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The aim of having a large compound

library is to cover chemical structure

space well, but if we are smart

we can do this more efficiently.

(Douglas B. Kell, Tibitech 2000, 18, 186-187)

Abstract

A re-evaluation of the modern principles of Fragment-Based Design is presented in this investigation, which
opens new perspectives to the design of multitargeted ligands as biological tools and potential leads for
Systems Biology-based diseases, with a special emphasis on cancer. The preliminary results of the
methodology are here described, which integrates Chemometrics and Molecular Modeling with biostructural
information available from naturally occurring, promiscuously active products, in an effort to anticipate the
identification of multitargeted proapoptotic modulators in early and less expensive stages of the drug design.
As a starting multiple-active chemotype, a dihydroxyquinone-based naturally occurring fragment was
selected. This choice was driven by the intrinsic promiscuity of a wide range of natural quinone-based
compounds and strictly related analogues thereof, as well as by the availability of detailed biostructural

information pertaining their mechanism of action on phylogenetically related and unrelated proteins. In order



to expand the chemical opportunities, isofunctional but structurally diverse chemotypes were selected by
similarity search methods against a database of fragments, basing the search on a combination of Principal
Component Analysis, Hierarchical Cluster Analysis and Tanimoto coefficient methods. An ‘ad-hoc’ database
of quinone-based analogues were designed biased against synthetic feasibility, drug-likeliness, and
biostructural information concerning interactions of quinone-based Natural Products with XIAP and kinases.
This database was merged to a pre-compiled database of 13,098 commercial fragments complying with the
‘Rule of Three’, and 328 molecular descriptors were calculated for each entry. Following the application of
the similarity search methods, a discrete library of 66 diverse fragments were selected, which are under
investigation by Surface Plasmon Resonance on Biacore against a panel of apoptosis modulator proteins
including XIAP (X-Chromosome-linked Inhibitor of Apoptosis Protein), a Serine-Threonin Kinase (B-Raf),
Receptor Tyrosine Kinases (VEGF-2, EGFR, HER2, IGF1R), and PI3 kinases (p110a-p110y, mTOR).

A preliminary virtual screening of a small sub-collection of fragments was preformed on XIAP, and directed
the choice of a few diverse fragments and their Structure-Based synthetic elaboration as potential non-
quinone inhibitors of XIAP. In silico pre-validation of the library on the protein kinase set is in progress. From
this investigation, a direct comparison of the different similarity methods selected in this study will be
possible, which might disclose novel applications of Principal Component Analysis in Fragment-Based

Design of single- and multitargeted ligands.

Introduction

Drug discovery is unrelentingly challenged by Nature. The more biologists unravel the complex regulatory
pathways surrounding disease-relevant events, the more the ‘one-target, one-disease’ paradigm becomes a
reductionist approach.1 Biological pathways involved in diseases are multiple and complex, and still not well-
understood. Most biological functions are the result of interactions among many ‘modules’ consisting of
numerous interacting molecules. Expanding the drug discovery space, a new perspective is emerging from
recent advances in Systems Biology, which rephrases the major drug discovery paradigm comprised in the
concept of chemical interaction between drugs and biological targets, and unveils novel opportunities
towards a ‘systems’- or ‘pathway-oriented’ approach.” Instead of focusing on a compound’s interaction with a
molecular target, a pathway-based drug discovery suggests to seek for molecules that cause signature
changes in the concentration of proteins and metabolites, or control the expression disease-mediating
genes. Hits in pathways-based screens should emerge based on similarity of biochemical consequences
rather than through specific chemical mechanisms. In this context, ‘molecular’ combinations of agents able to
modulate multiple but selected targets are emerging as powerful tools for tackling Systems Biology and

Medicinal Chemistry issues.?

This situation is particularly emphasized in highly complex diseases (central nervous system, cardiovascular,
metabolic, infective), and is especially pressing in anticancer drug discovery.3 Following the recent advances
on the study of the genetic determinants of cancer, a description of this pathology in molecular terms have
improved the way of detecting, classifying, monitoring and treating human tumors. Particular mutations or
variations in gene expression responsible for specific tumors account for the distinctive molecular features
nowadays used to subdivide histopathologically equivalent cancers. In principle, each distinctive mutation

and aberration constitutes the specific tumor Achille’s heel to exploit with targeted therapies. Despite their
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promise in the clinic, many of the therapies that have been developed to selectively hit cancer molecular
targets have conferred only modest benefits on patient survival. Cancer is a pleiotropic phenomenon, and
compensatory mechanisms are involved which limit the effectiveness of these cytostatic treatments. For
these reasons, a significant tumor regression still relies on combined therapies with conventional cytotoxic

agents or other targeted drugs.4

Despite this contradictory situation, a challenging opportunity is offered by an emerging paradigm that
considers the development of agents that modulate multiple targets simultaneously and benefit from higher
efficacy and safety compared to drugs addressing a single target.5 Several drugs designed to target a single
cancer protein have been discovered which actually bind other homologous targets (e.g. the multikinase
inhibitors sorafenib® and sutinib”). Such ‘promiscuous’ drugs have offered the proof of concept that hitting
the delicate balance between nondiscriminate and discriminate targeting by picking up the targets that arise
at critical biological hubs might be an effective way to knock out multiple cancer defence systems at once,
and by-pass cancer resistance mechanisms. Beside a growing number of targeted agents with
‘serendipitously’ assessed side-targeted activities, the development of targeted agents deliberately designed
to hit two or more receptors at once is a more recent trend,® and opens significant challenges to the
medicinal chemistry community.9 This new age is marked by lapatinib, a specifically designed dual-targeted
drug against EGFR and HER2."°

