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CK2, one of the first protein kinase ever discovered, is an
eukaryotic acidophilic Ser/Thr protein kinase. CK2 is considered a quite anomalous protein kinase for the following peculiar properties: i) it is highly pleiotropic, ii) it can
use both ATP and GTP as co-substrate, iii) the target serine or threonine must be surrounded by acidic residues
(with the minimal consensus sequence Ser/Thr-X-X-Asp/
Glu), and iv) the CK2α catalytic subunit is intrinsically
active [1].
More than 300 substrates are known for CK2. The regulatory mechanism of this kinase is still a matter of debate,
and it was the subject of extensive investigation. The catalytic subunit of this enzyme is intrinsically active. CK2 is
involved in many cellular processes such as cell cycle regulation, circadian rhythms, gene expression, cell growth
and differentiation, embryogenesis and apoptosis. CK2
can be considered a valuable drug target for cancer therapy essentially on the basis of the following arguments: a)
at protein level, CK2 is elevated in various cancers; b) it is
a potent suppressor of apoptosis and strongly promotes
the survival of the cell; c) it strengthens the multi-drug
resistant phenotype; d) for the previous reasons, it establishes favourable conditions for tumorigenesis [2].
An important CK2 feature that influences the inhibitor
design process is constitutive activity, with the consequence that only the active conformation can be targeted.
The catalytic site of CK2 displays some unique properties
that can be exploited in the design of inhibitors with a
high degree of specificity, as indicated by the ability to
utilize both ATP and GTP and by the low sensitivity to
staurosporine inhibition (IC50 of 19.5 μM versus values in
the low nanomolar range for other kinases). Actually, as
described below, fairly specific, potent, and cell-permeable inhibitors of CK2 have been successfully developed
in the last years [3–7].
From the analysis of the known maize and human CK2α
co-crystal structures, it was noted that if a negatively
charged moiety is present in a ligand (inhibitor or co-substrate) it tends to cluster in a well specific zone of the ATPbinding cleft, near the salt bridge Lys68-Glu81. A quantitative analysis of the electrostatic potential in the CK2α
active site revealed the presence of a positively charged
region located in the deeply buried area of the cavity,

between the hydrophobic region I and the salt bridge
formed by the fully conserved Lys68 and Asp81, with a
mean positive electrostatic potential of 1.5–2.0 kcal/mol.
As seen by the systematic analysis of the binding of different classes of CK2 inhibitors, the electrostatic interaction
with this area is responsible for the different orientation
of the ligands in the active site of CK2. A striking example
of this effect is that seen for the different binding modes
of the two closely related tetrabromobenzo derivatives
TBB and TBI. TBB, with a pKa ~5, binds with the triazole
ring inside the positive area, while TBI, with a pKa ~9, is
shifted towards the hinge region and forms two halogen
bonds with Glu114 and Val116, like all the other tetrabromobenzo-imidazole derivatives analysed so far.
In the apo form of CK2α, the positive electrostatic area
is occupied by three water molecules. The one in the
deepest part of the cavity, called water molecule 1 (W1),
is highly conserved in all the known human and maize
CK2α crystal structures. It makes hydrogen bonds with
the amidic NH of Trp176, with a carboxylic oxygen of
Glu81 and with another water molecule (W2), that is
present in many structures. When W2 is absent, its position is invariably occupied by a portion of a ligand, as in
the case of MNA, MNX, Emodin, IQA or benzamidine,
and this suggests that it is directly expelled by the ligand
itself, and that this water should be considered a sort of
competitor for that position. The third water of the positive area of apoCK2α, W3, is present in only two other
structures, namely in the complexes with TBI and K22; in
the complexes with DMAT and DRB a chloride ion was
found in that position. In the other cases, W3 is usually
replaced by atoms of the bound ligand and, most importantly, by functional groups that can carry a negative
charge. In other words, ligands carrying an acidic function have a propensity to cluster in a position corresponding to that of waters W2 and W3, in the region with the
positive electrostatic potential at about 3.5 Å from Lys68.
Ligands without acidic functions prefer to interact with
the hinge region, in particular with the backbone carbonyls of Glu114 and Val116. The scaffold of the macrocyclic
pyrazolo-triazines is so extended that it occupies almost
entirely the CK2 binding pocket; in this case, W3 is substituted by the lactam carbonyl function that anchors the
compound to the positive electrostatic area.
For many CK2 inhibitors, the main energetic contribution
to the binding appears to be due to apolar forces, namely
hydrophobic interactions and van der Waals contacts, involving the hydrophobic surface of the CK2 binding cleft
formed by residues Leu85, Val95, Leu111, Phe113, and
Ile174 (hydrophobic region I), Val53, Ile66, Val116 and
Met163 (adenine region) and Val45 and Tyr115 (hydrophobic region II). In particular, for the tetrabromobenzo
derivatives, a linear correlation between the log (Ki) and
the variation in the accessible surface area (ΔASA) upon
binding was identified, indicating that the apolar interactions are ultimately responsible for their rank in potency,
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as confirmed by a LIE model. Furthermore, the structureactivity analysis of more than 60 different coumarins and
the derived LIE model showed that apolar interactions
give the largest contribution to the free energy of binding also for this class of compounds. For the pyrazolotriazine derivatives, the SAR analysis confirmed the important role played by the apolar interactions, involving
the extended hydrophobic portions of the inhibitors with
hydrophobic region I (alkyl linker), with adenine region
(pyrazolo-triazine ring system) and hydrophobic region
II (cyclopropyl group).
From the analysis of the active sites of different kinases
it turned out that the one of CK2α is smaller in size, due
to some bulky side chains, which reduce the space available to cofactors and inhibitors. The most important of
these residues are Ile66 (maize) or Val66 (human) and
Ile174, which in many protein kinases are replaced with
less bulky amino acids, namely alanine versus Ile/Val66,
alanine, threonine or leucine versus Ile174. Inhibition data
on maize CK2α mutants confirmed the importance of
Ile66 and Ile174; for the single mutants Ile174Ala or Val66Ala and for the double mutant Ile174Ala/Val66Ala, the
TBB IC50 increases from 0.50 to 1.74, 13.0 and 12.5 μM,
respectively. The smaller size of the CK2α active site can
also account for the unusually modest sensitivity to the
large molecular size promiscuous protein kinase inhibitor staurosporine.
Very recently (Investigational New Drug Application
(IND) submitted on october 2008), Cylene Pharmaceuticals announced that it has initiated a Phase I clinical trial
of an orally administered CK2 protein kinase inhibitor,
CX-4945, in patients with advanced solid tumors, Castleman’s disease, or multiple myeloma. In preclinical studies, it was able to promote tumor regressions as a single
agent, with broad-spectrum anti-proliferative activity
against diverse cancer cell lines.
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SNF1-related protein kinases 2 (SnRK2s) are plant specific enzymes involved in regulation of plant response to
environmental stress and abscisic acid-dependent plant
development. In Arabidopsis thaliana, as well as in Oryza
sativa, there are ten members of the SnRK2 family. It was
shown that all of them, except SnRK2.9 from Arabidopsis,
are rapidly activated by treatment with different osmolytes, and some of them also by abscisic acid (ABA), suggesting that these kinases are involved in a general response to osmotic stress [1–3]. However, the information
concerning mechanism(s) of regulation of their activity is
still limited. Results presented by several groups provide
proof that phosphorylation in the kinase activation loop
is required for their activation [4, 5].
Here, we describe identification of a plant specific calcium
sensor, which interacts with the SnRK2 family members
and can act as a negative regulator of their activity in plant
cells. We screened a Nicotiana plumbaginifolia Matchmaker
cDNA library for proteins interacting with Nicotiana tabacum osmotic stress-activated protein kinase (NtOSAK), a
member of the SnRK2 family. A putative EF-hand calcium-binding protein was identified as a molecular partner
of NtOSAK. The calcium-binding properties of the protein expressed in a bacterial system were characterized.
Luminescence spectroscopy using Tb3+ as a spectroscopic
probe confirmed that the protein binds calcium. The calcium binding constant of the protein, determined by fluorescence titration of the only Trp protein residue, is K =
2.5 ± 0.9 × 105 M−1. The CD spectrum indicated that the
secondary structure of the protein changes significantly
in presence of calcium, suggesting its possible function
as a calcium sensor in plant cells. To determine whether
the identified protein interacts only with NtOSAK or also
with other SnRK2s, we cloned cDNA encoding the calcium binding protein orthologue from Arabidopsis thaliana and analyzed its binding with selected Arabidopsis
SnRK2s using the yeast two-hybrid system. All studied
kinases interacted with the protein. Therefore the protein
was named SnRK2 interacting calcium sensor (SCaS). The
interactions were confirmed by the Bimolecular Complementation Fluorescence assay, indicating that the binding
occurs in planta, exclusively in cytoplasm. In vitro studies
revealed that activity of analyzed SnRK2 kinases is inhibited by SCaS in a calcium-dependent manner. The results
suggest that SCaS is a negative regulator of SnRK2s activity in response to calcium influx in plant cells.
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Cyclic adenosine monophosphate (cAMP) signaling
through cAMP-dependent protein kinase (PKA) is a
ubiquitous mammalian signaling pathway involved in
metabolism [1], memory [2], and cell growth [3]. While
the PKA catalytic (C) subunit has served as a prototype
for the protein kinase superfamily, the regulatory (R)
subunit defines the mechanism whereby the second messenger, cAMP, translates an extracellular signal into an
intracellular biological response. Misregulation of this
process is associated with a number of diseases including cancer [4], dilated cardiomyopathy [5], and systemic
lupus erythematosus [6, 7]. The goal of this project is to
understand the molecular features that govern cAMP-induced activation of PKA in order to develop therapeutic
agents that combat disease. Three approaches have been
used to achieve this goal: 1) to solve the crystal structure
of the R:C heterodimer complex [8]; 2) to elucidate the
molecular rules that govern substrate recognition; and 3)
to understand the molecular basis for isoform-specific activation of PKA by cAMP analogs.
The overall structure of the RIα:C complex consists of
an extensive 2300 Å2 contact surface between the C- and
R-subunits. The C-subunit adopts a closed conformation
with its active site bound to AMP-PNP, two Mn2+ ions, and
the pseudosubstrate site of the R-subunit. Surprisingly,
the R-subunit undergoes major conformational changes
upon binding to the C-subunit. In the cAMP bound conformation, the two cAMP binding domains form a compact globular structure, joined by the kinked αB/C helix.
Upon binding to the C-subunit, the R-subunit adopts an
extended dumbbell shape due to an extension of the αB/C
helix, resulting in a 60 Å movement of domain A.
The R:C structure outlined how the different components
of the R-subunits bind and interact with the C-subunit. We
also took a reductionist approach and assessed whether
the inhibitor sequences alone could bind the C-subunits
with the endeavor of generating PKA-specific peptide
inhibitors. Peptide array analysis was initiated to determine whether these short sequences are sufficient to bind
the catalytic subunit with high affinity. There are four
isoforms of R-subunits (RIα, RIβ, RIIα, RIIβ) that share
the same structural domain organization, but differ in
biological function, localization, biochemical properties,
and sequence. Surprisingly, only peptides correspondng
to RII isoforms demonstrated detectable binding in the
presence and absence of ATP and Mg2+. The shortest peptide corresponds to a 13-mer that spans 6 residues before
and after the P-site, or the position that is phosphorylated
in substrates.
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Finally, we aimed to define the structural determinants of
cAMP analogs to target specific PKA isoforms. A library
of 21 cAMP analogues was screened for isoform specific PKA activation (RIα and RIIβ) using a fluorescence
polarization assay designed to measure dissociated Csubunits. Our analysis identified cAMP analogues with
substituents placed at the C8 position showed preferential activation of RIα holoenzymes. Second, substitutions
placed at the N6 position showed preferential activation
of RIIβ holoenzymes. The structures of RIα and RIIβ
bound to cAMP show significant differences in the cAMP
binding sites. In domain A, RIIβ has a large pocket near
the N6 position of cAMP that is absent in RIα. We solved
the structure of both RIα and RIIβ bound to HE33, the
most RII selective analog. The structure of RIIβ bound to
HE33 shows that the space near the N6 position is now
occupied by the N6 alkyl substituent, surrounded in a
hydrophobic environment. Conversely, RIα lacks this hydrophobic shell and binding of HE33 results in a more
open pocket. These structural differences may explain the
selectivity of N6 analogues for RIIβ.
It is hoped that these studies will address how variations
between R-subunit isoforms give rise to the unique and
sophisticated mechanisms of PKA regulation in cells and
provide a platform for designing isoform-specific inhibitors to combat disease.
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Bisubstrate-analogue inhibitors are compounds that simultaneously associate with both ATP- and protein-binding domains of protein kinases. The strategy of design
of bisubstrate inhibitors could give selective and potent
inhibitors of these dual substrate enzymes.
Recently we have developed a new series of inhibitors
that consist of adenosine-5’-carboxylic acid conjugated
with an arginine-rich peptide via a long Ahx-(d-amino
acid)-Ahx linker chain, where Ahx denotes 6-aminohexanoic acid [1]. The most potent inhibitors of this series
that contained a hexa-(d-arginine) peptide revealed subnanomolar potencies towards several basophilic protein
kinases. Even compounds with peptides containing only
two d-arginine residues were potent inhibitors of these
kinases (PKA, IC50 = 20–100 nM).
Here we report on a new series of compounds incorporating different carboxylic acids instead of adenosine-5’-carboxylic acid in these conjugates. The variation included
acetic acid, several derivatives of benzoic acid and different heterocyclic structures that were selected on the basis
of the previous knowledge about the binding of the fragments to the adenosine pocket of kinases [2, 3].
The conjugate of the peptide with acetic acid revealed no
inhibitory activity towards tested protein kinases (PKA,
PKB and ROCK) whereas derivatives of benzoic acids
were weak to moderate inhibitors (IC50 = 20–200 μM).
This points to the requirement for an aromatic moiety
that binds to the adenine binding site of the kinase leading to increased affinity of bisubstrate inhibitors towards
protein kinases.
Conjugation of the peptide part Ahx-(d-Lys)-Ahx-(dArg)2-NH2 with different heterocyclic moieties gave inhibitors with even higher potencies (IC50 = 10–10000 nM)
than that of their adenosine counterpart. Conjugates of
5-(2-aminopyrimidin-4-yl)thiophene-2-carboxylic acid [2]
with hexa-d-arginine inhibit basophilic protein kinases
of the AGC group, PKA, PKB/Akt, PKC (classical and
novel isoenzymes), PKG, MSK, ROCK, RSK, with high
potency (more than 80% inhibition at 100 nM concentration, as established in Invitrogen’s panel towards 50 PK).
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Compounds of this series have generally higher potency
and more general inhibition profile than their adenosine
counterparts [1].
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Thymidylate synthase (TS; EC 2.1.1.45), a target in chemotherapy [1], catalyzes the N5,10-methylenetetrahydrofolate
(meTHF)-assisted C(5)-methylation of dUMP [2]. Possible
phosphorylation of TS, previously reported [3], prompted
us to examine this in more detail. TS preparations highly
purified [4, 5] in the presence of phosphatase inhibitors,
including endogenous TS forms from L1210 parental and
FdUrd-resistant cells, and calf thymus, as well as mouse,
rat, human and Trichinella spiralis recombinant TSs expressed in bacterial cells, as analyzed with following SDS/
PAGE, contained phosphorylated forms present in a low
proportion, except for the calf thymus TS where their apparent content was distinctly higher (Fig. 1). However, MS
analysis of the bands revealed no phosphorylated aminoacid residues. Furthermore, MS analysis of IEF fractions of
TS preparations from parental and FdUrd-resistant mouse
leukemia L1210 cells, whose differing sensitivity to inactivation by FdUMP and its analogues was previously found
not due to mutations [4], demonstrated phosphorylation of
Ser10 and Ser16 only in the resistant enzyme, although the
Pro-Q® Diamond Phosphoprotein Gel Stain indicated also
phosphorylation of parental TS.

