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ABSTRACT: For scientists to gain a better understanding
of nature, biological research is greatly aided by small-
molecule modulators that perturb protein activity without
fundamentally altering the underlying biological systems.
The number of possible interfering molecules, however, is
so vast that, due to limitations in existing matter and time
required for synthesis, they cannot be covered compre-
hensively. Because proteins and their cognate natural
product ligands and substrates co-evolved, these naturally
occurring ligands can serve as structural starting points to
explore the biologically relevant chemical space. To this
end, known natural products are structurally classified on
the basis of their core scaffolds and hierarchically arranged
in the “natural product tree”, which can be annotated for
bioactivity and intuitively navigated with currently available
software. Biologically relevant scaffolds inspire the syn-
thesis of compound libraries enriched in biological activity.
This Perspective describes the development of “biology-
oriented synthesis” as a guiding principle to harness the
power of evolution in the quest for novel bioactive small
molecules for chemical biology research and drug
discovery.

B INTRODUCTION

Protein—ligand binding events mediate a plethora of biological
processes and are essential for the development, growth, and
sustainability of living systems. Naturally occurring small-
molecule protein ligands are metabolites, which are inter-
mediates and products of biosynthesis and metabolism. Both
natural products (NPs) and non-natural but biologically
relevant small molecules bind proteins and can then either be
subject to modification or influence protein activity. One
leading objective in chemical biology is the identification of
bioactive small molecules for selective modulation of individual
components of biomolecular complexes, typically proteins, for
the study of complex biological systems. If the biology of
interest is disease-related, such protein ligands may inspire drug
discovery. However, the number of possible biologically
relevant drug-like small molecules exceeds a staggering 10%,
and due to time and matter limitations,"* it is unfeasible to
comprehensively cover by means of organic synthesis the
chemical space they define. Likewise, the chemical space
covered by small molecules synthesized in the course of
evolution, which is matched by their corresponding protein
binding sites, cannot have been fully explored in evolution due
to limited matter and time.> Therefore, it is crucial to develop
an intuitively accessible and logical reasoning to identify and
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explore by synthesis the biologically relevant fraction of
chemical space without missing important compound classes.
In this endeavor, NPs are a major source of inspiration, as they
co-evolved with proteins and can hence be regarded as
biologically validated.

Nature is very economical in the design and synthesis of
proteins and metabolites and repeatedly employs and exploits
only a minute fraction of chemical space, which was selected in
evolution, obviating the need for extensive coverage. For
example, the human genome is estimated to encode ca. 25 000
proteins, which is far less than the 10%° possible proteins of 300
amino acids." This restriction can, to a large extent, be
explained by selection-driven protein production under physical
chemical pressure.> Computational and experimental insight
indicate that protein formation is mostly based on thermody-
namic stability rather than function,* and consequently stable
single-domain proteins embody only ca. 900 fold types.® In
addition, concave ligand-accommodating shapes within these
folds can be represented by a mere 1300 binding pockets, a
surprisingly small number.* However, since a given fold type
can be formed from differing peptide sequences, amino acid
diversity ensures structural variability in these conserved
pockets. Evolutionary pressure thus fine-tunes interactions of
binding sites with their cognate ligands. By analogy to
conservation of protein fold structure, the number of core
scaffolds in NPs is also limited, and NPs are differentiated by
diversity of functional groups attached to the common
scaffolds. In a sense, both structural conservation (protein
fold and NP scaffold structure) and diversity (amino acid side
chain and NP scaffold substituents) are characteristic for both
worlds (Figure 1).

Moreover, proteins synthesize multiple NPs. Individual NPs
can bind a variety of proteins during biosynthesis and often
have diverse biological activities. These insights suggest that
structural parameters that enable binding to evolutionarily
conserved protein binding sites may be encoded in NP
structure at the scaffold level and fine-tuned by substituent
decoration. As a consequence, arguments derived from the
evolution of protein and NP structure can be applied to guide
the identification of novel synthetic modulators of protein
function and activity. Systematic analysis of NP scaffolds and
substituents should allow distillation of the features that are
important for the design and synthesis of NP-inspired
compound collections with simplified structure but still
endowed with the basic biological relevance of the guiding NPs.
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Fold types are conserved Scaffolds are conserved
Amino acid sequence is variable Functional groups are variable

Figure 1. Natural products and proteins both show conserved features in their scaffold structure but display additional diversity in substituent
decoration and amino acid sequence.
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Figure 2. Schematic representation of the Structural Classification of Natural Products (SCNOP) scaffold tree. Natural products were reduced to
single ring structures according to a set of chemical rules for the identification of biologically relevant scaffolds. Reproduced with permission from ref
9.
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This fundamental reasoning led us to propose and develop
“biology-oriented synthesis” (BIOS) as an intellectual frame-
work for the discovery of novel bioactive small molecules.””®
In BIOS the analysis of evolutionarily selected NP structures is
employed to define prevalidated, educated-guess starting points
for the synthesis and further development of biologically
relevant small molecules for chemical biology and medicinal
chemistry research.