The general principles in the design of multifunctional agents have been recently reviewed by Morphy and
Rankovich through two main strategies, the ‘single ligand’ and ‘dual ligand’ approaches.11 The first strategy
relies on expensive or time-consuming focused or random screenings (HTS or virtual screening), from which
a single molecule is individuated that, in most cases, has a good activity for one target and at least some
minimal activity on a second target(s). The multi-targeting property is attained by ‘designing-in’ and balancing
the activity of the latter(s) by means of focused analogues. In the second strategy, two known individual
compounds highly selective for their specific targets are combined in a single entity with a dual activity. The
starting compounds are usually selected among known selective ligands such as old drugs or proprietary
agents. The ‘combining’ process can be achieved through different ways, following a sequence where the
molecular complexity increases. Individual functional frameworks from two original agents can be ‘linked’
through a spacer to form conjugates, but also ‘fused’ through the superimposition of functional motifs, or
‘merged’ in a highly integrated dually active entity. The main problem with this strategy is inherent with the
design rationale, which tends to drive the potential leads to be not as drug-like as expected for a preclinical
compound. For the same reason, chances are low to design ligands targeting proteins belonging to different

phylogenetic families. "

To address these problems, a Fragment-Based Design13 approach is proposed in this preliminary
investigation, which is expected to offer several practical benefits.™ Firstly, smaller compounds increase the
probability of finding smaller and more drug-like ligands. Secondly, given that low-molecular weight
molecules are often more promiscuous, the design of binders of structurally diverse targets from different
protein families has greater likelihood to succeed. In addition, the molecular simplification into fragments
permits a straightforward analysis of the chemical space using standard cheminformatics applications. To
these objectives, an efficient identification of fragment-like multi-binders is of paramount importance. In this

context, the inherent promiscuity of fragments underlying the structural complexity of Natural Products is an
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intriguing option. Being selected by evolution for binding to structurally conserved but genetically mobile
proteins, Natural Products are biologically and chemically pre-validated.15 The chemical space covered by
natural scaffolds possess the basic requirements for binding to multiple proteins and enzymes, and is an
obvious choice in the search of protein binders. In the broad spectrum of bioactive natural space, a large
number of small Natural Products are known which can be regarded as ‘ad hoc’ fragments with an innate,
pre-defined promiscuous activity towards genetically dissimilar targets (e.g., flavonoids, coumarins,
antraquinones, polyketides, etc.). A requisite promiscuity might also be achieved by chemical

‘defragmentation’ of complex products by Function-Oriented Synthesis, '

especially when biostructural
information are available. Such natural and natural-derived fragments are therefore privileged frameworks in

the search for multiligand agents.

Description of the investigation

The quinone nucleous is well represented in Nature. Several classes of quinone- and quinone-related-based
natural products are known as biological modulators, antielminthic, analgesic, antifertility, antitumor and
antioxidant agents.17 Mitomycin C, doxorubicin and daunorubicin are known examples of quinonoid
anticancer agents, and certain cannabinoid quinones have been recently disclosed as potent antineoplastic
agents (Figure 1).18 The naijquinone family is a group of marine sesquiterpene quinones which have been
identified as inhibitors of Receptor Tyrosine Kinase (RTK) Her-2/Neu (also called erbB-2, EGFR-2), an
oncogene vastly over-expressed in about 30% of primary breast, ovary, and gastric carcinoma (Figure 1).19
The structural requirements for binding this kinase have been elucidated by detailed bioinformatic studies,
and have led to the identification of simplified analogues with selective activity towards certain RTKs, such
as Vascular Endothelial Growth-Factor Receptor 2 and 3 (VEGFR-2 and VEGF-3), Insulin Growth-Factor-1
Receptor (IGF1R), and Tie-2. Further examples of quinone-based synthetic leads and their binding mode on
VEGFR-2 have been reported.20 Strictly related to najiquinones are certain natural 1,4-benzoquinones such
as embelin and rapanone, ilimaquinone, which are known for their antielminthic, analgesic, antifertility,
antitumor and antioxidant activity (Figure ‘I).21 Embelin has recently been reported to bind X-chromosome-
linked Inhibitor of Apoptosis Protein (XIAP),22 an important modulator of natural apoptosis executioners, the

serine proteinase caspases.?**
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Figure 1. Structures of biologically relevant quinone-based Natural Products, and dihydroxyquinone
fragment 1 (pka calculated with Marvin, ChemAxon, www.chemaxon.com/marvin/sketch/index.jsp).



Based on these premises, the simple dihydroxyquinone fragment 1 (Figure 1) was envisaged in this study as
a suitable ‘consensus motif’ that brings together structurally related proteins (i.e. kinases) with unrelated
ones (i.e. XIAP). Despite its biochemical benefits, the dihydroxyquinone 1 suffers from several drawbacks
related to its inherent toxicity as a Michael acceptor and redox-active molecule,?® as well as to the presence
of several ionization and resonance forms at physiological pH, which complicates the understanding of the
interactions with target proteins. The availability of analogues of 1 is thereby a precondition in the search of
multiple ligands of apoptosis modulator proteins, and call for the use of appropriate databases of fragments

as a source of isofunctional yet structurally diverse chemotypes.

Database preparation and similarity search

Alternative bioisosteres of 1 were designed accounting for all the ionization forms expected at pH 7.4 for 1,
whilst keeping the resonance possibilities as limited in number as possible. Quinone-based analogues, but
also non-quinone equivalents (e.g. lactons, lactams, and N-containing heterocycles) were considered. A
small collection of 45 drug-like fragments were designed based on biostructural information available from
known natural quinones with target proteins (kinases, XIAP). These fragments are accessible by parallel and
divergent synthesis by readily available starting materials.

