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cAMP-Dependent protein kinase has served as a proto-
type for the protein kinase superfamily in many ways. Its 
structures provide a comprehensive set of conformation-
al states that reflect the different stages of catalysis, and 
recent holoenzyme structures have expanded our un-
derstanding of how PKA can recognize diverse proteins 
that dock to sites that are distal to the active site [1–4]. 
By comparing the PKA core to other protein kinases, we 
have defined a set of hydrophobic spines that are an-
chored to the conserved hydrophobic F-helix, which in 
turn serves as the organizing “hub” for the entire mol-
ecule. The two spines link the large and small domains in 
novel ways. The “regulatory spine” is assembled only in 
the active kinase, and its assembly is typically mediated 
by phosphorylation of the activation loop [5]. In contrast, 
the “catalytic spine” is assembled when the adenine ring 
of the ATP substrate binds to the base of the cleft between 
the two lobes [6]. We have showed subsequently that the 
C- and N-terminal tails of PKA are not only cis-regula-
tory elements that are essential for the active enzyme but 
also are trans-regulatory elements that mediate interac-
tions with other proteins [7]. We show, for example, how 
the C-tail of PKA is an essential part of the ATP binding 
site [8] and also docks in a polyvalent way to the C-he-
lix [9]. These motifs are, furthermore, conserved in other 
AGC kinases. In collaboration with A. Newton at UCSD, 
we showed that the PXXP motif in PKC® binds to Hsp90 
and Cdc37 thereby preventing its unfolding [10]. The N-
tail, which is not conserved across the subfamily of AGC 
kinases, also contributes to the docking and localization 
of PKA [11, 12]. Its interactions with a novel A kinase in-
teracting protein (AKIP1) contribute to translocation of 
the catalytic subunit into the nucleus [12]. The catalytic 
activity of PKA is typically unleashed by the binding of 
the second messenger, cAMP. By dissecting the cAMP-
binding motif, we show how hydrophobic interactions 
also define this cAMP-induced allosteric switch (cA-IAS) 
(Sjoberg T, Taylor SS, unpublished).
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Cell signaling networks display an extraordinary range 
of temporal and spatial plasticity. Individual signaling 
pathway modules are united into large networks by vir-
tue of shared proteins. This unified modular design al-
lows different signals to activate the same protein yet 
generate distinct behaviors. Signaling networks are also 
incredibly robust, a behavior driven in large part by posi-
tive and negative feedback loops. Consequently, signal-
ing is most appropriately studied in the environment in 
which it transpires, namely intact cells. Our programmat-
ic approach focuses on the construction of intracellular 
probes, including sensors, inhibitors, and functionally 
unique protein kinases that can be controlled by the in-
vestigator even after they have entered the cell.
We have designed and evaluated protein kinase sensors 
that function in live cells [1, 2]. These sensors furnish a 
fluorescent readout upon phosphorylation. In addition, 
since the sensors are inert (i.e. cannot be phosphorylated) 
until activated by light, they can be carried through the 
various stages of any given cell-based behavior without 
being consumed. Using this strategy, we have shown 
that PKCβ is essential for nuclear envelope breakdown 
and thus the transition from prophase to metaphase in 
actively dividing cells [1]. This general strategy is not just 
limited to protein kinases. We have recently created anal-
ogous species for proteases as well [3].
Photoactivatable proteins furnish the means to initiate 
cellular signaling pathways with a high degree of spatial 
and temporal control. We have used this approach to dem-
onstrate that cofilin serves as a component of the steering 
apparatus of the cell [4]. Protein kinases that are activated 
in response to light have likewise been constructed. 
Inhibitors are commonly used to assess the participation 
of specific enzymes in signaling pathways that control cel-
lular behavior. We have prepared inhibitors that are inert 
until activated by light, thereby enabling inhibitor action 
to be controlled in a dynamic fashion as a function of an 
evolving cellular response. Recently we have constructed 
a photo-deactivatable inhibitor, an inhibitory species that 
can be switched off with light [5]. In the absence of light, 
the target enzyme is inactive due to the presence of the 
potent inhibitory molecule. Upon photolysis, the inhibi-
tory molecule is destroyed and enzymatic activity is re-
leased. This is functionally equivalent to the photoinitia-
tion of enzymatic activity.
Finally, light-sensitive compounds are generally pre-
sumed to undergo activation in response to illumination. 
In the absence of an independent assessment of activa-
tion status, the observed biological response is generally 
taken as the only evidence that photoactivation has tran-
spired. An independent measure of successful photolysis 

is possible if activation of the biomolecule can be directly 
linked to a fluorescent readout. In addition, such a design 
element would allow one to liberate a desired amount of 
active biomolecule and also subsequently visualize the 
activated biomolecule itself. Using a combinatorial library 
strategy, we have developed light-sensitive cassettes that, 
upon photolysis, link fluorescent enhancements of up to 
three orders of magnitude with photocleavage. These cas-
settes have been introduced into signaling proteins.
In summary, we have developed light-activatable proteins, 
cassettes that respond to photolysis via large changes in 
fluorescence, and inhibitory species that can be activated 
or deactivated with light. These “cell friendly” reagents 
have been used to probe and image key signaling events 
during various dynamic cell-based phenomena.
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Chronic myeloid leukaemia (CML) results from unfaith-
ful DNA repair in a haematopoietic stem cell, leading to 
the formation of a fusion gene which encodes the BCR-
Abl oncoprotein that has a constitutively activated Abel-
son (Abl) tyrosine kinase domain the front-line therapy 
for CML, the targeted Abl kinase inhibitor imatinib is es-
tablished as an efficacious and well-tolerated treatment, 
that produces durable responses in chronic phase disease. 
However in patients with advanced disease, clones can 
emerge that possess point mutations in the tyrosine ki-
nase domain of BCR-Abl, that have a reduced binding af-
finity to imatinib and lead to drug-resistance and relapse 
[1, 2]. Dasatinib and nilotinib are new Abl kinase inhibi-
tors that have recently been approved for the treatment 
of imatinib-resistant CML [3]. Based upon X-ray crystal-
lographic analysis of Abl and Abl-inhibitor complexes, an 
understanding has been developed as to how these drugs 
interact with their BCR-Abl target [4–7]. Thus, whereas all 
three are ATP-competitive inhibitors of the Abl tyrosine 
kinase domain, crystallography shows that imatinib and 
nilotinib both bind to a catalytically inactive conforma-
tion (DFG Asp-out) of the activation-loop (A-loop), while 
dasatinib interacts with the catalytically active (DFG Asp-
in) A-loop conformation. The physiological relevance of 
these X-ray crystallographic binding modes is supported 
by the ability to rationalise the resistance profiles of the 
drugs based upon the crystal structures of the complexes 
[2]. To further investigate the binding of these drugs to 
Abl, we performed nuclear magnetic resonance studies 
of inhibitor complexes of the Abl catalytic domain, in 
which certain amino-acid types specifically labelled with 
13C and/or 15N [8]. The active and inactive conformations 
of the A-loop in the different complexes were character-
ized by residual dipolar couplings (RDC) and chemi-
cal shift mapping. For the inactive state complexes, the 
RDC values fit closely to the respective X-ray structures, 
which show very little structural variability. For different 
active state complexes, larger variations are observed in 
the X-ray structures, but the RDC values of the dasatinib 
complex closely match only the A-loop conformation ob-
served in the dasatinib crystal structure.
The binding modes of ATP-competitive kinase inhibitors 
can also have a marked effect on how such molecules 
behave in biochemical assays. Thus under standard as-
say conditions, we observed little correlation between 
the potency of compounds (IC50 values) in biochemical 

kinase transphosphorylation assays and in cellular kinase 
autophosphorylation assays, although there was a good 
correlation between the latter activity and the growth 
inhibition activity (GI50) of the compounds in BCR-Abl 
dependent cells (transfected murine 32D or Ba/F3). To 
further investigate this either Abl 229–515 (SH1) or Abl 
64–515 (SH1-3 domains) were preincubated at 22oC with 
drug prior to assessment of catalytic transphosphoryla-
tion activity. Peptide substrate (poly[Ala6Glu2LysHBr
5Tyr1]), ATP (20 μM) and 0.1 μCi [γ-33P]ATP were then 
added. After 15 min incubation, the enzymatic reactions 
were stopped by adding EDTA and the incorporation of 
33P into the polymeric substrate was quantified using the 
filter binding technique. Increasing the preincubation 
time resulted in a substantial increase in inhibition (de-
creased IC50 value) of Abl transphosphorylation in the 
case of both imatinib and nilotinib, but had little impact 
on the dasatinib IC50 value. This behaviour is consistent 
with imatinib and nilotinib interacting with Abl to form a 
low-affinity complex, followed by a slow conformational 
change in the kinase to afford a high affinity complex 
(DFG Asp-out conformation).
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Imatinib currently serves as a paradigm for targeting 
dominant oncogenes with small molecules including var-
ious tyrosine kinases like Abl, Kit, and PDGFR that are 
constitutively activated in various forms of human malig-
nancies [1]. In most of the cases the responses to imatinib 
treatment are durable. However, patients with advanced 
disease, frequently become resistant to imatinib treat-
ment due to mutations in the tyrosine kinase domain of 
the target kinase BCR-Abl, Kit and/or PDGFR [1, 2]. 
The ATP-competitive inhibitors dasatinib and nilotinib, 
which have recently been approved for the treatment of 
imatinib-resistant CML, show a completely different se-
lectivity profile to each other because they bind to catalyt-
ically different conformations of the Abl kinase domain 
[3, 4]. These two new drugs, albeit very efficient against 
most of the imatinib resistant mutants of BcrAbl, fail to 
effectively suppress the BcrAbl activity of the T315I (or 
gatekeeper) mutation [5]. Target selectivity is frequently 
an issue when developing ATP-competitive inhibitors 
targeting the gatekeeper mutation that arises as a conse-
quence of imatinib treatment. Therefore, novel approach-
es that target the kinase outside the ATP binding pocket 
may be of value to circumvent the gatekeeper mutation. 
A differential cytotoxicity-screen resulted in the identi-
fication of GNF-2, a non-ATP competitive inhibitor that 
demonstrated exclusive cellular activity against Bcr-Abl 
transformed cells without inhibiting other kinases in 
biochemical or cellular assays [6]. The exquisite selectiv-
ity of GNF-2 is due to the finding that GNF2 targets the 
myristate binding-site located near the C-terminus of the 
Abl kinase domain as demonstrated by solution NMR 
and X-ray crystallography. GNF-2, like myristate, is able 
to induce and/or stabilize a closed and inactive confor-
mation of c-Abl analogous to the SH2-Y527 interaction 
of c-Src [7–8]. Cell viability assays selecting for Bcr-Abl 
mutants resistant to GNF-2 identified mutations in the 
myristate-binding site that blocks drug binding. The mo-
lecular mechanism for allosteric inhibition by the GNF-2 
inhibitor class, and the combined effects with ATP com-
petitive inhibitors such as nilotinib on wild type Abl and 
the T315I mutant are discussed.
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Mutations in the EGFR kinase are a cause of non-small 
cell lung cancer, and the presence of these mutations cor-
relates with response to small-molecule tyrosine kinase 
inhibitors (TKIs). Somatic activating mutations in the 
EGFR kinase include small, in-frame deletions in exon 
19 or insertions in exon 20, as well as point mutations 
such as L858R [1]. These EGFR mutations cause 15–30% 
of NSCLC, and are particularly common among non-
smokers and women of East Asian origin [2]. Although 
gefitinib and erlotinib were developed to target the wild-
type EGFR kinase, they are serendipitously much more 
potent inhibitors of at least a subset of the oncogenic mu-
tants. The enhanced potency of these inhibitors against 
the mutants stems from their intrinsically higher affinity 
for the mutant as compared with the wt EGFR, and from 
the diminished ATP affinity of the mutant kinases [3, 4]. 
Together, these two effects yield 10–100 fold more potent 
inhibition of the mutant EGFR, providing a clinically 
critical “therapeutic window” in which the mutant can 
be inhibited without intolerable toxicity stemming from 
inhibition of the wt EGFR in non-cancerous tissues. Un-
fortunately, resistance to gefitinib and erlotinib invariably 
emerges; in approximately 50% of cases, this resistance 
is due to a second site mutation in the EGFR kinase, the 
T790M gatekeeper mutation [5–7].
In analogy with the corresponding T315I mutation in 
BCR-Abl, the T790M mutation was expected to confer 
resistance by blocking drug binding. However, cell lines 
bearing the L858R/T790M or exon19_del/T790M geno-
type were observed to remain sensitive to irreversible in-
hibitors that are chemically similar to the reversible com-
pounds gefitinib and erlotinib. These irreversible EGFR 
inhibitors (including Cl-387785, EKB-569 and HKI-272) 
resemble gefitinib and erlotinib, but contain a reactive 
Michael-acceptor that reacts covalently with Cys797 at 
the edge of the EGFR active site cleft [6]. Their ability to 
inhibit the T790M mutant presented an apparent paradox 
― the aniline substituent of EKB-569 that extends toward 
the gatekeeper residue is identical to that of gefitinib, 
thus the T790M mutation would be expected to block its 
binding as well.
In order to better understand the mechanism of the T790M 
mutation, we have carried out a series of structural and 
enzyme kinetic studies on the EGFR T790M and L858R/
T790M proteins [8]. Strikingly, we find that gefitinib still 
binds the resistant T790M mutant with low nanomolar 
affinity. Thus, the mutation does not block drug binding. 
Rather, resistance in caused by an increase in the affinity 
of the L858R/T790M protein for ATP. This is effectively a 

generic resistance mechanism, because it will tend to con-
fer resistance to any ATP competitive inhibitor. Irrevers-
ible inhibitors, as a class, overcome resistance through 
formation of the covalent bond with Cys797, such that 
they are no longer in equilibrium with ATP. Crystal struc-
tures of the T790M mutant reveal that these inhibitors are 
accommodated with a reorientation of the methionine 
sidechain, and a slightly altered inhibitor conformation.
Although currently available irreversible inhibitors are 
effective in vitro, their clinical utility is likely to be limited 
by toxicity due to inhibition of the wt EGFR. Dose-limit-
ing toxicities of EGFR inhibitors, including skin rash and 
diarrhea, are thought to arise primarily from inhibition 
of the wt EGFR. While presently available irreversible 
agents inhibit the T790M mutant, they are less potent 
against T790M than they are against the wt EGFR. Essen-
tially, the T790M mutation closes the therapeutic window 
for all currently available inhibitors, both reversible and 
irreversible. This situation argues for development of ir-
reversible agents specifically targeting the T790M muta-
tion, which can be expected to differ markedly from the 
wt EGFR in its sensitivity to kinase inhibitors of various 
chemical classes.

