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C O N S P E C T U S

A central aim of biological research is to elucidate the many roles of proteins in complex, dynamic living systems; the
selective perturbation of protein function is an important tool in achieving this goal. Because chemical perturbations

offer opportunities often not accessible with genetic methods, the development of small-molecule modulators of protein func-
tion is at the heart of chemical biology research. In this endeavor, the identification of biologically relevant starting points
within the vast chemical space available for the design of compound collections is a particularly relevant, yet difficult, task.
In this Account, we present our research aimed at linking chemical and biological space to define suitable starting points
that guide the synthesis of compound collections with biological relevance.

Both protein folds and natural product (NP) scaffolds are highly conserved in nature. Whereas different amino acid sequences
can make up ligand-binding sites in proteins with highly similar fold types, differently substituted NPs characterized by particular
scaffold classes often display diverse biological activities. Therefore, we hypothesized that (i) ligand-binding sites with similar ligand-
sensing cores embedded in their folds would bind NPs with similar scaffolds and (ii) selectivity is ensured by variation of both
amino acid side chains and NP substituents. To investigate this notion in compound library design, we developed an approach
termed biology-oriented synthesis (BIOS). BIOS employs chem- and bioinformatic methods for mapping biologically relevant chem-
ical space and protein space to generate hypotheses for compound collection design and synthesis. BIOS also provides hypoth-
eses for potential bioactivity of compound library members. On the one hand, protein structure similarity clustering (PSSC) is used
to identify ligand binding sites with high subfold similarity, that is, high structural similarity in their ligand-sensing cores. On the
other hand, structural classification by scaffold trees (for example, structural classification of natural products or SCONP), when
combined with software tools like “Scaffold Hunter”, enables the hierarchical structural classification of small-molecule collections
in tree-like arrangements, their annotation with bioactivity data, and the intuitive navigation of chemical space. Brachiation (in a
manner analogous to tree-swinging primates) within the scaffold trees serves to identify new starting points for the design and
synthesis of small-molecule libraries, and PSSC may be used to select potential protein targets.

The introduction of chemical diversity in compound collections designed according to the logic of BIOS is essential for the frequent
identification of small molecules with diverse biological activities. The continuing development of synthetic methodology, both on solid
phase and in solution, enables the generation of focused small-molecule collections with sufficient substituent, stereochemical, and scaf-
fold diversity to yield comparatively high hit rates in biochemical and biological screens from relatively small libraries. BIOS has also allowed
the identification of new ligand classes for several different proteins and chemical probes for the study of protein function in cells.
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Introduction
In order to close the genotype-phenotype gap biological

research has to reach beyond genomics, proteomics, and dis-

section of biological systems into their prime constituents. Pro-

tein function in space and time is regulated in complex

networks with other biomacromolecules, small molecules and

supramolecular structures like membranes. Systematic pertur-

bation of individual network components reveals network wir-

ing, topology, and dynamics.1 Whereas genetic methods are

chronic and change the native structure of the network, chem-

ical perturbations with small molecule modulators of protein

function are acute, that is, they do not change the system and

are rapid, reversible, conditional, and easily tunable by vary-

ing concentration.