In addition, a pre-compiled database of 13,098 commercial fragments was used. This database is freely
accessible on the web,”® and contains fragments complying with the ‘Rule of Three’.?” Both databases were
merged and elaborated using MOE (Chemical Computing Group). Manual filtering was performed to exclude
heavy metals. Molecules were washed in order to deprotonate strong acids, protonate strong bases, add
explicit hydrogens, and scale bonds to reasonable length. Partial charges were calculated using MMFF94,
and adjusting hydrogens and lone pairs as required. Molecules were minimized under RMS gradient 0.1,
calculating forcefield charges and preserving the existing chirality if necessary. Finally, 1D, 2D and 3D

molecular descriptors were calculated (328 variables).

Similarity search was performed comparing the database of fragments with both the ionized and non-ionized
forms of 1 as the queries, and basing the search on a combination of Principal Component Analysis (PCA),

Hierarchical Cluster Analysis (HCA) and Tanimoto coefficient (Tc).

PCA is a popular multivariate statistical procedure in modern data analysis, useful to find patterns in data of
high dimension and express them under linear combination of their vectors (‘principal components’).28 By
PCA most the variability present within an original system of observations and variables is captured, and the
pattern of similarities and differences among observations and variables is simply represented by points in a

bidimensional plot.

A PCA analysis was performed on the previously prepared database using Simca-P 12.0 (Umetrics). A
model based on 38 components explaining 98% of the variability of the whole set (>13,000 observations,
213 variables) was obtained. The first three components accounted for 30%, 50% and 62% of the variability,
and were considered for the similarity analysis. The PCA scatter plot of the resulting model is depicted in
Figure 2, where the query entries — ionized and non-ionized 1 — are shown as green and red spots,

respectively.
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Figure 2. PCA analysis: model (left) and scatter plot (right). Query fragments (ionized and non-ionized 1) are
shown as green and red spots, respectively. Green light spots: fragments similar to ionized 1 across the first
and second component. Turquoise spots: fragments similar to ionized 1 across the first three components.
Orange spots: fragments similar to non-ionized 1 across the first and second component. Pink spots:
fragments similar to non-ionized 1 across the first, second, and third component.

An arbitrary ‘similarity space’ surrounding the queries was defined by fixing a maximal area of +1.5 from the
normalized score distance (t value) defining the location of each query molecule in the plot relative to the first
and second component (light green and orange spots), and of +2 from the location of each query molecule in

the plots relative to the first three components (pink and turquoise spots).

A Hierarchical Cluster Analysis (HCA)*® was then performed by calculating the Euclidean distances between
observation in the same dataset. This classification method is commonly used to arrange sets of
observations into clusters. The similarity depends on the method used, and is a measure of the distance
between observations when Euclidean metric is used. In the hierarchical (‘tree-like’) CA, clusters are joined
at increasing levels of dissimilarity providing a dendrogram. In this study, Ward algorithm was used for the
calculation, which is implemented in Simpca-P 12.0. Most of the fragments detected by PCA showed to
closely cluster together, substantiating the results previously obtained (Figure 3). However, a few extra
fragments were detected by HCA which were excluded by PCA.

‘SR 1360 s sinagsHa acs-HC A M3 (PCA-X] Hameerical Clenn

IZIAG6TASIOMNIZ 13 M ISIE 1T 1B 1920 21 222024 2526 27 28 29 00 21 32 33 34 353637 35 20
— Coloned aconting I marked valies . Al . .
19 A & &
v t
acecce | 18 " =
b A A i a4 Ak Al
r 17 s Y b
Lo | | N i 4 a4
161 # a4 i —
- ‘ 'JA__ —
w00} | | 15 B NN . L
DHO-f P £ a A 4
- — A A A
oo | : Q-fp DHQ-dp rap— . MAT T P 1
g | b x Lo Mt ay
— A Ay
&3 a A A, t 2t i e - M‘“ h 4
wooooa | DA S R, e ZASAENN o e
1274 4 i ah g Z‘ ah s ‘4*“.“
4 A ha sk A u 'Y 4% 4
== o —— A
A i n A‘A‘ I T a bt . “;‘ T “
' = 10 a8 b et
4 Tl -k il 1 ad A Ak
LI W W o W fPEA s rn N i A4 a4 a :“‘.‘ f‘ A“ . 'y a‘l "
Calewlated with Ward and sosted by sise. 9T A4 A &y “ ‘i n - f ak ‘ .‘A“ a A *‘3 K‘ ‘.
o th et P Adaig dhe s

The fragments selected by the combination of these methods (about 150) were then filtered applying a bias
against drug-likeliness and synthetic feasibility, to obtain 49 fragments (Library 1). Of these, 4 derived from

the originally designed library of ‘ad hoc’ fragments, while the remaining were commercially available.



A second PCA was performed on the 49-fragment library, which was further diminished to a discrete sub-
collection of 20 fragments (Sub-library 1a) in order to cover as much as possible of the PCA chemical space
and keep the number of entries sensibly limited in number. A depiction of the fragment distribution in the
PCA space is presented in Figure 4. The fragments in this sub-library contained structural indications relative
to the location of the C11 aliphatic chain of embelin, and were selected to be elaborated into embelin

analogues.

Figure 4. PCA distribution of fragments selected by PCA and HCA (Library 1). Red entries are close
analogues of the hydroxyquinone nucleus in the non-ionized form; blue entries are close analogues of the
hydroxyquinone nucleus in the ionized form; the green outlier is a positively charged analogue. Fragments
selected for the Sub-library 1a are labelled in blue, red and green.

To expand the scope of the study, a similarity search was performed scoring the queries against the whole
database according to Tanimoto similarity coefficient, basing the search on MACCS 166 Structural Keys (bit
packed, Bit_ MACCS) as the molecular fingerprints, and using MOE (Chemical Computing Group). Different
fragments emerged compared to the PCA method, and 17 were selected which showed similarity scores
higher than 50-60% (Library 2). All of these fragments were commercially available. Their PCA distribution is

shown in Figure 5.

