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The Target Discovery Process
Ursula Egner,* Jçrn Kr�tzschmar, Bertolt Kreft, Hans-Dieter Pohlenz, and
Martin Schneider[a]


Introduction


During the past decade we have seen fundamental changes in
the way pharmaceutical companies approach the identification
and validation of new drug targets. Historically, lead com-
pounds were identified by screening small molecules for the
induction of a desired phenotype, for example, anticancer
agents blocking cell proliferation. However, many such drug
candidates ultimately failed in clinical development, either due
to poor pharmacokinetic compound characteristics or because
of intolerable side effects, which may reflect insufficient specif-
icity of the compound or unsuitability of the target. In fact, a
significant number of drug development projects have failed
because the underlying biological hypothesis about the target
has been incorrect.[1] To reduce the attrition rate during devel-
opment, most, if not all, pharmaceutical companies have
adopted a target-directed molecular approach, which aims at
understanding the cellular mechanisms underlying a given dis-
ease phenotype. This change in the drug discovery process
has been supported substantially by the completion of the se-
quencing of the human genome and by the introduction of
novel genomics and proteomics technologies. Overall, identify-
ing novel drug targets, that is, proteins that are critically in-
volved in the development and/or progression of a disease, is
a multistep endeavour involving various disciplines, including
large-scale expression profiling and bioinformatics, structural
biology, traditional cell biology, and ultimately functional in
vivo studies.


The selection of candidate targets is greatly supported by
the use of systematic gene expression profiling to enable the
discovery of genes/proteins with a desirable tissue distribution
that are regulated in a model system of pathophysiology and/
or differentially expressed in clinical patient samples in com-
parison to normal samples. Gene expression profile informa-
tion, put in the context of functional information on a target
protein or one of its close homologues, is today guiding selec-
tion of candidate targets as the first step in the target discov-
ery process. The cellular function of a potential target is ana-
lysed in detail in the process of target validation. In a series of
in vitro assays, including knock-down and over-expression


studies in appropriate model systems, target validation aims at
demonstrating that a candidate target protein—and ultimately
its enzymatic activity—does play a critical role in a disease-
relevant cellular process.


In addition to its critical contribution to a disease condition,
the target protein of interest should be drugable, that is, it
should have the potential to bind a small molecule with an ap-
propriate binding affinity and with appropriate chemical prop-
erties.[2] Drews identified about 5000–10 000 potential target
proteins, whereas Hopkins and Groom estimated the number
to be 600–1500 drugable targets within the human
genome.[2, 3] In order to identify drugable targets, Schering ex-
amines each target protein for its potential to selectively bind
a small molecule in a well-defined binding niche. A prerequi-
site for such an analysis is the availability of 3D-structure infor-
mation about the target or a homologous protein. Target as-
sessment has become an important decision point before en-
tering target validation, as an early decision for or against a
project can influence the costs in Research & Development
dramatically : up to 40 % of all costs in Research & Develop-
ment arise during the target discovery stage.


In summary, pharmaceutical companies have developed dif-
ferent target discovery strategies according to their individual
needs and the therapeutic areas they serve. In this article,
rather than summarising all of the current methods used in
drug discovery, we provide an overview of the Schering-specif-
ic target discovery process (Figure 1). This overview focuses on
the individual steps of target identification, target assessment
and target validation, including lessons that we have learnt
while establishing and optimising these processes that are
useful across all therapeutic areas.


[a] Dr. U. Egner,+ Dr. J. Kr�tzschmar,+ Dr. B. Kreft,+ Dr. H.-D. Pohlenz,
Prof. M. Schneider
Research Center Europe, Enabling Technologies
Schering AG, 13342 Berlin (Germany)
Fax: (+ 49) 30-468-91522
E-mail : ursula.egner@schering.de


[+] These authors contributed equally to this work.


In order to minimise attrition rates in drug development projects,
a target discovery process is implemented to select and charac-
terise the most suitable candidate kinase targets, before lead
identification and lead optimisation are embarked upon. The
process consists of 1) target selection, 2) target assessment, and
3) target validation. This rational approach to target discovery,
as a prerequisite for lead discovery, ensures that new therapeutic


targets fulfil a set of general criteria, as well as indication-specif-
ic, descriptive and functional ones. The approach should
ultimately maximise the likelihood of achieving target-selective
inhibition by small-molecule inhibitors with minimal in vivo side
effects and a therapeutic effect based on a sound biological
hypothesis.
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Target Identification and Selection


To complement the continuous search for novel targets ema-
nating from descriptions in the literature, we have conducted
a systematic effort aimed at the identification of novel candi-
date targets based on the following set of gene expression
criteria :


1) tissue selectivity (for example, predominant or exclusive
expression in endothelial cells in reproductive organs),


2) gene regulation in ex vivo and in vitro model systems (for
example, induction during activation or differentiation of
lymphocytes), and


3) differential expression in samples representing human dis-
ease (for example, tumour versus normal organ, lesional
skin versus normal skin, peripheral blood monocytic cells
(PBMCs) of inflammatory disease versus PBMCs from
healthy donors.
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The relative importance of these descriptive criteria is varia-
ble between the individual indications. As an example, the
need for target-tissue specificity is linked to the severity of the
disease to be treated, and it has paramount importance in the
search for novel approaches to fertility control.


Obviously, additional levels of information qualifiying pro-
teins as candidate targets exist, such as the posttranslational
activation status in disease models (for example, tyrosine or
serine/threonine phosphorylation and proteolytic processing
resulting in activation), that are not directly accessible by
large-scale gene expression profiling. However, array- or bead-
based antibody technologies for multiplex analysis of protein
activation status are only emerging, so array-based mRNA anal-
ysis is the only mature tool for systematic (“holistic”) target
selection efforts.


A Gene expression array focused on target protein families


To focus our target selection efforts on drugable target candi-
dates, we have designed a proprietary AFFYMETRIX gene
expression array representing those protein families for which
small-molecule inhibitors are most likely to be found. To this
end, prior to the availability of the human genome sequence,
we had conducted a major bioinformatics effort to collect
from various sequence databases, including nonpublic ex-
pressed sequence tag collections (INCYTE), all sequences en-
coding human protein kinases, protein phosphatases, proteas-
es, nuclear receptors, and G protein-coupled receptors. Se-
quence redundancy was reduced by clustering of sequences;
however, the criteria for cluster building were set to minimise
the number of false chimeric clusters at the expense of mini-
mising redundancy. An essential part of the sequence assembly
for the final array design was the identification of major 3’-end
variants for the 7500 genes to be represented, to account for
transcript polymorphisms critically impacting on the detection
of mRNA species by using the AFFYMETRIX technology. When
our custom array was compared to the AFFYMETRIX standard
arrays available at the onset of this systematic effort, the major
advantages were the ability to address all relevant genes on a


single array and also to cover
genes that were not well repre-
sented in public sequence data-
bases.


Database of target-gene
expression profiles and data
views


We have established a suite of
programs, including the EXPRES-
SIONIST software (GeneData AG,
Switzerland), as well as propriet-
ary software modules for quality
control, normalisation and con-
densation over large sets of AF-
FYMETRIX array raw data.


Using the custom array pro-
duced by AFFYMETRIX, we have to date profiled more than
600 human samples, thereby creating a database of gene
expression profiles for the major target protein families. This
database has become a valuable resource for systematic data-
mining campaigns to identify candidate targets in a number of
indications.


A broad panel of human cell lines was profiled, to enable
identication of suitable model systems for in vitro target vali-
dation (see below). A large set of normal human tissue sam-
ples was included in the analysis, with multiple replicates rep-
resenting major organs. This part of the data collection can
best be viewed as a so-called “Array Northern”, where the
mean values over all samples representing one specific organ
are displayed in a bar-graph format (Figure 2). This tool is also
used for a summary display of differential gene expression,
when mean values over multiple samples for an individual
pathology, for example, breast carcinoma, are represented
alongside the corresponding normal organ sample mean
values.


In vitro and ex vivo systems modelling specific aspects of
human pathophysiology, such as stimulation of endothelial
cells, activation of T cells, and differentiation and maturation of
monocytes to dendritic cells, have been profiled by using the
custom array. In addition to supporting the identification of
candidate targets, the value of such in vitro model data be-
comes most obvious when the data are overlaid with the infor-
mation on differential gene expression derived from complex
clinical samples, thereby allowing the possibility of assigning
differential expression events seen in the clinical samples to a
particular cell type or a specific cellular process. Thus, upregu-
lation of specific genes in skin inflammation, for instance, can
be attributed to the recruitment or activation of T cells in a
skin lesion.


Our approach is to use large-scale gene expression profiling
as a first filter and to conduct additional descriptive analyses
on preselected candidate targets, including in situ hybridisa-
tion or, if a suitable antibody is commercially available, immu-
nohistochemical analyses, to elucidate the localisation of the
mRNA to a specific cell type of an organ. Therefore, in the area


Figure 1. The drug discovery process at Schering. The target discovery process comprises three consecutive steps:
target identification, target assessment and target validation.
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of clinical samples, which has seen many applications of gene
expression profiling, we have sought to obtain and profile sig-
nificant numbers of intact biopsy or tissue samples represent-
ing a specific pathology, rather than conducting labour-inten-
sive microdissection studies on a limited number of samples.
Also, it has been argued that focusing gene expression profil-
ing on the transformed epithelium of a carcinoma sample, by
using microdissection, will inevitably miss disease-associated
events in the neighbouring stroma that are potentially valua-
ble, for example, for the identification of novel targets for
molecular-diagnostics applications.


For the exemplary candidate target shown (Figures 2 and 3),
the protease hepsin, the tissue-distribution profile, with pre-
dominant expression in the liver, and the differential mRNA ex-
pression in several carcinoma types compared to the corre-
sponding undiseased tissues, especially in prostate carcinomas,
is in line with published information, thus underlining the val-
idity of the data derived from large-scale expression-profiling
efforts[30, 31] The current challenge lies therefore more in the
downstream process, the analysis and expert assessment of
large numbers of gene expression profiles, which is supported
by dedicated data-display tools tailored to the specific purpose
(Figures 2 and 3).


Figure 2. An “Array Northern” view of the gene expression profile of hepsin, a serine protease. The gene expression values for a specific gene in more than 600 sam-
ples are displayed as a bar graph of the geometric mean values of the expression value on an arbitrary scale over all samples belonging to a specific class (for ex-
ample. “normal adult prostate”). For a number of organs, in addition to normal adult organ samples (beige background), fetal organ samples (light green back-
ground) and cell lines (light magenta background) have been analysed and are displayed in separate bars. Where available, tumour sample data (light blue back-
ground) are displayed next to the corresponding adult normal sample data. The serine protease hepsin has been described as over-expressed in human prostate
and ovarian carcinoma samples.[33, 34] The profile based on our target-gene expression database clearly recapitulates the predominant expression in the liver as well
as the differential expression in the carcinomas.


Figure 3. EXPRESSIONIST profile display view of hepsin gene expression values
across a set of prostate samples. The gene expression values for the serine pro-
tease hepsin are displayed on a logarithmic scale, by using the profile display
tool of the EXPRESSIONIST software package (GeneData AG, Switzerland), for
three sets of samples, namely, prostate samples from healthy individuals along
with disease-free tissue adjacent to the carcinoma samples (“adjacent-normal”;
right), benign prostate hyperplasia (BPH) samples (left) and prostate carcinoma
samples (middle). The line connecting the individual datapoints helps in the
inspection of complex profiles over hundreds of samples.
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Target selection data-mining campaigns


In a typical data-mining campaign for the identification of can-
didate targets, based on the specific target criteria for an indi-
cation, we would conduct a bioinformatics analysis by using
the EXPRESSIONIST software package to identify all genes
showing a specific expression pattern in sets of relevant sam-
ples, for example, searches for genes over-expressed in pros-
tate carcinoma samples, or showing predominant or even spe-
cific expression in the normal organ (that is, the unaffected
prostate). From several hundred genes fulfilling such initial cri-
teria, an individual review of the primary list of candidates is
conducted, which involves the inspection of profile display
views of the expression values of such genes across all individ-
ual normal and disease samples (Figure 3) as well as the analy-
sis of tissue distribution by using the “Array Northern” tool
(Figure 2). As a result, a few dozen preselected candidate tar-
gets remain, which then become the subject of review and dis-
cussion in expert teams comprising biochemists, cell biologists
and pharmacologists. Known biological activities of the candi-
date targets, or of closely related proteins, and their position
in signal-transduction pathways are considered at this stage of
the selection process; this results in the final selection of a
handful of candidate targets that will be studied in more
detail. The further descriptive characterisation generally in-
cludes verification of gene expression array data by quantita-
tive PCR or Northern blotting, along with in situ or immunohis-
tochemical analysis of cell-type distribution of the candidate
mRNA or protein in normal and diseased tissue samples, in
parallel with a target assessment (see below), before the candi-
date target ultimately enters functional in vitro validation stud-
ies (see below).


Notably, in our systematic gene expression data-mining
work, we have also on several occasions found information on
a potential role of existing drug targets in a previously un-
known indication context; this results in the extension of
target validation studies to new disease models or prompts
the use of existing tool compounds in an animal model for a
potential secondary indication.


In summary, the expression-profile-driven target selection
process described here leads to the identification of proteins
with a potential functional role in disease initiation and pro-
gression or with suitability as molecular diagnostic targets. Fur-
ther descriptive and functional analyses are usually required.


Target Assessment


After potential new targets are identified, the next step in the
target discovery process at Schering is the drugability assess-
ment of the target protein. A prerequisite for such an analysis
is that 3D-structure information of the target protein itself or
of a homologous protein is available. With presently more
than 23 000 crystal and NMR spectroscopy structures deposited
in the Protein Data Bank, the probability of finding, if not the
target structure itself, than at least a homologous structure
with sequence identity of 30 % or higher is relatively good.[4]


The assumption holds if the target belongs to one of the


major enzyme and protein classes, such as nuclear receptors,
protein kinases, proteases and protein phosphatases. It has to
be noted, however, that there is still a lack of experimental
structures for other important drugable proteins like G protein-
coupled receptors.


Target assessment comprises, in addition to the prediction
of drugability, the analysis of catalytic and/or functional as-
pects and an analysis of selectivity issues. In order to assess
the drugability, the probability of identifying small-molecule
inhibitors for the target protein is estimated. As a first step, we
examine whether a binding niche can be identified in the
target protein that—judging from its shape and size—would
allow the accommodation of small-molecule inhibitors. From a
structural biologist’s point of view, “nondrugable” refers to a
binding site that is too small, too flat, and/or too hydrophobic
to allow tight and specific binding of a small molecule. With
respect to protein functionality, the presence of sequence
motifs contributing to enzyme activity is reviewed. In order to
evaluate the potential to achieve selectivity, residues contribu-
ting to a potential binding niche are examined for their possi-
ble interactions with a ligand and for the sequence conserva-
tion of these residues in the protein family of interest. Target
assessment in this sense links information from sequence
space and structure space (Figure 4). Related approaches eval-
uating drug targets with respect to genomic and structural
data have been described in the literature.[2, 5, 6]


Provided that a binding niche in a protein can be deduced
by using information from crystal/NMR spectroscopy structures
or from homology models, the amino acid residues lining this
niche can be identified and mapped back to the primary se-
quence level (Figure 4 C). When sequences are aligned for a
group of related proteins, the mapping of residues from struc-
ture to sequence level allows the deduction of which residues
are likely to contribute to the binding niche in the entire
family. The protein kinase sequence alignment in Figure 4
depicts only those residues that have been identified as inter-
acting with a bound small-molecule ligand in at least one 3D
kinase structure. Highlighted in grey are residues that interact
with the inhibitor in the respective kinase–inhibitor complex.
Thus, residues listed in Figure 4 C are those involved in ligand
binding in various kinases. Although these residues might not
have the same orientation in all structurally known kinases,
they all are taken into account when analysing a target kinase
with unknown structure. Sequence variablility in the (assumed)
binding niche of the target protein to other related proteins of
interest can thus be detected and located in structure space.
This enables the identification of key areas in the 3D structure,
where—upon inhibitor binding—selectivity is likely to be
achieved. Inhibitors forming strong interactions with residues
that are nonconserved in the protein family are more likely to
be selective than inhibitors that interact predominantly with
conserved side chains or protein backbone atoms.


At Schering, target assessments are performed for all poten-
tial target proteins for which a structural homologue with an
overall sequence identity >30 % is available. In the following
section the target assessment approach is exemplified for the
target family of protein kinases. Target assessments of the cata-


ChemBioChem 2005, 6, 468 – 479 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 473


The Target Discovery Process



www.chembiochem.org





lytic domain of protein kinases have the advantage that a
broad basis of structural information is available. In December
2003, 224 structures of the catalytic domain of protein kinases
were deposited in the Protein Data Bank.[4] Of these 224 struc-
tures, 159 represent kinases in complex with a low-molecular-
weight compound (54 with adenosine triphosphate (ATP) and
derivatives, 12 with staurosporine or derivatives thereof, and
93 with other small-molecule inhibitors). These 159 kinase
structures comprise complex structures of 17 different serine/
threonine (Ser/Thr) protein kinases and of 12 different tyrosine
(Tyr) protein kinases. We have carefully analysed the binding
niches of these structures to determine a) which amino acid
residues contribute to the binding niche, b) the flexibility of
residues and loops contributing to the binding niche, and
c) whether the residues interact with the ligand through main-
chain or side-chain atoms.


Protein kinases have a highly conserved catalytic core of
about 300 residues (Figure 4).[7–9] This core structure consists of
two lobes, with the binding site for ATP or ATP-competitive in-
hibitors located between these lobes. The orientation of the
two lobes relative to each other and the flexibility of the nu-
cleotide-binding loop in the active site (the name reflects the


interactions with the phosphate moieties of ATP) often varies
between different ligand scaffolds.


Another region of interest in inhibitor binding is the so-
called hinge region between the N- and C-terminal lobes of
the catalytic domain. Both the natural ligand ATP and the ATP-
competitive inhibitors interact with this region through up to
three hydrogen bonds. The residue preceding the hinge
region, the so-called gate-keeper residue, is often of small size
(Thr or Val ; if not stated otherwise, amino acids are described
by their three-letter code) in Tyr kinases whereas it is larger
(often Phe, Met or Leu) in Ser/Thr kinases.


In addition to contributing to the orientation of ATP, the cat-
alytic loop and the activation loop in kinases are responsible
for the positioning of the substrate. In almost all kinases, se-
quence motifs such as His–Arg–Asp at the start of the catalytic
loop and Asp–Phe–Gly at the beginning of the activation loop
are conserved, as they are involved in the correct orientation
of the natural ligand ATP in the binding site.


The target assessment approach is demonstrated in more
detail by using the protein kinase ZAP-70 as an example. ZAP-
70 is involved in T-cell activation and belongs to the family of
nonreceptor tyrosine kinases. The 70 kDa protein (619 residues,


Figure 4. Target assessment approach at Schering. When a crystal structure or homologous structure of the target protein (for example, ZAP-70) is available (for
example, kinase lck; PDB entry code : 1qpe;[13] A), the binding niche of this protein and other members of the same family are analysed (B) with respect to binding
niches, inhibitor binding and contact residues of the inhibitor to the protein. Thus, a list of the binding niches is compiled that highlights the kind of interaction in
the proteins, for example, interaction through hydrogen bonds or van der Waals contacts (C). Amino acids on a grey background interact through side chains with
the inhbitors in the respective protein–inhibitor complex, while those in bold and underlined contact the ligands with their main-chain atoms. As a final step, a
model of the target protein is calculated (D ; example shows the model for Zap-70 on the basis of the lck–PP2 complex (PDB entry code: 1qpe)) and the interacting
residues are highlighted in a surface presentation (orange on an overall surface of grey).
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Swissprot entry code: za70 human, Isakov1996) contains two
SH2 domains, arranged in tandem, and a C-terminal catalytic
protein kinase domain. The NMR spectroscopy and crystal
structures of the apo and peptide-bound SH2 tandem domains
have been determined and several examples of ZAP-70 inhibi-
tors targeting the SH2 domains have been published.[10–12]


From sequence alignments, the kinase domain of ZAP-70, for
which no 3D-structure information is available so far, is
thought to be located between residues 338 and the C-termi-
nal end of the protein.


In Table 1 the results of the target assessment for the ZAP-
70 kinase domain are summarised. In ZAP-70, all sequence
motifs contributing to the kinase catalytic machinery (for ex-
ample, the Asp–Phe–Gly and His–Arg–Asp motifs, etc) are con-
served and classify ZAP-70 as a Tyr kinase. The only exception
is the gate-keeper residue, which is large in ZAP-70 (Met414)
but usually small in other Tyr kinases. The highest sequence
homology to structurally known kinases is found for the cata-
lytic domain of FAK (focal adhesion kinase; 43 % sequence
identity; PDB entry code: 1mp8), followed by Eph-A2 receptor
tyrosine kinase (41 %, 1mqb), EGF receptor kinase (40 %, 1m14)
and lck (40 %, 1qpe).[13–15] Given these high levels of sequence
identity and the highly conserved common fold of protein kin-
ases, a binding niche similar in size and shape to other protein
kinases can be expected with high probability for ZAP-70.


Calculating sequence identities based only on residues in
the binding niche, the closest homologues to ZAP-70 among a
list of 160 randomly selected kinases are members of the Eph-
B receptor family, which exhibit sequence identities of 50 % in
this region, while the sequence identity of lck is only 44 %.
Figure 4 shows a sequence alignment of residues in the bind-
ing niche of the tyrosine receptor subfamily, which includes
FAK, c-abl, Eph-A2 receptor, Eph-B2 receptor and EGFR. The
similarity in the binding niche of ZAP-70 compared to a ran-
domly selected list of 165 kinases is relatively low (<50 %), a
fact suggesting that it should be possible to find selective in-
hibitors for ZAP-70. A detailed analysis of the active-site resi-
dues differing between ZAP-70 and these homologous kinases
(not presented here) may give further insights into whether it
will be possible to develop inhibitors selective for ZAP-70
alone.


Many of the residues involved in coordinating ATP are con-
served among kinases, thereby leading to a higher level of se-
quence identity in the binding niche than the overall sequence
identity of protein kinases of approxiamtely 30 %. For example,
the sequence identity between the binding niche of the Ser/
Thr kinase cdk2 and the Tyr kinase c-src is only 42 % while that
between c-src and the Tyr kinase abl amounts to 65 %. Accord-
ingly, the target assessment will predict that the probability of
encountering selectivity problems between either cdk2 and c-


src or abl and c-src is rather low.
Examples of inhibitors binding
to c-src but not to cdk2 are PP1
and SU6656, which exhibit IC50


values for c-src of 170 nm and
280 nm, respectively, while no
inhibition of cdk2 can be de-
tected (IC50>10 000 nm).[16, 17]


With a sequence identity of
65 % in the binding niche be-
tween c-src and abl, inhibitors
can be found with similar IC50


values, like PP1 (170 nm and
250 nm for c-src and abl, respec-
tively), or already differing IC50


values, like the compound
SU6656 (280 nm and 1740 nm


for c-src and abl, respectively). A
careful analysis is necessary in
order to obtain selective com-
pounds. An exact prediction of
which compound might lead to
selectivity problems is beyond
the scope and capabilities of a
target assessment. Still, a target
assessment in the early phase
of a project can alert scientists
to critical issues relating to the
functionality, selectivity and
drugability aspects of a poten-
tial target protein. It can thus
contribute to the decision


Table 1. Summary of the structural biology target assessment for the protein kinase ZAP-70.[a]


Characteristics Comments relating to target Conserved in
kinase ZAP-70 ZAP-70/Ser/Thr


or /Tyr?


Functionality
sequence motif : nucleotide-binding loop, GxGxxG GCGNFG (aa 345–350) yes (both)
sequence motif : conserved interaction between
Lys and Glu in helix C


VAIK (aa 366–369) and E (aa 386) yes (both)


hinge region: gate-keeper residue Met414 Ser/Thr
hinge region: size of hinge region large, loop size as in lck Ser/Thr
catalytic loop: Prosite motif[b] FVHRDLAANVLL (aa 457–469) Tyr
activation loop: DFG DFG (aa 479–481) yes (both)
activation loop: xxxxxAPE PLKWYAPE (aa 502–509) Tyr


Drugability
structural homology: overall sequence identity 43 % FAK (PDB: 1mp8), Tyr


41 % Eph-A2 RTK (PDB: 1mqb),
40 % EGFR kinase (PDB: 1m14),
40 % lck (PDB: 1qpe)


existence and size of binding niche niche available, similar size to that in
other protein kinases


Selectivity
sequence identity in binding site 50 % to Eph-B1, -B2, -B3, -B4 and -B8


RTK[c]


44 % to lck (calculated from a set of
165 kinases)


homologues in kinase kinome[36] Tyr kinase family : Tyr
syk subfamily (followed by abl and FAK
subfamilies)


[a] Single-letter amino acid (aa) codes are used in the sequences, x = any amino acid, bold type indicates a resi-
due conserved in the consensus sequence. [b] Consensus pattern for Tyr kinases from the Prosite database:[35]


[LIVMFYC]-x-[HY]-x-D-[LIVMFY]-[RSTAC]-xx-N-[LIVMFYC]3 where D is an active-site residue. [c] RTK= receptor
tyrosine kinase.
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about whether a target candidate should enter the target vali-
dation process.


Since the establishment of target assessments at Schering
three years ago, a number of potential target proteins did not
proceed to target validation due to a (predicted) lack of func-
tionality (which in addition was confirmed experimentally). For
targets with selectivity problems, that is, with binding sites
that are more than 95 % identical to that of homologous pro-
teins, additional data relating to the target’s tissue distribution
are analysed before a “no go” decision is taken.


Target Validation


Impressive technical advances such as large-scale sequencing
efforts and systematic functional genomics studies in model
organisms have led to a massive increase in potential drug tar-
gets during recent years.[2] As a result, many target discovery
groups are facing the same dilemma, that is, they are confront-
ed with a large number of targets which, in most cases, have
been identified solely by virtue of their differentiated regula-
tion under pathophysiological conditions (see above). Even
though many of these potential targets may contribute in
some way to disease phenotypes, further functional characteri-
sation is required to identify key switches in biochemical path-
ways as appropriate intervention points for drug treatment.
The process of target validation aims at identifying these
switches exactly by demonstrating that a target plays an es-
sential role in a disease-relevant cellular process.


It is needless to say that there is no standard process for
target validation and pharmaceutical companies are applying
various techniques according to their indication-specific needs
(reviewed in ref. [1]). Five years ago, we had already agreed
upon sets of essential criteria that have to be fulfilled by a can-
didate gene in order for it to constitute a valid target for a par-
ticular indication. In principle, there are two ways to establish
a link between a target gene and a disease-relevant pheno-
type.[1] In contrast to the identification of potential targets
through random phenotypic screens, that is, “forward genet-
ics”, Schering has settled for the alternative strategy of “reverse
genetics”, which seeks to unravel the specific molecular func-
tion of a candidate gene within a given physiological process
of interest. In this approach, the function of a target protein is
first blocked, either by the introduction of a dominant-interfer-
ing mutation or by the specific suppression of gene expression.
The resulting loss-of-function phenotypes are subsequently
monitored, thereby making it possible to link the inhibition of
precisely one target to the observed phenotypic changes.


One of the main challenges in target validation is the estab-
lishment of appropriate model systems, which mimic the in
vivo situation and, thus, are indeed predictive of disease. Fur-
thermore, these model systems have to be amenable to
medium- or even high-throughput applications in order to an-
alyse a sufficient number of potential targets in parallel. For
this reason, we have decided to conduct target validation
studies in vitro in cellular systems, which have been very help-
ful in the past in elucidating signalling pathways that govern
essential physiological processes such as cell proliferation or


the regulation of survival and apoptosis. Suitable in vitro
models for target validation have to meet certain criteria, that
is, 1) the cells have to express the gene of interest to detecta-
ble levels, 2) the cellular model has to mimic the in vivo situa-
tion, thereby allowing the analysis of a well-defined and dis-
ease-relevant phenotype, and 3) the cells need to be amenable
to experimental manipulation. In this respect, much has been
learned from studies in immortalised cell lines, which are
either derived from tumours or which have been established
by the stable introduction of viral oncogenes. Still, these stable
cell lines frequently exhibit aberrant properties, since the proc-
ess of immortalisation correlates with gross alterations of the
karyotype and the acquirement of a dedifferentiated pheno-
type.[18] Therefore, we prefer to perform target validation stud-
ies in primary cells derived from relevant human tissue when-
ever possible, as the human situation is best reflected by these
nontransformed cells.


Independently of the cell system used, one major hurdle in
functional genomics studies is the delivery of target validation
tools like antisense oligonucleotides, short interfering RNAs
(siRNAs), expression vectors or proteins (for example, blocking
antibodies) into cells. The introduction of oligonucleotides and
plasmids is typically achieved by using cationic lipids or poly-
mers.[19] Gene delivery through lipofection is simple and fast,
and there are numerous specialised transfection reagents avail-
able from different vendors. However, this delivery system is
restricted to dividing cells and exhibits a number of limitations,
including sometimes severe toxicity and, most importantly,
only mediocre transfection efficiencies, especially in primary
cells. In our hands, the Nucleofector technology developed by
Amaxa Biosystems (Cologne, Germany) turned out to be the
most powerful delivery system. This gentle electroporation
method is able to deliver DNA or RNA molecules directly into
the nucleus without inducing severe cell damage and apopto-
sis. As a result, it is possible to transfect even resting cells[20]


and the time between electroporation and phenotypic analysis
is reduced significantly. Importantly, nucleofection has been
optimised for the efficient delivery of DNA and RNA molecules
into hard-to-transfect cells, and we have consistently experi-
enced high transfection efficiencies (up to 80 %) in primary
human cells of various origin (endothelial cells, prostate stro-
mal cells, T cells). Another means of delivering genes into cells
is viral transduction by using adeno-, retro- or lentiviruses.[21]


While retroviruses can only be used to transduce proliferating
cells, adeno- and lentiviruses are also able to drive gene ex-
pression in fully differentiated and nondividing cells. Viral
transduction is restricted, however, to certain cells or tissues,
depending on the tropism of the virus. Furthermore, viruses
are known to trigger cellular defence mechanisms, such as the
interferon (IFN) response, which may obscure the results of fur-
ther phenotypic analyses.[22]


Loss-of-function phenotypes are frequently induced by the
inhibition of mRNA expression and the resulting knock-down
of the endogenous protein. This approach requires no further
knowledge of the potential target besides limited nucleic acid
sequence information, and there are several methods available
to suppress gene expression.[1, 23] In our experience, the most
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effective knock-down technology is RNA interference (RNAi),
which is part of a universal defence mechanism triggering gen-
eralised translational repression and apoptosis in response to
viral infections.[24] When siRNAs of about 21 nucleotides in
length are used, it is possible to induce the specific degrada-
tion of the corresponding mRNAs without activation of the IFN
response.[23, 25] Although recent reports suggest that siRNAs
and short-hairpin (sh) RNAs might be able to activate media-
tors of the IFN response,[26, 27] we have not encountered similar
problems in our internal studies with synthetic siRNAs (B.K. ,
unpublished data). Compared to antisense oligonucleotides,
the identification of functional siRNAs is relatively easy—in our
experience about 30–50 % of siRNAs are effective—and several
commercial vendors are offering a wide variety of RNAi tools,
including functionally validated siRNAs. As this method can be
applied to the simultaneous characterisation of multiple can-
didate genes, Schering is using RNAi as a first filter to sift
through a larger number of target candidates in parallel. Still,
one has to keep in mind that, similarly to other knock-down
technologies, RNAi is associated with a number of uncertain-
ties. There is no general rule for which level of mRNA knock-
down has to be achieved in order to induce a sufficient reduc-
tion of the target protein. Depending on the rate of transcrip-
tion and the stability of a particular target protein, the knock-
down kinetics, and thus the optimal time for the observation
of phenotypic changes, can vary substantially from gene to
gene.


Due to the aforementioned limitations, target validation at
Schering does not rely solely on the results of RNAi experi-
ments (Figure 5). Instead, a complementary approach is used


to further characterise those candidate genes for which a
desired phenotype has been observed consistently in knock-
down studies. In this approach, the function of the endoge-
nous protein is blocked following over-expression of a func-
tionally impaired, that is, enzymatically inactive, “dominant-
negative” (dn) mutant, which competes for the interaction
with upstream activators and/or downstream effectors/sub-
strates of the target protein. Since the expression of trans-


genes to very high levels can produce artefacts in some cases,
it is important to compare the effects induced by either the
wild-type or the mutant target protein. For enzymes such as
kinases the generation of dn mutants is straightforward, be-
cause critical amino acid residues required for the enzymatic
activity are well conserved and mutation of a only single lysine
residue within the catalytic domain is generally sufficient to
abolish the kinase function.[28] Ideally, the phenotype previous-
ly observed in RNAi studies can be confirmed in cells over-ex-
pressing a dn form of the target protein. In contrast to knock-
down experiments, where the entire protein is missing, this ap-
proach provides information on whether the enzymatic func-
tion of the potential target is indeed required for its role in a
particular cellular process. Through this analysis it is now possi-
ble to discriminate between scaffold proteins acting merely as
structural components of larger signalling complexes and valid
targets whose activity can be influenced in a desired way by a
low-molecular-weight inhibitor.


For instance, the kinase suppressor of Ras (KSR), a protein
originally identified in genetic screens for molecular compo-
nents downstream of Ras, contains a predicted C-terminal
kinase domain, even though KSR lacks several key properties
of a protein kinase, including a conserved lysine residue in the
ATP-binding niche. It has been proposed that—rather than
acting as a kinase—KSR may function as a scaffolding protein
that coordinates Ras/Raf/MAP kinase signalling through the as-
sembly of an activated signalling complex.[29] This is only one
example for a protein fulfilling its cellular function independ-
ently from the predicted enzymatic activity, and we have en-
countered several similar cases in our own search for novel
drug targets.


The analysis of cells expressing either wild-type or mutant
forms of a target protein is performed in transiently transfect-
ed cells. As opposed to the generation of stable cell lines, tran-
sient transfection is fast, yields higher levels of transgene ex-
pression and prevents secondary effects, such as negative se-
lection for cells expressing no or low amounts of the target
protein. In addition, the transient over-expression of dn mu-
tants eliminates the possibility that cells escape this immediate
impact through the activation of compensatory mechanisms.
As transient transfections result in mixed populations of cells
expressing the respective transgene to different levels, it is
necessary to analyse potential phenotypic changes in single
cells. This is achieved through the application of fluorescence
microscopy-based assays, which allow the analysis of a wide
variety of disease-relevant phenotypes (for example, cell prolif-
eration, mitosis/cell-cycle regulation, senescence, cell death or
apoptosis, morphological changes, cell migration, activation of
signalling pathways). As an example, the phenotypic changes
induced after inhibition of a target protein regulating critical
steps in mitosis are depicted in Figure 6.


It is obvious that there are indications for which in vitro
target validation is not an option. Physiological processes, par-
ticularly those involving complex interactions of different cell
types over time, can only be analysed within the context of
intact organisms, and mouse genetics, that is, the generation
of transgenic or knockout (KO) mice, has become the method


Figure 5. The Schering target validation process.
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of choice.[30] However, this approach is facing a number of
problems, such as embryonic lethality, developmental pheno-
types, the induction of compensatory mechanisms and the
more general question of whether a KO throughout develop-
ment indeed reflects the consequences of blocking a target
protein’s function in the adult organism with specific inhibi-
tors. Some of these problems can be overcome by using con-
ditional KO models and inducible or tissue-specific promot-
ers,[31] but target validation through mouse genetics remains
an expensive and rather time-consuming approach. Recently,
mouse knock-in technology has been developed that enables
the effect of drug inhibition of a protein kinase in vivo to be
mimicked, by replacing the endogenous wild-type enzyme
with a specific ATP-binding pocket variant that can specifically
be inhibited by a tool compound inert against all natural
kinases.[28]


One attractive alternative approach to in vivo target valida-
tion is the generation of transgenic mice expressing shRNAs
that are subsequently processed to yield functional siRNAs,
thereby inducing the mRNA knock-down of specific genes.
Lentiviral delivery systems have successfully been used to ana-
lyse the phenotype of mouse embryos completely derived
from embryonic stem cells stably expressing shRNAs.[32] Since
the expression of such shRNA constructs can be controlled by
inducible and tissue-specific inhibitors, it is conceivable that
these transgenic RNAi systems will soon become the technolo-
gy of choice for the validation of potential targets in vivo.


Summary and Outlook


To minimise the attrition rates of drug development projects in
later phases, pharmaceutical companies have developed strat-
egies and processes in the field of target discovery to select


and characterise the most suit-
able candidate targets, before
embarking on lead identifica-
tion and lead optimisation for
only the validated targets.


We have outlined the target
discovery process implemented
at Schering AG for work on kin-
ases over the last few years.
This process consists of the fol-
lowing three areas:


1) target selection, based on a
combination of gene ex-
pression criteria and relying
on a dedicated data re-
source of gene expression
profiles for clinical samples
and indication-relevant in
vitro model systems, to
identify candidate targets
with a specific tissue distri-
bution and presence in
human pathology,


2) target assessment, exploiting the three-dimensional struc-
ture of proteins for detailed binding-site analysis to esti-
mate the drugability of the protein for small-molecule
inhibitor binding as well as selectivity profiles, and


3) target validation, providing evidence for a functional role
in an in vitro model system of human disease, thus corrob-
orating the biological hypothesis underlying the therapeu-
tic concept around the candidate target.


This rational approach to target discovery, as a prerequisite
for lead discovery, ensures that new therapeutic targets fulfil a
set of general criteria, as well as indication-specific, descriptive
and functional ones, and should ultimately maximise the like-
lihood for achieving target-selective inhibition by small-mole-
cule inhibitors with minimal in vivo side effects and a thera-
peutic effect based on a sound biological hypothesis.


Note added in proof


After submision of the manuscript, the crystal structure of the cata-
lytic domain of ZAP-70 was solved (L. Jin, S. Pluskey, E. C. Petrella,
S. M. Cantin, J. C. Gorga, M. J. Rynkiewicz, P. Pandey, J. E. Strickler,
R. E. Babine, D. T. Weaver, K. J. Seidl, J. Biol. Chem. 2004, 279,
42 818). The available structure does not change the predictions.
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Figure 6. Inhibition of a target protein regulating mitosis that induces mitotic slippage, centrosome amplification and
the formation of multinuclear cells. Depicted are control cells (a, a*, b, b*) and cells in which the target has been in-
hibited (c, c*, d, d*). Cells are shown either in the interphase (a, a*, c, c*) or in mitosis (b, b*, d, d*). Nuclei have been
stained with Hoe33258 (blue) and centrosomes were visualised by staining the centrosomal marker g-tubulin (red).
Microtubules (a-tubulin) were stained in green and an overlay of all stainings is shown in pictures marked with an as-
terisk. The scale bar represents 20 mm.
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High-Throughput Screening for Kinase
Inhibitors
Oliver von Ahsen and Ulf Bçmer*[a]


1. Development of High-Throughout Screening
Compatible Protein Kinase Assays


1.1. Introduction


Most pharmaceutical companies use compound libraries that
have now reached or passed the size of one million chemicals.
So any biological assay developed for biomolecular screening
faces the need for very high throughput. Searching for an in-
hibitor for a given kinase (and of course any other enzyme)
nowadays means generating at least one million data points.


Under these circumstances, traditional techniques like gel-
based assays, filter-binding assays, or enzyme-linked immuno-
sorbent assays (ELISAs) have had to be replaced by assay tech-
nologies that circumvent the laborious and time-consuming
washing and separation steps.


Well-established and widely used assay techniques matching
the needs of screening are scintillation proximity (SP and flash-
plate), fluorescence resonance energy transfer (FRET), fluores-
cence polarization (FP), and Alphascreen assays. All these tech-
niques are homogeneous mix-and-measure techniques that
allow the addition of all reaction partners and detection re-
agents in one well of a microplate without the need for sepa-
ration steps.


In screening large chemical libraries, cost pressure is an
issue that drives the field towards miniaturization. The 96-well
format is no longer able to meet the needs of industrial re-
search. 384-well or 1536-well microplates have become stan-
dard, and to minimize reagent costs, assay volumes have been
downscaled to 3–15 microliters.


Since even 5 mL assay volumes translate into a 5 L total
assay volume and thousands of 384-well plates over an entire
high-throughput screening (HTS) campaign, compound pool-
ing comes into play as a further possibility to reduce costs. By
pooling compounds the number of assays is greatly reduced
and so are handling time and reagent costs. One has to con-
sider the fact that compound interference, that is, influences of
compounds on the detection system rather than the enzymatic
activity to be tested, can cause serious problems, especially in


pool screening. These problems have to be addressed by
choosing suitable assay techniques and doing the right con-
trols.


Decisions on HTS strategies are mostly general decisions
made for the company, not for a certain project. So the re-
searcher starting a new project to identify kinase inhibitors will
not have to decide on pool screening but he or she will have
to consider the probability of compound-interference prob-
lems and to find solutions, like early selectivity testing with the
same assay technique to get rid of interfering compounds or
retesting hits by using an alternative approach.


When a new kinase project is initiated, researchers have to
decide on assay technology, substrates, the kinase (as a full-
length protein or catalytic domain), and within certain limits
the degree of miniaturization.


A choice has to be made between cellular or biochemical
assays. Cell-based assays have the advantage that the target is
in an intact cellular environment, probably correctly folded. For
cellular assays stable cell lines are generated that provide a
clear target-specific readout. Target classes like GPCRs and ion
channels or screens for receptor agonists are candidates for
cellular screening. A drawback of cell assays is the fact that
many hits may be generated by inhibition of activities other
than the addressed target (“off-target hits”). This will be the
case if a long signal-transduction pathway is addressed and
the readout results from the very last step, for example, report-
er gene activity. In such a case, one is unwillingly screening
several targets at once, since every step could be inhibited by
library compounds. In the end, detailed mechanistic analysis
has to follow the screening.


In addition to off-target hits, problems may arise by toxicity
of compounds that reduce the readout of the assay without in-
hibition of the relevant target. Due to this fact, biochemical
assays can be performed with higher compound concentra-


[a] Dr. O. von Ahsen, Dr. U. Bçmer
Assay Development & High Throughput Screening
Corporate Research, Schering AG, 13342 Berlin (Germany)
Fax:(+ 49) 30-468-17978
E-mail : ulf.boemer@schering.de


Following G protein-coupled receptors (GPCRs), protein kinases
have become the second most important class of targets for
drug discovery over the last 20 years. While only four kinase in-
hibitors have reached the market to date (Fasudil for rho-de-
pendent kinase, Rapamycin for TOR, Gleevec for BCR-Abl, and
Iressa for EGFR), many more are already in clinical development.
A historical overview of kinase inhibitors was recently published
by Cohen.[1] After the previous successes, protein kinases are now


regarded as attractive, well-drugable targets, and the analysis of
the human genome has yielded 518 protein kinases.[2] We can
thus expect screening for protein kinase inhibitors to become
even more important in the future. In this review we will focus
on the early steps of drug discovery programs producing new
lead compounds. We will guide the reader through efficient
state-of-the-art assay development and high-throughput screen-
ing of large chemical libraries for protein kinase inhibitors.
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tions than cellular assays, thereby raising chances of finding in-
hibitors in novel chemical classes. This is especially important
when working on competitive fields that are already heavily
patented.[3]


Unfortunately, both problems are more serious with pool
screening, although pool screening is especially attractive for
cellular assays, which are generally much more time consum-
ing and more difficult to run with high throughput than bio-
chemical asays.


For these reasons, biochemical assays form the gold stan-
dard in HTS laboratories, at least for soluble enzymes, since
they allow for efficient logistics and rapid screening of large
libraries, can be easily miniaturized, and do not suffer from
off-target effects and toxicity issues.


We regularly use biochemical assays to screen for new
kinase inhibitors and also focus on biochemical assays for this
review. For a recent review on cellular kinase assays, see
ref. [4] .


1.2. Assay development


1.2.1. Choice of kinase protein : If the kinase to be screened is
not commercially available, the investigator has to decide on
expression and purification strategies. The development of
cloning systems like Gateway[5] allows parallel expression in
several hosts, like Escherichia coli, insect cells, and mammalian
cells. This parallel approach maximizes the chance of getting


active protein on time, but protein expression and purification
still frequently remains a bottleneck for biochemical screening.


For purification purposes, addition of affinity tags like histi-
dine tags or flag tags or expression of gutathion-S-tansferase
(GST) fusion proteins is routine.


Although we prefer to screen with full-length proteins, the
parallel expression of catalytic domains is a valid strategy to
minimize risks in early project phases.


For lead optimization, protein crystallization and structure
determination programs are started at the beginning and ben-
efit from parallel expression strategy as well.


1.2.2. Choice of substrate : According to Copeland[6] natural sub-
strates should be used for screening to ensure that the mea-
sured affinities of different inhibitors match the affinities that
they will show in vivo. The first reason given was that, with
small peptides as substrates instead of physiological protein
substrates, one might miss inhibitors that block exosites in-
stead of catalytic sites.


Exosites are substrate-binding sites outside the catalytically
active site and are considered to work as a selectivity filter.


By definition, they function by protein–protein interactions,
a type of interaction that is generally considered not to be
drugable with small molecules.


In the field of small-molecule drug discovery, Lipinski and
co-workers’ “rule of five”[7] is a widely accepted guideline for
the selection of compounds for HTS libraries based on their
molecular properties, and compounds with molecular weights
above 500 Da are hardly included in HTS libraries any more be-
cause of their often unfavorable physicochemical properties.


On the other hand, the examples given for exosite-binding
inhibitors were peptides of 15[8] or even 85 residues.[9]


We think that most HTS libraries will not contain many in-
hibitors that will bind with high affinity to exosites, thus by
using small peptide substrates instead of full-length protein
substrates one will gain huge practical advantages without
missing relevant hits.


Nevertheless, one should use substrates as natural as possi-
ble in order to ensure that the kinase, even with bound pep-
tide substrate, is in the physiological conformation and that
the properties of the catalytic site and its vicinity are similar to
in vivo conditions. If the natural substrate is not available, one
should try to use substrates as similar as possible. Based on
the assumption that the natural substrate will be the one that
is phosphorylated most efficiently, we routinely search for the
best substrates in a library of 4500 peptides by testing activity.


Only if this approach fails to give substrates that are easy to
handle do we use generic substrates such as poly-Glu–Tyr or
poly-Glu–Ala–Tyr for tyrosine kinases or generic substrates
such as maltose binding protein (MBP), casein, or histones for
S/T kinases.


1.2.3. Choice of assay technology : Several technologies that
allow high-throughput screening are available. The widely
used methods have in common the use of homogeneous for-
mats that do not involve any solid phases or washing steps. All
steps from mixing reactants over incubation to addition of de-
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tection reagents and finally measuring a signal take place in
one well of a microtiter plate. Traditional techniques like filter
assays or ELISAs are no longer used in HTS campaigns. The de-
velopment of homogeneous mix-and-measure techniques was
a necessary precondition for the current level of miniaturiza-
tion and throughput in screening laboratories.


The common readout in screening is optical, whether the
signal is generated by scintillation, fluorescence, chemiluminis-
cence, or electrochemiluminiscence.


Assay techniques most frequently used for protein kinases
are:


1. scintillation proximity assays (SPAs)
2. homogeneous time-resolved fluorescence (HTRF) assays
3. fluorescence polarization (FP) assays
4. Alphascreen assays


These and other techniques used in high-throughput
screening are proximity based. A signal is generated if two
components of a detection system are brought into close
proximity. In the case of protein kinases the two components
are recruited by the substrate peptide on one hand and the
phosphate group on the other hand. HTRF assays, for example,
use europium-labeled antiphospho-antibodies binding to the
phosphorylated substrate peptide as the energy donor and
streptavidin-tagged fluorophores that bind to the biotinylated
peptide as the energy acceptor. The generation of signal strict-
ly depends on the phosphorylation status of the peptide.


Several commonly used and well-established techniques and
some new approaches are summarized in Table 1.


Assay techniques as simple and robust as possible are pre-
ferred to ensure high quality in screening. For this reason, the
following general aspects should be considered in addition to
the throughput and miniaturization issues.