In chemical biology research, the choice of the compound

class for the study of biological phenomena and systems is of

utmost importance. Chemical space, which encompasses all

possible small organic molecules, is vast. Current estimates of

the number of small molecules in drug-like chemical space

exceed 1060, and there is probably not enough matter in the

universe and not sufficient time to make them all.2 Also

nature has not fully explored chemical space complementary

to the binding sites of proteins. For proteins with an average

size of 300 residues, made from 20 different amino acids,

more than 10390 unique combinations are possible.2 How-

ever, the human genome, for example, encodes a mere

25 000 proteins.3 The challenge is to identify biologically rel-

evant areas in chemical space that are likely to contain bio-

logically active compounds.4 For this purpose, various

strategies, in particular, ones employing mechanistic consid-

erations, evolutionary arguments (sequence homology), and

the generation of chemical diversity (diversity-oriented syn-

thesis, DOS), have been developed, and new in silico meth-

ods have been introduced for virtual screening, de novo

compound design, and the structural classification of small

molecules.5-9

As a complementary approach, we have devised a struc-

ture-based, systematic analysis of the biological and chemi-

cal space exploited by nature during the evolution of proteins

and natural products (NPs). To this end, we have developed

cheminformatic and bioinformatic approaches to chart chem-

ical and biological space defined by given compound collec-

tions and databases and the known bioactivities of analyzed

compounds. These approaches focus on hierarchical struc-

tural relationships between compound classes and structural

similarities in ligand-sensing protein cores and lead to the pro-

spective identification of new targets of known biologically

active compound classes and the design of compound librar-

ies. In this Account, we discuss the development of these

hypothesis-generating tools and their combination with novel

organic synthesis methods. We refer to this concept as biolo-

gy-oriented synthesis (BIOS).

The Link between Natural Product Space
and Protein Space
Natural products (NPs) remain a major source of inspiration for

the development of new drugs.10,11 NPs have evolved to inter-

act with multiple proteins; that is, they have to be recognized,

bound, and modified by the biosynthetic machinery and they

need to interact with proteins when exerting their biological

functions. Often, their multiple biological activities, for exam-

ple, a combination of taste and toxicity, reflect the interac-

tion with multiple proteins. This is especially true for classes

of NPs with related structures. On the level of NP scaffolds,

nature has exploited only a tiny fraction of chemical space.

However, NPs that share a common scaffold but differ only in

their substituent patterns may display a range of well-defined

biological activities. Therefore NP scaffolds are encoded with

structural information for recognition by proteins. They define

“privileged structures”, that is, molecular scaffolds that confer

the ability to interact with multiple protein targets to the entire

compound class and that, therefore, are capable of interact-

ing with a variety of cellular targets.12

Selective substrate recognition by biosynthetic enzymes

and interaction with appropriate receptors requires tight inter-

action and matching structures between NPs and proteins. The

spatial arrangement of protein secondary structure elements

like R-helices and �-sheets (i.e., folds)13 is highly conserved in

nature, and current bioinformatics knowledge revealed that

the total number of fold types is in the range of 1000-
8000.14 However, this conservation is complemented by a

level of diversity resulting from the different amino acid

sequences defining similar folds. The fold of a protein shapes

its scaffold; that is, the 3D structure of the amino acid back-

bone and the structure of the subfold defining the ligand-sens-

ing core determines the size and shape of ligand binding sites

and the spatial orientation of catalytic and ligand-recogniz-

ing residues. Diversity of the amino acid side chains accounts

for the diversity of the ligands that can be bound. Similarly, a

limited number of NP scaffolds (possibly resulting from a lim-

ited number of subfold types present in their biosynthetic

enzymes) serves to spatially position a diverse range of sub-

stituents for selective protein binding (Figure 1). This suggests

a relationship between the subfold types of ligand-sensing

cores of protein domains and scaffolds of NPs, as well as a

Biology Oriented Synthesis Bon and Waldmann

1104 ACCOUNTS OF CHEMICAL RESEARCH 1103-1114 August 2010 Vol. 43, No. 8



relationship between the amino acid side chains in ligand

binding sites and NP substituents. Based on the hypothesis

that small molecules with similar scaffolds will bind to pro-

tein domains with similar ligand-sensing subfolds, we have

developed structure-based approaches to chart chemical and

biological space that allow us to exploit structural links

between proteins and NPs. These approaches are used to

identify biologically prevalidated starting points in chemical

space for the generation of small molecule libraries in order

to find new ligands for particular protein domains.

Charting Natural Product Space by Scaffold
Trees: Structural Classification of Natural
Products (SCONP)
In order to chart NP space by a hierarchical, structural classifica-

tion of NP scaffolds,15 the CRC dictionary of natural products

(DNP, version 02/05), with 190 939 entries, was initially pro-

cessed to remove empty entries, counterions, and stereochemi-

cal information, leading to 171 045 structures. Since the majority

of historically developed small molecule inhibitors and drugs are

based on cyclic structures, further analysis focused on NPs con-

taining rings (154 428 molecules). Because glycosidic moieties

often primarily serve to modify the solubility or pharmacokinetic

properties of NPs, the resulting NPs were deglycosylated in silico,

leading to 149 513 ring-containing aglycons. Subsequently, the

NP scaffolds, defined as the ring systems including linker chains

between rings and exocyclic double bonds, were extracted by

removal of all noncyclic ring substituents (The extraction of scaf-

fold 3 from NP 1 is depicted in Scheme 1 as a representative

example). This resulted in the generation of 24 891 unique NP

scaffolds.