Figure 5. PCA distribution of fragments selected by Tanimoto similarity criterion (blue entries) (Library 2).
Query entries are shown as green and red spots.

Overall, 66 fragments were selected by PCA, HCA and Tc (Library 1 and 2, 62 commercially available
fragments) to test by Surface Plasmon Resonance (SPR) on a panel of selected modulator of apoptosis
proteins (Figure 6). Given that small promiscuous fragments might have weaker binding affinity than a
traditional selective lead, routine direct binding assays using SPR have been chosen for measuring their
affinity.30 All fragments are currently under evaluation in SPR assays and, whenever possible, their binding
mode will be confirmed by high resolution NMR experiments and/or crystallographic analysis of their
complexes with individual proteins. Further molecular modelling analysis of these fragments will drive the

optimization and refinement of their potential single- and dual binding modes by means of fragment
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extension and linking operations. Novel building blocks can emerge by extension of the central fragment in
appropriate directions (fragment evolution), or by joining different fragments (fragment linking) if several
fragments are identified with different locations within the binding site. The application of techniques for

scaffold hopping and statistical molecular design will hence direct the lead optimization and the design of

focused libraries.
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Figure 6. Library design and validation process.

Systems Biology rationale and Structure-Based Design tools

Inspired by the known activities of embelin and najiquinones, four known and medicinally validated protein
groups were selected as a crucial biological checkpoint: proteins of the Receptor Tyrosine Kinases (RTK)
family (e.g. EGFR; HERZ2, also called EGFR-2; VEGFR-2, and IGF1R), a Serine-Threonine Kinase (B-Raf),
Lipid Kinases of the Phosphatidylinositol-3-Phosphate (PI3K) family (e.g. p110a-p110y, mTOR), and an
Inhibitor of Apoptosis Protein (X-Chromosome-linked Inhibitor of Apoptosis Protein, XIAP). These protein
families are known validated targets and oncogenes involved in key signalling pathways controlling crucial
cellular functions such as endothelial cell angiogenesis, tumor cell growth, proliferation and survival, and
apoptosis. Recently, benefits from the so-called ‘antiangiogenic chemotherapy’ have been validated by a
number of cancer therapy protocols. Among them, novel combinations of agents directed at the apoptotic

pathways (e.g. IAPs) with drugs targeting ‘indirect’ apoptosis regulators (e.g. kinases) are emerging.31

A Systems Biology rationale underlines the choice of the target proteins, which permit the investigation of
several potential strategies for achieving the maximization of inhibition phenomena upon targets and
pathways in a logical way. Depending on the biological response displayed by the selected fragments, three
systematic strategies might turn out, involving the (1) maximization of specific pathways inhibition: this will be
possible if signalling components within the same pathway will be inhibited, for instance by simultaneously
blocking the activity of an RTK and a Ras/Raf protein, and/or a PI3K; (2) inhibition of related pathways: this
will be possible if a simultaneous block of two growth factor receptors or two downstream components in
parallel pathways will occur, for instance if a simultaneous inhibition of two RTKs will be observed; (3)
inhibition of unrelated pathways: this will be put in practice if a combined inhibition of a kinase and XIAP will
be detected.

Having diverged late in evolution, kinases are closely related to each other. While from one side the high
level of homology in the catalytic site of kinases helps the individuation of promiscuous fragments, on the
other side this might hamper the search for specifically bifunctional inhibitors. However, the catalytic site of

kinases is not static, and new opportunities are emerging to design selective kinase inhibitors.”** The
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recent individuation of structural differences in their catalytic pocket as well as of non-conserved extra back-
and front-pockets nearby the ATP binding site, help to set the structural requirements for addressing kinases

with small molecules inhibitors in a selective way.*

Although the inhibition of multiple tumor processes by targeting genetically unrelated proteins, such as XIAP
and kinases, might be envisaged as a challenging situation, the availability of a promiscuous fragment for
these proteins at the outset sets up the conditions for the Structure-Based Design of dually selective ligands.
Interaction models of XIAP with its natural ligand (Smac) or unnatural probes (eg, AVPI peptide and
peptidomimetics thereof) are available,®* and further biostructural information have been recently disclosed

pertaining the inhibition of XIAP-related proteins (e.g. clAPs, ML-IAP).*

A preliminary virtual screening on XIAP was preformed for the small sub-collection of 20 fragments
previously selected by PCA (Sub-library 1a), with the aim to guide their Structure-Based elaboration into
potential non-quinone small molecules inhibitors of XIAP. The protein was prepared using MOE (Chemical
Computing Group) starting from the complex with AVPI peptide (pdb code: 20PZ). Omega2 (OpenEye
Scientific Software Inc.) was used to generate 3D conformational ensembles of the selected fragments.
MMFF94 force field was applied to generate up to 20,000 conformers (rms 0.3). A rigid docking assessment
was performed by examining exhaustively all possible poses within XIAP active pocket using Fred (OpenEye
Scientific Software Inc.), filtering for shape complementarity before selecting each single pose based upon a
consensus of scoring functions (ShapeGauss, PLP, ChemGauss3, ChemScore). Ligands were then scored
and ranked with these scoring functions. Top-binding poses were detected for several fragments displaying
interactions with specific residues in the binding pocket of XIAP (E314, W323, Y324), which are critical in
stabilizing AVPI peptide, peptidomimetics thereof, and embelin in both ionized and non-ionized form. These
diverse fragments were selected to be elaborated into embelin analogues by connecting a C11 aliphatic tail
on the fragment nucleus in the proper location. Their structures, syntheses and biological evaluation will be

disclosed in due course. In silico pre-validation of the library on the protein kinase set is in progress.