Figure 1. Phosphorylation of calf thymus endogenous TS:
(lanes marked 2 in gels A and B; lanes marked 1 contain MW
standards), determined following PAGE under denaturing (SDS/
PAGE) conditions. Gel was stained first for phosphoprotein (ProQ® Diamond Phosphoprotein Gel Stain; A) and later for protein
(SYPRO® Ruby Protein Gel Stain; B).

Enrichment of phosphorylated fractions of each of the
four recombinant TS preparations using metal oxide/hydroxide affinity chromatography on Al(OH)3 beads [6],
yielding always ≈ 1% of the total protein, allowed to demonstrate that TS phosphorylation is responsible for a 3–4fold lower Vmaxapp, with unaltered Kmapp for either substrate or cofactor, and ability to repress in vitro translation
of TS cognate, as well as luciferase, mRNA. Surprisingly,
while MS analyses did not reveal the presence of phosphorylated residues in any of the fractions investigated,
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31P NMR spectroscopy

demonstrated clearly the presence
of phosphorylated residues only in the phosphorylated
enzyme fractions (Fig. 2). Further analyses of the 31P NMR
spectra (including their time-dependent changes following acidification), and comparison with those of synthetic
phosphoramidate derivatives of basic amino acids (Lys,
Arg and His), and commercially available phospho-amino acids, revealed the presence of phosphorus in a phosphoramidate (acid-labile) bond, pointing to modification
of histidine residue(s). As phosphoramidates escape routine MS analysis, the latter may suggest similar modifications in L1210 and calf endogenous TSs. Results of an
MS analysis of peptides enriched from the recombinant
mouse TS preparation trypsin digest using TiO2 beads
(Phos-Trap, Perkin Elmer), the enrichment resulting presumably from phosphohistidine binding by the beads,
pointed to His298 being the most probable phosphorylation site. Which protein kinases are responsible for the
phosphorylation of TS, remains to be established.