Hierarchical organization according to ring number

included the stepwise deconstruction of larger “child” scaf-

folds into smaller “parents”. Assignment of only one parent

scaffold to each more complex “child” was assured; for exam-

ple, parent scaffolds are always substructures of child scaf-

folds and parents were always selected to retain the larger

scaffolds with a maximum number of heteroatoms. Further-

more, only scaffolds were retained that actually represent

entries in the DNP. The resulting parent-child relationships

were displayed in a tree diagram (Figure 2), clearly depicting

the structural genealogies of NP scaffolds. Scheme 1 shows

the deconstruction of NP scaffold 3 into parent scaffolds 4-6.

FIGURE 1. Scaffold-substituent analogy between small molecules and proteins. Small molecule substituents and amino acid residues are shown as
colored circles. The small molecule scaffold determines the spatial orientation of the substituents, whereas the protein subfold arranges the amino acid
side chains in space. Binding occurs when compatible substituents (circles with identical color) match in their spatial position so they can interact.

SCHEME 1. Deconstruction of the Tetrahydrogeissoschizine Derivative 1 According to the SCONP Rule Seta

a Structures depicted in red are scaffolds of NPs in the DNP, which were used to construct a SCONP tree branch.
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Analysis of the scaffold tree showed that more than half of

the NPs in the DNP contain two to four rings. The calculated

volumes of the NP scaffolds containing two to four rings range

between 150 and 500 Å3. By comparison, a statistical evalu-

ation of ca. 18 000 protein cavities by Klebe et al. revealed

that their volumes are in the range of 300 to 800 Å3.16 Thus,

compounds containing two to four ring systems have the right

size to further accommodate substituents and still match the

size of protein cavities. In addition, an analysis of ca. 30 000

drugs from the World Drug Index (WDI) revealed that these

molecules have volumes comparable to the scaffolds of two-

to four-ring-containing NPs. Analysis of the removed substit-

uents allows the delineation of substituents chosen most often

by nature.17 These results can be used to generate hypothe-

ses for the synthesis of NP-inspired compound collections

enriched with bioactive molecules.

Brachiating through the Natural Product
Tree: Natural Product Inspired Compound
Collections
Scaffolds in the SCONP tree have been selected by nature in

evolution and can be considered biologically prevalidated.

Consequently, libraries designed on the basis of scaffolds com-

monly found in NPs most likely display biological activity at

comparatively high frequency. In our experience, correspond-

ing medium-sized compound collections of 200-500 mem-

bers often suffice to find novel bioactive compounds typically

with hit rates of 0.1-1.5%. However, given the diversity of

amino acid side chains in ligand-sensing cores of protein bind-

ing domains, natural product-inspired compound libraries with

sufficient substituent and stereochemical diversity are needed

to delineate structure-activity relationships (SAR) and bind-

ing modes. The synthesis of such diverse compound libraries

FIGURE 2. The SCONP tree, generated from the Dictionary of Natural Products. For clarity, only scaffolds that represent at least 300 (0.2%)
of the analyzed structures are shown. Figure was reproduced from ref 15. Copyright 2005 National Academy of Sciences.
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requires the availability of versatile reactions, preferably with

full control of chemo-, regio-, and stereochemistry during mul-

tistep reaction sequences.