Summary and Perspectives

In this preliminary investigation, a method has been described for the simplification of natural-like
architectures into molecular ‘passe-partout’ and the individuation of promiscuous binding determinants from
Natural Products. Fragments targeting single and multiple proteins are expected to be identified which will be
elaborated in selective single- and multitargeted binders by means of conventional Structure-Based Design
on individual apoptosis modulator proteins. A direct comparison of the different similarity methods used in
this study will be performed, which might disclose novel applications of Principal Component Analysis in

Fragment-Based Drug Design of ligands targeting single and multiple proteins.

In pursuing this investigation, the ability of Organic Synthesis to reorient its creative processes and strategies
depending on targets, diversity and functions, will be the driving force to interface Systems Biology and
Medicine. Novel biological tools might emerge which will help to understand multiple inhibition phenomena
on a mechanism, phenotypic and genetic basis, and to individuate novel potential leads for human cancer
cell lines (e.g. melanoma, neuroblastoma, glioma, ovarian, breast, lung, prostate cancer, neuroendocrine
cancers such as pancreas, thyroid and parathyroid carcinomas). It will be possible to develop novel

resistance models to assess possible compensatory processes on targeted oncogene-resistant cell lines.
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Models might also be developed to understand the toxicity and tissue selectivity in in vitro, ex vivo and in
vivo models. Finally, it will be possible to elaborate, integrate and decode ‘local’ and systemic activity data

underlying certain types of cancer.

Acknowledgements

This work was possible thanks to Professor Fredrik Almqgvist who kindly allowed me to freely access all the
facilities and expertises of the Chemistry Department of Umea during Summer 2009. Assistant Professors
Anna Linusson and Andreas Larsson together with all the personnel and students of the Computational
Lifescience Cluster (CLIC) are gratefully acknowledged for having assisted me with a proficient technical

support and exciting discussions concerning the use of PCA and HCA for this application. Tack sa mycket!

References

1. a) Galandrin, S.; Oligny-Longpré, G.; Bouvier, M. The evasive Nature of Drug Efficacy: Implications for Drug
Discovery. Trends Pharmacol Sci. 2007, 28, 423-430. b) Olhson, S. Designing Transient Binding Drugs: A New Concept
for Drug Discovery. Drug Discov. Today 2008,13, 433-439. c) Peterson, R. T. Chemical Biology and the Limits of
Reductionism. Nat. Chem. Biol. 2008, 4, 635-638. c) Watterson, S.; Marshall, S.; Ghazal, P. Logic Models of Pathway
Biology. Drug Discov. Today 2008, 13, 447-456.

2. a) Korcsmaros, T.; Szalay, M. S.; Bdde, C.; Kovacs, I. A.; Csermely, P. How to design Multi-Target Drugs: Target
Search Options in Cellular Networks. Exp.Opin.Drug Discov. 2007, 2, 1-10. b) Keith, C. T.; Borisy, A. A.; Stockwell, B. R.
Multicomponent Therapeutics for Networketed Systems. Nat. Rev. Drug Discov. 2005, 4, 71-78. c) Csermely, P;
Agoston, V.; Pongor, S. The Efficiency of Multi-Target Drugs: The Network Approach Might Help Drug Design. Trends
Pharmacol. Sci. 2005, 26, 178-182. d) Agoston, V.; Csermely, P.; Pongor, S. Multiple, Weak Hits Confuse Complex
Systems: A Transcriptional Regulatory Network as an Example. Phys. Rev. E. 2005, 71, 051909. e) Hartwell, L. H;
Hopfield, J. J.; Leibler, S.; Murray, A. W. From Molecular to Modular Cell Biology. Nature 1999, 402, 47-52.

3. a) Varmus, H. The New Era in Cancer Research. Science 2006, 312, 1162-1165. b) Baselga, J. Targeting Tyrosine
Kynase in Cancer: The Second Wave. Science 2006, 312, 1175-1178.

4. Jia, J.; Zhu, F.; Cao, Z. W. Li, Y. X.; Chen, Y. Z. Mechanisms of Drug Combinations: Interactions and Network
Perspectives. Nat. Rev. Drug Discov. 2009, 8, 111-128.

5. a) Jones, D. Pathways to Cancer Therapy. Nat. Rev. Drug Discov. 2008, 7, 1-2. b) Hampton, T. ‘Promiscuous’
Anticancer Drugs That Hit Multiple Targets May Thwart Resistance. JAMA 2007, 22, 419-422. c) Dancey, J. E.; Chen, H.
X. Strategies for Optimizing Combinations of Molecularly Targeted Anticancer Agents. Nat. Rev. Drug Discov. 2006, 5,
649-659. d) Keith, C. T.; Borisy, A. A.; Stockwell, B. R. Multicomponent Therapeutics for Networked Systems. Nat. Rev.
Drug Disc. 2005, 4, 1-8. e) Dancey, J. E.; Chen, H. X. Strategies for Optimizing Combinations of Molecularly Targeted
Anticancer Agents. Nat. Rev. Drug Discov. 2006, 5, 649-659. g) Arteaga, C. L. Molecular Therapeutics: Is One
Promiscuous Drug Against Multiple Targets Better than Combinations of Molecule-specific Drugs? Clin. Canc. Res.
2003, 9, 1231-1232.

6. Wilhelm, S.; Carter, C.; Lynch, M.; Lowinger, T.; Dumas, J.; Smith, R. A.; Schwartz, B.; Simantov, R.; Kelley, S.
Discovery and Development of Sorafenib: A Multikinase Inhibitor for Treating Cancer. Nat. Rev. Drug Discov.2006, 5,
835-844.

7. Faivre, S.; Demetri, G.; Sargent, W.; Raymond, E. Molecular Basis for Sunitinib Efficacy and Future Clinical
Development. Nat. Rev. Drug Discov. 2007, 6, 734-745.

