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The aim of this tutorial review is to introduce the reader to the concept, synthesis and application
of natural product-inspired compound collections as an important field in chemical biology. This
review will discuss how potentially interesting scaffolds can be identified (structural classification
of natural products), synthesized in an appropriate manner (including stercoselective
transformations for solid phase-bound compounds) and tested in biological assays (cell-based

screening as well as biochemical in vitro assays). These approaches will provide the opportunity to
identify new and interesting compounds as well as new targets for chemical biology and medicinal

chemistry research.

Introduction: small molecules in chemical
biology research

The completion of the Human Genome Project in 2003
provided researchers with the basic information needed to
analyze and ultimately understand human biology, and in the
process, 1800 disease genes were uncovered (National Insti-
tutes of Health, http://www.genome.gov/10001772). The task
lying before us is to group the letters which make up the
genome sequences into words, sentences, paragraphs and
chapters, ultimately assembling the book of life.!

Besides classical genetic methods, the use of small molecules
can help to decipher this book of life. This so called chemical
genetic approach can be used to investigate complex path-
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ways, the interaction of proteins with each other or cell fate.
Furthermore, these small molecules may have a powerful
therapeutic value in disease treatment. Thus, the identification
of small molecules that are able to modulate cellular functions
has become one of the main areas of interest in chemical
biology and medicinal chemistry research. Small molecules are
low-molecular weight compounds e.g. natural products as the
reader will learn in the next paragraph.

Compared to classical genetic approaches, the use of small
molecules is advantageous for several reasons. Gene deletion
of a multifunctional protein will completely remove a specific
function from the cell, remove protein—protein interactions
and may even lead to the death of the organism under
investigation. Alternatively, a selective small molecule can
perturb specific protein features without total removal of the
target from the cell. Temporal control and reversibility of the
inhibition of protein function are other benefits of using small
molecule modulators. Effects can be induced by adding a small
molecule, and subsequently washing off the modulating
molecule results in a return to the non-perturbed state. The
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Fig. 1 Interplay between organic synthesis and biology in chemical
biology research.'

disadvantages may be lack of specificity, cytotoxicity and
solubility.? A lack of specificity can slow down drug develop-
ment and can lead to misinterpretation of the observed
effects.® Small molecules may be toxic to the organism under
investigation in a dose-dependent manner. Compounds with
low solubility may precipitate when applied to cells or may not
penetrate into the tissues of the organism to their site of action.
Using diverse experimental and theoretical techniques, chemi-
cal biologists have solved challenging problems in biology,
ranging from cellular signaling to cell division and neuro-
biology.*

Chemical biological approaches often start by analyzing a
biological system or phenomenon of interest (Fig. 1) to deduce
information concerning the structure of biomacromolecules
(e.g. proteins, mini-proteins and peptides) involved in a parti-
cular biological phenomenon or the chemical structure of
small molecules which interact with these macromolecules.
This structural information is then employed to identify un-
solved chemical problems, for example, the development of
new methods for synthesizing biomacromolecules and low
molecular weight compounds, such as natural products and
their analogs. Also, the design and synthesis of inhibitors that
can be used to perturb and probe biological systems is of
major interest. Once methods of accessing the desired com-
pounds have been devised and developed, the newly prepared
compounds are employed in appropriately designed biological
and/or biochemical experiments to assess their activity. The
results gleaned may then give rise to a better understanding of
the biological problem(s) in hand and may also highlight new
structural features, thus forming the basis for a new round of
investigations.'

It is important to point out that all criteria of the outlined
cycle can be applied and also that the cycle can be accessed at
any starting point.

To summarize, molecular interactions and chemical trans-
formations that are at the heart of biology and all biological
phenomena which can be analyzed today can be traced back to
chemical processes: after all, biology is fundamentally
molecular.'

In this review, we will give a case study to explain the
principles of chemical biology, including (i) an introduction to
the concept and advantages of natural product-inspired com-
binatorial synthesis and (ii) hit identification using biochem-

ical in vitro screening or cell-based assays. A short section will
also explain how promising small molecules can be prepared
for target identification.

Natural products in compound collections/natural
product-inspired compound collections

Throughout history, natural products have been used as the
active agents in many traditional medical preparations from
plants or other biological sources and continue to play an
important role as pharmaceuticals. Additionally, many drugs
on the market either are or have been derived from natural
products, allowing this compound class to have an over-
whelming influence on the success of the pharmaceutical
industry. In fact, roughly half of the drugs sold today are
derived from natural products.® In this context, natural pro-
ducts are defined as low-molecular-weight chemical com-
pounds (small molecules) that are naturally synthesized by
biological organisms.®

The interest in collections of natural compounds as a source
of pharmaceutical innovation diminished with the introduc-
tion of combinatorial techniques to synthesize compounds.
Large compound collections became available to the pharma-
ceutical industry which promised to yield many new lead
structures and drug candidates. Combinatorial methods also
seemed to be best suited to meet the demand of steadily
growing compound numbers, which could be tested by high-
throughput analysis techniques that were developed in
parallel. Innovation in automation technology and protein
purification methods were the driving forces that made the
high-throughput enzyme assay the standard of rapid biologi-
cal evaluation, allowing thousands or even millions of com-
pounds to be tested in a short time.’