Some assay technologies are inherently more sensitive to
compound interference; these are fluorescence intensity, biolu-
minescence, and Alphascreen assays. Other technologies such
as fluorescence lifetime, FRET, and time-resolved FRET (HTRF)
assays are much more robust against compounds interfering
with the detection system.[10]


Assay techniques that rely on coupled enzymatic reactions
have the disadvantage that any compound inhibiting the sec-
ondary enzyme (for example, luciferase) instead of the target
per se will be detected as a hit and this will require a higher
number of confirmatory retests. Such a screening strategy re-
quires secondary testing of all hits by using another technolo-
gy or a selectivity test by using the same technology just to
get rid of artifacts. Another problem with coupled enzymatic
assay formats is the fact that optimization of reaction condi-
tions may be a serious problem (for example, if the pH optima
of the target and tool enzyme are different).


Another assay format with inherent problems is that of
signal-decrease assays. Signal-decrease assays may be prob-
lematic because a relatively high turnover is needed to gener-
ate a statistically robust result, while a short linear range of the
reaction would require only low substrate turnover. In a kinase
reaction, detection of 0.1 mm phosphopeptide over a zero


background is superior to detection of a decrease in adenosine
triphosphate (ATP) from 1 mm to 0.9 mm !


In summary, we prefer homogeneous mix-and-measure
assays that should work as signal-increase assays, avoid cou-
pled enzyme assay formats, and have low sensitivity towards
compound interference. Our favorite assay techniques are SPAs
and HTRF assays. Among these we consider the HTRF assay to
be superior due to its resistance against compound interfer-
ence and sensitivity which allows further miniaturization and
reagent cost savings. HTRF assays need up to 100-fold less
enzyme than SPAs in the same format, thereby saving lots of
work or money for protein production.[11]


1.2.4. Optimization of kinase assays for HTS : Since the aim of
HTS is the identification of small molecules that bind and in-
hibit the screened target (here a protein kinase), optimization
translates into maximizing sensitivity towards inhibitors while
maintaining good statistical quality and keeping reagent costs
low.


1.2.4.1. Buffers and additives: Enzymatic activity is optimized
in order to save protein and to ensure sensitivity against inhib-
itors. Optimized conditions allow a reduction of enzyme con-
centration, thus leading to improved resolution among high-
affinity hits (see below). Furthermore, protein stability is a big
issue in HTS laboratories. Depending on the throughput and
degree of automation, enzymes as well as reagents have to be
stable for hours at room temperature. Thus, the stability of en-
zymes in different buffers should always be tested, in addition
to mere activity. Since library compounds are dissolved in di-
methyl sulfoxide (DMSO), the enzyme stability against DMSO
has to be checked and, if necessary, the screening conditions
should be modified accordingly.


A huge number of factors can influence enzymatic reactions
and should be tested (Table 2). In many cases, however, pre-
liminary knowledge from the literature or target-class-specific
experiences, as well as technical requirements, limit the
number of factors that are tested on a routine basis.


At Schering, we start assay optimization by screening for pH
value and salt optima, requirements for bivalent cations (like
Mn2+ and Mg2 +) and many additives that may influence stabil-
ity, and for the activity of the enzyme.


To improve efficiency, we handle this first step of assay de-
velopment in a standardized manner, starting with a screen for
factors and interactions that have significant effects. For this
purpose, design of experiments (DOE) software (Design Expert
(StatEase)) is used together with automated pipetting (Biomek,
AAO software, Beckman Coulter).[24] This allows efficient
randomized screening of many variables and their interactions.
In a first step, data for dependence on sodium, magnesium,
and manganese as well as the influence of glycerol and deter-
gents are generated with a fractional factorial design of high
resolution that identifies all effects and two-factor interactions
with confidence. Information from this experiment is used to
build conditions for selecting the best buffer compound and
pH value optimum. With pH value and buffer substances at
optimum conditions, step 1 is repeated to ensure that the re-
sults are still valid under the changed conditions.
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Table 1. Assay techniques for high-throughput screening of kinases.


Technique Principle Pros and cons


scintillation proximity assay
(SPA)[11]


Emission of beta particles in close proximity to scintillants leads to
emission of light. ATP33 is used as the substrate, biotinylated pep-
tides are bound to streptavidin-coated scintillant beads, and only
phosphorylated peptides generate a signal due to the limited path-
length of P33.


+ no restrictions in choice of substrate peptide
+ low costs
� safety considerations
� ATP concentration is limited (background increases


with P33)
� at least 10 % ATP turnover is required for a good


signal-to-background ratio
� limited potential for miniaturization due to statisti-


cal nature of radioactive decay


homogeneous time-resolved
fluorescence (HTRF)[11] assay


Biotinylated substrate peptides are bound to streptavidin-labeled
with allophycocyanin or other fluorophores. Phosphorylation is moni-
tored by generation of a FRET signal of europium-labeled antiphos-
pho-antibodies that bind to the phosphorylated peptide and come
into proximity with the FRET acceptor.


+ nonradioactive, ratiometric, and time-resolved
measurement


+ low enzyme need
+ high miniaturization potential
+ bead free
+ low costs
� availability of specific antibodies or use of generic


substrates for which antibodies are available


fluorescence polarization
(FP)[12, 13] assay


Depolarization of polarized light is dependent on molecule size, with
small molecules depolarizing light faster. Fluorophore-labeled tracer
peptides are used to give a signal after binding to antiphospho-anti-
body during the detection step. The signal generated by tracer bind-
ing is decreased by phosphopeptides generated in the reaction step.


+ nonradioactive
+ low enzyme need
+ high miniaturization potential
+ bead free
� signal-decrease assay
� tracer and antibody needed
� peptide size limited


IMAP[14] assay Special form of fluorescence-polarization assay. Fluorophore-labeled
peptides have to be used as substrates and phosphorylation is moni-
tored through mass increase by binding of detection beads coated
with trivalent metal ions.


+ nonradioactive
� peptide size limited to 5 kDa, so protein substrates


cannot be used
� 20–30 % peptide turnover is required for a good


signal


amplified luminescence
proximity homogeneous
assay (ALPHA)[15]


A donor bead that generates singlet oxygen upon illumination is
brought into proximity with an acceptor bead that generates light
by chemoluminescence depending on this singlet oxygen. Proximity
is mediated by the biotin–streptavidin interaction and phosphoser-
ine/phosphotyrosine–antibody interaction.


+ nonradioactive
+ low enzyme need
� very sensitive to compound interference[10]


Caliper[16] assay Electrophoretic separation of substrate and phosphopeptides in
microfluidic devices. Reactions may be performed on-chip or off-chip


+ nonradioactive.
+ high accuracy due to measurement of substrate


consumption and product formation
+ highly miniaturized on-chip format
� 20–30 % peptide turnover required for a good


signal
� limited throughput


electrochemiluminiscence
(ECL, MSD)[17] assay


Signal is generated in an electrochemical reaction that depends on
recruitment of ruthenium complexes to electrodes.


+ nonradioactive
� availability of specific antibodies
� relatively high costs


electrochemiluminiscence
(ECL, ORIGEN)[18]


Signal is generated in an electrochemical reaction that depends on
recruitment of ruthenium complexes to electrodes in a kinase assay.
Biotinylated peptides are recruited to a magnetic electrode through
streptavidin dynabeads and a signal is generated if ruthenylated anti-
phospho-antibody binds to the phosphorylated peptide.


+ nonradioactive
+ very low background and compound interference


due to flow chamber approach
+ limited throughput due to long cycle times in the


flow chamber approach
� relative large assay volumes
� availability of specific antibodies


IQ (Pierce)[19] assay Phosphorylation of peptides allows binding of a proprietary quench-
er, thereby reducing fluorescence


+ nonradioactive
� signal-decrease assay
� compound interference
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The third and last step of this routine for kinases uses
response-surface design to determine optimal concentrations
for the most important factors identified in steps 1 and 2. This
approach ensures that general reaction optima are found.


An advantage of this procedure is that we can handle frozen
replicas of master plates for steps 1 and 2, on which only
enzyme, substrates, and detection reagents have to be added,
thus saving lot of time.


The influence of unstable reagents (antioxidants, protease
inhibitors, etc.) is then checked individually.


Factors that also have to be optimized individually are the
choice and concentration of detection reagents, which vary
with substrate concentrations on one hand and with the assay
technique on the other hand (for example, the amount of radi-
oactivity and concentration of SPA beads for scintillation prox-
imity assays). Since these parameters have to fit to the concen-
tration range of reaction products that have to be detected,
optimization of these detection reagents is a late step that is
done after determination of kinetic parameters like the Michae-
lis constant (Km) value and linear range of the reaction (see
below).


An important factor to consider is the tolerance of the
enzyme towards DMSO. HTS library compounds are dissolved
in DMSO and most HTS assays are run with final DMSO con-
centrations of 0.5–1.5 %. If a given kinase does not tolerate
these conditions, one has to adapt the screening routine to
the requirements, for example, by dilution of compounds and
thus screening at lower compound concentration. This is only
possible for assays of excellent quality since sensitivity is de-
creased and has to be compensated by lower hit criteria.


During these early steps of assay optimization, we always
not only maximize the absolute activity but also focus on
signal-to-background ratios, data scatter, and the robustness of
the assay, parameters that have a big impact on the statistical
performance (see below).


1.2.4.2. Substrate concentrations and reaction kinetics: Kinase
activity, as all enzymatic activities, is best monitored by contin-
uous measurements of substrate depletion and product forma-
tion. In a typical reaction, the velocity will decrease with de-
creasing substrate concentration.


Due to the requirement for high throughput, however,
single-time point assays are performed in most screening cam-
paigns. It is necessary that a single-time point measurement
reflects the true velocity of the reaction and this is only the
case for the initial velocity. Since reaction velocity decreases
over time, effects of inhibitors are most prominent in the initial
phase of the reaction.


Testing the length of the initial linear phase is part of assay
development, along with balancing the substrates in a bimo-
lecular reaction to avoid early slowdown due to low concentra-
tion of one of the substrates.


The scientist optimizing an assay for HTS purposes has also
to think about inhibition types and the assay has to reflect the
inhibition type that is looked for. Drug-like small molecules will
bind with high affinity only to sites that evolved to bind small
substrates or allosteric regulators. It is not probable that small
molecules will block protein–protein interactions such as the
binding of a protein substrate to the kinase and experience
shows that no such inhibitors have been found yet. Thus, ATP-


Table 1. (Continued)


Technique Principle Pros and cons


Kinase-Glo (Promega)[20] ATP consumption in a kinase reaction is monitored through lucifer-
ase activity.


+ nonradioactive
� signal-decrease assay
� off-target hits due to the coupled enzyme format,


so need for additional selectivity testing


DiscoveRx (Hithunter,
ED-NSIP)[21]


Relies on b-Gal complementation. Complementation is either de-
pendent on displacement of the b-Gal fragment labeled tracer from
antiphosphoserine or -threonine antibody by products of the kinase
reaction (Hithunter) or on displacement of b-Gal fragment labeled
staurosporine from the kinase by the test compound (ED-NSIP).


+ nonradioactive
+ ED-NSIP: no substrate needed
� Hithunter: need for antiphospho-antibodies that


bind reaction product and detection tool-peptide
(or custom tool-peptide synthesis may be re-
quired)


� off-target hits due to the coupled enzyme format,
so need for additional selectivity testing


� ED-NSIP: high enzyme need


PKLight (Cambrex)[22] assay ATP consumption by the kinase is measured. Remaining ATP is
detected by bioluminescence.


+ nonradioactive
� signal-decrease assay
� off-target hits due to the coupled enzyme format,


so need for additional selectivity testing


Z’-Lite (Invitrogen)[23] assay Phosphorylation of a double-labeled peptide inhibits cleavage by a
protease that otherwise separates two partner dyes of a FRET
system.


+ nonradioactive, ratiometric readout
� peptide needs two labels and a protease cleavage


site in the vicinity
� off-target hits due to the coupled enzyme format,


so need for additional selectivity testing
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competitive inhibitors and noncompetitive inhibitors that bind
to distant allosteric sites are the main focus of drug discovery
programs.


Since ATP-binding sites are conserved between kinases,
many inhibitors will block more than one kinase. For this
reason, a selectivity profiling of HTS hits is extremely important
(see below). To compare the affinities of a given inhibitor to-
wards several different kinases, reaction conditions have to be
comparable in terms of ATP concentrations. Performing all
assays at [ATP] = Km(ATP) ensures that the IC50 values obtained
will be a good measure of the inhibitors’ potential to displace
ATP from the catalytic site.


Another reason for the common practice of fixing ATP con-
centrations at the Km value is the fact that it ensures that all
types of inhibitors can be found. Sensitivity towards competi-
tive inhibitors decreases with substrate concentrations, espe-
cially above the Km value of the substrate. Since most inhibitors
will be competitive because ATP-binding sites are the sites
where small molecules can bind with high affinity, it is very im-
portant not to work far above the Km(ATP) values. (This would
saturate the enzyme with ATP, thereby reducing the chance of
finding inhibitors that have a similar affinity to bind the ATP-
binding site.)


On the other hand, it is argued that one needs sufficiently
high substrate concentrations to be able to detect uncompeti-
tive inhibitors (inhibitors that bind to the enzyme–substrate
complex). Since the third type of inhibition, noncompetitive in-
hibition is independent of substrate concentration, the conclu-
sion is that working exactly at the Km value will ensure maxi-
mum sensitivity towards all types of inhibition.[6]


Although the aim is to perform assays at [S] = Km for both
substrates, there may be reasons to break this rule, like assay
quality in terms of signal-to-background ratio, solubility, limits
of the detection system, problems in balancing a bisubstrate


reaction, and even costs. If it is not possible to work at [S] =


Km, the best way to solve the problem is to work below the Km


value since this will not affect sensitivity to noncompetitive in-
hibitors and will even increase the sensitivity towards competi-
tive inhibitors. Only the sensitivity towards uncompetitive in-
hibitions will be lowered. However, we consider the probability
of finding uncompetitive kinase inhibitors in HTS libraries to
be very low anyway.


If, for example, the peptide has to be used below its Km


value one could theoretically miss an inhibitor that is uncom-
petitive in relation to the peptide. But where in the enzyme
would this inhibitor bind to exert an uncompetitive inhibition?
If a peptide-uncompetitive inhibitor binds in the ATP site it will
be detected as an ATP-competitor and won’t be missed in
screening! Only if an inhibitor binds together with the peptide
into the peptide-binding site without obstructing the ATP-
binding site will it be missed in screening below the
Km(peptide) value. It seems very improbable that HTS libraries
should contain compounds small enough to work as such a
pure uncompetitive inhibitor.


1.2.4.3. Quality control : Before the start of high-throughput
screening, the assay used has to be validated. Enzyme and re-
agents have to be stable. The assay has to be within a linear
range of time (initial phase) and show a linear dependence on
enzyme concentration. Whenever available, a reference inhibi-
tor should be used and its IC50 value has to be reproducible.


The main quality parameter in HTS laboratories nowadays is
the z’ factor, as described by Equation (1), where s is the stan-
dard deviation and m is the mean of the standard (s) or the
negative (c) control (100 % inhibition by a reference inhibi-
tor).[25]


z0 ¼ 1� 3ssþ3sc


jms�mcj
ð1Þ


z’ factors above 0.5 indicate a large separation band between
the values for the positive and negative controls (100 % activity
and 0 % activity). The z’ factor has the advantage of expressing
the noise in relation to the signal window and, thus, gives a
more complete estimation of assay quality than signal-to-back-
ground or signal-to-noise ratios alone would do.


Before starting automation and HTS, the assay should have
been optimized to z’>0.5 and this quality level has to be
maintained during screening.


2. High-Throughput Screening


Effective HTS has three main success factors:


* good biological assays,
* a high-quality HTS compound library,
* the ability to test the library in the assay in a timely and


cost-effective manner.


The first topic has been already discussed and the latter one
will be discussed in Section 2.2.


Table 2. Buffer components routinely tested in assay development.


buffer
compounds


b-morpholinoethanesulfonic acid (MES),
3-(N-morpholine)propanesulfonic acid (MOPS),
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
(HEPES),
tris(hydroxymethyl)aminomethane (Tris)


pH value 5–9
monovalent
cations


sodium, potassium


bivalent cations magnesium, manganese
carrier proteins bovine serum albumin (BSA), casein, ovalbumin
detergents NP-40, Tween-20, CHAPS, Triton-X-100
reducing agents 1,4-dithiothreitol (DTT), reduced glutathione (GSH)
protease
inhibitors


ethylenediaminetetraacetate (EDTA),


phenylmethylsulfonyl fluoride (PMSF),
aprotinin, leupeptin, commercial preparations
(“complete”, Roche)


osmotic
regulators


glycerol, sucrose, poly(ethylene glycol) (PEG)


blocking
reagents


poly(ethylene imine) (PEI), milk powder
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2.1. Compound libraries


As the outcome of a screening campaign cannot per se be
better than the input, a good compound library is crucial for
the success of HTS.


At the beginning of HTS in the early 1990s, many companies
greatly expanded their historical compound collections by
first-generation combinatorial chemistry (combichem) and ex-
tensive compound purchases. First-generation combichem
often produced compounds of high molecular weight and un-
favorable physicochemical properties, for example, low solubili-
ty. Early commercial compound collections, often purely quality
controlled, were of very variable quality. In addition to these
inherent problems, quite often compound storage and retriev-
al conditions were not optimal for maintaining the integrity of
the compounds. Most companies have reacted to this and
have significantly improved their compound collection by sub-
stantial investments into automated compound stores, library
clean-up, new compound purchases, and improved automated
synthesis. Full LC/MS quality control of purchased and combi-
chem compounds is meanwhile standard. In addition, im-
proved knowledge about desirable properties and structural
features has led to several “smart” filters which are applied rou-
tinely before compound purchase or in the design of new
combichem libraries. Examples are Lipinski and co-workers’
“rule of five”[7] or “lead-likeness” criteria[26, 27]) and filters for un-
wanted structural elements,[3] “promiscuous inhibitors”,[28] or
“frequent hitters”.[29]


As a result, diverse high-quality libraries containing in the
order of 0.5–1 million compounds are now standard, even for
medium-size pharmaceutical companies like Schering.


2.2. Assay formats


In the past several years, the use of homogeneous assay tech-
niques has enabled a great miniaturization.


Low-volume 384-well plates with assay volumes of 15–20 mL
have become standard, even in medium-sized HTS labs. Sever-
al HTS labs have already moved to standard assay volumes of
3–5 mL, either in 1536-well or 384-well low-volume formats.
The latter is still an attractive alternative for some companies,
as the assay variability tends to be lower than in 1536-well and
the move to 1536-well plates might require substantial capital
investment for new dispensers and readers.[30]


The limiting factor for further miniaturization is not the
screening itself but the format of the compound storage and
logistics. The compounds are normally stored as solutions in
neat DMSO in the 384-well format. The smallest volume of
compound solution that can be accurately transferred in a fast
and highly paralleled manner is 50 nL by using the Humming-
bird (Genomic solutions) 384-well capillary pipettor. With a
final DMSO concentration in the assay of 1–1.5 %, 50 nL of
compound solution correspond to 3–5 mL as the minimal assay
volume that can be achieved without an additional step for
compound dilution and transfer.


The choice of the concentration of the test compounds is a
balance between the positive rate and the relevance of the


concentration. Preferred concentrations are in the range of 3–
30 mm,[3, 31c] depending on the respective lead discovery team.


2.3. Different approaches to effective screening


2.3.1. Diverse versus focused library screening : Many companies
have built up smaller focussed libraries dedicated for the
screening of kinases, either in addition to or instead of a gen-
eral screening library. The design of focused kinase inhibitor li-
braries—driven by the vast empirical knowledge on suitable
scaffolds for kinase inhibitors and predictions based on the
rapidly growing structural information—is described by
Prien[32] in this issue. The hit rates of these libraries are, in
many screens for kinase inhibitors, significantly higher than
those of the normal HTS libraries. At Schering, it is not unusual
that the number of hits from the focused kinase inhibitor li-
brary is nearly as high as the number of hits found in addition
by screening of the nearly 100-fold larger full HTS library. How-
ever, the hit rates can be also very low if the ATP-binding site
of the kinase specifically deviates from a “normal” kinase ATP-
binding site. In addition, even if the number of hits is high, the
compounds often belong to only a few clusters and exhibit
less structural diversity than the hits from the full library. As
the focused libraries are based on well-known scaffolds or
structural features, one has to consider as well that the patent
situation is often more problematic for these hits.


The usage of focused libraries differs from company to com-
pany. Some companies regard a focused kinase-oriented library
as a tool to reduce the screening costs or to run more sophisti-
cated/time-consuming assays when full library screening
would take too long. The full diverse library is only screened if
the focused library did not yield good hits. Particularly for
smaller companies entering drug discovery, working only with
focused libraries is a serious option in order to avoid the high
costs associated with the set-up of a large diverse library and a
full HTS infrastructure.


Other companies regard screening of the full diversity-ori-
ented library and a kinase-oriented focused library as compli-
mentary approaches which are normally carried out in parallel.
At Schering, for example, every new kinase target is screened
against a focused kinase-inhibitor library (in duplicate as single
compounds) and the full diverse HTS library (in pools, as de-
scribed in Section 2.3.2.). When it is taken into account that
the preceding costs of a project (for target identification and
validation, enzyme production, assay development) are mostly
much higher than the costs of testing an additional 500 000
compounds, screening of the full library is a meaningful invest-
ment in order to fully exploit the potential lying in the target
and in the compound collection. A more detailed overview
about the pros and cons of both strategies—not only with re-
spect to kinases—has been given by Valler and Green.[33]


2.3.2. Single-compound screening versus pool screening : Another
way to reduce the number of test samples and thereby the
costs associated with screening is to test mixtures of com-
pounds (“pool screening”) instead of single compounds. This
strategy has been widely used, with typical pool sizes of 2–
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10 compounds. Sometimes a part of the reduction in sample
numbers is reinvested to screen the pools in duplicate, as test-
ing the compounds only once is commonly regarded as the
main disadvantage of single-compound screening. A special
format is the orthogonal pooling procedure first described by
Devlin et al.[34] In this approach, which is also used by Schering,
every compound is tested in two completely different sets of
compounds. This allows the identification of the active compo-
nent of a pool without testing of all pool members, simply by
electronic deconvolution of the assay data, as long as the hit
rates are not too high.


Surprisingly, despite of the large impact of this strategy and
the old discussion[35] about the pros and cons, there is very
little literature data comparing the results of both strategies.
The only case study published[34] is nearly ten years old and is
meanwhile of very limited relevance as it does not reflect the
current situation of miniaturized homogeneous assays. This
lack might be explained by the high cost of a serious compari-
son or simply by the fact that the investments made into the
logistics for pool screening or the screening capacity necessary
for single-compound screening represent a significant hurdle
to a change of strategy. For the same reason, a discussion of
the pros and cons of pool screening cannot be limited to
kinase assays but has to take into account also the other
assays (for example, GPCR assays) typically run in HTS labs.


As already mentioned, the main advantage of pool screen-
ing is the saving in costs and time. The main disadvantage of
pool screening is that active compounds might be masked by
a counteracting activity of any other compound in the pool/
mixture. A counteracting activity could either affect the assay
reaction itself (for example, cytotoxic compounds in cell-based
assays), interfere with the detection readout (for example, fluo-
rescent compounds), or interfere with the compound itself (for
example, by reacting with the compound[36] or nucleating its
precipitation). Interference with the assay biology itself is espe-
cially problematic in cellular assays as cytotoxicity is a quite
common phenomenon at the relatively high total concentra-
tions of test compounds reached in the mixture screening. It
might be tolerable in screens for antagonists where the cyto-
toxicity only leads to a higher number of “false positives”.
However, it is a severe problem in screens for agonists where
an active compound would not be identified in the presence
of a cytotoxic compound in the pool (“false negative”). For this
reason, some HTS labs use pool screening only for biochemical
assays and run cell-based assays in single-compound mode. As
already discussed, compound interference with the detection
readout strongly depends on the assay technique chosen. In
consequence, the same is true for the relevance of the higher
compound interference associated with pool screening. We
have had rather good experiences with pool screening of
HTRF assays or SPAs, even at fairly high compound concentra-
tions (10 mm per compound, >100 mm total concentration of
test compounds), whereas we had to completely omit pool
screening of Alphascreen assays. FP assays are borderline, de-
pending on the type and concentration of the fluorescent
label used; the application of red-shifted dyes like N,N’-bis-
carboxypentyl-5,5’-disulfonatoindiodicarbocyanine (Cy5TM) in-


stead of the commonly used fluorescein is highly recommend-
ed.[13]


The pros and cons of single-compound screening have al-
ready been implicitly discussed as the cons and pros of pool
screening. Nevertheless, some points should be explicitly men-
tioned. First, another important advantage of single-compound
screening, besides the higher data quality, is the higher flexibil-
ity. Library changes, compound additions as well as removals,
can take place faster. In addition, there are more possibilities
for taking the benefit from the data beyond the respective in-
dividual projects, for example, by usage of activity fingerprints
for hit prioritization in other projects.[35b]


On the other hand, a major limitation is that single-compound
screening of large libraries is generally done only once due to
the high costs. Compared to the duplicate testing often done in
pool screening, this comprises a higher risk for false negatives.


In the last few years, the importance of the time and cost
savings associated with pool screening has declined due to the
significant improvement in our capabilities to screen large
chemical libraries: The extended use of homogenous assay tech-
nologies and miniaturized higher density plate formats has
strongly reduced the expenditure of time and money per data
point. As this reduction has far exceeded the concurrent growth
of the compound collections, the costs and the duration of a
single screening campaign have strongly decreased and so, in
consequence, have the savings associated with pool screening.
In addition, the number of validated targets did not increase as
greatly as expected a few years ago, thereby making a single
target more valuable. This reduced the focus on costs and
throughput and increased the willingness to pay the price asso-
ciated with single-compound screening for the higher data
quality in order to optimize the outcome of the high invest-
ments made into target validation and compound libraries.


2.3.3. Fully automated systems versus workstations : In principle
there are two different philosophies in HTS, integrated full au-
tomation and unit automation (“workstation approach”).


In the first approach, samples, reagents, and plates are sup-
plied to an integrated system of robotic plate manipulators,
liquid-handling instruments, and detectors. Scheduling soft-
ware then controls the flow of plates and conducts the entire
assay totally unattended.[37] In the best cases, human interven-
tion is limited to feeding test samples, reagents, and plates
and disposing of the waste.


In the other approach, automation is limited to individual
workstations, independent systems that are highly specialized to
perform a single function or task as efficiently as possible.[38] Typi-
cal examples are a plate reader with integrated stackers and bar-
code reader or a 384-well pipettor with plate stackers, tip washer,
and refillable reservoir. The transfer of the plates (mostly in batch-
es) between the different workstations is done by humans.


The discussion about the advantages and disadvantages of
both strategies has already leasted for several years.[39]


A big advantage of the workstation approach is its flexibility.
The workstations can be combined in whatever order and in
quantities are optimal for a specific assay. The decoupling of
the different unit operations allows an easy allocation of addi-
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tional capacity to a bottleneck step and the sharing of unique
devices between different screening projects. This facilitates a
high throughput as well as an effective utilization of the equip-
ment. In addition, having several equal workstations instead of
a single fully integrated system reduces the impact of instru-
ment breakdowns.


Automated systems have, once the assay is established, a
higher throughput and require less personnel. For a standard
384-well homogeneous kinase assay with separately prepared
384-well compound plates and 3 addition steps (enzyme, sub-
strate mix, and stop/detection reagent mix), the throughput is
typically about 100 000 wells per day with an automated
system compared to 25 000–40 000 wells per day and per
person with workstations. On the other hand, workstations
allow a faster assay set-up and require less capital expense.
The overall efficiency of both approaches thus depends on the
number of samples tested per screen and the number of
screens run per year. Fully automated systems are more promi-
nent in larger HTS labs which have to test many compounds
against a high number of targets, whereas the use of worksta-
tions is more common in medium-sized HTS labs.


The largest difference between the two approaches might
concern the people situation. Fully automated HTS systems are
complex systems. The setup of the system and the establishing
of suitable standard operating procedures (SOPs) for its usage
and maintenance require experienced personnel and have
long learning curves. Training is a very important factor and
normally HTS labs have people fully dedicated to the operation
of these systems. In consequence, development and screening
of the assay is normally done by different people. However,
once the SOPs are established and the automated assay is seri-
ously validated before the screening campaign, a constant
data quality and throughput can be expected that does not
depend on the daily form of the lab technicians. This is a clear
advantage over the workstation approach, where both quality
and throughput can vary significantly according to the techni-
cians’ capabilities and interest in processing the assay plates as
accurately, quickly, and efficiently as possible. In comparison to
the operation of fully automated systems, efficient usage of
workstations is easier and has only a short learning curve. In
consequence, it does not require dedicated personnel and the
assay can be developed and run by the same person. This
eliminates a potentially troublesome interface and saves time.
In addition, it increases the accountability, as a single person
now has full responsibility for the screening results.


2.4. Evaluation of hits


Once an HTS campaign is completed, the potency of the iden-
tified hits is assessed by measuring of their IC50 values. As the
next step, the hits are typically evaluated with regard to com-
pound purity and structural tractability, as well as other chemi-
cal and physical filter criteria (for example, log P and aqueous
solubility). Compounds surviving these initial filters are then
subjected to more detailed evaluation concerning efficacy, se-
lectivity, pharmacokinetic parameters, etc. The whole process,
often named “hit-to-lead” or “lead generation”, will not be dis-


cussed in detail as it would be a subject for a review on its
own. (For recent reviews, see ref. [31] .)


Instead, the focus will be directed towards two topics that
are particularly important in the evaluation of kinase inhibitors,
the selectivity and the reversibility and kinetics of inhibitor
binding. Since nearly all kinase inhibitors address the ATP-bind-
ing site, a suitable selectivity profile is very important. It should
be one of the main criteria for the selection between different
hit clusters, especially if one aims for a nononcological indica-
tion. Although significant progress has been made in under-
standing the structural basis of selectivity between different
kinases,[40] profiling against a broad panel of kinases still yields
unexpected results.[41] Thus, the selectivity profiling should be
done broadly and not be restricted to closely related kinases.


For selectivity-profiling assays the situation is somehow dif-
ferent than for HTS assays, as they have to balance two partial-
ly conflicting requirements.


One requirement is the highly sensitive detection of the in-
hibition of other kinases. The other is to get a good estimation
of the relative potency against various kinases under cellular
conditions or, in other words, the selectivity profile should re-
flect the in vivo conditions as much as possible to reduce the
risk of project failure in later stages.


Whereas the best sensitivity is reached if the assays are run
with ATP concentrations individually adjusted to the Km values
of the respective kinases, the best comparability with the cellu-
lar situation is given if all assays are run at the same millimolar
cellular ATP concentration. Testing all the kinases at their re-
spective Km values or at a fixed ATP concentration below the
respective Km values would be misleading, as the resulting IC50


values would translate differently to cellular millimolar ATP
levels and would not reflect the profile under physiological
conditions. Determination of inhibition constant (Ki) values in-
stead of IC50 values would not solve this problem and is also
not practical for the high number of compounds that usually
result from an HTS campaign.


A practical approach to overcome this problem is to run all
the kinase assays at a fixed ATP concentration that is just
above the Km values of all the kinases. In the Kinase Profiler at
Upstate (Dundee, UK)—currently the largest commercially ac-
cessible kinase selectivity panel—the Km values for ATP are
mostly in the range of 5–100 mm. When this is taken as a
model, running all kinase selectivity assays at 100 mm ATP is a
good compromise between the different demands.


A convenient way to assess the reversibility and kinetics for
a high number of compounds is to measure apparent IC50


values after different preincubations of enzyme and test com-
pound.[6] In brief, enzyme and test compounds are incubated
at 10–20-fold higher concentrations then usual. After a reason-
able equilibration time (30–60 min), the samples are diluted to
their normal concentrations. The reaction is started by the ad-
dition of the substrates either directly (conditions A) or after a
second incubation (conditions B). If inhibitor binding is rapidly
reversible, the IC50 values after the compound preincubation
(conditions A and B) will be comparable to the values in the
normal assay. A significantly lower IC50 value with the com-
pound preincubation (conditions A and B) indicates irreversible
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(or very slowly reversible) inhibitors. Irreversible inhibitors are
mostly considered not tractable as drug candidates and are
discarded. A lower IC50 value directly after compound preincu-
bation (conditions A) that rises back to its original value after
the second incubation (conditions B) could indicate slowly re-
versible inhibitors. Slow-binding kinetics are often a sign for
enzyme conformational changes prior to binding. As this im-
plies the chance to enhance selectivity, these compounds
might be worthwhile for further evalutation, even if they have
lower potencies. The most prominent example for a slowly
reversible kinase inhibitor is Gleevec.


3. Summary and Outlook


Over the last few years, significant improvements have been
made in our capability to screen for low-molecular-weight
kinase inhibitors. The development and performance of a bio-
logically relevant, economically viable, one million sample
screen is normal and can be confidently predicted. Although
there will be continuous improvements—for example, ongoing
miniaturization and standardization to a single, nonradioactive,
highly sensitive assay technology—assay development and pri-
mary screening are no longer bottlenecks. The focus has shift-
ed to later stages of the drug discovery process.


Based on the growing importance of selectivity profiling,
HTS labs will become, more and more, data factories that sup-
port not only hit-identification but also the hit-to-lead and
lead optimization processes. Independently of the project, all
new kinase inhibitors will be tested dose dependently in all
available kinase assays. This will not only speed up lead optimi-
zation but will also build up a comprehensive data basis for the
rational prediction of compounds with improved potency and
selectivity. The lever for real progress will be in the interplay be-
tween the effective data generation by the wet HTS and struc-
tural biology, good approaches in rational drug design and vir-
tual screening turning this information into new structures, and
the rapid supply of these new compounds by effective com-
pound logistics and automated medicinal chemistry.


Keywords: assay development · drug discovery · high-
throughput screening · inhibitors · kinases
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Relevance of Atypical Protein Kinase C Isotypes
to the Drug Discovery Process
Marcel Jenny, Oliver A. Wrulich, Wolfgang Schwaiger, and Florian Ueberall*[a]


Concerted Protein Phosphorylation Events
Mediated by Atypical PKC Isotypes


Protein phosphorylation regulates most aspects of cell life in a
hierarchically ordered sequence, and dysfunction of concerted
phosphorylation is thus associated with various facets of neo-
plasia, including proliferation, survival, invasion, angiogenesis
and metastasis. The activation of phosphorylation cascades is
generally triggered by specific agonists at the plasma mem-
brane by means of signalling cascades that ultimately control
specific effectors such as small GTPases, mitogen-activated ki-
nases, cell-cycle-controlling proteins and transcription factors.
Much of the regulation of these pathways is achieved by mod-
ulation of the phosphorylation status of various components
of these cascades. The protein kinase C (PKC) family of serine/
threonine protein kinases plays important and diverse roles
within these signal-transduction pathways, in mediating the
effects of many extracellular stimuli including growth factors,
hormones and drugs.[1] Atypical protein kinase C isoenzymes
(aPKCs) are part of these complex signal-transduction networks
with a “master switch” function in balancing between cell pro-
liferation and programmed cell death and in controlling cellu-
lar architecture and polarity. Extensive efforts to develop aPKC-
specific inhibitors have been undertaken, with the rationale
that they might counteract acquired capabilities of cancer
cells. The criteria that qualify a particular kinase as a putative
drug target are, however, not straightforward. We shall there-
fore discuss some structural and functional aspects of aPKCs
with relevance to the drug-discovery process.


Structural Characteristics of Atypical PKC
Isotype Members of a Comprehensive Protein
Family


Protein kinase C isoenzymes represent a family of structurally
related serine/threonine protein kinases known to comprise 11
isotypes (Figure 1).[2] The various PKC isoforms are classified by
structural similarities and cofactor requirements into three
major subgroups: i) the calcium- and DAG-dependent (DAG =


diacylglycerol) classical or conventional PKC isoforms (cPKCs)
cPKC-a, cPKC-bI, cPKC-bII and cPKC-g, ii) the calcium-independ-
ent but DAG-responsive PKC isotypes, which have been
termed novel PKCs (nPKCs) and comprise the isoenzymes
nPKC-d, nPKC-e, nPKC-h and nPKC-q, and iii) the so-called atyp-
ical PKC isoforms aPKC-z and aPKC-i (or its mouse homologue
-l), which differ from other PKCs in their insensitivity to calci-
um, DAG and phorbol ester.[3, 4] Recently, an isotype with a
novel atypical aPKC-z catalytic domain, the so-called PKM-z,


was described.[5] This novel family member is a kinase synthes-
ised in an autonomously active form, and its activity is both
necessary and sufficient for the maintenance of hippocampal
long-term potentiation (LPT) and the persistence of memory in
Drosophila. Recently, Parkinson and co-workers have identified
another new member of the aPKC family—designated aPKC-
zII—functionally involved in cell polarity through inhibition of
tight junction formation.[6]


If the structural aspects of PKC isoenzymes are compared, it
is clear that atypical PKCs differ significantly from other family
members not only in the regulatory domains, which lack func-
tional domains binding diacylglycerol, phorbol ester or calci-
um, but also in their catalytic domains comprising the ATP-
and substrate-binding domains (Figure 1). The aPKC regulatory
domain includes the pseudosubstrate (PS) sequence, the PB1
domain (containing the so-called OPCA motif)—unique within
PKC isoenzymes—and an atypical C1 domain of a single
Cys2His2-rich zinc finger motif. With these structural differences
in their regulatory domains, aPKC isoforms require distinctly
different cofactors for their activation. These isoenzymes exhib-
it elevated basal enzyme activity but, instead of calcium and
DAG, there are several adaptor proteins, such as l-interacting
protein (LIP) and p62/z-interacting proteins (ZIP1 and ZIP2),
that enhance enzymatic activity.[7] The interacting proteins ZIP1
and ZIP2 are thought to play pivotal roles in scaffold signalling,
such as phosphatases and ion channel proteins.[8] Furthermore,
inhibiting proteins have also been identified. The most promi-
nent protein to interfere with aPKC function is the prostate
apoptosis-response protein Par-4.[9] An autoinhibitory mecha-
nism is manifest through the PS sequence, a short stretch of
amino acids resembling a substrate motif that occupies the
substrate-binding cavity. In the absence of a stimulus, the cata-
lytic domain binds to the pseudosubstrate domain; this causes
the enzyme to fold above the hinge region linking the C2 and
C3 regions and results in suppression of kinase activity. Like
other members of the AGC group of protein kinases, atypical
PKC isotypes possess an ATP-binding pocket, an activation
loop motif and a hydrophobic stretch. As far as the ATP-bind-
ing pocket is concerned, the most conserved and probably
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best characterised residue of
protein kinases is the so-called
invariant lysine in subdomain II
of the catalytic domain, corre-
sponding to Lys274 in human
aPKC-i and Lys281 in aPKC-z.
This invariant lysine is directly in-
volved in the phosphotransfer
reaction and interacts with the
a- and b-phosphates of ATP,
thereby anchoring and orienting
the nucleotides. Replacement of
the invariant lysine by any other
amino acid, including arginine,
generally leads to loss of catalyt-
ic activity, and site-directed mu-
tagenesis of this residue has
become almost a standard ap-
proach by which to generate
dominant negative, kinase-dead
mutants, as has successfully
been shown for aPKC-z, nPKC-q,
cPKC-a and nPKC-e.[10] In a gen-
erally accepted activation model,
Thr410 and Thr560 in the activa-
tion loop and turn motif play a pivotal role for primed activa-
tion. For full activation, however, additional cofactors such as
phosphatidylinositol, phosphatidic acid, arachidonic acid or ce-
ramide are required.[11] Although PI 3,4,5-trisphosphate (PIP3) is
thought to be solely responsible for enhancing the activity of
PDK-1, a direct activating effect of PIP3 through a phosphoryla-
tion-independent but conformation-dependent relief of pseu-
dosubstrate autoinhibition has also been suggested.[12] This ac-
tivation model of aPKC does not seem to be complete, since
other findings have shown aPKCs to be active even in the ab-
sence of functional PI3-kinase.[13] We have demonstrated that
atypical PKC-i is enzymatically controlled through a direct
phosphorylation event on Tyr421 via the ATM/c-Abl pathway
routing DNA damage, cell cycle arrest and survival.


The assumption that tyrosine-dependent enzymatic regula-
tion of aPKCs is fundamental for cellular function is further
supported by the fact that NGF-mediated (nerve growth
factor) tyrosine phosphorylation at the lip of the activation
loop (Tyr256) is a critical step in nuclear import of activated
aPKC-z.[14] As far as protein degradation of aPKC isotypes is
concerned, it should be mentioned that von Hippel–Lindau
tumour suppressor has been reported to mediate ubiquitina-
tion of activated aPKC-l/i by undocking via the target recogni-
tion b-domain at the regulatory domain of the kinase.[15]


The Catalytic Domain of aPKCs—A Putative
Pharmaceutical Intervention Motif


The catalytic domain is characteristic of all protein kinases,
with a remarkable degree of sequence identity between the
over 180 known mammalian kinases, and highly conserved
from yeast to man. The 200–300 amino acid residues of the


catalytic core region are predicted to fold into a common 3D
structure, as revealed by crystal-structure analyses of several
protein kinases.[16] Some protein kinase motifs are extremely
well conserved. One of these motifs is the glycine-rich loop
with the consensus sequence GXGXXG located in the first of
12 subdomains of a protein kinase catalytic domain. The three
glycine residues of the glycine-rich loop are conserved in over
95 % of the human kinases known so far and even in other nu-
cleotide-binding proteins, such as the small G proteins Ras, Rac
and Rho. They fold into a b-strand–turn–b-strand structure and
form a flexible clamp that covers and anchors the nontransfer-
able phosphates of ATP.[17] The glycine residues provide the
flexibility necessary for anchoring the ATP molecule and ex-
cluding the water. For this reason they are essential both for
effective catalytic activity and for low ATPase activity because
of phosphate transfer to water molecules.


Apart from the differences in the regulatory domains, the
catalytic domains of aPKCs differ considerably from those of
other known kinases, as they each contain an alanine residue
instead of the third conserved glycine: Gly-Gly-Ala within the
glycine loop motif (for details see Figure 2). We have used site-
directed mutagenesis and kinetic analysis to investigate wheth-
er these sequence differences affect the nucleotide-binding
properties and catalytic activity of aPKC-i.[18] When Lys274, a
residue essential for ATP binding and activity, conserved in
most protein kinases, was replaced by arginine (K274R
mutant), aPKC-i retained its normal kinase activity. This is in
sharp contrast to all other PKCs or even distantly related kinas-
es such as phosphoinositide 3-kinase g (PI3Kg), in which the
same mutation completely aborted the kinase activity. In addi-
tion, the sensitivity of aPKC-i to inhibition by GF109203X, a
substance acting on the ATP-binding site, was not altered in


Figure 1. Structures of PKC family members. Protein kinase C isoenzymes possess regions that are highly conserved
between different PKC isozymes (regions C1 to C4) and variable regions (regions V1 to V5). The N-terminal regulatory
region possesses an autoinhibitory or pseudosubstrate domain (PS) and a C2 domain involved in the binding of the
phospholipid (PL) cofactors, Ca2 + and proteins that regulate activity and localisation of classical and novel PKCs.
Phorbol esters (PEs) and the second messenger diacylglycerol (DAG) bind to the cysteine-rich motif (tC1a/tC1b ; typical
C1 region a and b) present in cPKCs and nPKCs, whereas aPKCs harbour an atypical C1 region (aC1) insensitive to PE
and DAG. Furthermore, the PB1 (Phox and Bem1) domain, only found in aPKCs, contains the OPCA motif mediating
protein–protein interactions. The C-terminal catalytic region includes the motifs involved in binding of substrate (C4
region) and of ATP (C3 region), the latter harbouring furthermore an “atypical” sequence motif (for details please refer
to Figure 2). The numbers of amino acids in the PKC family members vary according to the subclasses, c- and n-PKC
having 672–737 amino acids, and the atypical PKCs 587 (aPKCi) or 592 (aPKCz).
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the K274R mutant. In contrast, replacement of Lys274 by tryp-
tophan (K274W) completely abolished the kinase activity of
aPKC-i. This defect could not be reversed by cotransfection of
l-interacting protein (LIP), a protein activator of aPKC-i that is
able to stimulate in vitro activity of aPKC-i extracted from co-
transfected COS cells. In agreement with results obtained with
other kinase-defective PKC mutants, in cultured cells, aPKC-i
K274W operated in a dominant negative fashion on signal-
transduction pathways involving endogenous aPKC-i, while the
effect of the catalytically active K274R mutant was identical to
that of the wild-type enzyme. In brief, aPKC-i also differs from
classical and novel PKCs in the catalytic domain, representing a
new aspect of an ATP-binding mechanism and probably cataly-
sis. The structural difference is correlated with an unusual cata-
lytic activity only known from a small number of distantly relat-
ed kinases such as CDK-activating kinase (Cak) from yeast.
These results further suggest that aPKCs possess a unique ATP-
binding domain. Despite the fact that the ATP-binding site in
the catalytic domain belongs to the most specific sequences
within the protein kinase family, the most specific inhibitors of
PKC bind to this part of the molecule and act by blocking ATP
binding to the enzyme. This is the case for the bisindolylmalei-
mide GF109203X and other homologues of the potent PKC in-
hibitor staurosporine. It is intriguing that even within the PKC
family these inhibitors exhibit clear isoenzyme specificity, af-
fecting atypical isoforms more than 100 times less powerfully
than classical or novel PKCs.[10b] This, together with the remark-
able difference within the glycine-rich loop in relation to other
kinases, suggests that aPKCs, surprisingly, differ significantly
from other PKC isoforms and protein kinases in general in the
structures of their catalytic domains. From a pharmaceutical
point of view, this knowledge should prove useful in the devel-
opment of specific inhibitors of atypical PKC isotypes.