8. a) Fernandez, A. Is There a Case for Selectively Promiscuous Anticancer Drugs? Drug Discov. Today 2008, 14, 1-5.
b) Zimmermann, G. R.; Leha, J.; Keith, C. T. Multi-Target Therapeutics: When the Whole is Greater than the Sum of the
Parts. Drug Discov. Today 2007, 12, 34-42. c) Hopkins, A. L.; Mason, J. S.; Overington, J. P. Can We Rationally Design
Promiscuous Drugs? Curr. Opin. Struct. Biol. 2006, 16, 127-136. d) Morphy, R.; Rankovic, Z. The Physicochemical
Challenge of Designing Multiple Ligands. J. Med. Chem. 2006, 49, 4961-4970. e) Drews, J. Case Histories, Magic
Bullets and the State of Drug Discovery. Nat. Rev. Drug Discov. 2006, 5, 635-640. Espinoza-Fonseca, L. M. The Benefit
of the Multi-Target Approach in Drug Design and Discovery. Bioorg. Med. Chem. 2004, 14, 896-897. f) Wermuth, C. G.
Multitarget Drugs: The End of the ‘One-Target-One-Disease’ Philosophy? Drug Discov. Today 2004, 9, 826-827.

10



9. a) Charifson, P. S. Grillot, A. L.; Grossman, T. H.; Parsons, J. D.; Badia, M; Bellon, S.; Dejininger, D. D.; Drumm, J. E.;
Gross, C. H.; LeTiran, A.; Liao, Y.; Mani, N.; Nicolau, D. P.; Perola, E.; Ronkin, S.; Shannon, D.; Swenson, L. L.; Tessier,
P. R.; Tian, S. K.; Trudeau, M.; Wang, T.; Zhang, H.; Stamos, D. Novel Dual-Targeting Benzimidazole Urea Inhibitors of
DNA Gyrase and Topoisomerase IV Possessing Potent Antibacterial Activity: Intelligent Design and Evolution Through
the Judicious Use of Structure-Guided Design and Structure-Activity Relationships. J. Med. Chem. 2008, 51, 5243-5263.
b) Apsel, B.; Blair, J. A.; Gonzales, B.; Nazif, T. M.; Feldman, M. E.; Aizenstein, B.; Hoffman, R.; Williams, R. L.; Shokat,
K. M.; Knight, Z. A. Targeted Polypharmacology: Discovery of Dual Inhibitors of Tyrosine and Phosphoinositide Kinases.
Nat. Chem. Biol. 2008, 4, 691-699.

10. McNeil, C. Two Targets, One Drug for New EGFR Inhibitors. J. Nat. Canc. Inst. 2006, 98, 1102-1103.

11. a) Morphy, R.; Rankovich, Z. Designed Multiple Ligands. An Emerging Drug Discovery Paradigm. J. Med. Chem.
2005, 48, 6523-6543. b) Morphy, R.; Kay, C.; Rankovich, Z. From Magic Bullets to Designed Multiple Ligands. Drug
Discov. Today 2004, 9, 641-651.

12. See for example: Wang, Z.; Bennett, E. M.; Wilson, D. J.; Salomon, C.; Vince, R. Rationally Designed Dual Inhibitors
of HIV Reverse Transcriptase and Integrase. J. Med. Chem. 2007, 50, 3416-3419.

13. a) Congreve, M.; Chessari, G.; Tisi, D.; Woodhead, A. J. Recent Developments in Fragment-Based Drug Discovery.
J. Med. Chem. 2008, 51, 3661-3680. b) Hesterkamp, T.; Whittaker, M. Fragment-Based Activity Space: Smaller Is Better.
Curr. Opin. Chem. Biol. 2008, 12, 1-12. ¢) Hajduk, P. J., Grier, J. A Decade of Fragment-Based Drug Design: Strategic
Advances and Lessons Learned. Nat. Rev. Drug Discov. 2007, 6, 211-219.

14. Morphy R.; Rankovich, Z. Fragments, Network Biology and Designing Multiple Ligands. Drug Discov. Today 2007,
12, 156-160.

15. Hubel, K.; LeBmann, T.; Waldmann, H. Chemical Biology — Identification of Small Molecule Modulators of Cellular
Activity by Natural Product Inspired Synthesis. Chem. Soc. Rev. 2008, 37, 1361-1374.

16. Wender, P. A.; Verma, V. A.; Paxton, T. J.; Pillow, T. H. Function Oriented Synthesis, Step Economy, and Drug
Design. Acc. Chem. Res. 2008, 41, 40-49.

17. a) Thomson, R. H. Naturally Occurring Quinones. Routledge, Chapman & Hall: London, 1987. b) Begleiter, A. Clinical
Applications of Quinone-Containing Alkylating Agents. Front. Biosci. 2000, 5, E153-E171.

18. Kogan, N. M.; Rabinowitz, R.; Levi, P.; Gibson, D.; Sandor, P.; Schlesinger, M.; Mechoulam, R. Synthesis and
Antitumor Activity of Quinonoid Derivatives of Cannabinoids. J. Med. Chem. 2004, 47, 3800-3806, and references
therein.

19. a) Kissau, L.; Stahl, P.; Mazititscheck, Giannis, A.; Waldmann, H. Development of Natural Product-Derived Receptor
Tyrosine Kinase Inhibitors Based on Conservation of Protein Domain Fold. J. Med. Chem. 2003, 46, 2917-2931. b)
Breinbauer, R.; Vetter, I. R.; Waldmann, H. From Protein Domains to Drug Candidates - Natural Products as Guiding
Principles in the Design and Synthesis of Compound Libraries. Angew. Chem. Int. Ed. 2002, 41, 2878-2890. c) Stahl, P.;
Kissau, L.; Mazitschek, R.; Giannis, A.; Waldmann, H. Natural Product Derived Receptor Tyrosine Kinase Inhibitors.
Identification of IGF1R, Tie-2, and VEGFR-3 Inhibitors. Angew. Chem. Int. Ed. 2002, 41, 1174-1178. d) Stahl, P.; Kissau,
L.; Mazitschek, R.; Huwe, A.; Furet, P.; Giannis, A.; Waldmann, H. Total Synthesis and Biological Evaluation of the
Naijiquinones. J. Am. Chem. Soc. 2001, 123, 11586-11593.