However, despite major investments, this concept has not
fulfilled its expectations. Although combinatorial chemistry
has yielded compounds that not only display biological activ-
ity, but could also be successfully developed into drugs, the
overall number of newly approved “‘new chemical entities” has
decreased in the past 10 years and does not reflect the increase
in compound collection size, research effort or financial in-
vestments. In fact, of all the new chemical entities which were
brought into the market as drugs between 2000 and 2006,
roughly 50% were still natural products or derivatives of
natural products.®

It became clear that quantity, i.e. the sheer number of
compounds, does not determine the value of a compound
collection. Instead, in order to improve the quality of the
compound set (and obtain higher hit rates in biological
screens), the attention turned to smaller libraries that are
focused around a promising scaffold. The assumption is that
when relevance to the natural target is given in the underlying
scaffold architecture, considerably higher success in biological
screens can be expected. New concepts in scaffold design in
combinatorial chemistry focus, for example, on drug-likeness’
or scaffold diversity. The latter concept was explored by the
group of Schreiber, which also coined the term diversity
oriented synthesis.'°

Other approaches have reanimated the use of natural
products for biomedical research.!' Important contributions
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to this area were made by the group of Danishefsky, which
varied the natural product parent scaffolds (diverted organic
synthesis'?) and the group of Wender, which systematically
reduced scaffold complexity (function-oriented synthesis'?).

Natural products can be regarded as biologically pre-vali-
dated since they were selected by evolution to interact with
their biological target(s). Moreover, in the course of their
biosynthesis, their precursors were recognized by, bound to
and modified by multiple enzymes. This means that the
molecular properties of natural products encode preferred
architectures for substrate recognition by enzymes and
proteins.

Compound collections that are built around natural pro-
duct scaffolds could therefore benefit from this biological pre-
selection, exploit the relevant structural diversity present in
nature and consequently give better results in biological
screens. Synthetic efforts that are based on these principles
are referred to as biology oriented synthesis (BIOS).'*

Besides the focus on binding sites that are evolutionary
selected (a concept that implicitly assumes a limited set of
ligand binding site structures in proteins'> which has been
discussed in detail elsewhere®), statistical comparisons between
natural products and other compound classes also reveal
relevant differences.

Statistical comparison between natural products, drugs and
combinatorial libraries

In order to understand the low success of large combinatorial
compound collections in producing new candidates for drug
development, chemoinformatic methods were applied to more
closely examine the similarities and differences between the
available drugs, combinatorial libraries and natural product
compound collections. Feher and Schmidt reported an analy-
sis of property distributions of the three different groups of
small molecules.'® Their results show that natural products
differ considerably from combinatorial compounds with re-
spect to scaffold architecture (fewer rotatable bonds, fewer
unsaturated/aromatic rings, more stereocenters), molecular
composition (fewer nitrogen and sulfur atoms, more oxygen
atoms) and hydrogen bonding capabilities (more acceptors
and substantially more donors). In general, natural products
covered a wider range of different property parameter distri-
butions than combinatorial compounds. This finding can be
taken as support for the idea that biological diversity was not
represented in the combinatorial libraries available at the time,
i.e. the chemical space occupied by these collections is only of
limited relevance for the discovery of bioactive compounds.
In a recent study, Shelat and Guy compared scaffold
compositions of drugs, natural products, diversity-oriented
compound collections, fragment collections and “drug-like”
compound collections (defined by compliance with Lipinsky’s
“rule of five” for bioavailability).'” The chemical space occu-
pied by existing drugs was taken as a representation for the
biologically relevant regions. It turned out that natural pro-
duct scaffolds show a higher probability of overlapping with
drug scaffolds than any other compound collection (when
subcollections with the same number of members were com-
pared). In conclusion, this results in a higher probability for

natural products to score in biological screens (as long as the
known biological targets are regarded).'3 2!

These results from statistical studies support the hypothesis
that compound collections from BIOS closer approximate
properties that are necessary for interaction with biological
targets.

Such endeavours, in which the basic scaffold of the com-
pound collection only approximates the original product, are
called natural product inspired syntheses. They are in contrast
to syntheses in which diversity is built around an existing
natural product scaffold, which might itself be either the
product of a synthesis or purified from biological extracts.
Compound collections obtained from such syntheses can be
referred to as natural product derived.'*

Structural classification of natural products,
SCONP

In order to gain deeper insight into the chemical space
occupied by compounds from biological sources, Waldmann
et al. undertook a statistical analysis which resulted in the
structural classification of natural products, SCONP.>? It
provides an overview of the scaffolds that are present in
natural products and can help to identify structures that are
most relevant to nature and assist one in finding starting
points for compound collection synthesis. The procedure by
which scaffold architectures were identified, extracted from
molecular structures and graphically displayed was designed
to approximate and support a synthetic chemist’s intuitive
approach and is briefly described in the following section.

The basis for this analysis was set by all entries in the
dictionary of natural products (DNP), the largest available
collection of natural product structures. In order to make
the information of this database amenable to chemoinformatic
analysis, the records were automatically brought to a standard
format. Most of these compounds (>90%) contained at least
one cyclic system, as do most of the molecules in biomedical
research. Substances that did not contain any cyclic system
were therefore excluded from the study. Notably, despite the
presence of stereogenic centers in many natural products and
the often drastically different bioactivities of enantiomeric
compounds, the absolute configuration of stereocenters was
neglected. This reduction of 3D structures to their 2D projec-
tions was necessitated by the limitations of the algorithm.
However, other studies corroborated the fact that 2D repre-
sentations generally provide a sufficient base for meaningful
results in chemoinformatics. Moreover, absolute and relative
configurations of stereocenters still remain to be determined
for many natural products. Stereoisomers were thus not
treated as different entries, but counted individually to add
statistical weight to the underlying scaffolds. Synthesis projects
based on this analysis can compensate for this limitation by
addressing stereoisomers separately.