The OPCA Motif Novel Regulatory Domain
Characteristics as Targets for Intervention


Atypical PKC isotypes can be distinguished from the other
family members by their recently identified PB1 (Phox and
Bem1) domains in their N termini, which offer them novel in-


teraction avenues. Ito and co-
workers demonstrated that the
PB1 domain recognises Phox
and Cdc24p (PC) motifs for func-
tional protein–protein interac-
tion,[19] and there is no doubt
that the PB1 domain harbours
different motifs (OPR/PC/AID;
Octicosa Peptide Repeat/Phox
and Cdc/Atypical PKC Interaction
Domain) for fine-tuning of cellu-
lar processes. Ponting and co-au-
thors have therefore suggested
the renaming of the motif to
OPCA in order to make it clear
that the OPR/PC/AID motifs are
localised within a larger PB1


domain.[20] Generally, PB1 domains can be divided into three
classes: the A, B and AB types. An A-type PB1 domain (cdc24,
p40phox) contains an OPCA motif, whereas a B-type PB1
domain (Bem1p, p67phox) lacks this motif but shows a signa-
ture of basic amino acid residues. AB-type PB1 domains tend
to form front-to-back arrays (aPKCs, p62/ZIP, Par6).[21] Structural
NMR analysis of the Bem1p PB1 domain has revealed that it is
composed of two a helices with a four-strand mixed b sheet.
The inner b1 and b4 strands show parallel orientation, and b2
and b3 an antiparallel orientation relative to b1 and b4. This
structural property can be regarded as a ubiquitin-like b-grasp
fold.[22] Comparison of the Bem PB1 primary sequence with
other PB1 proteins containing OPCA motifs shows high se-
quence conservation in the functional hydrophobic core. The
OPCA motif is made up of about 20 acidic and hydrophobic
amino acids with the consensus sequence *XYXDEDGDX*-
X*XSDED/E*X, where * corresponds to a hydrophobic amino
acid and X to any amino acid.[23] Interestingly, the OPCA motif
is not present in all PB1 proteins, it having recently been deter-
mined that for PB1 heterodimerisation only one interaction
partner has to contain an OPCA motif.[21] Currently, about 13
mammalian PB1-containing proteins have been identified
(SMART domain data base). According to the varying domain
compositions, these candidates can be further categorised into
kinases (K) or adaptor and scaffold (AS) proteins. Among them
are the atypical PKCs (K), MEKK2/3 (K), MEK5 (K), p62/ZIP (AS),
the Par6 family (AS), p40phox and p67phox (AS), TFG (TRK
fused gene) (AS) and NBR1 (next to breast cancer 1) (AS).[24]


The aPKC–OPCA Par6 Connection


Atypical PKC-i/l and -z have been shown to interact directly
with Par6a (Partitioning defective 6a).[25] Substitution of the
Par6a lysine residue 19 by alanine (K19A) completely disrupted
the aPKC (both i/l and z) interaction with Par6a. Alanine scan-
ning mutational studies of other conserved amino acid resi-
dues did not affect the aPKC–Par6a interaction (Asp63, Asp67,
Leu69, Ser76). On the other hand, substitution of Lys20 (K20A)
in aPKC-i/l or Lys19 (K19A) in aPKC-z did not affect aPKC–
Par6a dimerisation.[26] Conserved aspartate residues seem to


Figure 2. Sequence alignment of the ATP-binding domains (C3 region) of human PKC family members. The ATP-bind-
ing domains of atypical PKCs differ considerably from those of other PKC isoenzymes, as they each contain an alanine
residue instead of the third conserved glycine in the glycine loop motif.
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be critical for OPCA-mediated interaction with Par6a. Exchange
of Asp63 (D63A) in aPKC-i/l or Asp62 or -66 (D62A, D66A) in
aPKC-z led to the disruption of the interaction.[27] These find-
ings suggest an essential role of Lys19 in Par6a in interaction
with aPKCs. Additionally, the aspartate residues 63 (aPKC-i/l)
and 62/66 (aPKC-z) seem to be critical for the interaction.
These results suggest that the interaction between aPKCs and
Par6 is mediated by the Par6 lysine residue. Currently two
main consequences of the aPKC-Par6 interaction have been
described in the literature: i) the complex plays an important
role in regulating polarity decisions of epithelial cells,[28] and
ii) Par6 is involved in the regulation of insulin-dependent
glycogen synthesis through aPKC-mediated phosphorylation
events.[29]


The aPKC–OPCA ZIP Connection


There is a growing body of evidence that p62/z-interacting
protein/aPKC-z interactions occur in a manner similar to that
discussed above for Par6; p62/ZIP also harbours a functional
OPCA motif with the corresponding lysine residue. Mutational
studies have shown that ZIP is able to bind aPKC-i/l K20A, but
not the corresponding D63A mutant. Alanine K7A substitution
in ZIP completely disrupted the interaction with aPKC-i/l.
These findings are in agreement with a tentative model in
which the OPCA motif of aPKCs interacts with the conserved
lysine of PB1 interaction targets.[26] In other words, aPKC-z in-
teracts through its acidic front with the basic back of ZIP/p62
and Par6.[24] Experiments on employment of RNAi technology
should further verify the assumption that small peptides that
interfere with the corresponding lysine block ZIP-mediated
kinase activity and protein scaffolding with relevant effector
molecules such as phosphatases and ion channel proteins.


The aPKC–OPCA MEK5 Connection


Erk5 has recently been demonstrated to be the newest sub-
family member of the MAPK family, playing an integral func-
tion in the transcriptional activation of c-Fos, Fra-1 and cy-
clin D1,[30] and aPKCs have been shown to be partially involved
in signal transduction by ERK1/2 family members.[31] Diaz-Meco
et al. have recently described MEK5 as a new target of atypical
PKC isotypes in mitogenic signal transduction. In more detail,
the AID sequence of the OPCA motif was determined to be a
surface of interaction between MEK5 and aPKC-z. Consistent
with this, OPCA deletion mutants of MEK5 interact weakly with
aPKC-z, and it has also been shown that over-expression of the
aPKC-z V1 domain is sufficient for interaction with MEK5, while
EGF stimulation strengthens the interaction of aPKC-z with
MEK5. As a prerequisite for EGF-mediated signal transmission,
MEK5 has to be activated by a MEKK.[32] Over-expression of the
MEK5-OPCA fragment overrides aPKC-z MEK5 interaction in a
competitive manner. Interestingly, MEK5 lacks the conserved
lysine residue but contains the OPCA motif. It is assumed that
the aPKC–MEK5 interaction is mediated by aPKC isoenzymes
conserved lysine residue, because aPKC-i/l K20A mutants are
incapable of binding MEK5, while the MEK5 interaction remains


unaffected with aPKC-i/l D63A mutants.[26] In contrast to Diaz-
Meco et al. , Lamark and co-workers do not propose a strong
direct interaction between aPKCs and MEK5,[24] but favour a
tentative model in which p62/ZIP further stabilises a weak in-
teraction of aPKCs with MEK5. Coexpression studies suggest
that MEK5/aPKC colocalisation takes place only when both
partners are coexpressed at approximately equal levels. Inter-
estingly, the finding that aPKC-z interacts with MEK5—through
the OPCA motif—could be the missing link in understanding
the mode of action in transcriptional activation of cyclin D1
through the ERK5 cascade. Previously we had demonstrated
that transcriptional activation of cyclin D1 by transformation of
Ras is Rac-dependent and requires the PKC isotypes nPKC-e
and aPKC-l/i and -z, but not cPKC-a. We were not able, how-
ever, to demonstrate a direct physical interaction of MEK1 with
aPKC-z. Consistent with the findings of Mulloy and co-workers,
explaining the dependency of MEK5/ERK5 cascade for cy-
clin D1 transactivation, we would like to propose that an alter-
native pathway via Ras-MEK5/aPKC/OPCA (Ras-MEK5-p62/ZIP-
aPKC) to the cyclin D1 promoter might exist. Together with
findings from others,[33] explaining the absolute dependence
on cyclin D1 in Neu- and Ras-mediated malignant transforma-
tion in mammary epithelial cells, intervention with PKC iso-
type-specific inhibitors interfering with the OPCA motif might
be a promising therapeutic approach. The fact that MEK5 has
been recognised as a key signalling molecule associated with
prostate carcinogenesis is a further indication of the pivotal
role of the aPKC–OPCA MEK5 connection in cancer develop-
ment.[34]


Are There Any Relevant Expression Profiles of
Atypical PKC Isotypes in Tumour Cells?


Isoenzyme expression patterns of classic and novel PKCs are
well documented for several carcinomas, but only sparse data
relating to the expression profiles of atypical PKC isotypes are
available. Cornford et al. have reported aPKC-i to be widely ex-
pressed in both benign and malignant prostatic epithelial cells.
No significant elevation in aPKC-i expression could be detected
in malignant versus benign prostatic specimens, whereas a
marked increase in aPKC-z expression in prostate cancer cells
relative to benign control tissues was observed.[35] Since aPKC-i
has been reported to protect other types of neoplastic cells
from drug-induced apoptosis,[36] the overall expression of
aPKC-i might explain the usually low rates of apoptosis in
benign and malignant prostatic cells.[37] The involvement of
aPKC-z in critical survival pathways mentioned below, together
with the high expression level of this isotype in prostate
cancer cells, might account for the high incidence of resistance
of these cells to chemotherapy. Furthermore, over-expression
of aPKC-z has been reported in carcinomas of liver and urinary
bladder.[35, 38] Weichert et al. recently reported that normal ovar-
ian-surface epithelium, benign cystadenomas and borderline
tumours did not express aPKC-i, whereas it was strongly ex-
pressed in a subset of ovarian carcinomas. In this context, a
significant positive correlation for aPKC-i expression with the
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clinicopathological factors, Silverberg grading and FIGO-stage
could be established.[39]


Atypical PKC Isotypes under the Influence of
the Ha-ras Oncogene


Apoptosis and cell-cycle progression are tightly controlled and
interconnected processes that ensure genetic fidelity during
cell proliferation. Oncogenic Ras has been reported to play a
pivotal role in these processes, for which atypical PKC isotypes
are thought to be functional prerequisites. The Raf/MEK/ERK
pathway is believed to be a major route for mitogenic actions
downstream of Ras. Raf, a well known Ras-interacting partner,
phosphorylates MEK, which in turn phosphorylates and acti-
vates ERK, a protein kinase that translocates to the nucleus
and activates transcription factors required for cell-cycle pro-
gression.[40] On the other hand, oncogenic Ras activates PI-3-
kinase, which produces PIP3 and thereby activates PDK-1,
which in turn modulates the phosphorylation state of a critical
residue in the aPKC activation loop.[41] Several studies have re-
ported that aPKCs are able to activate MEK and ERK in vivo
and in vitro.[42] For this reason, one can speculate that the sig-
nals from Ras affecting Raf and the aPKCs meet at the level of
MEK. By employing a combination of mRNA antisense con-
structs, kinase-defective, dominant negative and constitutively
active PKC mutants, we have provided evidence that the trans-
formation of Ras employs three PKC isozymes that operate in a
hierarchically ordered sequence for the transcriptional activa-
tion of c-fos. Two of them, nPKC-e and aPKC-z, have been
shown to act downstream of Raf-1 and MEK; this suggests that
PKC isotypes might be involved in: i) the activation of ERKs,
ii) the control of duration and extent of the active state, iii) the
regulation of the interaction with scaffold proteins such as MP-
1 and iv) a process required for translocation of dimerised ERKs
from the cytosol to the nucleus. We have shown that transcrip-
tional activation of cyclin D1 through the transformation of Ha-
Ras is MEK- and Rac-dependent and requires the PKC isotypes
-e, -l/i and -z, but not cPKC-a.[31a] In this context, evidence has
been presented that aPKC-l/i acts upstream of Rac, between
Ras and Rac, whereas the PKC isotypes -e and -z act down-
stream of Rac and are required for the activation of ERKs. Ras
signalling also affects the small GTPases CDC42 and Rac, which
play critical roles in the reorganisation of the actin cytoskele-
ton, an essential feature of the morphological changes associ-
ated with the induction of the transformed phenotype.[40] Work
from our lab provided evidence that aPKCs are required for
actin remodelling mediated by Ras downstream of either Rac
or CDC42.[10b] Furthermore, we have demonstrated that the re-
organisation of the actin cytoskeleton induced by oncogenic
Ras is mediated by two atypical PKC isozymes, whereas aPKC-
l/i acts upstream of PI-3-kinase and Rac-1, while aPKC-z is lo-
calised downstream of Rac but upstream of Rho. In summary,
these data support the concept that oncogenic Ras mediates
and requires the coordinated activation of Rac and Rho and
further that PKC isozymes are involved in this mechanism. An-
other effect of Ras signalling involves the activation of NFkB,
which is required for cell survival and for Ras-induced transfor-


mation.[43] Atypical PKCs are generally believed predominantly
to exert an antiapoptotic function by promoting cell survival
and proliferation. The antiapoptotic effect of aPKC family mem-
bers has been ascribed to activation of NFkB, which may be
mediated through their regulatory function in ERK activa-
tion.[44] Combination treatment of cells with PKC inhibitors has
been shown to enhance the antitumour activity of several che-
motherapeutic drugs.[45] In particular, atypical PKC members
have been shown to confer resistance to numerous apoptosis-
inducing stimuli, such as irradiation and chemicals (IR,[46] UV,[47]


etoposide,[48] taxol[13] and ocadaic acid,[36] as well as the physio-
logical ligands tumor necrosis factor a (TNFa)[11c] and nerve
growth factor (NGF)[49]). In the TNFa signalling pathway, aPKC-z
takes a central position in mediating NFkB activation.[7c,d] Upon
stimulation, TNF receptor 1 interacts with the death-domain
kinase RIP through the adapter molecule TRADD. RIP recruits
aPKCs through the p62/z-interacting protein (ZIP), and aPKCs
in turn associate with and directly phosphorylate IkB kinase
(IKK), leading to IkB phosphorylation and degradation and
thereby to nuclear translocation of NFkB.[50, 7d] These events
correlate with an accumulation of the caspase inhibitory pro-
tein XIAP, expression of which was shown to be regulated by
NFkB.[51] Another apoptosis-modulating NFkB-independent
pathway involves the p62/ZIP-mediated targeting of aPKC-z
activity to the Kvb2 subunits of potassium channels, which
exert regulating functions in some apoptotic pathways.[52]


Furthermore, aPKC-z was reported to modulate the apoptot-
ic machinery both at the mitochondrial level, by modifiying
the Bcl-2/Bax ratio,[53] and at the postmitochondrial level, by
modulating cytochrome c-mediated caspase activation,[54] but
the mechanisms by which PKC regulates these effectors are
still unclear.[48]


Routing DNA Damage by Interfering with the
ATM-c-Abl-aPKC Pathway


DNA strand breaks—induced by oxidative stress, ionising radia-
tion, chemotherapeutic agents or UV light—result in the bind-
ing and activation of serine/threonine kinases of the phospho-
inositide-3-kinase family. Members of this kinase family are
ATM (Ataxia-Telangiectasia, Mutated), ATR (Ataxia-Telangiectasia
and Rad3-related) and the DNA-dependent protein kinase
(DNA-PK). These proteins are activated by direct binding to the
site of DNA damage. Depending on the severity of DNA
damage, this leads either to cell-cycle arrest and activation of
DNA-repair mechanisms or to induction of apoptosis. Although
a variety of substrates of these types of kinases have been
identified, including prominent regulators of cell-cycle arrest
and apoptosis such as Chk2 and p53, the central effector
seems to be the Src-related tyrosine kinase c-Abl. ATM directly
activates c-Abl by serine phosphorylation in the kinase
domain,[55] and c-Abl in turn phosphorylates tyrosine residues
and activates proapoptotic proteins such as p53, p73, JNK/
SAPK and nPKC-d.[56] However, despite this central role in the
induction of cell cycle arrest and apoptosis, the constitutively
active Abl mutants v-Abl and Bcr-Abl were originally identified
as the oncogenes responsible for certain forms of murine leu-
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kaemia and human chronic myelogenous leukaemia (CML), re-
spectively. Surprisingly, the resulting tumours are highly resist-
ant to treatment with DNA-damaging agents known to acti-
vate c-Abl. This may in part be explained by a delay in the G2/
M phase of the cell cycle, which gives the cell a chance to
complete DNA repair, replication and chromosomal segrega-
tion, thereby preventing a mitotic catastrophe.[57] However,
Bcr-Abl also activates signalling molecules that inhibit the
apoptotic machinery, such as Stat5, Ras, Bcl-xL or the atypical
aPKC-i. Among these, aPKC-i seems to be of special impor-
tance, as inhibition of aPKC-i can completely reverse the resist-
ant phenotype mediated by Bcr-Abl.[58, 13] As the constitutive ty-
rosine kinase activity of Bcr-Abl is caused by fusion of the Abl
catalytic domain to the Bcr protein and not by mutation of the
primary sequence, it is unlikely that its substrate specificity is
fundamentally different from that of c-Abl. Recently we have
demonstrated that aPKC-i is a direct target of c-Abl.[59] It can
be deduced from the homology to the PKA catalytic domain
that, in the 3D structure, the relevant tyrosine lies in close
proximity to the phosphoinositide-dependent kinase 1 (PDK-1)
phosphorylation site Thr403 in the activation loop (for details
see Figure 3), which is required for priming of PKCs, enabling
them to be activated by other stimuli. Thus, we assume that
Tyr421 phosphorylation has an effect similar to activation loop
phosphorylation, resulting in enhanced substrate binding and
a faster chemical catalysis step. Our data, which show that
aPKC-i activation by cAbl is mediated by direct binding and


subsequent tyrosine phosphorylation, are consistent with the
results of Jamieson et al. , who described a PI3K-independent
activation of aPKC-i by oncogenic Bcr-Abl.[13] However, this ob-
servation does not rule out a contribution of PDK phosphoryla-
tion for aPKC-i-mediated drug resistance. As PKC phosphoryla-
tion at the activation loop seems to be a priming step that
makes the enzyme sensitive to other activators, it might in-
crease the susceptibility of aPKC-i for activation by c-Abl. Inter-
estingly, it was shown in a recent study that ionising radiation
can induce nuclear translocation of atypical aPKC-z, and that
this translocation was sensitive to the PI3K inhibitor wortman-
nin.[46] This means that PDK could provide two prerequisites for
aPKC activation after DNA damage: i) activation loop phos-
phorylation as a priming step for enzymatic activity, and
ii) translocation to the nucleus, where the aPKC is activated by
c-Abl tyrosine phosphorylation. Thus, aPKC-i is involved in a
pro-survival signalling pathway initiated by c-Abl following
DNA damage. Given the central role of c-Abl for the sensitivity
to DNA damaging agents, these observations may contribute
to a better understanding of this cellular response, and might
prove helpful for overcoming resistance to chemotherapeutic
agents. In summary, as in the response to activation of the
TNF-a receptor, the putative potency of aPKCs to shift the
equilibrium of intercellular signals from induction of cell death
to cell survival is part of a model in which inhibition of aPKC
partially overcomes stress- and drug-induced chemoresistance.


Inhibition of Atypical PKC Isotypes Sensitises
Tumour Cells to Widely Used Chemothera-
peutic Agents


Activation of survival pathways by disregulation of apoptosis
through superimposed kinases is of critical importance for ma-
lignant transformation and maintenance of the transformed
phenotype. PKC isotypes cPKC-a, nPKC-q and aPKC-z, as well
as the most prominent BAD kinase PKB/Akt, have frequently
been associated with such mechanisms. Recently, we showed
that fully activated aPKC isozymes i and z protect cells from
programmed cell death after expression of oncogenic Ras, in-
hibition of cell attachment and treatment with cisplatin or
camptothecin.[59] The mechanisms by which these kinases are
activated under these conditions are incompletely understood.
Ras had earlier been shown to activate the phospholipase D
(PLD) isozymes PLD1b and PLD2, and evidence has been pre-
sented that PLD1b acts upstream of PKC, which in turn acti-
vates PLD2.[60] It has been suggested that the data indicate a
putative signalling cascade comprising Ras!RalA!PLD1b!
aPKC-i!PLD2. Over-expression of a constitutively active
mutant of aPKC-i protected cells from camptothecin (Fig-
ure 4 A/B) and exposure to camptothecin activated aPKC-i (Fig-
ure 4 C). Camptothecin, like other DNA-damaging agents, is
known to activate c-Abl by the ATM connecting pathway. To
verify that this camptothecin-induced activation of aPKC-i is
mediated by cellular Abl, we used the Abl inhibitor STI571 (Im-
atinib). As shown in Figure 4 C, enzymatic activation of aPKC-i
by camptothecin was partially inhibited in the presence of Ima-
tinib in a dose-dependent manner. This result is part of a


Figure 3. 3D representation of the position of the tyrosine phosphorylation site
within the catalytic domain. The structure of the homologous catalytic domain
of PKA, as deposited in the PDB database (PDB ID : 1CDK) by Bossemeyer
et al. ,[65] has been modified by Martin Spitaler to show the position of the tyro-
sines (Y) corresponding to the potential phosphorylation sites in aPKC-i, and
the threonine (T) phosphorylated by PDK. The numbers correspond to the
amino acid positions in human aPKC-i. Figure reproduced with kind permission
from EMBO Journal.
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tentative model in which camptothecin-induced DNA damage
influences aPKC-i activation in a c-Abl-dependent manner.
Treatment of cells with cisplatin (cis-DDP) also has the ability
to activate aPKC-z. Expression of a kinase-defective, dominant
negative aPKC-z sensitises cells to cis-DDP, indicating a protec-


tive effect of wild-type aPKC-z on cis-DDP-induced
cell death.[59] Evidence was presented that aPKC-z-
mediated phosphorylation of pro-apoptotic Bad may
contribute to the anti-apoptotic effect of aPKC-z.
Atypical PKC-z phosphorylates Bad at the critical
serine residues: Ser112 and Ser136. Ser112 phosphor-
ylation has been shown to be mediated by the Raf-
ERK pathway, whereas protein kinase B/Akt catalyses
the phosphorylation of Ser136.[61] In a previous study
we showed that aPKC-z is required for the MEK-medi-
ated activation of ERK in HC11 cells.[31a] These findings
would explain the function of aPKC-z in Bad phos-
phorylation at Ser112, which had been shown to be
sufficient for heterodimerisation with 14–3–3-protein,
resulting in a release of Bcl-2/xL and a subsequent in-
crease in the Bcl-2/Bax ratio.[62] However, blockade of
ERK-activation by the MEK inhibitor PD98059 did not
affect cis-DDP-induced phosphorylation of Ser112 of
Bad (Schwaiger, unpublished), pointing to alternative
mechanisms for Bad phosphorylation. Interestingly,
however, activation of aPKC-z results in a depression
of Akt/PKB activity,[63] an observation confirmed in our
laboratory. Thus, aPKC-z may be able to phosphory-
late Bad at the critical serine residues 112 and 136 in-
dependently of ERK or Akt, representing a mechanism
for a more selective control of cell survival.


Perspectives


The observations described above are part of a tenta-
tive model in which atypical PKC isotypes play a fun-
damental role in balancing cell proliferation and pro-
grammed cell death, cellular architecture and cell po-
larity. However, the criteria that determine whether a
particular kinase qualifies as a putative drug target
are complex and depend on delicate structural and
functional distinctions. Although 3D structure-based
design is a powerful technique, no crystal structures
for atypical PKC isotypes are available so far. There-
fore, most of the studies are based on kinase homolo-
gy models (e.g. , PKA), which can only approximate
the actual target structure. In this context, 3D knowl-
edge of structural specificities within critical kinase
domains should be helpful. Atypical PKC-i differs from
classical and novel PKCs in the catalytic domain, rep-
resenting a new aspect of an ATP-binding mechanism
and probably catalysis, which should be useful for the
development of isotype-specific pharmacophores.
Moreover, atypical PKCs possess a so-called OPCA
motif, possessing novel regulatory domain character-
istics that can be exploited for pharmaceutical inter-


vention by, for example, small molecules interfering with the
MEK5-ZIP-aPKC interaction as a prerequisite for transcriptional
activation of cyclin D1. Results pointing to MEK5 as a key sig-
nalling molecule in prostate carcinogenesis further strengthen
this assumption.


Figure 4. Rescue of camptothecin-induced cell death by active aPKC-i. Prostate carcinoma
(PC3) cells grown on glass cover slips were transiently transfected with EYFP-C1, EYFP-aPKC-
i-wt or kinase-inactive EYFP-aPKC-i-KW. After 24 h, cells were either left untreated (0.5 %
DMSO control) or were treated with camptothecin (Cmpt ; 10 mm) for an additional 24 h.
Thereafter, the cells were fixed, the nuclei were stained with DAPI, and the nuclear fragmen-
tation of green, EYFP-positive cells was observed by fluorescence microscopy. A) Nuclear
fragmentation in EYFP-expressing PC3 cells. EYFP is shown in green, nuclear DAPI staining
in blue. The cells shown are representative of three independent experiments. B) Quantifica-
tion of the results: the number of cells with nuclear fragmentation was determined by obser-
vation of 50 cells per coverslip in triplicate. The data bars show the mean of three independ-
ent experiments �SEM (p<0.02). For comparison of grouped data, Student’s t-test was
applied. P values below 0.05 were considered to indicate significant differences. C) Activation
of aPKC-i by addition of camptothecin (10 mm) to the cells 1 hour before extraction and in-
hibition of this effect by preincubation with the cAbl inhibitor STI571 (Imatinib). COS-1 cells
were transiently transfected with plasmids encoding RGS-His6-tagged PKCi 48 h after trans-
fection, PKCi was purified with Ni2 +-NTA agarose and its enzymatic activity was measured
in vitro. To compensate for variable transfection efficiencies, the results were standardised
by cotransfection of a plasmid encoding firefly luciferase under the control of a constitutive
SV40 promoter and measurement of luciferase in an aliquot of the lysates. Data shown are
means of at least six parallel measurements from two independent experiments �SEM
(p<0.03).
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The strongest in vitro evidence for aPKC being an important
antitumour drug target is the finding that inhibition of aPKCs
sensitises tumour cells in culture to widely used chemothera-
peutic agents. The fact that aPKC-z-mediated phosphorylation
and inactivation of pro-apoptotic Bad at the critical serine resi-
dues 112 and 136 occurs independently of ERK/Akt offers an
additional survival balancing model.


From these findings, we have hypothesised that interruption
of the pro-survival function of aPKC-i mediated through the
ATM/c-Abl/aPKC axis is a precondition for a complete reversal
of drug resistance to DNA-damaging agents and, vice versa,
over-expression of constitutively active aPKC-i should protect
tumour cells against drug-induced cell death. This was indeed
the case for cis-DDP, taxol and camptothecin, which points to
a fundamental role in survival control by direct activation of
the aPKC survival kinases.


However, in view of the fact that Bcr-Abl regulates aPKC-i
transcription through an Elk1 site in the aPKC-i promoter,[64]


other scenarios of Bcr-Abl-mediated chemoresistance are con-
ceivable. Further studies on the biological role of atypical PKC
isotypes in various tumour cell systems are needed. In order to
elucidate the biological function of the kinase family members,
gene expression profiling experiments employing Affymetix
technology are currently underway. Knock-out mouse models
of aPKC, together with putative adaptor/regulator proteins,
should further clarify our picture of aPKC as a target in carcino-
genesis.
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Introduction


Parallelization and automation techniques have significantly
altered the drug-discovery process over the past few years.
Highly sophisticated robotic systems allow screening, process-
ing, and analysis of the generated data sets of a million com-
pounds within several days. Automation in the medicinal
chemistry section allows the synthesis of large multipurpose
screening libraries or, in turn, may provide mid-sized libraries
suitable for elucidating preliminary SAR trends of hits, thus
speeding up the lead identification and optimization.


Nevertheless, the screening of compounds is a costly enter-
prise, and both the availability of sufficient protein quantities
and a robust assay amenable for high throughput are pre-
requisites in conducting the screening of large compound
numbers.


Should only a limited amount of protein be available or the
assay design allow only a medium throughput, a broad screen-
ing approach appears questionable, and the screening of se-
lected compound sets instead seems favorable. Additionally,
such compound arrays can be used for rapid chemical-target
validation or general drugability assessments.


The human kinome comprises a minimum of 518 different
kinases.[1] Undoubtedly, the kinase protein family comprises a
rich source of validated targets, such as bcr-abl, EGFR, or VEGF.
These enzymes play fundamental roles in many biochemical
pathways, such as cell differentiation, cell-cycle control, and
apoptosis. All such mechanisms are tightly regulated and
entail a well-functioning and balanced counterplay of all bio-
chemical switches involved. Up- or down-regulation of individ-
ual kinases due to malfunction may result in the onset of
cancer or other diseases, for example, diabetes or inflamma-
tion.


However, the presence of closely related but distinct targets
requires some alterations of common library-design ap-
proaches, especially in view of employing virtual descriptors
and generalizing target criteria. This effort implies more than
just collecting compounds derived from various structural
classes.


In the meantime, several companies have commercialized
their focused libraries of tentative kinase inhibitors. Whereas
several of these focus primarily on the established set of
kinase-related scaffolds, others claim to address this matter
through the design of novel scaffolds.


This article will summarize conceptual approaches toward
the design and the synthesis of focused libraries specifically
generated to inhibit kinases, and will reflect some more recent
commercial activities in this field. In general, approaches for
library design are driven either by structural or by descriptor
properties. In the recent past, promising approaches to design-
ing target-family-oriented libraries have surfaced for both
areas.


Conceptual Design of Target-Oriented
Libraries


All kinases function through the binding of ATP, transferring a
phosphate group onto a hydroxyl group. In view of the fact
that the conserved ATP sites bear a high degree of similarity,
the identification and synthesis of a selective, potent, and safe
ATP-competitive small-molecule kinase inhibitors was regarded
a challenge and has been discussed controversially in the sci-
entific community over the past years.[2] Nevertheless, this area
has been pioneered by the success story of Gleevec.[3] Several
other small molecules are due to follow, for example, Iressa,[4]


Fasudile,[5] CYC202,[6] BAY 43–9006,[7] and PTK787/ZK222584
(Scheme 1).[8]


By definition[9] focused (also directed or biased) libraries
comprise a limited number of building blocks, chosen on the
basis of pre-existing information, to validate any hypothesis or
to prove a particular activity.


Recent reviews[10, 11] have analyzed the application of compu-
tational methods for the design of small-molecule kinase inhib-
itors. Whereas a lot of information is available on the design of
focused libraries for individual targets and structures, very little
is published[12] about the more generic product-oriented
design of libraries for whole target families or subfamilies
thereof, for example, cdk’s.[13]


Kimmich and Park[14] have nicely summarized the most
recent efforts in the field of compound-library synthesis of ten-
tative kinase inhibitors. Besides peptide and natural-product li-
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braries, most of their referenced examples deal with
the generation of small libraries around individual
validated hits rather than the conceptual design of
addressing the entire target family.


Monoselectivity for ATP-competitive kinase inhibi-
tors[15] appears equivocal in view of the 518 distinct
kinases already identified.[16] Dual selectivity or multi-
plex specificity[17] in the kinase sector is more proba-
ble, and library design for whole target classes or
subfamilies becomes more noticeable. Such libraries
are deliberately tailored to address multiple targets
within a given subfamily and therefore may serve as
a precious source for rapid chemical-target validation,
to gain selectivity data for specific scaffolds or to pro-
vide valuable SAR directions on which other process-
es, for example, a hit-to-lead-process, may follow up.


In 1999, Bajorath et al. outlined a molecular scaffold-based
design concept for combinatorial libraries focused on inhibitor
binding at the ATP site of protein kinases.[18] Here for the very
first time, to the best of our knowledge, a detailed docking-
based approach was published that combined an initial dock-
ing experiment into the ATP pocket, which serves to identify
suitable molecular scaffolds, with the design of target-family-
oriented libraries around these scaffolds for the kinase super-
family.


A total of 75 scaffolds bearing tentative binding properties
toward the ATP-binding pocket in kinases were identified
either by docking calculation or by comparison of known in-
hibitors.


Subsequently, three different libraries were computed by ap-
plying different strategies, and the scaffold distribution within
these collections was analyzed. Here it turned out that very
few scaffolds form the basis of a lot of the compounds
(Scheme 2). Though the result varies from library to library, a
few scaffolds occur with high frequency. Furthermore, a small


number of scaffolds dominate
the majority of compounds in
each library.


Recently, M�ller presented the
structure-driven concept of
target-family-directed master
keys; this reflects another view
of library design around matured
structural features.[19] The author
exemplified this pharmaco-
phore-based concept for the 2-
aryl-indole scaffold, which shows
a preferred affinity for the GPCR
family, and also mentioned the
5,5-trans-fused lactam moiety as
a serine protease-directed scaf-
fold. Furthermore, several struc-
tural motifs, for example, 2-ami-
nothiazole, do not reveal any
correlation to a specific target
family, but show general phar-


maceutical potential and may therefore also be regarded as
privileged structures.


Though no kinase specific master keys are explicitly men-
tioned in this account, the underlying idea of this concept can
also be transferred to the kinase family. The hinge region in
the ATP site of kinases allows the formation of at least three
hydrogen bonds. Nearly all inhibitors bind at the hinge region,
and the formation of at least one hydrogen bond appears to
be crucial. X-ray analyses reveal that the majority of inhibitors
form two or even all three hydrogen bonds. Scheme 3 shows
some prominent kinase-family-related core structures. The
arrows indicate attachment points for the formation of hydro-
gen bonds with the hinge region, as suggested by X-ray analy-
sis or modeling experiments for individual class representa-
tives. The available pdb codes are also listed.[20]


In the past, only a few novel ATP-mimetic cores have
emerged in kinase-inhibitor programs in industry, and their use
is effectively and competitively shared by many companies. In
the kinase-inhibitor sector, among others, the aminopyrimidine
core has emerged as a privileged structure that many compa-


Scheme 1. Chemical structures of some small-molecule kinase inhibitors that have been marketed or are undergoing
clinical trials.


Scheme 2. Structures of the 10 most frequently occurring scaffolds. Scaffolds 1, 3, and 6
account for a total of 29 % of all entities in all three computed libraries.[18]
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nies have focused on for at least two reasons. First, this scaf-
fold is highly amenable to parallel synthesis, allowing facile
and broad decoration on various scaffold positions, and,
second, depending on the substitution pattern, the core struc-
ture allows the formation of several hydrogen bonds to the
protein hinge region.[22] Consequently, this significant interest
is reflected in the dramatic increase in kinase-related pyrimi-
dine patent applications over the past few years tightening
the freedom to operate in this particular class.


Numerous other prominent scaffolds with tentative kinase-
inhibitory potential have been compiled in several recent
reviews.[29]


Focusing on privileged structures also has potential short-
comings you could refer to as the Casablanca effect : going
every night into the same bar, meeting the same people, or in
other words: screening the same set of compounds over and
over again against related targets results in identifying the
same scaffold classes again and again without coming up with
something really new. Hence, the ratio of privileged structures
in the library must not be overweighed.


Currently, the Institute of Cancer Research, University of
London (UK) offers more practical insights for designing and
synthesizing focused libraries for kinases around specific leads
to their students.[30]


Target-Specific Aspects of Ligand and Protein
Space


Based on the Burden Chemical Abstract Service University of
Texas (BCUT) concept for the description of molecular struc-
tures, the identification of a so-called “receptor-relevant sub-
space”[31] offers another opportunity to reduce the number of
compounds relevant for exploring inhibition within a target
family of interest.


This concept was described by Pearlman and Smith,[31] who
reported a novel approach for an activity-seeded, structure-
based clustering of compounds, for which experimental IC50


values against the target of interest are available, in a multidi-
mensional descriptor space, named “chemspace”. The position-
al relationship of structures, each encoded through their BCUT
values, is analyzed to identify a reduced set of BCUT metrics


that best cluster compounds with similar affinity
for the given target. The authors exemplified the
successful application of this method to the identi-
fication of ACE inhibitors in a very limited subset of
compounds from the Modern Drug Data Report
database,[32] which nicely clustered along a relevant
metric axis.


The practical application of the BCUT concept
described above was successfully conducted for
ATP-site-directed kinase inhibitors by Pirard and
Pickett[33] in 2000. BCUTs were computed for 770
entities active against five different kinases and
combined with a partial least-squares discrimina-
tion analysis. This procedure allowed the correct
classification of ligands with respect to their target.
Moreover, the applied method was compared with


the performance of other computational descriptors, for exam-
ple, Daylight 2D fingerprints or multipharmacophore models,
regarding their ability to distinguish between the various struc-
tural classes of ligands and ligand binding to different kinase
subfamilies. Though somewhat successful, their evaluation also
revealed certain shortcomings. In combination with a partial
least-squares discrimination analysis BCUTs provide the oppor-
tunity to distinguish between ligands of related proteins, but
interpretation of results has to be done carefully and strongly
depends on the chosen descriptor set. The authors consider
compound analysis by easily calculated BCUT parameter as a
valid alternative. However, the more computationally intense
three- to four-point pharmacophore-type descriptors have
shown better predictivity for the classification of unknown
compounds.


Nevertheless, BCUT analysis may also be regarded a versatile
tool to access the degree of redundancy and overlap between
libraries. Though, it should be remembered that neighboring
BCUT values in the chemspace do not necessarily indicate re-
dundant molecules but could also indicate compounds derived
from different scaffolds with diametrically opposed pharmaco-
dynamic properties.


Besides mapping the ligand space, analyzing the protein
space also provides valuable clues for the development of ten-
tative binders. Moreover, valuable trends for selectivity can be
extracted therefrom.


The utility of a structural classification of protein kinases by
so called “target-family landscapes”[34] has been exemplified by
a study of Naumann and Matter.[35] They analyzed the ATP-
binding-site structure of 26 different kinases, describing their
protein–ligand interaction features by GRID[36] molecular inter-
action fields. The interaction energies derived for different
probes were subjected to a chemometric analysis that yielded
the target-family landscapes as principal component analysis
(PCA) score plots as well as 3D contour plots for every probe
and every principal component. These contour plots were
shown to facilitate the design of selective ligands, since they
point to structural differences between kinase subfamilies sep-
arated by a given principal component.


Narrowing the library-design process to some “hot” spots
within the virtual descriptor space surely would speed up the


Scheme 3. Potential kinase family-related core structures; the arrows indicate hydrogen bond
interactions with the protein’s hinge region.
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selection and synthesis process, but diversity and novelty
issues have to be carefully considered. Whilst the inhibitor
search is focused onto such islands of interest, new potential
scaffold classes lying offside are liable to be overlooked.
Hence, the odds of identifying some inhibitor in a completely
new scaffold class will be decreased dramatically.


Nevertheless, the multitude of approaches and concepts has
been validated and will therefore yield valuable directions, if
proper data points are provided. However, information derived
from biological and chemistry space have to be matched pre-
cisely in order to maximize the desired outcome.


Targeted Libraries from Commercial Sources


The majority of screening-compound vendors currently offer
kinase-targeted libraries off the shelf. Several vendors display
structural features within their flyers and homepages. All com-
panies approached by us so far were readily open to discuss
structural details and design concepts under confidentiality
agreement in case of further interest. Many companies claim
their scaffolds to be novel, and compounds derived thereof
may be patentable. Nevertheless, this needs to be checked for
each case individually.


On the internet Bioscreening.com[37] displays a table of such
companies offering compound collections for specific target
families referred to as: “that may have a higher probability of
interacting with potential drug targets”. Among libraries for
other target families, several vendors are also offering libraries
specifically made for kinase inhibition.


Besides this orienting overview, a detailed media-search
gave access to additional sources for commercial libraries of
this type. Detailed information about quality and content of
the offered libraries were gathered from vendor homepages,
flyers, and personal contacts.


Table 1 summarizes the current status of commercially avail-
able focused libraries of tentative kinase inhibitors. In many
cases, such libraries do not remain static but are being updat-
ed, expanded an/or refined constantly. Therefore, this overview
can only provide a snapshot of the current environment.


Looking at individual vendors of such inhibitor libraries in
greater detail reveals significant differences in rationale, design
approach, and library size. Moreover, several suppliers offer
special services to synthesize libraries tailored to the custom-
er’s demands, lead follow-up services on initial hits from their
libraries, and say they are flexible with respect to compound
formatting and handling. Other companies, such as Synergix
Ltd.[38] or Scynexis[39] offer the exclusive synthesis of focused li-
braries on demand. Due to this exclusivity, their service and
quality of the approach will not be considered in this context.


The SoftFocus kinase-targeted library is marketed by Bio-
Focus.[40] The company started offering target-specific libraries
in 1999. This library currently comprises some 14 sublibraries
(SFK 01 to SFK 33), some of which are claimed to be designed
against specific subfamilies, for example, p38 MAP kinases or
the cdk2/4 family, or target a broader range of kinases, for ex-
ample, SFK 02, which was designed to inhibit predominantly
tyrosine kinases (ZAP, PGDF, EGF, Ick, abl). The entire collection


encompasses 20 scaffolds with some 1000 to 1500 individual
entities, each. The cornerstones of their design concept are
protected through patents[41] outlining some aspects of how to
generate focused libraries for entire target families. BioFocus
collaborate with Prof. Sir Philip Cohen from the University of
Dundee.


Initially, ChemDiv[42] started their focused-library program for
kinases in 2001. The current library contains approximately
20 000 entities split into about 600 sublibraries. The size is some-
what static but the content is said to be updated constantly.


Currently, some 1500 kinase ligands taken from publications
and drug indexes have been analyzed by Kohonen maps.[43] In-
formation derived therefrom has been used to develop bioiso-
steric and pharmacophore clustering rules that, together with
2D and 3D similarity, have been applied to generating novel
scaffolds. While moving on in the design process, other as-
pects, for example, synthetic accessibility and estimated phar-
macokinetic properties, are also taken into consideration.


TimTec[44] advertise their ActiMol compound collection,
which has been available since autumn 2002. It is claimed that
the entire set of ActiMol compound collections have under-
gone rigorous structural fragment filtration and diversity selec-
tion. The ActiTarg-K collection, in particular, comprises 960 pre-
plated compounds and represents a diverse selection from
some 4000 individual entities. The collection is based on estab-
lished scaffolds referenced in the scientific and patent litera-
ture for their kinase-inhibitory properties, modified, for exam-
ple, by embedding into polycyclic structures or annulated ring
systems. Prices and available compound amounts of this library
are mentioned on their internet page.[44]


More recently, in 2003, ChemOvation introduced their Kinase
Enterprise Library,[45] which is available on a nonexclusive basis.
This collection is currently marketed in collaboration with


Table 1. Current status and availability of commercial libraries with tenta-
tive kinase inhibitor properties.


Company Current approximate Structural Internet
library size information Link


available


AdvancedSynTech n.a. [e] [55]
Asinex 5 000 [a] , [d] [46]
BioFocus 16 000 [f] [40]
ChemDiv 20 000 [f] [42]
ChemOvation 1 000 [b] [45]
Enamine 31 000 [a] [48]
IF Lab 13 000 [a] [53]
InterBioScreen flexible, on [c] [47]


customer’s demand
Pharmacopeia [f] [f] [54]
ChemBridge [f] [f] [51]
Specs flexible, on [e] [50]


customer’s demand
TimTec 4 000 [c] [44]


[a] Download of full data set as .db file after internet log-in. [b] Full data
set provided upon request. [c] Partial data set provided upon request.
[d] Additional data (log P, docking scores, etc.) provided. [e] No informa-
tion available upon request. [f] Data available under the conditions of a
secrecy agreement.
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LeadDiscovery. Library design includes analysis of ADME prop-
erties and Lipinski’s rules, as well as virtual docking studies and
diversity analysis by using Tanimoto fingerprints.


The physically available library has been built up from some
20 different scaffolds featuring selected key pharmacophores,
mainly pyridopyrimidines, quinazolines, and other heterocyclic
core structures. Each scaffold is represented by approximately
125–150 derivatives. The current size of some 800 derivatives
is expected to grow to a total of nearly 3000 chemical entities
shortly. A maximum of 15 mg per compound will be available.


The Asinex[46] library comprises about 5000 compounds
thought to be active against 11 different kinase targets. These
entities were designed through the proprietary P3S technology
by applying rigorous in silico filtering criteria. This library-
design approach is outlined in greater detail on the Asinex
homepage[46] and can be analyzed there. All compounds are
provided with additional docking scores as well as physico-
chemical parameters. A detailed pricing list is available upon
request, and up to 100 mg per individual compound may be
available.


InterBioscreen[47] pursue a somewhat different approach.
They offer to screen their compound collection of approxi-
mately 350 000 entities according to each individual customer
request. The computational methods applied are claimed to
have been validated against a reference data base of known
inhibitors ; details of this concept are outlined on the inter-
net.[33] Upon a customer’s request on library size and potential
target or subfamily of interest, InterBioscreen will propose a
collection of tentative inhibitors. Due to the dynamic nature of
every compound collection, it is likely that each request by
this approach will yield different results.


Enamine[48] have entered the field of targeted libraries in col-
laboration with the ChemBio Center of the Kiev National Uni-
versity. Their kinase library currently addresses 15 different tar-
gets and comprises of about 31 000 compounds. Enamine
apply various filters to the design of compounds, mainly on
the basis of 2D and 3D molecular information. Some aspects
of their approach are outlined on the internet.[49]


The Specs[50] approach for the generation of target-oriented
libraries is different again. Since late 1999 they have employed
a predictive algorithm for biological activity to “fish” promising
compounds from their stock collection of 230 000 entities. This
algorithm calculates compound-specific descriptors, which are
then compared with descriptors computed for reference com-
pounds with proven activity against the given target. This in-
formation for a large and diverse training set was collected
from the literature. The threshold for the predicted activity will
be set by the customer. Currently, the Specs collection com-
prises approximately 400 entities with a high predicted activity
(>0.7) against a set of five different kinases.


In 2001 ChemBridge[51] introduced a targeted library to be
screened against kinases. Prior to compound synthesis, the
interaction characteristics of some target-related proteins and
their referenced ligands were analyzed, and the computed
ligand descriptors were entered into a database. Different de-
scriptor combinations were then used to identify novel, target-
biased entities.


At the beginning of 2004, IF Lab[52] launched their kinase-
inhibitor library, which comprises 13 000 entities. These com-
pounds resulted from virtual screening against a set of kinases;
constraint filter criteria, for example, molecular weight below
500, less than seven rotatable bonds and less than five hydro-
gen donors or acceptors were applied thereafter. The top-scor-
ing entities were evaluated against the general kinase-inhibitor
pharmacophore model published by Novartis colleagues re-
cently.[11] The content of this library can be downloaded[53] di-
rectly in a .db or .sdf file format, and the compounds are physi-
cally available in larger quantities upon request.


Pharmacopeia[54] are advertising a compound collection
biased against disease-related targets in the kinase family. Ad-
vanced SynTech[55] are also offering a protein-kinase-targeted
library; in both cases no additional information was available
upon request.


Evidently, the majority of vendors rely on the use of compu-
tational methods to identify tentative binders. Such tools are
employed to filter existing compound collections or to design
novel compounds, either by employing multidimensional phar-
macophore models or derived from privileged fragments. In
summary, the conceptual diversity of the different vendors
adequately mirrors the plethora of design concepts discussed
and established in the literature.


Current Practical Approaches and Examples


In 2002 Aventis disclosed some design aspects of their in-
house collection of tentative kinase inhibitors.[56] The theoreti-
cal framework of their concept relies on capturing public and
proprietary information for both biological and chemical
space. Subsequently, computational tools are employed to cal-
culate the corresponding descriptors. Finally, information from
the biological targets and the chemical structures and their
properties are matched; this results in a knowledge-driven
biased library design.


By applying this model to cherry-pick compounds from their
in-house compound collection, Aventis reported an approxi-
mately tenfold increased hit rate in a particular kinase assay.


Conclusion


Nowadays numerous commercial vendors are offering collec-
tions of tentative small-molecule kinase inhibitors. Their
approaches to designing and synthesizing such libraries are
rather diverse.


Nevertheless, each subset selection claims the opportunity
to increase the initial hit rate in kinase assays.


The design and establishment of a focused library of tenta-
tive small-molecule kinase inhibitors, itself serving as a pre-
cious hit source, remains a moving target in modern library
design. Besides kinase-inhibitory activity, selectivity criteria
within and between subfamilies, as well as accurate physico-
chemical parameters and reduced toxicity, make this a multi-
disciplinary challenge.


The rationale of designing focused libraries for target fami-
lies has matured during the past few years. Despite individual
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strength, none of the described methods (BCUT, 2D and 3D
fingerprints, three-point pharmacophore models, etc.) will suc-
ceed solely in identifying promising compounds from large li-
braries. Thus, a reasonable combination of several methods to-
gether with solid medicinal-chemistry expertise will enhance
the probability of identifying relevant compounds.


Moreover, from an intellectual property perspective, the de
novo design of scaffolds and proprietary compounds derived
therefrom deserves more attention. Drug-design tools and
well-elaborated algorithms have matured in the past, providing
a valuable tool box for chemists supporting a design and se-
lection process fostered by medicinal chemist’s experience and
intuition.
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The Discovery of Novel Protein Kinase
Inhibitors by Using Fragment-Based High-
Throughput X-ray Crystallography
Adrian Gill,* Anne Cleasby, and Harren Jhoti[a]


Introduction


The phosphorylation of proteins, triggered in response to ex-
tracellular signals, represents a fundamental mechanism for
the cellular control of many different functions, including gene
expression, metabolic pathways, cell growth and differentia-
tion, membrane transport and apoptosis.[1, 2] Protein kinases act
in concert with cytokines, cell-cycle regulatory molecules, pro-
teins of the apoptotic machinery and transcription factors by
pathways that regulate cell metabolism, differentiation, prolif-
eration and death. Many therapeutic strategies are aimed at
critical components in signal-transduction pathways, thus, the
development of selective protein kinase inhibitors is generat-
ing considerable interest in the drug-discovery community.[3–7]


To date, over 500 kinase-related sequences have been identi-
fied in the human genome, representing approximately 1.7 %
of our genome.[8]


Protein kinases contain a structurally conserved catalytic
domain, first elucidated for PKA, and there are currently over
160 crystal structures of 40 unique protein kinase catalytic do-
mains deposited in the Protein Data Bank (PDB).[9] The vast ma-
jority of protein kinase inhibitors under development today are
ATP-site-directed inhibitors.[10–13] The high degree of structural
conservation in the ATP-binding cleft together with the high
intracellular concentrations of ATP with which an inhibitor
must compete to generate sufficient cell activity, have his-
torically made the ATP-binding site unattractive as a drug
target.