Figure 2. 31P NMR spectrum of the enriched phosphorylated
fraction of human recombinant TS with marked positions of
the resonances of phosphorylated standards.
The insert presents the corresponding spectrum of the non-phosphorylated TS fraction.
Acknowledgements:
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Human prostatic acid phosphatase (PAP) [EC 3.1.3.2], secreted by the prostate gland into the seminal fluid in great
amounts, nonspecifically catalyzes hydrolysis of many
phosphoesters, including phosphoproteins, on P-ser, Pthr and P-tyr residues [1, 2]. Tyrosine phosphorylation of
c-ErbB-2, involved in regulating the androgen-responsive
phenotype of prostate cancer cells, is regulated by PAP,
which is therefore also a protein tyrosine phosphatase
[2]. Furthermore PAP dephosphorylates semenogelins [3]
and specifically proteolyses semenogelins [4] in seminal
fluid. Recently it was found that extracellular 5’-AMP is
a physiological substrate of PAP [5]. 5’-AMP is dephosphorylated by a 5’-nucleotidase activity of PAP, generating adenosine and activating A1-adenosine receptors
in dorsal spinal cord. Moreover intraspinal injection of
PAP protein has potent antinociceptive, antihyperalgesic
and antiallodynic effects that last longer than the opioid
analgesic morphine. Deletion of A1-adenosine receptors
eliminates all these biological effects of PAP [5].
A novel PAP-spliced variant mRNA encoding a transmembrane protein (TM-PAP), found in vesicles and
membranes, was currently described by Quintero et al.
[6]. TM-PAP is widely expressed in nonprostatic tissues
like brain, kidney, liver, lung, muscle, placenta, salivary
gland, spleen, thyroid, thymus and in fibroblast LNCaP
cells, but not in PC-3 prostate cancer cells. In well-differentiated human prostate cancer tissue specimens, the
expression of secretory PAP, but not of TM-PAP, is decreased significantly.
In previous detailed steady-state studies on phosphoesters’ hydrolysis, we reported that PAP belongs to the
regulatory, allosteric enzymes: PAP exhibits positive cooperativity in substrate binding [7, 8]. Substrate saturation
curves, described by the Hill rate equation*, are sigmoidal:
thus the substrates are homotropic positive effectors (homotropic activators) of PAP. The extent of cooperativity,
expressed as the value of the Hill cooperation coefficient
(h), grows when enzyme concentration is increased: from
1 at low enzyme concentration to about 4 at a higher one,
suggesting that monomeric, dimeric and tetrameric species, respectively, predominate at different PAP concentrations. Degree of cooperativity additionally depends on
the chemical nature of the substrate molecule: it increases
with growing hydrophobicity, increasing polarizability
and decreasing charge. Ligand-induced, concentrationdependent dissociation-association of catalytically active
PAP oligomeric forms (monomer-dimer-tetramer) is thus
suggested. It was concluded that the cooperativity exhibited by PAP, dependent on its quaternary structure, is described best by models of Frieden, Nichol and Kurganov.
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Models of Monod, Wyman and Changeaux (MWC), as
well as models of Koshland, Nemethy and Filmer (KNF)
are thus not adequate for this purpose [7, 8].
In the present research on inhibition of the catalytic activity of allosteric PAP by l(+)-tartrate and metavanadate
at several enzyme concentrations, it was found that both
inhibitors are competitive but nonlinear. l(+)-tartrate inhibits at millimolar concentrations and metavanadate at
nanomolar ones. When concentration of inhibitors is increased, the values of the half-saturation constant (K0,5)
rise and of the turnover number (kcat) remains constant.
l(+)-Tartrate diminishes the cooperative character of PAP:
the values of the Hill cooperation coefficient (h) are decreased when l(+)-tartrate concentration is increased. By
contrast, the values of the Hill cooperation coefficient (h)
are not changed by metavanadate. Dixon and CornishBowden plots are mostly nonlinear for both inhibitors.
Studies on inhibition of the catalytic activity of allosteric
human prostatic acid phosphatase (PAP) may describe
equilibria between catalytically active enzyme oligomeric
forms (monomer-dimer-tetramer) as well as molecules of
substrates (homotropic activators) and inhibitors.
*Hill rate equation:
where: vo is the initial reaction rate, Vmax – the maximal reaction