Additionally, compounds that bear sugar moieties were
deglycosylated in silico prior to further systematization. Often,
appending sugars serve as solubilising auxiliaries and do not
contribute to the biological action of the aglycons.

After these operations, the record set was ready for further
systematization. The guiding principle was to reduce structural
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Fig. 2 SCONP: graphical representation of scaffolds of natural products. Reprinted with permission of PNAS.*

complexity of multi-ring systems and find less complex sub-
structures that were also representatives of natural products.
In this way, every multi-ring system (devoid of any substitu-
ents) could be assigned to a less complex parent scaffold. In
order to follow a coherent methodology, a set of priority rules
for the identification of the parent scaffold was set up and
translated into an algorithm. The algorithm was designed to
follow a chemist’s intuition; for example, heterocyclic sub-
structures were chosen to constitute the parent scaffold rather
than carbocycles.

In doing so, all records of natural products could be
represented in the form of a genealogical tree, the simplest
and highest ranking elements of which were (necessarily)
monocyclic compounds. Fig. 2 shows a graphical representa-
tion of all natural product scaffolds that represent at least
0.2% of the records in the DNP. In this arrangement, any
information about natural sources or biosynthetic origins of
the natural product scaffolds is omitted, which gives the
chemist a quick orientation on structurally related scaffolds.

The diagram shown in Fig. 2 can be used as a guide and
hypothesis generating tool when it comes to deciding where to

start a compound collection synthesis project. Not only does it
give an overview about scaffolds represented in natural pro-
ducts, but also gives suggestions about the simplifications or
deviations associated with a given structure.

Synthesis of natural product-inspired compound
collections

Natural product-like compound collections have been synthe-
sized in a number of cases and these efforts are collected within
a number of review articles.®**?* It was shown that such
compound collections score very well in biological screens.?®
Diversity-oriented approaches, reviewed by Tan and Shang®’
and exemplified by the work of Shair er al.,”® were also
successful. The synthesis of a natural product-like compound
collection corresponds to the “chemical problem” depicted in
the cycle in Fig. 1.

For the synthesis of natural product-inspired and -derived
compound collections, solid phase organic synthesis is a viable
technology. Immobilization of the substrate on a polymeric
carrier enables efficient and straightforward removal of all
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surplus reagents required in the multi-step sequences typical
for the synthesis of such compound collections and, thereby,
facilitates purification of the desired compounds.

The material obtained in such synthesis projects is usually
sufficient for an initial evaluation. For example, if one takes
200 mg of a resin with a loading capacity of 0.9 mmol g™
through a multi-step synthesis to generate a compound with a
molecular weight of 300 g mol~!, an overall yield of 50%
would furnish a total of 27 mg. In several cases (especially
when large collections are generated), the amount of resin can
be considerably reduced.

It is evident that natural product-derived and -inspired
syntheses on the solid support, which usually require multi-
step sequences, pose a specific challenge to the synthetic
chemist. Most prominently, the introduction of stereocenters
must occur under strict control in order to avoid a mixture of
isomers. Although this has been achieved in a couple of
compound collection synthesis projects,” the established
“toolbox” for reactions on immobilized substrates is consider-
ably smaller than that known for solution phase chemistry.
Thus, the continuous development of asymmetric reaction
protocols for application on immobilized substrates is of great
importance. Full stereocontrol in a multi-step sequence can be
used to address each stereoisomer individually, which adds
information to structure—activity relationships (SAR).

Although the development of such multi-step sequences
requires more time and experimentation, this investment is
paid off by the higher biological relevance of the compound
collection, which should result in better hit rates in biological
screens. An alternative approach towards natural product-like
collections makes use of solid support-bound reagents.*® This
area of research, however, will be not covered by this review.

The next section presents two case studies, in which the
successful solid-support syntheses of different compound
classes are presented.

Case study I: o,pf-unsaturated &-lactones

Natural products which contain o,B-unsaturated d-lactones
display a wide range of bioactivities. Fostriecin (Fig. 3) in-
hibits the protein phosphatase PP2A with an ICsq of 1 nM and
was also shown to inhibit topoisomerase 113! Leptomycin B
inhibits nucleocytoplasmatic transport and was studied as a
possible anti-HIV agent.>? Pironetin was first reported to be an
immunosuppressant, and was later found to inhibit tubulin
polymerization.* Interestingly, the structurally less complex
goniothalamin has cytotoxic activity.**

The Michael acceptor system of this structural motif could
act as a nucleophile scavenger and thus represents the mechan-
istic basis for the biological activity of the different com-
pounds. The nature of the nucleophile might be determined
by the respective targets. Such mechanisms have been dis-
cussed®? or shown to be operative®® in a number of cases. The
covalent linkage to the target proteins makes this compound
class an illustrative example of protein reactive natural pro-
ducts.* Selectivity for the respective targets of the natural
products might arise from the side chain of the lactone.

The fact that fostriecin and its relative cytostatin are potent
inhibitors of the serine/threonine protein phosphatase PP2A,

OH

OH

Fostriecin

Leptomycin B
HO

~

Pironetin

Goniothalamin

Fig. 3 Bioactive compounds that embody an o,B-unsaturated
d-lactone moiety.

while other members of this family of natural products exhibit
a variety of different biological activities led to the question of
whether compounds that were built around the central
o,B-unsaturated d-lactone motif would display activity in
phosphatase inhibition or beyond.

