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Abstract

Finding small molecules that selectively modulate protein function remains one of the
major challenges in the fields of chemogenomics and drug development. Natural products
interact with proteins in their biosynthesis and when displaying biological activity, and

can therefore be considered as “privileged structures”. Thus, natural products may serve
as biologically validated starting points for the design of focused compound collections. In
recent years, effective synthesis methods for natural-product-based focused compound
collections have been developed, including multi-component reactions. This review
discusses recent advances in the synthesis of natural-product-inspired compound
collections as well as the application of Protein Structure Similarity Clustering (PSSC)
and a Structural Classification Of Natural Products (SCONP) as guiding principles for the
design of focused compound collections based on natural products.

1 Introduction

Recent knowledge of protein networks that regulate bio-
logical processes increased rapidly due to modern ap-
proaches addressing DNA sequence (genomics), protein
structure (structural biology) as well as protein expression
and protein interactions (proteomics). As a result, new
proteins are being discovered whereas the functions of
these proteins often remain to be elucidated. One ap-
proach to unravel protein functions is chemogenomics
where small molecules are used to alter the functions of ei-
ther gene or protein families [1]. Chemogenomics can be
regarded as part of the drug discovery process since the
discovery of small molecules that modulate gene or pro-
tein function might ultimately lead to the identification of
new drug candidates.

The most challenging task in chemogenomics and drug
discovery is to find those small-molecule modulators that
specifically modulate the gene or protein of interest. Com-
binatorial chemistry has emerged in the last decade as a
powerful tool to address this problem by generation of
large compound libraries, which are subsequently evaluat-
ed for bioactivity [2]. However, initial expectations that
large compound libraries would result in the discovery of
many new hit and lead structures were not met. These ef-
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forts made clear that the design principles of combinatori-
al libraries need to be relevant in a biological context and
that quality not quantity of the library members- deter-
mines the hit rates. In this process diversity [3], drug-like-
ness [4] and biological relevance [5-7] have emerged as
the most relevant parameters in the choice of library scaf-
folds from the almost infinite number of thinkable small-
molecule modulators of protein function. In this context,
the development of natural-product-guided compound
collections deserves particular attention.

2 Natural Products as Biologically Pre-validated
Modulators of Protein Function

Since natural products interact with more than one protein
during their biosynthesis and show multiple biological ac-
tivities (toxins, neurotransmitters, etc.) mediated by inter-
actions with different proteins, they fulfill the requirement
for biological relevance. Thus, these natural products can
be considered as embodying privileged structures that con-
fer the ability to bind to various proteinaceous receptors
[8]. Those privileged structures might have been evolutio-
narily selected by nature; this is supported by the observa-
tion that natural-product-based compound collections of-
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ten show significantly higher hit rates in biochemical and
biological screens than compound libraries obtained exclu-
sively on the basis of chemical feasibility [6]. Notably, a
major fraction of the new chemical entities introduced
into the market in the last twenty years are natural prod-
ucts or derived therefrom. Moreover, nearly 60% of the
anticancer drugs and 75% of the infectious disease drugs
are natural products in origin [9].

Thus, libraries and compound collections, whose design
is inspired by natural products, are expected to yield bio-
logically pre-validated modulators of protein function in
relatively high frequency at considerably reduced library
size. This natural-product-structure-inspired strategy does
not neglect the issue of chemical diversity; rather it builds
on the diversity created by nature itself. Hence, this ap-
proach offers an opportunity to identify “privileged strue-
tures” from nature and explore their possible applications
in chemical biology and drug discovery.

3 Solid-Phase Synthesis of Natural-Product-
Derived Compound Libraries

Solid-phase synthesis is exceedingly useful in compound k-
brary synthesis [10]. Generation of libraries of natural-
product analogs using solid-phase chemistry has received
increasing attention in recent years and the synthesis of
new libraries is in steady progress. In designing a multi-
step synthesis of a natural-product-based library on a solid
support, versatile and high-yielding reactions that employ
a wide range of reactants with different electronic and ster-
ic properties are most desirable. Alternatively, solution-
phase combinatorial synthesis allows for a rapid transfer
of established synthesis methods whereas method develop-
ment is mandatory in almost all cases, if solid-phase syn-
thesis is applied. However, solution-phase synthesis poses
the difficulty of isolating and purifying the library mem-
bers rendering solid-phase synthesis the perfect tool for
multi-step syntheses, which are typical for the preparation
of natural-product-based libraries. Methodologies for solu-
tion-phase synthesis of compound libraries have been re-
cently reviewed by Boger et al. [11]. In an intermediate
strategy natural-product cores are synthesized in solution
phase and attached to a solid support to proceed further
with the synthetic sequences to introduce diversity. Hall
et al. have reviewed a number of such libraries [12].
Multi-component reactions have become another pow-
erful tool to construct complex molecular frameworks in
an atom-economic fashion and very short synthetic se-
quences [13]. This concept was also applied in natural-
product synthesis as well as the solid-phase synthesis of
compound collections [14]. Recently, de Meijere and co-
workers showed the construction of a collection of com-
pounds with spiro[2.5]octene scaffold by a four-component
reaction involving Heck coupling and Diels— Alder cyclo-
addition in solution [15]. A collection of benzodiazepines
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was synthesized by Hulme et al. applying an Ugi reaction
to solid-support bound isonitriles [16].

