets with more desirable properties.

The design principle of pseudo-NPs (PNPs) merges the
biological relevance of NPs with the rapid access to diverse
chemical space offered by fragment-based discovery. The PNP
concept aims to recombine NP fragments or fragment-sized
NPs”~'% in arrangements that are not observed in Nature to
afford compounds that are NP-like but are not obtainable
through current biosynthetic pathways (Figure 6a).'’" The
compounds therefore retain the biological relevance of NPs
but may explore new areas of biologically relevant chemical
space that may lead to new structural classes for known targets
or the discovery of new targets in conjunction with broad and/
or unbiased screening assays.

Through different NP fragment combinations'®> and
arrangements,'”® several chemically distinct PNP scaffolds
can be envisioned. Combinations that are particularly of
interest are those that do not appear together in Nature and/or
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have biosynthetically unrelated origins.'”* Further points of
scaffold diversification can come from different fragment
connectivity types, such as monopodal (cm), edge fusion
(fe), bridged fusion (fb), and spirocyclic fusion (fs) (Figure
6a). The type of connectivity pattern can have a significant
impact on the shape of the resulting molecule. In synthetic
compound collections, fragments are commonly connected in
a monopodal fashion to give a linear linkage with a rotatable
bond and may be due to synthetic ease. In Nature, biosynthetic
pathways more commonly connect fragments through more
complex connectivity patterns of two or more bonds.'” The
resulting structures may then be more rigid and/or three-
dimensional than their synthetic monopodal counterparts. To
more accurately mimic and retain the properties of NPs,
complex connectivities should be employed and can be
efficiently obtained through complexity-generating reactions.
Beyond different fusion patterns, different regioisomeric
arrangements of fragments can alter the PNP scaffold.

The concept of combining different NP fragments or
fragment-sized NPs is not exclusive to PNP design. Nature
frequently employs this tactic to afford NP hybrids by
combining biosynthetically unrelated metabolic units'*® or by
hetero- or homodimerization of NPs.'"”” NP hybrid strategies
employed by Nature and the PNP concept share the common
goal of exploring biologically relevant chemical space; however,
these two strategies differ in the design, preparation, and
evaluation of new molecules.

NP hybrids are produced by enzymatic cascades that can be
summarized in biosynthetic pathways. Through evolution,
Nature has the potential of mutation and recombination to
provide new biosynthetic machinery and pathways that can
produce NPs with novel scaffolds. The biological relevance of
the resulting NPs is evaluated by selectivity pressures in terms
of the producing organism’s survival and reproduction.
Reiterations of this cycle are the natural evolution of NP
structure.'*®

PNPs are designed by the cheminformatic deconstruction of
NPs to NP fragments then recombined and decorated via
synthetic reactions. The resulting PNPs are evaluated in
biological assays and compounds of biological relevance are
selected for reiteration. The logic of the PNP concept shares
similarities to natural evolution and may be considered the
chemical evolution of NP structure.

While both approaches can afford biologically relevant
compounds, the natural process of mutation and selection is
slow. Synthesis allows the mutation process to be accelerated
and offers flexibility and opportunities for new NP fragment
combinations by utilizing reaction pathways that are not
possible in biosynthesis.

Using the PNP algorithm, several PNP collections have been
prepared over the past decade. By employing assays and
subsequent follow-up biological characterizations, several PNP
classes have been identified to be enriched in bioactivity that
affect therapeutically relevant pathways, processes, and targets
(Figure 6d).>¥'71"5 The frequent success of the PNP
algorithm suggests that it is a valid design principle for the
exploration of biologically relevant chemical space.

While the design principle of PNPs has only recently been
reported,mI compounds that meet the criteria of PNPs, i.e.,
two or more NP fragments in arrangements not found in
Nature, have been synthesized for decades. A recent
cheminformatic study found that 23% of synthetic compounds
in the ChEMBL library, i.e. bioactive compounds, are
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Figure 7. (a) Three examples of pseudo-NPs with different biological activity to the starting fragments. (b) Linking of two NPs allows each NP to
recognize its original interacting partner. (c) Pseudo-NPs retain some of the interacting vectors to bind to novel protein partners.