Vmax([S]0 ) h
kcat[E]([S]0 ) h
vo = (K ) h + ([S] ) h = (K ) h + ([S] ) h
0.5
0
0.5
0
rate, [E] – the concentration of enzyme, [S]o – the initial concentration of substrate, h – the Hill cooperation coefficient, K0.5 – the
half saturation constant, kcat – the catalytic constant (turnover
number).
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Alternative splicing is a cellular process that enrich the
proteome diversity. It is controlled, in part, by two antagonistically working splicing factors, SF2/ASF and hnRNP
A1 [1]. SF2/ASF belongs to the SR proteins that are obligatorily equipped with an arginine-serine-rich (RS) domain
and one or two RRM (RNA recognition motif) domains.
Moreover, both RRM domains are, in case of SF2/ASF,
connected by a peptide linker that consists of nine glycine residues (i.e. glycine tract). The other splicing factor,
hnRNP A1, is also build from two RRM domains, however, connected by short and rigid linker [2].
The SF2/ASF protein needs to be phosphorylated in the
RS domain to function as a splicing factor. Phosphorylation is carried out by SRPK1, Clk/Sty, PRP4 and topoisomerase I (topoI) [3]. The last kinase is particularly interesting because of two mutually exclusive enzymatic
activities: DNA nicking which results in its relaxation,
and phosphorylation of the SR proteins in the presence of
ATP. Interestingly, DNA (a substrate for nicking activity)
is known to inhibit the kinase reaction of topoI, whereas
ATP and the SF2/ASF protein (substrates for kinase activity) are inhibitors of DNA nicking activity of the enzyme
[4].
In our previous work, we have found that both SF2/ASF
and hnRNP A1 compete for topoI as each of them binds
to the same site in the cap region (residues 215–433) of
topoI [5, 6]. However, in contrast to SF2/ASF, hnRNP A1
does not influence DNA nicking activity. Because of their
opposed effects on the kinase and relaxation activities, we
concluded that SF2/ASF and hnRNP A1 regulate switching of enzymatic activities of topoI.
The inhibitory effect on topoI DNA cleavage is linked
with the region of SF2/ASF containing both RRM domains [5]. The most pronounced structural dissimilarity
between SF2/ASF and hnRNP A1 is the linker located between RRM domains. The former is equipped with flexible glycine tract, while the latter has comparatively short
and rigid linker that seems to prevent from unrestricted
movements of RRM domains.
To find out the role of linkers in switching of topoI activity, we have constructed several recombinant proteins
with different linkers between RRM domains. First, we
swapped linkers of SF2/ASF and hnRNP A1 to obtain
SF2/ASFUP1 and UP1SF2/ASF (UP1 stands for the shortened
hnRNP A1 protein commonly used in the in vitro studies)
that have native linkers of hnRNP A1 and SF2/ASF, respectively. We found that, unlike the native UP1 protein,
the UP1SF2/ASF was not able to fully promote the DNA
nicking activity of topoI, which continued to phosphorylate SF2/ASF. On the other hand, using SF2/ASFUP1 protein, we have confirmed that the linker region has no im-
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pact either on the interaction of SF2/ASF with topoI, nor
on its phosphorylation efficiency. However, substitution
of the long linker for a short one in the SF2/ASF protein
partly abolished the inhibitory effect of the protein on the
nicking activity. Further, we constructed two recombinant
SF2/ASF proteins with different characteristics of linker
regions: SF2/ASFVal (glycine tract changed to nine valine
residues) and SF2/ASFΔL (entirely removed linker). The
former is supposed to ensure the rigidness of the linker
without changing the distance between RRM domains,
while the latter could indicate whether the linker of SF2/
ASF is solely responsible for its effects on topoI or other
fragments of the splicing factor additionally contribute to
the regulation of enzymatic activities of topoI.
We discuss the role of the linker region of the SF2/ASF
protein on switching of the enzymatic activities of topo
and suggest that the linker is predominantly responsible
for inhibition of the relaxation activity, although it far less
influences the kinase activity of topo I.
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Nucleocytoplasmic trafficking of transcription factors
and other signalling molecules is central to eukaryotic
cell processes such as differentiation, signal transduction,
and transformation, with phosphorylation a common
means of regulating the process [1]. Our work [2–8] and
that of others is consistent with the idea that phosphorylation also regulates the nucleocytoplasmic trafficking
of viral proteins in infected cells, with strong relevance to
pathogenicity.
Nuclear transport is dependent on nuclear targeting signals (nuclear localisation sequences (NLSs) and nuclear
export sequences (NESs) in the nuclear import and export
directions respectively), and the cellular transporters that
recognise them, the members of the importin/exportin
superfamily. Using quantitative confocal laser scanning
microscopy (CLSM) in living transfected cells, in vitro
reconstituted systems, or immunostained virus-infected
cells, as well as in vitro binding assays, we have characterised the nuclear transport pathways of diverse gene
products from DNA tumor viruses such as simian virus
40 (SV40) and human cytomegalovirus (HCMV), as well
as the ssDNA circovirus chicken anemia virus (CAV), and
RNA viruses respiratory syncytial virus, rhinovirus, and
Dengue virus [2–8].
A common theme appears to be that phosphorylation
close to NLS/NES sequences by cellular kinases plays a
key role in modulating recognition by importins/ exportins [1, 2]. In the case of SV40 large tumor antigen (T-ag)
and HCMV phosphoprotein ppUL44, the processivity
factor for the HCMV DNA polymerase, we have been
able to show that phosphorylation by protein kinase CK2
upstream of the importin α/β1-recognised NLS is critical
to enhance nuclear import efficiency by increasing the affinity of the importin-NLS interaction [2–4]. Further, specific inhibitors of CK2 activity inhibit nuclear accumulation of both T-ag and ppUL44.
Importantly, phosphorylation at other sites regulates nuclear import negatively; in particular, phosphorylation at
the cyclin dependent kinase (cdk) or protein kinase C (PKC) sites adjacent to the T-ag and ppUL44 NLSs, respectively, inhibits NLS-dependent nuclear import. We have
recently established the mechanism of this inhibition,
showing that phosphorylation confers interaction with
the novel negative regulator of nuclear import (NRNI)
BRAP2, originally isolated as a protein interacting with
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the breast cancer antigen BRCA1. Ectopic expression of
BRAP2 significantly reduces NLS-dependent nuclear accumulation of T-ag and ppUL44, but not of viral proteins
that lack a phosphorylation site near their NLSs, such as
herpes simplex virus type 1 pUL30 or human immunodeficiency virus Tat. BRAP2 inhibition of nuclear accumulation is specifically dependent on phosphorylation sites
flanking the respective NLSs, since substitution of the
phosphorylation-site threonines of either T-ag or ppUL44
with non-phosphorylatable or phosphomimetic amino
acids prevents or enhances BRAP2 inhibition of nuclear
import, respectively. Pulldowns/direct binding assays
indicate high affinity binding of BRAP2 to T-ag, strictly
dependent on negative charge near the NLS. All results
are consistent with BRAP2 being a novel, phosphorylation-regulated NRNI.
In the case of CAV VP3, phosphorylation near the C-terminal NES, which appears to occur predominantly in
cancer/tumorigenic cells as opposed to isogenic normal/
non-tumorigenic cells, blocks nuclear export; the result
is that VP3 accumulates to a significantly higher extent
in tumour than in normal cells. We are keen to exploit
this cancer cell-specific regulation of nuclear export in
drug targeting and gene therapy approaches, to kill tumour cells specifically in clinically relevant settings. An
important question is the role in the nucleus of VP3 in
CAV infection, with an intriguing aspect in this context
being the activity of CAV VP2, which appears to be a
dual specificity phosphatase (DSP) that plays a critical
role in viral replication and virulence. VP2 has both protein-tyrosine phosphatase (PTPase) and serine-threonine
phosphatase (S/T PPase) activity, which appears to regulate the cellular localization of VP3 in infected cells. Our
ongoing work suggests that while VP2 action decreases
VP3 nuclear localisation, it may not act directly on the
key phosphorylation site threonine near the VP3 NES,
but rather may modulate phosphorylation at the site by
dephosphorylating cellular signalling molecules. Intriguingly, recently discovered CAV-related human anelloviruses encode both a DSP that may have a similar function
to CAV VP2, and a cancer cell-specific localizing protein
comparable to CAV VP3, implying potential broad medical significance.
Since phosphorylation-regulated switching between nuclear import and export of viral proteins appears to be a
common regulatory mechanism utilised by diverse viruses, targeting the nuclear import/export pathways is a viable approach to inhibit virus production. In this context,
further development of specific CK2 inhibitors appears
to be an efficacious anti-viral strategy, whilst the NRNI
BRAP2 has potential as an anti-viral agent.
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Trypanosomal and leishmanial cyclin-dependent related kinases (CRKs) are serine/threonine protein kinases
which are important in regulation of cell cycle of protozoan parasites [1]. CRK1 and CRK3 are the most investigated kinases and play probably a major role in regulation
and coordination of the life cycle of leishmanial species
[2–4]. Mammalian cyclin-dependent kinases (CDKs)
and leishmanial related kinases display high sequence
similarity [3]. We report here screening results directed
to find new antileishmanial drugs among disubstituted
purines and structurally related disubstituted pyrazolo[4,3-d]pyrimidines that have been previously shown
to moderately inhibit human CDKs [5]. Since some compounds blocked the proliferation of axenic amastigotes
of Leishmania donovani, we assayed them for interactions
with recombinant leishmanial kinase CRK3, an important
regulator of the cell cycle of the parasitic protozoan leishmania, using the Thermofluor-based thermal shift assay
and surface plasmon resonance. Some compounds from
this screen showed promising results and could be used
as lead structures for development of new potential antileishmanial drugs.
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Kinases continue to be hot targets for the pharmaceutical industry. Recently, kinase-targeted structural genomics efforts has significantly increased the number of novel
protein structures [1]. This growth of structural data facilitates accurate comparative modeling. Many applications
of kinase homology models have been lately described
e.g.: binding mode prediction, lead potency and selectivity optimization, virtual screening [2–4]. It was found that
in some cases it is even better to use the homology model
for docking than the crystal structure of the actual kinase
target (when homology model is created from the different kinase bound to related ligand) [2].
Here we introduce Selvita Protein Modeling Platform,
an easy to use, web-based tool for accurate homology
modeling. The Platform consists of several protocols and
tools, where the most beneficial in kinase modeling is
homology modeling and ab initio loop modeling. The homology modeling method is driven by CABS ― unique
technology which uses spatial restraints derived from
a template or many templates in a single modeling run
[5–7]. The loop modeling protocol enables easy modeling
of insertions in the template sequence. CABS technology
allows for experimental-level accuracy of ab initio predictions where the length of the loops could be in the range
of 20 residues, which is well beyond the capabilities of the
competitive software.
There are still a large number of kinases targets of unknown structure that share very low sequence identity
with kinases of known structures. In these cases, the Selvita Platform offers a number of strategies like threading
or flexible 3D threading for correct fold recognition. The
predicted results can be very useful in guiding experimental studies of new targets.
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Soluble vascular endothelial growth factor receptor 1
(sVEGFR1) is a naturally occurring, alternatively spliced
form of receptor tyrosine kinase VEGFR1, capable of sequestering ligand (VEGF) or dimerizing with full-length
membrane bound receptor (VEGFR2) and preventing signal transduction. sVEGFR1 binds VEGF with high affinity
and is able to inhibit VEGF-induced mitogenesis, suggesting that it is a physiological negative regulator of VEGF
action [1–3]. sVEGFR1 has been characterized as one of
the most important endothelial regulators in tumor angiogenesis. Recombinant sVEGFR1 was found to bind all isoforms of VEGF and to inhibit VEGF-induced endothelial
cell proliferation [4–6]. VEGF increases vascular permeability, plays a critical role in the production of malignant
pleural effusions and shows high level in this fluid [7]. In
the present study, we examined the concentration of sVEGFR1 (negative regulator of VEGF) in serum and exudative
pleural effusions in patients with breast cancer.
Nineteen patients with exudative pleural effusions due to
breast cancer were included in this study. The control group
consisted of 16 healthy volunteers. sVEGFR1 concentrations
in serum and exudative pleural effusions (EPEs) were measured by an enzyme-linked immunosorbent assay (ELISA).
Serum sVEGFR1 concentration was higher in breast cancer than controls (median: 172.0 vs. 117.5 pg/ml; minimum–maximum: 75.0–317.4 vs. 87.1–196.2; P < 0.01).
sVEGFR1 levels in EPEs was higher than in serum in
patients with breast cancer (median of concentration in
EPEs: 511.7 pg/ml; minimum–maximum: 111.4–3024.8; P
< 0.001). In two groups of patients: with cancer cells in
EPEs and without of them in EPEs, both sVEGFR1 concentration in pleural effusions (median: 548.2 vs. 372.1
pg/ml) and EPEs sVEGFR1/serum sVEGFR1 ratio (4.44
vs. 1.86) did not differ significantly.
Rhe higher level of sVEGFR1 in serum of patients with
breast cancer than controls and higher level in EPEs than
in serum, may suggest that it is involved in tumor-associated disorders.
Keywords: sVEGFR1, breast cancer
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Although it was found over 20 years ago that cyclin-dependent kinases have essential roles in the cell cycle, their
functions are still surprisingly poorly understood at a
molecular level. One explanation for this knowledge gap
is the functional redundancy of different Cdk complexes.
In protozoans, Cdk1 controls passage through a „commitment” point in G1 of the cell cycle, as well as onset both of
S-phase and of mitosis. However, metazoans encode one
or more additional highly related Cdks, Cdk2 or Cdk3,
and other Cdks of several families, whose respective roles
are still not well understood [1].
In this work, we employ selective chemical inhibition as
a tool to analyse individual Cdk function in vertebrates,
using the high-affinity Cdk1/2 inhibitor NU6102 [2]. In
Xenopus egg extracts we obtain conditions in which Cdk2
is inhibited but Cdk1 is not, allowing us to definitively
demonstrate that Cdk2 is required for efficient firing of
replication origins in an embryonic system, but in its
absence Cdk1 can compensate [3]. We wished to extend
this analysis to study the roles of Cdk2 in both human
somatic primary and cancer cells. We find that NU6102
can also discriminate in vitro between human Cdk1 and
Cdk2 kinases, although we demonstrate theoretically that
Cdk4 is likely to be an in vivo target of NU6102 in spite
of the significantly higher Ki of NU6102 for this kinase
compared to Cdk1/2. In vivo, in the presence of NU6102,
passage through DNA replication is slower in both primary and cancer cells, and entry into mitosis is delayed
but not blocked. Passage through mitosis, however, is defective, with chromosome congression defects leading to
inefficient cytokinesis, with the majority of cells refusing
to form polyploid cells with multilobed nuclei [4]. In the
next cell cycle, centrosome number is usually abnormal.
Application of inhibitors leads to cell death specifically in
cancer cells. These results suggest that mitosis is not an
„all or nothing” event occurring once a threshold kinase
activity is exceeded, but that correct completion of mitosis requires maintenance of Cdk activity to a sufficient
level. Combining NU6102 with a selective Cdk1 inhibitor,
RO-3306 [5], causes a much stronger phenotype than with
NU6102 alone, suggesting that CDK1 is at least partially
active in the presence of NU6102. However, as yet there
is no general method allowing to discriminate between
roles of individual Cdks in vivo without perturbing the
system by knockout or knockdown approaches. We are
therefore developing such an approach, using a novel
general method for generating inhibitor-resistant kinases,
which we apply to Cdk2. Application of NU6102 in the
absence of presence of NU6102-resistant Cdk2 should allow us to determine phenotypes caused by inhibition of
Cdk2 rather than of other kinases, and may be a useful
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tool for improving inhibitor-specificity and avoiding generation of resistance in cancer treatment.
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The first two mitoses of the mouse embryo differ significantly. Among others, the first mitosis takes much more
time than the second one [1, 2]. We have shown recently
that the prolongation of the first embryonic mitosis in the
mouse embryo depends on a true metaphase arrest which
does not include the spindle assembly checkpoint mechanism [3]. The nature of this arrest, taking 30–45 min, remains unknown. MEK1-ERK1/ERK2 MAP kinase signaling pathway plays an important role in regulation of the
M-phase progression. It is a key component of the CSF activity arresting oocytes in MII of meiosis and is functional
during the embryonic preimplantation period [4].