Recently, however, a large number of low-molecular-weight,
potent ATP-competitive inhibitors have been identified, many
of which show a high degree of selectivity against small panels
of kinases (20–30 different kinases).[14–21] In several cases, struc-
tural studies clearly show that compounds already known to
be selective for a specific kinase or kinase class, target the
poorly conserved regions of the ATP-binding site, thus provid-
ing a structural basis for the observed selectivity.[22–25] Together,
these results have increased confidence that developing inhibi-
tors directed at the ATP-binding site, is a viable approach to
selectively inhibit protein kinases.[26]


High-Throughput X-Ray Crystallography


The use of structural information obtained by X-ray crystallog-
raphy has been a key factor in the design of selective protein
kinase inhibitors, and as more structures are solved, the accu-
racy of the modelling for inhibitor design will ultimately im-
prove.[26, 27] Indeed, pharmacophore models for ATP-site-direct-
ed competitive inhibitors have been obtained by combining
three-dimensional structural information and structure–activity
relationship (SAR) data to provide multiple directions for struc-
ture-based drug-design approaches.[28–32]


Although the structure of the native target protein can help
significantly to guide a lead-discovery program, the maximum
value is derived only from structures of the protein in complex
with small-molecule inhibitors. This is due to the fact that pro-
teins are conformationally flexible, particularly upon ligand
binding, which has proved very difficult to predict from the
native structure alone.[33] In addition, water molecules often
play a key role in the interactions between small molecules
and proteins, and their positions need to be established exper-
imentally. Rapid determination of crystal structures of protein–
ligand complexes can effectively guide lead-optimisation pro-
grams. Furthermore, high-throughput X-ray crystallography
can also be used for fragment-based screening.[34, 35]


Some of the first experiments in which X-ray crystallography
was used as a screening tool were reported by Verlinde and
Nienaber.[36, 37] Nienaber et al. described a “CrystalLEAD” screen-
ing methodology that focuses on soaking the target crystals
with mixtures of fragments with differing shapes, so that they
can be easily distinguished by visual inspection of electron
density.[38] More recently, a number of groups have described
fragment-based X-ray screening approaches towards the iden-
tification of Src SH2-binding-domain inhibitors.[39, 40] These new
fragment-based screening methodologies have been exten-
sively reviewed in a number of recent articles.[27, 34, 41, 42]


[a] Dr. A. Gill, Dr. A. Cleasby, Dr. H. Jhoti
Astex Technology
436 Cambridge Science Park, Milton Road, Cambridge, CB4 0QA (UK)
Fax: (+ 44) 1223-226201
E-mail : a.gill@astex-technology.com


This article describes the application of a high-throughput X-ray
crystallographic fragment-based screening methodology to iden-
tify low-molecular-weight leads for structure-based optimisation


into protein kinase inhibitors. The identification of two novel
p38a MAP kinase inhibitors (with IC50 = 65 and 150 nm) starting
from low-molecular-weight fragments is described.
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To transform X-ray crystallography into a screening tool, sev-
eral technological advances have been necessary.[27, 34, 41] For
example, to facilitate rapid data collection, automatic sample
changers, such as the ACTOR system, have been developed.[43]


Collection of the X-ray data from a protein crystal exposed to a
ligand then needs appropriate analysis and interpretation of
the resulting electron density; this requires an objective and
automated analysis software. New developments in software,
such as AutoSolve� from Astex (Cambridge, UK) and Quanta�
from Accelerys (San Diego, USA), can assist in reducing the
time taken for data analysis and interpretation. In particular,
AutoSolve enables rapid and automated analysis of difference
electron-density maps from ligand-soaking experiments by
using singlets and cocktails of molecular fragments.[41, 44]


Fragment-Based Lead Discovery


Fragment-based lead-discovery approaches aimed at identify-
ing new chemical leads have become increasingly popular
over the last five years.[42] The key attractions of fragment-
based techniques lie in the synthesis and screening of signifi-
cantly fewer compounds compared to high-throughput-
screening methods, structurally characterised binding modes
and the potential high success rate of generating new chemi-
cal series with attractive lead-like properties.


Molecular fragments are defined as being compounds in the
molecular-weight range of 120–250 Da, that display limited
functionality and are therefore expected to exhibit lower affini-
ty in biological assays (30 mm–1 mm range). However, X-ray
crystallography can detect low-affinity binding, and the orien-
tations of the molecular fragments observed in resultant crys-
tal structures can guide efficient medicinal chemistry programs
to increase potency against a protein target. Fragments can be
efficiently linked or grown to generate molecules with in-
creased affinity for the target protein with appropriate lead-
like properties (Figure 1).[45]


Another key advantage of using molecular fragments for
lead discovery is the significant amount of chemical space that
is sampled by using a relatively small library of compounds.
For example, if the binding of several heterocycles is probed
against specific binding pockets in a protein, the discrimination
between a binding and nonbinding event depends solely on
the molecular complementarity and is not constrained or
modulated by the heterocycle’s being part of a larger mole-
cule. This becomes a far more comprehensive and elegant way
to probe for new interactions than having the fragments at-
tached to a rigid template, as might derive from a convention-
al combinatorial chemistry approach.[41] When all the above
processes are coordinated they form a rational and powerful
approach to lead discovery.


Fragment Libraries


There has been significant literature analysing the relevant
properties of small molecules that are required to make good
lead compounds.[46, 47] Lipinski’s “Rule of 5” provides a useful
framework for developing orally bioavailable molecules, and
these rules have been further developed by Veber, demonstrat-
ing that the number of rotatable bonds (NROT) is also an im-
portant parameter, with a maximum of 7 seeming optimal for
oral bioavailability.[48, 49] In addition, there is literature indicating
polar surface area (PSA) as another key property. Passively ab-
sorbed molecules with PSA>110–140 � are reported as likely
to have low oral bioavailabilities.[50] More recently, the term
“leadlike” was introduced for molecules identified from high-
throughput-screening campaigns that are suitable for further
optimisation and display properties somewhat “scaled down”
from Lipinski values.[47, 51] All of these studies address the issues
facing compounds discovered by using conventional bioassay-
based screening of drug-size compound libraries. Experience
of screening low-molecular-weight compounds in our labora-
tory suggests that a different set of rules applies to fragments.


Table 1 shows the average calculated physico-chemical prop-
erties of a set of 40 fragment hits identified against three dif-
ferent targets, one being a protein kinase. Only diverse hits
were included in the analysis (in this context, diverse means
the hits represent distinctly different opportunities for optimi-
sation). This limited study indicated that the fragments that
were hits in the screening process against these targets on
average obey a “Rule of 3”, in which MW<300, HBD�3, HBA�


Figure 1. Structure-based fragment screening. A) A protein with three different
binding pockets. B) Structure-based screening can identify molecular fragments
that bind into one, two (shown) or all three pockets. C) A lead compound can
then be designed by arranging the fragments around a core template, or
D) growing out by using iterative structure-based design from a single
fragment.


Table 1. Fragment screening hits—average calculated properties.


Target No. of “Rule of 3” properties Other properties
Hits MW HBA[a] HBD[a] c log P NROT PSA


Aspartyl 13 228 1.1 2.9 2.7 3.5 44
protease
Serine 13 202 1.7 3.1 1.8 2.9 56
protease
Kinase 14 204 2.5 2 1.6 1.7 61
“Rule of 3”
Guidelines <300 �3 �3 �3


[a] HBA = hydrogen-bond acceptor, HBD = hydrogen-bond donor.
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3 and c log P�3 (c log P = calculated lipophilicity).[52] In addition,
NROT�3 and PSA = 60 might also be useful limits for fragment
selection. These data imply that a “Rule of 3” maybe a useful
tool for constructing fragment libraries for efficient lead discov-
ery.


Different sets of molecular fragments can be used to target
a particular protein, based upon diversity or focussed pharma-
cophore models. For example, family-specific fragment libraries
can be assembled, such as a focussed kinase-fragment library.
This diverse collection of synthetically tractable chemotypes
was based on known ATP-site binders with acceptable leadlike
properties (Figure 2). A range of ATP-utilising enzymes (PDE’s,


ATPases, gyrases, etc), not just protein kinases were analysed
to identify a range of literature active-site binders that were
fragmented to their core binding motifs. Novel scaffold
changes of these literature tem-
plates were also incorporated
into the set to allow variation
of their donor–acceptor–donor
motifs, which are well-prece-
dented elements for ATP-site
binding.[26, 27]


Fragment-Based Lead
Discovery for p38a
MAP Kinase


p38a mitogen-activated protein
kinase (MAP kinase) is an intracellular serine/threonine (Ser/
Thr) kinase that is activated by a range of environmental stim-
uli such as TNF-a, IL-1b and stress.[53, 54] In its activated state,
p38a phosphorylates a range of intracellular protein substrates
that regulate the biosynthesis of TNF-a and IL-1b. Excessive
production of these cytokines is understood to be significant
in mediating the progression of many inflammatory diseases,
such as rheumatoid arthritis, Crohn’s disease and inflammatory
bowel disease.[55–57]


p38a MAP kinase was discovered in the early 1990s, and
since then there has been an intense period of drug-discovery


activity to identify compounds targeted against it for the treat-
ment of a variety of inflammatory diseases. Currently there are
two commercially available anti-inflammatory agents that spe-
cifically inhibit TNF-a production. These are EnbrelTM (Etaner-
cept), a soluble TNF-a receptor from Immunex;[58, 59] and Remi-
cadeTM (Infliximab), a human TNF monoclonal antibody from
Johnson & Johnson/Centocor.[60, 61] As both of these drugs are
administered parenterally, the development of orally bioavail-
able small-molecule inhibitors of p38a MAP kinase would be
greatly preferred in terms of expense, ease of administration
and patient compliance.


There has been a plethora of patent and literature publica-
tions describing a number of inhibitor templates for p38a MAP
kinase, many of which have been expertly summarised in a
number of recent reviews.[62–65] Several of the more promising
compounds are currently in human clinical trials and have
shown good pharmacokinetic and pharmacodynamic proper-
ties (Scheme 1). However, there still remains a significant need
for orally available small-molecule inhibitors targeting this
enzyme.


By using high-throughput X-ray crystallographic screening of
unphosphorylated p38a with our fragment libraries, the mo-
lecular fragments 2-amino-3-benzyloxy pyridine (1) and 3-(2-(4-
pyridyl)ethyl)indole (2) were identified as hits (Scheme 2).[66]


These two molecular fragments were then optimised by using
structure-guided chemistry approaches to furnish novel,
potent and selective p38a kinase inhibitors.[27, 66]


Case Study A


Pyridine 1 demonstrated very low affinity for p38a (IC50


= 1.3 mm) in an enzyme assay. The crystal structure of p38a


complexed with fragment hit 1 was solved to 2.2 � resolution


Figure 2. A scatter graph plotting c log P vs. molecular weight for the kinase-
targeted library demonstrates that the majority of the library are small, polar
molecules that represent ideal starting points as early hits for any kinase-
inhibition program.


Scheme 1. Structures of p38a MAP kinase inhibitors that have recently advanced into clinical trials.


Scheme 2. Structures of Astex fragment screening hits 1 and 2, alongside
competitor diaryl urea 3.
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(Figure 3) and demonstrates a clearly defined binding mode in
which 1 interacts with the hinge region located between the
N- and C-terminal lobes of the kinase.[26] The inhibitor makes
hydrogen bond interactions through the pyridyl nitrogen to


the backbone NH of Met109 and the 2-amino moiety to the
His107 backbone carbonyl. The benzyloxy group also makes a
major interaction by filling the lipophilic specificity pocket
(partly created by the gatekeeper residue Thr106) with the
side-chain of Lys53 involved in hydrophobic interactions with
the phenyl ring.[67]


Synthesis of compound 4 demonstrated that the 2-amino
functionality was not essential for activity (Table 2). Analysis of
the X-ray structure of 1 suggested that our initial efforts to
improve potency of this molecular fragment should focus on
improving interactions with the Thr106 lipophilic specificity
pocket. Substitution of the phenyl ring of 1 with a 2,6-dichloro
substituted aromatic ring (5, IC50 = 109 mm) lead to a tenfold in-


crease in potency over 1, by virtue of the increased number of
hydrophobic contacts in the lipophilic specificity pocket.


The heterocyclic urea work published by Dumas et al. pro-
vided some insight into increasing p38a kinase inhibitor activi-
ty and selectivity.[68] Indeed, synthesis of urea 3 (IC50 = 196 nm)
and subsequent soaking into p38a crystals revealed a unique
binding mode (Figure 4). A conformational rearrangement of


the residues Asp168-Phe169-Gly170 (p38a DFG motif) in the
conserved activation loop of the kinase was induced and re-
vealed a polar channel formed by Asp168 and Glu71 from the
ATP-binding site leading to a lipophilic pocket formed by the
approximately 10 � movement of Phe169.


With this structural insight, a significant potency gain was
made by synthesising amide 6 (IC50 = 65 nm), outlined in
Table 2. A large conformational change for the conserved resi-
dues of the DFG motif is required for the binding of amide 6
(Figure 5). The Phe169 side chain moves to a new “DFG out”
conformation, whereby the Phe169 side chain now covers the


Figure 3. Omit electron density map for compound 1. The map is contoured at
3 s. The hinge residue Met109 and the gatekeeper residue Thr106 are labelled.


Table 2. Activities of 1 and 4–6 against p38a MAP kinase.


Compound R Ar IC50 [mm][a]


SB203580 0.29
3 0.35


1 NH2 1300


4 H 1030


5 NH2 109


6 H 0.065


[a] Average of two or more determinations.


Figure 4. Omit map for compound 3, contoured at 3 s, demonstrating that
3 does not interact with the hinge region. The position of the DFG loop is
labelled and is in the out conformation.


Figure 5. Omit map for compound 6, contoured at 3 s. The DFG loop is la-
belled and is in the out conformation. The hinge residue Met109 is labelled, as
is residue Glu71, which forms an interaction with the amide NH of 6.
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front of the ATP-binding site, effectively locking the kinase in
an inactive conformation and rendering it inaccessible to
ATP.[69] The polar channel to the allosteric pocket formed by
Asp168 and Glu71 is involved in a similar hydrogen-bond net-
work to the amide functionality as observed for urea 3. This
movement of the Phe169 side chain exposes a lipophilic
pocket into which the morpholine of amide 6 may then insert.
However, most notably, compound 6 still maintains the origi-
nal anchoring contacts to the hinge and lipophilic specificity
pockets.[70]


The selectivity profile of amide 6 against a panel of protein
kinases was determined (Table 3). Overall, 6 appeared selective
for p38a, especially over the other stress-activated protein kin-
ases JNK-2 and ERK-1. Compound 6 demonstrates over 15 000-
fold increase in activity over 1, achieved by using efficient
structure-guided chemistry to make less than 75 analogues in
under five months.


Case Study B


The molecular fragment 2 demonstrates a second novel and
well-defined binding mode to the hinge region of p38a kinase
(Figure 6). The inhibitor makes a hydrogen bond through the
pyridyl nitrogen to the backbone NH of Met109 and locates
the 3-indolyl group in the Thr106 specificity pocket. The indole
moiety is buried deep within the Thr106 specificity pocket,
with both rings making substantial contacts with a number of
neighbouring hydrophobic residues. The indolyl NH acts as a


hydrogen-bond donor to the backbone carbonyl of Ala51
(~3.0 �). Indole 2 is, to the best of our knowledge, the first ex-
ample of a bicyclic heterocycle-based inhibitor of p38a to bind
with the whole of the heterobicyclic ring buried deep within
the Thr106 selectivity pocket.


Indole 2 is a competitive inhibitor with respect to ATP and
also demonstrated greater affinity for p38a (IC50 = 35 mm) than
1 (Table 4). Analysis of the X-ray structure suggested that our


initial efforts to improve potency should focus on improving
the interactions with the hinge region of the ATP-binding site.
The diarylimidazole-based p38 inhibitors have been shown to
display improved potency and selectivity by amino substitu-
tion at the 2-position of the key Met109-binding heteroaryl
residue. From a small range of 2-amino heterocyclic substitu-
tions, the 2-amino-2-methylpropanol derivative 7 was found to
be particularly active (Table 4, IC50 = 1.5 mm) giving an over 20-
fold increase in potency compared to 2 with little increase in
molecular weight (310 Da).


A further increase in p38a activity was gained with the syn-
thesis of compound 8 (Table 4, IC50 = 150 nm), targeted to in-
teract with the DFG region, akin to compound 6. By preparing
only 20 compounds using structure-guided chemistry, we suc-
cessfully generated compounds, such as urea 8, that displayed
over 250-fold improvement in activity over 2.[70]


Conclusion


The role of protein structure in developing novel protein
kinase inhibitors will increase significantly over the coming
years as more crystal structures become available. Many recent
technological advances in structure determination have al-


Table 3. Protein kinase selectivity profile of 6.


Kinase Kinase assay IC50 [mm][a]


p38a 0.065
JNK-2a2 >10
ERK-1 >10
P56lck >10
CDK-2 >10
MAPKAP-2 >10


[a] Average of two or more determinations.


Figure 6. Omit map for compound 2. The difference electron density is con-
toured at 3 s. The hinge residue Met109 and the residues Ala51 and Lys53 are
labelled.


Table 4. Activities of 2 and 7–8 against p38a MAP kinase.


Compound R R’ X IC50 [mm][a]


SB203580 0.29
3 0.35
2 H H C 35


7 H N 1.5


8 H C 0.15


[a] Average of two or more determinations.
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lowed X-ray crystallography to be used as a method for ligand
screening.[34, 41, 43] This has significantly increased its use in frag-
ment-based lead discovery in which the initial molecular frag-
ments are likely to have an affinity too weak to enable detec-
tion by using traditional enzyme-assay-based methods.


A key strength of fragment screening by high-throughput X-
ray crystallography lies in its potential to use less-complex mo-
lecular starting points and to identify areas of chemistry space
that have not previously been exploited. A strong intellectual
property position continues to be a necessity for undertaking
an expensive drug-discovery campaign, and this methodology
represents a new opportunity to explore chemical structures
that are not well represented in corporate collections or sup-
pliers’ catalogues. This is particularly important in the protein
kinase inhibitor arena, in which currently many inhibitor scaf-
folds are based around a limited number of well-documented
heterocyclic templates.[27]


Using a fragment-based approach, we have identified novel,
potent and selective series of p38a kinase inhibitors starting
from the low-affinity hits 1 and 2 and using structure-guided
chemistry approaches. The synthesis of analogues of 1 and 2 is
simple and amenable to large scale, allowing for the rapid pro-
duction of a wide range of derivatives. Compound 6 demon-
strates over 15 000-fold increase in affinity over 1 and was
identified in under five months and by synthesising fewer than
120 analogues. Compound 6 also displays drug-like physico-
chemical properties and excellent selectivity over a small panel
of kinases. From compound 2, preparing only 20 compounds
by structure-guided chemistry, led to the successful generation
of urea 8, which displayed over 250-fold greater activity. Based
on these results, high-throughput fragment-based X-ray crys-
tallographic screening shows great promise as a new approach
for the discovery and optimization of novel protein kinase
inhibitors.


Experimental Section


p38a kinase enzyme assay : An enzymatic assay was developed
in-house: p38a (17 mg, produced in-house) was activated overnight
by MKK6 (0.06 mg, Upstate Discovery) in HEPES (25 mm, pH 7.4), b-
glycerophosphate (25 mm), EDTA (5 mm), MgCl2 (15 mm), ATP
(100 mm), sodium orthovanadate (1 mm) and 1,4-dithiothreitol
(DTT; 1 mm). Activated enzyme (diluted to 10 nm) was incubated
with myelin basic protein (5 mg) in HEPES (25 mL, 25 mm, pH 7.4),
b-glycerophosphate (25 mm), EDTA (5 mm), MgCl2 (15 mm), ATP
(70 mm), sodium orthovanadate (1 mm), DTT (1 mm) and 33Pc-ATP
(0.35 mCi) for 50 min. Compounds and controls were included in a
DMSO concentration of 10 %. The reaction was stopped by the ad-
dition of 2 % orthophosphoric acid (30 mL) and transferred to Milli-
pore MAPH filter plates, prewetted with 0.5 % orthophosphoric
acid (50 mL). The plates were filtered and washed twice with 0.5 %
orthophosphoric acid (200 mL). Incorporated radioactivity was mea-
sured by scintillation counting and IC50s were calculated from repli-
cate curves by using GraphPad Prizm software.


Kinase selectivity data outlined in Table 3 were obtained from
Upstate Discovery.
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Peptide Arrays for Kinase Profiling
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1. Introduction


Phosphorylation of proteins by protein kinases plays an essen-
tial role in the regulation of cellular processes such as signal
transduction, cell proliferation and viability, differentiation,
apoptosis, and metabolism. Information about substrate pro-
teins and peptides is necessary to integrate kinases into their
biological networks. This can provide the basis for understand-
ing the molecular origins of disease and for potentially devel-
oping tools for therapeutic intervention. The discovery of more
than 500 such enzymes in the human genome has stimulated
a growing interest in protein kinases. Consequently, high-
throughput technologies for determining kinase substrates
have become a prerequisite for elucidating the huge number
of potential phosphorylation events triggered by these kinases.
This demand can be perfectly matched by peptide arrays,
which have proved to be powerful tools for the rapid delinea-
tion of molecular-recognition events.


Here, we describe the production principles, library types
and assay strategies used for kinase profiling on peptide
arrays. The second part summarizes various peptide array ap-
plications in kinase research.


2. Array Production and Assay Principles


Chemistry of peptide array preparation


There are two main principles for the preparation of peptide
arrays: in situ synthesis directly on the array surface or immobi-
lization of presynthesized peptide derivatives. In 1991 two dif-
ferent technologies for the in situ preparation of peptide
arrays were published. Light-directed, spatially addressable par-
allel chemical synthesis[1] is a synthesis technology that permits
extreme miniaturization of array formats (several hundred pep-
tides per cm2) ; however, it involves sophisticated and rather te-
dious synthesis cycles. A major problem is the novel set of
chemistries that reduce the quality of the surface-bound pep-
tides. They results in false positive (if an impurity is active)
and/or false negative results (if the target peptide sequence
was not synthesized at all). An interesting alternative is the use
of photogenerated acids in combination with standard Boc
chemistry.[2–4] Nevertheless, the use of photolithografic masks
combined with solid-phase peptide synthesis is relatively labor
intensive.


Alternatively, the SPOT synthesis concept developed by
Ronald Frank consists of the stepwise synthesis of peptides on
planar supports, such as functionalized cellulose membranes
or aminated polypropylene, applying standard Fmoc-based
peptide chemistry.[5–7] SPOT synthesis is technically very simple
and flexible and does not require any expensive laboratory au-


tomation or synthesis hardware. The resulting spot size is de-
fined by the dispensed volume as well as the physical proper-
ties of the surface used. The degree of miniaturization when
using SPOT synthesis (9–16 spots per cm2) is significantly lower
than for peptide microarrays. SPOT synthesis has been re-
viewed extensively.[8–18]


In fact, due to the simplicity of the SPOT concept, all pub-
lished applications of in situ synthesized peptide arrays for
kinase profiling are based on SPOT synthesis on flexible mem-
branes (see references in Table 1).


When large numbers of peptide arrays with the same se-
quences are required, immobilization of presynthesized pepti-
des is more economical than in situ synthesis. Immobilization
is also the method of choice for long peptide sequences,
which normally have to be purified to obtain high-quality
products. Chemoselective immobilization reactions are of par-
ticular interest in the preparation of peptide arrays because
they allow control over both the orientation and the density of
the attached peptide.


One intrinsic advantage of using chemoselective reactions is
the introduced reactivity-purification step. The resulting target
peptide derivative is contaminated by acetylated truncated se-
quences only if the chemical moiety mediating the chemose-
lective reaction with the appropriately modified surface is at-
tached to the N terminus of the growing peptide and the pep-
tide synthesis protocol is modified by introduction of capping
steps. Deposition of this mixture results in a covalent bond
forming exclusively between the target peptide derivative and
the surface. The chemically “inert” truncated sequences can be
simply removed during subsequent washing steps. Thus, che-
moselective reactions allow the generation of peptide arrays
displaying purified peptides that are free of truncated sequen-
ces.


Different chemoselective reactions were used for peptide
microarray preparation in connection with kinase experiments.
An aldehyde function at the surface of glass slides in combina-
tion with aminooxyacetyl moieties in the peptides[14, 19–25] or
cysteinyl residues[21, 26] was used for the preparation of peptide
microarrays on glass slides. It could be demonstrated that
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Table 1. Bibliography of applications that make use of peptide arrays for kinase profiling and substrate identification. The entries are arranged according to the
publication year and then alphabetically by author surnames (see references).


Screening Molecule Library Technology[a] Ref.
Kinases and Phosphatases


Protein kinase A (PKA); cytoplasmic (kinase) domains of transform-
ing growth factor b (TGFb) type I and II receptors; g32P-ATP


several combinatorial libraries with fixed amino acids and random-
ized positions (17 amino acids excluding Cys, Ser, Thr) at different
positions


SODA [33]


Protein tyrosine kinase Lyn, antiphosphotyrosine antibody and
POD-labeled second antibody for detection


panel of 23 PKCd-derived 15-mer peptides SPOT [36]


Catalytic subunit of protein kinase A- or cGMP-activated protein
kinase G and g32P-ATP


combinatorial library of the type XXXO1O2XXX and iterative decon-
volution libraries


SPOT [47]


–anti-porcine tubulin–tyrosine ligase (TTL) mab 1D3 –substitutional and truncation analysis of a TTL-derived peptide;
combinatorial library (XXB1B2XX) and deconvolution libraries


SPOT [53]


–streptavidin–alkaline phosphatase –combinatorial library (XXB1B2XX) and deconvolution libraries
–cAMP-dependent protein kinase –combinatorial library (XXB1B2XX) and deconvolution libraries
–casein kinase I (CKI) or II (CKII) or protein kinase C (PKC) or


catalytic subunit of protein kinase A (PKA) and g32P-ATP
–peptides derived from the phosphorylation sites RRASVA,


QKRPSQRAKYL, DDDDEESITRR, DDDSDDDAAAA
SPOT [61]


–potato acid phosphatase –RRASS*VA, QKRPS*QRAKYL, DDDDEES*ITRR, DDDS*DDDAAAA
(S* = phosphoserine)


Protein kinase A (PKA), protein kinase C (PKC), casein kinase I (CKI),
casein kinase II (CKII) and g32P-ATP


panel of human phosphorylation sites SPOT [40]


–125I-calmodulin –phosphorylated and unphosphorylated peptides derived from
cell–cell adhesion molecule (C-CAM) isoforms S and L and single-
site substitution analogues


SPOT [37]


–porcine protein kinase C b and g32P-ATP –partial peptide scans of the C-CAM isoforms S and L
Androgen receptor protein kinase and g32P-ATP panel of kinase substrates known from literature SPOT [54]


Enzyme I of bacterial sugar phosphotransferase system and
32P-phosphoenolpyruvate


combinatorial library of the type XXXXXO1HO2XXXXX and iterative
deconvolution libraries


SPOT [42]


Catalytic subunit of protein kinase A or cGMP-activated protein
kinase G and g32P-ATP


combinatorial libraries of the type XXXO1O2XXX and XXXRRO1O2X SPOT [50]


combinatorial libraries of the type O1KARKKSNO2, O1O2T-
QAKRKKSLA, O1O2KATQAKRKKSLA, TQAKRKKSLAO1O2, and
TQAKRKKSLAMAO1O2


SPOT [44]


combinatorial library of the type XXXO1O2XXX and deconvolution
libraries: XXXRKO1O2X, XRKKKO1O2X, O1RKKKKKO2, LRKKKKKHO1O2,
and O1O2LRKKKKKH


SPOT [43]


GST-Dyrk1A-D(500–763) and g32P-ATP partial substitutional analysis of RRRFRPASPLRGPPK SPOT [48]


Maize Ca2+-dependent protein kinase (CDPK-1) and g32P-ATP partial substitutional analysis of LARLHSVRER SPOT [49]


Protein kinase A (PKA), casein kinase II (CKII), p42-MAP kinase
(Erk2) and g32P-ATP


kinase substrates kemptide and Elk1; protein kinase inhibitor 2 DIPP [34]


–p60c-src protein tyrosine kinase and g32P-ATP –Ttds-EEIYGEFF DIPP [21]


–strepavidin-Cy3 conjugate; avidin-Cy5 conjugate –biotin, HPYPP and WSHPQFEK
–anti-human insulin mab HB125 and anti-mouse IgG-Cy5


conjugate
–biotin, wGeyidvk, pqrGstG, WSHPQFEK and YGGFL


–WEHI-231 cells and negative control cells –wGeyidvk
Practical protocols to measure phosphorylation of peptides on peptide arrays prepared by SPOT synthesis exemplified by the kinase CKII SPOT [51]


Cyclic GMG-dependent protein kinase (phosphorylation g32P-ATP) XXXRKB1B2X (deconvolution libraries described but data not
shown)


SPOT [45]


32P-labeled cyclic GMG-dependent protein kinase (binding) B1RKKKKKB2 (preceding libraries described but data not shown)
–GST-protein tyrosine phosphatase 1B; mixture of antiphosphotyr-


osine antibodies, POD-conjugated anti-mouse antibody
–15-mer phosphotyrosine-containing peptides derived from


human insulin receptor; degenerate SPOT library of general struc-
ture AABX1ZX2BAA (Z = phosphotyrosine, B = mixture of 20 natu-
ral amino acids, X = defined amino acids) and peptides derived
from human STAT 5A containing both phosphotyrosine and phos-
phothreonine residues


SPOT [62]


–GST-protein tyrosine phosphatase b ; mixture of antiphosphotyro-
sine antibodies, POD-conjugated anti-mouse antibody


–15-mer phosphotyrosine-containing peptides derived from
human Tie2 receptor containing additional phosphoserine or
phosphothreonine residues


–GST-fusion protein of substrate-trapping mutant of protein tyro-
sine phosphatase 1B (D181A), radioactively labeled by incubation
with protein kinase A in the presence of g32P-ATP


–15-mer phosphotyrosine-containing peptides derived from
human insulin receptor; degenerate SPOT library of general struc-
ture AABX1ZX2BAAA (Z = phosphotyrosine, B = mixture of 20 natu-
ral amino acids, X = defined amino acids), progressive alanine sub-
stitution of MTRDIYETDYZRKGG (Z = phosphotyrosine), alanine
scan of TRDIYETDYZRKGGKGL, substitutional analysis for X in
MTRDIYETDXZRKGG (Z = phosphotyrosine)


c-Src and g32P-ATP or antiphosphotyrosine antibody panel of known kinase substrates DIPP [31]


c-Src and g32P-ATP c-Src substrate DIPP [63]
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native chemical ligation, introduced by Dawson et al.[27] is well
suited for effective attachment of kinase substrate peptides
containing an N-terminal cysteine residue to thioester-modified
glass slides.[28–30] A more sophisticated reaction for oriented im-
mobilization of peptide derivatives was introduced by House-
man et al.[31] A Diels–Alder reaction between benzoquinone
groups on self-assembled monolayers and cyclopentadiene–


peptide conjugates led to efficient covalent attachment of
kinase substrate peptides that were efficiently phosphorylated
by c-Src kinase.[31]


The surface-bound peptides’ accessibility to the proteins or
enzymes used in screening has also been identified as a critical
factor. Insertion of a spacer between the peptide and the sur-
face is an effective way to circumvent this potential problem.


Table 1. (Continued)


Screening Molecule Library Technology[a] Ref.
Kinases and Phosphatases


p60 and FITC-labeled antiphosphotyrosine antibody YIYGSFK, ALRRASLG, KGTGYIKTG, and monophosphorylated deriva-
tives


DIPP [26]


PKA or p60 and FITC-labeled antiphosphotyrosine or antiphospho-
serine antibody


YIYGSFK, ALRRASLG, YIYGSFK, and monophosphorylated deriva-
tives


DIPP [28]


NEK6 kinase and g32P-ATP human annotated phosphorylation sites and mutational analysis of
GLAKSFGSPNRAY


DIPP [22]


Protein tyrosine kinase ABL and g32P-ATP or FITC-labeled antiphos-
photyrosine antibody


collection of 720 peptides (13-mer) derived from human annotated
phosphorylation sites (databases SwissProt and Phosphobase)


DIPP [14]


–GST-ERK-2 or GST-MEK-EE, antiphospho-Elk-1 antibody, POD-
labeled anti-rabbit antibody


–double peptide synthesis of ELK1 substrate peptide FWSTLSPIAPR,
D-loop peptide KGRKPRDLELP and control peptide MNGGAAN-
GRIL


SPOT [41]


–GST-fusion protein–protein tyrosine phosphatase 1B;antiphos-
photyrosine antibody, POD-conjugated anti-mouse antibody


–double peptide synthesized SPOTs containing the PTP-1B sub-
strate IYETDYZRKGG (Z = phosphotyrosine) and on the second
site a scan of 11-mer overlapping peptides derived from the cyto-
plasmic domain of insulin receptor


–GST-fusion protein of substrate-trapping mutant of protein tyro-
sine phosphatase 1B (D181A), radioactively labeled by incubation
with protein kinase A in the presence of [g32P]ATP


–double peptide synthesis of insulin receptor-derived substrate
peptide IYETDYZRKGG (Z = phosphotyrosine) and binding motif
for YAP WW1 domain and p53 binding protein-2 (YPPYPPPPYPS)


PKA and Abl; Pro-Q Diamond phospho-specific stain or FITC-la-
beled antiphosphotyrosine antibody for detection


kemptide, p60 c-src (521–533), delta sleep-inducing peptide (DSIP),
phosphoDSIP, CamKII peptide (GS1–10), different proteins


DIPP [52]


GST-proteins of substrate-trapping mutants of tyrosine phospha-
tases (PTP-H1, SAP-1, TC-PTP, PTP-1B) radioactively labeled by
incubation with protein kinase A in the presence of g32P-ATP


7 peptides (14-mers) derived from human GHR together with the
appropriate phosphotyrosine-containing derivatives


SPOT [64]


Tyrosine kinase p60 c-scr and FITC-labeled antiphosphotyrosine
antibody


deletion, alanine-scanning, positional scanning, and full combinato-
rial mixture libraries of CGG-YIYGSFK (p60 c-src substrate)


DIPP [29, 30]


–protein kinase A and tyrosine kinase Abl and Cy5-labeled anti-
bodies


–kemptide–leptin fusion protein and Abl-peptide–leptin fusion
protein


DIPP [35]


–phospho-specific antibodies MPM2, 3F3/2, PY20 –complete l-amino acid substitutional analysis of AXXXX[pS/pT]-
XXXXA and AXXXX[pYT]XXXXA


SPOT [46]


–GST fusions of GRB-SH2, SHP2-CSH2, GRB7-SH2, GRB 10-SH2 –complete l-amino acid substitutional analysis of AXXXX-
[pYT]XXXXA


–protein kinase A (PKA), Cdc 15 –complete l-amino acid substitutional analysis of AX1X1X1X1[S/T]-
X1X1X1X1A


X =l-amino acids except for Cys, X1 =l-amino acids except for Cys,
Ser, Thr


Tyrosine kinase Abl and CKII together with FITC-labeled antiphos-
photyrosine antibody and g32P-ATP, respectively


collection of more than 13 000 peptides (13-mer) derived from
human proteins


DIPP [23]


FITC-labeled antiphosphotyrosine antibody 2923 phosphopeptides (13-mer) derived from human proteins
Tyrosine kinase Abl and g32P-ATP 1433 randomly generated 15-meric peptides DIPP [24]


Kinases PDK1, Tie2, CKII, PKA GSK3, and [g32P]ATP peptide scans trough MBP and Tie2, 720 human annotated phos-
phorylation sites (13-mer peptide, 2923 phosphopeptides (13-mer)
derived from human proteins, 1394 peptides derived from activa-
tion loops of human kinases


DIPP [25]


Kinases Src, PKA, PKG, CaMKII, CKI, Abl, Erk 7 peptides, each of a known specific substrate for one of the kinas-
es


DIPP [7]


Kinases and phosphatases contained in lysates of IL1-stimulated
HeLa cells


peptide scan through p65 NF-kB, selected peptides from the scan
and controls with systematic mutation of Ser, Thr, Tyr to nonphos-
pho-acceptor residues


SPOT [19]


Kinases and phosphatases in lysates of lipopolysaccharide-stimu-
lated and -unstimulated human peripheral blood mononuclear
cells


192 nonapeptides providing consensus sequences across the
mammalian kinome


DIPP [20]


[a] SPOT = spot synthesis of peptides; DIPP = directed immobilization of presynthesized peptides; SODA = synthesis on defined areas.
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Such spacers can improve the
efficiency of enzyme/substrate
or antibody/peptide interactions
on surfaces, as demonstrated
with FLAG epitope peptides rec-
ognized by the monoclonal anti-
FLAG M2 antibody.[32] For pro-
tein tyrosine kinase p60c-src, it
was demonstrated that incorpo-
ration of 1-amino-4,7,10-trioxa-
13-tridecanamine succinimic
acid as a spacer moiety was nec-
essary for effective phosphoryla-
tion of glass-surface-bound pep-
tides.[21] Moreover, insertion of
hydrophilic dextran structures
between the surface and the
presented peptides proved nec-
essary for efficient kinase sub-
strate interaction.[33]


An interesting alternative to
spacers is the use of proteins
decorated with peptides. Mac-
Beath and Schreiber used cova-
lently attached bovine serum al-
bumin as a spacer molecule to
present kinases with p42MAPK,
PKA, and CKII peptide substrates
covalently attached to the
amino acid side chains of the al-
bumin protein.[34] Alternatively,
substrate peptides fused geneti-
cally to the C terminus of
human leptin were immobilized
onto aldehyde-modified glass
slides.[35] By using this method,
sensitivity was increased by
three orders of magnitude com-
pared to other microarray ap-
proaches with PKA and leptin–
kemptide fusions.


Library types


A considerable number of different library types have been
used for kinase profiling and substrate identification with pep-
tide arrays. Two general types can be defined: knowledge-
based libraries, comprising peptides with sequences that are
derived from naturally occurring proteins, and libraries that are
designed “de novo”, that is, either consisting of randomly gen-
erated single peptides or peptide mixtures based on combina-
torial principles.


The first type of knowledge-based library is of particular in-
terest when a kinase’s protein target is known. Identification of
the actual phospho-acceptor residue is achieved by scans of
overlapping peptides (“peptide scans”) derived from the pro-
tein’s sequence (Figure 1 A). Alternatively, libraries of peptides


that only cover the sequence around each potential phospho-
acceptor residue have been used.[36, 37] The availability of high-
density peptide microarrays has enabled the systematic exten-
sion of this approach in a “proteomics-like manner”, such that
addressing groups of proteins comprising the cytoplasmic do-
mains of all human membrane proteins has resulted in more
than 11 000 peptides,[23] or covered the activation loops of all
human kinases.[25] In a similar approach, the sequences of ex-
perimentally identified phosphorylation sites taken from data-
bases (i.e. Swissprot[38] and Phosphobase[39]) and the literature
were comprehensively evaluated on peptide arrays.[14, 20, 25, 40]


The use of such peptides increases the probability of finding
substrates for a given kinase, since each peptide’s sequence is
known to be phosphorylated by a kinase at least in the con-
text of the natively folded protein. One problem associated


Figure 1. A) The amino acid sequence of the protein under investigation is used to generate short linear overlapping
octamer peptides shifted by three amino acids (peptide scan). B) Peptide mixtures with defined positions B and
randomized positions X. C) Amino acid substitution scan (alanine scan) of a hexamer peptide. D) Truncation library
with N-terminal, C-terminal, and bidirectional stepwise truncations. E) Complete substitutional analysis of a trimer
peptide.
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with knowledge-based libraries is the uncertainty as to which
residue is phosphorylated when multiple phospho-acceptor
sites occur in one individual peptide. When using peptide
scans, this information can be extracted from increasing and
decreasing signal intensities appearing along consecutive pep-
tides. This is illustrated by scanning myelin basic protein phos-
phorylated by cAMP-dependent kinase, as shown in Figure 2.


Statistical analysis and alignment of the sequences proved to
be useful in the case of collections of annotated phosphoryla-
tion sites.[23] Identification and alignment of key residues in the
different substrate peptides allows a reliable assignment of the
actual phospho-acceptor residue(s).


An extension of the knowledge-based-libraries concept is
the introduction of post-translational modifications (e.g. , phos-
phorylation, methylation, or acetylation) within the substrate
sequences. This more adequately mimics the natural environ-
ment in which phosphorylation occurs and allows the detec-
tion of peptides that become substrates only after an initial or
priming modification event. Such modifications can be intro-
duced enzymatically after chemical synthesis of the unmodi-
fied peptides or chemically by using modified building blocks
during the course of synthesis.


Another type of knowledge-based library allows the map-
ping of protein interactions involving two discontinuous com-
ponents that are far apart in the primary polypeptide structure
but form a composite phosphorylation site in the natively
folded protein. Two separate peptides are synthesized inde-
pendently by a double-peptide-synthesis method on a single
spot so as to allow the detection of synergistic pairs of pep-
tides.[41]


For de novo detection of kinase substrates both combinato-
rial approaches and randomly generated libraries of single
peptides have proved to be useful. Combinatorial libraries
have one or more defined amino acid position(s) and a
number of randomized or degenerated positions.[29, 33, 42–46] Only
one particular amino acid is introduced at the defined posi-
tions, while a mixture of amino acids is introduced at the
randomized positions; this results in a sublibrary of different
sequences in each single spot (Figure 1 B). The number of indi-


vidual sequences per spot depends on the number of random-
ized positions and the number of different building blocks
used for these positions. A very high diversity can be achieved
due to the huge number of different peptides. Once the
amino acids that are productive for phosphorylation by a
given kinase have been identified at the defined positions, the
remaining randomized positions must be deconvoluted by
using follow-up libraries. Combinatorial libraries were success-
fully used with cellulose membranes as the solid support. How-
ever, representation of each single sequence of a peptide mix-
ture is not guaranteed when using peptide microarrays with a
low concentration of peptide per spot on planar surfaces.[29]


The tremendous miniaturization of peptide libraries possible
on planar surfaces such as glass slides enables the application
of randomly generated libraries of single peptides that cover a
significant, although not complete, part of the potential se-
quence space. Such randomly generated libraries for kinase-
substrate identification and kinase profiling have a defined
phospho-acceptor residue and random sequences in the flank-
ing areas. In contrast to combinatorial libraries, each spot rep-
resents one single sequence. If information on the consensus
sequence for the substrates of a kinase is available, the
random libraries can be biased by introducing defined posi-
tions derived from the consensus sequences. Randomly gener-
ated libraries show a higher sequence diversity compared to
knowledge-based libraries that are biased toward known
kinase substrates. This can be an advantage in searching for
selective substrates for closely related kinases.


Substrate characteristics, that is, key interaction residues, can
be deduced from all these library types by using statistical
analysis, provided that the number of identified substrates is
high enough.[23, 24, 43–47] Alternatively, different library types
based on single substrate sequences, such as alanine scans
(Figure 1 C), deletion (Figure 1 D),[29] and substitutional libraries
(Figure 1 E),[22, 40, 48, 49] permit comprehensive substrate character-
ization.


Assays and detection


Two different detection principles are applied to detect phos-
phorylated peptides on peptide arrays. One way is to incorpo-
rate a radioactive label during the phosphorylation reaction by
using [g-32/33P]ATP (Figure 3 A). Subsequently, quantification of
incorporated radioactivity is achieved by using either a Phos-
phor Imager or X-ray films, or alternatively photographic emul-
sions that deposit silver grains directly onto the glass sur-
face.[34] This procedure has a low limit of detection and is only
influenced by the selectivity of the kinase. Incubation protocols
have been described for peptide arrays prepared by SPOT syn-
thesis[19, 50, 51] and peptide microarrays.[20] However, for reasons
of operational safety, ease of handling, and waste disposal, ra-
dioactive detection methods are increasingly avoided. Addi-
tionally, the extremely high peptide loading on cellulose mem-
branes (up to 10 nmol mm�2) may lead to unspecific binding
of negatively charged ATP to positively charged peptides. False
positives can only be ruled out by including control peptides
lacking the phospho-acceptor moiety.[19] The approximately


Figure 2. Section of the Phosphor Image of a peptide microarray displaying a
scan of overlapping peptides derived from the myelin basic protein MBP (13-
mers overlapping by 11 amino acids) after phosphorylation with PKA in the
presence of [32P]ATP.[25] Serine residues shown to be phosphorylated in the
native MBP[60] are written in bold and underlined. The key residue arginine is
also shown in bold. The strongest signal is observed when both phosphoryla-
tion sites are in the central region of the substrate. When the phosphorylation
site is positioned at one of the peptide termini, phosphorylation is not effective.
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1 million-times-lower peptide loading on glass slides avoids
unspecific binding of ATP, thus making peptide microarrays on
glass surfaces perfectly suited for radioactive readout.


Alternatively, phosphopeptides can be detected by using
phospho-specific antibodies (Figure 3 B, C) or chelators (Fig-
ure 3 D) that are labeled with a detection moiety. The detection
moiety can be a fluorescent label, such as fluoresceine,[26, 28] or
an enzyme, for example horseradish peroxidase, generating a
chemiluminescent signal in combination with an appropriate
substrate.[41] The detection moiety can be coupled either di-
rectly to the antiphosphoamino acid antibody (Figure 3 B)[14, 29]


or to a secondary antibody (Figure 3 C).[31, 41] A recent study as-
sessed the quality of antiphosphoamino acid antibodies as de-
tection tools compared to the radioactive detection method
generally recognized as the gold standard with respect to relia-
bility. Here, the different detection procedures were applied to
peptide microarrays on glass slides, with 694 peptides derived
from annotated phosphorylation sites from human proteins to-
gether with all their possible 2234 monophosphorylated deriv-
atives.[23] Only monoclonal antiphosphotyrosine antibodies
showed reliable results with no detectable binding to non-
phosphorylated amino acids, only a limited false-negative rate,
and few cross-reactive binding events to phosphoserine or


phosphothreonine residues. Antiphosphoserine antibodies,
however, had an extremely high false-negative rate, while anti-
phosphothreonine antibodies showed significant cross reactivi-
ties for peptides with phosphotyrosine. In conclusion, the de-
tection of phosphopeptides by using antibodies seems to be
limited to the detection of phosphotyrosine residues, at least
until suitable antiphosphoserine and antiphosphothreonine an-
tibodies are available.


Alternatively, one can use phosphoamino acid chelators cou-
pled to a detection moiety (Figure 3 D). Martin et al. described
the Pro-Q Diamond phosphosensor dye (Molecular Probes,
Inc. , Eugene, US), which recognizes phosphopeptides with re-
markably little cross reactivity and a low false-negative rate.[52]


Moreover, proof-of-concept examples have been described for
detecting kinase-mediated peptide phosphorylation on micro-
arrays by using surface plasmon resonance[31] or MALDI-TOF
mass spectrometry.[7]


3. Applications


Peptide microarrays are predominantly used for the identifica-
tion and optimization of kinase substrates. The identified sub-
strates are a prerequisite for high-throughput screening in
drug discovery. Additionally, the information about substrates
and substrate specificity can deliver valuable hints for integrat-
ing orphan kinases into the signal-transduction network.


Multiplexed treatment of peptide microarrays with cell ly-
sates generates snapshots of the actual phosphorylation equili-
brium within cells and reflects the activity of kinases and phos-
phatases.[19, 20] This should facilitate novel diagnostic concepts
based on phosphorylation fingerprints.