Another approach is the application of polymer-support-
ed reagents and scavengers. For example, Ley and co-work-
ers have extensively used polymer-supported reagents and
scavengers in the total synthesis of epothilone C and other
natural products [17]. A variety of libraries derived from
natural products such as carbohydrates, steroids, fatty acid
derivatives, polyketides, peptides, terpenoids, flavonoids
and alkaloids has been designed and synthesized in recent
years (for representative examples, see Figure 1) [18, 19].
Strategies for the exploitation of natural products in com-
pound library synthesis on solid supports have been re-
viewed recently {19, 20]. Therefore, in this article we focus
on the most recent developments in the area.

4 Natural-Product-Inspired Compound Collections
Based on a 6,6'-Spiroacetal Framework

6,6'-Spiroacetals are structural motifs found in many natu-
ral products such as spongistatins, integramycin, tautomy-
cin and okadaic acid. These natural products display a va-
riety of biological activities such as microtubuli polymeri-
zation, HIV-1 integrase and serine-threonine phosphatase
inhibition. Interestingly, the basic spiroacetal structure
may retain the biological activity of some of the parent
natural products. Thus, these motifs may be considered as
privileged structures, which constitute a biologically vali-
dated starting point for compound library development.
Recently, asymmetric synthesis of 6,6-spiroacetals has
been carried out on solid support (Scheme 1) [21]. The
synthesis essentially involves up to twelve linear steps in-
cluding two asymmetric boron-mediated aldol reactions,
which proceed with high enantio- and diastereoselectivity.
The salient feature of the synthesis is the use of polymer-
bound and soluble chiral boron enolates for the asymmet-
ric induction. The synthesis is also attractive in the sense
that the cleavage from the polymeric support (Merrifield
resin with Wang linker) is accompanied by PMB (p-me-
thoxybenzyl) deprotection to result in the formation of the
spiroacetal in an overall yield comparable with that of the
corresponding solution-phase synthesis. The developed
synthetic sequence was employed successfully for the gen-
eration of a small compound collection.

A different route to a 6,6'-spiroacetal-based compound
collection is shown in Scheme 2 [22]. In this case, the spi-
roacetal precursor is built up by the addition of different
terminal alkynes to polymer-bound aldehydes. By select-
ing an acid-labile linker - such as the Wang linker-release
from the solid support, removal of the protecting groups
and acetal formation via conjugate addition could be ac-
complished in a single step. After cleavage from the solid
support, the obtained spiroacetal ketones were reduced by
a polymer-bound borohydride reagent to yield a collection
of 146 spiroacetals.
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Figure 1. Representative examples of natural-product-derived
compound libraries.

5 Protein Structure Similarity Clustering (PSSC)

The crucial question in library synthesis is where to find
biologically validated starting points in vast structural
space. Nature itself might provide a convincing answer to
this question, namely the use of natural-product scaffolds
as outlined earlier. Another answer lies in the conserved
structures of proteins. Thus, ligand-sensing cores of pro-
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Scheme 2. Different synthetic approach to a collection of 6,6'
spiroacetals.

teins with similar three-dimensional structures can be
grouped into protein structure similarity clusters. The
structural similarity among the members of these clusters
can be employed to guide compound library design aiming
at inhibitors for all members of the cluster [7].

Usually, only a small part of a domain, the binding site,
is directly involved in ligand binding. Therefore, it can be
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assumed that structural similarity in this subset is far more
decisive for the binding event than fold-type similarity. For
this reason, in PSSC spherical cutouts of the protein struc-
ture centered on the ligand-binding site are used, which
are called “ligand-sensing cores”. These are then subjected
to structural alignments to yield the protein similarity clus-
ters (Figure 2A). The clusters holding proteins with a high
structural similarity and a low sequesnce similarity are par-
ticularly relevant cases for PSSC, because they represent
more distant relationships, which classical approaches
might not consider.