In order to answer this question, solid-phase syntheses for
this class of molecules were developed that fulfilled the follow-
ing criteria: (i) the lactone moiety should be installed in a
stereoselective way, thereby enabling the independent biologi-
cal evaluation of both enantiomers of a given structure and
reducing the number of isomers from further stereocenters in
the molecules and (ii) the d-lactone moiety should be installed
in the late steps of the synthesis since the o,B-unsaturated
carbonyl system represents a reactive electrophile moiety.

Two different synthetic ways were developed in which the
desired compounds were obtained stereoselectively by using
solid-phase bound substrates.

In the first approach (Scheme 1), multiple stereoselective
allylations were used on polymer-bound aldehydes to build up
1,3-polyols which are frequently found as substructures in
natural products.®® Acylation of the intermediate homoallylic
alcohols with acryloyl chloride and ring closing metathesis
should establish the electrophilic lactone in the last step before
release from the solid support.

The synthesis started with enantiomerically pure B-hydroxy
ester 1 (Scheme 1), which was immobilized on Wang resin and
further converted to the corresponding aldehyde 2 (loading

This journal is © The Royal Society of Chemistry 2008
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Scheme 1 Synthesis of cryptocarya diacetate on a solid support.
IpcBAIllL: di(isopinocampheyl)allylborane; IBX: o-iodoxybenzoic acid;
TFA: trifluoroacetic acid.

0.5 mmol g™'). Allylation with Brown’s diisopinocampheyl-
borane gave rise to a homoallylic alcohol 3, which was formed
in a diastereomeric ratio of 85 : 15 (determined after release
from the resin). The secondary hydroxy function was pro-
tected as a silyl ether, and the terminal alkene was cleaved with
ozone, which generated a new aldehyde functionality upon
reductive workup. A second Brown allylation, followed by
acylation with acryloyl chloride led to cyclization precursor 4,

and ring closing metathesis with 20 mol% Grubbs II catalyst
(2 cycles) furnished the a,B-unsaturated o-lactone 5. Release
from the resin with concomitant deprotection and final acyla-
tion yielded the final product 6, a natural product called
cryptocarya diacetate, which was isolated from the African
tree Cryptocarya latifolia.®’

This synthetic sequence could be used to generate a collec-
tion of all diastereomers 7a—d and their enantiomers of the
natural product scaffold (Scheme 2). The combination of both
enantiomers of the B-hydroxy ester and the two enantiomeric
allylation reagents furnished all isomers in a 40-60% overall
yield for the 7-step sequence. NMR analysis of the cleavage
products also showed the high degree of stereoselectivity in the
allylation steps.

A second series of experiments (Scheme 3) showed that this
method can also be applied in longer sequences: up to four
consecutive asymmetric allylations were performed on the
immobilized aldehyde 8 to give compounds 9-11. The com-
pound collection obtained in this way could be used to probe
the individual stereoisomers and compare the effects of the
different homologs.

The second approach made use of a titanium-catalyzed,
enantioselective hetero Diels—Alder reaction to build up the
lactone ring (Scheme 4).*® Bromo-Wang resin was loaded with
the sodium enolate of malonic aldehyde 12, and the resulting
immobilized aldehyde 13 could be transformed into dienes
13a,b with the respective Wittig-reagents. The polymer-bound
dienes reacted with ethyl glyoxylate in the presence of 50 mol%
of a catalyst formed from Ti(OiPr); and R-BINOL, and
dihydropyrans 14 were formed on the solid support in up to
95% ee, which was comparable to analogous reactions in
solution. When the methyl-substituted diene 13b was employed
in the reaction, only the 5,6-syn-diastereomer was detected.

7b
50 %, 18 : 67 : 1:14

40 %,>80:<56:13:2

by analogy from ent-1

H TBS

ent-Tb
42 %,>85:<56:7:3 65%,27 :63:6:9

ent-Ta

7d

57 %,13:2:77:8 60 %,2:13:5:80

ent-7d
42%,2:13:10:75

ent-Tc
50%,13:2:63:22

Scheme 2 Stereocomplementary synthesis of all diastereomers of the cryptocarya diacetate scaffold. See Scheme 1 for synthetic details,

compounds were released with DDQ.
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Scheme 3 Iterative asymmetric allylations on a solid support.
See ref. 35 for details.

Treatment of the immobilized acetals with Jones’ reagent
led to an acid-mediated release and in situ oxidation to the
ao,B-unsaturated d-lactones 15, thereby generating the sensitive
Michael acceptor system only in the very last step.

Further diversification of the esters 14 was achieved by
transformations at the carboxyl functionality. Hydrolysis of
the ethyl ester and re-esterification with alkyl- or benzyl
halides furnished a collection of esters 16, which were released
from the solid support in 15-40% yield. Amidation of the free
acid led to amides 17, which were obtained in ca. 60% yield
after cleavage and purification. Alternatively, ester 14a was
converted to the corresponding aldehyde 18 in a two-step
sequence. Condensation with Wittig-ylides yielded a collection
of olefinic compounds 19, which were released from the solid
support and obtained in 50-60% yield per step. In total, a
collection of 50 enantioenriched compounds was obtained and
used in cellular screens (see below).