Since spiro[5.5]ketals form a class of naturally abundant

oxygen heterocycles with various biological activities (e.g.,

spongistatins 7 and tautomycin 8, Scheme 2), we generated

a focused compound library employing an asymmetric aldol

reaction with immobilized boron enolates (like 9) to obtain a

set of 33 spiroketals.18,19 Another 251 spiroketals were syn-

thesized using a double intramolecular hetero-Michael reac-

tion on solid support.20 Biochemical and cell-based assays

revealed that the spiroketal library contained new phos-

phatase inhibitors and modulators of the tubulin cytoskel-

eton.18 The biological prevalidation of spiroketal scaffolds was

further proven by Ley et al., who designed and synthesized

NP-inspired spiroketals as inducers of apoptosis.21

Since NPs containing R,�-unsaturated δ-lactones display a

wide range of biological activities (see 13-15 in Scheme 3 for

selected examples), we synthesized a set of 50 NP-like R,�-

unsaturated δ-lactones with 1,3-polyol side chains using a

sequential ozonolysis/asymmetric allyl boration strategy on

solid phase followed by acryloylation and ring-closing metath-

esis.22 To demonstrate the stereochemical versatility of the

methodology, all eight stereoisomers of the NP cryptocarya

diacetate 20 were synthesized (Scheme 3). An additional set

of 50 R,�-unsaturated δ-lactones 25 were made using an oxa-

Diels-Alder reaction between ethyl glyoxylate 22 and immo-

bilized electron-rich 1-alkoxydienes 21 as the key step.23

Through the evaluation of these compounds in cell-based

assays new modulators of cell cycle progression and inhibi-

tors of viral entry into cells were identified.23

Brachiation is a form of arboreal locomotion in which pri-

mates swing from branch to branch using only their arms. By

analogy, we investigated whether brachiation along the lines

of biological prevalidation represented by the branches of the

SCONP tree can be used for compound library design via

structure simplification, while conserving the kind of bioactiv-

ity. This hypothesis was initially investigated by the synthe-

sis and evaluation of a set of decalins based on the natural

11�-hydroxysteroid dehydrogenase (11�HSD) ligand glycyr-

rhetinic acid 42 (vide infra). In another example, simplified

analogues of yohimbine alkaloids were identified as inhibi-

tors of the dual specificity phosphatase Cdc25A (Figure 3).24

Based on SCONP tree analysis, a diverse set of 450 indolo-

quinolizidines 2725 and 188 2,3-disubstituted indole deriva-

tives based on indomethacin 28 were synthesized on the solid

phase26 and screened for inhibition of a panel of phos-

phatases, including Cdc25A. The screen revealed that bioac-

tivity can indeed be conserved within branches of the SCONP

tree: both libraries contained Cdc25A inhibitors with inhibi-

tory activities comparable to the yohimbine alkaloids.24 More-

over, the libraries also contained the first potent inhibitors of

the mycobacterial tyrosine phosphatase MptpB, a possible tar-

get in the treatment of tuberculosis infections. Further biolog-

ical evaluation revealed potent inducers of apoptosis in cancer

cell lines27 and inhibitors of angiogenesis related kinases.26

Inspired by the macrolines, a NP family of cycloocta[b]indoles

with multiple biological activities, an additional library of 120

bridged tetrahydro-�-carbolines was synthesized stereoselec-

tively on the solid phase.28,29 The fact that this library also

contains several selective MptpB inhibitors further validates the

brachiation approach.

SCHEME 2. Biologically Active Spiro[5.5]ketal-Based NPs and the Synthesis of Biologically Active Simplified Analogs 12
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Charting Protein Space: Protein Structure
Similarity Clustering (PSSC)
The SCONP approach provides a purely structure-based clas-

sification of natural protein ligands. To simultaneously chart

the structure space defined by the ligand-sensing cores of pro-

teins, protein structure similarity clustering (PSSC) was devel-

oped.30 PSSC calls for complementarity between protein

scaffold (subfold) and chemical scaffold for binding, such that

ligand binding sites with structurally similar subfolds should

also bind ligands with similar chemical scaffolds. While a sin-

gle given compound might not bind all members of a PSSC

with given subfold because of possible mismatches between

small molecule substituents and individual amino acid side

chains, a compound collection based on a prevalidated scaf-

fold with sufficient substituent diversity could very well con-

tain binders for several cluster members. The PSSC approach

is related to Sternberg’s concept of protein supersites, reflect-

ing binding site similarity in the absence of sequence homol-

SCHEME 3. Biologically Active R,�-Unsaturated δ-Lactone-Based NPs and the Synthesis of Bioactive Simplified Analogs

FIGURE 3. Brachiation along the yohimbine branch of the SCONP tree.
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ogy.31 Quinn et al. pointed out that biosynthetic enzymes that

bind similar NP intermediates might also be targeted by sim-

ilar inhibitors and that this observation can be translated into

the identification of inhibitors of structurally related proteins.32

In the initial PSSC approach, the CR trace of a protein of

interest was compared with the CR traces of all other proteins

in the Protein Data Bank (PDB). From the list of similar pro-

teins, pharmaceutically relevant superfamilies with only low

sequence similarity (up to 20% sequence identitiy) were

selected. Subsequently, the catalytic cores of the hits and their

superfamily members were defined, superimposed, and visu-

ally inspected to define protein clusters.