Figure 1. Crystal structure of the EGFR T790M mutant in 
complex with HKI-272.

The compound binds in the ATP-binding cleft, arching around 
the mutant gatekeeper residue (T790M) and forming a single hy-
drogen bond with the hinge region (dashed line). Note also the 
covalent bond with Cys797.
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Vascular endothelial growth factors constitute a family of 
six polypeptides, VEGF-A, -B, -C, -D, -E and PlGF, that 
regulate blood and lymphatic vessel development [1]. 
VEGFs specifically bind to three types of receptor tyrosine 
kinases (RTKs), VEGF receptors -1, -2 and -3, to neuropi-
lin-1 and -2, and to heparan sulfate glycosaminoglycans 
(HSPG) acting as co-receptors [2]. VEGF RTKs are acti-
vated upon ligand-induced dimerization followed by 
conformational changes that reorient, and thereby ac-
tivate, the cytoplasmic kinase domains of two receptor 
monomers. Receptor activation leads to phosphorylation 
of specific tyrosine residues in the cytoplasmic part of the 
receptor that instigate signaling. Proper orientation of the 
cytoplasmic domains and concomitant kinase activation 
of receptor dimers depends on ligand-induced structural 
changes resulting in distinct orientation of the extracel-
lular domain (ECD).
In order to elucidate the role of dimerization in VEGFR-
2 activation, we studied the activity of membrane-bound 
receptor kinase variants lacking the ECD in vitro and in 
live cells. We designed a library of VEGFR-2 mutants in 
which the authentic transmembrane domain (TMD) was 
replaced with a dimerization-promoting motif consisting 
of 21 valine residues and two dimerization-promoting 
glutamic residues in different positions spaced six amino 
acids apart. These mutants differed in the rotational angle 
at which the kinase domains associated with each other. 
By means of co-immunoprecipitation assays with differ-
ently tagged receptor proteins we showed that all TMDs 
promoted VEGFR-2 dimerization. However, only protein 
dimers with distinct orientations of receptor monomers 
showed kinase activity, suggesting that dimerization 
is necessary, but not sufficient, for receptor activation. 
Activating TMDs introduced into full length receptors 
rendered the receptor constitutively active even in the 
absence of ligand, while non-activating TMDs blocked 
receptor activation. These newly developed receptor vari-
ants will be useful for screening for new drugs aimed at 
inhibiting VEGFR kinase activity.
We next investigated the role and structure of the ECD, 
in particular of specific Ig-like domains in ligand-medi-
ated receptor activation. Mutating Ig-like domains 4 and 
7 rendered the receptor inactive. These data show that re-
ceptor activation requires specific alignment of receptor 
monomers in a receptor dimer through conformational 
changes induced in the ECD by ligand binding. Our data 
also suggest that in the absence of ligand, the extracellu-
lar domain prevents spontaneous receptor dimerization 
maintaining low kinase activity. Together with our earlier 
structural data of the extracellular domain of VEGFR-2 
[3] we propose a mechanism for receptor activation link-
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ing structural changes initiated by ligand binding to the 
extracellular domain to structural rearrangements in the 
intracellular kinase domain.
Finally, the potency of angiogenic signaling by VEGF fam-
ily ligands also depends on the co-receptors recruited by 
a particular ligand. Such co-receptors form multimeric re-
ceptor-ligand complexes with distinct biological activity. 
Our data show that particular splice variants of VEGF-A, 
in which the carboxyterminus encoded by exon 8a is re-
placed by exon 8b, are deficient in neuropilin and HSPG 
binding and therefore display drastically reduced ang-
iogenic activity [4]. The interaction sites of VEGF family 
proteins with neuropilins were mapped to a short carbox-
yterminal peptide with the sequence RPPR (for VEGF-E) 
and DKPRR (for VEGF-A), respectively [5].
Our work demonstrates how multiple mechanisms reg-
ulating VEGFR activation at different levels cooperate 
to promote ordered activation of angiogenic signals by 
VEGF family proteins. 
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The AMP-activated protein kinase (AMPK) is a cellular 
energy sensor activated by metabolic stresses that either 
inhibit ATP synthesis (e.g. hypoxia, glucose deprivation) 
or accelerate ATP consumption (e.g. activation of anabolic 
processes, or motor proteins) [1]. AMPK exists as heterot-
rimers composed of catalytic α subunits and regulatory 
β and γ subunits. The kinase domain on the α subunit 
is activated 20- to 100-fold by phosphorylation at Thr172 
within the activation loop by upstream kinases. Because 
of the adenylate kinase reaction (2 ADP ↔ ATP + AMP), 
when cells are in negative energy balance there is a rise 
in AMP/ATP ratio with little change in ADP. AMP binds 
to two sites within the γ subunit of AMPK causing a con-
formational change that inhibits dephosphorylation of 
Thr172, as well as allosteric activation of the phosphor-
ylated kinase. Both effects are antagonized by ATP, gen-
erating a very sensitive system in which a small increase 
in the AMP/ATP ratio can cause a large increase in the 
final output of kinase activity. Once activated, AMPK 
phosphorylates numerous targets that activate catabolic 
pathways generating ATP, while inhibiting ATP-consum-
ing processes such as lipid, carbohydrate and protein bio-
synthesis, as well as cell growth and progress through the 
cell cycle [1].
The major upstream kinase phosphorylating Thr172 in 
most cells comprises the kinase LKB1 in a complex with 
two accessory subunits, STRAD and MO25. The LKB1 
complex appears to be constitutively active in most cells, 
so that it provides a tonic phosphorylation of Thr172 
against which the effect of AMP on dephosphorylation 
can act. Some cells express other upstream kinases such 
as CaMKKβ, which is activated by Ca2+ and calmodulin 
in response to a rise in cell Ca2+.
Based on the ability of AMPK to stimulate uptake and 
oxidation of glucose and fatty acids and to inhibit their 
synthesis and storage, in 1999 Winder and Hardie sug-
gested that AMPK activators might be effective in treat-
ment of type 2 diabetes [2]. This was initially confirmed in 
insulin-resistant animal models such as genetically obese 
mice (ob/ob) or rats (fa/fa) using the nucleoside 5-ami-
noimidazole-4-carboxamide riboside (AICAR), which is 
taken up by cells and converted to the equivalent nucle-
otide ZMP, an AMP mimetic. It was further confirmed by 
observations showing that the anti-hyperglycemic drug 
metformin activates AMPK [3]. Metformin is currently 
the front-line drug in the treatment of the current epi-
demic of type 2 diabetes, being prescribed to >120 million 
people worldwide. Recent studies using mice in which 
LKB1 was knocked out in liver by gene targeting [4] sug-
gest that the anti-hyperglycemic effects of metformin can 
be ascribed to activation of AMPK in the liver.
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Metformin (full name dimethylbiguanide) is a derivative 
of guanidine, the active principle of the ancient herbal 
medicine, French Lilac or Goat’s Rue (Galega officinalis). 
It is a cation whose cellular uptake is catalyzed by the 
organic cation transporter OCT1. Metformin does not af-
fect the activity of AMPK or its phosphorylation or de-
phosphorylation in cell-free assays. Instead, once inside 
the cells it acts by inhibiting complex I of the respiratory 
chain, causing an increase in cellular AMP/ATP ratio and 
activating AMPK by an AMP-dependent mechanism. A 
sister drug for metformin is phenformin (phenethylbigua-
nide). While its uptake is enhanced by OCT1, phenformin 
is more hydrophobic than metformin and may be taken up 
into cells more rapidly in the absence of the transporter. 
Phenformin was withdrawn for treatment of diabetes in 
1994 because in rare cases it caused life-threatening lactic 
acidosis, a side effect that is not unexpected for an agent 
that inhibits the respiratory chain. The drug galegine 
(isoprenylguanidine), a natural product from Galega of-
ficinalis, is an even more potent activator of AMPK and 
causes weight loss in obese rodents [5]. A variety of other 
phytochemicals proposed to have beneficial effects on 
obesity, diabetes and even lifespan, such as resveratrol 
and berberine, also activate AMPK by an AMP-depend-
ent mechanism.
Many pharmaceutical companies have conducted high-
throughput screens to look for novel AMPK activators. 
One of these, A-769662, differs from other activators in 
that it acts directly on AMPK in cell-free assays. Like 
AMP, it causes allosteric activation as well as inhibiting 
dephosphorylation of Thr172 but, surprisingly, it appears 
not to bind at the same site as AMP [6].
Because the upstream kinase for AMPK, LKB1, is a tumor 
suppressor, the idea arose that AMPK activators might 
provide protection against, or treatment for, cancer. This 
is supported by studies using metformin, phenformin or 
A-769662 in a cancer prone mouse model [7], and by retro-
spective analyses of cancer incidence in diabetics treated 
with metformin, which show that they have a 30% lower 
incidence of cancer than those on other medications [8]. 
Clinical trials of the use of AMPK activators in cancer are 
currently under way.
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The translation of mRNA is required for several cellular 
processes including growth, proliferation, and differen-
tiation. As a result, translation initiation is tightly regulat-
ed by a number of initiation factors. The rate-limiting step 
in translation initiation is the formation of the eIF4F com-
plex, which mediates the recruitment of ribosomal subu-
nits to the initiation codon of an mRNA. The formation 
of eIF4F requires eIF4E, which interacts with the 7-meth-
ylguanosine cap found on the 5’ end of cellular mRNA, 
as well as the other eIF4F members, the helicase eIF4A, 
and the large scaffolding protein eIF4G [1]. Formation of 
the eIF4F complex is regulated by a family of inhibitory 
proteins known as the eIF4E binding proteins (4E-BPs), 
which act by competing with eIF4G for binding to eIF4E 
[2]. The binding of the 4E-BPs to eIF4E is regulated by 
phosphorylation such that hypophosphorylated 4E-BPs 
bind to eIF4E with a high affinity, whereas hyperphos-
phorylated 4E-BPs have a low affinity for eFI4E [3]. 4E-BP 
phosphorylation is regulated by the large serine/threo-
nine kinase, mTOR (mammalian target of rapamycin). 
eIF4E, only when bound to eIF4G, can be phosphorylated 
by the Mnk kinases, so the phosphorylation status of the 
4E-BPs also impacts eIF4E phosphorylation. The specific 
role of eIF4E phosphorylation remains unclear, but it is 
associated with proliferation and tumour growth. The 
activity of mTOR is regulated by cellular energy levels, 
growth factors, and nutrients. Dysregulation of mTOR 
can lead to increased cell growth, proliferation and a 
number of cancers. Therefore, the inhibition of mTOR is 
being explored as a potential anti-cancer therapy, particu-
larly in the treatment of cancers that exhibit overactive 
mTOR signaling as a result of genetic lesions [4]. In our 
laboratory we are currently studying the use of various 
kinase inhibitors for the treatment of cancer. In particular, 
we have focussed on the use of compounds that cause an 
inhibition of mTOR signalling, or those that impact eIF4E 
phosphorylation.
AMPK (AMP activated protein kinase) is an enzyme in-
volved in regulating energy metabolism and is activated 
by decreases in cellular ATP levels. Upon activation, 
AMPK phosphorylates a number of effectors leading to 
the activation of ATP generating pathways, such as gly-
colysis, and the inhibition of ATP consuming pathways, 
such as protein synthesis. AMPK mediates its effects on 
protein synthesis through the inhibition of mTOR. Re-
cently, it has been reported that the activation of AMPK 
leads to the inhibition of cancer cell growth [5]. However, 
the molecular mechanisms underlying this inhibition of 
growth are poorly understood. As a result, we have ex-
amined the effects of metformin on cancer cell growth, 
mTOR signalling, and protein synthesis. Metformin is 
used for the treatment of type 2 diabetes due to its ability 

to lower blood glucose and many of the beneficial effects 
of metformin are linked to the activation of AMPK. Met-
formin activated AMPK and inhibited the proliferation 
of a variety of cancer cells including those of the breast, 
prostate, and colon. In breast cancer cells, metformin 
treatment led to a 30% reduction in global protein syn-
thesis, and more specifically, a dose-dependent decrease 
in cap-dependent translation. This was associated with 
a suppression of mTOR signalling and a decrease in the 
phosphorylation of its substrates: 4E-BP1 and S6K1. The 
effects of metformin on translation were specifically me-
diated by AMPK, as treatment of cells with the AMPK 
inhibitor compound C prevented the inhibition of pro-
tein synthesis. Furthermore, cells which lack the AMPK 
regulator LKB1, and those lacking TSC2, a component of 
the TSC1/TSC2 complex that negatively regulates mTOR, 
were unaffected by metformin, suggesting that these tu-
mor suppressors are involved in the mechanism of ac-
tion of metformin. These results demonstrate that met-
formin-mediated AMPK activation leads to an inhibition 
of mTOR and a reduction in translation initiation, thus 
providing a possible mechanism of action of metformin 
in the inhibition of cancer cell growth. 
eIF4E is overexpressed in many different human tumours 
such as prostate, breast, head and neck, colon, bladder, 
cervix and lung and its overexpression in immortalized 
cell lines causes transformation. In order to exert its onco-
genic effect, eIF4E needs to be phosphorylated on serine-
209 by the Mnk1/2 kinases. We have generated a knock-
in mouse in which serine-209 is mutated into an alanine 
residue. Mouse embryonic fibroblast derived from the 
eIF4E-KI mice are more resistant to transformation by c-
myc and ras or E1A and ras. The effect of the loss of 4E 
phosphorylation on tumour growth highlights the need 
for the development of a potent Mnk inhibitor that could 
be used to treat cancer in combination with a PI3K signal-
ling pathway inhibitor.
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Protein kinases (PKs) play a key role in the regulation of 
protein functions in living cells. More than 400 human 
diseases (including cancer, diabetes, HIV, Alzheimer, ma-
laria, hypertension) have been linked to aberrant protein 
kinase signalling, which has made PKs important drug 
targets, especially for the different forms of cancer. This 
has caused an increasing need for the elaboration and 
improvement of analytical methods for high-throughput 
screening (HTS) and characterization of new compounds. 
Currently, the majority of compound tests are performed 
in the form of kinetic studies where the potential inhibi-
tors are characterized on the basis of their retarding effect 
on the rate of substrate (protein or peptide) phosphoryla-
tion reaction catalyzed by the kinase. Special substrates 
and fluorescence- or radioactivity-based detection meth-
ods are required for these assays. Additionally, a large 
number of measurements have to be accomplished to 
characterize the compounds on the level of values of com-
parable inhibition constants (Ki). The kinetic procedures 
take time to proceed and the assays usually comprise sev-
eral steps that complicate their automation for the HTS 
format.
Alternatively, the kinase inhibitors may be characterized 
on the basis of their affinity, by measuring directly or in-
directly binding, rather than phosphorylation rate. Some 
small-molecule inhibitors can be conjugated to a fluores-
cent dye or immobilized without being deprived of high 
binding affinity.
Recently several biotech companies (DiscoveRx, Ambit 
Biosciences, Kinasera, Invitrogen, etc.) have come out 
with their own platforms for binding assays that are 
quickly increasing the popularity of binding assays.
We have recently developed two sensitive and reliable 
binding assays that are based on the application of high-
affinity bisubstrate-analogue inhibitors for the HTS and 
characterization of inhibitors of PK and determination of 
the active concentration of the kinase. Both these assays 
utilise developed by us ARC-type compounds, conjugates 
of adenosine analogues and arginine-rich peptides [2].
The sensor-based assay uses the surface plasmon reso-
nance (SPR) detection method [3]. Immobilization of ARC-
704 to the chip surface via streptavidin–biotin complex 
yielded a high-affinity surface (KD = 16 nM towards PKA). 
The bisubstrate character of ARC-704 was demonstrated 
with inhibitors targeted to both ATP-binding pocket (ATP 
and inhibitors H89 and H1152P) and protein-substrate-
binding domain of the kinase (RIIa and GST–PKIα) in 
competition assays. The closeness of the obtained affini-
ties of the tested compounds to the inhibitory potencies of 
the compounds demonstrates the applicability of the chip 

with the immobilized biligand inhibitor for the charac-
terization of both ATP- and substrate protein-competitive 
ligands of basophilic protein kinases.