In library design, the first step is the search for known li-
gands of the cluster members. Subsequently, one or more
of those which are biologically prevalidated, e.g., natural
products, are chosen. Then, a compound collection around
the chosen scaffold is synthesized.

In a first example, it was proven that this approach
yields clusters stretching over different fold types and
functional classes [23]. Moreover, it was also demonstrated
that the synthesized compound collection was significantly
enriched in bioactivity and yielded several potent ligands
for each protein in the identified cluster.

6 Structural Classification of Natural Products
(SCONP)

Nature’s structural conservatism in proteins inspires the
idea of a restricted and conserved structural space in natu-
ral products. An organizing principle for natural-product

i sﬁu‘perl,r‘n‘;‘)"oéitlbn:ofv
Ligand-Sensing Col
S RD < S A

Figure 2.
of Natural Products {SCONP).
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scaffolds combined with biological data would chart the
regions of chemical space used by nature. The resulting
map of this structural space would provide guidance for
the development of natural-product-derived libraries.
Thus, it would be most helpful in designing new modula-
tors of protein function, especially if this classification
could be used in combination with the PSSC.

As a basis for the analysis of natural-product space [24]
the Dictionary of Natural Products (DNP) [25] was used
since it represents the largest available database of natural
products. The database was subjected to a procedure
whose sequential steps are outlined in Figure 2B. In a first
step, faulty records and small molecules associated with
the natural products (e.g., water, salts) were removed. Sub-
sequently, the resulting dataset was subjected to an in sili-
co deglycosylation since the influence of glycosidic resi-
dues on the biological function of natural products is still
matter of debate. In a last step, only scaffolds that con-
tained rings were selected for most pharmacological im-
portant compounds also incorporate ring-based scaffolds
for rigidity.

For categorization of these scaffolds, a structure-based
approach was chosen since chemical structure is the foun-
dation of chemical thinking and very instructive to chem-
ists. The guiding idea is that every multi-ring structure can
be reduced to a simpler one with a smaller ring system.
This way each “parent scaffold” represents a substructure
of a more complex “child scaffold”. For the assignment of
only one “parent scaffold” to each child, a set of rules was
applied [24]. These rules were designed in such a way that

" seaffold Isclation
sTemoval of acyclic substitugnts’. -

L 24891 scaflolds:

U geleetion for Diaplay :
< ‘geafiolds repragenting:» 300NPs 0

Flowchart of structural analysis approaches. A) Protein Structure Similarity Clustering (PSSC); B) Structural Classification
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the result reflects the rational of synthetic organic and me-
dicinal chemists.

The results are displayed in a tree diagram (see Fig-
ure 3), which clearly reflects the relationships between
individual scaffolds as well as those between scaffold
classes. The diagram also introduces a structural hierarchy
generated by the growing size of the scaffolds. The result-
ing picture provides a scheme which can accommodate ev-
ery conceivable natural product as long as it contains a
ring-based scaffold.

The quantitative analysis of the natural-product scaffold
tree shows that compounds with two to four rings make up
more than half of all naturals products. The calculated vol-
ume for this part of the natural products lies between 100
and 500 A? with a maximum at 250 A*. Thus, these mole-
cules fit perfectly into the cavities of most proteins whose
binding pockets were estimated to have a volume of 300 to

Carbocycles
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800 A3, regarding the fact that ligands often do not fill out
the whole cavity [26].

7 Application of PSSC and SCONP: Discovery of
a New Class of 11HSD Inhibitors

The viability of PSSC and SCONP was investigated by the
development of 11(3-hydroxysteroid dehydrogenase 1
(11BHSD1) inhibitors. This enzyme converts inactive cor-
tisone into active cortisol, is a promising target for the de-
velopment of new drugs [27, 28], and isoenzyme-selective
11BHSD1 inhibitors are very actively being sought.
11BHSDI belongs to the same protein structure similarity
cluster as protein phosphatase Cdc25A and acetylcholine
esterase (AChE, Figure 4A). Thus, according to the rea-
soning for PSSC, inhibitors of either enzyme should also