Substrate identification


Different scenarios for the identification of kinase substrates
are possible. Combinatorial and randomly generated libraries
can be applied if no information about potential protein sub-
strates is available. Pioneering work in this field was carried
out with low-density peptide arrays on cellulose membranes.
In this format, combinatorial libraries were used to identify
substrates for PKA (Figure 1 B),[33, 43, 46, 47, 50] PKG,[45, 47, 50] and the
budding yeast kinase CDC15.[46] This approach was also suc-
cessful when using peptide microarrays for p60c-src.[29] A ran-
domly generated library of 1433 tyrosine-containing single
peptides on a peptide microarray was used to identify new
substrates for c-Abl.[24]


While these approaches are suitable for identifying kinase
substrate peptides de novo, a demanding question in biology
is the identification of kinases’ natural protein substrates in
order to integrate novel kinases into their biological context
and signal-transduction networks. The data generated from
combinatorial or random libraries are of limited use for answer-
ing such questions. The resulting substrate sequences are
usually not found in nature, and natural substrates can only be
deduced by looking for similar naturally occurring sequences.
Knowledge-based libraries are therefore used to overcome this
problem.


Figure 3. Assay principles for the detection of peptide phosphorylation on pep-
tide arrays. A) The array is incubated with the kinase of interest in the presence
of [g-32 or 33P]ATP, and autoradiography is used for detection. Alternatively,
phosphorylation is measured with B) a labeled antiphosphoamino acid anti-
body or with C) an antiphosphoamino acid antibody in combination with a
labeled secondary antibody. D) Phosphoamino acid detection with a labeled
phospho-amino acid chelator.
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In cases in which a protein substrate of a certain kinase is
known and the aim is to identify the actual site of phosphory-
lation within the target protein, two straightforward ap-
proaches are to use a selection of peptides containing the po-
tential phospho-acceptor residues of the target protein or a
peptide scan of the target protein. For example, three peptides
could be identified as substrates for Lyn kinase by using libra-
ries of 15-mer peptides generated from the sequence around
each tyrosine residue in PKCd.[36] Decapeptide sequences de-
rived from the cytoplasmic domains of C-CAM revealed a
single specific phosphorylation site for PKC-b.[37] Overlapping
peptide scans were used to determine PKA phosphorylation
sites in myelin basic protein (Figure 2) and the autophosphory-
lation sites as well as sites for CK2 mediated phosphorylation
in the tyrosine kinase Tie2.[25]


Even though initial proof-of-concept experiments with 18
cellulose membrane-bound peptides derived from protein se-
quences phosphorylated by PKC in vivo[40] plus later studies
were successful[53, 54] the full power of the knowledge-based ap-
proach emerged when applied to high-density, high-content
peptide microarrays.


Peptide microarrays displaying sequences of human anno-
tated phosphorylation sites revealed peptide substrates for
NEK6,[22] Abl,[23] PKA/CK2/GSK3,[25] and more than 85 other kin-
ases (Figure 4). More advanced libraries were used for CK2
(11 096 peptides from cytoplasmic domains of human mem-


brane proteins and 2304 human annotated phosphorylation
sites)[23] and PDK1 (1394 peptides derived from the activation
loops of human kinases).[25] Peptide substrates identified in the
microarray experiments were superior to known peptide sub-
strates for PDK1 and NEK6, as demonstrated by determination
of catalytic constants in solution-phase experiments.


An additional application of these microarrays is the detec-
tion of priming phosphorylation events. In such processes,
substrates for certain kinases are generated upon previous
phosphorylation with another kinase on different phospho-ac-
ceptor amino acids of the substrate. This was shown for the
system CK2 as priming kinase and GSK3b as second kinase
with a library of 694 annotated human phosphorylation-site
peptides in which all corresponding CK2 monophosphorylated
derivatives were produced by incorporating phosphoamino
acid building blocks during synthesis.[25]


Substrate optimization


From the beginning, the use of peptide arrays in kinase re-
search focused on kinase substrate optimization in terms of
substrate efficiency and selectivity. Using cAMP- and cGMP-
dependent protein kinases (PKA and PKG) as model enzymes,
Tegge et al.[47] applied peptide arrays on cellulose membranes
to identify substrates from combinatorial libraries with the
format Ac-XXX12XXX. (X represents mixtures of all 20 proteino-


Figure 4. Profiling of six different kinases by using peptide microarrays displaying 710 annotated human phosphorylation site-derived peptides. Phosphor images
obtained after incubation with the kinase in the presence of [g-32P]ATP are shown together with the consensus sequence determined by statistical analysis of the
results.
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genic amino acids, while 1 and 2 represent individual amino
acids defined for one spot but varying between different spots
in a library.) Incorporation of all 20 naturally encoded amino
acids at these defined positions results in 20 � 20 = 400 spots
or peptide mixtures. After a first screening round of this initial
library, the best two amino acids at positions 1 and 2 are re-
tained throughout the optimization cycles and two new posi-
tions are defined. This procedure is repeated iteratively until
each position is refined and one single peptide sequence per
spot is obtained. This strategy led to the identification of a
new, very efficient peptide substrate for PKG, and selected a
PKA substrate with properties very similar to the known kemp-
tide peptide.[55] Extending this approach to 12- and 14-meric
peptides yielded highly specific substrates for PKG.[44] Substi-
tuting the phospho-acceptor residue by alanine resulted in
specific inhibitory peptides. Analysis of these results revealed a
central role for PKG in the modulation of vascular contractili-
ty.[43, 45]


Different combinatorial libraries led to the deconvolution of
substrate sequences for PKA and type I and II TGF-b receptor
kinases with porous polyethylene discs as the solid support.[33]


Toomik and Ek[40] used the SPOT technology to synthesize
an optimization library for PKC substrates, with the flanking
residues of a known substrate substituted by different amino
acids to give specific and efficient PKC substrates. Similar ex-
periments led to optimized substrate sequences for the calci-
um-dependent kinase from maize seedlings.[49]


A different approach that proved to be very powerful for
mapping antibody epitopes is a complete substitutional analy-
sis[56] (for a review see ref. [18]). For example, substitutional
analysis of a histone H3-derived peptide on cellulose mem-
branes led to the discovery of DYRKtide, which is a very effi-
cient peptide substrate for DYRK1a.[48] These strategies applied
to peptide microarrays were also used to determine the sub-
strate requirements of NEK6[22] and p60c-src.[29]


However, when a good database of substrates and nonsub-
strates is available from peptide-array experiments, the genera-
tion of weight matrices is a valuable alternative for kinase spe-
cificity analysis. Weight matrices are a representation of the
probability of each amino acid occurring at a certain position
relative to the phospho-acceptor residue based on statistical
evaluation of peptide microarray data. Phosphorylation by Abl
of a library comprising 1433 randomly generated peptides re-
sulted in a weight matrix that was successfully used to predict
bona fide kinase substrates.[24]


Miscellaneous applications


A new high-throughout tool connecting solution-phase kinase-
activity assays with immobilized format analysis via biotin-
streptavidin interaction and Phosphor Imaging was introduced
by Panse et al.[23] Following casein kinase II reactions in 384-
well microtiter plates in the presence of [g-32P]ATP, aliquots of
reaction solution were transferred to a streptavidin-coated
membrane to create a peptide array composed of 720 different
13-mer peptides derived from human phosphorylation sites.
Biotinylated substrate peptides were radioactively labeled due


to the incorporated phosphate moiety and could be easily de-
tected by Phosphor Imaging of the membrane after washing
steps.


Zhu et al. described comprehensive analysis of yeast kinases
using elastomer sheets with imprinted microwells mounted
onto microscope slides.[57] The microwells were loaded with 17
different known substrate proteins by using the cross-linker 3-
glycidoxypropyltrimethylsilane and incubated with 119 differ-
ent yeast kinase–GST fusion proteins in the presence of radio-
isotope-labeled ATP. Subsequent to Phosphor Imaging, it could
be demonstrated that this technology permits the identifica-
tion of novel kinase activities. Generally, each protein microar-
ray could be used for the analysis of kinase activities. Never-
theless, the correct alignment of identified phosphorylation
events to a given peptide sequence is impaired by the number
of potential phosphor-acceptor residues within a protein. Addi-
tionally, signal quantification is difficult due to possible multi-
ple phosphorylations within one protein.


Another approach is the immobilization of kinase substrates
on the bottom of a microtiter plate well, perfectly combining
both formats. After incubation of the patterned peptide array
inside the well with kinases and appropriately labeled phos-
pho-specific antibodies, electrochemiluminescence detection
can be used for signal readout.[58]


In a very similar approach, kinase substrate proteins were
bound to the bottom of wells directly from cell lysates by
using capture antibodies. The resulting protein microarray was
analyzed quantitatively and kinetically with antibodies recog-
nizing the tyrosine phosphorylation state of the receptors
EGFR and ErbB2.[59] Additionally, it could be demonstrated that
this approach is useful for estimating the effects of small-mole-
cule inhibitors on ErbB signaling.[59]


An extension of the microarray approach is the determina-
tion of Ki values directly on microarrays. Houseman et al. dem-
onstrated efficient concentration-dependent inhibition of c-Src
activity for the c-Src inhibitors quercitin, tyrphostin, and PP1
by applying different kinase/inhibitor mixtures to a substrate-
coated slide under a layer of mineral oil. Droplets formed due
to the oil-layer reaction, thus allowing their spatial resolu-
tion.[31] Additionally, the authors were able to demonstrate that
their peptide microarrays, on monolayers of alkanethiolates
self-assembled on gold, are fully compatible with surface plas-
mon resonance spectroscopy[31] and MALDI mass spectrome-
try.[7]


Keywords: enzymes · kinases · microarrays · peptides · SPOT
synthesis · substrate specificity
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Small-Molecule Kinase-Inhibitor Target
Assessment
Charles Kung[c] and Kevan M. Shokat*[a, b]


Protein kinase inhibitors have emerged as promising therapeu-
tic molecules for the treatment of a number of diseases includ-
ing cancer and asthma.[1] Over the past decade, significant ef-
forts have been devoted to identifying potent and highly se-
lective inhibitors of kinases associated with disease. However,
due to the large size of the protein kinase superfamily and the
fact that most kinase inhibitors bind in the highly conserved
ATP-binding pocket, such inhibitors have proven to be difficult
to identify even with technologies such as combinatorial syn-
thesis, structure-based design, and high-throughput screen-
ing.[2–4] Thus, it is widely accepted that even the most specific
kinase inhibitors suppress other kinases besides the intended
target (“multiplex” inhibition).


The central question that remains to be answered is whether
kinase inhibitors achieve their therapeutic effects because of,
or in spite of, their lack of specificity. The traditional model of
targeted therapeutics ascribes to pharmacological agents that
are as close to monospecific as possible to avoid detrimental
side effects. However, the prominence of kinases as key nodes
in convergent signal transduction pathways in processes such
as angiogenesis[5] and ErbB-driven cancers[6] suggests that in-
hibition of multiple pathways might be preferable, or even
necessary, to block aberrant signaling. Because the answer to
this question is likely to be different when considering differ-
ent inhibitor and disease combinations, a key challenge in the
development of molecules as molecular therapeutics is to
assess their true spectrum of cellular targets.


The standard biochemical approach to addressing this prob-
lem relies on specificity screens with in vitro inhibition assays
against panels of purified kinases.[7] It is not yet possible to
biochemically assay every kinase in the genome, although this
challenge is being undertaken by a number of groups using
technologies such as protein arrays.[8] In a complementary ap-
proach, bead-immobilized kinase inhibitors have been used as
reagents to affinity-purify putative inhibitor targets from cell ly-
sates. Using this strategy, Gray and co-workers have identified
targets of the cyclin-dependent kinase (CDK) inhibitor purvala-
nol.[9, 10] A group at Axxima Pharmaceuticals has further refined
the technology to identify kinases that bind to the p38 MAP
kinase inhibitor SB203580.[11] In both cases, the authors identify
additional targets besides the known targets of these inhibi-
tors and verify that inhibition of these kinases occurs in intact


cells. Specifically, purvalanol was found to inhibit p42 and p44
MAP kinases and SB203580 was found to inhibit the kinase
RICK. Both groups also identify non-kinase proteins that might
be relevant targets of the inhibitor, thus highlighting a poten-
tially important advantage of this approach over kinase-inhibi-
tion assays.


A number of groups have addressed the problem of drug
target identification using genetics-based approaches, with the
design of elegant genome-wide screening strategies in the
model organism S. cerevisiae. In a haplo-insufficiency profiling
(HIP) approach, a library of diploid yeast strains with hetero-
zygous deletions of each gene is screened for drug sensitivity
either in a single culture with a competitive growth assay[12, 13]


or by screening the 6000 + strains in parallel.[14] The utility of a
HIP screen is predicated on a gene-dosage effect; the drug is
able to preferentially inhibit the growth of the strain that con-
tains only one copy of the gene for its target. This approach
has now been used to identify candidate targets for a large
number of chemical agents, such as methotrexate, 5-fluoroura-
cil, molsidomine, and dihydromotuporamine C. In a genome-
wide synthetic lethal screen,[15] a drug is screened at a concen-
tration that is normally sublethal against a library of haploid
yeast strains with individual gene deletions. Deleted genes
that result in increased drug sensitivity might be potential
direct drug targets or genes that are involved in the same cel-
lular pathways as the drug target. Synthetic lethal screens on
molecules such as rapamycin and fluconazole, besides repre-
senting a technical tour de force, have identified targets con-
sistent with the known mechanisms of action.


The identification of the cellular targets of small-molecule protein
kinase inhibitors is a significant hurdle to assessing their thera-
peutic potential for many diseases. Here we review several bio-
chemical and genetics-based approaches to identifying inhibitor
targets. We also describe a chemical-genomics approach to


kinase-inhibitor target identification and validation that matches
transcriptional signatures elicited by a drug of unknown specifici-
ty and those elicited by highly specific pharmacological inhibition
of engineered candidate kinase targets.
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In another approach, and one that has recently been applied
to kinase inhibitors, the yeast 3-hybrid screening system was
adapted to identify putative targets of several CDK inhibi-
tors.[16] Unlike the genetic screens described above, 3-hybrid
screening in principle detects only direct interactions between
an inhibitor and protein-binding partners. By using this system,
a number of targets of the CDK inhibitor purvalanol were iden-
tified. Interestingly, this screen resulted in the identification of
both overlapping and divergent targets compared to the affini-
ty-purification study by Gray and colleagues described above.


One important limitation common to all these strategies is
not so much in target identification but in target validation.
Biochemical strategies are not carried out in intact cells, while
genetic screens rely on indirect readouts such as cell growth
to identify binding interactions. Thus, detection of the binding
interaction between an inhibitor and its target(s) is by necessi-
ty decoupled from the process of evaluating specific cellular
phenotypes elicited by treatment with the inhibitor. Without
time-consuming validation, it is unclear whether or not a de-
tected interaction is relevant in a cellular context. The cellular
environment is a complex milieu with factors such as drug bio-
availability, subcellular localization, and target abundance able
to affect an inhibitor’s in vivo spectrum of targets. For in-
stance, recent evidence suggests that the inhibitor BAY 43-
9006, originally developed against Raf kinase, might exert
many of its cellular effects through inhibition of VEGFR in dis-
eases such as renal-cell carcinoma.[17, 18] The dual EGFR/ErbB-2
inhibitor GW572016, while sharing the same 4-anilinoquinazo-
line core as other tyrosine kinase inhibitors with similar in vitro
specificity, appears to have unusually strong potency in cells
due to a unique binding mode that results in a comparatively
slow off-rate.[19] These examples suggest that identification of
candidate kinase inhibitor targets alone is unlikely to reveal un-


ambiguously the in vivo mechanism of action. In fact, in vivo
target validation often becomes apparent only after a drug has
entered clinical trials (BAY 43-9006). The ultimate confirmation
of a drug’s primary in vivo target comes from the observation
of drug-resistant mutants, as is well documented in the case of
Gleevec,[20] a potent inhibitor of the oncogenic fusion kinase
BCR-Abl used to treat chronic myelogenous leukemia.


One of the best ways to ascertain an inhibitor’s in vivo effi-
cacy is through analysis of biomarkers that are known to be
regulated by the catalytic activity of the kinase of interest. For
instance, the inactivation of the ribosomal protein S6 kinase
was used as a reliable marker of clinical activity of rapamycin
derivatives through inhibition of mTOR.[21] Confounding the
forward genetics analysis of cellular effects of kinase inhibitors
is that the roles of the putatively targeted kinases are often
not completely understood. This makes target validation
through a biomarker-based strategy problematic.


A powerful method to abrogate the activity of specific pro-
teins is through the use of short interfering RNA (siRNA) to si-
lence the expression of those genes. The generality and ease
of deployment of this technology make it an indispensable
tool for studying kinase signaling. Gewirtz and co-workers
have recently demonstrated that siRNA targeting the Lyn
kinase induces apoptosis in BCR-Abl-expressing leukemic cells
that are resistant to the BCR-Abl inhibitor Gleevec, while
normal hematopoietic cells remained viable.[22] This study illus-
trates the potential of using siRNA for kinase-target validation,
as it revealed a unique dependency of a diseased cell on Lyn
kinase signaling. The caveats associated with siRNA for target
validation are the same as for approaches that use genetic per-
turbations to abolish target activity. Pharmacological inhibition
of a kinase is mechanistically different from blocking expres-
sion of the kinase altogether. If the kinase must ultimately be
inhibited by a small molecule (in disease treatment, for in-
stance), the effects of siRNA against the kinase may or may
not recapitulate the cellular activities of the eventual drug
candidate.


One promising alternative to address this issue utilizes a
chemical genetic strategy developed by our laboratory to gen-
erate “prevalidated” monospecific inhibitors of engineered kin-
ases. A space-creating mutation at a conserved bulky amino
acid residue (the “gatekeeper”)[23] in the ATP-binding pocket
renders kinases susceptible to ATP-competitive inhibitors, such
as 1-NA-PP1 and 1-NM-PP1,[24] that have been designed to be
poor inhibitors of nonengineered kinases. Importantly, it ap-
pears that most protein kinases are amenable to inhibitor sen-
sitization at this residue while still allowing for sufficient kinase
catalytic activity to retain normal cellular function.[25] By replac-
ing the endogenous kinase with its analogue-sensitive counter-
part in cells, we have used these chemical genetic tools to
elucidate the cell biology of kinases involved in a number of
different signal-transduction pathways.[26–28]


We have adapted these chemical-genetic tools into a screen
that can be used to assess the molecular etiology of specific
cellular effects exerted by a given kinase inhibitor. We envi-
sioned using analogue-sensitive alleles coupled with the ap-
propriate cellular assays to generate a molecular reference pro-
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file of cellular effects caused by
inhibition of candidate kinases.
Target identification would be
achieved by matching cellular
effects elicited by treatment
with the kinase inhibitor to
these reference profiles. This
methodology could also address
the important and often elusive
question of whether any kinase
targets remain unidentified after
conducting a screen. Assuming
that the cellular assays measure
a broad spectrum of inhibitor ef-
fects and that reference profiles
for all relevant kinases are avail-
able, iterative matching of refer-
ence profiles would allow tar-
gets of the kinase inhibitor that
span all of its cellular activities
to be identified.


One convenient and well-es-
tablished technology that could
be used as the probe for such a
screen is the DNA microarray.
Without the need for explicit
biochemical assays of each pro-
tein, a gene-array signature rep-
resents a genome-wide scan of
the cellular effects of an external
stimulus, such as a drug treat-
ment.[29] Given the importance
of protein kinases as fundamental components of the cell’s sig-
naling apparatus, it seems likely that perturbation of most kin-
ases is likely to impact downstream transcription; this makes
the DNA microarray particularly suitable for use in profiling the
effects of kinase inhibitors. This cell-based assay also reads out
only inhibitor–target interactions that are physiologically
relevant, independent of possibly misleading in vitro binding
affinities.


Initially, such a screen might be carried out in a model or-
ganism, such as S. cerevisiae, in which it is possible to conduct
genetic manipulations rapidly with great precision. This would
allow the construction of a set of yeast strains in which the
genes for individual kinases have been replaced with their
analogue-sensitive counterparts. Profiling the transcriptional ef-
fects arising from inhibition of each kinase would identify spe-
cific sets of transcripts that could serve as a diagnostic tran-
scriptional “signature” (Figure 1). Observation that the drug of
interest also elicited the same transcriptional signature would
be powerful evidence that it targeted that particular kinase in
cells. It is also possible to generate yeast strains containing
multiply sensitized kinases that might be used to identify ef-
fects of kinase inhibitors that require simultaneous inhibition
of two or more kinases. For instance, it has recently been
shown that inhibition of the two yeast CDKs Kin28 and Srb10
is required to fully suppress transcriptional activation.[30] Thus,


an exhaustive application of this technology would result in
the identification of phenotypic changes elicited both by inhib-
ition of individual or multiple kinases.[31]


Of course, for the comparative profiling approach outlined
in Figure 1 to have the optimal opportunity for success, a
number of technical conditions must be met. Ideally, the
strength of inhibition of the target kinase by the inhibitor
should be equivalent to the inhibition of the analogue-sensi-
tive allele of that kinase by the PP1 analogue. Cell signaling is
also sensitive to factors such as cell-cycle status and time fol-
lowing stimulus. Thus, depending on the kinases involved, a
comprehensive analysis would in principle require reference
profiles spanning a range of inhibitor doses and time points. In
practice, we have found that using microarrays as a readout is
suitable to address both of these issues, as acute inhibition of
kinases for as little as ten minutes results in gene-expression
changes sufficient to use as a reference profile, while the mag-
nitude of the response gives a semiquantitative measure of
the strength of inhibition.[25, 32] Another issue concerns nonspe-
cific gene-expression changes resulting from treatment of cells
with small molecules (Figure 1, bottom left), presumably aris-
ing from interactions between these molecules and non-kinase
targets (such as drug efflux pumps). The cell’s transcriptional
response to the stress caused by the presence of foreign mole-
cules may differ between different chemical species such as


Figure 1. The targets of a kinase inhibitor of interest can be identified by deconvoluting its global transcriptional ex-
pression profile as measured by DNA microarrays. Gene expression changes arising from nonspecific xenobiotic effects
(*) or specific inhibition of kinase 1 (� ), kinase 2 (*), or kinases 1 and 2 (&) are identified by profiling wild-type or
yeast strains carrying the appropriate analogue-sensitive allele(s). In this case, the kinase inhibitor is identified as
being a multiplex inhibitor of kinases 1 and 2.
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PP1 analogues and the kinase inhibitor that is being profiled.
These gene-expression changes will most probably have to be
weeded out through the comprehensive identification of
stress-response genes through transcriptional profiling of the
effects of a wide range of cellular stimuli and environmental
changes, as has been successfully done in yeast.[33]


More widespread deployment of this technology in validat-
ing mammalian kinases as drug targets requires the continued
advancement of techniques to do gene knock-ins to generate
the necessary mice or cell lines.[34] Although the genomics and
genetic tools in mammalian cells have not yet reached the
level of sophistication of their yeast counterparts, analogue-
sensitive alleles can still be used to identify specific biomarkers,
such as cell proliferation, arising from kinase inhibition. A
recent study by Witte and co-workers of the drug Gleevec has
shed more molecular detail on its exact mechanism of
action.[35] They used an analogue-sensitive version of BCR-Abl
to show that while inhibition of BCR-Abl alone by Gleevec is
able to suppress cell proliferation in cells lacking the kinase
KIT, inhibition of BCR-Abl and KIT together is necessary for
drug efficacy in cells expressing KIT. These results suggest that
dual inhibition of multiple kinases may be a general mecha-
nism for therapeutic action by protein kinase inhibitors.


Analogue-sensitive alleles are powerful chemical genetic
tools that might facilitate the dissection of the mechanism of
action of kinase inhibitors. These tools have also yielded in-
sights into the mechanisms by which cellular transformation
becomes dependent on aberrant kinase signaling[36] and the
possibility of exploiting synergistic contributions from inhibi-
tion of both protein kinases and lipid kinases in treating
cancer.[37] Information garnered from these studies and others
should prove useful in designing and testing the next genera-
tion of kinase-targeted therapeutics.


Keywords: genomics · inhibitors · kinases
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Inhibition of Angiogenesis-Relevant
Receptor Tyrosine Kinases by
Sulindac Analogues
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Herbert Waldmann*[a]


Nonsteroidal anti-inflammatory drugs (NSAIDs), like Sulindac 1
and Indomethacin, have a long history in the treatment of


pain and inflammation. Their effect is due to the ability of the
NSAIDs to inhibit the enzymatic activity of cyclooxygenases
(COX), which convert arachidonic acid to prostaglandins
(PGs).[1] There are two known isoforms of the COX enzyme.
COX-1 is expressed constitutively in most tissues and plays an
important role in homeostasis.[2] COX-2 is absent in normal tis-
sues, and its expression is induced by inflammatory cytokines
and cellular transformation.[3, 4] Prostaglandins are known pro-
moters in the development of colon cancer.[5] It has been
shown that NSAIDs have protective effects against colon
cancer[6, 7] and cardiovascular disease.[8, 9]


Sulindac and its metabolites 2 and 3 also influence various
biological phenomena besides the inflammatory-relevant cy-
clooxygenase pathway, such as an apoptosis-inducing pathway
and the tumour-relevant Wnt pathway.[10, 11] It has also been
demonstrated that NSAIDs like Sulindac cause antiproliferative
effects independent of COX inhibition.[12] Sulindac sulfone (2),
the oxidized metabolite of Sulindac, which inhibits neither
COX isoform, inhibits angiogenesis.[13] Angiogenesis,[14] the
development of new blood vessels from pre-existing ones, is
central to wound repair, inflammation and embryonic develop-
ment.


Furthermore, aberrant angiogenesis is considered a key step
in tumour growth, spread and metastasis.[15, 16] Vascular devel-
opment depends on endothelial-specific receptor tyrosine kin-
ases, in particular the vascular endothelial growth factors 1–3
(VEGFR-1–3) and the Tie-2 receptor.[17] All these receptors have
been implicated in tumour angiogenesis,[18–22] and antagoniza-
tion of Tie-2, VEGFR-2 or VEGF-D (a ligand for VEGFR-3) inhibits
tumour growth and tumour metastasis in vivo.[21, 23, 24]


Although the exact mechanism of angiogenesis inhibition
by Sulindac remains unclear, it has shown been that Indome-
thacin, a NSAID structurally related to Sulindac, inhibits VEGF-
induced mitogen-activated protein (MAP) kinase/ERK2 activi-
ty.[13] MAP kinase is an important intermediate of several signal-
ling pathways and is involved in the activation of transcription
factors leading to cell proliferation. Furthermore it is known
that NSAIDs suppress avb3-dependent activation of the small
GTPases Cdc42 and Rac, resulting in endothelial-cell spreading
and migration in vitro and suppression of fibroblast growth
factor 2-induced angiogenesis in vivo. Recently we have shown
that members of an indomethacin-based compound library
inhibited angiogenesis-related receptor tyrosine kinases like
VEGFR-2, VEGFR-3, Tie-2 and the fibroblast growth factor-1
receptor (FGF1R).[25]


We have also shown that Sulindac and synthetic analogues
of Sulindac interfere with the Ras pathway.[26, 27] The findings
detailed above demonstrate that Sulindac and Indomethacin
display similar biological activities, such as inhibition of COX
and inhibition of angiogenesis. Given this fact and the observa-
tion that Indomethacin-derived compounds inhibit angio-
genesis-related receptor tyrosine kinases, we hypothesized
that Sulindac-derived compounds might be inhibitors of these
enzymes as well.


Herein we report on the ability of Sulindac analogues to in-
hibit the tyrosine kinases VEGFR-2, VEGFR-3, Tie-2 and FGF1R.


Results and Discussion


For the synthesis of Sulindac analogues, preparative routes
were developed that yielded the desired compounds in a fast
and effective manner and in 10–20 mg amounts with a purity
high enough to avoid laborious purification prior to subse-
quent screening. As described previously,[26] a method was de-
veloped that combines the advantages of both solution- and
solid-phase chemistry. First, differently substituted indenylace-
tic acids 4 were synthesized in solution by employing known
methods. These intermediates were then attached to a poly-
meric support in order to carry out the final synthesis steps.


Briefly, differently substituted indenylacetic acids were at-
tached to 2-chlorotrityl chloride resin (obtained from Calbio-
chem-Novabiochem, loading 1.08 mmol g�1, or from CBL-
Patras, loading 1.6 mmol g�1). Resin-bound intermediates 5
were then subjected to a Knoevenagel condensation with aro-
matic aldehydes in the presence of 10 equivalents of DBU at
60 8C in DMF or toluene to yield, after release from the resin
under acidic conditions, 188 Sulindac analogues 6 in overall
yields of 47–98 % (calculated based on the initial loading of
the resin; Scheme 1). The library was further expanded by sub-
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jecting immobilized indenylacetic acids 5 that carry a bromine
or a iodine in the aromatic ring to a Heck, Suzuki or Sonoga-
shira coupling, followed by the Knoevenagel condensation
under the conditions described above.


Final release from the solid support by treatment with acid
delivered Sulindac analogues 7–9, which contain an aromatic
substituent, an alkene or an alkyne attached to the indene
benzene ring, in overall yields ranging from about 50 % to over
90 % (Scheme 1). After flash chromatography on silica gel with
ethylacetate/cyclohexane (1 % acetic acid) 1:12 (v/v) as eluent,
all compounds were obtained with >80 % purity. In total 239
compounds were prepared. NMR spectroscopic investigation
employing NOE techniques revealed that, in general, the Z iso-
mers were formed predominantly in the Knoevenagel reactions
with Z/E-ratios of >9/1.


A total of 142 Sulindac analogues deemed to be representa-
tive for the entire collection were investigated as possible in-
hibitors of receptor tyrosine kinases (Table 1). The screen in-
cluded the receptors mentioned above as well as fibroblast
growth factor 1, which is also involved in angiogenesis. In ad-


dition, the prototypical epidermal growth factor re-
ceptor (EGFR) tyrosine kinase and insulin-like growth
factor 1 receptor (IGF1R) were part of the assay.


IGF1R affects cell mitogenesis, survival, transfor-
mation and insulin-like activities by binding its li-
gands, IGF1 and IGF2. This receptor influences post-
natal growth physiology, and its activity has been as-
sociated with malignant disorders such as breast
cancer.[28] The antiapoptotic effect induced by the
IGF1/IGF1R system correlates to the induction of
chemoresistance in various tumours.[29]


Of the compounds investigated, 15 inhibited at
least one of the kinases with IC50 values of about
10 mm or less (see Table 1).


Sulindac (1) and Sulindac sulfide (3) do not inhibit
any of the investigated kinases at concentrations of
up to 100 mm. With one exception, all compounds
shown in Table 1 are inhibitors of the Tie-2 receptor.
Compounds 10, 12, 16 and 18 were selective inhibi-
tors, compound 13 was the most potent Tie-2 inhibi-
tor with an IC50 value of 600 nm, but analogue 18
was similarly active and more selective. A fluorine at
position 6 of the indenylacetic acid moiety is favour-
able for Tie-2 inhibition, but other halogens at posi-
tion 6 or 5 are also tolerated. In addition, introduc-
tion of large substituents into the indene or aryli-
dene part is compatible with Tie-2 inhibition (see 11,
22–24). Ten of the 15 compounds carry a five-mem-
bered electron-rich aromatic ring as arylidene sub-
stituent. An ethyl instead of a methyl group at posi-
tion 2 of the indenylacetic acid moiety seems to
increase inhibitory activity against Tie-2, the EGF
receptor and FGFR-1 (compare compounds 14 and
15). The profiles of the investigated Sulindac ana-
logues for kinase inhibition are quite varied, and
clear structure–activity relationships cannot conclu-
sively be delineated. In this context, it is worth


noting that whereas the 2-substituted thiophene derivative 12
selectively inhibits Tie-2 the 3-substituted furan derivative 14 is
a selective inhibitor of VEGFR2.


We also investigated the difference in activity of the E and Z
isomers 19 and 20. The IC50 value for Tie-2 for compound 19 is
one order of magnitude lower than for the corresponding
isomer 20. As mentioned above, the most potent inhibitor of
Tie-2, with an IC50 of 0.6�0.18 mm, is derivative 13, which also
inhibits VEGFR-2 and VEGFR-3 in the low-micromolar range.
These combined properties make this derivative an interesting
starting point for the development of inhibitors of angiogene-
sis and lymphangiogenesis.[30]


Our data do not clearly prove a direct link between the anti-
angiogenic properties of Sulindac and its metabolites and
kinase inhibition. However, the finding that closely related ana-
logues of the drug are active inhibitors of angiogenesis-related
kinases suggests that such a link might indeed exist. It is possi-
ble that under the conditions of the cellular assay mentioned
above, the fairly hydrophobic Sulindac metabolites concentrate
in the plasma membrane and thereby create local concentra-


Scheme 1. Solid-phase synthesis of Sulindac analogues. a) 2-chlorotrityl chloride resin,
CH2Cl2, (iPr)2NEt, 2 h, 21 8C; b) DBU, DMF or toluene, 60 8C, 16–48 h, aromatic aldehyde
R3CHO; c) alkene (5 equiv), Pd2[dba3] (0.5 equiv), P(o-Tol)3 (2 equiv), Et3N/dioxane (1:1),
nBu4NBr (5 equiv), 85 8C, 20 h; d) boronic acid (10 equiv), [Pd(PPh3)4] (0.35 equiv) ; K3PO4·H2O
(20 equiv), DMF, 82 8C, 22 h; e) alkyne (20 equiv), CuI (0.3 equiv), DMF/Et3N (1:1), PPh3


(0.5 equiv), Pd[PPh3]4 (0.5 equiv), 85 8C, 20 h; f) 2 % CF3COOH in CH2Cl2. DBU = 1,8-diazabicy-
clo[5.4.0]undec-7-ene; DMF = dimethylformamide ; dba = trans,trans-dibenzylideneacetone.
6 : R1 = F, Cl, Br, I, OMe, OH, Me, H; 6–9 : R2 = Me, Et; R3 = halogen, alkyl, OR, NR’R’’; Y = CH=


CH, S, O.
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Table 1. Inhibition of receptor tyrosine kinases by Sulindac analogues


No. Structure IC50 for receptor tyrosine kinase [mm]
VEGFR-2 VEGFR-3 EGFR IGF1R FGFR-1 Tie-2


10 n.a. n.a. n.a. n.a. n.a. 5�0.3


11 n.a. n.a. n.a. n.a. n.a. 11�1.7


12 n.a. n.a. n.a. n.a. n.a. 5�0.2


13 14�0.9 15�2.4 n.a. n.a. n.a. 0.6�0.18


14 8�4.5 n.a. n.a. n.a. n.a. n.a.


15 5�0.9 n.a. 0.9�0.27 n.a. 3�1.6 1�0.2


16 n.a. n.a. n.a. n.d. n.a. 2�1.4


17 n.a. 14�8.1 8�1.7 7�1.3 n.a. 5�1.2


18 n.a. n.a. n.a. n.a. n.a. 1.0�0.4
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tions that are substantially higher than the overall concentra-
tion. These high local concentrations might lead to inhibition
of the receptors.


The discovery that Sulindac derivatives are inhibitors of an-
giogenesis-related receptor tyrosine kinases, in particular Tie-2,
VEGFR-3 and FGFR-1, as well as the IGF1 receptor is of interest
because only very few classes of inhibitors are known for Tie-2,
VEGFR-3, FGFR-1 and IGF1R (see ref. [25] and references there-
in). The structural framework defined by the Sulindac core and
the ease of its synthetic variation open up new opportunities
for the development of antiangiogenesis drugs and antago-
nists of the IGF1 receptor.


In addition to the opportunity for the development of anti-
angiogenesis drugs, the finding that the Sulindac core struc-
ture defines a new class of kinase inhibitors is of general rele-
vance to medicinal chemistry and chemical biology.
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Table 1. (Continued)


No. Structure IC50 for receptor tyrosine kinase [mm]
VEGFR-2 VEGFR-3 EGFR IGF1R FGFR-1 Tie-2


19 3�0.5 4�1.1 12�1.2 4�1.0 23�3.1 1�0.2


20 n.a. n.a. n.a. 71�6.2 n.a. 11�3.2


21 24�9.5 15�8.0 22�3.6 13�2.5 n.a. 3�1.1


22 n.a. n.d. n.a. n.d. n.a. 7�3.5


23 n.a. n.d. n.a. n.d. n.a. 5�1.6


24 n.a. n.d. n.a. n.d. n.a. 5�2.3


[a] To assay the inhibitory activity, the kinase-catalyzed phosphorylation of poly(Glu4-Tyr) in the presence of varying concentrations of inhibitor was deter-
mined. The kinases were employed as fusion proteins of glutathion-S-transferase (GST) and the respective kinase domain. The relative amount of phos-
phorylated substrate was quantified by means of an antiphosphotyrosine enzyme-linked immunosorbent assay, which employed an antiphosphotyrosine
antibody conjugated to horseradish peroxidase (POD). The bound antibody was detected by light emission after addition of a chemiluminescence sub-
strate for POD. All IC50 values were calculated from at least four independent determinations. n.d. : not determined. n.a. : remaining enzyme activity >50 %
at 100 mm inhibitor concentration.
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The natural product indirubin (1) is part of the class of indigo
dyes, employed by mankind since the Bronze Age for textile
coloring.[1] These indigo dyes were traditionally obtained by
processing of precursor compounds occurring in a number of
plants and marine animals and consisted mainly of indigo (5 ;
blue) with a small percentage of indirubin (1; purple). In the
course of an intensive effort to prepare synthetic indigo as a
further program for the rapidly expanding dye industries, the
first total synthesis of indirubin (1) was achieved in 1870 by
Adolf von Bayer.[2] Shortly thereafter, the total synthesis of
indigo was achieved, and synthetic indigo became a major
product of the dye industries. Eventually, this dye chemistry
laid the foundation for the first synthetic drugs including ar-
sphenamine, acetaminophen, and acetyl salicylic acid.


More than 100 years later in 1979, indirubin was reported in
a seminal publication to be the active constituent of a tradi-
tional Chinese antileukemia remedy.[3]


This finding prompted further investigations into the phar-
macological properties of the indirubins[4, 5, 6] and resulted in a
1999 report by Eisenbrand, Johnson, Mejier, and co-workers,
who showed that indirubin and close analogues are ATP-com-
petitive inhibitors of the enzyme CDK2 (1: IC50 = 2 mm ; see
Table 1), a key target in the ongoing search for novel antitu-
mor therapies.[7, 8] This discovery places indirubin in the larger
class of ATP-competitive CDK inhibitors of the oxindole family,
such as 2, 3, and 4 (Scheme 1).[8, 9] In this publication, the X-ray
structure of the related indirubin-5-sulfonic acid (20 ; IC50 =
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Table 1. Physicochemical and pharmacological characterization of indirubin derivatives; see Experimental Section for details on the employed methods.


Cpd. X Y c log D CDK2 [mm] Sw [mg L�1] MCF7 [mm]
desired profile �1 to + 5 <0.1 >40 <1


Series A: First exploration of indirubin scaffold
1 =O H 2.5 2 <1 >10
14 =O Br 3.7 1 <1 8
20 =O SO2OH �2.1 0.5 n.d. >10
8 =O SO2NMe2 2.3 0.04 <1 >10
32 =NOH SO2NMe2 2.0 0.04 <1 0.4


Series B: Polar substituents on 5-sulfonamides
33 =O SO2NH(CH2)2OH 1.3 0.08 <1 >10
34 =O SO2NH(CH2)2COOH �1.4 1.5 >40 n.d.


35 =O �0.3 0.45 34 n.d.


36 =O 1.4 0.02 6 0.5


22 =O SO2NMe(CH2)2N(Me)2 1.5 0.01 12 <0.1
23 =NOH SO2NMe(CH2)2N(Me)2 1.2 0.04 18 <0.1


25 SO2NMe(CH2)2N(Me)2 �1.1 0.9 n.d. n.d.


36 as in comp. 25 SO2NMe2 �0.2 0.08 5 >10


Series C: Quaternary center on 3’-position


26 Br 3.3 3 9 0.9


27 a SO2NMe2 1.9 0.07 >40 0.7


27 b SO2NMe2 1.9 0.6 16 2.2


29 a SO2NMe2 2.4 0.09 31 0.2


29 b SO2NMe2 2.4 4 34 n.d.


31 a SO2NMe2 0.3 3 n.d. n.d.


31 b SO2NMe2 0.3 >10 n.d. n.d.


37 1.6 1.6 n.d. n.d.
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0.5 mm ; see Table 1) bound to CDK2 gave the first insight into
the binding mode of these novel inhibitor structures incorpo-
rating the oxindole motif.[7]


Taken together, the indirubins were discovered to be a new
lead series in the search for therapeutically relevant CDK2
inhibitors. The drawbacks of these early indirubins were those
already known: very low aqueous solubility, causing poor ab-
sorption and low cellular activity (see Table 1).[5, 7]


Thus, a group from Schering AG, Berlin and the Eisenbrand
group set out in a joint effort to prepare indirubin derivatives
that could overcome these issues and deliver novel com-
pounds with high CDK2 potency (IC50<0.1 mm), good water
solubility (Sw>40 mg L�1), and high activity in suppressing the
in vitro growth of the MCF7 cancer cell line (MCF7<1 mm ; the
desired profile is listed in Table 1) as the prerequisite for fur-
ther in vivo evaluation. In addition, a colorless compound was
preferred. This communication highlights the findings of our
recent work toward indirubin derivatives with the desired
properties.


Only a small number of indirubins are commercially availa-
ble. Our first entry into this class was thus to follow a well-


known modular approach towards indirubins by the condensa-
tion of an indoxyl equivalent, such as 6, and an isatin, such as
7 (Table 2). Commonly employed indoxyl derivatives of the in-
doxyl O-acetate (e.g. , 6), indoxyl N,O-diacetate (e.g. , 9), and in-
doxyl N-acetate (e.g. , 15) type provided good yields on basic
and/or on acidic coupling with different isatins (see Table 2,
entries 1, 2, and 5).


To obtain access to more indoxyl derivatives via the large
class of commercially available indoles, we first employed a
method that allowed for the oxidation of indole N-benzenesul-
fonates (e.g. , 16) into the corresponding indoxyl N-benzenesul-
fonates (e.g. , 12 ; see Scheme 2).[10] Attempts to employ these
indoxyl N-benzenesulfonates in couplings with isatins to yield
the corresponding indirubins were successful under basic con-
ditions, but with low yields (Table 2, entry 4). Under acidic con-
ditions such attempts failed (decomposition of the indoxyl spe-
cies on extended reaction times), since the acidic cleavage of
N-benzenesulfonates occurs only under harsh conditions and
this cleavage is required for the condensation reaction. We
therefore modified the protocol and employed a variety of
indole N-acetates—such as 17 and 18—as starting materials.


Table 1. (Continued)


Cpd. X Y c log D CDK2 [mm] Sw [mg L�1] MCF7 [mm]
desired profile �1 to + 5 <0.1 >40 <1


Series D: Combination of 3’-quaternary center and polar 5-sulfonamides


28 a SO2NMe(CH2)2N(Me)2 1.0 0.07 >40 (710)[a] <0.1


28 b SO2NMe(CH2)2N(Me)2 1.0 0.4 >40 (655)[a] n.d.


30 a SO2NMe(CH2)2N(Me)2 1.5 0.04 >40 (418)[a] <0.1


30 b SO2NMe(CH2)2N(Me)2 1.5 0.6 >40 (438)[a] n.d.


[a] Additional solubility values were determined by the flask method (thermodynamic solubility ; Sw(t)).


Scheme 1. Known ATP-competitive CDK2 inhibitors incorporating the oxindole motive—and indigo; the year that CDK2 activity was first reported for these types of
compounds is given in brackets.
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This delivered the desired indoxyl N-acetates, though in lower
yields than the corresponding indoxyl N-benzenesulfonates.
Not surprisingly, attempts to extend this oxidative method to
electron-deficient indole derivatives such as 1-acetyl-5-nitro-
indole failed.


Finally, we were also success-
ful in employing commercially
available indoxyl O-sugars such
as 10 as donor components in
the condensation reaction (see
Table 2, entry 3).


Series A: First exploration of
the indirubin scaffold


With these methods to hand,
we prepared a set of explorative
indirubin derivatives from the
approximately 25 commercially
available isatins, the approxi-
mately 15 indoxyl derivatives
and some custom isatins and in-
doxyls. The first SARs and SPRs
(structure–property relation-
ships) thus generated agreed
with the published X-ray
data,[7, 11] and with our in-house-


generated X-ray structure of 5-bromoindirubin (14) bound to
CDK2 (see Figure 1 a).


Only positions 5, 3’, 4’, and 5’ appeared to be readily amena-
ble for substitutions (see Figure 1 c), while substituents in posi-
tions 1, 6, 7, 6’, and 7’ lead to loss of activity (data not shown).
The increase in CDK2 potency (by a factor of 25) observed
with the dimethylsulfonamide substitution in position 5 of
compound 8 lead to a CDK2 IC50 of 0.04 mm (see Table 1). Thus,
8 emerged as a lead structure for further optimization efforts.
However, 8, as well as related close analogues (data not
shown), still shared the indirubin “textile-dye property” of
aqueous insolubility. This prevented any in vivo studies and
was also most likely the reason for strong fluctuations of cellu-
lar activity in this series (compare 8 and 32, Table 1), since
compounds of very low solubility lead to unpredictable effects


Scheme 2. Oxidative synthesis of indoxyl N-acetates. Reagents and conditions:
a) Monoperoxymagnesium phthalate (MMPP; 1 equiv), AcOH, 125 8C, 2 h. .


Table 2. Access to indirubins through coupling of indoxyl derivatives with isatins.


No. Indoxyl Isatin Product Cond. A Cond. B


1 6 : R, Y = H, X = OAc 7: A = SO2NMe2 8 : R = H, A = SO2NMe2 98 % 93 %
2 9 : R = H, X, Y = OAc 7: A = SO2NMe2 8 : R = H, A = SO2NMe2 67 % n.a.[a]


3


10 : R = Cl, Y = H, X =


7: A = SO2NMe2 11: R = Cl, A = SO2NMe2 86 % n.a.[a]


4 12 : R = H, X = O, Y = SO2Ph 13 : A = Br 14 : R = H, A = Br 0 % 32 %
5 15 : R = H, X = O, Y = Ac 13 : A = Br 14 : R = H, A = Br 70 % 59 %


[a] n.a. = not applicable.


Figure 1. a) Top view of 5-bromoindirubin 14 (color-by-atom) superimposed with ATP (purple) in the ATP binding niche of CDK2. The 5-bromoindirubin binds in the
deep, relatively flat pocket of CDK2, and mimics the hydrogen-bond pattern to the hinge region observed in the ATP structure. The position 1 amide donates a hy-
drogen bond to the backbone carbonyl oxygen of Glu81, whereas the position 2 carbonyl acts as a hydrogen-bond acceptor for the backbone nitrogen of Leu83.
The position 1’ nitrogen acts as a hydrogen bond donor to the backbone carbonyl oxygen of Leu83. b) Schematic depiction of 5-bromoindirubin in the ATP-binding
pocket. c) Display of positions amenable for modifications.
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on testing in in vitro (and in vivo) systems; the compounds
precipitate when added to aqueous biological systems, for ex-
ample, or stick to certain compartments of the cell. To over-
come this low solubility, two strategies were examined, based
on the empirical Equation (1), that puts the solutbility pf an
organic compound in water (log S) in relation to its affinity to
water (log D) and the affinity of the compound to itself
(mm.p.):[12]


log S ¼ �log D�0:01 m:p: ð1Þ


Series B: Polar substituents on 5-sulfonamides


The first strategy was to increase the affinity to water (decrease
log D) by introducing polar groups—either into the core struc-
ture or attached to it. However, this strategy has limitations, as
very polar molecules (log D<�1) will no longer passively pen-
etrate physiological lipid bilayers.[13]


Since lead compound 8 had a c log D (calculated log D) of
2.3, there was scope left for increasing polarity. In pursuit of
this strategy, inspection of the available X-ray data in combina-
tion with modeling studies identified the 5-position (pointing
towards the polar triphosphate channel), the 3’-position (point-
ing towards the ribose pocket), and the 5’-position (pointing
towards the aqueous surroundings at the end of the pocket)
as promising positions to attach polar functionality (see Fig-
ure 1 b). We expected that these polar side chains would in-
crease not only aqueous solubility but also the affinity to the
ATP binding pocket through interaction with the correspond-
ing polar pockets (triphosphate channel, ribose pocket).