Figure 1A. Structure of SPR sensor with the immobilized 
ARC-type inhibitor. B. Solution competition assay with ATP- 
and protein-competitive ligands of Cα: ATP with 10 nM PKA 
Cα.

A high-affinity (KD = 0.48 and 3.6 nM towards PKA C and 
ROCKII, respectively) fluorescent probe ARC-583 (Adc-
Ahx-(D-Arg)6-D-Lys(5-TAMRA)-NH2) was constructed 
by the attachment of 5-carboxytetramethylrhodamine 
fluorescent dye to an ARC-type bisubstrate inhibitor [4]. 
The bisubstrate character (simultaneous association with 
both binding sites of the kinase) of the probe was dem-
onstrated by its displacement from the complex with the 
kinase PKA C by both ATP- and protein substrate-com-
petitive inhibitors. These unique properties of the probe 
enable its application for characterization of inhibitors 
targeted to either binding site of the kinase and having af-
finity in wide micromolar and nanomolar range [5]. Thus 
the assay holds promise in HTS and as a compliment to 
standard inhibition assays. The same tracer can be used 
to characterize compounds who realize their activity on 
PKA as agonists or antagonists of cAMP-regulated activ-
ity of the holoenzyme.

Figure 2. The displacement of the bisubstrate fluorescent 
probe ARC-583 from the complex with PK by either an ATP-
competitive or a substrate-competitive inhibitor leads to the 
decrease of anisotropy of the solution.

The key features of the assay, homogeneity, single-step, 
quickness, no need for special substrates and capricious 
antibodies, support its use for HTS and precise character-
ization of inhibitors of protein kinases. The assay is ame-
nable to automation and can be quickly introduced for 
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inhibitor testing both in small research laboratories and 
HTS departments of big pharmaceutical companies.
Several ARC-type bisubstrate inhibitors were tested in a 
panel of protein kinases (Invitrogen) and on the bases of 
the activity data fluorescent probes were developed for 
other basophilic protein kinases. Thus high-affinity fluo-
rescent probes (KD < 15 nM) are now available for many 
pharmaceutically important PKs, e.g., PKB/akt, P70S6K, 
PKC (classical and novel isoenzymes), PKG, MSK1, etc.
In addition to being an intrinsic component of highly po-
tent bisubstrate inhibitors the arginine-rich peptide as a 
representative of transport peptides converts ARC-type 
compounds plasma membrane permeable [6]. Thus, the 
applicability of ARC-based fluorescent probes for intra-
cellular high content screening of PK inhibitors is under 
study. In the presentation we will show the results of this 
research and demonstrate the applicability of super sen-
sitive FRET and TR-FRET-based detection methods for 
characterization of PK inhibitors in biological systems 
like live cell, cell lysates and blood plasma.
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In both health and disease, signal transduction events 
link changes in the cell environment (such as the altered 
presence of growth factors, cytokines or stresses) with cel-
lular responses, whether these be survival, proliferation, 
movement or death. Although protein kinases are key 
players in these changes through their phosphorylation 
of protein substrates, there remains a poor understand-
ing of the range of kinase substrates required to induce 
stimulus-specific biological responses and the signalling 
complexes formed to modulate these changes.
c-Jun N-terminal kinases (JNKs) have attracted increasing 
attention, particularly after the reported benefits of JNK 
inhibitors in the treatment of a range of disease models 
including diabetes, ischemia-reperfusion injury (e.g. in 
stroke and liver disease), and viral infection (reviewed in 
[1]). In many of these situations, JNK activates critical cell 
regulatory events to promote cell death, however intrigu-
ingly JNKs have also been implicated in cell survival and 
proliferative responses [2, 3]. To understand how JNK 
regulates these critical cell responses, we need to know 
how JNK activity is regulated and which proteins are 
targeted as JNK substrates. We are therefore undertak-
ing a number of parallel approaches that aim to identify 
new JNK inhibitory molecules, isolate new JNK-binding 
partners and evaluate the roles of JNK in cell stress re-
sponses.
In our first approach to identify new JNK inhibitors, we 
have screened a library for c-Jun-interacting peptides. 
This has identified a novel JNK inhibitory peptide (PEP-1). 
Surface plasmon resonance analysis showed that PEP-1 
interacted with c-Jun as well as JNK, but with different 
affinities. Kinetic analysis indicated that PEP1 bound 
JNK1 with about 20 times greater affinity than c-Jun. 
Structure-activity studies have revealed that the N-termi-
nal 13 amino-acid region of PEP1 (ΔPEP1), retained JNK 
inhibition. Further analysis using sequential alanine scan-
ning replacement studies of ΔPEP1 has highlighted the 
importance of two independently critical residues (Phe9 
and Phe11) for inhibition of JNK activity. In addition, one 
alanine variant (Ile12Ala) showed significantly improved 
inhibition compared to ΔPEP1. Further studies are under-
way to evaluate the sites of interaction of PEP1 with JNKs, 
and to compare the actions with other well-characterised 
JNK inhibitory peptides such as TI-JIP [4].
In our other parallel studies, we are exploiting inhibitors 
and knockout approaches to study the actions of the JNKs 
following exposure to extracellular stresses and cytokines. 
We have revealed that JNKs act as critical regulators of di-
verse cellular processes including skeletal myotube atro-
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Phosphatidylinositide 3-kinases (PI3K) are lipid kinases 
that catalyze the synthesis of phosphatidylinositol 3,4,5-
triphosphate (PIP3) [1], a second messenger controlling 
signaling pathways involved in cell proliferation, cell 
death and motility. Although the PI3K pathway has long 
been implicated in cancer, PI3Kα emerged as an impor-
tant drug target upon the discovery of somatic mutations 
in both its catalytic subunit p110α and its regulatory sub-
unit p85α [2, 3]. The structure of p110α with two domains 
of its regulatory subunit (p85α), the nSH2 and the iSH2 
domains, determined by X-ray crystallography [4] pro-
vided the first insight into the location of the oncogenic 
mutations [5, 6] and their possible effects on the activity 
of the enzyme.
Class 1a PI3Ks, including p110α, are heterodimers that 
are activated by receptor tyrosine kinases, while class 
1b PI3Ks (p110γ) are activated by G-coupled receptors. 
Class 1a and 1b share four domains: Ras binding domain 
(RBD), C2, helical and kinase. The first one hundred ami-
no acids of p110α and p110γ show no sequence homol-
ogy, as these adaptor binding domains bind to different 
regulatory subunits.
In 2004, Vogelstein and coworkers sequenced the PIK-
3CA, the gene that encodes the p110α, in human tumors 
and observed somatic mutations in approximately 30% 
of colorectal carcinomas, 25% of them clustered in three 
spots H1047, E542, and E545. Furthermore, it was dem-
onstrated that the mutated enzymes have increased cata-
lytic activity and are capable of transforming cell lines in 
tissue culture. The effect of oncogenic mutants on lipid 
kinase activity has since then been quantified [7] and 
mechanisms of action have been proposed [8, 9].
In 2008, the integrative analysis of glioblastomas uncov-
ered mutations in PI3KR1, the gene that encodes the p85α 
regulatory subunit [3, 10]. Unlike PIK3CA, PI3KR1 has 
rarely been reported as mutated in human cancers. Within 
the five conserved domains SH3, GAP, nSH2, iSH2, cSH2 
of PI3KR1, mutations were found only in the nSH2 do-
main and the iSH2 domains. Biochemical and structural 
data show that the nSH2 and iSH2 domains interact di-
rectly with p110α, suggesting that the somatic mutations 
found in p85α also affect p110α enzymatic activity.
Mapping the somatic mutations found in p110α and 
p85α iSH2 to the crystal structure of the heterodimeric 
p110α/niSH2 complex shows that they occur mostly at in-
terfaces, either within or between subunits, and suggests 
mechanisms for the enhanced activity of the mutants. For 
example, mutation N345 of the C2 domain most likely af-

phy upon exposure to the pro-inflammatory cytokine tu-
mour necrosis factor-α (TNF-α) [5] and regulators of the 
microtubule-destablising protein stathmin following cell 
exposure to hyperosmotic or oxidative stress [6]. These 
studies underline the diversity of JNK-mediated events 
triggered in cells following cytokine or stress exposure, 
and further highlight the need to exercise caution when 
considering the suitability of JNKs as targets in the treat-
ment of disease.
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fects the regulatory effect of iSH2 on p110α. In glioblas-
tomas, the hydrogen bonding partners of N345, residues 
560 and 564 of p85α iSH2 are mutated, strengthening the 
idea that mutations at that interface release the inhibition 
of p85α on p110α. The mutation L570P, which most likely 
disrupts the p85’s coil-coil and a six residue deletion also 
points to the importance of the p85–C2 interaction [3, 11]. 
Hot spots E542 and E545, in the helical domain, interact 
with K379 and R340 of nSH2 [7, 12]. A model of the helical 
domain interacting with a phosphorylated peptide and 
the nSH2 domain is consistent with biochemical experi-
ments showing that mutation 542 or 545 abrogates the in-
hibition of nSH2 on p110α. Such mutations likely modify 
the orientation of nSH2 with respect to the helical and 
kinase domains.
The catalytic loop of the kinase domain is not ordered 
in the structure. Hot spot H1047R and other mutations 
of the kinase domain such as 1025 and 1043 are in the 
proximity of this region suggesting a role in locking the 
conformation of the activation loop.
Comparison of the structure of p110γ and p110α reveals 
that the center of the ATP binding pocket is highly con-
served between the two molecules, but the outer edges of 
the binding pocket diverge. These differences may lead to 
the design of isoform specific inhibitors.

References:

1. Fruman DA, Meyers RE, Cantley LC (1998) Phosphoinositide 
kinases. Annu Rev Biochem 67: 481–507.
2. Samuels Y et al. (2004) High frequency of mutations of the 
PIK3CA gene in human cancers. Science 304: 554.
3. The Cancer Atlas Research Network (2008) Comprehensive 
genomic characterization defines human glioblastoma genes and 
core pathways. Nature 455: 1061–1068.
4. Huang CH et al. (2007) The structure of a human p110alpha/
p85alpha complex elucidates the effects of oncogenic PI3Kalpha 
mutations. Science 318: 1744–1748.
5. Walker EH et al. (2000) Structural determinants of phosphoi-
nositide 3-kinase inhibition by wortmannin, LY294002, querce-
tin, myricetin, and staurosporine. Mol Cell 6: 909–919.
6. Walker EH et al. (2000) Structural insights into phosphoi-
nositide 3-kinase catalysis and signalling. Nature 402: 313–320.
7. Carson JD et al. (2008) Effects of oncogenic p110alpha subunit 
mutations on the lipid kinase activity of phosphoinositide 3-ki-
nase. Biochem J 409: 519–524.
8. Vogt PK (2008) Drug-resistant phosphatidylinositol 3-kinase: 
guidance for the preemptive strike. Cancer Cell 14: 107–108.
9. Zhao L, Vogt PK (2008) Helical domain and kinase domain 
mutations in p110alpha of phosphatidylinositol 3-kinase induce 
gain of function by different mechanisms. Proc Natl Acad Sci USA 
105: 2652–2657.
10. Parsons DW et al. (2008) An integrated genomic analysis of 
human glioblastoma multiforme. Science 321: 1807–1812.
11. Miled N et al. (2007) Mechanism of two classes of cancer mu-
tations in the phosphoinositide 3-kinase catalytic subunit. Science 
317: 239–242.