PNPs.'*® Additionally, the percentage of PNPs being added to
the database per year has been increasing over time (Figure
6¢), indicating that a significant number of bioactive PNPs
have been unintentionally synthesized without a guiding
principle.

Although NPs by definition are biologically relevant, there is
a significant number of biologically active and therapeutically
relevant small molecules that are either partially or entirely
composed of fragments not found in Nature.'*>"'®'"”
Therefore, BIOS and PNP concepts may be extended to
incorporate all biologically relevant molecules into their design
algorithms. In turn, this may lead from these concepts
exploring NP-like chemical space to more general biologically
relevant chemical space.

That the embedded recognition of natural products for
proteins correlates with recognition of the biosynthetic enzyme
is an increasingly validated concept.''*™"** The biosynthetic
imprint translates to recognition of other proteins using similar
interactions. For example, the analysis of protein structures of
38 biosynthetic enzymes gave 64 potential targets for 25
natural products.”’ Retrospective analysis validated the
predicted targets for tetrahydrocannabinolic synthetase
(THCA), acyltransferase lovD and isopenicillin N synthase
(IPNS)."*! In the case of a pseudo-natural product, it might be
expected that interactions would not correlate with either of
the biosynthetic enzymes from which its fragments are derived,
so, in effect, new protein recognition sites will be generated.
Three examples of pseudo-natural products with new
biological activity not displayed by either of the starting
fragments are presented in Figure 7a. Chromopynones
selectively inhibit glucose uptake in cells; however, other
compounds that contain only either the chromane or THPM
fragments did not inhibit glucose uptake."”” The indomor-
phan'*’ and indofulvin'® classes inhibit glucose uptake and
starvation-induced autophagy, respectively. None of the
individual fragments retained the bioactivities of the pseudo-
NPs. These results suggest that the novel bioactivities of

pseudo-NPs are not related to their individual fragments but
rather the result of the combination of NP fragments.

If the two natural products where tethered, each natural
product might retain their original protein interaction. This
was demonstrated to be the case for PROTACs and should
apply to other chimeric molecules that are intended to have
polypharmacology (Figure 7b)."**~'*° Complex fusion of
fragments generates new scaffolds bringing H-bonding
interactions into close proximity and appears to retain the
ability of protein recognition but results in binding to a new/
novel protein surface. (Figure 7c).

An understanding if the importance of chimeric behavior in
larger molecules is increasingly emerging, beyond the empirical
observations that led to the AbbVie MPS. As molecules get
bigger and intramolecular interactions'”” become increasingly
feasible and important, new insight into their constraint in
macrocycles and/or the role of environment-dependent
alterative conformations'® is emerging, quantified by solution
NMR observations'*® or using supercritical fluid chromatog-
raphy methods to understand the effective polar surface area
(EPSA) presented by the hydrophobic form."*” It is reasonable
to consider natural macrocyclic structures to be excellent
templates for better exploiting such phenomena, given the role
of evolution in selecting their structures.

Natural products and the enzymes that are responsible for their
synthesis are intrinsically linked. Historically, the screening of
natural products has provided a rich source of lead compounds
for further development as natural product or semisynthetic
drugs. Prime examples here include polyketides, beta-lactam
antibiotics, peptides, steroids, and opioids. In some cases, the
structural complexity of these compounds resulted in
considerable effort being invested into understanding their
biosynthetic origin, paving the way for the production of these
bioactive compounds using microbial fermentation. For
example, studies on the biosynthesis of penicillins and
cephalosporins ultimately led to commercial processes for
their production on scale.'’* Similarly, a detailed under-
standing of the biosynthetic pathways leading to polyketides
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facilitated their production using microbial hosts."”" In this
approach, pathways comprising multiple genes/biocatalysts are
assembled to convert simple feedstocks into both the natural
product and also analogues via mutasynthesis.'>> However,
these “biosynthetic” enzymes tend to be characterized by
relatively low turnover rates and also narrow substrate scope,
precluding their more general application as biocatalysts for
target molecule synthesis.