Figure 1. Effect of U0126 treatment on cleaving mouse embryos.
A. First mitotic division is arrested in M-phase in the presence of
inhibitor. B. Second mitotic division is not sensitive to inhibitor.
Here, one of the blastomeres cleaved in the presence of U0126.
Red, tubulin (immunofluorescence); blue, chromatin staining;
bar, 20 μm.

We analyzed the effects of U0126, a potent inhibitor of
MEK1 kinase [5], on the first and the second mitosis in
the mouse embryo cultured in vitro. U0126 perturbs the
first mitotic spindle formation, but has no effect on the
second mitotic spindle assembly. As a consequence, the
one-cell embryos arrest in the first mitosis with condensed chromosomes and disorganized spindle, while
the two-cell embryos undergo unperturbed mitosis. This
shows another important difference in regulation of the
two mitoses and indicates that only the first and not the
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second embryonic mitosis is inhibited by the drug. This
also suggests that the MEK1 pathway could participate in
regulation of the first, but not the second mitotic division.
However, U0126 may inhibit other enzymes, which could
also be involved in mitotic regulation. The signaling pathway involving ERK5 MAP kinase, known to be activated
by MEK5, can also be inhibited by U0126 [6, 7]. Since no
data are available on the MEK5/ERK5 pathway in mouse
oocytes, and very few concern the early embryo, we now
study this kinase during early embryonic development.
We show that activation/inactivation of ERK5 correlates
with the progression of mitotic division. Further studies
are being performed to understand the role of this MAP
kinase in early mouse cleavages and development.
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When designing specific inhibitors of target proteins one
should take into account the flexible structures of the interacting objects, as well as the sequential variability of
the protein macromolecules, which is a challenging task.
Phosphotransferases are represented by a few families in
the same cell. Therefore the complete and detailed knowledge of kinases’ catalytic subunits is essential for the effective design of specific inhibitors capable to distinguish
individual kinases. We elaborated a Biow@re package of
applications [1], which was applied to the analysis of four
kinase families and their regulatory subunits, amongst
others JAK3 kinase [2]. Our results indicate, for example,
that peptidomimetic inhibitors, see e.g. [3], are more suitable for the design of highly specific inhibitors than ATP
or glucose competitive inhibitors. This is because of diversity of the peptide binding groove which determines
narrow specificity of individual kinases. However, for the
same reason, the design of inhibitors interacting with the
groove is more difficult. This site is open and gives more
unpredictable binding possibilities.
A)

C)

B)

Figure 1. Spatial representation of the cAMP-dependent protein kinase family.
A) The darker grade shows residues which are closer to the centre of mass. B) The light regions are more variable, the dark ones
― more conservative. C) Correlation between residual variability (vertical axis) and the distance from the catalytic subunit mass
centre (horizontal axis).

The center of the molecule that forms the ATP-binding
pocket is highly conserved and is not a good potential inhibitor target (comp. Fig. 1).
The analysis of hydrophobicity patterns revealed neither
correlation between a hydropatic property of an amino
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acid with its variability measure, nor with its distance
from the centre. Another observation refers to the interaction pattern between residues located at a particular
distance. We observed that positions of residues distant
from each other by less than 5 Å often show very similar
variability range. This means that variable residues are
in contact with variable ones, and conserved residues
interact mainly with conserved ones. The results show
consistency of the peptide binding site variability with
its intramolecular binding patterns. Such consistency is
not observed in a nucleotide binding site which reveals
high conservativity. The pattern of such interactions suggests that correlated mutations follow structural as well
as functional requirements of the protein [4, 5], however,
it is not univocally confirmed by our results. The correlated mutations occurring at the peptide binding site of
kinases is much more complex, and is the subject of ongoing studies.
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Conjugates of an adenosine analogue and an argininerich peptide (ARCs) have been developed as bisubstrateanalogue inhibitors for protein kinases (PK) [1, 2]. ARCs
were targeted to the catalytic site of the kinase and they
were supposed to bind simultaneously to binding sites
of both substrates of PKs, ATP and the phosphorylatable
protein/peptide. The crystal structure (Fig. 1A) of the
complex cAMP-dependent protein kinase catalytic subunit (PKA C) with a representative of ARC-type inhibitors
ARC-1034 demonstrated the principal binding pattern of
ARC-type inhibitors and paved the way for the rational
design of the highly potent ARC-type bisubstrate analogues (Fig. 1B) [3].

A
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There was no indication of a direct interaction of the arginines of the ARC-1034 with the known substrate recognition residues of PKA C (Glu127, Glu170, and Glu230
[4]). In this respect, ARC-1034 represents only in part
the high-affinity ARCs that contain four or six arginines.
We presume that the first two d-arginine residues of the
longer conjugates provide suitable stereochemical geometry to serve as a joining chain between the linker and the
more distal C-terminal arginines, which then are responsible for the interaction with basophilic kinases, including
PKA. The elongation of the linker by adding the second
Ahx moiety facilitated the interaction of the peptidic part
of the bisubstrate-analogue with the amino-acid residues
of PKA C responsible for the substrate consensus sequence recognition. The highest affinity towards PKA C
was obtained for the conjugate incorporating a d-amino
acid as the chiral spacer between the two Ahx-moieties,
which oriented the attached oligo-(d-arginine) peptide
for its optimal interaction with the kinase.
Selectivity testing of the most potent of the novel ARCtype compounds, ARC-1028 was performed in a panel of
50 kinases (Invitrogen SelectScreen Z’-LYTE Assay). As
expected, ARC-1028 inhibited most potently basophilic
protein kinases of the AGC group and did not inhibit the
acidophilic protein kinase CK1 and tyrosine kinase Src.
Overall, the most inhibited protein kinases (over 90%

B

Figure 1. A. Top: electron density map within 1.6 Å around ARC-1034 molecule in the active site contoured at 1σ; bottom: structure of ARC-1034. B. Structures of compounds ARC-1028 and ARC-1044.

A prominent and important feature of the ARC molecule
is the linker consisting of the 6-aminohexanoic acid moiety (Ahx) and joining the nucleosidic and peptidic part of
the inhibitor. Its length, electronic properties and backbone flexibility support multiple favorable interactions
with the glycine flap of the kinase (e.g., residues Ser53,
Phe54, and Gly55), thus providing an explanation for the
good inhibitory potency of ARC-type compounds.

inhibition at 100 nM concentration) were PKA C, PKC
(conventional and novel isoforms), ROCK isoforms, and
ribosomal S6-kinases (RSK, MSK, p70S6K) [3].
Binding and kinetic assays [5, 6] were used to characterize novel ARCs and establish their selectivity determinants towards kinases of the AGC group, PKA C,
ROCK-II and PKBγ. Combining our previous knowledge
[7] with the recent results, we designed the compound
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ARC-1044 (Fig. 1B; Ki < 1 nM towards PKA C) possessing
two structural elements supporting PKA C selectivity: the
nucleosidic part, represented by the cyclopentane-based
carbocyclic analogue of 3’-deoxyadenosine, and the small
hydrophobic chiral spacer between the linkers, represented by d-alanine residue. The inhibitory properties of
ARC-1044 confirmed our predictions, as the compound
exhibited more than 100-fold selectivity toward PKA C
over ROCK-II and PKBγ.
Finally, the bisubstrate character of the novel inhibitors
was confirmed by the fluorescence polarization-based
binding/displacement assay [6]. Originating from ARC1028, a fluorescent probe was designed with KD of 0.3 nM
towards PKA C. This probe was successfully displaced
from its complex with PKA C by both H89 (targeted to
ATP-binding site of ATP) and RIIα (regulatory subunit
of PKA, known to compete with protein/peptide substrates).
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Protein kinase CK2 (casein kinase 2) play essential roles
in many cellular functions, with more than 300 protein
substrates identified to date [1]. CK2 is more abundant in
tumors as compared to normal tissues and display antiapoptotic effect in cancer cell lines, what make it an important target for antineoplastic drugs (reviewed in [2–4]).
The aim of this study was the investigation of the influence of CK2 inhibitors on the cell growth and apoptosis at
few neoplastic cell lines. The influence of CK2 inhibitors
on a growth of a few bacterial strains was also examined.
The first group of compounds were known CK2 inhibitors
4,5,6,7-tetrabromobenzotriazole (TBBt), 4,5,6,7-tetrabromobenzimidazole (TBBi), and their derivatives 3-(4,5,6,7tetrabromo-1H-benzimidazol-1-yl)propan-1-ol (MB001),
3-(4,5,6,7-tetrabromo-1H-benzotriazol-1-yl)propan-1-ol
(MB002), and 3-(4,5,6,7-tetrabromo-2H-benzotriazol-2yl)propan-1-ol (MB003) [5]. The second of group of compounds were newly synthesized analogs of benzotriazole
and benzimidazole with different substituents in the benzene ring.
Experiments were carried out using human neoplastic
cell lines: HL-60 (human promyleocytic leukemia), K-562
(human leukemia) and DTA (human colon carcinoma,
phorbol esters resistant subline). The tested compounds
exhibited various proapoptotic efficacies. In HL-60 cells
the most active were MB001 inducing 95% of apoptosis at
25 μM after 48 h incubation time and TBBi ― 80% after
48 h. The viability of DTA cells dropped to 59% after 48 h
treatment with MB001 at concentration of 25 μM.
The CK2 inhibitors TBBt, TBBi, and MB001 were analyzed for antibacterial potential against five Gram positive bacteria: Bacillus subtilis, Bacillus cereus, Micrococcus
luteus, Staphylococcus aureus, Staphylococcus epidermidis.
Preliminary screening showed that only TBBt exerted inhibition against all examined bacteria. The MICs (minimum inhibitory concentrations) for TBBt were in the
range 12.5–50 μM.
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Proteins are dynamic systems of electric charges, and
electrostatic forces are considered to constitute one of the
principal factors of their intra- and inter-molecular interactions. The free energy of a protein, modeled as a particular charge distribution, is traditionally identified with
the work necessary to assemble this charge distribution,
and it is calculated within the Poisson-Boltzmann model
of the given solute-solvent system. Therefore, the electrostatic contribution to the free energy of association of proteins A and B to form the complex AB is as follows:
∆Gbind =