20. Wissner, A.; Floyd, M. B.; Johnson, B. D.; Fraser, H.; Ingalls, C.; Nittoli, T.; Dushin, R. G.; Discafani, C.; Nilakantan,
R.; Marini, J.; Ravi, M.; Cheung, K.; Tan, X.; Musto, S.; Annable, T.; Siegel, M. M.; Loganzo, F. 2-(Quinazolin-4-ylamino)-
[1,4]benzoquinones as Covalent-Binding, Irreversible Inhibitors of the Kinase Domain of Vascular Endothelial Growth
Factor Receptor-2. J. Med. Chem. 2005, 48, 7560-7581.

21. a) McErlean, C. S. P.; Moody, C. J. First Synthesis of N-(3-carboxypropyl)-5-amino-2-hydroxy-3-tridecyl-1,4-
benzoquinone, an Unusual Quinone Isoalted from Embelia Ribes. J. Org. Chem. 2007, 72, 10298-10301. b) Joshi, R;
Kamat, J. P.; Mukherjee, T. Free Radical Scavenging Reactions and Antioxidant Activity of Embelin: Biochemical and
Pulse Radiolytic Studies. Chem.-Biol. Interact. 2007, 167, 125-134. c) Ling, T.; Poupon, E.; Rueden, E. J.; Theodorakis,
E. A. Synthesis of (-)-limaquinone Via Radical Decarboxylation and Quinone Addition Reaction. Org. Lett. 2002, 4, 819-
822.

22. a) Ahn, K. S.; Sethi, G.; Aggarwal, B. B. Embelin, an Inhibitor of X Chromosome-Linked Inhibitor-of-Apoptosis
Protein, Blocks Nuclear Factor-kB (NF-kB) Signaling Pathway Leading to Suppression of NF-kB-Regulated Antiapoptotic
and Metastatic Gene Products. Mol. Pharmacol. 2007, 71, 209-219. b) Nikolovska,-Coleska, Z.; Xu, L.; Hu, Z.; Tomita,
Y.; Li, P.; Roller, P. P.; Wang, R.; Fang, X.; Guo, R.; Zhang, M.; Lippman, M. E.; Yang, D.; Wang, S. Discovery of
Embelin as a Cell-Permeable, Small Molecular Weigh Inhibitor of XIAP through Structure-Based Computational
Screening of a Traditional Herbal Medicine Three-Dimensional Structure Database. J. Med. Chem. 2004, 47, 2430-2440.

11



23. For leading reviews on apoptosis and apoptosis modulators, see: a) Orzaez, M.; Gortat, G.; Mondragén, L.; Pérez-
Paya, E. Peptides and Peptide Mimics as Modulators of Apoptotic Pathways. ChemMedChem 2009, 4, 146-160. b) Li,
Q., Yu, D;; Liu, G.; Ke, N.; McKelvy, J.; Wong-Staal, F. Selective Anticancer Strategies Via Intervention of the Death
Pathways Relevant to Cell Transformation. Cell Death Diff. 2008, 15, 1197-1210. c) Storey, S. Targeting Apoptosis:
Selected Anticancer Strategies. Nat. Rev. Drug Discov. 2008, 7, 971-972.

24. For leading reviews on XIAP inhibitors, see: a) Sun, H.; Nikolovska-Coleska, Z.; Yang, C.-Y.; Qiuan, D. G.; Lu, J;
Qiu, S.; Bai, L.; Peng, Y.; Cai, Q.; Wang, S. Design of Small-Molecule Peptidic and Nonpeptidic Smac Mimetics. Acc.
Chem. Res. 2008, 41, 1264-1277. b) Sharma, S. K.; Straub, C.; Zawel, L. Development of Peptidomimetics Targeting
IAPs. Int. J. Pept. Res. Ther. 2006, 12, 21-32.

25. a) Zhang, Q.; André d’Avignon, D.; Gross, M. L. Balance of Beneficial and Deleterious Health Effects of Quinones: A
Case Study of the Chemical Properties of Genistein and Estrone Quinones. J. Am. Chem. Soc. 2009, 131, 1067-1076. b)
Sladi¢, D.; Gasi¢, M. J. Reactivity and Biological Activity of the Marine Sesquiterpene Hydroquinone Avarol and Related
Compounds from Sponges of the Order Dictyoceratida. Molecules 2006, 11, 1-33. c¢) Bolton, J. L.; Trush, M. A.; Penning,
T. M.; Dryhurst, G.; Monks, T. J. Role of Quinones in Toxicology. Chem. Res. Toxicol. 2000, 13, 135-160.

26. From Chemical Proteomic Facility at Marquette (CPFM), http://www.marquette.edu/cpfm/fragments.htm.

27. Molecular weight < 300 g/mol, Number of H-bond donors < 3, Number of H-bond acceptors < 3, AlogP < 3.
Congreve, M.; Carr, R. A ‘Rule of Three’ for Fragment-Based Lead Discovery? Drug Discov. Today 2003, 8, 876-877.

28. Eriksson, L.; Johansson, E.; Kettaneh-Wold, N.; Trygg, J.; Wikstrom, C.; Wold, S. Multi- and Megavariate Data
Analysis. Basic Principles and Applications. Umetrics Academy 2006. See also:
http://www.umetrics.com/default.asp/pagename/methods_MVA_intro/c/1.