To address this challenge, a complementary approach has
been recently explored, namely, to create new engineered
biocatalytic platforms that contain enzymes with broader
substrate scope and hence wider application in the synthesis of
natural product-like molecules."””'** These enzymes (e.g,
transaminases, ketoreductases, imine reductases, aldolases) are
typically recruited from primary metabolic pathways and hence
have inherently higher catalytic activities, and broader
substrate scope, than their counterparts from secondary
metabolic biosynthetic pathways. Importantly, as a result of
spectacular advances in protein engineering and directed
evolution, these enzymes can be engineered to further increase
their activity, selectivity, and substrate scope.'** When coupled
with equally important breakthroughs in enzyme discovery via
metagenomics and bioinformatics, the ability to rapidly
generate a broad toolbox of new biocatalysts becomes a
powerful approach for organic synthesis and drug discovery.
Exploiting biocatalytic methods using products from new
synthetic developments is another emerging area with much
potential.'*

The recent availability of new biocatalytic chemistry
platforms, with broad substrate scope, has impacted drug
discovery programs in two important ways. First there is an
increasing awareness that engineered biocatalysts have a key
role to play in API manufacture since they often lead to a more
efficient synthetic route, with reduced cost of goods, lower
environmental impact, and importantly higher sustainability."*”
To assist with this process of where biocatalysts can be applied,
there are now tools available for retrosynthetic planning (e.g.,
RetroBioCat) which incorporate enzymes in the route
selection and planning process.138 The second, and more
recent, impact is in the earlier stage screening process for lead
identification. Panels of engineered biocatalysts can be used to
create either building blocks, or key intermediates, for
biological screening. In this way biocatalysis can provide
access to segments of chemical space that otherwise would be
difficult to access via alternative synthetic approaches.'*
Examples here include hydroxylation (P450 monooxygenases),
halogenation (halogenases), methylation (alkyltransferases),
and amide bond formation (amide ligases). Biocatalysts also
have an increasing role to play in Late-Stage Functionalization
(LSF).HO

A key issue here is that not only can biocatalysis provide
access to alternative, difficult to access, chemical space but
maybe it can also generate lead compounds that are more
natural product-like, given their origins. As a rule, substrates
and products for biocatalysts are characterized by the following
properties: (i) MW 100—500 Da, (ii) good to high water
solubility, and (iii) presence of one or more polar functional
groups. At the lower sizes and with good solubility, biocatalysis
is therefore a potentially very useful tool for Fragment Based
Drug Discovery.'*' An analysis of the various synthetic
platforms currently available through biocatalysis reveals that
particular types of transformations are well represented, in
particular reduction, oxidation, C—X bond formation, and

2409

hydrolysis/reverse hydrolysis. The reduction of ketones to
secondary alcohols using KREDs is now well established but
recently this has been expanded to encompass reduction of
carboxylic acids to aldehydes and C=C to C—C. Selective
oxidation represents a significant opportunity with enzymes
now available for oxidation of alcohols, amines, alkenes, C—H
bonds etc. Advances in C—X bond formation include C—C
(aldolases, lyases, cyclases), C—N (imine reductases, trans-
aminases), and C—Hal (halogenases). Hydrolytic enzymes,
which have long been used for ester/amide hydrolysis, are now
being repurposed particularly to address the challenge of
generic methods for amide bond synthesis.

Another emerging theme in biocatalysis, which is relevant to
drug discovery, is the development of multienzyme cascade
processes. In the same way that Nature uses cascades of
enzymes to generate biosynthetic pathways for natural product
synthesis, researchers are increasingly trying to generate new
multienzyme cascades for the synthesis of APIs and advanced
intermediates. A prime example of this concept is the Merck
synthesis of Islatravir which involves a total of 10 different
biocatalysts deployed in three sequential steps.'*’ Cascade
processes have also been reported for the synthesis of key
natural product-inspired building blocks including piperidines,
tetrahydroisoquinolines, quinolines, and similar molecules. In
each of these examples, biocatalysts are used to not only
catalyze key bond-forming processes but also to recycle
essential cofactors (e.g, NADPH, ATP) to ensure that the
whole processes is synthetically efficient.” Multienzyme
cascade processes serve to highlight some of the attractive
features of biocatalysis including (i) no requirement for
protecting groups, (ii) use of water as a common reaction
medium, and (iii) minimum isolation of intermediates en route
to product formation. Furthermore, the promise of enzymatic
reactions for on-DNA synthesis has thus far received little
attention,** perhaps surprisingly, given the necessity of an
aqueous environment for their construction. An isolated
example using glycosyl transferases and galactose oxidase
illustrated the potential."**