Case study II: indoloquinolizidines

The second case study demonstrates the use of SCONP in the
field of BIOS. It shows how natural product scaffolds of
bioactive compounds were reduced to less complex structures
according to the graph displayed in Fig. 2.

In an initial screen of a natural product compound collec-
tion which examined inhibition of different protein phospha-
tases, several members of the family of yohimbine alkaloids
(Fig. 4A) were identified as micromolar inhibitors of the
protein phosphatase Cdc25A.'* Cdc25A is a cell cycle regu-
lator and a putative anticancer target, which makes selective
inhibitors of this enzyme of great interest. Compounds with
the pentacyclic yohimbine scaffold had not been reported to
inhibit this phosphatase before, so a synthetic program direc-
ted towards the identification of related compounds with
higher potency was initiated.

13

PhsPCHzR 'Br l

n-Buli
0
Q" A @
/
[o) i Q
| R i X
OEt  Ti(O'Pr)4, (R)-BINOL
R‘
j
R0 13a, b
i
14a, b % h=
bR Me
Cr0s, LiOH R'=H [ 1)LiBH4
H2S04 2) IBX
@‘/OH é\fo
R' © H
15a, b 18
X =0 X = NH: PhsPCHzR*Br
R2Cl or R%Br, R2NH, n-BuLi
Cs2CO03, Nal: PYBOP DIEA;
then release then release
| 0
/
X2 R
Rl 0
16a, b; X=0 19
17a, b; X=NH

Scheme 4 Synthesis of a collection of o,B-unsaturated d4-lactones
using an oxa-Diels—Alder reaction as the key step. PyBOP: (benzo-
triazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate;
DIEA: N,N-diisopropylethylamine.

As the pentacyclic framework found in this type of alkaloid
poses quite a synthetic challenge, especially in solid-phase
synthesis, the SCONP tree was taken as a base for the so-
called “‘brachiation” approach to identify related scaffolds
(Fig. 4B). The structural “parent” scaffold of the yohimbine
alkaloids 20, which are part of the “indole branch” of natural
products, was identified by removal of the E-ring, which led to
the indoloquinolizidine scaffold 21. Further retroannellation
with respect to the SCONP tree identified tetrahydro-B-carbo-
lines as the corresponding class of parent compounds, before
the bicyclic indole scaffold 22 was reached. Scaffolds 21 and 22
were chosen as synthetic targets for a natural product-inspired
compound collection. Both scaffold structures represent a
large group of natural products themselves, which suggests

This journal is © The Royal Society of Chemistry 2008

Chem. Soc. Rev., 2008, 37, 1361-1374 | 1367



>

HoOC™
Yohimbine OH
Cdc25A: ICsp = 22.3 uM

21 NH

”
N | /

N
o - Ony
b 2

Fig. 4 A Yohimbine; B excerpt from the SCONP tree.

that biological relevance is retained during the “brachiation”
process.

Again, all scaffold-building transformations were executed
on polymer-bound substrates.®® The synthesis started with
Fmoc-L-tryptophan attached to Wang or 4-(hydroxymethyl)-
benzoic acid amide (HMBA) resins 23 (Scheme 5). After
removal of the Fmoc group, the amino group was condensed
with a collection of aldehydes to give imines 24. A Lewis acid
catalyzed Mannich—-Michael tandem addition yielded com-
pounds 25, in which the R! substituent was directed into the
equatorial position with modest to good selectivity (dr 65 : 35
to 90 : 10). Another cyclization step was applied to obtain the
desired scaffolds. In the case of HMBA resin, trifluoroacetic
acid and TMSCI were used to give ketones that were readily
released with sodium methoxide to give compounds 26 in
17-43% overall yield for the six step sequence. The main
diastereomer as depicted in Scheme 5 was obtained with high
selectivity (up to >99 : 1). Wang resin-bound dihydropyr-
idinones 25 were cyclized with phosgene in the presence of
TMSCI leading to vinyl chlorides 27 (selectivity ~7 : 3),
which were either directly released with trifluoroacetic acid to
give compounds 28 or further acylated with benzoyl chlorides
prior to their cleavage from the polymeric support. The
released compounds 28, 29 and 30 were obtained in 55-76%
overall yield as a mixture of four diasterecomers, which could

be readily separated by HPLC. Scheme 5 shows the diaster-
eomer that was found to be the major product of the sequence.

Taken together, the synthesis furnished a collection of 450
tetracyclic compounds. Notably, compounds with both nat-
ural product-like and -unlike absolute configurations at C-12b
(C-D-ring junction) were synthesized and tested for phospha-
tase inhibition independently.

Indoles

In the SCONP hierarchy, indoles represent the next parent
scaffold. In order to probe the reduction approach further, a
collection of indole derivatives that were originally designed as
indomethacin analogs were also taken into consideration as
potential phosphatase inhibitors.

The synthesis of these compounds was based on a “‘catch-
and-release” strategy, incorporating the Fischer indole synthesis
as the main step (Scheme 6).*° Eight phenylhydrazines 33 were
attached to a polystyrene aldehyde resin (loading 0.9 mmol g™ ')
and acylated with nine different acyl chlorides. Release of
compounds 34 from the resin under acidic conditions in the
presence of ketones 35 led to in situ formation of hydrazones
and their rearrangement to N-acyl indoles 36. In this way, a
collection of 197 compounds were synthesized with varying
overall yields (4 to 99%). For further examples of solid phase
synthesis yielding indole derivatives, please refer to ref. 41-43.