Figure 3. Tree-like graphical representation of natural-product scaffolds. For clarity, only scaffolds that cumulatively represent at

least 0.2% of the natural products are shown.
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display activity on 11pHSD1. On the other hand, glycyr-
rhetinic acid (GA, 2, Figure 4A) is a naturaily occurring li-
gand of 11BHSD1. Analysis of the pentacyclic core of GA,
following the rules for SCONP, leads to an octahydronaph-
talene scaffold, which is also present in the natural product
dysidiolide (1), a potent inhibitor of Cdc25A [29], Thus, a
compound collection with an octahydronaphtalene core
should yield hits on both the enzymes 11BHSD1 and
Cdc25A. Such a compound collection was synthesized on
solid support yielding 162 compounds. These compounds
were evaluated in vitro for inhibition of 11HSD1 and 2
[24, 27]. 30 compounds inhibited 11pHSD1 with ICs, val-
ues in the low micromolar range and four 11pHSD1 were
nanomolar inhibitors. Three compounds inhibited
11BHSD2 in the micromolar range. Most remarkably, even
at this comparably small size of compound collection, the
hits indicated a pronounced degree of selectivity for the
isoenzymes 11BHSD1 and 2: 28 compounds were selective
inhibitors of 11pHSD1.

8 Combining PSSC and SCONP

It could successfully be shown that the application of ei-
ther PSSC or SCONP alone, leads to compound collec-
tions enriched in biological activity. Thus, each concept

A

Acetylcholinesterase
11(3-HSDs

& 2C0
e Ts AN U

has proven its value although this could possibly be in-
creased by the combination of PSSC and SCONP. Both
methods have been designed with a similar underlying
concept in mind: the idea that similar scaffolds exhibit sim-
ilar — not identical! — binding properties while minor devi-
ations are due to the ligand-binding residues involved.

In PSSC, the peptidic backbone of a ligand sensing core
forms the scaffold, which is similar among all members of
one cluster. The side chains of the individual residues,
however, can differ a lot as documented by the low se-
quence similarities. The side chains bind the substrate
while the rigid backbone, the scaffold, is responsible for
their spatial arrangement. The comparison focuses on the
backbone structure and the location of the actual binding
side chains but does not take into account their chemical
properties.

The molecules considered in SCONP also consist of
scaffolds and their substituents. While the scaffolds are an-
alyzed and grouped in the SCONP tree-like diagram, the
side chains, which exert the binding interactions, are not
directly inspected —just as in PSSC.

It becomes obvious that PSSC and SCONP are comple-
mentary concepts from the protein and the small-molecule
world (see Figure 5). Their full potential may well rest in
the combination of both concepts. In this approach, pro-
tein structure similarity clusters resulting from PSSC will

Glyeyrrhetinic Acid (2)

%
:
&

X2
— — oH R

X' = X? = 0, CH,, CHR'
X' =H, X?= OH, OR', NHR'
R, R' = Alkyl, Aryl, etc.

Figure 4. Strategic use of PSSC and SCONP. A) The scaffold of glycyrrhetinic acid (2) is analyzed according to SCONP rules lead-
ing to an octahydronaphtalene scaffold, which is a substructure of dysidiolide (1). B) General structure of the octahydronaphtalene
collection synthesized.
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Figure 5. Fusing two worlds: merging PSSC and SCONP to a powerful tool for library design.

be matched with individual scaffolds or even whole
branches of the SCONP tree whose underlying natural
products show pronounced activity for one or more pro-
tein cluster member. The resulting molecule scaffolds are
then used for library design. The subsequent synthesis of a
combinatorial compound collection, which is diverse in its
substitution patterns, is a must to reach enrichment in bio-
activity for the whole cluster. The clustered proteins are
similar in their “scaffold” but can be expected to be di-
verse in their ligand-binding side chains. Therefore, the
synthesized compound collection must match this biologi-
cal diversity on a molecular level by supplying molecules
with highly diverse substituents. It is obvious that larger
and more diverse compound collections offer better chan-
ces to find good and possibly selective hits for all members
of the cluster,

The design of the compound collection is followed by
two more steps: In the small-molecule world, a SCONP-
guided compound collection has to be synthesized. In the
protein world, the clustered proteins pose as molecular tar-

QSAR Comb. Sci. 25, 2006, No. 5-6, 449456 www.qes.wiley-veh.de

gets against which the compound collection will be
screened. The results of the biological evaluation then
feed back into SCONP and broaden the database on which
it works.

Fusing PSSC and SCONP means matching proteomic
space with biologically pre-validated chemical space. This
approach could prove to be a most valuable tool in chemi-
cal genomics and the development of smalf-molecule mod-
ulators of protein function.

9 Conclusions

Natural products can be used as biologically pre-validated
starting points in combinatorial library design. Employing
molecular similarity in the design process as described for
proteins (PSSC) and small molecules (SCONP) can fur-
ther enhance hit rates of biological screens. Even more
valuable could be the combined approach described in
which protein space and chemical space are matched to
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generate focused natural-product-based compound collec-
tions entiched in bioactivity.
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