Moving forward, the way in which engineered biocatalysts
are being deployed as part of the overall drug discovery process
is changing rapidly. By its very nature, biocatalysis is a
“modular” technology which lends itself very well to
automation and the application of high-throughput techniques.
At each stage of the pipeline from enzyme discovery, via
enzyme engineering, to enzyme screening, it is now possible to
leverage the combined full power of bioinformatics, computa-
tional design, robotic screening, protein structure prediction,
modeling, and in vitro screening. Enzyme discovery has
benefitted enormously from interrogation of sequenced
metagenomes which provide an almost unlimited supply of
new enzymes. These enzymes can be rapidly expressed, either
using conventional E. coli hosts or in vitro translation, and
screened in MTP format to identify candidate hits which are
then subjected to rounds of directed evolution and protein
engineering to improve their characteristics. Here there is an
increasing focus on applying computational design/Al
methods to reduce library size and hence more rapidly
optimize protein/sequence space for the desired application.
Optimized biocatalysts that emerge from this pipeline can then
rapidly and predictably be scaled for the delivery of increasing
quantities of material required in clinical trials."*’

Much remains to be done to fully exploit the opportunities
for integrating biocatalysis more deeply into the drug discovery
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process. First and foremost, the range of synthetic chemistries
that can be catalyzed using engineered biocatalysts needs to
continue to expand and at a greater rate than is currently the
case. In this respect, many approaches are currently being
simultaneously explored including (i) genetic code expansion
for introduction of unnatural amino acids (e.g, Bayliss-
Hillmanase),'*” (ii) repurposing P450 enzymes for carbene/
nitrene generation (e.g., cyclopropanation; N-insertion in C—
H bonds),"*® (iii) hybrid artificial metalloenzymes (e.g,
asymmetric imine reduction),'” and (iv) mining of bio-
synthetic pathways for new enzymes (e.g, halogenation).'>’
Second, the discovery of new enzyme activities, as outlined
above, needs to be coupled closely with smarter methods for
reaction screening in order to both initially locate the activity
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and then subsequently enhance through rounds of protein
engineering. The ability to produce enzymes on a small scale
via in vitro translation enables panels of biocatalysts to be
rapidly “printed” in a format that enables rapid screening via
MS-based approaches.'”’ Figure 8 summarizes generic
examples of structures of where and how biocatalysis can
influence biorelevant syntheses.

The recent COVID-19 pandemic has highlighted not only
the need to rapidly develop new therapeutics to combat global
diseases, but also the ability to manufacture these drugs at a
cost that enables all patient populations, including access of
low-income economies to the medicine. Using biocatalysts for
API manufacture has been shown to reduce costs, particularly
for second and third generation manufacture of established
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drugs (e.g., Atorvastatin,152 Paroxetine,153 Sitagliptinl‘%).155

Biocatalysts are increasingly being used for first generation
processes to both accelerate the launch of the drug (e.g,
Sitagliptin) as well as provide lower cost routes for
manufacture by generic manufacturers under license (e.g.,
Molnupiravir) (Figure 9).156

There is much current interest in the impact of synthesis in
drug discovery, but little focus on how (and why) the
employment of natural motifs and methods might better be
addressed, in spite of the inherent advantages these truly
organic/biosynthetic molecules engender. Working with such
molecules to better understand and truly expand chemical
space should pay dividends in many areas. Not the least, in
connecting commonalities in the structure and recognition
between biosynthetic, carrier, and target proteins. This should
allow the exploration of valuable targets with molecules with
properties differentiated from the apparent singularity where
“generic passive permeation” (be it via the membrane bilayer
or generic protein carriers) appears feasible. It is clear that
exogenous natural products, many with important bioactivities,
have properties described in a wider chemical space described
by size and lipophilicity. Larger, more hydrophilic structures
with a propensity for transporter recognition present a
validated and precedented paradigm for future antimicrobial
research where high throughput methods in “singular space”
have failed.”® Appropriate synthetic and semisynthetic diversity
can be achieved through pseudo-natural products and building
blocks accessed through biotransformations.