1 nAB
1 nA
1 nB
qiφi − ∑ qiφi
∑ qiφi − 2 ∑
2 i =1
2 i =1
i =1

(1)

Where φi is the electrostatic potential at the location of the
charge qi, nx is the number of charges in the species x and
each sum represents the work necessary to assemble the
nx charges in the appropriate dielectric cavity in aqueous
medium.
One important factor neglected in Eqn. 1 is related to
constant fluctuations in electric charge distribution
within proteins resulting from proton exchange by sidechains of some amino acid residues. A protein with
M such groups can be found in one of 2M protonation
states. Each such state is characterized by the free energy
Gm(x1,m,...,xM,m,pH,T), m=1,…,2M with x1,m= 1 or 0, depending on whether group i in the state m is protonated or not,
respectively [1]. The probability of finding a given protein
in the state m is governed by the Boltzmann law.
The total ionization free energy, including these protonation degrees of freedom, reads:
2M

G o = − RT ln ∑ e
m =1

−

Gm
RT

(2)

and the free energy of association, with protonation degrees of freedom taken into account, is
o
o
(3)
∆Gbind
= GAB
− GAo − GBo + ∆Gn →n
Computation of the absolute value of the free energy of
o
association ∆Gbind
according to Eqn. 3 requires the thermodynamic cycle shown in Fig. 1.
All molecules considered in this cycle are fixed in one
conformational state. Possible structural changes accompanying the association process are neglected. Associating proteins, with full protonation freedom, initially have
all their ionizable groups neutralized, then formation of
the complex of the electrostatically neutral protein molecules is carried out, and finally the complex restores full
protonation freedom. Details of the calculations are described elsewhere [2].
In the present study, the pH-dependent electrostatic contribution to the free energy of association is calculated
for the catalytic subunit of protein kinase A (PKA) and
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Figure 3. pH-dependence of the free energy of PKA-PKI association.

Figure 1. Thermodynamic cycle used in the present study.
Colored structures represent species in pH-dependent protonation equilibrium, able to exchange protons with solvent. Gray
structures represent species “frozen” in one protonation state
with all titratable groups neutral.

its peptide inhibitor (PKI). Results from this method are
compared with those from the traditional approach for
two structures of PKA-PKI complexes (1XH9 [3] and
1ATP [4] available from Protein Data Bank). Structures of
the complexes are shown in Fig. 2.

Figure 2. PKA–PKI complexes used in the present study.
PKA and PKI structures are very similar in both cases, but in
the 1ATP structure, beside the inhibitor, there is an ATP and two
Mn2+ ions in the kinase binding site.

The electrostatic free energies of association obtained by
the traditional and the present approach, respectively,
at pH 7 and ionic strength corresponding to 150 mM of
monovalent salt, are shown in Table 1.
Table 1. Free energy of association obtained by the new method (left) and the traditional approach (right), respectively.

1XH9
1ATP

o
∆Gbind
[kcal/mole]

∆Gbind [kcal/mole]

–1.5
–7.2

–9.4
–9.1

It will be noted that the explicit inclusion of the protonation degrees of freedom has a substantial effect on the
computed free energies of association.
The pH-dependence of the free energy of association, obtained by the new method for both complexes, is shown
in Fig. 3.
Qualitatively different pH-dependence is observed between the two complexes, apparently related to the presence of the ATP cofactor in the structure described by the
1ATP file and its absence in the 1XH9 file. Unfortunately

no appropriate experimental data are available. However, our study indicates that when one attempts to predict
theoretically the free energy of protein-ligand association,
and its polar contribution is calculated in the traditional
way, an error of several kcal/mole can be made.
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The human malarial parasite, Plasmodium falciparum,
causes over two million deaths annually in sub-Saharan
Africa. P. falciparum is readily developing resistance of to
available antimalarials and the lack of a vaccine requires
novel approaches to the development of treatment. In
this study we are investigating the use of targeting the
calcium-dependent protein kinase (CDPK) family from P.
falciparum as a novel drug target. CDPKs are present in
the genomes of plants, ciliates, green algae and apicomplexan parasites but not in mammals, making them an
attractive drug target [1, 2]. The P. falciparum genome encodes six distinct CDPKs, which are expressed in both the
human and Anopheles stages of the parasites lifecycle.
In this study we are focused on biochemical, biophysical and structural approaches to characterise members of
the CDPK family and to support a program to develop
ATP-competitive inhibitors for use in functional studies
and as leads for drug development. Looking at PfCDPK1,
PfCDPK4 and PfCDPK5, which are essential to the survival of the parasite, all share the same domain structure
in which a serine/threonine kinase domain (KD) is fused
to four C-terminal EF hands that make up the Ca2+ binding domain (CD) by an intervening junction domain (JD)
([3, 4], Fig. 1).
50
L

330
Kinase domain

370
J-region

550
Ca-binding domain

Figure 1. The P. falciparum CDPK family.
(A) Domain organisation. The kinase domain (KD) of about
280 amino acids is preceded by a short leader sequence (L). The
junction region (J, green), of about 40–50 amino acids, is an autoinhibitory pseudosubstrate domain. Residues numbers given
are representative values across the CDPK family. (B) Structure
of Cryptosporidium parvum CDPK (SGC, PDB code 2QG5). (C)
Structure of an Arabidopsis thaliana junction-4EF hand Ca2+
binding domain construct ([5], PDB code 2AAO). The domain
can be divided into N- and C-terminal lobes coloured red and
blue, respectively.

Focusing our efforts initially on the kinase domain of
PfCDPK5 we have cloned and expressed a number of active constructs. Using these constructs in a Thermafluor
thermostability assay we were able to measure the inter-
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action of ATP-competitive inhibitors with PfCDPK5-KD
by measuring differences in melting temperature. Screening of 1585 compounds via this method have identified a
family of five-related compounds which also demonstrate
evidence of a structure activity relationship. We will use
these compounds to determine IC50 values allowing us
to evaluate the correlation between the interaction of the
compounds with the protein versus their ability to inhibit
the enzymatic activity. Cloning of the equivalent kinase
domain constructs of PfCDPK1 and PfCDPK4 are underway and we aim to repeat the same inhibitor screens with
these proteins. This will generate help generate an inhibitor profile of the ATP-binding sites and will hopefully
isolate inhibitors that are specific to the family but also
inhibitors that are specific to each individual PfCDPK.
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Intercellular communication occurs between biomolecules, through a fixed set of reaction channels which
create a complicated network. Mathematical modeling
of such molecular, signal processing pathways might be
very beneficial for acquiring system level understanding
about dynamical mechanisms of the cell.
The Janus kinase (JAK) and the signal transducer and activator of transcription (STAT) signalling pathway family
is highly conserved in eukaryotic organisms and provides
a direct route to the nucleus, where in effect gene transcription is altered. This signalling mechanism has coevolved with multiple cellular events, such as antiviral,
innate and adaptive immune responses [1] (STAT1 and
STAT2 pathways), as well as cell growth and apoptosis
processes regulation [2] and embryonic stem cell self-renewal control [3] (STAT3 and STAT5 pathways).
Our work focuses on cytokine receptors activation process, in particular, the importance of the dimerization step
(cf. [4]). Early experimental methods used to understand
the activation of receptors (e.g. immunoprecipitation),
did not give precise picture of it’s mechanics because of
invasiveness [5]. It has been shown that cytokine receptors assemble on the membrane before the external stimuli is present. Such result was presented for the cytokine
receptor activated by type II IFN [5, 6] and subsequently
for the interleukin activated receptor [7].

a) “Original” Yamada et al. [9] model and “no JAK” variant.

b) “IFN to dimer” binding case and it’s “no dimerization” variant with
preassembled receptors, proposed by Shudo et al. [8].
Figure 1. Schemes of the receptor activation mechanism variants in the JAK–STAT signalling pathway model.
Each subfigure represents two model variants: with or without
the first reaction.