L12

Characterising the role of SHIP-1 in migratory 
responses of human CD4+ T lymphocytes

Stephanie J. Harris, Richard V. Parry 
and Stephen G. Ward

Inflammatory Cell Biology Laboratory, Department of 
Pharmacy and Pharmacology, University of Bath, Bath, UK
e-mail: S.G.Ward@bath.ac.uk

The phosphoinositide 3-kinase (PI3K) signalling pathway 
has been implicated in a range of T lymphocyte cellular 
functions including growth, proliferation, cytokine secre-
tion and survival [1]. Dysregulation of PI3K-dependent 
signaling and function in leukocytes, including B and T 
lymphocytes, has been implicated in several inflamma-
tory and autoimmune diseases [1]. Due to its widespread 
and diverse function in the immune system, there is a 
growing appreciation of the therapeutic potential of in-
hibitors of the PI3K pathway in inflammatory and auto-
immune diseases, which has stimulated intense interest 
in compounds with suitable pharmacological profiles. 
These are primarily directed toward PI3K isoforms, with 
many small-molecule ATP-competitive inhibitors cur-
rently in development [2]. However, achieving isoform 
selectivity of PI3K inhibitors has proven to be non-triv-
ial [2]. It is worth highlighting therefore, that activation 
of the lipid phosphatases that regulate cellular levels of 
PtdIns(3,4,5)P3 offers the same therapeutic benefits as in-
hibition of PI3K and may actually be more tractable tar-
gets in the long term. One such phosphatase is 5’-phos-
phate SH2-containing inositol-5-phosphatase-1 (SHIP) 
which converts PtdIns(3,4,5)P2 to PtdIns(3,4)P2 [3].
With its expression largely restricted to hematopoietic cells, 
drug-mediated activation of SHIP would offer the ability to 
target hematopoietic and immune disorders in which the 
PI3K pathway is dysregulated, such as autoimmune syn-
dromes and inflammatory conditions. Conversely, inhibi-
tors of lipid phosphatases might be expected to improve 
T lymphocyte function either during immunodeficiency 
syndromes or as part of anti-tumour therapies. Of par-
ticular note is the recent identification of small molecule 
allosteric activators of SHIP shown to exhibit anti-inflam-
matory effects in in vitro and in vivo models [4].
In order to further explore the potential of chemical acti-
vators of SHIP as useful drug targets with which to ma-
nipulate T cell function, it is first necessary to validate 
the importance of SHIP in lymphocyte biology. Indeed, 
several lines of evidence indicate a prominent regulatory 
role for SHIP in T cell biology [3]. Peripheral T cells from 
SHIP null mice are constitutively activated and give rise to 
increased numbers of CD4+CD25+ regulatory T cells, sug-
gesting a key regulatory role for SHIP in TReg development 
[3]. However, T cell-specific deletion of SHIP does not alter 
T cell development, activation state, or the number of TReg 
cells [5], yet impairs skewing toward Th2 in response to 
challenge with Schistosoma mansoni. SHIP null CD8+ T cells 
also showed more efficient cytotoxic responses consistent 
with elevated T-bet levels [5]. Hence, SHIP may negatively 
regulate cytokine-mediated activation in a way that allows 
effective Th2 responses and limits T cell cytoxicity.
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Polarisation and migration of T cells is key for their traf-
ficking to specific organs during routine immunosurveil-
lance and immune responses. Specific chemokine recep-
tors have been associated with organ-specific trafficking 
of memory and effector T cells as well as recirculation of 
naïve T cells to secondary lymphoid organs. In addition 
to acquisition of tissue selective integrins and chemokine 
receptors, an additional level of specificity for T cell traf-
ficking into the tissue is provided by specific recognition 
of antigen displayed by the endothelium involving the T 
cell antigen receptors (TCR) and costimulatory receptors. 
Activation of PI3K is a robust signaling event shared by 
most chemokine receptors as well as the TCR and costim-
ulatory receptors, contributing to several aspects of T lym-
phocyte homing as well as actin reorganisation and other 
components of the general migratory machinary. There 
is substantial genetic and pharmacological evidence that 
PI3K can contribute to the signals required for efficient T 
cell migration in certain (but not all) contexts [6].
In other systems, notably amoebae, neutrophils, PI3K and 
its major product PtdIns(3,4,5)P3 become highly polar-
ised to the leading edge of migrating cells. In neutrophils, 
SHIP plays a critical role in the polarisation and motility 
of neutrophils responding to chemoattractants. Several 
lines of evidence cast doubt on whether SHIP is likely 
to play a similar key role in the polarization of T lym-
phocytes during migratory responses. For example, the 
Jurkat leukemic T-cell line can polarise and migrate nor-
mally in response to several chemokines despite the fact 
that they are devoid of SHIP expression [6]. Curiously, 
introduction of a constitutively active SHIP mutant into 
these leukemic cell lines abrogates CXCL12-mediated mi-
gration [8].
So, to better explore the role of SHIP in primary human 
T lymphocyte biology (including during cell migration 
responses to chemoattractants), we have adopted a len-
tiviral delivery system to either introduce SHIP-target-
ing shRNA or membrane-localized, constitutively active 
mutants of SHIP. Silencing of SHIP leads to increased 
basal phosphorylation of protein kinase B/AKT and its 
substrate GSK3β as well as an increase in basal levels of 
polymerised actin. There were striking morphological 
changes (Fig. 1), including a loss of microvilli projections, 

which mirrored changes in wild type cells after stimula-
tion with the chemokine CXCL11 (an agonist of CXCR3). 
Using Neuroprobe chemotaxis chambers and Ibidi che-
motaxis slides to monitor migration, we observed a defect 
in the overall motility of SHIP-knockdown cells. Impor-
tantly, there was no defect in directional T cell migration 
toward CXCR3 agonists in the SHIP knock-down cells.
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Figure 1. Effect of shRNA-targeting of SHIP on T lymphocyte 
morphology.

CD4+ T lymphocytes were isolated from the blood of healthy 
volunteers and clonally expanded in the presence of CD3/CD28 
antibodies. Lentiviruses were used to deliver a scrambled shR-
NA control or a shRNA targeting SHIP and infected cells were 
selected by puromycin resistance. Control cells have microvilli 
projections that are absent in SHIP-silenced and CXCL11-stimu-
lated cells.
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Biochemical and genetic studies have demonstrated the 
existence of networks of protein kinases that are involved 
in the regulation of cellular events related to cell prolif-
eration and survival. Cells also contain networks of pro-
teases including aspartic-acid specific proteases known as 
caspases organized in cascades that play a major role in 
the regulation of cell survival through their involvement 
in the initiation and execution phases of apoptosis. Per-
turbations in regulatory protein kinase and caspase net-
works induce alterations in cell survival and frequently 
accompany transformation and tumorigenesis [1, 2]. Fur-
thermore, a number of recent studies have documented 
that caspases or their substrates are subject to phospho-
rylation in cells illustrating a potential convergence of 
protein kinase and caspase signaling pathways.  Interest-
ingly, a number of caspase substrates are protected from 
cleavage when they are phosphorylated at sites that are 
adjacent to caspase cleavage sites [3–6]. While it is theo-
retically possible that many distinct protein kinases could 
protect proteins from caspase-mediated cleavage, protein 
kinase CK2 is of particular interest because acidic amino 
acids, including aspartic acid residues that are recognized 
by caspases, are its dominant specificity determinants.
Since it exhibits elevated expression in a number of can-
cers including breast, prostate, head and neck, kidney, 
bladder, lung and in leukemia, CK2 has emerged as a 
potential candidate for therapy [7, 8]. Furthermore, stud-
ies with transgenic mice have demonstrated that CK2 is 
oncogenically active in mammary gland and in T cells. 
Although many details of its regulation remain poorly 
defined, CK2 is notable compared to many other protein 
kinases because it is constitutively active.  Accordingly, 
when CK2 levels are increased in tumors and leukemic 
cells, it is envisaged that elevated levels of phosphoryla-
tion will occur on cellular proteins. For those proteins that 
can be phosphorylated by CK2 at sites proximal to caspase 
cleavage sites, elevated levels of CK2 could in turn render 
cells less resistant to apoptotic stimuli. In support of this 
prediction, enhanced levels of CK2 have been shown to 
promote cell survival whereas inhibition of CK2 by RNA 
interference, by expression of catalytically-inactive CK2 
variants or by pharmacological inhibition compromises 
cell survival. Furthermore, pre-clinical studies performed 
in a variety of models indicate that the inhibition of CK2 
sensitizes cancer cells to apoptotic stimuli and to treat-
ment with radiation or chemotherapy [7, 8]. To date, pro-
teins identified as caspase substrates that are protected by 
CK2 phosphorylation include Max, Bid and PTEN [3–5]. 

However, since CK2 is predicted to be responsible for gen-
erating a high proportion of the phosphoproteome, pos-
sibly in the range of 20% of the human phosphoproteome 
[9], we predicted that there could be many previously un-
recognized caspase substrates that are regulated by CK2. 
To systematically test this prediction, we employed com-
putational and functional proteomic approaches to select 
cellular proteins that are candidate targets for caspases 
that could be regulated by CK2. These studies revealed 
more than 300 proteins, involved in a variety of cellular 
processes, where phosphorylation by CK2 could poten-
tially regulate caspase-mediated cleavage suggesting that 
protection of caspase substrates could represent a major 
mechanism by which elevated CK2 levels promote cancer 
cell survival. Given the emergence of CK2 as a potential 
candidate for molecular-targeted therapy, it is expected 
that a detailed understanding of how CK2 promotes can-
cer cell survival will yield new insights that could ulti-
mately contribute to improvements in cancer treatment in 
leukemia or tumors with elevated levels of CK2.
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To date about forty crystal structures of the heterotetra-
meric protein kinase CK2, of its catalytic subunit CK2α 
and of its regulatory subunit CK2β have been deposited 
in the Protein Data Base [1]. These structures establish a 
profound basis for the rational design of effective CK2 in-
hibitors [2], and they allow the rationalization of many 
unique features of the enzyme ― among them its con-
stitutive activity, its acidophilic substrate specificity, its 
dual-cosubstrate specificity and its unique quaternary 
structure [3]. A decidedly inactive conformation of CK2α 
published recently [4] even suggests that crystallography 
might contribute to the elucidation of the enzyme’s activ-
ity control mechanism.
However, crystallography does not provide structures 
of isolated protein molecules. Rather the crystallization 
process results in a spatially ordered ensemble of protein 
molecules based on specific transient protein–protein in-
teractions. Since the catalytic function of protein kinases 
and in many cases also their regulation [5] critically de-
pends on such protein–protein interactions the crystal-
line environment of a protein kinase potentially harbours 
a lot of additional biochemically valuable information. 
This was e.g. shown for the EGF receptor kinase where 
the crystal packing reveals an asymmetric dimer whose 
formation is most probably relevant for activation [6].
For CK2 the value of this “crystal packing analysis” ap-
proach was demonstrated in the case of the CK2 holoen-
zyme crystals [3] where the heterotetrameric CK2α–CK2β 
complex makes biochemically significant contacts to some 
of its symmetry equivalents and forms ring-like struc-
tures with these [7]. In a novel crystal form of the CK2 
holoenzyme the heterotetramers are arranged as linear 
filaments that stretch across the crystal and are redolent 
of filamentous aggregates observed more than two dec-
ades ago [8]. The clear tendency of the CK2 holoenzyme 
to form circular or linear filaments in the crystalline state 
may indicate the functional significance of the higher-or-
der aggregates.
Also in the case of CK2α a look at the crystalline protein–
protein interactions is highly instructive. Recently, a small 
molecule binding cavity in the region of the CK2α–CK2β 
interface of human CK2α was found [9]. In numerous 
subsequent crystallization experiments we observed a 
puzzling correlation of (i) the occupation of that binding 
pocket by small molecules, (ii) high-salt crystallization 
conditions, (iii) a closed conformation of the enzyme’s 

inter-domain hinge region incompatible with productive 
ATP binding, and (iv) dimers in the crystalline environ-
ment (Fig. 1) with a tendency to distortion of the exact 
two-fold point symmetry. This observation suggests that 
small molecules might effect the oligomerization state of 
human CK2α and ― more important ― play a regulatory 
role in that context.

Figure 1. Dimers of human CK2α observed in several crystals.

The dimeric arrangement is correlated with the occupation of a 
small molecule binding site in the interface region to CK2β and 
with a closed conformation of the inter-domain hinge region 
that is incompatible with productive ATP binding. Typically the 
two-fold point symmetry of the dimers is somewhat distorted, 
i.e. there are slight but significant conformational differences 
between the two monomers. This asymmetry suggests that the 
dimerization is not merely a crystallization artefact.
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of neoplasia, are “addicted” to CK2 to maintain their tu-
mour phenotype. The term “addiction” has been coined 
to indicate the requirement of a greater amount of the 
product of a given (onco)gene to maintain the malignant 
phenotype, which can be reverted to normal or apoptotic 
by lowering the level/activity of the protein the tumour 
is addicted to [8]. A number of arguments strongly sup-
port the concept that addiction to CK2 may represent a 
feature shared by several different kinds of cancer cells. 
Of special interest is the observation that CK2 inhibitors 
display cytotoxic effect on cancer cells whose malignancy 
is due to genetic alteration of kinases insensitive to these 
inhibitors, e.g. Brc-Abl [9] and NPM-ALK [10]. It is also 
conceivable that “addiction to chaperons” [11] ultimately 
reflect abnormally high CK2 activity considering that the 
phosphorylation of the co-chaperon protein CDC-37 by 
CK2 is crucially required for the survival of the “onco-
kinome” [12]. 
If the “CK2 addiction” theory will prove correct then 
pharmacological down-regulation of CK2 by selective 
cell permeable inhibitors may provide a valuable strategy 
for the treatment of a wide range of neoplastic disorders.
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In recent years a breakthrough has taken place in our un-
derstanding of molecular alterations underlying human 
diseases whereby most of pathological conditions are 
related to intra- and inter-cellular communication disor-
ders. This gave rise to the concept of “Signal Transduction 
Therapy” (STT), a neologism coined to indicate a variety 
of approaches useful to identify and treat “signalling 
disorders”. The first choice targets in STT are protein ki-
nases, for a number of reasons, notably the implication of 
these enzymes in nearly all signalling pathways, their de-
regulation often related to global diseases, and their cata-
lytic nature, conferring susceptibility to low molecular 
weight active site-directed specific inhibitors displaying 
pharmacological potential. Not surprisingly therefore the 
largest subset of the “druggable genome” (22%) is pro-
vided by the individual family of protein kinases (either 
Ser/Thr or Tyr specific) [1], which is encoded by less than 
2% of the human genome (collectively referred to as the 
human “kinome”). Such a “druggable kinome” currently 
includes more than 150 members of the family [2] with 
inhibitors of many of these already in clinical practice or 
in advanced clinical trials.
It is generally held that the pathogenic potential of pro-
tein kinases is conferred by their unscheduled activa-
tion, due to mutations and/or other genetic alterations 
responsible for the onset of specific diseases. A notable 
exception, however, is provided by CK2, a highly pleio-
tropic, constitutively active Ser/Thr protein kinase, whose 
level is invariably elevated in tumour cells, where it pro-
motes a global anti-apoptotic and pro-survival response 
[3], defective susceptibility to anti-cancer agents [4] and 
an accentuated multidrug resistance phenotype [5]. As a 
consequence, although oncogenic mutations of CK2 have 
never been reported, cells with abnormally high CK2 
levels appear to be positively selected by the tumour, a 
circumstance which makes CK2 an attractive target in a 
variety of neoplastic diseases where its down-regulation 
may abrogate a number of general devices exploited for 
tumour progression, even if the molecular alteration un-
derlying the onset of the disease is not residing in CK2 
itself [6]. Not surprisingly therefore considerable efforts 
have been done to design and optimize selective cell per-
meable inhibitors able to abrogate CK2 activity [7]. These 
reagents, sometimes in conjunction with CK2 mutants 
refractory to inhibition, have been successfully exploited 
to show that cells derived from an ample spectrum of tu-
mours (including multiple myeloma, ovarian carcinomas, 
osteosarcomas, various lymphomas and leukemias and 
prostate carcinomas) rely on abnormally high CK2 levels 
for their survival. This discloses the possibility that these 
cancer cells, regardless to the genetic alterations causative 
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Many experimental evidence supports the view that dis-
regulated protein kinase CK2 is functionally linked to 
cancer. Elevated CK2 activity has been uniformly docu-
mented in different human cancer types and its over-
expression is an unfavorable prognostic marker. CK2 
exerts key influence in the progression of oncogenesis 
by promoting cell growth via the regulation of various 
oncogenes, tumor suppressor proteins and protection of 
anti-apoptotic proteins from caspase-mediated cleavage. 
Consequently, CK2 has recently emerged as a relevant 
therapeutic target and its pharmacological inhibition ap-
pears as a promissing strategy. Similar to other protein 
kinases, a number of different classes of ATP competi-
tive inhibitors targeting its active site have been identi-
fied and some of them are now widely used as tools for 
the delineation of CK2-dependent signaling pathways. 
Moreover, it has been recently revealed that the molecu-
lar architecture of this multi-subunit enzyme could offer 
opportunities to develop alternative strategies to inhibit 
CK2 functions [1].