29. Tan, P. N.; Steinbach, M.; Kumar, V. Cluster Analysis: Basic Concepts and Alghoritms. In: Introduction to Data
Mining. Addison-Wesley, 2006, Chapter 8, pp 487-568.

30. Jason-Moller, L.; Murphy, M.; Bruno, J. Overview of Biacore Systems and Their Applications. Curr. Protoc. Prot. Sci.
2006, 19.13.1-19.13.14.

31. a) Li, R.; Pourpak, A.; Morris, S. W. Inhibition of Insulin-like Growth Factor-1 Receptor (IGF1R) Tyrosine Kinase as a
Novel Cancer Therapy Approach. J. Med. Chem. 2009, 52, 4981-5004. b) Harrison, C. Partnering to Promote Apoptosis.
Nat. Rev. Drug Discov. 2008, 7, 805-807. c) Ziegler, D. S.; Wright, R. D.; Kesari, S.; Lemieux, M. E.; Tran, M. A.; Jain,
M.; Zawel, L.; Kung, A. L. Resistance of Human Glioblastoma Multiforme Cells to Growth Factor Inhibitors Is Overcome
by Blockade of Inhibitor Apoptosis Proteins. J. Clin. Invest. 2008, 118, 3109-3122. d) Franklin, R. A.; McCubrey, J. A.
Kinases: Positive and Negative Regulators of Apoptosis. Leukemia 2000, 14, 2019-2034.

32. a) Bereotti, A.; Cavalli, A.; Branduardi, D.; Gervasio, F. L.; Recanatini, M.; Parrinello, M. Protein Conformational
Transitions: The Closure Mechanism of a Kinase Explored by Atomistic Simulations. J. Am. Chem. Soc. 2009, 131, 244-
250. b) Ghose, A. K.; Herbertz, T.; Pippin, D. A.; Salvino, J. M.; Mallamo, J. P. Knowledge Based Prediction of Ligand
Binding Modes and Rational Inhibitor Design for Kinase Drug Discovery. J. Med. Chem. 2008, 51, 5149-5171. c) Turk, B.
E. Understanding and Exploiting Substrate Recognition by Protein Kinases. Curr. Opin. Chem. Biol. 2008, 12, 4-10. d)
Lewis, J. A.; Lebois, E. P.; Lindsley, C. W. Allosteric Modulation of Kinases and GPCRs: Design Principles and Structural
Diversity. Curr. Opin. Chem Biol. 2008, 12, 269-280. e) Akritopoulos-Zanze, |.; Hajduk, P. J. Kinase-Targeted Libraries:
The Design and Synthesis of Novel, Potent, and Selective Kinase Inhibitors. Drug Discov. Today 2008, 14, 291-297. f)
Liao, J. J.-L. Molecular Recognition of Protein Kinase Binding Pockets for Design of Potent and Selective Kinase
Inhibitors. J. Med. Chem. 2007, 50, 409-424. g) Goldsmith, E. J.; Akella, R.; Min, X.; Zhou, T.; Humphreys, J. M.
Substrate and Docking Interactions in Serine/Threonine Protein Kinases. Chem. Rev. 2007, 107, 5065-5081. h) Bose,
R.; Holbert, M. A.; Pickin, K. A.; Cole, P. A. Proteine Tyrosine Kinase-Substrate Interactions. Curr. Opin. Struct. Biol.
2006, 16, 668-675. i) Gold, M. G.; Barford, D.; Komander, D. Lining the Pockets of Kinases and Phosphatases. Curr.
Opin. Struct. Biol. 2006, 16, 693-701. j) Shi, Z.; Resing, K. A.; Ahn, N. G. Networks for the Allosteric Control of Protein
Kinases. Curr. Opin. Struct. Biol. 2006, 16, 686-692. k) Noble, M. E. M.; Endicott, J. A.; Johnson, L. N. Protein Kinase
Inhibitors: Insight into Drug Design from Structure. Science 2004, 303, 1800-1805.

33. a) Ndubaku, C.; Varfolomeev, E.; Wang, L.; Zobel, K.; Lau, K.; Elliott, L. O.; Maurer, B.; Fedorova, A. V.; Dynek, J.
N.; Koehler, M.; Hymowitz, S. G.; Tsui, V.; Deshayes, K.; Fairbrother, W. J.; Flygare, J. A. Vucic, D. Antagonism of c-IAP
and XIAP Proteins Is Required for Efficient Induction of Cell Death by Small-Molecule IAP Antagonists. ACS ChemBiol
2009, 4, 557-566. b) Cohen, F.; Alicke, B.; Elliott, L. O.; Flygare, J. A.; Goncharov, T.; Keteltas, S. K.; Franklin, M. C;
Frankovitz, J. S.; Stephan, J. P.; Tsui, V.; Vucic, D.; Wong, H.; Fairbrother, W. J. Orally Bioavailable Antagonists of
Inhibitor of Apoptosis Proteins Based on an Azabicyclooctane Scaffold. J. Med. Chem. 2009, 52, 1723-1730. c) Vucic,
D.; Franklin, M. C.; Wallweber, H. J. A.; Das, K.; Eckelman, B. P.; Shin, H.; Elliott, L. O.; Kadkhodayan, S.; Deshayes, K.;
Salvesen, G. S.; Fairbrother, W. J. Engineering ML-IAP to Produce an Extraordinarily Potent Caspase 9 Inhibitor:
Implications for Smac-dependent Anti-apoptotic Activity of ML-IAP. Biochem J. 2005, 385, 11-20.

12



Sassari, 07.01.10

/)ﬁa@/w Ao 3. 0T Ross

Luciana Auzzas (Fruitore) Gloria Maria Rita Rassu (Proponente)

13



	STMreport_no last page.pdf
	LastPage