In this Perspective we discuss the logic and philosophy of
BIOS, the development of the necessary bioinformatic and
cheminformatic tools to navigate through biologically relevant
chemical space, and the application of this intellectual
framework for the synthesis of small-molecule modulators of
protein function.

B STRUCTURAL CLASSIFICATION OF NATURAL
PRODUCTS

Development of the BIOS logic initially required cheminfor-
matic analysis of NPs and their scaffold structures. To this end,
all NPs encoded in the Dictionary of Natural Products (DNP)
database were reduced to their scaffolds, which were
subsequently subjected to tree analysis to arrive at a Structural
Classification of Natural Products (SCONP; Figure 2)7?

During cheminformatic building of structural trees, like the
NP tree, not all branches may be reducible to a single ring
structure, because there may be “gaps” of structures that are not
encoded in the underlying database. For NPs this means that
they either do not exist or have not been identified. Therefore,
the initial NP-focused logic for tree generation was modified
and extended to non-NPs. Accordingly, “virtual scaffolds” were
introduced to fill the gaps and enable tree completion and
comparison by overlay. The new structural classification also
embraced medicinal chemistry experience, which to some
extent involves subjective reasoning. However, 13 argued rules
ensured the applicability of the identified scaffolds.'® Additional
tree building based on bioactivity as the guiding criterion for
structural simplification ensures that neither chemical accessi-
bility nor natural occurrence but rather biological relevance is of
major importance while building the trees and filling the gaps.
Moving from complex structures to simpler scaffolds along the
branches of trees, like the NP tree (termed “brachiation” after
the anthropological description of gibbons moving in botanical
trees), then assures that the bioactivity encoded in the scaffolds
is retained, although possibly at lower potency. The software
called Scaffold Hunter was developed to interface SCONP
analysis in a user-friendly manner and to enable intuitive and
interactive analysis by chemists and biologists without expert
knowledge in cheminformatics and knowledge of descriptors
like SMILES strings, InChI keys, or graphs that allow for
efficient computing (software freely available at http://
scaffoldhunter.sourceforge.net/ ). More information and an
example for the application of the Scaffold Hunter in the
discovery of new modulators of pyruvate kinase can be found in
ref 11. This program may motivate the synthesis of NP-inspired
compound libraries based on evolutionarily prevalidated
structures that are, therefore, enriched in biological activity.
The Scaffold Hunter software also allows prospective assign-
ment of bioactivity for novel compound classes by means of
overlay and comparison of differently annotated trees.

B POSSIBILITIES AND IMPLICATIONS OF
BIOLOGY-ORIENTED SYNTHESIS

BIOS and SCONP lay a foundation for the synthesis of various
NP-inspired compound collections, which may involve
challenging synthetic routes exceeding the demands of standard
compound library synthesis, for example syntheses including
the stereoselective establishment of multiple stereocenters.
However, in our experience and also based on the work of
others, these challenges can be successfully met by contempo-
rary synthesis methods.”'>"> Moreover, despite these higher
demands on synthesis, like their guiding NPs, the collection
members are biologically relevant. Since NPs show significantly
higher hit rates compared to the compounds from traditional
synthetic and combinatorial libraries, enhanced hit rates are
expected for BIOS collections as well."* In our experience, this
expectation is in agreement with reality. The hit rate of BIOS
compounds in our biochemical and cell-based screens is
typically 0.5—1.5%, and thus libraries of only 200—500
compounds usually suffice for identification of an initial set of
modulators. In a sense, higher investment into more
demanding chemistry pays off as smaller library sizes are
sufficient and extensive automation is avoided, which is
particularly relevant to academic settings.

BIOS, furthermore, may help to overcome the two most
important problems with NPs in drug discovery and may foster
a renaissance of NP-inspired strategies. First, reduction of
structural complexity at retained bioactivity (but not necessarily
potency) and subsequent development of NP-inspired libraries
ensure reliable and efficient synthetic tractability, which often is
not the case for the guiding NPs. Second, compound supply in
amounts sufficient for full biological and pharmacological
development will not be an issue. Therefore, at the heart of
BIOS is the continuous development of efficient and highly
practical synthetic methods, amenable to compound library
synthesis, while giving access to complex structures incorporat-
ing multiple stereocenters with high levels of selectivity.