Biochemical ir vitro assays and cell-based screening
of the compound collections

Chemical biology aims to identify soluble and cell permeable
small molecules that modulate cellular function in order to
study biological signaling, regulation of gene transcription,
protein—protein interactions or to identify compounds that
have a potential therapeutic use. Thus, those small molecules
can be used as research tools to investigate the set-up of the
book of life. As depicted in Fig. 1, a starting point in the cycle
between organic synthesis and biology is the analysis of a
biological system or phenomenon of interest. This is accom-
plished by perturbing a given biological system by adding a
small molecule and then analyzing the response, in whatever
form it may be.'! There are two ways to perform primary
screens of large compound libraries: biochemical in vitro
assays (reverse chemical genetics) and cell-based screening
(forward chemical genetics). Potentially interesting small
molecules or whole compound classes identified in such
screens will thereby serve as starting points for the subsequent
identification and validation of protein targets.

Before explaining the biochemical in vitro assays and cell-
based assays, it is necessary to introduce the reader to the
fundamentals of screening larger compound collections, par-
ticularly in an automated platform using 384-well microtiter
plates. The use of the compound collections of a,f-unsatu-
rated-d-lactones and of the indoloquinolizidine derivatives in
such a screen is described below.

Screening of compound collections

In compound collection screening, small molecules are tested
for activity in biochemical in vitro assays as well as in cell-based

1368 | Chem. Soc. Rev., 2008, 37, 1361-1374

This journal is © The Royal Society of Chemistry 2008



A
i 9 '
o J_I\ 1 o o _, = HMBA resin MeO
OH R o] ZnClz 1 1) TFA, TMSCI 0
R —_———— =
3
NHR N R\ / OMe N R?® 2)NaOMe )
N\ Ny oL ) DN R
R TMSO R N 9
N 23 N H R H g2 0
.= Fmoe piperidine 26
R=H major diastereomer,
d.r.78:22 to 99:1
forR?2=R% H
1yR*cocl
LHMDS,
HMPA
2)TFA
kORZ Cl
R4
28 27 29R'=H jEDC'
major diastereo mer 30 R'= OMe MeOH
B Br Br
\N
F 31 t SMe 12

MptpB: ICs 1.13 uM

MptpB: IC502.38 uM

Scheme 5 A Synthesis of a collection of indoloquinolizidines, HMBA: 4-(hydroxymethyl)benzoic acid amide; B compounds identified as hits in

the in vitro phosphatase screen.

assay systems. Major advantages of screening large collections
are that more samples can be screened per unit time and less
sample volume is needed. The assay design has to consider
many issues. Is the nature of the response clearly defined? Is the
stimulus dependent only on the compound being tested?
Furthermore follow up screens (also called secondary or coun-
ter screens) should be included in assay design to validate the
activity of identified hits, to eliminate false positives and also to
determine the specificity of the hits. Often the follow up screen
is performed in lower throughput but is more complex.*

During screening, several parameters must be optimized:
The Z factor, a statistic parameter, is the most reliable
parameter for predicting assay performance.*> Furthermore,
one needs to improve the sensitivity to allow identification of
compounds with low potency, to achieve reproducibility,
increase the stability of the measured response between differ-
ent screening plates and wells, and to guarantee economic
feasibility.*?

Another important issue is the choice of the right
positive and negative controls to be used in every screening
plate. Once the right assay conditions are established, the
small molecules are applied in a solubilized form. DMSO
solubilizes most compounds and is compatible with biochem-
ical in vitro assay screens and cell-based assays. In vitro
biochemical assays are tolerant to 1-5% DMSO and most
cell lines are unaffected by 0.1% DMSO. The right compound
concentration for the primary screen must then be tested.
Usually concentrations up to 20-40 pM are chosen for initial
screening to identify also less active small molecules. Often it is
also wuseful to include a concentration series of the
identified hits.

To bring the assay format from cuvettes, tubes or dishes to
higher throughput, one uses suitable microtiter plates. In 96-
well microtiter plates, an overall assay volume of ~ 100 pL is
used. Whereas the assay volume in 384-well microtiter plates
ranges from 10-50 puL.*® Advantages of the 384-well plate

This journal is © The Royal Society of Chemistry 2008
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format are the small amount of compound needed combined
with the higher throughput.

Biochemical in vitro screens (reverse chemical genetics)

Compound collection screening can be used to efficiently
investigate large numbers of compounds in biochemical
in vitro assays to identify small molecules that are able to
modulate the biological target of interest. In this reverse
chemical genetic approach, a chosen target protein is screened
against a compound collection. Since the target protein is a
gene product, the gene sequence of interest is first cloned and
then the target protein is expressed. Small molecule ligands
able to bind to the target and either activate or inhibit its

small
molecule

function are then identified. In the next step, the phenotypic
response to the addition of these small molecules to a cellular
system is studied. The reverse chemical genetic approach starts
at the target (protein) and progresses to the analysis of the
phenotype (Fig. 5).464

Setting up in vitro screens in a precise and fast manner often
calls for automation, including appropriate and accurate
liquid handling. Automation includes all necessary steps from
mixing the components, incubation to a suitable end-point or
equilibrium and measuring the read-out in the form of a
detectable signal. This requires devices for liquid-handling in
the micro- and nanolitre range since the total assay volume
may be 1-10 pL after the addition of multiple reagents.*® The
assay readout should be simple and is, therefore, often based
on a color change reaction.