We review computational models of the JAK–STAT signalling, where the focus was mainly on negative regulation and the core pathway mechanism, i.e. STATs proteins
life-cycle. In particular, the version of Shudo et al. [8] differs from the original Yamada et al. [9] model in the receptor activation steps due to the above-mentioned discover-
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ies. We present four computational JAK–STAT pathway
model variants which capture known differences in receptor activation steps between computational as well as
biological models (Fig. 1).
Using numerical simulations of the ordinary differential
equations (ODE), given by the deterministic semantics of
a biochemical reaction network, we investigated the influence of the receptor activation mechanism differences
on the model dynamics. We present methodology that allows to state if one model is better than the other. To this
end we employed known method of Bayes factor based
model selection [10]. For specific dynamics differences
driven model selection we used the state-of-the-art global
sensitivity analysis [11].
The Bayesian inference gave no evidence in favor of any
of the models, but sensitivity analysis of the receptor activation module revealed that the preassembled receptors
model is the most flexible in terms of noised data fit and
the least robust in terms of original behavior. In context
of the range of responsibilities of the JAK–STAT pathways and the parsimony of nature rule of thumb, the “no
dimerization” receptor activation variant is recommended. Moreover, all kinetic parameters sensitivity analysis
showed that “no JAK” model robustness is slightly more
scattered among the network indicating evolutionary
preferable mechanism and justification for the constitutive binding of JAKs to the respective receptor chains.
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Screening of a natural compound library led to the identification of resorufin, as a highly selective and potent inhibitor for protein kinase CK2. CK2 is a ubiquitous and
essential protein kinase implicated in a wide variety of
cellular processes such as proliferation, apoptosis, differentiation and transformation [1–2]. Protein kinase CK2 is
composed of two catalytic (α/α’) subunits attached to a
dimer of non-catalytic chains (β).
Kinetic analysis showed that resorufin is an ATP competitive inhibitor and the holoenzymes were more specifically
inhibited than the free catalytic subunits.
Testing of 31 serine/threonine, one lipid and 20 tyrosine
kinases showed that resorufin, beside CK2, only inhibited
SYK (48% inhibition), HIPK2 (31%) and PIM3 (32%). This
is in contrast to emodin, a structurally related known CK2
inhibitor [3], which also inhibited nine other kinases up to
90%.
To test if resorufin could penetrate the cell membrane and
to test the effects of resorufin in established cell lines, four
different human cancer cell lines were subjected to resorufin treatment. In the case of the three prostate carcinoma
cell lines (PC-3, DU-145, LNCaP) treatment with 40 μM
resorufin for 24 h led to 15–20% dead cells, however no
caspase-mediated apoptosis was observed. In the case of
the colorectal carcinoma HCT116 cell line a similar picture
was obtained, yet, when resorufin was administered in cells
treated with doxorubicin, apoptosis was induced within 24
h. Endogenous protein kinase CK2 was inhibited by resorufin by about 80% in the three prostate cell lines, however in
the case of the HCT116 cells, the inhibition was only 40%.
Hence, the discovery of a novel CK2 inhibitor with high
selectivity and reasonable potency makes this compound
a promising candidate to target protein kinase CK2 in
vivo, which in recent years has been coined a druggable
kinase [4–5].
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DYRK1a is a proline-directed protein kinase which plays
a critical role in neurodevelopment [1, 2]. Localized in the
Down syndrome critical region of chromosome 21, it is
considered a strong candidate culprit gene for the associated learning defects [2]. A recent study showed that DYRK1a alters splicing and leads to hyperphosphorylation of
tau protein, suggesting that this kinase is also involved
in brain tau phosphorylation and contributes to neurofibrillary degeneration [3, 4]. Moreover, amyloid precursor protein (APP) is also phosphorylated by DYRK1a in
vitro and in mammalian cells, and overexpression of this
kinase may play a role in accelerating Alzheimer’s disease (AD) pathogenesis through phosphorylation of APP.
Here we show that, in rat brain in vivo, both acute and
chronic glucodeprivation enhances DYRK1a expression
in cortical neurons and astroglia. Acute glucodeprivation
was induced by intraperitoneal application of 500 mg/kg
of the non-metabolizable glucose derivative 2-deoxyglucose (2DG). Chronic suppression of brain glucose utilization was induced by intracerebroventricular injections of
the diabetogenic toxin streptozotocin (3 mg/kg; repeated
in day 1 and 3), which is thought to damage insulin receptors. Twenty four hours after the injection of 2DG, or two
months following the first application of streptozotocin,
the rats were deeply anesthetized and perfused through
the ascending aorta with a buffer and an ice-cold fixative.
DYRK1a expression was evaluated immunohistochemically with a specific monoclonal antibody (a gift from the
late Professor Krystyna Wiśniewska, IBR, Staten Island,
NY, USA). In the cerebral cortex from control rats we detected some DYRK1a-immunopositive neurons and astrocytes (mainly in the first cortical layer) with cytoplasmatic localization of staining, and only a few neurons that
showed nuclear labeling. 2DG, as well as streptozotocin,
markedly elevated expression of DYRK1a and increased
the number of immunoreactive neurons displaying nuclear staining. Our observations point to disturbances in
brain glucose utilization as a possible trigger of DYRK1a
overexpression in cortical neurons. As it is well known
that a decrease in brain glucose consumption is an early
sign of AD, a possibility shall be considered that consequent DYRK1a induction links failing brain glucose metabolism to the development of dementia, with significant
implications in the search for drugs to treat AD.
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Evaluation of anti-tumor activity of
WP1130, a novel inhibitor of the JAK2/
STAT3 pathway in glioma cells
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Signal transducers and activators of transcription (STATs)
are crucial regulators of cell proliferation, survival, and
differentiation. Aberrantly activated STATs (in particular,
STAT3 and STAT5) play a critical role in malignant transformation and tumorigenesis [1]. In many cancerous cell
lines and tumors, where growth factor signaling is frequently dysregulated, the STAT3 and STAT5 proteins are
persistently tyrosine phosphorylated. Such constitutively
activated STAT3 may promote uncontrolled growth and
survival through aberrant expression of cyclin D1, c-Myc,
Bcl-xL, Mcl-1 and survivin genes contributing to oncogenesis [2]. Constitutive activation of STAT3 results from
either deregulation of upstream kinases (JAK1, JAK2,
EGFR) or loss of endogenous inhibitors. Antitumor and/
or proapoptotic activity of JAK2 inhibitors have been reported [3, 4].
In the present work, using C6 rat glioma cells, we evaluated activity of WP1130, a novel JAK2/STAT3 pathway
inhibitor that is structurally related to WP1066 [5]. Our
molecular modeling indicates that WP1130 should bind
with a higher affinity to JAK2 than WP1066 does. WP1130
significantly reduced the level of phosphorylated JAK1
and JAK2 as well as phosphorylated STAT3 (Tyr705), at
10 μM concentration. Morphological alterations, reduction of cell survival and appearance of cleaved caspase 3
and PARP were detected 24–48 h after treatment with 5–
10 μM WP1130. The expression of STAT-dependent genes
was diminished in WP1130-treated C6 glioma cells. Treatment with WP1130 modulated other signaling pathways,
in particular strongly induced phosphorylation of MAP
kinases after short incubation. The results described here
demonstrate a promising antitumor activity of WP1130 in
glioma in vitro models and provide insights into molecular mechanism of its action.
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Acute myeloid leukemia (AML) represents a group of hematopoietic cell disorders characterized by the accumulation of non-functional cells termed myeloblasts, due to
failure of differentiation and to overproliferation in the
stem cell compartment. The specific AML subtype termed
APL (acute promyelocytic leukemia) is typically characterized by the translocation t(15;17), which generates the
PML-RARα fusion protein; this is an oncogenic molecule,
since it recruits corepressors on retinoic acid (RA)-target
promoters, causing their silencing and consequent block
of differentiation [1]. RA, used at pharmacological doses,
is able to revert PML-RARα transcriptional repression, restoring myeloid differentiation of APL blasts [2]; for this
reason, the introduction of RA in therapy has increased
the overall survival of APL patients.
CK2 is a constitutively active and highly pleiotropic Ser/
Thr kinase, usually present in the cells as an heterotetrameric holoenzyme, composed of two catalytic (α and/or
α’) and two regulatory (β) subunits [3]; it plays a crucial
role in cell survival and proliferation, and is detectable
at high levels in normal proliferating tissues and in all
analyzed tumors [4]. Consistently, CK2 level is markedly
high in proliferating myeloblasts from patients with AML
or with chronic myelogenous leukemia in blast crisis, as
well as in APL cell lines, while is almost undetectable in
normal granulocytes (Piazza et al., unpublished).
We found that the pharmacological inhibition of CK2 prevents the differentiation normally triggered by retinoic
acid in NB4 cells, an APL human cell line. We therefore
started an investigation aimed at elucidating the role of
protein kinase CK2 in the differentiation process of APL
cells.
We analysed CK2 expression and activity in NB4 cells in
response to RA. When we treated cells with 1μM RA for
different times, and we analysed total, cytosolic and nuclear extract proteins by SDS/PAGE and Western blot, we
found that CK2 α, α' and β subunit levels do not change
upon RA treatment at any tested time. The endogenous
CK2 activity is also unaffected by RA. However, the
phosphorylation degree of many endogenous proteins
changes upon RA treatment. With the aim to identify CK2
substrates involved in RA-induced differentiation, we focused in particular on those proteins considered putative
CK2 substrates, since their phosphorylation level increas-
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es in response to RA treatment, and decreases when cells,
in addition to RA, are treated with K27 or TBB, which
are specific inhibitors of CK2 [5]. Among these proteins,
by means of 2D electrophoresis and mass spectrometry
analysis, we identified a major protein as β-actin, which
was never reported as a CK2 substrate before.
β-Actin is a highly conserved protein that forms cytoskeletal microfilaments and exists in equilibrium between monomers (globular G-actin) and polymers (filamentous F-actin), but plays many other functions and is
also present in the nucleus, where it is supposed to be
involved in several processes, such as transcription and
chromatin remodelling [6].
Analysing β-actin by Western blot in NB4 cells treated
with RA, alone or in combination with CK2 inhibitors, we
found that it co-migrates with one of the major CK2-dependent phosphorylated bands evoked by RA treatment;
to confirm that endogenous CK2 is actually involved
in the phosphorylation of this band, we performed experiments in the presence of different kinase inhibitors
(Fig. 1), and we observed that the phosphorylation of
this band is affected by CK2 specific inhibitors and not by
staurosporine, a promiscuous inhibitor of many kinases
but not of CK2 [7]. We analysed β-actin sequence and we
found that it contains some CK2-consensus sites (S/T-XX-E/D). Indeed, we demonstrated that in vitro CK2 phosphorylates β-actin immunoprecipitated from NB4 cell
lysates, and a commercial recombinant human β-actin, to
a stoichiometry of about 0.2 mol per mol. Interestingly,
the monomeric CK2α is more active than the tetrameric
holoenzyme α2β2 toward β-actin, as occurs only for few
CK2 substrates [8].
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Figure 1. Endogenous protein phosphorylation with CK2
inhibitors.
Cytosolic proteins from NB4 cells treated in vivo for 48 h as indicated (RA was 1 μM, K27 5 μM) were incubated with a radioactive phosphorylation mixture, in the presence of the indicated
protein kinase inhibitors. Proteins were separated by SDS/PAGE,
and analysed by autoradiography.