Structural simplification of the original NPs to scaffolds in
order to arrive at synthetically tractable NP-inspired compound
collections may result in compounds with lower affinities than
their guiding NPs, e.g, in the micromolar range, and lower
target specificity. However, BIOS only sets the starting point
for full-fledged compound development to a biologically
relevant core structure for which the usual rules of medicinal
chemistry and chemical biology fully apply. The initial
reduction of NP complexity and decoration during scaffold
isolation needs to be balanced by rational increase of
complexity through synthesis to enhance affinity and selectivity.
Moreover, binding of multiple proteins by a given ligand need
not be a uniformly negative feature. Biological systems are
robust and often wired redundantly. Tuning, for instance, signal
propagation through such systems below a therapeutically
relevant level may require simultaneous interference at multiple
signaling nodes. Kinase inhibitors, which often need to target
multiple proteins simultaneously for therapeutic effect, are
relevant examples.">~"” While the principles for logical design
of “selective non-selectivity” are mostly unclear, NPs evolved to
modulate dynamic, robust, and redundantly wired biological
systems, and this property must be encoded in their structure.
Thus, NP-inspired collections offer the ambitious opportunity
to identify compounds endowed with this property as well.
Such chemical modulators of biological systems could be
invaluable tools for systems biology research.
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Figure 3. (a) [6+3] Cycloaddition of azomethine ylides with fulvenes.'® (b) Double enantioselective [3+2] cycloaddition of azomethine ylides to p-
benzoquinone.”® (c) Hedgehog inhibitors obtained from a Cu'-catalyzed [3+2] cycloaddition of 1,3-fused cyclic azomethine ylides and
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Figure 4. (a) Iridoid-inspired neurite outgrowth modulators.*> (b) Neurite outgrowth enhancers based on the secoyohimbane scaffold.

In agreement with the modulation of ligand and protein
structure promiscuity by evolutionary pressure, it is to be
expected that NPs—and by analogy also NP-inspired
compounds—may have multiple cellular targets, which in
turn leads to the expectation that a given NP-inspired
compound collection of sufficient diversity may actually contain
modulators of different proteins or biological programs. In-
house examples indicate that this notion may hold its promise.

Additionally, the property of NPs to target multiple, often
still unidentified proteins, and to modulate complex biological
systems, frequently with very high potency and selectivity, may
offer the opportunity to identify novel target proteins and to
create unprecedented possibilities for drug discovery. Thus, a
very demanding but equally promising application of NPs and
NP-inspired compound collections in chemical biology and
medicinal chemistry is their use in cell-based phenotypic

screens, which then need to be coupled to powerful target
identification technology.'®

B APPLICATIONS OF BIOLOGY-ORIENTED
SYNTHESIS

Among the various examples of BIOS developed to date, in
particular one-pot sequences and cascade and domino reactions
deserve to be mentioned because of their high practicality and
efficiency.

The SCONP was used, for example, for the identification of
specific biologically active heterocycles, which were subse-
quently synthesized using an enantioselectively catalyzed [6+3]
cycloaddition of azomethine ylides with fulvenes. This reaction
provided piperidine derivatives with four stereocenters with
high regio- and enantioselectivity. The method could be
extended to a one-pot transformation, including a subsequent
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Figure 5. An example of branching cascades.**
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Figure 6. (a) Indoloquinolizines, formed via a 12-step cascade reaction sequence in one pot.25 (b) An enantioselective inverse-electron-demand

imino-Diels—Alder reaction yielding centrocountin analogues.26

[4+2] cycloaddition to yield complex piperidines with eight
stereocenters (Figure 3a)."” Also, sequential enantioselective
cycloadditions employing azomethine ylides were applied to p-
benzoquinone to yield NP-inspired compounds with high
structural and chemical diversity (Figure 3b).2° Moreover, the
Cu'-catalyzed [3+2] cycloaddition of 1,3-fused cyclic azome-
thine ylides and nitroalkenes yielded a collection of a novel
class2 1of inhibitors for the hedgehog-signaling pathway (Figure
3¢).

The BIOS strategy was also applied in the search for neurite
outgrowth modulators. Enantioselective synthesis of an iridoid-
inspired compound collection yielded modulators of neurite
outgrowth from primary hippocampal neurons and motor
neurons derived from mouse embryonic stem cells (Figure
4a).” In addition, compounds with a secoyohimbane scaffold

were accessed with high enantioselectivity. They influenced the
complexity of neuronal network formation and promoted
neurite outgrowth (Figure 4b).>*> These examples show that NP
structure simplification may lead to tractable synthesis targets
and that the corresponding products may retain the kind of
biological activity characteristic for the guiding NPs.