For instance, dual specificity phosphatase Cdc25A, acetylcho-

line esterase (AChE), and the two isoforms of 11�-hydroxysteroid

dehydogenase (11�HSD1 and 11�HSD2) were assigned to one

cluster (Figure 4), and a library of 147 γ-hydroxybutenolides and

R,�-unsaturated γ-lactones inspired by the natural Cdc25A inhib-

itor dysidiolide 37 were synthesized. Apart from new Cdc25A

inhibitors 38 that were significantly more potent than dysidiolide,

evaluation of this compound collection afforded several

11�HSD1 and 11�HSD2 inhibitors 39.

Subsequently, the PSSC approach was combined with bra-

chiation through the SCONP tree. Stepwise simplification of the

pentacyclic scaffold of natural 11�HSD1and 11�HSD2 ligand

glycyrrhetinic acid 42 led to the bicyclic dehydrodecalines.

Since dysidiolide incorporates a similar dehydrodecaline core,

a diverse collection of 483 dehydrodecalines was generated

using a combination of solution-phase and solid-phase syn-

thesis.33 This library included several AChE inhibitors and

three highly potent, isoenzyme-specific 11�HSD1 inhibitors

endowed with cellular activity (40 and 41; Figure 5).15

BIOS beyond Natural Products: Hunting in
the Scaffold Tree
NPs populate areas of biologically relevant chemical space

selected in evolution, yet they do not cover these areas com-

pletely, and numerous non-natural biologically relevant com-

pounds have been found in pharmaceutical research. The BIOS

concept calls for biological relevance, not necessarily occurrence

in nature. Notably, the successful structural simplification of the

morphine scaffold34 cannot be delineated from the SCONP tree

because there is no NP with a four-ring combination derived from

morphine. However, sequential simplification of the natural alka-

loid has led to bicyclic (e.g., tramadol), tricyclic (e.g., pentazo-

cine), and tetracyclic (e.g., levorphanol) morphine analogues,

some of which are marketed drugs. Thus, it proved necessary to

develop methods for complementation of the SCONP tree with

further biologically active compounds and to analyze any data

set of molecules in order to identify and explore uncharted parts

of chemical space.

To this end, a set of 13 new rules for the stepwise decon-

struction of complex scaffolds into less complex structures was

introduced.35 The new classification is independent of the

used data set, such that a particular scaffold will always lead

to the same branch (in the SCONP tree, assignment of parent

scaffolds is restricted to scaffolds representing molecules in the

analyzed database). Because such scaffold trees should ulti-

mately inspire the design and synthesis of new compound

libraries, the 13 rules also reflect synthetic and medicinal

chemistry rationales. According to rule 1, for example, three-

membered heterocyclic rings like epoxides are pruned first,

since they are usually installed at the end of a synthetic

sequence, for example by oxidation of a double bond. These

rules should lead to parents with maximum rigidity, since

these are more likely to possess unique interaction patterns.

Scaffold trees as, for example, depicted in Figure 2 are static,

do not allow the analysis of the whole data set, do not code for

different bioactivity, and need experts for creation in a labor-

intensive, time-consuming process. To overcome these draw-

backs, a highly intuitive, interactive, and easily applicable tool for

the exploration and navigation of data sets, called Scaffold

Hunter (SH), was developed.36 This program, which is freely avail-

able from www.scaffoldhunter.com, reads compound data sets

FIGURE 4. Superimposed catalytic sites of Cdc25A (red), 11�HSD1
(green), and AChE (blue). The key catalytic residues, Cys-430
(Cdc25A), Tyr-183 (11�HSD1), and Ser-200 (AChE), are shown in
space-filling representation.
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and creates parent scaffolds according to the 13 predefined rules

mentioned above. It generates and displays scaffold trees and

maps the chemical structures on the nodes, while concentric cir-

cles mark the different hierarchy levels (Figure 6). SH can be used

to annotate properties like bioactivity values to the scaffolds, to

filter the data according to all properties stored in the database,

to navigate through the scaffold tree, and to export data, includ-

ing high-resolution images. The use of Scaffold Hunter does not

require expert training in computer science, runs on average PC

platforms, and allows the addition or deletion of rules for scaf-

fold deconstruction.