Figure 1. Different modes of CK2 inhibition by small- 
molecule inhibitors.

The catalytic (CK2α) and regulatory (CK2β) subunits are subject-
ed to various interaction forces that lead to the reversible forma-
tion of the CK2 holoenzyme complex. This dynamic molecular 
organization offers several opportunities to target the surface 
area of each subunit with small-molecule inhibitors.

We have recently identified different classes of small mol-
ecules targeting different surface area such as: 1) an ex-
osite on CK2α; 2) the CK2α/CK2β interface (Fig. 1).
Using high-throughput screening of highly diverse 
chemical libraries, polyoxometalates (POMs) belong-
ing to a unique class of inorganic compounds have been 
identified as potent non-ATP-competitive CK2 inhibitors 
[2]. Different biochemical analysis suggested that POMs 
bind outside the ATP/peptide-binding pocket in a region 
which contains key structural elements like the activation 
segment. The crystal structure of the CK2 holoenzyme 
can complex [3] as well as live cell imaging studies [4] 
suggested that CK2 subunits coexist in the cell without 
forming the holoenzyme complex [5]. Thus, this inter-
subunit flexibility should be amenable to drug-discovery 
efforts. In the CK2 holoenzyme structure, a segment in 
the CK2β tail forms a loop that inserts deep into a shallow 
hydrophobic groove located in the upper lobe of CK2α. 
As a first step, we have designed conformationally con-
strained peptides representing CK2β-based small mole-
cules that target the hydrophobic groove of CK2α and in-
hibit the assembly of the holoenzyme complex [6]. Using 
these peptides as lead molecules, we screened a library of 
podophyllotoxine indolo-analogs to search for chemical 
inhibitors of this interaction. Three lead compounds were 
identified that block the interaction between the CK2 sub-
units. Interestingly, kinetic analysis revealed that these 
compounds bind to the CK2α/ CK2β interface and trigger 
a non-ATP-competitive inhibition through allosteric con-
formational changes in CK2α [7]. Using a structure-based 
virtual screening approach, we could also identify addi-
tional chemical inhibitors with various chemical scaffolds 
that target the binding interface on CK2α and inhibit 
the phosphorylation of CK2β-dependent substrates [8]. 
These exosite-targeting inhibitors promise exciting op-
portunities by exploiting new mechanisms of action that 
may allow greater specificity. Furthermore, they offer a 
unique opportunity to the development of substrate-se-
lective CK2-targeting therapeutics. 
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Phosphorylation of serine, threonine and tyrosine residues 
represents one of the most common post-translational 
mechanisms used by cells to regulate their enzymatic and 
structural proteins. Alterations in the phosphorylation 
of proteins represent a frequent feature associated with 
human disease. This is the reason for an exponentially 
growing investment in the discovery, optimization and 
therapeutic evaluation of small molecular weight, phar-
macological inhibitors of protein kinases. Presently, over 
90 kinase inhibitors are undergoing clinical evaluation 
against diseases such as cancers, inflammation, diabetes, 
and neurodegenerative diseases.
Among the 518 human kinases, dual-specificity tyrosine 
phosphorylation regulated kinases (DYRKs) constitute 
a small sub-family of kinases comprising 5 closely relat-
ed members (DYRK1A, 1B, 2, 3, 4). The most studied is 
DYRK1A in the context of Down syndrome [1–4]. Among 
the 225 genes of chromosome 21, the DYRK1A gene is in-
deed located in a specific region called the “Down Syn-
drome Critical Region” (DSCR) comprising 20–30 genes 
suspected to be particularly involved in the phenotype of 
trisomy 21. Many arguments support a strong correlation 
between the abnormal expression and the elevated activ-
ity of DYRK1A and the trisomy 21 associated cognitive 
problems.
DYRK1A also appears to be implicated in Alzheimer dis-
ease development [5, 6]. Alzheimer’s disease is character-
ized by two major cellular events: (i) generation of amy-
loid β (Aβ) peptides from an amyloid β precursor protein 
(APP) and their subsequent extracellular aggregation 
(plaques) and (ii) hyperphosphorylation of the microtu-
bule-binding protein tau and its intracellular aggregation 
(tangles). Both events depend on a small set of kinases, 
some of which displaying abnormal activities in Alzhe-
imer’s disease. DYRK1A appears to be one of these kinas-
es, acting either directly, or indirectly as a priming kinase 
for GSK-3 which is also largely implicated in Alzheimer’s 
disease. DYRK1A indeed phosphorylates APP (threo-
nine-668) and the tau protein (threonine-212). The latter 
is subsequently phosphorylated by GSK-3 on serine-
208. Thus DYRK1A acts as a priming kinase for GSK-3, 
another kinase critically involved both in Aβ formation 
and in tau hyperphosphorylation, the two key features 
of Alzheimer’s disease. Interestingly, Down syndrome 
is systematically accompanied, after forty years old, 
with the premature development of Alzheimer’s disease 
markers. DYRK1A could thus constitute a common factor 
between these two pathologies. DYRK1A is also known 
to regulate caspase-9-mediated apoptosis. DYRK1B has 
been implicated as an anti-apoptotic factor in tumours. 

DYRK2 appears to phosphorylate p53 (serine-46) under 
stress conditions. DYRK3 attenuates erythropoiesis dur-
ing anaemia.
For all these reasons, it is of great interest to study the 
regulation and functions of DYRKs, in a fundamental 
way, but also in a more applied research, to search for, 
optimize and characterize highly selective and potent 
pharmacological inhibitors of these kinases. These small 
molecular weight compounds have a strong therapeutic 
potential to stabilize, revert or even prevent the develop-
ment of Alzheimer’s disease, and possibly also Down’s 
syndrome. They might also represent an alternative to 
EPO for the treatment of anaemia associated with can-
cer and chemotherapy. Only very few DYRKs inhibitors 
have been described, harmine representing so far one of 
the most potent and selective inhibitor. Over the last few 
years we have screened for, identified and characterized 
several families of DYRK1A inhibitors, some of which 
displaying nanomolar inhibitory activities and rather 
strong selectivity. We will present here a selection of these 
inhibitors and describe their selectivity, mechanism of ac-
tion, cellular effects and potential applications.
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Kinase inhibitor development is one of the major focus-
es of drug development during the past two decades. 
Considerable efforts in private industry and academia 
led to the approval of 8 low molecular weight drugs so 
far. Dysfunction of many kinases has been linked to a 
vast diversity of diseases. However, due to tremendous 
difficulties developing highly selective inhibitors most 
development programs restrict application to the on-
cology area. Indeed, recent developments of screening 
platforms that cover most kinases of the human kinome 
revealed that many inhibitors used in the clinic and that 
are in development inhibit many largely diverse kinases 
[1] suggesting that cross reactivity of kinases is difficult 
to predict. Several design strategies are currently ex-
plored to overcome problems related to inhibitor selec-
tivity. One of these strategies comprises selective target-
ing of the inactive DFG-out state of kinases which lead 
to the development of the first approved kinase inhibi-
tor gleevec [2] and the extremely selective inhibitor lap-
atinib [3]. Due to the highly dynamic nature of kinases 
the inactive states are much more diverse than the well 
conserved active state of kinases [4]. However, targeting 
the DFG out conformation per se does not guaranty more 
favorable selectivity profiles and many unexpected cross 
reacting targets have been identified for these so called 
type II inhibitors. Other strategies target unique active 
site features for instant small residues in the hinge gate-
keeper position that open an addition binding pocket 
or aim to develop inhibitors that bind outside the con-
served ATP binding site.
Our laboratory is interested in family wide structural 
analysis of kinases with the goal to unravel unique and 
conserved mechanisms of enzymatic regulation as well 
as developing strategies for the rational design of selec-
tive inhibitors. To this end we increase the kinome wide 
structural coverage of publicly available experimental 
crystal structures of kinase catalytic domains using a par-
allel high throughput structure determination approach 
[5]. This initiative increase the number of available crystal 
structures by more than 100 kinase inhibitor complexes 
and more than 40 catalytic domain structures of targets 
that had not been structure determined previously [5, 6] 
(www.sgc.ox.ac.uk/kinases). In addition, we provided in-
hibitor selectivity data for a large number of kinase targets 
using a differential scanning fluorimetry assay format [7]. 
This large body of structural and screening data can now 

be applied to understand mechanisms of inhibitor cross 
reactivity.
Inhibitors that bind outside the largely conserved ATP 
binding pocket offer a promising strategy increasing se-
lectivity. Dynamic features of Fes kinase [8] and unique 
cysteine residues in helix αF present only in Fes/Fer and 
VRK1 were explored to develop covalent inhibitors. The 
determined crystal structure of the Fes inhibitor complex 
revealed large conformational changes that led to re-
structuring of the activation segment and movements of 
αC to form a deep binding pocket that hosts the inhibitor 
resulting in an altered substrate binding site in the inhibi-
tor bound state [9].
In a recent study we identified non-ATP mimetic/ATP 
competitive inhibitors that target PIM kinases. The three 
human PIM isoforms (PIM1–3) have been linked to tu-
mor development and have been suggested as promising 
targets for cancer therapy. We identified di-chloro β-car-
bolines as strong and rather selective inhibitors of PIM 
kinases. The substitution patter of the identified inhibitor 
scaffold does not allow formation of hydrogen bonds of 
this inhibitor with the hinge backbone. Indeed, in the de-
termined co-crystal structures the chlorine atoms are ori-
ented towards the hinge region. Screening and sequence 
comparisons of active site residues revealed that di-chloro 
β-carbolines required two hydrophobic anchor points in 
the kinase active site for binding which included an aro-
matic or large hydrophobic or aromatic gatekeeper resi-
due as well as a large hydrophobic residue N-terminal to 
the DFG motif (φ-DFG). Large hydrophobic residues in 
φ-DFG are rarely found in kinases (Fig. 1) suggesting that 
this strategy can be used to develop highly selective in-
hibitors against a subset of kinases. We identified inhibi-
tors that are highly selective for Clk kinases as well as for 
Pim/Clk so far. This strategy is not unique to β-carbolines 
but can be applied to a large diversity of inhibitor scaf-
folds [10].

Figure 1A. Kinases that harbor a large hydrophobic gatekeeper 
and a φ-DFG residue in their active site. B. Interactions of the 
β-carboline CARB13 with PIM1. The two relevant hydropho-
bic interactions are labeled.
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The promiscuity of clinical drugs entails the danger of 
side effects, but also the opportunity of additional medi-
cal uses. Unanticipated targets are not limited to the same 
protein family, but extend to the whole proteome. In ad-
dition, it becomes more and more obvious that a drug 
target is not necessarily a single polypeptide, a binding 
pocket or an interaction interface, but can even be an en-
tire protein complex.

Figure 1. The protein interaction network of the five BCR-ABL 
kinase inhibitors imatinib, nilotinib, dasatinib, bosutinib and 
INNO-406 in CML cells.