Although in such screens the target of an active small
molecule identified is already known, a detailed biological
evaluation must follow the in vitro screen. Therefore, sufficient
amounts of the target proteins are required for performing
such screens. The expression of a correctly folded, functional
and fully equipped protein can be a difficult and a time
consuming task.*’

The automated screening for inhibitors of protein phospha-
tases provides an example of a biochemical in vitro assay
screen. Protein phosphatases have become important targets
for chemical biology and medicinal chemistry research and
there is a high demand for new phosphatase inhibitor classes.
Protein phosphatases regulate innumerable biological pro-
cesses and small molecule modulators of these enzymes have
been useful in studying the chemical biology of the phospha-
tases. Recently, protein tyrosine phosphatases (PTPs) and
dual-specificity phosphatases have moved into the focus of
drug discovery programs in the fields of diabetes and anti-
cancer research.

However, although important progress has been made, the
development of potent and selective phosphatase inhibitors is
still in its early stages and structurally new phosphatase
inhibitor classes are in high demand. A recent screening
investigated the inhibition of the tyrosine phosphatases
VE-PTP, Shp-2, PTP1B, MptpA, and MptpB and the dual-
specificity phosphatases Cdc25A and VHR. The compound
collection of indoloquinolizidines and indoles described above
was used in this in vitro phosphatase screen since members of
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Fig. 5 Biochemical in vitro screen. A target protein is screened against a compound collection. The readout is done by a color reaction produced
by an enzyme-catalyzed reaction involving the target protein. Small molecules that inhibit the enzyme reaction (light grey) are then investigated in a

cellular system to study their phenotypic effects.
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the yohimbine alkaloids were identified as micromolar inhibi-
tors of the protein phosphatase Cdc25A. Besides four new
selective phosphatase inhibitor classes, the screen discovered
the first potent inhibitors for VE-PTP and MptpB (Schemes
5B and 6B). The identification of structurally less complex
inhibitors by means of brachiation from the pentacyclic
yohimbine scaffold to the scaffolds of substituted indoles via
indoloquinolizidines provides a convincing example and argu-
ment for the notion that brachiation along the N-heterocyclic
branches of the SCONP tree is a viable approach to phospha-
tase inhibitor development.'®

Cell-based screening (forward chemical genetics)

High-content cell-based assays are a complementary approach
to the biochemical in vitro identification of compounds by
binding e.g. to an isolated protein.*® In this forward chemical
genetic approach, small molecules are used to screen for a
desired phenotypic effect in the biological system under in-
vestigation. Once the screen reveals a suitable compound, the
gene product which is modulated by the small molecule must
be identified.*’” The biological system under investigation can
be a prokaryotic or eukaryotic single cell organism (bacteria,
fungi), physiological or pathological cells from complex multi-
cellular vertebrate or mammalian organisms, or whole higher
organisms, such as a fly, worm, zebrafish or mouse.*> Thus,
the forward chemical genetic approach identifies potential
compounds on the basis of their conditional phenotypic effect
on a whole biological system and not on the basis of their
inhibition of a specific protein target. The approach goes from
phenotype to protein (target) (Fig. 6).*”%

Selecting compounds that can act at multiple steps along a
given biological pathway and monitoring them in a cellular
context is a major advantage of cell-based screens.*® The
approach can be used to hit unknown proteins or to screen
targets which cannot be assessed in pure form. Cell-based
assays require the compounds to be cell-permeable. In a non-
high throughput approach, this can be circumvented by
microinjecting the small molecule into the cell.’® The success
of a phenotypic primary screen is dependent on the subsequent
identification of the protein target which can be a demanding
task as the reader will learn in the next paragraph. Often the
amount of miniaturization is limited due to the fact that cell
viability is poor in automated liquid handling.*®

!

» @
!

Pironetin (Fig. 3) arrests cell cycle progression in the M
phase and is a potent inhibitor of tubulin assembly indicating
a possible link between this biological process and o,f-un-
saturated-d-lactones. Thus, the collections of the a,p-unsatu-
rated-d-lactones and of the indoloquinolizidine derivatives
described above were subjected to a high-content cell-based
screen monitoring cell cycle progression.® To monitor cell
cycle progression, BSC-1 cells (from African green monkey)
were cultured in 384-well plates and treated with various
concentrations of the synthesized compounds. BSC-1 cells
are advantageous in assessing the influence of chemical com-
pounds on the cell cycle. After formaldehyde treatment, cells
were stained for chromatin and the actin and microtubule
cytoskeletons. Microscopic analysis revealed that several of
the investigated compounds influenced the microtubule cytos-
keleton in dividing and/or non-dividing cells (Fig. 7). The
screen identified modulators of biological processes at a high
hit rate, supporting the notion that the previously described
compound collections are enriched in biological activity.

Target identification and validation

Research projects starting with a cell-based phenotypic screen
are usually followed by subsequent identification of the pro-
tein target(s) responsible for the observed phenotype. Current
methods in target identification use either genomic approaches
or affinity-based proteomics methods.

In the following section the reader will get a glimpse into
these approaches. As target identification is a vast field with
various aspects to consider, the reader is referred to
several reviews and references therein which discuss these

issues. %3173

Genomic approaches to target identification

In genomic approaches, loss-of-function mutants are gener-
ated by deletion, transposon insertion or RNAI in a genetic
model organism (e.g. S. cerevisae (yeast), C. elegans (worm),
D. melangonaster (fly) or mammalian cells).’* This global
approach is often conducted in large throughput and assists
in elucidating the mode of action of small molecules with an
unknown target or can help to reveal the mode of action of
compounds whose direct targets are known but whose cellular
consequences are not fully understood (Fig. 8).