Notably, the Scaffold Hunter identifies virtual scaffolds that do

not represent molecules in the used data set but are required to

complete the tree. Since compounds representing these scaffolds

could very well share bioactivity properties with their parent or

child scaffolds, analysis with Scaffold Hunter may result in the

FIGURE 5. NP-inspired inhibitors of the Cdc25A PSSC cluster members.

FIGURE 6. Scaffold Hunter screenshot showing a subtree with nodes colored according to the median activity of the molecules represented
by each scaffold. A darker color indicates higher activity.
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identification of new scaffold classes. To demonstrate this possi-

bility, we analyzed the PubChem pyruvate kinase (PK) screen of

51 415 unique molecules, resulting in a scaffold tree consisting

of 35 868 scaffolds, including 8684 virtual scaffolds distributed

over 767 branches. Subsequent filtering for scaffolds displaying

activation or inhibition of PK resulted in a focused scaffold tree.

A collection of 107 compounds, representing four virtual scaf-

folds on branches with actives (e.g., 43 and 50), was purchased

and tested, leading to the identification of new low micromolar

PK activators and inhibitors. Notably, virtual scaffolds from

branches with inhibitors gave new inhibitors (e.g., 53, Figure 7),

whereas virtual scaffolds from branches with activators gave new

activators (e.g., 48 and 49). Furthermore, screening of an addi-

tional 88 compounds representing six virtual scaffolds from

FIGURE 7. Scaffold tree branches containing PK activators and inhibitors. Virtual scaffolds are depicted in red. (A) Compounds 48 and 49
are new PK activators. (B) Compound 53 is a new PK inhibitor.

FIGURE 8. Scaffold tree resulting from bioactivity-guided scaffold deconstruction. The scaffolds of ERR agonists 54-59 are depicted in red.
Compound 58, which was based on a nonannotated scaffold, was identified as a new ERR agonist.
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branches containing mainly inactives did not give any modula-

tors of PK activity.36

The virtual scaffolds represent “holes” in chemical space

that may not be shared by the corresponding biological space

(see the morphine example above, suggesting the develop-

ment of a method that simultaneously maps chemical space

and associated biological space). In order to map chemical

space guided by bioactivity, molecules were hierarchically

arranged along lines of biological relevance, using type of bio-

activity rather than a chemistry-driven rule set as key selec-

tion criterion for structural simplification during tree con-

struction. Scaffolds were defined as parent-child pairs if they

displayed a common type of bioactivity. The analysis revealed

that brachiation along the resulting bioactivity-guided

branches is a fairly widespread phenomenon: for all major

protein target classes of current pharmaceutical interest,

branches of at least five hierarchy levels were identified. In a

prospective application of the bioactivity-guided scaffold trees,

analysis of the branches containing 5-lipoxygenase (5-LOX)

inhibitors and estrogen receptor R (ERR) activity modulators

(54-57, 59) revealed scaffolds not annotated with biologi-

cal activity against the protein of interest in both branches.

Design and synthesis of compounds based on these nonan-

notated scaffolds gave new classes of 5-LOX inhibitors and

ERR agonists (e.g., 58, Figure 8).37

Conclusions and Outlook
BIOS combines structure-based hypothesis-generating tools for

the mapping of chemical and biological space in order to iden-

tify and explore biologically relevant chemical space (Figure 9).

On the one hand, PSSC is used for the mapping of protein ligand-

sensing cores and the identification of ligand binding sites with

similar subfolds. On the other hand, scaffold trees of natural

products, for example, the SCONP tree, classify the scaffolds

found in the evolutionarily selected small molecule protein

ligands. The classification of NP scaffolds in the original SCONP

tree is based on occurrence in nature. In an extension of this ini-

tial approach, the unbiased generation of scaffold trees with a

new rule set implemented in Scaffold Hunter and the introduc-

tion of virtual scaffolds render the method independent of the

data set. Notably, virtual scaffolds provide novel opportunities to

find new ligand types for a particular protein target.