RA treatment induces an increase of β-actin level both
in the cytosol and in the nucleus; however, inhibition of
CK2 has no effect on β-actin amount in the cytosol, but it
prevents its increase in the nucleus, suggesting that CK2
activity is involved in the nuclear localization of β-actin
(Fig. 2).
In summary, our results indicate that CK2 activity is required for the normal differentiating response of APL
cells to RA, and that β-actin is a good candidate for mediating this CK2 function, possibly playing a specific role
in the nucleus.
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Figure 2. Effects of RA and K27 on actin level and phosphorylation.
Proteins (10 μg) from NB4 cells treated in vivo for 48 h as indicated (RA was 1 μM RA, K27 was 5 μM) were incubated with
a radioactive phosphorylation mixture. Proteins were separated
by SDS/PAGE, and analysed by autoradiography or Western blot
(WB), as indicated. α-tubulin or nucleophosmin (NPM) were
used as loading controls.
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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 have been linked to aberrant protein kinase signalling. This has made PKs important drug targets [1] especially for different forms of cancer. Currently, 10 smallmolecule compounds have been approved and more than
200 compounds are at various stages of clinical development as drugs against different diseases [2]. All drugs on
the market and great majority of the compounds in development are targeted to the ATP-binding site of the kinase.
Bisubstrate inhibitor design as a logical approach for
the development of potent and selective inhibitors of PK
has previously gained limited attention due to polar and
charged character of these compounds which has been
predicted to lead to their restricted cellular uptake and
thus low potential for regulation of cellular protein phosphorylation equilibria.
We have previously developed inhibitors for basophilic
protein serine/threonine kinases with activities in the
subnanomolar region [3, 4]. These ARC-type inhibitors
comprise analogues of both substrates, an ATP-binding
site targeted adenosine mimics and an arginine-rich peptide targeted to the binding domain for the protein to be
phosphorylated. In addition to being an intrinsic component of highly potent bisubstrate inhibitors the latter
peptide as a representative of transport peptides converts
ARC-type compounds plasma membrane permeable [5].
Now we have started a wider study to establish the structural elements of the nucleoside-peptide conjugates that
influence their cellular uptake and intracellular localization. Extracellularly applied compounds that contain six
or seven d-arginines in the peptide moiety efficiently enter the cell and accumulate in its cytoplasm and nucleus
(Fig. 1A). In nucleus these compounds concentrate to
special regions, apparently nucleoli. Inhibitors containing two arginine residues stick to the membrane and do
not reach the cytoplasm and nucleus of the cell. Cytosolic
diffusion and nuclear accumulation of probes is less
sensitive to structure of the adenosine mimics. Cellular
uptake and localization of the labelled inhibitors is also
influenced by the origin of the fluorescent dye.
The high affinity of these inhibitors towards PKA was
established in the fluorescence anisotropy binding/displacement assay with fluorescence anisotropy detection
(KD = 0.3 nM for ARC-1042) [4, 6].
The ability of fluorescently labelled biligand inhibitors (e.g.,
ARC-1042) to bind to the catalytic subunit of PKA (PKAc)
was shown in live cells. In CHO cells expressing PKAc fused
with YFP [7] fluorescence resonance energy transfer between

B
Figure 1. A. Cellular uptake of biligand inhibtors with six darginine residues. B. FRET changes between YFP of PKAc and
tetramethylrhodamine of ARC-1042 in CHO cells.

fluorescent labels of two interacting partners (YFP of PKAc
and tetramethylrhodamine of ARC-1042) was measured.
Significant increase in FRET was detected between PKAYFP and ARC-1042 after activation of PKA with forskolin
that leads to dissociation of PKA-YFP from the holoenzyme
and its interaction with ARC-1042 (Fig. 1B). The effect was
reversed by the cell-permeable inhibitor of PKA H89 that
displaced ARC-1042 from its complex with PKAc.
The ability of ARC-type inhibitors to cross cell membrane
and bind to the target kinases with high affinity opens a
new avenue for the application of bisubstrate inhibitors
for regulation of activity of protein kinases in vivo and for
the use of bisubstrate inhibitor-based fluorescent probes
for cellular high content screening of PK inhibitors.
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The RIO serine kinases are a family of atypical protein
kinases that are distinct from canonical protein kinases in
their active sites and substrate recognition [1, 2]. Two RIO
family members, Rio1 and Rio2, are essential in yeast,
and required for ribosome biogenesis [3–5]. Their involvement in ribosome biogenesis, a process fundamental to cell growth and proliferation, makes them attractive
targets for the development of inhibitors. These kinases
are universally conserved among archaea and eukaryotes
and a homolog is present in some bacterial organisms [1].
Humans and other multicellular organisms have a Rio1
and Rio2 homolog, as well as an additional RIO kinase,
Rio3.
Little is known about the function of the human RIO kinases, known as RIOK1, RIOK2 and RIOK3. As ribosome
biogenesis appears to be largely conserved between yeast
and humans, it is assumed that RIOK1 and RIOK2 play
a role in ribosome processing in humans as well. However, the function of RIOK3 is largely unknown. RIOK1
is reportedly overexpressed in colon cancers and is a
target for a Myc-associated transcription factor, MAPJD,
that is overexpressed in a majority of non-small cell lung
cancers [6, 7]. A recent report has linked RIOK3 with cell
motility and migration in pancreas ductal adenocarcinoma through activation of the Rac GTPase pathway and
knockdown of RIOK3 results in decreased invasiveness
and mobility in pancreatic ductal cells [8]. As a result,
there is interest in the development of inhibitors for the
human RIO kinases, and it is important to understand
the structure and function of these enzymes in order to
develop specific inhibitors.
Although we have previously reported high-resolution
crystal structures for the Rio1 and Rio2 proteins of Archaeoglobus fulgidus no structural information is currently
available for the eukaryotic RIO kinases [9, 10]. The archaeal RIO kinase structures have revealed remarkable
structural similarity, despite very limited sequence homology, to canonical eukaryotic protein kinases (EPKs),
but several features of EPKs are absent in the RIO kinases,
resulting in differences in the active site and substrate
binding. In order to characterize the eukaryotic RIO kinases, we have expressed and purified recombinant
RIOK1 and RIOK3 in Escherichia coli. Both proteins are
capable of autophosphorylation, a characteristic that has
been observed in all RIO kinases isolated to date. Using
mass spectrometry, we have determined the site of autophosphorylation for RIOK1 and RIOK3, and these sites
are surprisingly not conserved among the eukaryotic RIO
kinases.
We also report the interaction of the archaeal Rio1 kinase
with the adenosine analog toyocamycin. Toyocamycin,
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which has been studied since the mid-1950’s, is long
known to be an inhibitor of ribosomal RNA synthesis,
and at high levels both species of rRNA are affected [11,
12]. Since toyocamycin is an adenosine analog, it is reasonable to predict that it would get incorporated though
the nucleoside metabolic pathways, or inhibit polymerase
function. However, inspection of the archaeal Rio1 active
site revealed an empty pocket in the back of the ATP binding site that could accommodate polar substituents at the
N7 position of the base. Toyocamycin and its derivative,
sangivamycin, are essentially N7 substituted adenosine
analogs, and were therefore tested for binding to Rio1
in thermal shift assays. Toyocamycin and sangivamycin
both produced larger shifts in the melting temperature
of Rio1 than the combination of ATP and magnesium,
suggesting that these analogs bind more tightly to Rio1
than ATP/Mg2+. This data is in sharp contrast to the testing of several broad spectrum kinase inhibitors, for which
no significant changes in melting temperature were observed. We have solved the crystal structure of the Rio1
kinase bound to toyocamycin. The structure shows that
the molecule binds exactly as predicted from structural
models with a few conformational adjustments in the
active site. Further biochemical data shows the effect of
toyocamycin on Rio1 kinase activity. Although toyocamycin and sangivamycin are likely to be non-specific in their
intracellular targets, they may provide excellent starting
points for the synthesis of derivatives that will specifically target Rio1.

Toyocamycin as a Rio1 inhibitor.
A. The structure of toyocamycin. B. Electron density in the active
site for the structure of Rio1 bound to toyocmycin. Adenosine
is modeled in to show difference density (green) for the nitrile
group present in toyocamycin.

Finally, our structural and biochemical data on the structure of Rio1 kinase bound to its autophosphorylation site
and ATP will be presented. Mutations in the residues involved in contact in the structure diminish autophosphorylation activity, without affecting phosphorylation of generic kinase substrates. This data supports the idea that
this structure represents the substrate-bound complex for
the Rio1 kinase. This substrate-enzyme complex is very
different from that seen for canonical EPKs and will provide the basis for the design of substrate or substrate/ATP
mimics for the inhibition of the Rio1 kinase.
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