First, 1 was converted via the corresponding 5-indirubin-
sulfonic acid 20 into the sulfonyl chloride species 21, which
was then treated with large number of nucleophiles, mostly
amines, by parallel synthesis techniques (see Scheme 3).


While amino alcohol side chains did not substantially in-
crease the solubilities of these compounds (Sw<1 mg L�1 in all
cases; example 33 in Table 1), polar amino acid side chains
(e.g. , 34) and amino polyols (e.g. , 35) diminished CDK2 poten-
cy below our IC50 threshold of 0.1 mm. Finally, utilization of
basic diamine side chains gave access to new indirubin deriva-
tives such as 22, with good CDK2 potency (0.01 mm), markedly
increased solubility (12 mg L�1), and excellent cellular activity


(<0.1 mm). The basic sulfonamide 22 was then coupled in the
3’-position with further solubility-increasing elements, namely
oxime ethers, firstly by treatment with hydroxylamine to yield
23 and subsequently by treatment under basic conditions with
various nucleophiles such as the sugar building block 24.
While the simple oxime derivative 23 displayed a slight in-
crease in solubility (18 mg L�1 compared to the 12 mg L�1 of
the 3’-keto species 22) and retained its activity, all correspond-
ing oxime ethers (e.g. , 25) displayed unacceptable decreases
in CDK2 activity.


All other attempts to substantially increase the solubility of
the lead compound 8, variously through the 3’-position (other
oxime ether derivatives) or through the 4’- and 5’-positions,
while maintaining CDK potency were unsuccessful (data not
shown).


Series C: Deplanarization—quaternary center at the
3’-position


The second strategy was to decrease planarity. Because of the
inherent “textile-dye nature” of the indirubins—being com-
pletely flat and rigid—these molecules form adhesive crystal
packings; this is reflected by the high melting points (>300 8C)
of these compounds, which are rather modest in size and po-
larity.[14] The probability was therefore high that disturbing the
flatness of these molecules should reduce their propensity for
tight crystal packing, thus decreasing their melting point and
resulting in increased water solubility. Inspection of the X-ray
data and corresponding modeling studies revealed the 3’-posi-
tion as a potential handle through which to “break” the planar-
ity of the indirubins without risking loss of CDK2 potency in
the rather flat binding pocket (see Figure 2).


In a first study, a suspension of 5-bromoindirubin (14) in THF
was treated with an excess of methylmagnesium bromide at
room temperature (see Scheme 4). Nucleophilic attack took
place at the more active 3’-carbonyl group to provide the cor-
responding tertiary alcohol 26. Although starting material 14
and product 26 are similar in c log D, they differ strongly in
m.p. (>300 8C for 14 but 231 8C for 26) and, nicely following
the empirical Equation (1), the “quaternary indirubin” 26
showed—in contrast to 14—a measurable (!) water solubility
of 9 mg L�1 (see Table 1).


Scheme 3. Synthesis of basic indirubin sulfonamides. Reagents and conditions: a) SO2Cl2 (80 equiv) 80 8C, 3 h, 75 %; b) N,N,N’-trimethylethylenediamine (1.8 equiv),
DMAP (cat), 60 8C, 8 h, 85 %; c) NH2OH (1 equiv), KOH (20 equiv), EtOH, 2 h, reflux, 32 %; d) 24 (3.6 equiv), TMG (4 equiv), EtOH, 6 h, reflux, 30 % (DMAP = 4-dimethyl-
aminopyridine, TMG = tetramethylguanidine).
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With this result in hand, we set out to prepare numerous
“quaternary indirubins”, mainly in combination with 5-sulfon-
amides (see Scheme 4). Because of the lack of solubility of our
starting materials in THF at room temperature, we also em-
ployed THF/pyridine mixtures or even pure pyridine as the sol-
vent for the Grignard reactions. The Grignard reaction pre-
vailed in a wide range of yields (see Scheme 4) and trans-
formed the intensely purple starting materials into pale yellow
products, as a direct consequence of the disturbance of the ex-
tended delocalized p-system through the transformation of
the 3’-carbonyl into a tertiary alcohol. The resulting racemic
compounds were then separated by chiral HPLC. The CDK2 po-


tencies of these products with 3’-quaternary cen-
ters were generally lower than those of the corre-
sponding 3’-keto compounds by factors of 2 to
10, but in many cases still met our threshold of
<0.1 mm (27 a : 0.07 mm, 29 a : 0.09 mm). In all
cases the (+) enantiomer was more active than
the (�) enantiomer by a factor of 10 to 50 (vide
infra). The solubility was in or above our standard
measurement range (27 a>40 mg L�1) and the
inhibition of tumor cell growth met our criteria
(29 a : 0.7 mm).


As expected, increased bulk in the near vicinity
of the 3’-position lead to decreased binding,
since there is only limited space in the binding
pocket (data not shown). In an attempt to mimic
the ribose pocket of ATP, additional hydroxy
groups were introduced into the allyl side chain
of 29 under standard dihydroxylation condi-
tions.[15] However, neither of the racemic diaster-
eomers 31 a and 31 b showed sufficient CDK2
potency (see Table 1).


Our initial assumption regarding the 3’-posi-
tion, based on the X-ray data and modeling stud-


ies, was finally proved correct by obtaining an X-ray of the
quaternary indirubin 37 in conjunction with the CDK2 protein.
Indirubin 37 was used in a racemic form in the experiment,
and the electron density data showed that it was well located
in the CDK binding pocket. The newly formed hydrogen bond
between the 3’-hydroxy group of 37 and the carbonyl of Ile 10
was readily visible from the X-ray analysis (see Figure 2 b).
Thus, although one cannot discriminate between the two
enantiomers in terms of electron density (a methyl group vs. a
hydroxyl group being in the 3’-position) the new hydrogen
bond clearly showed that only the 3’S form was bound in the
ATP pocket of CDK2.


Figure 2. a) Side view of 5-bromoindirubin 14 illustrating the relatively flat cleft of the ATP binding pocket of CDK2. b) The scaffold of the quaternary indirubin 37 is
in almost the same position as the 5-bromoindirubin 14 and forms the same hydrogen-bond pattern to the hinge region of CDK2. In addition, the hydroxy oxygen
atom in the 3’ position forms a weak hydrogen bond to the carbonyl oxygen of Ile10, whereas the methyl group is in the hydrophobic environment of the Leu134
side chain. This interaction pattern suggests that even though the racemate was soaked into the CDK2 crystal, only the S form of the quaternary compound has
bound. Furthermore, both oxygens of the sulfonamide group are close to the main-chain amide of Asp145 and the side-chain nitrogen of Lys33.


Scheme 4. Generation of quaternary indirubins through Grignard reactions : a) MeMgBr (4–
9 equiv ; 3 m in ether), 4!20 8C, 1 h, solvents and yields specified within the scheme ; b) allylmag-
nesium bromide (6 equiv, 2 m in THF), 10!20 8C, 1 h ; c) NMO (2.2 equiv), OsO4, THF/H2O, RT, 5 h,
62 % (NMO = N-methylmorpholine oxide).
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Series D: Combination of 3’-quaternary center and polar
5-sulfonamides


Finally, the combination of increasing polarity in the side chain
and decreasing planarity in the core structure propelled the
water solubility to values above our standard upper measuring
limit of 40 mg L�1; for example, 28 a and 30 a (see Scheme 4
and Table 1). In addition, their water solubilities were deter-
mined by a thermodynamic method (flask method), good
water solubility being found for both 28 a (710 mg L�1) and
30 a (418 mg L�1)—with the expected trend of a higher solubil-
ity for 28 a than for 30 a. These compounds proved to be high
in CDK2 potency (30 a : 0.04 mm) and showed strong anitproli-
ferative activity against the MCF7 cell line (30 a : <0.1 mm). As
observed before, the (+) enantiomers were always of higher
activity than their (�) counterparts.


Selectivity of the new indirubin derivatives against other
targets


Meijer and co-workers reported a number of indirubins to be
low nanomolar inhibitors of glycogen synthase kinase-3b


(gsk3).[16, 17] Gsk3 may be involved in a number of diseases, in-
cluding diabetes, neurodegenerative disorders, inflammation,
infectious diseases, and, last but not least, cancer. However, it
currently seems that it indeed has multiple roles and thus we
were not interested in a gsk3 component of our anticancer
CDK2-inhibitors. While the early compounds 14, 20, and 32
(see Table 3) show significant to strong gsk3 inhibition—in line


with data on similar compounds already reported—our later
compounds 28 a/b and 30 a/b are devoid of this activity (see
Table 3). This elimination of gsk3 activity, while maintaining
good CDK2 activity, is not compromised by any loss of selectiv-
ity against other kinases, such as EGFR, c-kit, InsR, and KDR
(see Table 3).


Recently there have been several reports showing that indir-
ubins activate the aryl hydrocarbon receptor (AhR).[18, 19, 20, 21]


AhR, also known as the dioxine receptor, is an orphan nuclear
transcription factor, similar to the hormone receptors, that
plays an important and long-known role in the regulation of
xenobiotic metabolism. AhR activation itself does not lead to
toxic or carcinogenic effects, as the known toxins and carcino-
gens acting via the AhR do so by AhR-induced expression of


specific CYP enzymes, which then “toxify” the initially nontoxic
AhR activator, for example, by epoxidation.[22] In addition, the
past decade has brought evidence that the AhR is an active
participant in the control of cell homeostasis. In line with these
observations, two structure classes acting as AhR agonists
have shown potent antitumor activity against breast and mam-
mary tumors in animal studies, while showing low toxicity.[22, 23]


For indirubins it has been reported that simple, low-substitut-
ed derivatives are potent AhR activators. The cytotoxic effects
of indirubins appear to be mediated by CDK2 in an AhR-inde-
pendent manner. However, several 1-methylindirubins, devoid
of any CDK2 (and gsk3) activity, showed strong cytostatic ef-
fects.[21] Thus the AhR-binding properties of indirubins may
well contribute to their reported in vivo effects on leukemia.
We currently do not possess data on the AhR properties of our
advanced indirubin derivatives such as 30 a/b, and further in-
vestigations should add valuable pieces to the “AhR puzzle”.


Finally, indirubin (1) has been reported to be a nonselective
inhibitor of targets other than kinases (b-lactamase, chymo-
trypsin, malate dehydrogenase) at higher micromolar levels
(>20 mm).[24] This effect is exerted by a nonspecific aggregate
formation of indirubin (and also of a number of other nonspecific
inhibitors). The mechanism for this aggregate formation is cur-
rently unknown, thus we can not exclude the possibility that
our advanced indirubin derivatives, such as 30 a/b, may also
possess this property and exert it at concentrations well above
the 10 mm tested in our assays. However, we can state that the
observed low nanomolar CDK2 inhibition of 30 a/b is due to
the specific binding at the ATP side, as indicated by the several
X-rays of related indirubins in this and other publications, and
that the submicromolar concentrations needed for inhibition
of cancer cell growth in vitro (<0.1 mm) would make the ne-
cessity for a 100-fold higher in vivo concentration unlikely.[25]


Strongly supported by X-ray data and modeling studies, we
have succeeded in deriving from the initial lead compound in-
dirubin (1) a number of readily soluble, almost colorless deriva-
tives that potently and selectively inhibit the activity of the
CDK2 enzyme and control the growth of MCF7 cancer cells in
vitro.[26] Further results of our investigations into this fascinat-
ing class of molecules will be reported in due course.


Experimental Section


Pharmacological characterization of indirubin derivatives CDK2 :
GST-tagged recombinant human CDK2 kinase (50 ng) complexed
with GST-tagged human cyclin E expressed in SF-9 cells (Proqinase,
Germany) was incubated for 10 min at 22 8C in the presence of dif-
ferent concentrations of test compounds in a Tris/HCl assay buffer
[40 mL, 62.5 mm, pH 8.0, MgCl2 (10 mm), dithiothreitol (1.0 mm),
sodium orthovanadate (0.1 mm), PEG 20000 (0.025 % v/v), ATP
(0.5 mm), g-33P ATP (0.2 mCi per well), calf thymus histone type IIIS
(1 mm, Sigma–Aldrich, Germany), dimethyl sulfoxide (1.25 %, v/v),
Nonidet P40 (0.05 %)]. The reaction was stopped by the addition of
a solution of EDTA in water (0.25 m, 10 mL, pH 7.5). A quantity
(15 mL) of each reaction mixture was transferred to P30 filter
sheets (Wallac, Germany), washed with phosphorous acid (0.5 %,
3 � 10 min), and subjected to scintillation counting with MeltiLex A
scintillator sheets (Wallac, Germany) and a Micobeta counter


Table 3. Selectivity of the optimized indirubins against several kinases.


Cpd. CDK2 gsk3 InsR EGFR c-kit KDR
[mm] [mm] [mm] [mm] [mm] [mm]


Desired profile <0.1 >10 >10 >10 >10 >10
14 1 0.08 >10 >10 >10 >10
20 0.5 0.3 >10 >10 >10 >10
32 0.04 4 n.d. n.d. n.d. n.d.
28 a 0.07 >10 >10 >10 >10 >10
28 b 0.4 >10 >10 >10 >10 >10
30 a 0.04 >10 >10 >10 >10 >10
30 b 0.6 >10 >10 >10 >10 >10
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(Wallac, Germany). Half-maximal inhibition (IC50) of CDK2/cyclin E
activity was determined as the inhibitor concentration resulting in
50 % of substrate phosphorylation between maximal substrate
phosphorylation in the presence of solvent and background phos-
phorylation in the presence of inactivated CDK2.


GSK3b : Human recombinant gsk3b (10 mU per well) expressed in
SF-9 cells (Upstate Biotech, UK) was incubated for 30 min at 22 8C
in the presence of different concentrations of test compounds in a
Mops assay buffer [30 mL, 4 mm, pH 8.0, MgCl2 (0.5 mm), MnCl2


(0.5 mm), Mg acetate (2.5 mm), dithiothreitol (1.0 mm), ATP
(0.5 mm), g-33P ATP (62.5 nCi per well), biotinylated gsk3b substrate
peptide (4 mm, Biosynthan, Germany), dimethyl sulfoxide (1.25 %
v/v), Nonidet P40 (0.002 %)] . The reaction was stopped by the addi-
tion of Stopp solution [EDTA; 20 mL, 5 mm, pH 7.5, Triton X100
(0.1 %), ATP (50 mm), streptavidin SPA beads (0.25 mg per well,
Amersham, UK)] . The mixture was precipitated by centrifugation at
1500 rpm and subjected to scintillation counting on Topcount
equipment. Half-maximal inhibition (IC50) of gsk3b activity was de-
termined as the inhibitor concentration resulting in 50 % of sub-
strate phosphorylation between maximal substrate phosphoryla-
tion in the presence of solvent and background phosphorylation in
the presence of inactivated gsk3b.


InsR : GST-tagged recombinant human Ins-R kinase domain (Proqi-
nase, Germany) expressed in SF-9 cells was used as kinase. Biotiny-
lated poly-(Glu,Tyr) (Cis biointernational, France) was used as sub-
strate for the kinase reaction. Ins-R (�15 ng, depending on activi-
ty) was incubated for 10 min at 22 8C in the presence of different
concentrations of test compounds in a Hepes/NaOH assay buffer
[15 mL, 50 mm, pH 7.5, MgCl2 (5 mm), MnCl2 (5 mm), dithiothreitol
(1.0 mm), sodium orthovanadate (3 mm), PEG 20000 (0.025 % v/v),
ATP (5 mm), substrate (12 ng), dimethyl sulfoxide (1.5 % v/v)] . The
reaction was stopped by the addition of a solution of HTRF detec-
tion reagents [5 mL, streptavidine-XL665 (20 ng) and PT66-Eu(K)
(5 ng Cis biointernational)] in an aqueous EDTA solution [0.5 m,
bovine serum albumin (1 % w/v) in HEPES/NaOH, 50 mm, pH 7.0] .
The resulting mixture was incubated for a further 2 h at 22 8C to
allow the binding of the biotinylated peptide to the streptavidine-
XL665, and the amount of phosphorylated product was sub-
sequently evaluated by HTRF measurement in a Rubystar (BMG,
Germany).


EGFR : EGFR protein (Sigma, # E2645) affinity purified from human
carcinoma A431 cells was used as kinase. Biotinylated poly-
(Glu,Ala,Tyr) (Cis biointernational, France) was used as substrate for
the kinase reaction. EGFR (0.5 U) was incubated for 20 min at 22 8C
in the presence of different concentrations of test compounds in a
Hepes/NaOH assay buffer [15 mL, 50 mm, pH 7.0, MgCl2 (25 mm),
MnCl2 (5 mm), sodium orthovanadate (0.5 mm), ATP (1 mm), sub-
strate (34 ng), dimethyl sulfoxide (1.5 % v/v)] . The reaction was
stopped by the addition of a solution of HTRF detection reagents
[streptavidine-XL665 (125 ng) and PT66-Eu(K) (5 ng, 5 mL; Cis bio-
international)] in an aqueous EDTA solution [0.5 m, bovine serum
albumin (1 % w/v) in HEPES/NaOH, 50 mm, pH 7.0] . The resulting
mixture was incubated for a further 2 h at 22 8C to allow the bind-
ing of the biotinylated peptide to the streptavidine-XL665 and the
amount of phosphorylated product was subsequently evaluated
by HTRF measurement in a Rubystar (BMG, Germany).


c-kit : GST-tagged recombinant human c-kit kinase domain ex-
pressed in SF-9 cells was used as kinase. Biotinylated poly(Glu,Tyr)
(Cis biointernational, France) was used as substrate for the kinase
reaction. c-kit was incubated for 10 min at 22 8C in the presence of
different concentrations of test compounds in a Hepes/NaOH assay


buffer [15 mL, 50 mm, pH 7.0, MgCl2 (25 mm), MnCl2 (5 mm), dithio-
threitol (1.0 mm), sodium orthovanadate (0.5 mm), ATP (3 mm), sub-
strate (50 ng), glycerol (10 % v/v), dimethyl sulfoxide (1.5 % v/v)] .
The reaction was stopped by the addition of a solution of HTRF de-
tection reagents [streptavidine-XL665 (100 ng) and PT66-Eu(K)
(6 ng, 5 mL; Cis biointernational) in an aqueous EDTA solution
[0.5 m, bovine serum albumin (1 %, w/v) in HEPES/NaOH, 50 mm,
pH 7.0] . The resulting mixture was incubated for a further 2 h at
22 8C to allow the binding of the biotinylated peptide to the strep-
tavidine-XL665, and the amount of phosphorylated product was
subsequently evaluated by HTRF measurement in a Rubystar (BMG,
Germany).


KDR : GST-tagged recombinant human KDR kinase domain ex-
pressed in SF-9 cells was used as kinase. Biotinylated poly-
(Glu,Ala,Tyr) (Cis biointernational, France) was used as substrate for
the kinase reaction. KDR was incubated for 20 min at 22 8C in the
presence of different concentrations of test compounds in a
Hepes/NaOH assay buffer [15 mL, 50 mm, pH 7.0, MgCl2 (25 mm),
MnCl2 (5 mm), dithiothreitol (1.0 mm), sodium orthovanadate
(0.5 mm), ATP (1 mm), substrate (350 ng), glycerol (10 % v/v), di-
methyl sulfoxide (1.5 % v/v)] . The reaction was stopped by the ad-
dition of a solution of HTRF detection reagents [streptavidine-
XL665 (175 ng) and PT66-Eu(K) (7.5 ng, 5 mL; Cis biointernational)]
in an aqueous EDTA solution [0.5 m, bovine serum albumin (1 %
w/v) in HEPES/NaOH (pH 7.0, 50 mm)] . The resulting mixture was
incubated for a further 2 h at 22 8C to allow the binding of the bio-
tinylated peptide to the streptavidine-XL665 and the amount of
phosphorylated product was subsequently evaluated by HTRF
measurement in a Rubystar (BMG, Germany).


MCF7: MCF7 cells (ATCC, USA) were seeded in RPMI 1640 medium
(Biochrome, Germany) supplemented with fetal calf serum (10 %,
PAA, Austria), l-glutamine (2 mm), estradiol (0.1 nm), and insulin
(1 U mL�1) at 5000 cells per well in 96-well plates. Cells were al-
lowed to adhere for 24 h, and then fresh growth medium plus
compounds were added. The final concentration of the solvent
DMSO was 0.5 %. After 4 days of continuous incubation, the cells
were fixed with glutaraldehyde and stained with crystal violet, and
the absorbance was recorded at 595 nm. All measurements were
performed in quadruplicate. The values were normalized to the ab-
sorbance of solvent-treated cells (= 100 %), and the absorbance of
a reference plate which was fixed at the time point of compound
application (= 0 %). Half-maximal growth inhibition (IC50) was deter-
mined as compound concentration required to achieve 50 % inhibi-
tion of cellular growth.


Physicochemical calculations and characterization


c log D: Calculation was performed with the ACD/log D program
version 6.0. (Advanced Chemistry Development, Inc, Toronto,
Canada)


Sw: This was determined by turbidimetric measurements (kinetic
solubility). A solution of the compound in DMSO (10 mm) was
added gradually to aqueous buffer. Turbidity was measured by its
effect on the transmission of light. The experiment was run at
25 8C in phosphate buffer at pH 7.4. The instrument was a HACH
turbidimeter, the software for analysis and evaluation was an in-
house program. The system was calibrated with phenanthrene.


Sw(t) (solubility in water determined by the flask method—thermody-
namic solubility): A saturated solution of the compound in phos-
phate buffer at pH 7.4 was stirred at 25 8C for 22 h. The solid was
separated by filtration, and the concentration of compound in the
solution was determined by quantitative HPLC. HPLC: Waters
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2695/PDA. Column: Xterra MS C 18 4.6 � 30 mm. Eluent: A: water/
0.025 % NH3, B: CH3CN/0.025 % NH3. Gradient: 0–3 min 20!80 % B,
3–5 min 80 % B, 5–6 min 20 % B.


Crystallographic data for CDK2 in complexes with compounds
14 and 37: a) CDK2–14 complex: orthorhombic, space group
P212121, crystal dimensions 0.1 � 0.1 � 0.05 mm3, cell dimensions a =
53.685(10), b = 71.918(10), c = 71.22(10) �, V = 277 684 �3, Z = 4, T =
100 K, l= 0.933 � (Synchrotron), max. resolution = 1.9 �, 146 442
reflections collected, of which 20 611 are independent [Rint = 0.054,
Friedel mates are merged], completeness = 97 %, R1 = 22.9 % for
I>2 s(I) and Rfree = 29.7 %, b) CDK2–37 complex: orthorhombic,
space group P212121, crystal dimensions 0.3 � 0.3 � 0.2 mm3, cell
dimensions a = 53.679(2), b = 69.526(3), c = 71.168(3) �, V =
260 657 �3, Z = 4, T = 100 K, l= 1.54178 � (Cu-radiation), max. reso-
lution = 2.6 �, 73 463 reflections collected, of which 8542 are inde-
pendent [Rint = 0.091, Friedel mates are merged], R1 = 26.7 % for I>
2 s(I) and Rfree = 32.2 %.


Crystals of CDK2 were grown at 20 8C by vapor diffusion. CDK2 (1–
298) at 5–7 mg mL�1 was mixed and equilibrated against PEG 3350
(10 %), ammonium acetate (0.2 m) at pH 7.8 (Hepes). Compound 14
was cocrystallized with CDK2, whereas 37 was soaked in existing
CDK2 crystals. Prior to data collection, the crystals were transferred
to a cryo-buffer containing PEG 3350 (10 %) and glycerol (�25 %)
at pH 7.8 and were then flash-cooled in a cold nitrogen stream. In-
tensity data for 14 was collected at the synchrotron at the ESRF in
Grenoble, and 37 was recorded on a rotating-anode system equip-
ped with a three-circle diffractometer and Smart 6000 CCD area de-
tector. The data for 14 were integrated with the HKL2000 pack-
age,[27] data for 37 were integrated with the SAINT program and
corrected semiempirically for systematic errors such as absorption
with the program SADABS. Both structures were solved with the
aid of the program AMoRe.[28] Compound 14 was refined by use of
SHELXL,[29] whereas 37 was refined with the CNS module in the
Quanta program.


The crystallographic data for both structures have been deposited
with the Brookhaven Data Bank (PDB), Brookhaven National Labo-
ratory, under the access codes 2BHE and 2BHH.


Selected Synthetic Procedures


Indirubin-5-sulfonyl chloride (21): Thionyl chloride (32 mL,
440 mmol, excess) was added slowly at RT to indirubin-5-sulfonic
acid (20 ; 2 g, 5.48 mmol).[7] The mixture was then stirred at 80 8C
for 3 h. After cooling down, it was cautiously poured into ice/
water, and the mixture was stirred for an additional 20 min. The
precipitate was filtered off, washed with water, and vacuum dried
at RT to yield indirubin-5-sulfonyl chloride 21 (1.49 g, 4.13 mmol,
75 %). 1H NMR (400 MHz, [D6]DMSO): d= 7.04 (t, J = 7 Hz, 1 H), 7.43
(d, J = 8 Hz, 1 H), 7.60–7.55 (m, 2 H), 7.66 (d, J = 7.5 Hz, 1 H), 9.12 (d,
J = 2 Hz, 1 H), 11.03 (s, 1 H), 11.05 ppm (s, 1 H); 13C NMR (100 MHz,
[D6]DMSO): d= 188.2, 171.0, 152.3, 141.6, 140.8, 138.3, 136.9, 126.8,
124.1, 122.5, 121.2, 120.4, 118,9, 113.3, 108.2, 106.3 ppm; MS (EI):
m/z (%): 362 (40) [M]+ , 360 (100) [M]+ , 261 (40), 233 (35); HRMS
(EI) C16H9N2O4SCl calcd: 359.9972; found 359.9965 [M]+ .


Basic indirubin 22 : A solution of indirubin-5-sulfonylchloride (21;
599 mg, 1.66 mmol), DMAP (30 mg, 0.25 mmol, 0.15 equiv), and
N,N,N-trimethylethylenediamine (0.42 mL, 3.24 mmol, 2 equiv) in
EtOH (10 mL) was stirred for 8 h at 60 8C. After the mixture had
cooled, the crystalline precipitate was filtered off, washed with
water and with ethanol, and vacuum-dried at 60 8C to yield 22
(601 mg, 1.47 mmol, 85 %). 1H NMR (300 MHz, [D6]DMSO): d= 2.77
(s, 3 H), 2.83 (s, 6 H), 3.3 (br s, 4 H), 7.08 (t, J = 8 Hz, 1 H), 7.13 (d, J =


8 Hz, 1 H), 7.47 (d, J = 8 Hz, 1 H), 7.62 (t, J = 8 Hz, 1 H), 7.70–7.77(m,
2 H), 9.23 (d, J = 1 Hz, 1 H), 11.23 (s, 1 H), 11.47 ppm (s, 1 H); 13C
NMR (100 MHz, [D6]DMSO): d= 188.7, 170.7, 152.4, 143.6, 139.5,
137.2, 129.4, 128.0, 124.5, 123.1, 121.7, 121.6, 118.8, 113.5, 109.4,
104.2, 56.6, 47.4, 44.9, 35.0 ppm; MS (EI): m/z (%): 426 (7) [M]+ , 425
(12), 384 (15), 383 (70), 276 (65), 275 (100); HRMS (EI) C21H22N4O4S
calcd: 426.1362; found 426.1344 [M]+ .


Quaternary indirubins 30 a/30 b : A solution of methylmagnesium
bromide in diethyl ether (3 m, 1 mL, 3 mmol, 1 equiv) was added
slowly to a cold (+ 4 8C) solution of basic indirubin 22 (1.28 g,
3.0 mmol) in pyridine (50 mL) and THF (25 mL). Afterwards, the
mixture was stirred for 30 min at RT. The mixture was then poured
into a cold (0 8C), saturated ammonium chloride solution, diluted
with water, and extracted with AcOEt (3 � ). The combined organic
layer was dried (MgSO4) and concentrated. The residue was puri-
fied by flash chromatography (silica gel, CH2Cl2!CH2Cl2/MeOH 4:1)
to afford the racemic mixture 30 a/30 b (595 mg, 43 %). This materi-
al was subjected to preparative chiral HPLC (Chiralpak AS 10m,
hexane/EtOH 2:1) to yield 30 a (209 mg, 15 %, 0.45 mmol) and 30 b
(215 mg, 15 %, 0.46 mmol).


Compound 30 a : [a]22
D =++ 286.8 (c = 0.15, MeOH); 1H NMR


(400 MHz, [D6]DMSO): d= 2.13 (s, 6 H), 2.38 (t, J = 7 Hz, 2 H), 2.84
(dd, J = 13 Hz, 8 Hz, 1 H), 2.94–3.03 (m, 3 H), 4.82 (d, J = 17.5 Hz,
1 H), 4.92 (dd, J = 10.5 Hz, 2 Hz, 1 H), 5.36–5.46 (m, 1 H), 6.80 (s, 1 H),
7.00–7.04 (m, 2 H), 7.22–7.30 (m, 2 H), 7.40–7.43 (m, 2 H), 8.63 (d,
J = 2 Hz, 1 H), 10.94 (s, 1 H), 11.33 ppm (s, 1 H); 13C NMR (100 MHz,
[D6]DMSO): d= 169.9, 164.3, 142.4, 140.2, 133.0, 131.0, 129.1, 127.7,
123.3, 123.1, 123.0, 122.0, 121.0, 119.2, 111.4, 108.4, 94.6, 82.1, 56.6,
47.5, 44.9, 40.8, 35.0 ppm; MS (EI): m/z (%): 468 (6) [M]+ , 427 (85),
425 (50), 383 (15), 254 (100); HRMS (EI) C24H28N4O4S calcd:
468.1831; found 468.1834 [M+] .


Compound 30 b : [a]22
D =�286.4 (c = 0.17, MeOH); all other analyti-


cal data identical to 30 a.
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Structure-Aided Optimization of Kinase
Inhibitors Derived from Alsterpaullone
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Introduction


Protein kinases play a fundamental role in manifold physiologi-
cal events in living organisms, enabling cross talk between
cells and constituting a major mechanism of intracellular sig-
naling pathways. The importance of protein phosphorylation is
reflected by the fact that 518 putative protein kinase genes
have been identified in the human genome.[1] Abnormal pro-
tein phosphorylation is observed in diseases like cancer or Alz-
heimer’s disease (AD).[2, 3] Consequently, it appears rewarding
to look for selective and potent kinase inhibitors, not only with
a view to developing new drugs but also to generating tools
for investigation of the pathobiochemical role of kinases in dis-
eases. Over the past decade, numerous classes of small syn-
thetic kinase inhibitors have been developed that compete
with ATP for binding in the ATP-binding pocket and show
greater or lesser selectivity for distinct kinases or kinase fami-
lies.[4] Among the established kinase-inhibitor classes are the
paullones with the lead structure kenpaullone (1).


Kenpaullone was originally identified from the NCI database
of compounds tested in the antitumor drug screen (NCI-ADS)
in the course of our program directed at finding novel inhibi-
tors of cyclin-dependent kinases (CDKs).[5] CDKs are a family of
serine/threonine kinases that regulate the cell cycle, apoptosis,
neuronal-cell physiology, and transcription. Because hyperactiv-
ity of CDKs has been detected in many human tumors and cul-
tured tumor cell lines, inhibition of this kinase family has been


proposed as a rational approach to fighting cancer diseases,[6]


and several structural families of CDK inhibitors have been de-
veloped to this end.[7, 8] The structure modification of kenpaul-
lone led to alsterpaullone (2), which proved to be ten times
more active a CDK inhibitor and a hundred times more active
an antiproliferative agent than kenpaullone.[9]


For further investigations exploring the intracellular molecu-
lar targets, matrix-bound paullones were employed in protein-
affinity purification experiments, which confirmed glycogen
synthase kinase-3a and b (GSK-3a and b) as additional proteins
with paullone affinity.[10, 11] GSK-3 is an enzyme involved in di-
verse multiple processes, including glucose metabolism, dorso-
ventral patterning during development, Wnt signaling, cell-
cycle regulation, and microtubule stabilization.[12–14] Both GSK-3
isoforms proved to be inhibited by nanomolar concentrations
of alsterpaullone. Hence, paullones constitute a family of dual
CDK/GSK3 inhibitors, a kinase selectivity pattern that is also
found with members of the indirubin[15] and aloisine[16] kinase-
inhibitor families and with hymenialdisine.[17] In a recently pub-
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In order to perform computer-aided design of novel alsterpaul-
lone derivatives, the vicinity of the entrance to the ATP-binding
site was scanned for areas that could be useful as anchoring
points for additional protein–ligand interactions. Based on the
alignment of alsterpaullone in a CDK1/cyclin B homology model,
substituents were attached to the 2-position of the parent scaf-


fold to enable contacts within the identified areas. Synthesis of
the designed structures revealed three derivatives (3–5) with
kinase-inhibitory activity similar to alsterpaullone. The novel 2-cy-
anoethylalsterpaullone (7) proved to be the most potent paullone
described so far, exhibiting inhibitory concentrations for CDK1/
cyclin B and GSK-3b in the picomolar range.
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lished comparison of commercially available kinase inhibitors,
the combined use of kenpaullone and roscovitine was suggest-
ed for identifying the substrates and biological roles of CDKs,
while kenpaullone and lithium chloride were proposed for ex-
ploring the function of GSK-3 in biochemical models.[18] Consid-
erable interest has been devoted to the fact that the paullones
inhibit both CDK5 and GSK-3, because both enzymes are in-
volved in the phosphorylation of the microtubule-stabilizing
protein tau. In its hyperphosphorylated form, tau constitutes
the main part of neurofibrillary tangles that are observed as
aggregates in the brain cells of patients suffering from AD.[19, 20]


In sf9 cells expressing human tau 23 protein, alsterpaullone
significantly suppressed tau phosphorylation at AD-characteris-
tic epitopes.[10] Furthermore, alsterpaullone was used to dem-
onstrate the role of phosphorylated tau for organelle transport
in differentiated cells. Upon GSK-3 inhibition by alsterpaullone,
mitochondrial clustering was observed in association with tau
phosphorylation.[21] Most interestingly, paullones are also able
to interfere with the generation of the amyloid-b (Ab) peptide,
the main constituent of extracellular amyloid plaques in the
brains of AD patients. In a recent paper, Phiel and co-workers
showed that kenpaullone significantly decreases the Ab pro-
duction in CHO-APP695 cells.[22] Hence, the paullones might
have the potential for the development of therapeutics to in-
hibit both the formation of extracellular plaques and intracellu-
lar neurofibrillary tangles in AD.


Considering the findings with paullones in AD-related test
systems, it is of evident interest to develop further paullones
with enhanced activity. With a view to enabling a structure-
guided design, we have generated a CoMSIA model for the in-
hibition of CDK1/cyclin B by paullones, based on a docked
alignment of 52 paullones in a CDK1 homology model.[23] Fur-
thermore, the inhibitor alignment was also used for the gener-
ation of CoMSIA models for CDK5 and GSK-3 inhibition, albeit
the predictive ability for the two latter enzymes was inferior
compared to CDK1.[24] The alignment used for the CoMSIA
model construction allows a subtle inspection of interactions
between inhibitor and CDK1 protein within and in the near
vicinity of the ATP-binding pocket. We report here upon the
structure-guided design, synthesis, and biological evaluation of


novel alsterpaullone derivatives leading to a very potent paul-
lone exhibiting kinase inhibitory activity in the picomolar
range.


Results and Discussion


Design of novel alsterpaullone derivatives


In the model of alsterpaullone docked into the ATP-binding
site of the CDK1 homology model, the ligand is held in posi-
tion by a double hydrogen-bonding system to the hinge area
in the kinase connecting the N- and the C-terminal domain.
This hydrogen bonding involves the lactam carbonyl group of
the paullone and the Leu83 nitrogen on the one hand and the
paullone lactam nitrogen and the Leu83 carbonyl group on
the other. This same hydrogen bonding pattern to amino acids
in the hinge area is characteristic of many other kinase inhibi-
tors.[25] The paullone parent scaffold of the condensed benza-
zepine and indolo ring system is sandwiched between a hydro-
phobic area composed of the side chains of Ile10/Val18 on the
top and the side chain of Leu134 at the bottom of the ATP-
binding cleft. The hydrogen bonding between the indole nitro-
gen of the inhibitor and one of the side-chain oxygen atoms
of Asp86 is typical for paullones (Figure 1). Additionally, the 9-
nitro substituent of alsterpaullone may form hydrogen bonds
with water molecules in the vicinity of Lys33 and Asp145,
which are available to serve as ambident nucleophiles for hy-
drolysis of ATP phosphodiester bonds. This includes a water
molecule that was found to interact with the aromatic p cloud
of Phe80 in the CDK2 crystal structure.


In order to design novel alsterpaullone derivatives with en-
hanced potency, we inspected the vicinity of the entrance to
the ATP-binding cleft with regard to the alsterpaullone align-
ment. We speculated that, in the entrance region, the addition
of substituents to the alsterpaullone basic structure would be
tolerated without disrupting its binding mode. Three main
subregions of interest were located:


A) A hydrophobic area composed of the hydrocarbon side
chains of Ile10 (A1) and Leu298/Met85 (A2),


B) A salt bridge between the
Lys89 amino group and the
Asp86 carboxyl group, and


C) A salt bridge formed by
three amino acids: the ter-
minal carboxyl function of
Gln300, the w amino group
of Lys20, and the side-chain
carboxyl function of Glu8
(Figure 2).


To target areas B or C, ali-
phatic side chains were added
at the 2-position of alsterpaul-
lone, and polar substituents
were placed at a distance of
two or three methylene units to


Figure 1. Stereoview of alsterpaullone docked into the ATP-binding site of the CDK1 homology model. The ligand is de-
picted in the ball and stick layout, while amino acid portions of CDK1 are given in stick mode.
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the alsterpaullone ring system. By following this layout, five
derivatives were designed: 2-aminobutylalsterpaullone (3), 2-
aminopropylalsterpaullone (4), alsterpaullone-2-propionic acid
(5), alsterpaullone-2-propionic acid methyl ester (6), and 2-cy-
anoethylalsterpaullone (7). Although the potential anchoring
points B and C are located in a solvent-exposed area of the
kinase, and therefore polar interactions at these motifs might
not add a high contribution to the binding affinity, the geome-
try of the described binding mode would enable hydrophobic
contacts between the areas A1/2 and the aliphatic linker
chains. It was envisaged that these hydrophobic contacts
would especially lead to increased binding affinity and conse-
quently enhanced kinase inhibition by 3–7.


For the generation of binding models, the molecules were
manually docked into the ATP-binding cleft of the CDK1 ho-
mology model and subsequently energy minimized by using
the program suite MOLOC with the implemented MAB force
field.[26, 27] The side chains in the 2-position were adjusted man-
ually to enable contacts either with area C (3 and 4), or with
area B (5–7), and energy minimization was repeated. The re-


sulting side-chain conformations are shown in Figures 2–4. In
Figure 2, the conformations of 3 and 7 are depicted. From this
image it becomes obvious that the protonated amino group
of 3 can easily interact through a salt bridge or hydrogen
bond with area C (see also Figure 3). The cyano group of 7 is
directed toward the protonated side-chain nitrogen of Lys89
(area B) forming an additional hydrogen bond (see also
Figure 4) enabling hydrophobic contacts between the carbons
of the ethylene bridge of 7 and areas A1 (methyl group of
Ile10) and A2 (side chains of Leu298 and Met85).


Chemistry


A Heck reaction[28] was employed for the introduction of side
chains into the 2-position of the paullones. For this coupling
reaction, an iodo substituent in the 2-position of the paullone
scaffold is favorable.[29] Because attempts to prepare 2-iodo-9-
nitropaullone by a Fischer indole reaction were not successful,
the introduction of side chains by Heck reaction was per-
formed before the indolization reaction was performed. For
this purpose, the general key compound 7-iodo-1H-[1]benza-
zepine-2,5(3H,4H)-dione (8) was treated with terminal al-
kenes.[29] Upon treatment of 8 with N-3-butenylphthalimide (9)


Figure 2. 2-Aminobutylalsterpaullone (3, green) and 2-cyanoethylalsterpaullone
(7, orange) aligned in the ATP-binding pocket of the CDK1 homology model.
H-donor positions are red and H-acceptor positions are blue. The hydrocarbon
side chains of Ile10 and Leu298 form hydrophobic regions above (A1) and
below (A2) the pocket entrance, respectively. B indicates a salt bridge between
the protonated amino group of Lys89 (red) and the Asp86 carboxylate group
(blue). The blue structure coalescing stalactite-like with area B is the carbonyl
oxygen of Ile10. C is a salt-bridge-fixed element consisting of the terminal car-
boxyl function of Gln300 (blue), the protonated amino group of Lys20 (red),
and the side-chain carboxyl function of Glu8 (blue). The protonated amino
group of 3 interacts via a salt bridge or hydrogen bond with area C (see also
Figure 3). The cyano group of 2-cyanoethylalsterpaullone (7) is directed toward
the protonated side-chain nitrogen of Lys89 (area B) forming an additional hy-
drogen bond and enabling hydrophobic contacts between the carbons of the
ethylene bridge of 7 and areas A1 (methyl group of Ile10) and A2 (side chains
of Leu298 and Met85). See also Figure 4.


Figure 3. 2-Aminobutylalsterpaullone (3, green) and alsterpaullone-3-propionic
acid (5, violet) in the ATP-binding cleft of the CDK1 homology model. Dotted
lines represent putative hydrogen bonds. The protonated amino group of 3 is
directed toward the salt bridge triad motif formed by the C-terminal Gln300,
Lys20, and Glu8. The carboxylate group of 5 is directed toward the protonated
amino group of the Lys89 side chain, which itself interacts with the Asp86
carboxylate group through a salt bridge.
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in the presence of 5 mol % Pd(OAc)2 and 10 mol % PPh3 as cat-
alysts in DMF, the alkene 10 was obtained in moderate yield as
a mixture of E/Z diastereomers (Scheme 1). Subsequently, the
alkene double bond was easily saturated by hydrogenation
over 10 % Pd/C in ethanol. The intermediate 11 thus prepared
was treated with 4-nitrophenylhydrazine in glacial acetic acid,
and the resulting nitrophenylhydrazone 12 was cyclized by
means of a thermal Fischer indole reaction in refluxing diphen-
yl ether to furnish the paullone 13. The phthalimido group
was then cleaved by hydrazinolysis in boiling ethanol to yield
the desired amino compound 3.


2-Aminopropyl-alsterpaullone (4) was synthesized by using a
similar approach, which is outlined in Scheme 2. In this se-
quence, the N-allylphthalimide 14 was employed in the Heck
reaction leading to the alkene intermediate 15. As a result of
the very poor solubility of 15 in common organic solvents, it
was not possible to employ a catalytic hydrogenation proce-
dure for the saturation of the alkene double bond. Therefore,
15 was treated with 4-nitrophenylhydrazine to yield the phe-
nylhydrazone 16. The ring closure leading to the paullone 17
was then accomplished by heating 16 under reflux in diphenyl
ether. Eventually, prolonged heating of 17 with hydrazine hy-
drate in ethanol in air concomitantly led to hydrogenation of
the alkene double bond and cleavage of the phthalimido
group in a one-pot reaction. Under the reaction conditions
used in this step, hydrazine is air-oxidized to give diimide,
which serves as the actual reducing agent for the carbon–
carbon double bond.[30] The important advantage of this
method over catalytic hydrogenation lies in the selectivity of
the diimide, which does not reduce the nitro group under the
conditions employed.


For the synthesis of the alsterpaullone propionic acid deriva-
tives 5, 6, and 7, the sequence starts with a Heck reaction of
the central intermediate 8 and acrylonitrile (18) or acrylic acid
methyl ester (19). Catalytic hydrogenation of the double bond
of 20/21, conversion of the intermediates 22/23 to the 4-nitro-
phenylhydrazones 24 and 25, and subsequent indole forma-
tion led to the new paullones 6 and 7. Hydrolysis of 6 with
sodium hydroxide in a dioxane/water mixture furnished the
desired carboxylic acid 5 (Scheme 3).


Biological evaluation and discussion


Biological evaluation revealed that the five novel alsterpaullone
derivatives 3–7 are potent inhib-
itors of the kinases CDK1/cy-
clin B, CDK5/p25, and GSK-3b. A
closer look at the test results
given in Table 1 shows that 3–5
inhibit the three kinases in the
same order of magnitude as al-
sterpaullone. Hence, in these
cases the introduction of the
side chains was tolerated but
failed to enhance the kinase in-
hibitory activity. However, deriv-
atives 3–5 are able to form
water-soluble salts, a feature
that in biochemical test systems
constitutes a main advantage
over the poorly water soluble al-
sterpaullone. Compared to the
carboxylic acid 5, the corre-
sponding methyl ester 6 is
roughly four times less active a
kinase inhibitor. This fact can be
explained with a steric interac-
tion of the ester methyl group


Figure 4. 2-Cyanoethylalsterpaullone (7) in the ATP-binding cleft of the CDK1
homology model. The cyano nitrogen lone pair points toward the protonated
amino group of the Lys89 side chain, forming a hydrogen bond.


Scheme 1. Reagents and conditions: i) Pd(OAc)2, Et3N, PPh3, DMF, 100 8C (48 %); ii) Pd/C, 2 atm H2, 6 h, RT (92 %); iii) 4-
nitrophenylhydrazine, HOAc, 70 8C (50 %); iv) diphenyl ether, reflux, N2 (55 %); v) hydrazine, ethanol, reflux (50 %).
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and the Ile10 carbonyl function (the “stalactite” structure in the
entrance to the ATP binding cleft as depicted in Figure 2), if
similar binding modes are assumed for 5 and 6 (see Figure 3
for binding mode of 5). The cyanoethyl-substituted alsterpaul-
lone derivative 7 exhibited a very potent kinase inhibitory ac-
tivity, namely on CDK1/cyclin B and on GSK-3b. With respect to
the noteworthy differences in potency between 2-cyanoethyl-
alsterpaullone 7 and the other novel alsterpaullone derivatives
3–6, the suggested binding mode based on our model does
not deliver a completely satisfactory explanation. If, on the one


hand, the increase in potency found with 7 is actual-
ly caused by the additional contacts as depicted in
Figure 4, the other structures 3–6 should similarly
exhibit a higher activity compared to the unsubsti-
tuted alsterpaullone. If, on the other hand, the bind-
ing mode model constructed for 3–6 is correct, the
corresponding model for 7 would fail to explain the
remarkable increase in activity observed for this
derivative.


A comparison of the inhibitory activity data pre-
dicted by our CoMSIA models with the experimental
data shows that the structural modification at the 2-
position of paullones is not satisfactorily described.
While the CDK1 inhibition of 3, 4, and 6 and the
CDK5 inhibition of 3, 4 and 7 are sufficiently predict-
ed (residuals of pIC50<0.5), the GSK-3b inhibition is
generally underpredicted. Similarly, major deviations
are found for two CDK1 predictions (compounds 5
and 7) and two CDK5 predictions (compounds 5 and
6). Given that the CoMSIA model had efficiently pre-
dicted the kinase inhibitory activity of a test set of
23 paullones that did not bear sterically demanding
substituents in the 2-position, the latter structural
modification is apparently not reflected in the


CoMSIA model. There are two
possible reasons for this draw-
back. First, the model was con-
structed on the basis of a train-
ing set of 52 compounds, of
which only six were 2-substitut-
ed with chains comprising more
than three atoms in a row.[24]


Furthermore, these chains were
not manually manipulated
before energy minimization, and
hence the model is not able to
correctly handle the conforma-
tions we have constructed and
displayed in Figures 2, 3 and 4.
Second, the CoMSIA models
were constructed by using a
docked alignment in a CDK1 ho-
mology model. This alignment
was then used for the building
of the CDK5 and the GSK-3b


models. That means, in the
vicinity of the ATP-binding-site


entrance of both CDK5 and GSK-3b, major differences are
found compared to the architecture of CDK1, and consequent-
ly the predictive power of the model for 2-substituted com-
pounds is low for CDK5 and GSK-3b. Given the high relevance
of GSK-3 inhibitors in the search for therapeutics against Alz-
heimer’s disease, we will carry out design studies in the future
on the basis of the recently published crystal-structure data of
the alsterpaullone/GSK-3b-complex.[31]


As mentioned above, the ATP-binding site of protein kinases
is a highly conserved area. Given the large number of kinases


Scheme 2. Reagents and conditions: i) Pd(OAc)2, Et3N, PPh3, DMF, 100 8C (62 %); ii) 4-nitro-
phenylhydrazine, HOAc, 70 8C (82 %); iii) diphenyl ether, reflux, N2 (70 %); iv) hydrazine,
ethanol, air, reflux (40 %).