The rule set currently implemented in Scaffold Hunter is based

on 40 different chemical properties. However, parent-child rela-

tionships of scaffolds may be assigned on the basis of a partic-

ular biological activity, which allows navigation through chemical

FIGURE 9. Biology-oriented synthesis integrates cheminformatic, bioinformatic, and synthetic tools to find new bioactive small molecules.
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space along lines of biological prevalidation. Future implemen-

tation of the bioactivity-guided methods for scaffold tree gener-

ation in Scaffold Hunter might enable the identification of

compound classes that target multiple proteins and therefore the

development of multitargeted bioactive molecules.

Since both protein folds and NP scaffolds are highly con-

served in nature, ligand binding sites with similar subfolds

should bind small molecules with similar scaffolds. Selectiv-

ity would then be ensured by the diversity of amino acid

sequences in ligand binding sites that has to be matched by

the substituent patterns of NP-inspired compound collections.

Therefore, BIOS-derived small molecule scaffold trees provide

hypothesis-generating tools for the design of new compound

collections for chemical biology and medicinal chemistry

research. Scaffold tree generation identifies new scaffold types

for bioactive small molecules, whereas PSSC allows the iden-

tification of new potential biological targets of small mole-

cules. Because ligand binding ultimately depends on

interactions of amino acid residues in proteins and substitu-

ents of small molecule scaffolds, focused small molecule

libraries containing 200-500 members are typically required

to ensure sufficient stereochemical and substituent diversity.

The development of versatile synthetic methodology in solu-

tion and on solid phase is instrumental in the synthesis of

these compound collections. Various syntheses of natural

product inspired compound collections synthesized by us as

well as others have demonstrated that currently available syn-

thetic methodology in principle is powerful enough to develop

such libraries with high scaffold, substituent, and stereochem-

ical diversity.38-40 Notably, multicomponent and domino

reactions have also proven highly efficient for the generation

of diverse libraries of complex NP-inspired compounds.41,42

Evaluation of NP-inspired compound collections in bio-

chemical and biological assays in our experience has yielded

relatively high hit rates (typically 0.1-1.5%), and we have

identified new small molecule classes that target a range of

proteins and display diverse biological activities. We have also

shown that brachiation through scaffold trees can lead to sim-

plified NP analogues with retained biological activity. Although

in some cases bioactivity is retained over many levels of a

scaffold tree (e.g., morphine analogues), it should be men-

tioned that this is not automatically true for all scaffold trees.

Many NP-inspired compound libraries also contained selec-

tive modulators of protein function. However, initial BIOS

libraries may contain compounds of limited selectivity. Thus,

it will often be necessary to improve selectivity and potency

of protein ligands resulting from BIOS in subsequent optimi-

zation studies. Small molecule probes resulting from BIOS

have allowed us to identify cellular targets of NPs and to selec-

tively perturb proteins involved in signal transduction path-

ways in order to study their function.43,44

Possible future applications of BIOS in the search for new

protein-protein interaction (PPI) inhibitors might be enabled

by the increasing structural knowledge about PPIs through

X-ray crystallography and NMR studies. Since PPIs often occur

through an induced fit mechanism, the combination of PSSC

and dynamic simulation of protein structure might be instru-

mental in such an approach.45

A major goal of Chemical Biology is to identify chemical

tools for the study of biological phenomena such as the role

of proteins in complex, dynamic biological systems through

the selective perturbation of their function. High hit rates

within NP-inspired compound collections, the identification of

small molecules endowed with cellular activity, and the devel-

opment of novel chemical probes for target identification and

selective modulation of cellular protein function underline the

potential of BIOS to contribute to this ambitious goal.

The BIOS concept was conceptualized and realized with the help

of many (former) Ph.D. students, postdoctoral researchers, group

leaders, and collaborators whose names can be found in the ref-

erence section. Dr. Stefan Wetzel is gratefully acknowledged for

stimulating discussions and for providing graphics.
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