The examples mentioned above concern singular cascade
reactions for the formation of novel NP-inspired compound
libraries. Another strategy is to use branching cascades, in which
a more diverse set of compounds is generated, which can
subsequently be narrowed to more focused compounds for
different target proteins (Figure 5).** This approach was also
applied for the discovery of phosphatase inhibitor classes, in
which brachiation from the pentacyclic yohimbane scaffold to
the simpler scaffolds of substituted indoles via indolo-
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quinolizidines resulted in four novel selective phosphatase
inhibitor classes for the MptpB, Cdc25A, PTP1B, and VE-PTP
tyrosine phosphatases.®

Furthermore, inspired by NPs with relevance to cancer and
mitosis, new synthetic routes were developed to transform
readily available substrates into complex indoloquinolizines via
a 12-step cascade reaction sequence in one pot. The sequence
included two opposing kinds of organocatalysis and nine
different reactions to finally form scaffolds that resemble the
tetracyclic core structure of numerous polycyclic indole
alkaloids (Figure 6a).>

Biological investigation of a focused compound library led to
the discovery of modulators of centrosome integrity, termed
centrocountins. These compounds impair mitosis by binding to
the centrosome-associated proteins nucleophosmin (NPM1)
and Crml, which results in the formation of supernumerary
and fragmented centrosomes, multipolar mitotic spindles,
chromosome congression defects, multipolar cell division, and
acentrosomal spindle poles. Further development of the
synthetic strategy made the centrocountin structure available
by means of a newly developed enantioselective inverse-
electron-demand imino Diels—Alder reaction. This asymmetric
reaction involved electron-deficient dienes and electron-rich
imines and yielded a centrocountin analogue with a 4-fold
higher potency than the guiding centrocountin-1 (Figure 6b).>°

Bl CONCLUSIONS AND OUTLOOK

The use of small-molecule modulators of biological systems
offers unique opportunities to investigate the function of
individual biomacromolecules and their complexes. The effects
of small molecules often are fast, temporary, conditional, and
tunable in perturbing protein activity and do not fundamentally
alter the biological systems to be analyzed. In addition, small
molecules are often selective, although the degree of selectivity
may vary (e.g., flavonoids can be relatively nonselective). The
ready availability of potent small-molecule modulators will
foster biological research and novel therapeutic opportunities.
Biology-oriented synthesis represents a strategy to quickly and
efficiently navigate biologically relevant space to guide and
inspire subsequent syntheses.

In recent years, various novel approaches were initiated for
further development of the field. Thus, Aubé et al. synthesized
compound collections from four families of biologically active
alkaloids. Sophisticated synthesis routes yielded a diverse set of
NP-inspired compounds which were comparable in structural
complexity and sp® content to their guiding NPs.”” In an
alternative approach, Hergenrother et al. started from readily
accessible NPs and developed divergent synthesis strategies to
form related but different complex products in quantities
sufficient for biological research. For instance, the tetracyclic
diterpene hormone gibberellic acid was used as a guiding NP to
enable several divergent transformations across the ring
systems, validating this NP as a potent scaffold from which
large numbers of complex molecules could be synthesized.*® By
analogy, the steroid hormone adrenosterone was subjected to
chemical exploration.”” These examples prove the potential of
NPs as starting points for population of biologically relevant
chemical space.

Burke et al. developed an iterative approach to the synthesis
of polyene NPs based on the repeated use of bifunctional vinyl
boronate reagents.”” Twelve MIDA-protected boronate build-
ing blocks were synthesized and employed to form the polyene
motifs that occur in more than 75% of the known polyene NPs.

The synthesis strategy includes iterative cross coupling of a
pinacol boronate to a bifunctional halo MIDA boronate and
removal of the MIDA protecting group to initiate a new round
of coupling. The modular character of the approach and the
reagents may enable the rapid and efficient synthesis of hitherto
unaccessible polyene NP libraries.

Another approach to explore biologically relevant chemical
space is the use of NP fragments. Over et al. fragmented,
filtered, and clustered more than 180000 NP structures,
resulting in 2000 clusters of NP-derived fragments.’® These
natural scaffolds are rich in sp>-configured centers, which are
crucial for spatial binding in protein pockets. NP fragments
were employed to identify inhibitors of several phosphatases
and stabilizers of an inactive conformation of p38a MAP
kinase, which define a truly novel kinase inhibitor chemotype.
Synthetically combining these NP fragments into novel
compounds may lead to compound libraries with interesting
biological properties. Structural analysis of protein binding
pockets should indicate the corresponding space for binding
and interacting residues.

Moreover, the field of NP-inspired synthesis could be
advanced drawing from novel biological methods to obtain
new NPs. A particularly relevant example comes from synthetic
biology research in which baker’s yeast is used as an NP
generator.”’ Novel compounds were discovered by combina-
torial genetics mimicking “co-evolution” of NP-synthesizing
target proteins. This strategy allows to identify a variety of
novel compounds that are quickly produced.

NP-inspired compound libraries have proven their worth in
the discovery of novel, biologically active structures. The
approaches described above could foster more efficient use of
NPs as prevalidated starting points for exploring biologically
relevant chemical space. These efforts may greatly forward
chemical biology research for a better understanding of
biological processes and programs and ultimately may inspire
novel drug discovery applications.
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