Here, we have investigated five clinical drugs/drug candi-
dates that are in use for chronic myeloid leukemia (CML), 
which is caused by the deregulated tyrosine kinase activ-
ity of the fusion oncoprotein BCR-ABL [1]. The targeted 
BCR-ABL inhibitor imatinib showed significant therapeu-
tic success. However, both primary and secondary resis-
tance soon necessitated the development of second- (nilo-
tinib and dasatinib) and third-generation (bosutinib and 
INNO-406) BCR-ABL inhibitors, which display varying 
degrees of specificity for and potency against BCR-ABL.
We identified the disease-relevant protein target profiles 
of these small molecule drugs by chemical proteomics, 
which combines drug affinity-chromatography with 
mass spectrometry, probing primary patient cell material. 
Thus, we identified several novel kinase and/or non-ki-
nase targets for each one of the drugs [2–4]. Furthermore, 
the interaction profiles of the five drugs display strong 
differences, overlapping only at the ABL kinases (Fig. 1), 
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with dasatinib [2] and bosutinib [3] being particularly 
promiscuous.
As BCR-ABL forms the central cognate target of these five 
drugs, we additionally characterized its molecular ma-
chine by a systematic immunoprecipitation/proteomics 
approach. Thus, we were able to define a BCR-ABL core 
complex consisting of eight protein components includ-
ing adaptor proteins, phosphatases and kinases, which 
we found to be remodeled and not simply disassebled 
upon treatment with dasatinib and nilotinib [5].
In summary, the identification of the protein targets and 
their corresponding pathways provides a molecular ra-
tionale for discriminating between these very different 
kinase inhibitors with regard to patient-specific use or 
combination therapy. Moreover, we demonstrated that 
these five kinase inhibitors do not only target the ATP-
binding pocket of BCR-ABL, but the entire molecular ma-
chine itself.
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Eukaryotic chromosome DNA replicates from multiple 
origins only once per cell cycle. This is mainly regulated 
at the initiation steps by two protein kinases, cyclin-de-
pendent kinase (CDK) and Dbf4-dependent Cdc7 kinase 
(DDK), both of which are activated at the G1/S boundary 
of the cell cycle. These kinase activities cause many rep-
lication proteins including replicative DNA polymerases 
α, δ and ε (Pol α, δ and ε) to associate at origins with the 
pre-replicative complex (pre-RC). The pre-RC is formed 
from late M phase to G1 phase when CDK activity is 
low, by loading of the Mcm2-7 helicase to origins that 
are bound by the six-subunit origin recognition complex 
(Orc) throughout the cell cycle in budding yeast. This 
loading also requires two additional proteins, Cdt1 and 
Cdc6 [1–3].
CDK phosphorylates two yeast replication proteins, Sld3 
and Sld2, both of which bind to Dpb11 when phosphor-
ylated. Dpb11 has two pairs of tandem BRCT (BRca1 C-
terminal) domains, known as a phosphopeptide binding 
domain; the N-terminal pair of BRCT domains binds to 
phosphorylated Sld3 and the C-terminal pair to phos-
phorylated Sld2 [4–6]. These phosphorylation-depend-
ent interactions are essential and represent the minimal 
requirement for CDK-dependent activation of DNA 
replication in budding yeast. DDK phosphorylates Mcm 
and this phosphorylation is suggested to enhance the in-
teraction between Mcm and another replication protein, 
Cdc45 although the precise mechanism has not been elu-
cidated.
Although phoshorylation-dependent interactions be-
tween Dpb11, Sld2 and Sld3 were revealed to be essen-
tial for CDK-dependent activation of DNA replication, 
how these interactions promote the initiation of DNA 
replication has not been elucidated. To investigate the 
implication of these interactions in DNA replication, we 
have tried to identify protein complexes that form in a 
CDK-dependent manner. Using a crosslinking reagent, 
formaldehyde, we identified a novel fragile complex 
called the pre-loading complex (pre-LC) containing Pol 
ε, GINS, Sld2 and Dpb11. GINS is consisted of Sld5, Psf1, 
Psf2 and Psf3 subunits and works in the initiation and 
elongation steps in DNA replication. The pre-LC forms 
before association with origins, in a CDK-dependent and 
DDK-independent manner. Moreover, Pol ε, GINS, Sld2 
and Dpb11 are able to form a complex in vitro, and ge-
netic interactions indicate the importance of complex for-
mation in vivo. Based on these findings, we propose that 
CDK activity regulates the initiation of DNA replication 
through formation of the pre-LC (Fig. 1).
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The cell division cycle is regulated by the fluctuating ac-
tivity of cyclin-dependent kinase (CDK)/cyclin pairs [1]. 
Aberrant activity of these kinases has been linked to pro-
liferative diseases. A considerable effort not only from the 
pharmaceutical industry but also from academic groups 
has resulted in several CDK inhibitors entering clinical 
trials. Understanding the molecular basis of CDK regula-
tion plays a central role in the rational development of 
inhibitors that target this protein kinase family.
Structural characterisation of CDK2 in different regula-
tory states has led to a widely accepted activation model 
in which CDK association with a cognate cyclin and ac-
tivation loop phosphorylation result in a fully activated 
complex [2]. In the active state, the CDK2 C-helix adopts 
an in-conformation and the activation loop is displaced 
onto the C-terminal lobe. Recent structural work on other 
CDKs, in particular CDK9/cyclin T has elaborated this 
activation model [3]. Another example of the diversity 
of CDK regulation has been provided by the structure of 
CDK4/cyclin D. Strikingly, the association of CDK4 with 
its cyclin subunit does not impose an active conforma-
tion: CDK4 bound to cyclin D most closely resembles the 
conformation of inactive, monomeric CDK2 [4]. This ob-
servation suggests that the CDK2 activation model does 
not extend to CDK4.
Another mechanism that is essential for CDK regula-
tion is reversible phosphorylation. The cell cycle CDKs 
require activation loop phosphorylation to acquire full 
activity. This phosphorylation event induces conforma-
tional changes in CDK2 that create the peptide substrate 
binding site around the site of phospho-transfer. These 
changes observed in CDK2 are not detected in CDK4 
phosphorylated on Thr172 and bound to cyclin D, (CD-
K4T172p)/cyclin D. Indeed CDK4T172p keeps a very 
dynamic behaviour [5]. This result highlights another 
fundamental difference in CDK regulation. In Pho80/
Pho85, the requirement for activatory phosphorylation 
is circumvented by a cyclin-mediated interaction motif 
reminiscent of that observed in CDK5/p25. Whereas in 
CDK2, phosphorylated T160 and a cluster of arginines 
form a hub that reorganises the activation loop, in Pho80/
Pho85, this is achieved by a salt bridge between an aspar-
tate residue from the cyclin subunit and a CDK arginine 
residue [6]. Cell cycle CDKs are also negatively regulated 
by phosphorylation. In particular, Tyr15 phosphorylation 
of CDK1 directly regulates entry into mitosis. Structural 
studies of CDK2 phosphorylated on Tyr15 (CDK2Y15p) 
revealed that phosphorylated Tyr15 inhibits CDK2 kinase 
activity by primarily reducing its affinity for its peptide 

Figure 1. Many replication proteins assemble at origins when 
CDK is activated.

Before activation of CDK, Mcm (Mcm2-7) is loaded onto Orc-
bound origins to form the pre-RC. Sld3-Cdc45 also associates 
with many origins in the absence of CDK activity in budding 
yeast. When CDK is activated, Sld2 is phosphorylated and as-
sociates with Dpb11 to form the pre-LC. Sld3 on origins is also 
phosphorylated by CDK and associates with the pre-LC through 
Dpb11. By these interactions, Pol ε and GINS are recruited to 
origins and their origin-association activates Mcm helicase and 
consequently initiation of DNA replication.
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substrate [7]. On the basis of the CDK2Y15p/cyclin A struc-
ture, phosphorylation of Thr14 is expected to enhance the 
inhibitory effect of phosphorylated Tyr15 by preventing 
the correct positioning of ATP in the active site.
The identification of physiological CDK substrates is still 
in progress but extensive characterisation of substrate 
recognition has been carried out [8]. Cell cycle CDKs have 
a strong preference for substrates that have respectively a 
proline at the P+1 and a positively charged residue (either 
lysine or arginine) at the P+3 position (SPXK/R substrates, 
where X is any amino acid). This preference can be re-
laxed by the presence of a cyclin-mediated recruitment 
motif (RxL) on the substrate. The interaction between the 
RxL-containing substrate and the recruitment patch on 
the cyclin surface has been well studied [9]. A compari-
son of CDK2 substrate specificity when bound to cyclin 
A, E or B highlights the strong effect that the associated 
cyclin has on determining CDK substrate selectivity. For 
example CDK2/cyclin A can phosphorylate a non-canoni-
cal SPXX motif only in the presence of a recruitment mo-
tif, whereas CDK2/cyclin B does not require a recruitment 
motif to be present. Interestingly, CDK4/cyclin D displays 
the most stringent substrate specificity. It is not able to 
phosphorylate the canonical CDK substrate, histone H1 
and is highly dependent on cyclin-mediated substrate se-
lection [4]. Pho80-Pho85 also displays peculiar substrate 
recognition characteristics and has a preference for the 
phosphorylatable motif SPXI/L, in contrast to the CDK2 
canonical motif [6].
A detailed understanding of CDK regulation is necessary 
to define the best possible ways to control their activity. 
Characterisation of the ATP-binding site from the perspec-
tive of inhibitors can also provide valuable tools to better 
design chemical inhibitors of CDKs. A wealth of data can 
be derived from inhibitor activity measurements in terms 
of inhibitor selectivity and residue promiscuity hot-spots 
[1]. More specifically in the context of CDKs valuable in-
formation can be gathered on the effects of phosphoryla-
tion and of cyclin binding using kinase-specific inhibitors 
and revealed unanticipated profile differences. These 
studies allow a better description of the ATP-binding site 
character from an inhibitor perspective. These differences 
may be of use in inhibitor design.
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Glycogen synthase kinase-3 (GSK-3) is a ubiquitous cy-
tosolic serine/threonine protein kinase that has recently 
emerged as a novel and promising drug discovery target. 
Its elevated activity has been linked with the pathogen-
esis of several chronic diseases including diabetes neu-
rodegenerative and affective disorder. Hence, it has been 
suggested that selective inhibition of GSK-3 may be of 
therapeutic benefits in treatment of these disorders. Our 
laboratory is focuses on development of specific GSK-3 
inhibitors that in contrast to other protein kinase inhibi-
tors available that are ATP competitive inhibitors are 
substrate competitive inhibitors. We rationalized that 
substrate competitive inhibitor are more specific, thus 
less toxic and safer for clinical applications. The strategy 
in development of GSK-3 inhibitors is based on our un-
derstanding of how the enzyme recognizes and interacts 
with its substrates. The unique recognition motif of GSK-
3 that requires pre-phosphorylated serine in the context 
of SXXXS(p) (S(p), phosphorylated serine) was the first 
lead in our design. Accordingly, a novel class of phospho-
rylated peptide inhibitors patterned after the substrate 
recognition motif was developed and provided a proof 
of concept [1]. A selected peptide termed, L803-mts, was 
shown to inhibit GSK-3 in vitro and to promote anti-dia-
betic, anti-depressive and neuroprotective activity in var-
ious in vivo models by us and other laboratories [2–6].
We also performed protein–protein docking analysis and 
identified Phe 67, Gln 89 and Asn 95 located within the 
catalytic domain as novel sites that interact with the sub-
strate CREB (cAMP dependent response element binding 
protein, Fig. 1) [7]. Mutation of these sites to alanine re-
duced the ability of GSK-3 to phosphorylate its substrates 
without abrogating its catalytic activity [7]. We further ex-
plored the autoinhibition mechanism of GSK-3 which is 
catalyzed by the phosphorylation of its N-terminal tail (at 
Ser 9), and presumably functions as a pseudosubstrate. 
Bioinformatic analysis indicated that Arg 4, Arg 6 and Ser 
9 in the pseudosubstrate sequence were extremely con-
served through evolution, this included the unicellular 
choanoflagellates and the simplest multicellular animals 
such as sponges. Mutations at Arg 4 and Arg 6 to alanine 
enhanced the kinase activity, and unlike the wild-type 
GSK-3, these mutants were unable to undergo autoinhi-
bition by phosphorylated Ser 9 [8]. Molecular modeling 
of the pseudosubstrate peptide docked into the catalytic 
active site of the kinase showed specific interactions be-

tween Arg 6 to Gln 89 and Asn 95 and of Arg 4 to Asp 181 
[8]. These results supported the model of GSK-3-pseudo-
substrate autoregulation, they further highlighted the im-
portance of Gln 89 and Asn 95 in substrate recognition.
An additional direction in our work is the development 
of a convenient screen assay for GSK-3-substrate competi-
tive inhibitors. This method is based on the idea that na-
tive GSK-3 or specific mutants will bind a given ATP- or 
substrate-competitive inhibitor with different affinities. 
The resulted differences in the inhibition magnitude will 
enable us to characterize the nature of the tested inhibi-
tor. Screen of natural compounds is currently performed to 
identify non-ATP competitive small molecules inhibitors.
In summary, development of selective GSK-3 inhibitors 
will have an important impact in the drug discovery are-
na. We focus on understanding the GSK-3/substrate rec-
ognition mechanism, accordingly, we develop new tools 
for future drug design of specific substrate competitive 
inhibitors. 
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Figure 1. Docking model of GSK-3β with peptide substrate 
pCREB.

The solvent accessible surface of GSK-3β is shown in grey. Resi-
dues Q89 and N95 are emphasized in orange, residue F67 is col-
ored in light green and the positive primed phosphate binding 
site is depicted in yellow. The ribbon diagram colored in cyan 
and blue represents pCREB. The insert zooms shows S133(p) 
(primed phosphorylation site), Y134 and R135 residues in 
pCREB which interact with the catalytic grove. ATP is shown as 
brown ball and stick model, and the Mg2+ ion is depicted by the 
magenta sphere.
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A large body of evidence has linked tyrosine phosphor-
ylation to the regulation of basic biological processes such 
as cell cycle processing, cellular differentiation, embryo-
genesis and transformation. The levels of intracellular ty-
rosine phosphorylation are regulated by the action of two 
gene families, protein tyrosine kinases (PTK) and protein 
tyrosine phosphatases (PTP). The members of the PTP 
family are extremely diverse and have been identified in 
prokaryotes to eukaryotes [1]. The catalytic domain of the 
PTPs is highly conserved and is composed of approxi-
mately 220 amino acids sequence. Within this domain, 
the V/IHCSAGXGRXG sequence is well-conserved and it 
contains a Cys residue that is critical for the PTP activity. 
Supported by the recent generation of several PTP knock-
out mouse model it has been very-well established by our 
group and others that members of this gene family play 
key functions in many diseases and, in particular, in can-
cer [2].
PTP1B is a small 50 kDa protein with a catalytic domain 
at the amino terminus of this enzyme, linked with a SH3 
binding proline rich motif and ending at the carboxyl ter-
minus with an endoplasmic reticulum localization signal. 
This carboxyl end has been shown to interact with several 
signalling proteins and as well with protein complex that 
exist in the endoplasmic reticulum to sort, process and 
transport various tyrosine phosphorylated proteins. Our 
group has identified several roles for PTP1B in metabo-
lism. Gene-targeting studies have established this enzyme 
as an important modulator of metabolism by regulating 
insulin, leptin and growth hormone signaling pathways 
and inhibition of PTP1B has been validated in mouse, rat, 
primate and in human as a promising target in the treat-
ment of type II diabetes and obesity [3].
More recently we identified that PTP1B plays an active 
role in the development of transformed cells. Although 
both increased and decreased levels of the PTP1B have 
been observed in different tumors, an over-expression 
of the PTP1B is a characteristic of many types of epithe-
lial carcinomas and is also observed in human breast 
and ovarian carcinoma. Most breast cancers are associ-
ated with an increased expression of the Src kinase and 
of members of the EGFR family [4]. Importantly, PTP1B 
has been identified to act by various mechanism to pro-
mote transformation. For example, as one of the major 
phosphatases that activate the Src kinase in breast can-
cer cells; PTP1B dephosphorylates an inhibitory tyrosine 
residue on Src, thus activating the kinase. In addition we 
have shown that PTP1B expression is necessary for an ef-
ficient Ras activation in immortalized fibroblasts by its 
dephosphorylation of the adaptor and RAS-GAP bind-
ing protein p62DOCK [5]. Recently we demonstrated that 
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The importance of selectivity for kinase targeted drugs 
continues to be a subject for debate in the kinase commu-
nity; as some successfully marketed drugs inhibit several 
kinases (e.g. sunitinib), while others are highly selective 
(e.g. gefitinib) [1]. As such the understanding and practi-
cal application of design principles leading to kinase in-
hibitors with appropriate selectivity are of high interest. 
We present an approach which explores computational 
fragmentation of existing inhibitors [2, 3] and qualified 
kinase potency models to recombine and create de novo 
chemical libraries with demonstrated kinase activity. We 
present biochemical data in six kinases on set of six small 
general kinase small molecule libraries generated with 
this approach. Predicted and observed selectivity pro-
files allow us to understand the strength and limitations 
of our methodology, while analysis of group contribu-
tions from our libraries allows us to draw conclusions on 
general principles governing binding of ATP competitive 
compounds.
Over the last five years, we have developed statistical 
and computational approaches to analyze, characterize, 
predict and design kinase inhibitor potency and selectiv-
ity as well as understand the kinase target space from 
profiling data [4, 5]. We have also described the use of 
small inhibitors’ fragment frequencies for understanding 
kinase potency and selectivity [3]. By quantifying differ-
ences in the frequency of occurrence of fragments, simi-
larities between small molecules and their targets can be 
determined. Naïve Bayes models employing fragments 
provide highly interpretable and reliable means for pre-
dicting potency in individual kinases, as demonstrated 
in both retrospective tests and prospective selections. 
Statistical corrections for prospective validation allowed 
us to accurately estimate success rates. Specifically, the 
prospective experiment involved screening 1000 small 
molecules in six kinase targets and yielded an overall 
hit rate of 40% (at 20 μM small molecule concentration 
determined by molecules showing >70% inhibiton in any 
kinase). Learning from this experience prompted us to 
investigate a variety of modeling techniques to improve 
model predictability to the level appropriate for driving 
the de novo design paradigm. In our retrospective stud-
ies, a Support Vector Machine [6] fingerprint (SVMFP) 
method utilizing Extended Merck atom type descriptors 
significantly outperformed other methods with 50–90% 
probability to predict actives in the six kinases. Prospec-
tive model-based selection and screening of 1000 mol-
ecules led to an overall hit rate of 82% and provided the 
necessary qualification of the models to be used in library 
design. These models drove the de novo design of seven 