Scheme 3. Reagents and conditions: i) Pd(OAc)2, Et3N, PPh3, DMF, 80 8C (68 %/79 %); ii) Pd/C, 2 atm H2, 6 h, RT (74 %/
89 %); iii) 4-nitrophenylhydrazine, HOAc, 70 8C (53 %/75 %); iv) diphenyl ether, reflux, N2 (56 %/72 %); v) 1. NaOH, di-
oxane, H2O, RT; 2. HCl (54 %).


ChemBioChem 2005, 6, 541 – 549 www.chembiochem.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 545


Optimization of Alsterpaullone Kinase Inhibitors



www.chembiochem.org





that interfere with manifold biochemical processes in living or-
ganisms, the selectivity for distinct kinases is a major issue for
novel developed inhibitors. In order to check the selectivity of
the novel potent dual GSK-3/CDK-inhibitor 7, the compound
was profiled in the commercially available testing screen of the
ProQinase Company (Freiburg, Germany) by determining the
IC50 values against 20 kinases. The test panel comprised serine/
threonine kinases and tyrosine kinases, among them mem-
brane-located receptor kinases and cytoplasmic enzymes. The
profiling results showed that 7 indeed preferentially inhibited
serine/threonine kinases from the CDK/GSK-3 family. However,
some receptor tyrosine kinases (VEGFR-2 and VEGFR-3) and Src
are also inhibited in the submicromolar range. In consequence,
the selectivity issue has to be considered in the further devel-
opment of the paullones as kinase inhibitors. In this regard,
the difference of the GSK-3 IC50 value for compound 7 found
in the automated custom assay (Figure 5) on the one hand
and the corresponding value found in the assay carried out
manually (Table 1) is striking. A possible explanation is that the
recombinant GSK-3b preparations used contain variable pro-
portions of badly folded proteins that are kinase inactive but
still bind, and thus trap, the paullones, thereby artificially in-
creasing the IC50 values. The observation of this discrepancy
constitutes another instructive example for the general conclu-
sion that IC50 values from different assays should not be com-
pared directly.[32]


Experimental Section


Melting points (m.p.) were deter-
mined on an electric variable
heater (Electrothermal 9100) and
are uncorrected. Elemental analy-
ses were performed in the analyti-
cal department of the Institut f�r
Pharmazie, Universit�t Hamburg.
Column chromatography was per-
formed by using chromatography-
grade silica gel 60 (Merck). NMR
spectra were recorded on a Bruker
AMX 400 instrument, by using tet-
ramethylsilane as internal standard
and [D6]dimethylsulfoxide as sol-


vent unless stated otherwise. High-resolution FAB mass spectra
(HRMS) were determined on a Finnigan MAT 311A instrument with
3-nitrobenzyl alcohol as matrix.


(E)-7-(4-Phthalimidobut-1-en-1-yl)-1H-[1]benzazepine-2,5(3H,4H)-
dione (10): A solution of 7-iodo-1H-[1]benzazepine-2,5(3H,4H)-
dione (8)[29] (440 mg, 1.5 mmol), triethylamine (1.0 mL), N-(but-3-
enyl)phthalimide (9) (400 mg, 2.0 mmol), palladium acetate (10 mg,
0.045 mmol), and triphenylphosphine (20 mg, 0.09 mmol) in DMF
(20 mL) was heated to 100 8C under nitrogen for 6 h. After cooling,
the mixture was poured into water (80 mL). The precipitate was
filtered by suction, washed with hexane, and purified by column
chromatography (silica gel, toluene/acetone 3:1), to give 260 mg
(48 %) of a slightly yellow powder. M.p. 217 8C; 1H NMR: d= 10.06
(s, 1 H), 7.84 (m, 4 H), 7.70 (d, J = 2.2 Hz, 1 H), 7.55 (dd, J = 2.2,
8.3 Hz, 1 H), 7.09 (d, J = 8.3 Hz, 1 H), 6.43 (d, J = 16.0 Hz, 1 H), 6.23
(dt, J = 6.9, 16.0 Hz, 1 H), 3.73 (t, J = 6.9 Hz, 2 H), 2.89 (m, 2 H), 2.65
(m, 2 H), 2.51 (m, 2 H); IR: 3200, 1760, 1700, 1660, 1480, 1380, 1210,
1180, 710 cm�1; elemental analysis calcd (%) for (C22H18N2O4): C
70.58, H 4.85, N 7.48; found: C 69.91, H 4.83, N 7.28.


7-(4-Phthalimidobutyl)-1H-[1]benzazepine-2,5(3H,4H)-dione (11):
10 % Pd/C (50 mg) was added to a solution of 7-(4-phthalimido-
buten-1-yl)-1H-[1]benzazepine-2,5(3H,4H)-dione (10 ; 225 mg,
0.6 mmol) in ethanol (200 mL). The mixture was hydrogenated at
2 atm for 6 h. Subsequently, the catalyst was filtered off and
washed with ethanol. The combined filtrate was evaporated to
give the crude product, which was purified by column chromatog-
raphy on silica gel (toluene/acetone 3:1) to give 210 mg (92 %) of a
white solid. M.p. 221 8C; 1H NMR: d= 9.98 (s, 1 H), 7.84 (m, 4 H),


7.61 (d, J = 2.3 Hz, 1 H), 7.38 (dd, J
= 2.3, 8.1 Hz, 1 H), 7.06 (d, J
= 8.1 Hz, 1 H), 3.59 (t, J = 6.6 Hz,
2 H), 2.87 (m, 2 H), 2.63 (m, 2 H),
2.59 (t, 2 H, J = 6.9 Hz), 1.58 (m,
4 H).


7-(4-Phthalimidobutyl)-5-(4-nitro-
phenylhydrazono)-4,5-dihydro-
1H-[1]benzazepin-2(3H)-one (12):
A slurry of 7-(4-phthalimidobutyl)-
1H-[1]benzazepine-2,5(3H,4H)-
dione (11; 150 mg, 0.4 mmol) and
4-nitrophenylhydrazine (100 mg,
0.65 mmol) in acetic acid (3 mL)
was heated to 70 8C for 3 h. After
being cooled to RT, the mixture
was poured into 5 % Na2CO3 so-
lution (10 mL). The precipitate was


Table 1. Determined and predicted kinase inhibitory properties of the alsterpaullone derivatives 2-7.[a]


Paullone IC50 [nm] pIC50 [m]
GSK-
3b


CDK1/cyclin
B


CDK5/
p25


GSK-3b GSK-3b CDK1/
cyclin


CDK1/cyclin
B


CDK5/
p25


CDK5/
p25


observed predicted observed predicted observed predicted


2[b] 4 35 40 8.40 n.a.[c] 7.46 n.a.[c] 7.40 n.a.[c]


3 6 80 70 8.22 6.86 7.10 7.13 7.16 7.19
4 2.5 27 23 8.60 7.31 7.57 7.25 7.64 7.34
5 6.5 25 80 8.19 6.5 7.60 6.85 7.10 6.40
6 34 100 250 7.47 7.22 7.00 7.23 6.60 7.39
7 0.8 0.23 30 9.10 7.21 9.64 7.35 7.52 7.32


[a] Standard errors of the IC50 values are typically below 20 %. In many cases, standard errors below 10 % are
found. [b] Values taken from ref. [10] . [c] Not applicable.


Figure 5. Results of a custom kinase profiling of compound 7 in an automated assay. pIC50 =�log IC50 [m] .
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filtered by suction, washed with water, and crystallized from etha-
nol to give 103 mg (50 %) of an orange solid. M.p. 250 8C (dec.) ;
1H NMR: d= 10.09 (s, 1 H), 9.67 (s, 1 H), 8.11 (d, J = 9.1 Hz, 2 H), 7.83
(m, 4 H), 7.45 (d, J = 1.8 Hz, 1 H), 7.30 (d, J = 9.1 Hz, 2 H), 7.19 (dd, J
= 1.8, 8.1 Hz, 1 H), 6.93 (d, J = 8.1 Hz, 1 H), 3.63 (t, J = 6.6 Hz, 2 H),
3.03 (“t”, J = 6.5 Hz, 2 H), 2.63 (t, J = 7.3 Hz, 2 H), 2.53 (“t”, J = 6.5 Hz,
2 H), 1.64 (m, 4 H).


2-(4-Phthalimidobutyl)-9-nitro-7,12-dihydroindolo[3,2-d][1]ben-
zazepin-6(5H)-one (13): 7-(4-Phthalimidobutyl)-5-(4-nitrophenyl-
hydrazono)-4,5-dihydro-1H-[1]benzazepin-2(3H)-one (12 ; 200 mg,
0.39 mmol) was suspended in diphenyl ether (20 mL). The mixture
was heated under reflux for 2 h under nitrogen, and then cooled
to RT. Upon addition of petroleum ether (40 mL) a solid was
formed, which was filtered with suction, washed with petroleum
ether, and crystallized from ethanol to give 106 mg (55 %) of a
brown powder. M.p.>300 8C; 1H NMR: d= 12.32 (s, 1 H), 10.10 (s,
1 H), 8.72 (d, J = 2.3 Hz, 1 H), 8.07 (dd, J = 2.3, 8.9 Hz, 1 H), 7.85 (m,
4 H), 7.60 (d, J = 2.2 Hz, 1 H), 7.59 (d, J = 8.9 Hz, 1 H), 7.28 (dd, J
= 2.2, 8.4 Hz, 1 H), 7.18 (d, J = 8.4 Hz, 1 H), 3.64 (m, 2 H), 3.63 (s, 2 H),
2.69 (m, 2 H), 1.68 (m, 4 H).


2-(4-Aminobutyl)-9-nitro-7,12-dihydroindolo[3,2-d][1]benzaze-
pin-6(5 H)-one hydrochloride (3 HCl): Hydrazinium hydroxide
(1 mL) was added to a suspension of 2-(4-phthalimidobutyl)-9-
nitro-7,12-dihydroindolo[3,2-d][1]benzazepin-6(5H)-one (13 ;
322 mg, 0.65 mmol) in ethanol (50 mL). The mixture was heated
under reflux for 6 h. After cooling, the solvent was evaporated
under reduced pressure. The residue was rinsed with NaOH so-
lution (1 n, 20 mL). A solid formed that was separated by centrifu-
gation and washed with water (3 � 20 mL). The solid was then
added to water (100 mL) and concentrated hydrochloride acid
(0.1 mL). The resulting mixture was heated to 60 8C for 30 min.
After filtering off the insoluble solid, the filtrate was concentrated
in vacuo to give 130 mg (50 %) of a brown powder. M.p.>300 8C;
1H NMR: d= 12.48 (s, 1 H), 10.15 (s, 1 H), 8.73 (d, J = 2.3 Hz, 1 H),
8.08 (dd, J = 2.3, 8.9 Hz, 1 H), 7.77 (br s, 3 H), 7.65 (d, J = 1.5 Hz, 1 H),
7.61 (d, J = 8.9 Hz, 1 H), 7.29 (dd, J = 1.5, 8.4 Hz, 1 H), 7.21 (d, J
= 8.4 Hz, 1 H), 3.62 (s, 2 H), 2.82 (m, 2 H), 2.68 (m, 2 H), 1.72 (m, 2 H),
1.60 (m, 2 H); elemental analysis calcd (%) for C20H21N4O3Cl·1.5 H2O:
C 54.99, H 5.76, N 12.82; found: C 54.42, H 5.66, N 13.01; HRMS
(FAB, C20H20N4O3): calcd: 365.1614, found: 365.1596.


7-(3-Phthalimidopropen-1-yl)-1H-[1]benzazepine-2,5(3H,4H)-
dione (15): Synthesized as described for compound 10, with 8[29]


(450 mg, 1.5 mmol), triethylamine (1.0 mL), N-(prop-2-enyl)phthal-
imide (14 ; 400 mg, 2.1 mmol), palladium acetate (10 mg,
0.045 mmol), and triphenylphosphine (20 mg, 0.09 mmol) in DMF
(20 mL). Crystallized from dichloromethane to yield 337 mg (62 %)
of a slightly yellow powder. M.p.>270 8C (dec.) ; 1H NMR: d= 10.10
(s, 1 H), 7.84 (m, 4 H), 7.79 (d, J = 2.0 Hz, 1 H), 7.65 (dd, J = 2.0,
8.4 Hz, 1 H), 7.10 (d, J = 8.4 Hz, 1 H), 6.59 (d, J = 16.0 Hz, 1 H), 6.30
(dt, J = 5.6, 16.0 Hz, 1 H), 4.36 (dd, J = 1.0, 5.6 Hz, 2 H), 2.89 (m, 2 H),
2.65 (m, 2 H).


7-(3-Phthalimidopropen-1-yl)-5-(4-nitrophenylhydrazono)-4,5-di-
hydro-1H-[1]benzazepin-2(3H)-one (16): Synthesized according to
the method described for 12, with 15 (200 mg, 0.56 mmol) and
4-nitrophenylhydrazine (200 mg, 1.3 mmol) in acetic acid (5 mL).
Crystallized from ethanol to give 227 mg (82 %) of orange solid.
M.p. 307 8C (dec.) ; 1H NMR: d= 10.11 (s, 1 H), 9.78 (s, 1 H), 8.13 (d, J
= 9.1 Hz, 2 H), 7.86 (m, 4 H), 7.61 (d, J = 2.0 Hz, 1 H), 7.47 (dd, J = 2.0,
8.4 Hz, 1 H), 7.31 (d, J = 9.1 Hz, 2 H), 6.97 (d, J = 8.4 Hz, 1 H), 6.63 (d,
J = 15.8 Hz, 1 H), 6.31 (dt, J = 15.8, 5.8 Hz, 1 H), 4.37 (d, J = 5.8 Hz,
2 H), 3.04 (“t”, J = 6.5 Hz, 2 H), 2.54 (“t”, J = 6.5 Hz, 2 H).


2-(3-Phthalimidopropen-1-yl)-9-nitro-7,12-dihydroindolo[3,2-d]
[1]benzazepin-6(5H)-one (17): Synthesized as described for 13,
with 16 (150 mg, 0.30 mmol) in diphenyl ether (15 mL). Crystallized
from ethanol to give 102 mg (70 %) of a brown powder. M.p.
>310 8C; 1H NMR: d= 12.33 (s, 1 H), 10.21 (s, 1 H), 8.72 (d, J
= 2.0 Hz, 1 H), 8.06 (dd, J = 2.0, 8.9 Hz, 1 H), 7.90 (m, 4 H), 7.80 (d, J
= 1.6 Hz, 1 H), 7.56 (d, J = 8.9 Hz, 1 H), 7.52 (dd, J = 1.6, 8.4 Hz, 1 H),
7.22 (d, J = 8.4 Hz, 1 H), 6.62 (d, J = 15.5 Hz, 1 H), 6.41 (dt, J = 15.5,
5.7 Hz, 1 H), 4.41 (d, J = 5.7 Hz, 2 H), 3.64 (s, 2 H).


2-(3-Aminopropyl)-9-nitro-7,12-dihydroindolo[3,2-d][1]benza-
zepin-6(5H)-one hydrochloride (4 HCl): Hydrazinium hydroxide
(1 mL) was added to a suspension of 2-(phthalimidoprop-4-en-1-
yl)-9-nitro-7,12-dihydroindolo[3,2-d][1]benzazepin-6(5H)-one (17;
214 mg, 0.45 mmol) in ethanol (20 mL). Subsequently, the mixture
was heated under reflux for 24 h in the presence of air. After cool-
ing, the solvent was evaporated under reduced pressure. The resi-
due was rinsed with NaOH solution (1 n, 20 mL), the formed fine
solid was separated by centrifugation and washed with water (3 �
20 mL). The solid was then added to water (100 mL) and concen-
trated hydrochloride acid (0.1 mL). The resulting mixture was
heated to 60 8C for 30 min, the insoluble solid was filtered off, and
the filtrate was concentrated to give 70 mg (40 %) of a brown
powder. M.p.>300 8C; 1H NMR: d= 12.54 (s, 1 H), 10.17 (s, 1 H), 8.74
(d, J = 2.0 Hz, 1 H), 8.08 (dd, J = 2.0, 9.2 Hz, 1 H), 7.90 (br s, 3 H), 7.66
(d, J = 1.8 Hz, 1 H), 7.62 (d, J = 8.9 Hz, 1 H), 7.30 (dd, J = 1.8, 8.4 Hz,
1 H), 7.22 (d, J = 8.1 Hz, 1 H), 3.63 (s, 2 H), 2.83 (m, 2 H), 2.72 (t, J
= 7.5 Hz, 2 H), 1.95 (m, 2 H); elemental analysis calcd (%) for
C19H19N4O3Cl·H2O: C 56.37, H 5.23, N 13.84; found: C 55.97, H 5.06,
N 13.23; HRMS: calcd: 350.1377 [C19H18N4O3]+ , found: 350.1369;
calcd: 351.1457 [C19H18N4O3+H]+ , found: 351.1453.


3-(2,5-Dioxo-2,3,4,5-tetrahydro-1H-[1]benzazepin-7-yl)-acryloni-
trile (20): Synthesized as described for compound 10, with 8
(448 mg, 1.5 mmol), triethylamine (1.0 mL), acrylonitrile (18 ;
1.10 mL, 15 mmol), palladium acetate (19 mg, 0.09 mmol), and tri-
phenylphosphine (43 mg, 0.17 mmol) in DMF (20 mL), reaction
time 2 h. Purified by column chromatography (petroleum ether/
ethyl acetate 1:1) to yield 230 mg (68 %) of a mixture of E/Z prod-
ucts as slightly yellow powder. 1H NMR: (Z form): d= 10.42 (s, 1 H),
8.39 (d, J = 2.3 Hz, 1 H), 8.04 (dd, J = 2.28, 8.4 Hz, 1 H), 7.49 (d, J
= 11.9 Hz, 1 H), 7.34 (d, J = 8.4 Hz, 1 H), 5.92 (d, J = 11.9 Hz, 1 H), 3.00
(m, 2 H), 2.78 (m, 2 H). (E form): d= 10.37 (s, 1 H), 8.11 (d, J = 2.0 Hz,
1 H), 7.93 (dd, J = 2.04, 8.4 Hz, 1 H), 7.75 (d, J = 16.8 Hz, 1 H), 7.28 (d,
J = 8.4 Hz, 1 H), 6.49 (d, J = 16.8 Hz, 1 H), 3.01 (m, 2 H), 2.77 (m, 2 H);
elemental analysis calcd (%) for C13H10N2O2: C 69.02, H 4.45, N
12.38; found: C 69.01, H 4.65, N 11.23.


3-(2,5-Dioxo-2,3,4,5-tetrahydro-1H-[1]benzazepin-7-yl)-propioni-
trile (22): Synthesized according to the method described for 11,
with 20 (160 mg, 0.7 mmol), ethanol (200 mL), and 10 % Pd/C
(50 mg). Purified by column chromatography (petrol ether/ethyl
acetate 1:1) to give 120 mg (74 %) white solid. M.p. 198 8C;
1H NMR: d= 10.05 (s, 1 H), 7.74 (d, J = 2.3 Hz, 1 H), 7.48 (dd, J = 2.3,
8.4 Hz, 1 H), 7.13 (d, J = 8.4 Hz, 1 H), 2.93–2.86 (m, 4 H), 2.80 (m, 2 H),
2.65 (m, 2 H); elemental analysis calcd (%) for C13H12N2O2 : C 68.41,
H 5.30, N 12.27; found: C 68.37, H 5.40, N 11.91.


3-(2-Oxo-5-(4-nitrophenylhydrazono)-2,3,4,5-tetrahydro-1H-
[1]benzazepin-7-yl)-propionitrile (24): Synthesized according to
the method described for 12 with 22 (110 mg, 0.48 mmol), acetic
acid (4 mL), and 4-nitrophenylhydrazine (115 mg, 0.75 mmol). Re-
crystallization from ethanol gave 92 mg (53 %) of an orange solid.
M.p.>285 8C (dec.) ; 1H NMR: d= 10.13 (s, 1 H), 9.74 (s, 1 H), 8.12 (d,
J = 9.2 Hz, 2 H), 7.60 (d, J = 2.0 Hz, 1 H), 7.36 (d, J = 9.2 Hz, 2 H), 7.29
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(dd, J = 2.0, 8.2 Hz, 1 H), 6.99 (d, J = 8.2 Hz, 1 H), 3.05 (“t”, J = 6.6 Hz,
2 H), 2.92 (m, 2 H), 2.84 (m, 2 H), 2.55 (“t”, J = 6.6 Hz, 2 H).


3-(6-Oxo-9-nitro-5,6,7,12-tetrahydroindolo[3,2-d][1]benzazepin-
2-yl)propionitrile (7): Synthesized as described for 13 with 24
(58 mg, 0.16 mmol) in diphenyl ether (5 mL). Recrystallization from
ethanol gave 40 mg (72 %) of a brown powder. M.p.>300 8C;
1H NMR: d= 12.35 (s, 1 H), 10.17 (s, 1 H), 8.73 (d, J = 2.3 Hz, 1 H),
8.08 (dd, J = 2.3, 8.9 Hz, 1 H), 7.69 (d, J = 1.8 Hz, 1 H), 7.61 (d, J
= 8.9 Hz, 1 H), 7.38 (dd, J = 1.8, 8.1 Hz, 1 H), 7.24 (d, J = 8.1 Hz, 1 H),
3.65 (s, 2 H), 2.97 (m, 2 H), 2.90 (m, 2 H); HRMS (FAB) calcd:
346.1065 [C19H14N4O3]+ ; found: 346.1080, calcd: 347.1144
[C19H14N4O3+H]+ , found: 347.1157.


(E)-3-(2,5-Dioxo-2,3,4,5-tetrahydro-1H-[1]benzazepin-7-yl)prop-2-
enonic acid methyl ester (21): Synthesized as described for com-
pound 10 with 8 (800 mg, 2.66 mmol), triethylamine (1.0 mL),
prop-2-enonic acid methyl ester (19 ; 1.10 mL, 15 mmol), palladium
acetate (20 mg, 0.1 mmol), and triphenylphosphine (40 mg,
0.15 mmol) in DMF (15 mL); reaction temperature 80 8C. Recrystalli-
zation from ethanol gave 542 mg (79 %) of a slightly yellow
powder. M.p.>240 8C (dec.) ; 1H NMR: d= 10.30 (s, 1 H), 8.06 (d, J
= 2.0 Hz, 1 H), 7.96 (dd, J = 2.0, 8.4 Hz, 1 H), 7.67 (d, J = 16.0 Hz, 1 H),
7.21 (d, J = 8.4 Hz, 1 H), 6.60 (d, J = 16.0 Hz, 1 H), 3.72 (s, 3 H), 2.93
(m, 2 H), 2.70 (m, 2 H).


3-(2,5-Dioxo-2,3,4,5-tetrahydro-1H-[1]benzazepin-7-yl)-propionic
acid methyl ester (23): Synthesized according to the method de-
scribed for 11, employing 21 (450 mg, 1.7 mmol), THF (200 mL),
and 10 % Pd/C (50 mg). Purification by column chromatography
(petroleum ether/ethyl acetate 1:1) gave 400 mg (89 %) of a white
solid. M.p. 145 8C; 1H NMR: d= 10.02 (s, 1 H), 7.65 (d, J = 2.0 Hz,
1 H), 7.42 (dd, J = 2.0, 8.4 Hz, 1 H), 7.08 (d, J = 8.4 Hz, 1 H), 3.58 (s,
3 H), 2.89 (m, 2 H), 2.84 (t, J = 7.6 Hz, 2 H), 2.64 (m, 2 H), 2.62 (t, J
= 7.6 Hz, 2 H); elemental analysis calcd (%) for C14H15NO4 : C 64.36,
H 5.79, N 5.36; found: C 64.45, H 5.78, N 5.35.


3-(2-Oxo-5-(4-nitrophenylhydrazono)-2,3,4,5-tetrahydro-1H-
[1]benzazepin-7-yl)-propionic acid methyl ester (25): Synthesized
according to the method described for 12 with 23 (300 mg,
1.15 mmol), glacial acetic acid (5 mL), and 4-nitrophenylhydrazine
(300 mg, 2.0 mmol). Crystallization from methanol yielded 340 mg
(75 %) of an orange solid. M.p.>260 8C (dec.) ; 1H NMR: d= 10.13 (s,
1 H), 9.71 (s, 1 H), 8.14 (d, J = 9.4 Hz, 2 H), 7.50 (d, J = 2.0 Hz, 1 H),
7.33 (d, J = 9.4 Hz, 2 H), 7.23 (dd, J = 2.0, 8.1 Hz, 1 H), 6.95 (d, J
= 8.1 Hz, 1 H), 3.61 (s, 3 H), 3.04 (t, J = 6.3 Hz, 2 H), 2.88 (t, J = 7.5 Hz,
2 H), 2.67 (t, J = 7.5 Hz, 2 H), 2.53 (t, J = 6.3 Hz, 2 H); elemental analy-
sis calcd (%) for C20H20N4O5 : C 60.60, H 5.09, N 14.13; found: C
60.22, H 4.94, N 14.12.


3-(6-Oxo-9-nitro-5,6,7,12-tetrahydroindolo[3,2-d][1]benzazepin-
2-yl)propionic acid methyl ester (6): Synthesized as described for
13 with 25 (280 mg, 0.71 mmol) in diphenyl ether (20 mL). Crystalli-
zation from methanol gave 150 mg (56 %) of a brown powder.
M.p.>300 8C; 1H NMR: d= 12.35 (s, 1 H), 10.14 (s, 1 H), 8.73 (d, J
= 2.0 Hz, 1 H), 8.07 (dd, J = 2.0, 8.9 Hz, 1 H), 7.64 (d, J = 1.5 Hz, 1 H),
7.60 (d, J = 8.9 Hz, 1 H), 7.31 (dd, J = 1.5, 8.4 Hz, 1 H), 7.20 (d, J
= 8.4 Hz, 1 H), 3.63 (s, 2 H), 3.61 (s, 3 H), 2.94 (t, J = 7.6 Hz, 2 H), 2.73
(t, J = 7.6 Hz, 2 H); HRMS calcd: 379.1166 [C20H17N3O5]+ , found:
379.1201, calcd: 380.1246 [C20H17N3O5+H]+ , found: 380.1255.


3-(6-Oxo-9-nitro-5,6,7,12-tetrahydroindolo[3,2-d][1]benzazepin-
2-yl)propionic acid (5): Sodium hydroxide solution (1 m, 2 mL) was
added to a solution of 3-(6-oxo-9-nitro-5,6,7,12-tetrahydroindo-
lo[3,2-d][1]benzazepin-2-yl)propionic acid methyl ester (6 ; 200 mg,
0.53 mmol) in 1,4-dioxane (5 mL). The mixture was stirred at RT for


4 h. Subsequently, the mixture was cooled to 0 8C, and concentrat-
ed hydrochloric acid (0.2 mL) was added dropwise. A solid precipi-
tated, which was filtered off, washed with water (3 � 10 mL), and
crystallized from ethanol to give 104 mg (54 %) of a yellow
powder. M.p.>300 8C; 1H NMR: d= 12.36 (s, 1 H), 12.18 (br s, 1 H),
10.13 (s, 1 H), 8.72 (d, J = 2.0 Hz, 1 H), 8.07 (dd, J = 2.0, 8.9 Hz, 1 H),
7.64 (d, J = 1.8 Hz, 1 H), 7.60 (d, J = 8.9 Hz, 1 H), 7.31 (dd, J = 2.0,
8.3 Hz, 1 H), 7.19 (d, J = 8.3 Hz, 1 H), 3.63 (s, 2 H), 2.90 (t, J = 7.6 Hz,
2 H), 2.63 (t, J = 7.6 Hz, 2 H); elemental analysis calcd (%) for
C19H15N3O5·1.5 H2O: C 58.16, H 4.62, N 10.71; found: C 58.44, H 4.44,
N 10.68.


Kinase assays


Reagents : Homogenization buffer: b-glycerophosphate (60 mm), p-
nitrophenylphosphate (15 mm), Mops (25 mm ; pH 7.2), ethylene-
glycol bis(2-aminoethylether)tetraacetic acid (EGTA; 15 mm), MgCl2


(15 mm), dithiothreitol (DTT, 1 mm), sodium vanadate (1 mm), NaF
(1 mm), phenylphosphate (1 mm), leupeptin (10 mg mL�1), aprotinin
(10 mg mL�1), soybean trypsin inhibitor (10 mg mL�1), and benzami-
dine (100 mg). Buffer A: MgCl2 (10 mm), EGTA (1 mm), DTT (1 mm),
Tris/HCl (25 mm ; pH 7.5), heparin (50 mg mL�1). Buffer C: homogeni-
zation buffer but with 5 mm EGTA, no NaF, and no protease inhibi-
tors. Kinase activities were assayed in duplicates in buffer A or C at
30 8C and at a final ATP concentration of 15 mm. The order of
mixing the reagents was: buffers, substrate, enzyme, inhibitor.
There was no preincubation at 30 8C. Addition of radiolabeled ATP
was considered as time t = 0 of the incubation period. Assays were
run under conditions in which less than 5 % of the radiolabeled
phosphate was incorporated. Blank values were subtracted, and ac-
tivities were calculated as pmol of phosphate incorporated for a
10 min incubation. The activities are usually expressed in percent-
age of the maximal activity, that is, in the absence of inhibitors.
Controls were performed with appropriate dilutions of DMSO.


GSK-3b : GSK-3b was expressed in and purified from insect Sf9
cells.[33] It was assayed, following a 1:100 dilution in 1 mg bovine
serum albumin per mL 10 mm DTT, with GS-1 peptide (5 mL 40 mm)
as a substrate, in buffer A, in the presence of [g-32P]ATP (15 mm,
3000 Ci mmol�1, 1 mCi mL�1) in a final volume of 30 mL. After
30 min incubation at 30 8C, 25 mL aliquots of supernatant were
spotted onto 2.5 � 3 cm pieces of Whatman P81 phosphocellulose
paper, and, 20 s later, the filters were washed five times (for at
least 5 min each time) in a solution of phosphoric acid (10 mL per
liter of water). The wet filters were counted in the presence of ACS
(1 mL, Amersham) scintillation fluid.


CDK1/cyclin B. CDK1/cyclin B was extracted in homogenization
buffer from M-phase starfish (Marthasterias glacialis) oocytes and
purified by affinity chromatography on p9CKShs1 Sepharose beads,
from which it was eluted by free p9CKShs1 as previously described.[34]


The kinase activity was assayed in buffer C, with histone H1
(1 mg mL), in the presence of [g-32P]ATP (15 mm, 3000 Ci mmol�1,
1 mCi mL�1) in a final volume of 30 mL. After 10 min incubation at
30 8C, 25 mL aliquots of supernatant were spotted onto P81 phos-
phocellulose papers and treated as described above.


CDK5/p25. CDK5/p25 was reconstituted by mixing equal amounts
of recombinant mammalian CDK5 and p25 expressed in E. coli as
GST (glutathione S-transferase) fusion proteins and purified by af-
finity chromatography on glutathione–agarose (vectors kindly pro-
vided by J. H. Wang, Department of Medical Chemistry, University
of Calgary, Alberta, Canada; p25 is a truncated version of the p35,
the 35 kDa CDK5 activator). Its activity was assayed in buffer C as
described for CDK1/cyclin B.
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Custom kinase inhibition assays for Ins-R, PDGF-Rb, CDK4/D1,
Aurora A, Aurora BCDK2/AAKT1, IGF1-R, SRC, VEGF-R2, EGF-R,
EPHB4, ErbB2, FAK, TIE2, VEGF-R3, PLK1, GSK3b, NEK2, Abl : The
assays were performed in an automated system run by the ProQi-
nase Company (Freiburg, Germany). All protein kinases were ex-
pressed in Sf9 insect cells as human recombinant GST-fusion pro-
teins or His-tagged proteins by means of the baculovirus expres-
sion system. Kinases were purified by affinity chromatography by
using either GSH–agarose (Sigma) or Ni-NTH–agarose (Qiagen). The
purity and identity of each kinase was checked by SDS-PAGE/silver
staining and by Western blotting analysis with specific antibodies.
A proprietary protein kinase assay (33 PanQinase� Activity Assay)
was used for measuring the kinase activity of the 20 protein kinas-
es. All kinase assays were performed in 96-well FlashPlatesTM from
Perkin Elmer/NEN (Boston, MA, USA) in a 50 mL reaction volume.
The reaction cocktail was pipetted in four steps in the following


* 20 mL of assay buffer (standard buffer)


* 5 mL of ATP solution (in H2O)


* 5 mL of test compound (in 10 % DMSO)


* 10 mL of substrate/10 mL of enzyme solution (premixed)


The assay for all enzymes contained HEPES/NaOH (60 mm, pH 7.5),
MgCl2 (3 mm), MnCl2 (3 mm), Na-orthovanadate (3 mm), DTT
(1.2 mm), PEG20000 (50 mg mL�1), [g-33P]-ATP (1 mm, ca. 5 � 105 cpm
per well).


The reaction cocktails were incubated at 30 8C for 80 min. The reac-
tion was stopped with H3PO4 (50 mL, 2 % (v/v)), plates were aspirat-
ed and washed twice with H2O (200 mL) or NaCl (200 mL, 0.9 %
(w/v)). Incorporation of 33Pi was determined with a microplate scin-
tillation counter (Microbeta, Wallac). All assays were performed
with a BeckmanCoulter/Sagian robotic system. With the residual
activities (in %) obtained for each concentration, the compound
IC50 values were calculated by using Prism 3.03 for Windows
(Graphpad, San Diego, California, USA; www.graphpad.com). The
model used was “Sigmoidal response (variable slope)” with param-
eters “top” fixed at 100 % and “bottom” at 0 %.
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PTK 787/ZK 222584, a Tyrosine Kinase Inhibitor
of all Known VEGF Receptors, Represses Tumor
Growth with High Efficacy
Holger Hess-Stumpp, Martin Haberey, and Karl-Heinz Thierauch*[a]


Introduction


From the time of the discovery of ATP in 1929 until the mid-
1980s, most ideas about the potential of ATP-binding enzymes
as a therapeutic target were hampered by concerns over possi-
ble negative consequences on energy metabolism and cell-sig-
naling pathways. Targeting the ATP-binding pocket was also
considered problematic due to its relative conservation in
many enzymes. It was not until the discovery of natural mole-
cules with the properties of specific kinase activation (e.g.
phorbol esters[2, 3]) and inhibition (e.g. staurosporine[4]) that a
systematic conception of kinase-inhibitor synthesis began.[5]


Currently, rationally designed small-molecule therapies are able
to target the deep ATP-binding groove with high affinity and
some binding specificity due to subtle differences within the
groove. Given that many mutated, and thereby constitutively
activated, cellular kinases are known to be oncogenic, these
kinases are now relevant therapeutic targets for small mole-
cules, with the hope that blocking their activity might result in
tumor-growth inhibition.[6] In this respect, two small-molecule
kinase inhibitors have recently entered the cancer drug
market, constituting a breakthrough for this kind of therapeu-
tic approach: Gleevec,[7] a bcr/c-abl and c-kit inhibitor, and
Iressa,[8] an EGFR inhibitor.


Antiangiogenic therapy is an emerging field in tumor biol-
ogy in which kinase inactivation plays an important role. An-
giogenesis in adults is a physiological process in reproductive
tissues and a pathophysiological one in wound healing, ocular
disease, inflammation, and tumor growth. Inhibition of angio-


genesis was therefore considered more than thirty years ago
as a specific target for tumor therapy.[9] Blood-vessel growth is
induced by binding of VEGF-A isoforms to their receptors and
progresses along a VEGF gradient established in hypoxic tis-
sues. VEGF receptors are almost exclusively located on the sur-
face of endothelial cells.[10] The growth of lymphatic vessels is
rather dependent on VEGF-C and VEGF-D.[11] To interfere with
VEGF signaling is a valid strategy for blocking angiogene-
sis.[12, 13] This can be done by means of humanized monoclonal
antibodies against VEGF-A[14] or by sequestering VEGF-A with a
soluble chimeric protein consisting of the extracellular domain
of VEGFR1 and the Fc portion of immunoglobulins, which
traps VEGF-A.[15] PTK/ZK,[16] a small-molecule tyrosine kinase in-


[a] Dr. H. Hess-Stumpp, Priv.-Doz. Dr. M. Haberey, Dr. K.-H. Thierauch
Schering AG, Corporate Research Oncology
M�llerstraße 170–178, 13353 Berlin (Germany)
Fax:(+ 49) 30-4689-5798
E-mail : karlheinz.thierauch@schering.de


The angiogenesis inhibitor PTK 787/ZK 222584 (PTK/ZK) blocks all
known VEGF receptor (VEGFR) tyrosine kinases, including the lym-
phangiogenic VEGFR3, in the lower nanomolar range. From a
panel of 100 kinases only PDGFR, c-kit, and c-fms are inhibited
beyond those in the nanomolar range. PTK/ZK functions as a
competitive inhibitor at the ATP-binding site of the receptor
kinase as shown here in kinetic experiments. The VEGF signal
blockade in microvascular endothelial cells (MVEC) results in a
blockade of MVEC proliferation (IC50 = 30 nm), without affecting
the proliferation of normal tissue cells and tumor cells. The effica-
cy of PTK/ZK depends on its continuous presence within the en-
dothelial target cells. Early removal attenuates its antiprolifera-
tive activity in vitro. Growth inhibition of endothelial cells is fully
reversible as demonstrated by “washout” experiments. Without
inhibiting tumor cell proliferation directly, PTK/ZK results in a sig-


nificant retardation of tumor growth in a number of experimen-
tal tumor models of different tissue origin. Combination of PTK/
ZK with an antiandrogen revealed additive effects on tumor-
growth inhibition. Treatment efficacy was monitored both by
tumor weight and by the determination of serum concentrations
of the surrogate marker PSA. PTK/ZK is currently being investigat-
ed in patients with different solid tumor types for its therapeutic
utility. Preliminary data from phase I/II clinical trials of PTK/ZK as
a monotherapy suggested a positive safety and tolerability pro-
file, which we interpret to be a consequence of the high selectivi-
ty of the drug for a limited number of kinases. Preliminary re-
sponse, time to progression, and overall survival data were prom-
ising.[1] Based on these encouraging results, PTK/ZK is currently in
Phase III clinical trials for metastatic colorectal cancer.
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hibitor, interferes with the kinase activity of all three VEGF re-
ceptors (VEGFRs). The kinase domains of VEGFRs are located
intracellularly and are activated upon extracellular binding of
secreted VEGF family members followed by receptor dimeriza-
tion. Here we show that VEGFR inhibition by PTK/ZK is ach-
ieved by competitive binding of the small molecule at the
ATP-binding site within the kinase domains of VEGFR, and that
the enzyme inhibition is reversible. Furthermore, we show that
the enzyme inhibition is highly selective for VEGFRs and trans-
lates to growth inhibition of experimental tumors. We will dis-
cuss these findings in the light of early clinical experience with
this compound.


Results


Kinase selectivity


Highly selective inhibitors are demanded for therapeutic use,
since kinases are rather ubiquitous regulators of cell function.
Therefore approximately 100 different kinases were analyzed
for their inhibition by PTK/ZK at a concentration of 10 mm


(Table 1). Inhibition in the nanomolar concentration range was
found only for the angiogenesis-regulating kinases VEGFR1
(IC50 = 54�46 nm, n = 90), VEGFR2 (IC50 = 39�21 nm, n = 264),
VEGFR3 (see cellular assays), and to a lesser extent PDGFRb


(IC50 = 567�504 nm, n = 39; Table 2 a). The hematopoiesis-di-
rected kinase receptors c-kit (IC50 = 364�173 nm, n = 60) and


c-fms (600 nm, n = 2) were the only other kinases that were in-
hibited in this range. These findings are in accordance with
those of Wood et al.[16] and Bold et al.[17] Lyn (IC50 = 1.8 mm), a
member of the src kinase family, and c-raf (IC50 = 3.6 mm) are in-
tracellular kinases and the only angiogenesis-irrelevant kinases
found to be inhibited below 10 mm (Table 2 b). For all other kin-
ases, inhibition was weaker or even absent (Table 2 c).


Mechanism of kinase inhibition


To investigate the mechanism by which PTK/ZK inhibits the
signaling of VEGFRs, PTK/ZK was used in the presence of in-
creasing amounts of ATP in a VEGFR-2 kinase inhibition assay
with a chimera of the GST-VEGFR kinase domain as enzyme. It
was found that PTK/ZK exhibited reaction kinetics consistent
with competitive inhibition to block ATP binding. In Figure 1,
the results are presented as a Dixon plot. The regression lines,
representing the reciprocal reaction velocities versus the inhib-
itor concentrations, intersect at one point for all inhibition
curves as expected for a competitive mode of inhibition. Their
increasingly flatter slopes are a sign of the decreasing apparent
KM-app with increasing ATP concentrations.


Inhibition of cellular kinases VEGFR-2 and VEGFR-3


The inhibition of VEGFR kinases requires the permeation of the
drug into the cell. When microvascular endothelial cells
(MVECs) were incubated with PTK/ZK for 5 min followed by
the addition of VEGF-A, we observed a concentration-depend-
ent inhibition of VEGFR-2 autophosphorylation. In Figure 2,
a Western blot of VEGFR-2 receptor autophosphorylation is


Table 1. Inhibition of kinases by PTK/ZK (double determinations) ; results are
given as % inhibition of the respective kinase activity at 10 mm PTK/ZK, neg-
ative values represent measurement artifacts.


Abl(h) 36 Fms(h) 99 PKBb(h) 6
Abl(T315I)(h) 2 Fyn(h) �8 PKBg(h) �4
ALK(h) 68 GSK3a(h) 10 PKCa(h) 8
AMPK(r) 3 GSK3b(h) 6 PKCbII(h) 3
Arg(m) 35 IGF-1R(h) 7 PKCg(h) �4
Aurora-A(h) 79 IKKa(h) 1 PKCd(h) 22
Axl(h) 12 IKKb(h) �6 PKCe(h) �6
Blk(m) 32 IR(h) 6 PKCh(h) 8
Bmx(h) 5 JNK1a1(h) �22 PKCi(h) �6
BTK(h) 10 JNK2a2(h) 8 PKCm(h) 7
CaMKII(r) �10 JNK3(h) �31 PKCq(h) 3
CaMKIV(h) �8 Lck(h) 30 PKD2(h) 5
CDK1/cyclinB(h) 4 MAPK1(h) 2 PRAK(h) 20
CDK2/cyclinE(h) �1 MAPK2(h) �1 PRK2(h) 20
CDK3/cyclinE(h) 5 MAPKAP-K2(h) 12 Ros(h) �5
CDK5/p35(h) 64 MEK1(h) �12 Rsk1(h) �10
CDK6/cyclinD3(h) 8 Met(h) 14 Rsk2(h) 4
CDK7/cyclinH/MAT1(h) 7 MKK4(m) �3 Rsk3(h) 10
CHK1(h) -8 MKK6(h) 22 SAPK2a(h) 2b


CHK2(h) 2 MKK7b(h) �35 SAPK2b(h) 10
CK1d(h) �14 MSK1(h) 1 SAPK3(h) 13
CK2(h) 8 MST2(h) 9 SAPK4(h) �5
CSK(h) 23 NEK2(h) �9 SGK(h) 44
c-SRC(h) 26 p70S6K(h) 5 Syk(h) 28
EGFR(h) �18 PAK2(h) �4 TrkB(h) 26
EphB2(h) 5 PAR-1Ba(h) �4 Yes(h) 13
EphB4(h) �10 PDGFRa(h) 76 ZAP-70(h) 25
Fes(h) �13 PDK1(h) �4 PRAK(h) 20
FGFR3(h) 14 PKA(h) 7
Flt3(h) 7 PKBa(h) 3


Table 2. Inhibition of kinases by PTK/ZK as shown by concentration/res-
ponse curves.


Dose response IC50 [nm] Number of
experiments


a)IC50<1 mm


VEGFR1 54f�46 90
VEGFR2 39�21 264
c-kit 364�173 60
c-fms 600 2
PDGFRb 567�504 39
b) IC50 = 1–5 mm


Lyn 1 800 2
c-raf 3 600 2
c) IC50>10 mm


CDK1 >10 000 2
CDK2 >10 000 4
CDK4 >10 000 2
EGFR >10 000 4
c-fyn >10 000 2
GSKb3 >10 000 1
InsR >10 000 4
MAP >10 000 2
PKCa(h) >10 000 1
Plk-1 >10 000 1
c-src >10 000 2
Tie2(h) >10 000 5
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shown. When MVECs were stimulated with VEGF-C, similar re-
sults were seen for the inhibition of VEGFR-3 receptor auto-
phosphorylation tested either by Western blot or by ELISA.
In Figure 3 a concentration-dependent VEGFR-3 signaling de-
crease is shown in the presence of PTK/ZK. The IC50 of 30 nm is
in the same concentration range as that for VEGFR-2.


Duration and reversibility of inhibition


The inhibition of VEGFR kinases in endothelial cells by PTK/ZK
prevented VEGF-dependent cell proliferation (IC50 = 30 nm ;
Figure 4). It is worth mentioning that at a concentration of


3 mm there was complete inhibition of cellular proliferation to
levels similar to that of the unstimulated control cells, while no
cytotoxicity was observed for tumor cells (data not shown).
This assay was then used to assess the onset and reversibility
of the inhibitory action of PTK/ZK. We incubated endothelial
cells under assay conditions as described above and added the
inhibitor PTK/ZK either at the beginning or at later time points.
Belated addition of PTK/ZK to cell preparations led to a shift in
apparent IC50 values, with a complete lack of inhibition ob-
served when PTK/ZK was added later than 32 h from the start
of the proliferation assay (Figure 5). Furthermore, we examined
the reversibility of the inhibitory action of PTK/ZK on endothe-
lial cells. Figure 6 shows the effect on endothelial cell prolifera-
tion after simultaneous addition of PTK/ZK with VEGF-A, fol-
lowed by the removal of PTK/ZK from the medium at various
time points by exchange of medium plus VEGF. When PTK/ZK
was removed directly after the start of growth stimulation with
VEGF-A or for up to 8 h following, almost no endothelial cell
growth inhibition was observed compared to controls. Howev-
er, when the removal was made 48 h from the start of the ex-
periment, the inhibition of cell proliferation reached its maxi-
mum and could no longer be remedied by the removal of
PTK/ZK.


To further show the reversibility of PTK/ZK inhibition of pro-
liferation, we performed a proliferation experiment in which
we incubated MVEC for 24 h with PTK/ZK or not, washed it out
and then added medium or medium plus VEGF (Figure 7). The
first observation is that the number of cells does not increase


very much in the culture period.
Cells cultured in low-serum
medium did not proliferate
much either within one day or
four days. Treatment with PTK/
ZK for one day reduces the cell
number slightly both after one
or four days of culture. If, how-
ever, VEGF is present beginning
with day 2 for three days, the
endothelial cell proliferation can
be stimulated similarly, both in
cells that never experienced
PTK/ZK or those treated with
3 mm of PTK/ZK for 24 h. Due to
the interjacent treatments and
washings, the VEGF stimulation


ratio for both groups is not as high as with previous or parallel
proliferation assays (cf Figure 4).


Inhibition of tumor growth


PTK/ZK has a high oral bioavailability (65 mm after 0.5 h; 75 mm


after 1 h; 50 mm after 4 h in female NMRI nu/nu mice after ap-
plication of 50 mg kg�1) and its efficacy has been analyzed in a
number of different syngeneic and xenograft tumors. Table 3
shows a summary of the T/C ratios of several tumor models
after treatment with PTK/ZK. In most cases, an approximately
50 % inhibition of the tumor growth was found, independently


Figure 1. Competitive inhibition of VEGFR2-kinase by PTK/ZK. Concentration-
dependent inhibition of GST-VEGFR kinase activity was investigated as de-
scribed in the Experimental Section in the presence of increasing concentrations
of ATP. The results are given as a Dixon representation of the inverse of reac-
tion velocity versus concentration of PTK/ZK (data points and linear trend
lines).