Opportunities exist within current and future developments
in computational methods to better research and exploit the
potential of natural motifs in design—increased confidence in
the predictive outcomes would give impetus to invest time in
synthesis. This should be impactful in a variety of ways,
including (i) recognizing commonality in protein structures
between binding sites in biosynthetic enzymes, carriers, and
targets, to (ii) database searching of known ligands or
recognition for given/recognized sequences, (iii) prioritization
of higher natural product (and PNP) likeness in library
generation (exploiting biosynthesised monomers) and virtual
searching, and (iv) effective structure hopping and introduc-
tion of natural isosteres in hit to lead and lead optimization if
hits are from fully synthetic origins. An ultimate goal might be
designer drugs from engineered bugs, whereby the drug
substance or an advanced intermediate can be biosynthesised
from simple feedstocks by design.

The preceding sections fall into the protein-centric world
that dominates drug discovery; yet as new modalities
emerge,"”” the essence of many of such approaches is based
on natural products. Targeting RNA in the Ribosome'*" is an
area where natural and semisynthetic drugs have a long
pedigree, in particular in the antibiotic field."*”'®" The
importance of sugar chemistry and glycomics in disease is
receiving increasing attention,’®' 7% and the inherent
advantages of carbohydrates due to their solubility, specificity,
and transporter recognition make this a field ripe for
exploitation with natural methods,'®* be it through molecular
recognition of functionalized glycosides for activity or
transporter recognition or a potential new world where the
reading/writing/erasing of glycosyl functionality is ex-
ploited.'*®
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Understanding and recognizing the common features of
binding sites, transporters, and synthesizing enzymes should
offer opportunities for defining motifs to pursue, be this
validating a target with a natural product or using a natural
fragment as the basis for further design. In doing this, the
intangible universe of 107 potential molecules could be
reduced to a more manageable number, driven by focus on
more natural shapes and connectivity more within the
constraints of natural building blocks.'*® Paradoxically, despite
a lesser number of building blocks and reactions, the inherent
complexity and diversity of natural structures would offer
validated opportunities to truly explore wider regions of
chemical space. This is a manifestation of the Walsh “Think
Biologically, Act Chemically” idiom, recently compared to the
practices of medicinal chemistry.'®” The logic laid out herein is
based on precedent and the ongoing influence of natural
products and structures in drugs;” there are likely oppor-
tunities to test hypotheses in curated sets of molecules and
accompanying data within Structure Property Relationships
and their impact on efficacy, an area in which computational
power should provide insight beyond our quantitative
observations with drugs and structural classifications.

The persistence and environmental impact of pharmaceut-
icals is a topic receiving increasing attention and the wish to
“develop pharmaceuticals that better degrade as they reach the
environment or break down in the sewage treatment plant”'*®
could better be addressed with more natural substances that
are better recognized by nature’s agents. Microbacteria evolve
ways to feast on Xenobiotics, but if this process can be
expedited with motifs they inherently recognize, then the 30
years it took to evolve new mechanisms to respond to a
molecule such as the herbicide atrazine could considerably be
shortened.'®”

The ultimate manifestation of the discussion herein may be
theoretical or even hypothetical in the confines of current drug
discovery practices, but component concepts have clear validity
so the notions and their implications we believe will be
impactful in various ways toward the design and development
of higher quality molecules with reduced aromaticity and
modulated lipophilicity. More natural molecules will increase
quality through their inherently improved permeability and
solubility; this is a case of investing time and effort in the early
stages of drug discovery to reap rewards with improvements in
the later stages through more predictability in trials (and thus a
greater chance of success, where quality rather than speed
demonstrably impacts'’®) and more sustainable manufacturin%
methods driven by the transformative power of biocatalysis."”
Investing in quality in the early stages of discovery (paying
now) will pay dividends with higher quality carried through the
process whence the costs of paying later are manifested in
poorer translation and higher potential for failure with
suboptimal molecules.
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