transgenic mice expressing PTP1B under the MMTV pro-
moter develop breast cancer. Moreover, when a MMTV-
activated ErbB2 mouse model of breast cancer is bred to 
the PTP1B knockout the tumor burden is dramatically re-
duced. Finally, if a PTP1B inhibitor (kindly provided, by 
B. Kennedy, Merck-Frosst, Montreal) is used to treat these 
MMTV-ERB2 animals one can also reduce and delay the 
appearance of tumors [6]. Confirming that PTP1B was 
acting as an oncogene, and that, its removal by genetic or 
pharmacological means, can provide protection against 
tumor formation. Additional studies recently allowed us 
to identify novel substrates of PTP1B that also support 
the oncogenic properties of this PTP. It is because of its 
role in metabolic diseases and cancer that PTP1B is an 
exciting target. These features led to the hypothesis that 
the development of inhibitors of PTP1B has the potential 
of providing important new tools for developing a better 
understanding and improved treatments of these impor-
tant diseases.
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Mammalian innate immunity possesses a distinct system to 
recognize aberrant DNA inside the cell by various receptors 
and signaling pathways [1, 2]. One class of DNA sensors is the 
Toll-like receptor 9 (TLR9), which is expressed in specialized 
immune cells, such as dendritic cells, binds to single-stranded 
CpG-rich DNA in the endosome to transmit cellular signal-
ing through MyD88, culminating in canonical IKKs such as 
IKKα, IKKβ, and IKKγ, resulting in both NF-κB-dependent 
and IRF-dependent gene induction [3]. Another class of DNA 
sensors, existng in the cytoplasm of most types of cells, such as 
fibroblasts, detects double-stranded B-form DNA via STING 
[4], leading to a non-canonical IKK, TANK-binding kinase-1 
(TBK1), as well as IKK-i, resulting in NF-κB-dependent and 
IRF-dependent gene induction [5, 6]. Finally, B-form DNA 
can activate another sensing machinery, known as the inflam-
masome, leading to apoptosis-associated speck-like protein 
containing a CARD (ASC)-mediated caspase-1 activation for 
IL-1β secretion [7]. Since DNA sensors have the potential to 
recognize aberrant DNA of both self and non-self origin, their 
physiological roles in microbial infection, tissue damage, au-
toimmune diseases and DNA-based therapeutic applications 
are being widely investigated.
This report reviews recent progress in understanding 
recognition and signaling machineries in innate immune 
systems, including those of DNA as described above, and 
also related new data from our laboratories.
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chemical libraries consisting of 20–50 compounds each. 
Both substitution patterns and substituents were selected 
by these SVMFP models from reconstruction of chemical 
fragments of kinase actives (dicer approach). Synthesized 
libraries were tested (single point inhibition at 20 μM) at 
six kinases with an overall hit rate of 92%. IC50s were de-
termined for the 20 μM single point actives at each kinase 
and showed a 30% hit rate across the six kinases (using an 
IC50 cutoff of 1 μM to define an active). While the success 
rate of the design was high, the predicted selectivity pro-
files were in some cases quite different from the observed 
ones. This data allowed for analysis by group contribu-
tions shedding light into general design principles of ATP 
competitive kinase inhibitors.
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Glioblastoma multiform (GBM) is the most aggressive 
form of brain cancer with a median survival of approxi-
mately one year. The conventional therapy for malignant 
brain tumours includes surgical resection, radiotherapy 
and chemotherapy. Most patients develop fatal tumour 
recurrence or progression after the treatment [1]. Epider-
mal growth factor receptor (EGFR) gene amplification or 
its constitutive activation occurs in approximately 50% of 
GBM cases [2]. However, the cellular response to EGFR 
inhibitors was modest and appeared dependent on the 
activity of the other deregulated pathways [3]. Moreover, 
recent preclinical and clinical studies identified mecha-
nisms of resistance, such as the compensatory activation 
of other signalling pathways, and suggest that effective 
malignant glioma therapy may require combined regi-
mens targeting multiple cellular pathways [4].
In order to identify signalling pathways that are differ-
entially regulated in human gliomas and to develop new 
therapeutics, we employed Affymetrix microarrays to 
analyze the expression of protein kinase transcripts on 
multiple brain tumours including primary and second-
ary glioblastoma, astrocytoma and oligodendroglioma. 
Among the finding of kinases that have been previously 
associated with gliomagenesis (e.g. EGFR or PDGFR) we 
identified novel protein kinase targets with increased tran-
script levels including transmembrane receptor and cyto-
plasmic kinases that have not been previously reported 
in human glioblastoma. Analysis of microarray datasets 
revealed the grade-specific expression of the identified ki-
nases, and Western blot analysis together with immuno-
histochemical studies confirmed their overexpression in 
human glioblastoma suggesting an important role of spe-
cific signalling pathways in brain tumour development 
and progression. MAP kinase-interacting protein kinase 1 
(MNK1) is one of the most promising novel targets iden-
tified in our study. MNK kinases function downstream 
of p38 and ERK MAP kinases and are closely associated 
with translation initiation complexes [5]. They can bind to 
translation initiation factor eIF4G and phosphorylate the 
cap-binding protein, translation initiation factor eIF4E. 
Importantly, a very recent key finding demonstrates that 
eIF4E phosphorylation at Ser209 by MNK kinases is ab-
solutely required for eIF4E action in opposing apoptosis 
and promoting tumorigenesis in vivo [6]. In our study, in-
hibition of MNK activity by low-molecular-weight kinase 
inhibitor CGP57380 [7] inhibited eIF4E phosphorylation, 

reduced cell proliferation, colony formation in soft agar 
and concomitant treatment with CGP57380 and mTOR 
inhibitor, rapamycin, showed an additive effect on gliob-
lastoma cell growth inhibition. Analysis of polysomal 
profiles revealed strong inhibition of global translation in 
CGP57380 and rapamycin treated glioblastoma cells. Our 
preliminary results clearly indicate that identified novel 
hyper-activated signalling pathways play an important 
role in brain carcinogenesis and provide us with a basis to 
explore potential of targeting isolated kinases as a thera-
peutic strategy for human glioblastoma.
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Smooth muscle tone is controlled by the rise and fall of 
intracellular calcium [Ca2+]i and by changing the sensitiv-
ity of contraction to Ca2+ [1, 2]. Type I cyclic GMP depend-
ent protein kinase (PKG I) plays a key role in this regu-
lation of [Ca2+]i by mediating fundamental physiological 
functions of the second messenger guanosine 3’,5’-cyclic 
mono-phosphate (cGMP) in vascular smooth muscle [3]. 
Relaxation of smooth muscle induced by endogenous va-
sodilators such as nitric oxide (NO) and natriuretic pep-
tides is dependent on the activation of soluble or particu-
late guanylyl cyclases, respectively [4, 5]. The subsequent 
increase in intracellular cGMP leads to an activation of 
PKG by occupation of cGMP-binding sites on the enzyme 
[6]. The current dogma in vascular biology emphasizes 
the cGMP-dependency of PKG as the central mechanism 
of regulating smooth muscle relaxation.
Understanding the molecular mechanisms of PKG medi-
ated regulation of vascular tone has been our recent focus. 
In this study, we incorporated the contributions of both 
cGMP-dependent and cGMP-independent PKG activities 
in the overall regulation of contractility. Our recently de-
veloped specific PKG inhibitors [7] play pivotal roles in 
dissecting the individual contributions of PKG activities 
in smooth muscle.
We have previously demonstrated that the peptide DT-2 
is a superior inhibitor of PKG in terms of potency, selec-
tivity, and membrane-permeability [7–10]. Furthermore, 
DT-2 is the only PKG inhibitor that blocks constitutive 
and basal PKG activity (Fig. 1) [10]. The potential vasoreg-
ulatory role for basal PKG activity is a newly emerging 
field in vascular research. Basal PKG activity may be par-
ticularly critical in vascular smooth muscle, where mul-
tiple cellular targets that regulate excitation-contraction 
coupling are known to be modulated by PKG depend-
ent phosphorylations [11]. Short term regulation of these 
proteins is known to decrease cellular [Ca2+] and reduce 
the Ca2+ sensitivity of the contractile apparatus, leading 
to depressed contractility [11]. Here we hypothesize that 
even without short-term stimulation by cGMP, a permis-
sive level of PKG-dependent phosphorylation of one or 
more of these targets is sufficient to provide a constant 
brake on contraction, opposing vascular tone (Fig. 1).
Although it is known that PKG has an intrinsic, consti-
tutive activity and that N-terminal autophosphorylation 
as well as cAMP and/or low, resting levels of cGMP can 
further increase the kinase activity to the basal state of 
activity, functional correlations have so far not been ad-
dressed [12, 13].
Although the structural relationship of the N-terminus, 
the cGMP-binding sites and the catalytic domain in inac-
tive PKG is not understood, the various factors known 
to destabilize the enzyme’s inactive state suggest that the 

enzyme is intrinsically weakly auto-inhibited. We tested 
this hypothesis by developing an insect cell based recom-
binant PKG expression system that allowed us to control 
auto-phosphorylation and nucleotide content [10]. Nano-
flow ESI-mass spectrometry confirmed the absence of 
N-terminal auto-phosphorylation and complete removal 
of cyclic nucleotides [14], yet the enzyme still exhibited a 
measurable kinase activity of 1.2 ± 0.1 μmoles/min per mg 
using the peptide TQAKRKKSLAMA as substrate [15]. 
This constitutive activity could not be inhibited by con-
ventional PKG inhibitors such as staurosporine analogs 
(KT5823) and Rp-cGMPS derivatives. In fact, our results 
indicate that the Rp-cGMPS class of inhibitors even ac-
tivated PKG thus indicating that they act as partial ago-
nists. Only DT-2 significantly inhibited constitutive PKG 
activity. Dixon-plot analysis showed that this inhibition 
is competitive with substrate, potent and highly specific. 
DT-2 also inhibited cGMP-stimulated PKG below consti-
tutive levels. Next we confirmed DT-2 binding to PKG by 
electrospray-ionization-mass-spectrometry [16]. High-af-
finity DT-2 binding was subsequently confirmed using 
surface-plasmon-resonance. Next, we established that the 
specific PKG inhibitor peptide DT-2 and its novel deriva-
tives constitute a comprehensive set of tools that enable 
us to “acutely” knock-out PKG in vitro. As we have previ-
ously demonstrated, fluorescein-labeled DT-2 (Fluo-DT-2) 
shows extremely favorable internalization properties in 
terms of overall kinetics and intracellular distribution in 
intact arteries [9]. We compared the in vitro internalization 
of the peptide in cerebral and mesenteric arteries from rat 
and mouse and found more efficient uptake and cytosolic 
distribution in smooth muscle cells. To probe DT-2’s cel-
lular translocation properties in vivo, we administered 
the fluorescein-tagged peptide into mice either through 
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Figure 1. NO/cGMP-dependent and cGMP-independent PKG 
signaling pathways in the regulation of vascular tone.