Figure 2. Inhibition of VEGFR2 autophosphorylation by PTK/ZK. MVECs were cultured in 24-well plates and maintained
overnight in low-serum medium before PTK/ZK was added in increasing concentrations followed by stimulation with
VEGF-A at 40ng mL�1. Cell lysates were treated as indicated in the Experimental Section.
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of the origin of the tumor. The animal weights devel-
oped in parallel in treated and untreated groups; this
indicated that no acute toxicity occurred (data not
shown). The effects of increasing doses of PTK/ZK on tumor
growth inhibition were investigated in the B16F10 melanoma
model, starting with daily doses of 25 mg kg�1 up to


100 mg kg�1 and also with dosing twice daily. As illustrated in
Figure 8 a, the tumor growth in C57/Bl6 mice was inhibited in
a dose-dependent manner. Twice daily dosing improved effica-


Figure 3. A) and B) Inhibition of VEGFR3 autophosphorylation by PTK/ZK. MVECs were stimulated with 100 ng mL�1 VEGF-C in the presence of increasing amounts
of PTK/ZK, and the lysates were investigated by A) Western blot or B) ELISA.


Figure 4. Inhibition of microvascular endothelial cell proliferation
by PTK/ZK. MVECs were cultured for 3 days in the presence of
1 nm VEGF-A and different concentrations of PTK/ZK. The cell
number was determined as described in the Experimental Section.


Figure 5. Inhibition of VEGF-A-stimulated MVEC proliferation by PTK/ZK is dependent on
the time of compound addition. MVEC were treated with 40 ng mL�1 VEGF-A, and PTK/ZK
was added after increasing periods of time. The amount of endothelial cells was quantified
after 3 days of culture. The graph shows the set of curves obtained for the different time
points of PTK/ZK addition and demonstrates the apparent increase in IC50 values upon
belated addition.
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cy even further (Figure 8 b). In Figure 9 a, the inhibi-
tory time course of tumor growth was investigated
for the human prostate hormone-sensitive xenograft
CWR22. Effective tumor-growth inhibition was also
observed in this model. The efficacy could be in-
creased by a combination of PTK/ZK (100 mg kg�1


perorally (p.o.)) and the antiandrogen cyproterone
acetate (CPA; 30 mg kg�1 subcutaneously (s.c.)). In
addition, serum concentrations of prostate-specific
antigen (PSA) of the animals were measured; this is
used as a surrogate marker in the adjuvant therapy
with antiandrogens (Figure 9 b). We found that
tumor size and plasma PSA concentrations de-
creased in direct correlation with the treatment suc-
cess (4.8 mg L�1 for the combination versus 52 mg L�1


in untreated control animals at day 34; Figure 9 b).


Discussion


The identification and characterization of PTK/ZK is
an example of a selective, potent, and well-tolerated
kinase inhibitor that is suitable for tumor therapy.
Almost 100 out of the 518 putative and postulated
cellular kinases were tested[18] and no other kinase
than those described here was found to be inhibited
in a nanomolar range by PTK/ZK. All three VEGFR ty-
rosine kinases (1–3) were inhibited efficiently. The
observed selectivity of PTK/ZK and its lack of effects


on tumor-cell proliferation support the assertion that the inhib-
ition of VEGFR kinases is the relevant mechanism by which
tumor-growth inhibition in animal models is achieved. Com-
pounds with a broader kinase-inhibition profile, such as small-
molecule inhibitors of VEGFRs and EGFR, are known to cause
additional side effects, such as rashes[19] and damage of the in-
testinal mucosa resulting in serious diarrhea.[20] In animals,
damage in the eye and buccal mucosa was observed after
long-term treatment with compounds that show EGFR-block-
ing efficacy (~1 month; unpublished results by M.H.). By con-
trast, the weaker inhibition of PDGFR-b by PTK/ZK may further
enhance its antiangiogenic activity as PDGF signaling has been
shown to be important in the interaction of pericytes with en-
dothelial cells and thus secures the stabilization of developing
blood vessels.[21] c-kit plays a role in hematopoietic cell devel-
opment; however, in animal experiments, no changes in leuko-
cyte patterns were observed.[16] Hypertension is a common
side effect for VEGFR kinase inhibitors, including PTK/ZK. This
reaction is possibly due to the blocking of VEGF signaling in its
function as an endothelial permeability enhancer[22] and results
in a generalized fluid retention within the vascular bed. Hypo-
tension is known as a NO-mediated side effect of VEGF
action[23, 24] , and VEGF signal blocking can thus result in hyper-
tension.[25] Clinically, this is generally manageable by antihyper-
tensive medication.[26]


The competitive inhibition of ATP binding by PTK/ZK to the
kinase domain resulted in a blockade of VEGFR autophosphor-
ylation and in inhibition of endothelial-cell proliferation. The
reversibility of PTK/ZK action is shown by the resumption of


Figure 6. Washout of PTK/ZK is possible and relieves inhibition of proliferation. MVECs were
treated with 40 ng mL�1 VEGF-A in the presence of PTK/ZK. Then the medium was removed,
followed by two washes with medium before VEGF-A was added, without inhibitor. The ap-
parent changes in IC50 are depicted. The set of curves representing the different time points
of washout demonstrate that early removal of PTK/ZK abrogates the inhibitory action of
PTK/ZK.


Figure 7. MVEC cell number after various times of culture. MVECs were added
to culture dishes, and cell number was determined after 16 h in serum-poor
medium (start). Then cells were cultured for 24 h with (hatched) or without
PTK/ZK, washed and quantified. Parallel cultures, pretreated or not for 24 h,
were then cultured either in low-serum medium or in VEGF containing low-
serum medium for another 3 days and quantified.
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MVEC growth after removal of the agent without inducing cel-
lular toxicity. The reversible inhibition of proliferation is in con-
trast to mechanisms proposed for other VEGFR inhibitors, such
as SU5416, that appear to bind irreversibly[27] (a finding that
was questioned, however, see review [28]). A consequence of


the reversible binding of PTK/
ZK is the requirement for a con-
tinuous presence of PTK/ZK to
exert its activity, as evidenced
by a loss of its inhibitory effect
following washout of the agent.
The reversibility of action in
combination with a lack of ac-
cumulation of the drug may
well be an advantage in the
clinic, allowing a rapid interrup-
tion of dosing in case of surgery
and after accidents, thus avoid-


ing adverse effects on wound healing. Plasma concentrations
of PTK/ZK in patients that were 5–10 times higher than the


Table 3. Antitumor efficacy of PTK/ZK in various experimental human tumor models. T/C is defined as the ratio of
the tumor weights of treated (T) and untreated (C) animals.


Model Origin Dose of PTK/ZK
[mg kg�1 d�1 p.o.]


Duration of ex-
periment [d]


Weight of control
tumors [mg�SD]


Weight of PTK/ZK-treat-
ed tumors [mg�SD]


T/C


A375 melanoma 50 14 641�454 301�335 0.47
HCT116 colon 25 twice daily 19 599�128 292�151 0.49
HCT116 colon 50 twice daily 19 599�128 308�67 0.51
MaTu/
ADR


mamma 50 21 663�366 372�237 0.56


DU145 prostate 50 35 408�83 254�128 0.61
CWR22 prostate 50 33 1106�601 509�256 0.46


Figure 8. A) and B) Dose dependency of syngeneic tumor-growth inhibition by
PTK/ZK and the effect of dosing twice daily. Mouse B16F10 melanoma cells
were grafted onto C57/Bl6 mice. Animals were treated during the entire period
of growth (12 d) with oral doses A) once or B) twice a day.


Figure 9. A) and B) Growth inhibition in the human hormone-dependent pros-
tate tumor xenograft model CWR22 by PTK/ZK is accompanied by a reduction
in PSA plasma concentrations. A) Tumor cells were grafted on nude mice and
treated after establishment with 100 mg kg�1 PTK/ZK daily p.o. or 30 mg kg�1


cyproterone acetate (CPA) s.c. three times a week (Monday, Wednesday, Friday)
or a combination of both. B) PSA concentrations in serum samples were mea-
sured regularly.
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IC50 concentration necessary for inhibition of in vitro cellular
functions were maintained with therapeutic doses for 24 h (for
details see ref. [1]). It is assumed therefore that VEGF signaling
is blocked completely for most of the time. However, even a
partial signal blockade should be effective in angiogenesis in-
hibition because VEGF action is subject to dosing effects, as
shown previously with VEGF-producing myoblasts implanted
into mice[29] and heterozygous VEGF gene-ablated animals,
which die at mid-gestation due to incomplete vessel forma-
tion.[30]


In cellular assays, PTK/ZK inhibited VEGFR-3 with the same
potency as VEGFR-2 and VEGFR-1. As this receptor is described
as a major regulator of lymphangiogenesis, one might expect
that PTK/ZK has an effect on tumor metastasis.[31] There are
some hints in the literature that an increase in the formation
of lymphatic vessels accompanying tumor growth causes in-
creased metastases.[32] It is not clear, however, if lymphatic
vessel growth is a prerequisite for tumor metastases.[33]


PTK/ZK, being highly selective and relatively nontoxic, result-
ed in vivo in the inhibition of tumor growth in a variety of dif-
ferent experimental tumor models. The effect was largely inde-
pendent of the origin of the tumor. Tumor regression was gen-
erally not found, but rather an attenuation of tumor growth.
These findings confirm results of recently published data from
other models.[16] Taken together, it is tempting to speculate
that PTK/ZK may be effective in the clinic in a number of solid-
tumor indications. This assumption is supported by the first re-
sults from clinical phase I/II studies, in which PTK/ZK showed
preliminary evidence of antitumor activity in patients with dif-
ferent types of advanced solid tumors. Morgan et al.[1, 26] corre-
lated dynamic contrast-enhanced magnetic resonance imaging
parameters with therapeutic efficacy in patients suffering from
advanced colorectal cancer and liver metastases. These results
prompted the initiation of two clinical phase III studies (CON-
FIRM I/II), in which patients with metastatic colorectal cancer
were treated either with a combination regimen of oxaliplatin/
leucovorin/5-FU (FOLFOX4) and daily oral PTK/ZK or with che-
motherapy alone.


We interpret the favorable safety profile of PTK/ZK as evi-
dent from preclinical results as well as from the preliminary
clinical data as a consequence of its kinase-selectivity pattern.
It can be speculated that, in future, antiangiogenic treatment,
like cytostatic therapy, might consist of a combination of sever-
al drugs targeting different angiogenic signaling mechanisms.
Those might be applied transiently or continuously to obtain
more complete effects on the growing vessel system, such
that the therapy may result in tumor-size reduction, an effect
not observed regularly if VEGF signaling is blocked alone.


Experimental Section


Methods
Endothelial-cell isolation : Isolation from foreskin, cell culture, prolif-
eration assays, and VEGFR2-receptor autophosphorylation was per-
formed as previously described.[34]


VEGFR-3 autophosphorylation : MVECs (1.5 � 106 per well) of low pas-
sage number were plated on collagen G-coated 48-well plates in


endothelial cell basal medium (EBM) and endothelial cell growth
medium (EGM) complete medium (including EGM-2, BD-Clone-
tech). After 5 h, medium was exchanged for EBM-2 without EGM-2
but containing 0.2 % bovine serum albumin (BSA; EBM meager).
After another 12 h, the medium was removed, EBM-2 meager
(250 mL) and the respective compound dilutions were added in
EBM-2 meager (50 mL). Solutions were carefully mixed and left for
5 min at 4 8C before the addition of EBM-2 meager (200 mL) con-
taining VEGF-C (final concentration in the assay was 5 nm ; Relia-
tech, Braunschweig). The solution was then carefully mixed and in-
cubated for 15 min at room temperature. The medium was re-
moved, and cells were washed twice with cold phosphate-buffered
saline/2 mm vanadate. Cells were then lysed with Duschl buffer
(100 mL; 50 mm Hepes, pH 7.2, 150 mm NaCl, 1 mm MgCl2, 1.5 %
Triton X-100, 10 mm Na pyrophosphate, 100 mm NaF, 10 % glycerol,
and (freshly added before the experiment) 2 mm orthovanadate
and 1 tablet Complete (Roche # 1836145) per 50 mL).


For the ELISA, Fluoronic MaxiSorp—microtiter plates (# 3204006
Zinser)—were coated overnight at 4 8C with Flt-4 antibody (Flt-4
(C-20) # sc-321, Santa Cruz; 1 mg mL�1) in coating buffer (NaCO3,
pH 9.6, 100 mL per well). After washing with washing buffer (3 � ,
0.1 % Tween 20 in Na2HPO4, pH 7.4), the wells were incubated with
blocking buffer (250 mL, Roti Block 1/10 from Roth, Karlsruhe for
1 h at RT). Washing with washing buffer (3 � ) was followed by ad-
dition of cell lysates and incubation overnight at 4 8C. Then wells
were washed with buffer (3 � ), anti-phosophotyrosine antibody
coupled to HRP (16–105; UPSTATE; dilution 1:20 000 in TBST + 3 %
Top Block # 37766, Fluka) was added, and the plates were incubat-
ed overnight at 4 8C. Washing with washing buffer (6 � ) preceded
the addition of BM chemoluminescence ELISA reagent # 1582950
(Roche) and measurement of luminescence.


Kinase assays: Inhibition of VEGFR-1, VEGFR-2, c-kit, c-fms, c-raf, lyn,
and PDGFRb activity : Kinase activity was measured with GST-kinase
domain fusion constructs of the respective kinases according to
the following protocol to obtain concentration response curves.
Components were added to a microtiter plate in the following se-
quence: inhibitor in threefold final concentration (10 mL; 3 % DMSO
in buffer (40 mm TrisCl, pH 7.5, 1 mm DTT, 1 mm MnCl2, 10 mm


MgCl2, 0.2 % poly(ethylene glycol) 20 000)) and substrate mixture
(10 mL; 24 mm ATP containing 500–1000 cpm per pmol g33P-ATP,
24 mg mL�1 poly(Glu4Tyr) in buffer). Reaction was started by adding
enzyme preparation (10 mL) diluted appropriately in buffer that
contained vanadate (10 mm). After incubation for exactly 10 min,
the reaction was stopped by addition of stop solution (10 mL,
250 mm EDTA). Aliquots (10 mL) of the reaction mixture were trans-
ferred to phosphocellulose filters. The filters were washed in 0.1 %
phosphoric acid and dried before meltilex scintillator was applied
(Wallac, Perkin–Elmer) and the radioactivity was counted. For
PDGFR-b and c-kit, final ATP concentrations were reduced to
100 nm. For c-fms, the following buffer system was used: 20 mm


TRIS-HCl, pH 7.5, 2 mm MgCl2, 10 mm MnCl2, 10 mm orthovanadate,
1 mm DTT, 250 mg mL�1 poly(ethylene glycol) 20 000.


Inhibitory action upon other kinases were determined at Upstate
Inc, Charlottesville, in the presence of PTK/ZK at a 10 mm concen-
tration. For lyn, concentration-dependent inhibition curves were
prepared by Upstate Inc. In brief, in a final reaction volume of
25 mL, Lyn (h) (5–10 mU) was incubated with poly(Glu4Tyr)
(0.1 mg mL�1; in 50 mm Tris, pH 7.5, 0.1 mm EGTA, 0.1 mm, Na3VO4,
0.1 % b-mercaptoethanol, 10 mm Mg acetate) and g-33P-ATP mix
(specific activity ca. 500 cpm pmol�1, 100 mm ATP (in 4 mm MOPS
buffer, pH 7.2, containing 0.2 mm DTT, 0.2 mm orthovanadate,
1 mm EGTA, 5 mm a-glycerol phosphate, 15 mm MgCl2)). The reac-


556 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org ChemBioChem 2005, 6, 550 – 557


K.-H. Thierauch et al.



www.chembiochem.org





tion was initiated by the addition of the Mg-ATP mix. After incuba-
tion for 40 min at RT, the reaction was stopped by the addition of
a 3 % phosphoric acid solution (5 mL). 10 mL of the reaction was
then spotted onto a Filtermat A and washed (3 � 5 min) in phos-
phoric acid (75 mm) and methanol (1 � ) prior to drying and scintil-
lation counting. (For details see http://www.upstate.com/img/coa/
14-510-25281U.pdf)


Experimental tumor models : Tumor cells were implanted by a
single subcutaneous injection of 0.5–1.5 � 106 cells, dependent on
the tumor type (1:1 with Matrigel), in Earl’s solution (0.1 mL). Treat-
ment with PTK/ZK started after establishment of the tumors
(tumor size ~20–40 mm2). The treatment in the B16F10 model
started one day after injection of the tumor cells. The parameters
evaluated were tumor area (tumor size) and tumor weight com-
pared to control as indicated by the T/C ratio. Tumor area was
measured by using a caliper and calculated by multiplication of
the longest diameter and its perpendicular. Determination of
plasma PSA concentrations was performed according to the manu-
facturer’s protocol (DRG International Inc. , USA).
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Classifying “Kinase Inhibitor-Likeness” by Using
Machine-Learning Methods
Hans Briem* and Judith G�nther[a]


Introduction


With the increasing impact of genomics and related technolo-
gies on the drug-discovery process, the focus of interest in the
pharmaceutical industry has shifted over the past years from
individual targets to target families.[1] Considerable synergies
can be exploited if the knowledge gathered in individual proj-
ects on related target proteins is seen in the larger context of
the target family and organized in a way that supports easy
knowledge transfer to further members of the target family.
This reorganization in the drug-discovery process has basically
affected all functions involved.[2, 3] This includes medicinal
chemistry, which has put substantial effort into the develop-
ment of elaborate strategies for synthesizing so-called privi-
leged scaffolds[4] for all major target classes of interest. Com-
pound series built with/around such scaffolds are particularly
suited for providing inhibitors for the respective target family
and are thus preferentially screened whenever new inhibitors
for another target family member are to be identified.


One of the major target families that have attracted atten-
tion in recent years is protein kinases. The human genome is
estimated to contain about 520 protein kinases.[5] Since protein
kinases play a major role in crucial cellular events, such as
signal transduction processes, they provide feasible targets for
a number of different indications, the most important arguably
being oncology.[6, 7] The vast majority of efforts in drug devel-
opment have aimed for kinase inhibitors that target the ATP-
binding pocket of kinases, which represents a deep and
narrow cleft between the C- and N-terminal subdomains.[8]


Given that all protein kinases bind an ATP molecule in this
pocket, it is not surprising that initial hits often target related
kinases as well, and selectivity problems are often encountered
in such projects.[9, 10] Although essential recognition features,
which are highly conserved among protein kinase pockets are
often involved in inhibitor binding, the variety of chemical
scaffolds that appear suitable for yielding potent kinase inhibi-
tors is still surprisingly wide. One reason for this is that, de-
pending on the individual kinase, only part of the interactions


that the ATP molecule forms have to be mimicked by a potent
inhibitor. Secondly, the pronounced flexibility of kinase pock-
ets[11, 12] facilitates the identification of selective inhibitors, since
the (mostly unexpected) opening up of further subpockets
provides additional possibilities for strong interactions with the
protein. While intermolecular recognition processes clearly
take place in three-dimensional space, the expertise that me-
dicinal chemists have gathered over the years has given them
a fairly good sense of the features in molecular structures that
are important for kinase inhibition. Thus, even the 2D structure
of a given molecule allows for some estimate of its usefulness
in kinase inhibitor research. Accordingly, we tried to condense
some of this empirical knowledge about kinase inhibitors in a
computational prediction method. By using supervised-learn-
ing techniques, similarly complex classification problems have
been successfully addressed with 2D molecular descriptors in
the past. Most noteworthy are the pioneering studies of
Sadowski and Kubinyi[13] as well as those of Ajay et al. ,[14] who
trained different neural networks for the classification of drugs
and nondrugs (“druglikeness” filtering). More recently, Mana-
llack et al.[15] showed that neural networks along with BCUT-
parameters as input descriptors allow for the classification of
compounds that are active against biological targets that
belong to specific gene families versus a set of randomly se-
lected molecules.


Encouraged by these results, our aim in the study presented
here was to come up with fast and easily applicable in silico
filter tools that can capture essential features of kinase inhibi-
tor molecules, as opposed to druglike molecules that only hit
other target families. At the same time, these tools must be


[a] Dr. H. Briem, Dr. J. G�nther
Schering AG, Research Center Europe
CDCC/Computational Chemistry
Muellerstraße 178, 13342 Berlin (Germany)
Fax: (+ 49) 30-468-94030
E-mail : hans.briem@schering.de


By using an in-house data set of small-molecule structures, en-
coded by Ghose–Crippen parameters, several machine learning
techniques were applied to distinguish between kinase inhibitors
and other molecules with no reported activity on any protein
kinase. All four approaches pursued—support-vector machines
(SVM), artificial neural networks (ANN), k nearest neighbor classi-
fication with GA-optimized feature selection (GA/kNN), and recur-
sive partitioning (RP)—proved capable of providing a reasonable
discrimination. Nevertheless, substantial differences in perform-


ance among the methods were observed. For all techniques
tested, the use of a consensus vote of the 13 different models de-
rived improved the quality of the predictions in terms of accura-
cy, precision, recall, and F1 value. Support-vector machines, fol-
lowed by the GA/kNN combination, outperformed the other tech-
niques when comparing the average of individual models. By
using the respective majority votes, the prediction of neural net-
works yielded the highest F1 value, followed by SVMs.
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promiscuous enough to cover qualities of inhibitors against
any protein kinase rather than a particular one. We have ap-
plied several machine-learning techniques, including support-
vector machines (SVM), artificial neural networks (ANN), k near-
est neighbor classification with GA-optimized feature selection
(GA/kNN), and recursive partitioning (RP), to a data set extract-
ed from our in-house library and examined how well they per-
form in distinguishing kinase inhibitors from non-kinase inhibi-
tors. These tools can be highly valuable whenever a large data
set of molecules is to be screened in order to select structures
that have a higher likelihood of being kinase inhibitors. Such
molecules are often desired/demanded in order to enrich in-
house target-specific libraries. Independent of whether these
molecules are to be purchased from vendors or to be synthe-
sized by combinatorial chemistry, an empirically derived in
silico tool can help to set priorities within the list of accessible
molecules.


Computational Methods


Data sets and descriptors


The data set used for training and testing the systems is com-
prised of both kinase-active and -inactive compounds from the
Schering library. A compound is labeled “active” if it shows
IC50�10 mm in at least one of eight in-house kinase assays
(three Ser/Thr kinases, five Tyr kinases). This activity threshold
was chosen since it represents an internal standard for starting
follow-up activities after high-throughput screening.


The entire pool of training compounds contains 565 mole-
cules classified as “actives” and 7194 as “inactives”. In addition,
an independent test set of 504 compounds (204 actives and
300 inactives) was put aside for validation purposes. Com-
pounds were randomly assigned to either the training set or
the test set.


A scaffold-based clustering of the entire data set that used
Bioreason’s ClassPharmer program[16] yielded 1112 unique scaf-
folds (642 clusters and 470 singletons). The active compounds
fall into 154 of these clusters while 37 of them are classified as
singletons. Each of the “active” clusters also contains at least
one inactive compound. Accordingly, the discrimination of
kinase-active and -inactive compounds cannot simply be ach-
ieved by a classification of the molecular scaffolds contained in
the data set.


In addition, the classifiers were tested on a data set of ten
kinase inhibitors taken from recent reviews[17, 18] (see Table 1).
None of these inhibitors exhibits significant 2D similarity to
any of the compounds in the training set. For all cases, the
Tanimoto-similarity coefficient to their respective nearest
neighbors in the training set is <0.7, based on the 166 public
MACCS keys.[19]


Due to their proven success in categorizing compounds and
their ease of calculation and interpretability, we utilized the
fragment-based descriptors developed by Ghose and Crip-
pen.[20] To encode the molecule structures, we employed a
SYBYL spl script, which counts the number of occurrences of
each of the 120 Ghose–Crippen fragments in a given molecule,


thus yielding a vector of 120 integers for each compound in
the data set. In order to avoid a bias in descriptor space and
numerical problems, we linearly scaled the descriptors to the
range [�1, + 1].


Classification and model validation


It is well known that some machine-learning methods have
difficulties handling unbalanced training sets, in which the
number of positive examples is substantially different from the
number of negatives (typically much smaller). Therefore, to
create balanced subsets from the whole data given, we em-
ployed an ensemble-based sampling procedure, similar to the
method proposed by Yan et al.[21] The overall architecture of
this ensemble approach is depicted in Figure 1.


As the ratio of inactives to actives in our set is about 13:1,
we generated thirteen different, individually balanced, training
sets. Each member of the training set ensemble is made up of
all 565 active compounds as well as the same number of in-
actives, randomly selected, with replacement from the entire
pool of 7194 inactives. Accordingly, on average every inactive
compound has the chance to contribute once to the model
training.


Models are derived from each training set independently
and used for class prediction of the compounds in the external
test set. In the Results and Discussion section, we report the
predictive power of each individual training set as well as the
results from a consensus majority vote of all members of the
ensemble. For example, if seven out of the 13 models classified
a test compound as active and the other six models voted for
inactivity, then the consensus majority vote would classify it as
being active.


There are many possible ways to assess the performance of
a classifier, with accuracy, precision, and recall probably being
the most widely used measures. Their definitions are given in
Equations (1)–(3), where tp = number of true positives, tn =


number of true negatives, fp = number of false positives, and
fn = number of false negatives.


accuracy ¼ tp þ tn
tp þ fp þ tn þ fn


ð1Þ


precision ¼ tp
tp þ fp


ð2Þ


recall ¼ tp
tp þ fn


ð3Þ


While accuracy is a simple and useful measure for the overall
classification performance, precision—that is, the ability to pre-
dict a particular class correctly—and recall—that is, the ability
to pick the true members of a class from a data set—can only
be reasonably interpreted in combination with each other. For
example, the compounds predicted to be active might in fact
all be true actives (precision = 1.0), while at the same time
many of the other true actives in the data set might be mis-
classified as inactives (low recall). On the other hand, a high
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recall, that is, a correct prediction for most of the true actives,
might be accompanied by a low precision, that is, many false
positives. To mitigate this problem, we calculated the harmonic
mean of precision and recall, also known as F1 measure or F-
score[22] [Eq. (4)] . Ideally, if both precision and recall are high,
this measure assumes values close to one.


F1 ¼ 2� recall� precision
recall þ precision


ð4Þ


As we are primarily interested in correctly classifying the
actives, only the above-mentioned success measures for this
class, along with the overall accuracy, are reported.


Table 1. Correct class predictions on the set of known kinase inhibitors.


Kinase
Inhibitor


Structure SVM ANN GA/kNN RP Kinase
Inhibitor


Structure SVM ANN GA/kNN RP


(Cmpd. No.) (Cmpd. No.)


flavopiridole true true true true GW9499 true true false false
1 6


roscovitine true true true true SB203580 true true true false
2 7


hymenialdisine true true false false NU2058 true true true true
3 8


staurosporine true true true true Gleevec true true true true
4 9


alsterpaullone true false true true BIRB796 false false false false
5 10


Number of correct predictions: 9/10 8/10 7/10 6/10
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Machine-learning methods


A detailed description of the classification algorithms em-
ployed in this study would go beyond the scope of this article.
We will therefore only briefly outline each method and the pa-
rameters used. For more details about the underlying mathe-
matics, we refer to the citations given in each of the following
subsections.


Support-vector machine (SVM)


SVMs provide a novel supervised machine-learning technique
initially proposed by Vapnik.[23] Since they have shown good
classification performance in various scenarios, there is a no-
ticeably growing interest in SVMs. Some recent chemistry-relat-
ed applications include the prediction of isoelectric points of
amino acids,[20, 24] aqueous solubility of organic molecules,[25]


discrimination of drugs and nondrugs,[26] and compound selec-
tion for specific biological assays.[27]


Moreover, Burbidge et al. conducted a comparative study on
an SAR data set in which SVM clearly outperformed neural
networks of different architecture as well as a decision tree
classifier.[28]


The basic concept behind SVMs is to first project the input
data vectors, which are composed of the respective descrip-
tors, to a high-dimensional feature space. This mapping is
accomplished by applying a so-called “kernel function”. The
second step of the algorithm involves detection of a hyper-
plane that optimally separates the individual classes of the
training set. Descriptor vectors of the test set are then mapped


to the same feature space, and the hyperplane can be used to
predict the class membership of these instances.


In this study, we employed LIBSVM, a freely available SVM
code, written by Chang and Lin.[29] As recommended by the
authors of the program, we applied the radial basis function
(RBF) as the kernel. With this setting, two parameters have to
be tuned: the penalty parameter, C, and the RBF parameter, c


(see ref. [29b] for a detailed discussion). We used tenfold cross
validation to find the optimal values for C and c for each of
the 13 training sets. These parameters are reported in Table 2.


Artificial neural net (ANN)


In this study, a standard feed-forward neural network was ap-
plied by using the ANN implementation of the TSAR software
package.[30] The network, which undergoes a supervised train-
ing by back-propagation of errors, is comprised of 120 input
neurons, that is, the Ghose–Crippen descriptors, five hidden
neurons, and one output neuron. All layers are completely
connected. For each training set, an individual network is
trained with default parameters. To avoid overtraining, 30 % of
the training set (default value of the ANN implementation in
TSAR) is randomly chosen and excluded from the training.


k nearest neighbors with genetic algorithm-based variable
selection (GA/kNN)


kNN classifiers provide another supervised-learning method for
subdividing a set of data points each of which are character-
ized by a vector of x descriptor values into different classes.


Figure 1. Architecture and workflow of the ensemble-based sampling and voting procedure.
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The kNN methods predict the classification of an unknown in-
stance based on the majority vote of its k nearest neighbors in
the given x-dimensional feature space. Usually, the Euclidian
distances from the given probe to all data points in the knowl-
edge base are calculated. The k closest points represent the
voters. In order to avoid over-fitting, the dimensionality of the
feature space is often reduced and only the most discrimina-
tory features are combined to determine the outcome of the
vote. Rather than just scaling all input features numerically to
the same range of values, the relative weights of the individual
descriptors can be determined by optimizing the accuracy of
the kNN prediction. Apart from these weights, the value of k,
which has to be an uneven number to avoid a tie, also exerts
an influence on the achieved prediction accuracy. A very ele-
gant way of tackling both of these optimization problems is to
link the kNN classifier to a genetic algorithm (GA).[31] The GA
varies the feature weights and the number of neighbors in an
evolution-like procedure, until a near-optimal solution for the
training set has been found. Here, we use an adaptation of the
GAUCSD software package linked to a kNN classifier developed
by Raymer.[32] The implemented fitness-function, which moni-
tors the evolutionary progress of the solutions is given in
Equation (5). It takes the overall prediction accuracy as well as
the balance between classes into account. Moreover, it aims at
reaching this goal with as few descriptors as possible by
awarding the masking (omission) of features:


Fitness ðweight-set, k valueÞ
¼ 20� ðincorrect predictions=total predictionsÞ


þ 1:0� ðunmasked features=total featuresÞ


þ 2:0� ðincorrect votes=total votesÞ


þ 5:0� ðdifference in error rate among classesÞ ð5Þ


The training of the GA/kNN requires a knowledge base from
which the voters are recruited and which is also used in the
subsequent testing phase, plus a set of probe data points the


classification of which is progressively optimized. Accordingly,
the training sets described above are further randomly subdi-
vided into two equally large and balanced sets, each compris-
ing 565 data points. By using the selection of features with
their respective weights as well as the k value determined
during the training phase, the data points of the test sets are
subsequently classified according to the vote of the knowl-
edge base, thus providing the unbiased prediction accuracies
as reported in Table 3.


Recursive partitioning (RP)


We used the FIRM (formal inference-based recursive modeling)
algorithm implemented in TSAR for recursive partitioning.[33]


FIRM is a type of decision-tree analysis in which a large data
set is progressively split into subgroups based on descriptor
values (predictor variables). For each split, a P value that indi-
cates the probability of a subgroup being homogeneous with
respect to the class membership is calculated. Subsequently,
the descriptor/subgroup combination that yields the lowest P
value is selected to split the data. This procedure is repeated
for each newly formed subgroup until no further split can be
justified. As a result, a decision tree is formed with the final
subgroups being the leaves of the tree. Typically only a subset
of input descriptors is used for splitting, and descriptors contri-
buting only little to the discrimination between classes are dis-
regarded. The depth, that is, the number of splits down the
tree in which they occur provides an indication of their impor-
tance. Thus, in contrast to SVM and ANN but similar to GA/
kNN, recursive partitioning provides a measure for the relative
discrimination potential of the input descriptors.


Prediction of the test set is straightforward. The splitting
rules developed for the training set are applied to the descrip-
tor vector of an unknown compound until it falls into a termi-
nal leaf. The predicted output value is given by the average
labels of the training set compounds in this leaf. As this study
deals with a two-class problem, with active compounds being
assigned a label of 1 and inactives being assigned a label of 0,


Table 2. Classification results on the test data by using SVM.


Model tp fn fp tn Accuracy Precision Recall F1 C c


1 176 28 30 270 0.89 0.85 0.86 0.86 1.25 �1.25
2 168 36 30 270 0.87 0.85 0.82 0.84 0.75 �1.50
3 175 29 36 264 0.87 0.83 0.86 0.84 2.50 �1.75
4 173 31 28 272 0.88 0.86 0.85 0.85 1.75 �2.00
5 181 23 31 269 0.89 0.85 0.89 0.87 2.00 �0.50
6 173 31 39 261 0.86 0.82 0.85 0.83 0.25 �1.50
7 180 24 31 269 0.89 0.85 0.88 0.87 1.25 �0.50
8 170 34 40 260 0.85 0.81 0.83 0.82 1.75 �2.00
9 168 36 30 270 0.87 0.85 0.82 0.84 0.50 �1.00
10 176 28 28 272 0.89 0.86 0.86 0.86 0.75 -0.50
11 181 23 30 270 0.90 0.86 0.89 0.87 2.50 �1.25
12 165 39 30 270 0.86 0.85 0.81 0.83 0.50 �1.50
13 171 33 34 266 0.87 0.83 0.84 0.84 0.50 �1.50
average 173.6 30.4 32.1 267.9 0.88 0.84 0.85 0.85
SD 5.2 5.2 3.9 3.9 0.01 0.02 0.03 0.02
majority vote 174 30 29 271 0.88 0.86 0.85 0.86
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the possible output of the decision tree is a real number in the
range [0,1] . For class prediction, we rounded the output value
to the nearest integer.


Results and Discussion


The major goals of this study
were first to test to what extent
machine-learning methods are
capable of learning and predict-
ing the “kinase inhibitor-like-
ness” of compounds, and
second to compare the perform-
ance of different classification
methods within this scenario.


As outlined in the Computa-
tional Methods section, we have
generated 13 training sets, each
balanced with regard to the
number of active kinase inhibi-
tors and inactive compounds.
Each set was used to derive a
cross-validated model, the pre-
dictive power of which was then
determined on an independent test set. Moreover, we em-
ployed an ensemble-based voting procedure in which the ma-
jority of the 13 models decide the class membership of the
test compounds.


In the following paragraphs, we discuss the classification re-
sults obtained for each of the four learning methods and com-
pare their performance characteristics.


Support-vector machine (SVM)


As can be deduced from Table 2, in general the SVM models
yield very high and balanced scores in all success measures. In
addition, the intermodel variations, that is, the standard devia-
tions from the average, are quite low compared to the other


learning methods (see below).
This means that SVM seems to
be only marginally sensitive to
the particular composition of
the training set. Ensemble-based
majority voting gives an—albeit
small—additional benefit over
the average of the individual
models. Due to the nature of
the SVM algorithm, no informa-
tion about the relative impor-
tance of individual descriptors
can be obtained. Taken togeth-
er, the SVM method provides
robust and reliable models irre-
spective of the success measure
and training set.


Artificial neural net (ANN)


Table 4 summarizes the performance of the ANN approach. In-
terestingly, although the scores of the individual models are
significantly lower than those obtained with SVM, the results


from the majority voting even slightly outperform SVM. This
finding is somewhat hard to rationalize, given the fact that
both SVM and ANN must be considered more or less as black-
box approaches. It appears that the predictions yielded by the
13 SVM models are more consistent than those of the ANN
models. This is also reflected in the higher standard-deviation
values of the latter.[34] Accordingly, the majority-voting proce-
dure benefits from this greater variety of “voters”.


k nearest neighbors with genetic algorithm-based variable
selection (GA/kNN)


Unlike the two previous methods, this machine-learning tech-
nique aims at a reduction of the given feature space, even at


Table 4. Classification results on the test data by using ANN.


Model tp fn fp tn Accuracy Precision Recall F1


1 171 33 48 252 0.84 0.78 0.84 0.81
2 167 37 64 236 0.80 0.72 0.82 0.7
3 167 37 66 234 0.80 0.72 0.82 0.76
4 168 36 59 241 0.81 0.74 0.82 0.78
5 159 45 53 247 0.80 0.75 0.78 0.76
6 165 39 60 240 0.80 0.73 0.81 0.77
7 176 28 80 220 0.79 0.69 0.86 0.77
8 172 32 77 223 0.78 0.69 0.84 0.76
9 165 39 66 234 0.79 0.71 0.81 0.76
10 175 29 81 219 0.78 0.68 0.86 0.76
11 179 25 75 225 0.80 0.70 0.88 0.78
12 171 33 73 227 0.79 0.70 0.84 0.76
13 176 28 57 243 0.83 0.76 0.86 0.81
average 170.1 33.9 66.1 233.9 0.80 0.72 0.83 0.77
SD 5.6 5.6 10.5 10.5 0.02 0.03 0.03 0.02
majority vote 180 24 35 265 0.88 0.84 0.88 0.86


Table 3. Classification results on the test data by using GA/kNN.


Model tp fn fp tn Accuracy Precision Recall F1 k No. of descriptors


1 170 34 43 257 0.85 0.80 0.83 0.81 5 41
2 168 36 51 249 0.83 0.77 0.82 0.79 3 39
3 164 40 37 263 0.85 0.82 0.80 0.81 5 33
4 169 35 41 259 0.85 0.81 0.83 0.82 7 36
5 164 40 42 258 0.84 0.80 0.80 0.80 5 38
6 176 28 53 247 0.84 0.77 0.86 0.81 3 44
7 169 35 42 258 0.85 0.80 0.83 0.81 5 38
8 178 26 61 239 0.83 0.75 0.87 0.80 1 39
9 173 31 52 248 0.84 0.77 0.85 0.81 1 44
10 172 32 52 248 0.83 0.77 0.84 0.80 7 36
11 163 41 40 260 0.84 0.80 0.80 0.80 5 34
12 167 37 43 257 0.84 0.80 0.82 0.81 7 40
13 174 30 48 252 0.85 0.78 0.85 0.82 5 46
average 169.8 34.2 46.5 253.5 0.84 0.79 0.83 0.81
SD 4.7 4.7 6.9 6.9 0.01 0.02 0.02 0.01
majority vote 172 32 35 265 0.87 0.83 0.84 0.84
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the cost of a small drop in pre-
diction accuracy. In fact, any
single model as depicted in
Table 3 uses less than half of the
descriptors available, with the
number of descriptors included
varying between 33 and 46. Al-
though within this range no cor-
relation between the number of
descriptors and F1 can be found,
the run that takes the largest
number of descriptors into ac-
count is actually the one yielding
the highest F1 value. Surprisingly
enough, the GA/kNN combina-
tion still ranks second best, after
SVM, when the average perform-
ances of the models are com-
pared. Although the knowledge
base is only half the size of the training sets used with the
other methods, the generally low standard deviations substan-
tiate the robustness of the prediction. However, when the ma-
jority votes are compared, GA/kNN falls behind both SVM and
ANN by approximately 2 %. Evidently, in this case, the ANN can
gain predictive power on the kNN quite significantly. This is
somewhat unexpected, since the majority vote procedure
allows for the reincorporation of descriptors that had been
omitted in the individual runs. Apparently, this still does not
lead to an improvement in terms of F1.


Taking a closer look at the descriptors selected in the indi-
vidual runs and their relative weights, a remarkable variation in
the descriptor patterns can be observed. Every single input de-
scriptor has been used in at least one of the 13 models, five
have only been used in one single model. Although a fraction
of the initial features is sufficient to derive an F1 value well in
the order of those obtained with the two methods incorporat-
ing all features (SVM: 0.85, ANN: 0.77$GA/kNN: 0.81), there
are various possible combinations of descriptors that lead to
approximately the same prediction accuracy. At the same time,
four descriptors can be identified that are used in every one of
the 13 runs and thus appear to play a prominent role. All of
them characterize polar atoms attached to or incorporated
into planar/aromatic structures. This is well in accordance with
the notion that kinase inhibitors in general depict an aromatic
system replacing the adenine part of ATP in the binding
pocket and forming at least one hydrogen bond to the hinge
region of the kinase. Not unexpectedly, the inspection of fea-
tures that are rarely selected or are assigned very low weights
suggests that their selection results from the limited size of
the data sets used for training. They should be considered arti-
facts rather than molecular features conveying kinase binding.


Recursive partitioning (RP)


This method, the results of which are summarized in Table 5,
by far performs the poorest of all. This is not surprising given
the fact that the predictions are based on the mean “activity”


of the training compounds in the final leaves of the decision
tree. Analysis of each of the 13 decision trees revealed that the
average number of descriptors characterizing a final leaf, that
is, the average “depth” of the tree, is only about five. This im-
plies that predictions on average rely on only about 6 % (5 out
of 120) of the Ghose–Crippen descriptors. On the other hand,
the strength of decision trees lies more in the information one
gets about the relative importance of the input descriptors
rather than on predictive power. Notably, the descriptors recur-
rently selected by the RP procedure are identical to the ones
that the GA/kNN identifies as prominent features.


A summary of the performances of the four different classifi-
cation methods is given in Figure 2. As discussed in the previ-
ous sections, the ensemble-based voting procedure in general
outperforms averaging over the individual models. The relative
gain of the voting procedure over averaging seems to corre-
late coarsely with the diversity of the individual training
models.


Based on the F1 success measure,[35] the following ranking
order can be deduced:
a) for average models:


SVM>GA/kNN>ANN>RP
b) for the majority vote of an ensemble of 13 models:


ANN>SVM>GA/kNN @ RP


The overlap of true predictions of the active compounds in
the test set is depicted in Table 6.


The overlap percentages are quite high and correlate well
with the overall performance rates of the different machine
learning methods (Tables 2–5). This implies that there is no


Table 5. Classification results on the test data by using RP.


Model tp fn fp tn Accuracy Precision Recall F1


1 146 58 64 236 0.76 0.70 0.72 0.71
2 147 57 42 258 0.80 0.78 0.72 0.75
3 147 57 64 236 0.76 0.70 0.72 0.71
4 143 61 38 262 0.80 0.79 0.70 0.74
5 135 69 31 269 0.80 0.81 0.66 0.73
6 145 59 50 250 0.78 0.74 0.71 0.73
7 150 54 60 240 0.77 0.71 0.74 0.73
8 139 65 40 260 0.79 0.78 0.68 0.73
9 142 62 42 258 0.79 0.77 0.70 0.73
10 152 52 59 241 0.78 0.72 0.75 0.73
11 134 70 60 240 0.74 0.69 0.66 0.67
12 150 54 45 255 0.80 0.77 0.74 0.75
13 152 52 39 261 0.82 0.80 0.75 0.77
average 144.8 59.2 48.8 251.2 0.79 0.75 0.71 0.73
SD 6.0 6.0 11.3 11.3 0.02 0.04 0.03 0.02
majority vote 143 61 27 273 0.83 0.84 0.70 0.77


Table 6. Overlap [%] of correctly classified active compounds in the test set


SVM ANN GA/kNN


ANN 92.4
GA/kNN 88.3 89.2
RP 77.1 74.6 77.0
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pronounced inter-relationship between a particular classifier
and a certain class of inhibitors. Consequently, all the methods,
in combination with Ghose–Crippen descriptors, appear to be
suited to generalization, that is, to correctly predict the kinase
likeness of different structural classes of inhibitors.


In addition to the validation by statistical measures, we also
tested the ability of our models to perform scaffold hopping.
The approaches complement each other. Therefore, we com-
piled a set of known protein kinase inhibitors. As described in


the Computational Methods, none of these inhibitors showed
significant 2D similarity to any compound in the training set.
Thus, a correct classification cannot be attributed to the recog-
nition of the main scaffold alone, but reveals the potential for
detecting truly novel inhibitors.


As depicted in Table 1, the rank order of prediction results
for this diverse data set resembles that of our test set of in-
house compounds, with SVM performing best and RP perform-
ing worst—although, with only ten compounds in the data
set, no statistical significance can be expected.


Remarkably, Gleevec, which is known to exhibit a distinct
binding mode that only partially overlaps with that of most
other kinase inhibitors,[36] is correctly predicted by all four clas-
sifiers. On the other hand, the p38 MAP kinase inhibitor
BIRB796, which shows a binding mode very similar to Glee-
vec,[37] is misclassified by all methods. This example points to a
clear limitation in employing 2D fragment descriptors for clas-
sification. As long as the majority of fragments in a test com-
pound have not been part of active compounds in the training
set—as seems to be the case for BIRB796—even the most so-
phisticated classifier must fail. In future work, it might be inter-
esting to feed the machine-learning methods with descriptors
derived from 3D docking modes or pharmacophore models.


Conclusion


All four machine learning techniques employed in this study—
SVM, ANN, GA/kNN, and RP—proved capable of providing a
reasonable discrimination between kinase inhibitors and non-
inhibitors. Average F1 values above 0.8 could be obtained for
both SVM-based models and GA/kNN-based models; this sug-
gests that these methods are well applicable for compound
selection in practice.


Using the majority vote of the 13 models derived improved
the prediction quality for all four methods, but most pronoun-
cedly for the neural networks. In fact, the ANN majority vote
outperformed all other predictions in terms of recall (0.88) and
F1 (0.86). The majority vote of the SVM models yielded the
highest precision (0.86) and as good an accuracy (0.88) as the
ANN ensemble. Although the different data sets and molecular
descriptors used limit the comparability of results, these fig-
ures are in the same range as the prediction accuracies of
79 % that Manallack et al.[15] obtained for the discrimination of
kinase inhibitors and nonkinase inhibitors.


If information on the underlying discriminatory features is
not desired or not required, and the prediction machine is
only to be used as a black box, either ANN or SVM can be
used to derive highly predictive models. The difference in per-
formance between the two methods is minor if an ensemble
vote of individual models is used. While the improvement in
performance is relatively small for SVM, it is large for ANN.
Thus, a single SVM-based model may well be used. When
choosing ANN, however, the derivation of an ensemble of
models for majority voting is advisable.


If a good prediction along with some information on the
discriminatory features is desired, the GA/kNN combination
appears the method of choice. This approach also offers ad-


Figure 2. Summary of the results of the machine-learning methods employed
on the independent test set. The best-performing model for each success
measure is depicted in dark gray.
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vantages if the size of the data set and the descriptor space
suggest a reduction of feature space to avoid overtraining.


Due to the enormous reduction of feature space in RP, it is
not surprising that RP cannot quite compete with the other
three methods in the scenario given here. While this method
should not preferentially be used to screen large compound
sets for feasible kinase inhibitors, it provides a very valuable
and extremely fast approach toward the identification of dis-
criminatory features in a given data set. Moreover, it gives a
rough first estimate as to what order of prediction accuracy
might be obtained with more sophisticated methods. In addi-
tion, biases in a given data set that enable high prediction
accuracy but only seemingly resolve the given classification
problem can quickly be identified with this method.


Our results are in close agreement with other comparative
studies (Byvatov et al. ,[26] Burbidge et al.[28]), featuring SVM as a
fast and reliable machine-learning method, which is at least
comparable in performance to neural networks and other clas-
sification approaches.


Concerning the choice of molecular descriptors, we believe
that the balance between a general and a detailed level of
abstraction provided by the set of Ghose–Crippen fragments
makes them well-suited for the classification of small mole-
cules with respect to their potential for inhibiting particular
target family classes.
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