. different cell
- oo

O -‘-" P

12 3 45 6 7 89 10 11 12

control wells

identify target protein
—e- responsible for the

different cell morphology

control wells

Fig. 6 Cell-based screening. Small molecules are used to screen for a desired phenotypic effect in the biological system under investigation.
Afterwards the gene product (protein) responsible for the observed effect must be identified.
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not affect spindle length, but caused severe defects in chromosome alignment. Additionally, 11a/1-treated cells displayed a bent spindle phenotype
with curvy and disorganized microtubules, indicating that 11a/1, like 10a/10, might affect microtubule dynamics. Compound 11a/1, unlike 10a/10,
did not affect the actin cytoskeleton. To confirm that the observed cellular phenotypes were mediated by 10a/10 and 11a/1 rather than by possible
decomposition products, cells were treated with benzyl alcohol and alanine methyl ester, the products of eventual intracellular esterase or peptidase
cleavage. These compounds had no effect on either the actin or microtubule cytoskeleton, confirming that 10a/10 and 11a/1 account for the

observed cellular effects. Reprinted with permission from Chemistry and Biology.*®

Most of those genetic approaches do not require any
chemical modification. Apart from that, many of the methods
require minute quantities of material.

All in all, this global approach is useful in only indirectly
determining small molecule targets while providing the mole-
cular basis for bioactivity.>® Genomic approaches to target
identification, including a number of success stories, are
reviewed by Luesch®’ as well as by Zheng, Chan and Zhou.>*
To give one example, the drug target of tunicamycin has
been identified using a subset of barcoded heterozygous
deletion strains of S. cerevisae.”® Methods in yeast-based

genomic approaches are reviewed by Suter, Auerbach and
Stagljar.’

Affinity based approaches to target identification

In the affinity based approach, a small molecule is covalently
immobilised on a resin followed by affinity chromatography
with protein lysates. Alternatively, biotinylated small
molecules allow immobilization on streptavidin beads.
Other approaches use photoaffinity probes in combination
with, e.g. biotinylation, to covalently attach the small molecule
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to the protein target. The target proteins are pulled down
and are subsequently identified by either 1D or 2D
SDS-PAGE followed by an in-gel tryptic digestion or
by directly doing an on-bead tryptic digestion. Both
methods finish with using diverse mass spectrometry
methods (Fig. 9).

In the affinity based method, one must add an affinity tag
using the correct linker to the small molecule. Other problems
include the sensitivity of protein detection by mass spectro-
metry, non-specific binding and the abundance of proteins in
the analyzed cell lysate.’!>3

One example of a successful affinity based approach is
the discovery of the cellular target of the natural product
parthenolide.® Other examples of success stories in
target identification using the affinity-based method are
summarized by Burdine and Kodadek®' and by the group of
Gaviraghi.>?

Neither the genomic nor the affinity based proteomics
approach is widely applicable. The afore described methods
to target identification merely give a general impression.
Many approaches differ in subtleties from the described
procedures while others start new basic approaches to
target identification. Recent diverse approaches in target
identification are reviewed in ref. 47, 52 and 59. Notable
target identification approaches by the groups of Forsyth,®
Romo,’! Osada,”” Golub,®and Licitra and Liu®* are
mentioned.

Once a potential protein target is identified, it has to be
validated to confirm that it is the physiologically relevant
binding partner of the small molecule in vivo. Methods to
do so include, among others, the use of gene expression
profiling, RNAIi and yeast three hybrid studies. Many more
experimental strategies exist,®> however, they are not described
here since a detailed analysis of these methods is beyond the
scope of this review.

\

1.) 1- or 2D gel
tryptic in-gel digestion
or
on-bead tryptic digestion

2.) mass spectrometry
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intensity

photoreactive ) | |
moiety

m/z

Fig. 9 Affinity based approaches to target identification. In the affinity based approach A a small molecule is covalently immobilized on a resin
followed by affinity chromatography with protein lysates; B biotinylated small molecules allow immobilization on streptavidin beads; C other
approaches use photoaffinity probes in combination with e.g. biotinylation to covalently attach the small molecule to the protein target. The target
proteins are identified by either doing a 1D or 2D SDS-PAGE followed by an in-gel tryptic digestion or by doing an on-bead tryptic digestion.

Both methods finish with using diverse mass spectrometry methods.
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Conclusions

This review introduces the reader to the identification and the
importance of small molecules, especially natural product-
inspired compounds, as research tools to study biological
questions. An efficient way to get suitable small molecules
for this task is the concept of synthesizing and employing
natural product-inspired compound collections. In this review,
this concept was illustrated by the examples of solid phase
synthesis of o,fB-unsaturated-6-lactones and indoloquinolizi-
dine derivatives. Biochemical assays for phosphatase inhibi-
tion proved that brachiation along the N-heterocyclic
branches of the SCONP tree is a viable approach to phospha-
tase inhibitor development. A cell-based phenotypic screen
monitoring cell cycle progression identified modulators of this
biological process at a high hit rate, supporting the notion that
the previously described compound collections are enriched in
biological activity. The next step will be to identify and
validate the protein targets of the identified small molecules
before they may be used to study biological questions.
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