Black lines depict the established, NO mediated mechanism of 
vasodilation, biochemical factors (dotted lines) that manipulate 
PKG maturation and inhibitors of activated PKG. Red lines indi-
cate mechano-sensitive PKG expression and basal PKG activity 
as novel, NO-independent pathways influencing vascular tone. 
Blue lines indicate the central role of DT-2 as the only PKG in-
hibitor known to block activated and basal PKG activities.
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the tail vein or by intraperitoneal injection. Thirty min-
utes after application, small resistance arteries from vari-
ous tissues were removed and the internalization into 
endothelial and smooth muscle cells examined. These 
experiments showed two major results. First, peptide 
translocation in the medial layer of vessels is very rapid, 
efficient and independent of the application method. Sec-
ondly, the blood brain barrier appears to prevent peptide 
translocation into smooth muscle cells in cerebral arter-
ies. Lastly, to demonstrate that acute DT-2-induced PKG 
inhibition would favor constriction, we tested the direct 
effects of DT-2 on arterial tone in the absence of cGMP 
and the presence of the guanylyl cyclase inhibitor ODQ 
to minimize the influence of endogenous cGMP. In fresh 
pressurized cerebral arteries, DT-2 and a proteolytically 
stable DT-2 analog, D-DT-2 [17] caused substantial con-
striction, suggesting a possible contribution of constitu-
tive PKG activity to the regulation of myogenic tone. This 
constriction was 150–260%, of the constriction elicited by 
direct smooth muscle depolarization using 60 mM KCl. 
We next hypothesized that if the constrictor effect of DT-2 
and its derivatives was in fact dependent on inhibition of 
basal PKG activity, then its effect should be markedly de-
creased with reduced PKG expression. Although the con-
tractile responses to increasing pressure and to KCl were 
preserved in cultured arteries, DT-2 and D-DT-2 elicited 
little or no constriction (3–5% of 60 mM KCl). This find-
ing clearly indicates a direct dependence of DT-2 constric-
tor effects on PKG. Furthermore, small resistance arteries 
taken from D-DT-2 treated mice showed a markedly re-
duced dilator response to 8-Br-cGMP in vitro. Overall, our 
results demonstrate that DT-2 and its derivatives elicit va-
soconstriction through comprehensive inhibition of PKG 
activity (i.e. both basal and stimulated), and suggest a key 
role for basal PKG activity in the continuous regulation of 
vascular tone.
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Tyrosine phosphorylation, long recognized in eukaryotes, 
is beginning to be understood as playing a key regulatory 
role in bacterial physiology. A new class of enzymes has 
been shown to catalyze this reaction in bacteria. These 
enzymes, called BY-kinases for bacterial tyrosine-kinases, 
are widespread among bacteria but not in higher organ-
isms and they possess unique structural features, sharing 
no similarity with their eukaryotic counterparts [1]. They 
belong to the large family of P-loop containing proteins 
characterized by the Walker A nucleotide binding motif. 
However, many have Walker box sequences that deviate 
from the canonical version and their accurate influence 
on kinase activity is unknown. The best-known function-
al role of BY-kinases is in the biosynthesis of extracellular 
polysaccharides, key determinants of pathogenesis, and 
their autophosphorylation on several tyrosine residues is 
essential for high-molecular-weight capsular polysaccha-
ride assembly [2]. Their ability to phosphorylate endog-
enous substrates indicates that they are involved in di-
verse physiological responses including stress response, 
DNA metabolism, antibiotic resistance, and pathogenic-
ity [1]. For instance, both antibiotic resistance and ex-
opolysaccharide biosynthesis are controlled by tyrosine 
phosphorylation of a single protein by two distinct BY-
kinases in Escherichia coli [3]. Recent advances in mass 
spectrometry based phosphoproteomics provided lists 
of many new phosphotyrosine-proteins indicating that 
tyrosine-kinases may be involved not only in a large ar-
ray of cellular functions, but also in regulatory networks 
interconnecting eukaryotic-like S/T-kinases and two-
component systems [4]. In addition, most of the bacterial 
tyrosine kinases identified so far localize to the cytoplas-
mic membrane and it is speculated that these enzymes 
could be involved in signal transduction. The existence of 
such phosphorylating enzymes in bacteria, different from 
those found in the host cell, impel to consider them as 
promising therapeutic targets and to design specific in-
hibitors.
The first step toward this goal is to characterize the crys-
tallographic structure of a BY-kinase. For doing this, we 
are focusing on the BY-kinases identified in Staphylococcus 
aureus, namely CapA1B1 and CapA2B2. In this bacterium, 
and more generally in firmicutes, BY-kinases are encoded 
by two adjacent genes and split in two polypeptides: a 
cytoplasmic protein (CapB1 or CapB2) harboring the 
catalytic site and a membrane activating peptide (CapA1 
or CapA2). CapB1 and CapB2 proteins alone are inactive 
and interaction with either CapA1 or CapA2 proteins is 
required to promote their tyrosine-kinase activity [5]. 
More precisely, the C-terminal juxtamembrane domain 
of CapA proteins (CapA1-Ct or CapA2-Ct) is sufficient 

to activate CapB proteins. Surprisingly, CapB1 is found 
to be far less active than CapB2 whereas CapA1 is more 
efficient than CapA2 to promote kinase activity of CapB 
proteins. We characterized the crystal structure of the chi-
merical CapB2 protein fused to CapA1-Ct [6]. Hypoth-
esis suggested by this structural analysis were further 
investigated by mutational and biochemical approaches. 
Our data explain the activation mechanism of CapB2 by 
CapA1. This activation is performed by a hydrophobic 
residue of the juxtamembrane domain, namely F221 in 
CapA1, which complements the active site of CapB2 and 
interacts with the base moiety of ATP (Fig. 1). The struc-
ture of the inactive mutant CapB2K55M reveals a ring-
shape octamer in which the Y225 side chain of the neigh-
boring subunit points in the active site of CapB2 (Fig. 1).
These results also give new insights into the phosphor-
ylation of the endogenous substrate CapO [7], an enzyme 
involved in capsular polysaccharides biosynthesis and 
we propose a model for the regulation of the production 
of these compounds. Based on this work, we have started 
a structure-based drug design project in order to block 
bacterial capsule production and to treat infectious dis-
eases.

Figure 1. Close view of the active site of CapA1-CtB2.

The ADP molecule is shown in orange. The CapA1-Ct residue 
F221 interacting with the base moiety of the nucleotide is shown 
in green. Phosphorylated tyrosine Y225 of the neighboring 
CapB2 molecule is shown in yellow.
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Malaria remains a major public health problem in large 
parts of the world, causing 1–3 millions deaths per year, 
mostly among young children in sub-Saharan Africa, 
and represents a significant hindrance to socio-economic 
development of affected countries. The spread of drug 
resistance in Plasmodium falciparum, the protozoan para-
site responsible for the vast majority of mortality cases 
caused by malaria, renders the development of novel 
control tools an urgent task, especially with respect to as 
yet unexploited classes of targets to prevent cross-resis-
tance. Based on (i) the success of protein kinase-selective 
inhibitors to treat various cancers and their prospects in 
other diseases [1], and (ii) the divergences that have been 
documented between mammalian and Plasmodium pro-
tein kinases (PKs) in many instances [2], the kinome of 
the parasite has been proposed as an attractive target for 
novel antimalarials.
The entire complement of P. falciparum genes encoding 
PKs was characterised shortly after publication of the P. 
falciparum genome [3]. This revealed that although some 
Plasmodium PKs are clear orthologues of mammalian PKs 
(e.g. CK1), the vast majority are either “orphan” enzymes 
(i.e. they do not cluster within any of the established eu-
karyotic PK families) or “semi-orphan” (i.e. they belong 
to an established PK family but are sufficiently divergent 
as to prevent detection of orthology to specific mamma-
lian PKs). Thus, most Plasmodium PKs are divergent from 
mammalian enzymes at the level of primary structure, 
suggesting that species-selective inhibition is achievable. 
Structural data published for two P. falciparum kinases [4, 
5] confirm that the catalytic pockets of these divergent 
enzymes offer unique opportunities selective inhibition. 
Several laboratories have produced active recombinant 
P. falciparum kinases that can be used in inhibition as-
say, and species-selective inhibition has actually been 
obtained in a few instances, even in the case of enzymes 
that have orthologues in human cells [6]. Furthermore, 
high throughput screens have been performed, albeit so 
far with only a very small number of target PKs. Thus, 
Kato and co-workers [7] identified an inhibitor of the cal-
cium-dependent protein kinase PfCDPK1 (which has no 
orthologue in mammalian cells) that was used as a tool to 
reveal a role for the kinase in invasion of the host erythro-
cyte by the parasite.
Reverse genetics (knock-out) approaches are used to as-
sess the essentiality of a large fraction of the kinome in 
both P. falciparum and the rodent malaria model P. berghei. 
This led to the identification of PKs as being required 
for asexual proliferation in erythrocytes, the stage of the 
parasite’s life cycle that is responsible for the pathogen-
esis of malaria. These enzymes therefore represent poten-
tial targets for curative antimalarials. In contrast, many 
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Plasmodium PKs are dispensable for the asexual cycle. 
Investigations into the development of some of these KO 
parasite clones revealed essential roles for some PKs in 
successful infection of the mosquito vector. For example, 
two NIMA-related kinases were found to be required for 
meiosis (which takes place in the mosquito’s midgut). 
Such enzymes may thus represent targets for transmis-
sion-blocking intervention. Another useful aspect of Plas-
modium transgenesis is the gathering of information on 
the subcellular localization of PKs using GFP tagging.
Recent data identified a role for host cell PKs in parasite 
survival. Prior to proliferation in erythrocytes, malaria 
parasites injected by the mosquito first undergo multi-
plication in hepatocytes. Prudencio and co-workers [8] 
performed a human kinome-directed siRNA screen on 
infected hepatocytes, and identified 5 host cell PKs that 
caused significant reductions in infection when silenced 
by RNAi. This appears not to be restricted to the hepa-
toytic stage of infection: intriguingly, recent pharmaco-
logical and biochemical data from our laboratory im-
plicate host erythrocyte signaling pathways in parasite 
proliferation. This suggests that human as well parasite 
PKs might represent targets for antimalarials, which has 
important implications in terms of strategies for develop-
ing new tools for the control of malaria.
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Mycobacterium tuberculosis (Mtb), the etiological agent of 
TB, evades the antimicrobial defenses of the host and sur-
vives within the infected individual through a complex 
set of strategies. These include active prevention of host 
cellular killing processes as well as overwhelming adap-
tive gene expression. In the past decade we have gained 
an increased understanding of how mycobacteria not only 
have the ability to adapt to a changing host environment, 
but also actively interfere with the signaling machinery 
within the host cell to counteract or inhibit parts of the 
killing apparatus employed by the macrophage. The 
pathogen is able to sense its environment and respond in 
a coordinated manner by modulating the expression of 
its adaptive genes.
Four main families of proteins and one protein tyrosine 
kinase co-mediate signal transduction pathways in Mtb. 
These systems provide means of adaptive gene expres-
sion in response to external stimuli, but as recently de-
scribed provide also means to disrupt host cellular path-
ways. The classic bacterial signaling machinery comprises 
the “two component” systems. Eleven such systems have 
been identified, each consisting of a histidine kinase and 
a response regulator [1]. The second family contains 
eleven “eukaryotic-like” serine/threonine protein kinases 
(STPKs) [2]. The third is a PP2C-family of Ser/Thr phos-
phatase and the fourth family encodes a pair of protein 
tyrosine phosphatases (PTPs) including protein tyrosine 
phosphatase A (PtpA), which act within infected macro-
phages to interrupt host signaling pathways. PtpA is, in 
turn, phosphorylated by the newly discovered Mtb pro-
tein tyrosine kinase PtkA [3].
Although not essential for growth in vitro, these STPKs and 
PTPases were shown to be needed for controlled infection 
and disease progression in models of infection. Specifical-
ly, PknG, PknH [4, 5], and PtpA [6] play an important role 
in Mtb virulence, adaptation, and growth within animal 
models of infection or the host macrophage.
PknG is one of two secreted kinases in Mtb. Knock-out 
studies demonstrated that it is essential for Mtb infec-
tion since mutant Mtb strains cause delayed mortality in 
SCID mice and display decreased viability both in vitro 
and upon infection of BALB/c mice [4]. We were also 
able to link PknG to bacterial glutamine-glutamate me-
tabolism [4]. Later on, the cognate substrate of PknG was 
identified to be the OdhI in Corynobacterium glutamicum 
and its Mtb homolog GarA [7, 8]. GarA / OdhI control a 
key enzyme of the TCA cycle, the ubiquitous 2-oxoglu-
tarate dehydrogenase. Potent in silico anti-PknG hits, are 
effective in blocking mycobacterial growth within human 
macrophages [9].
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PknH functions as an in vivo growth regulator [5]. Com-
parative proteomics using iTRAQ enabled us to identify 
downstream effectors of PknH. Among these, members 
of the hypoxia- and nitric oxide (NO)-inducible dorman-
cy (DosR) regulon were found to be more abundant in the 
DpknH mutant versus the parental strain under standing 
culture conditions. We further showed that PknH phos-
phorylates the two component system response regulator 
DosR indicating the convergence of STPK and two-com-
ponent signaling to coordinate expression of the dorman-
cy regulon in Mtb.
PtpA is secreted by Mtb into the cytosol of the infected 
macrophages to mediate the arrest of phagosome matura-
tion, one of the main mechanism by which Mtb survives 
within the host cell [6]. Mutants in PtpA are deficient in 
growth in macrophages and expression of intracellular 
single chain antibodies against PtpA reduced mycobacte-
rial infection in human macrophages. Using a combina-
tion of in vitro radioactive labeling and “substrate-trap-
ping” approach, we have identified vacuolar protein 
sorting 33B (VPS33B), a regulator of vesicular trafficking 
and membrane fusion of the endosome pathway, as the 
cognate substrate of PtpA. Dephosphorylation of VPS33B 
by PtpA leads to inhibition of phagosome-lysosome fu-
sion in host macrophages.
More recently we have identified a novel tyrosine kinase, 
Mtb PtkA [3], and have shown that PtpA can serve as a 
substrate for this protein. Nevertheless, the network of 
bacilli and host macrophage metabolic pathways and bio-
logical functions controlled by this kinase still remained 
to be elucidated.
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Enzyme kinetics made easy: DYNAFIT 
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Quantitative in vitro studies (both enzyme-kinetic and 
biophysical) of protein kinases and their inhibitors are 
important for proper understanding of relevant molecu-
lar mechanisms. However, the complexity of the underly-
ing mathematical models presents a serious challenge to 
the investigator. For example, the steady-state initial-rate 
equation for a typical kinase enzyme might contain more 
than a hundred algebraic terms.
To facilitate mechanistic research, the software package 
DYNAFIT [1] has been designed to analyze all types of 
enzyme-kinetic or biophysical data entirely from symbol-
ic input, in the conventional biochemical notation (e.g., 
the text „E + S  E·S → E + P” represents the Michaelis-
Menten mechanism). The underlying mathematical mod-
els are automatically generated by the software. There are 
no restrictions on the number of reacting species, or on 
the complexity of the postulated molecular mechanism. 
Three types of experiments can be analyzed: 1) reaction 
progress; 2) initial rates vs. reactant concentrations; 3) 
equilibrium binding studies (e.g., competitive ligand dis-
placement).
The DYNAFIT package has been successfully applied in 
a number kinase inhibition projects. For example, kinase 
IspE is an enzyme on non-mevalonate pathway for iso-
prenoid biosynthesis, which is relevant to possible treat-
ments of malaria and tuberculosis. Hirsch et al. [2] applied 
the software to determine the molecular mechanism by 
which IspE is inhibited by small molecules. The oncology 
group at Nerviano Medical Sciences [3] routinely uses 
DYNAFIT in discovering kinase inhibitors related to the 
treatment of chronic myelogenous leukemia and other 
Abl-mediated diseases.
Thus far, DYNAFIT has been cited in more than 500 jour-
nal articles. This report summarizes recent results from 
the biochemical literature, where the software package 
has been used specifically to study the molecular mecha-
nisms of protein kinase catalysis and inhibition. Also 
shown are preliminary results from the determination of 
microscopic „off-rates” or, equivalently, „ligand residence 
times” for kinase inhibitors using time-resolved competi-
tive ligand displacement assays. (Preliminary experimen-
tal data had been provided by the courtesy of Invitrogen 
Corp.) Potential future applications of DYNAFIT in ki-
nase-relevant research are briefly summarized.
The DYNAFIT software package is freely available to all 
academic researchers from http://www.biokin.com.
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