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ABBREVIATIONS 
 
ACN  acetonitrile 
Adc  adenosine-5'-carboxylic acid, 
 1-(6-amino-9H-purin-9-yl)-1-deoxy-β-D-ribofuranuronic acid 
ADP  adenosine 5'-diphosphate 
Ahx  6-aminohexanoic acid 
AKAP  A-kinase anchoring protein 
Alpha  amplified luminescent proximity homogeneous assay 
AMP  adenosine 5’-monophosphate 
ARC  adenosine-oligoarginine conjugate 
ARC-306 Adc-Ahx-(L-Arg)6-OH 
ARC-341 Adc-Ahx-(L-Arg)6-NH2 
ARC-701 Adc-Ahx-(L-Arg)4-L-Lys-NH-PEG5000-OMe 
ARC-702 Adc-Ahx-(L-Arg)4-L-Lys(BODIPY FL)-NH-PEG5000-OMe 
ARC-703 Adc-Ahx-(L-Arg)4-L-Lys(biotin)-NH-PEG5000-OMe 
ARC-704 Adc-Ahx-(D-Arg)6-D-Lys(PEO-biotin)-NH2 
ARC-902 Adc-Ahx-(D-Arg)6-NH2 
ARC-904 Adc-Ahx-(D-Arg)6-D-Lys-NH2 
ATP  adenosine 5'-triphosphate 
Boc  tert-butoxycarbonyl 
BODIPY FL 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-

propionic acid 
CAMK calmodulin-dependent protein kinase 
cAMP  cyclic adenosine 3',5'-monophosphate 
cAPK  cAMP-dependent protein kinase 
cAPK C cAPK catalytic subunit 
cAPK Cα cAPK catalytic subunit, α-isoform 
Delfia  delayed enhanced lanthanide fluorescence immunoassay 
DHB  2,5-dihydroxybenzoic acid 
DMSO  dimethyl sulfoxide 
ELISA  enzyme-linked immunosorbent assay 
Fmoc  9-fluorenylmethoxycarbonyl 
FP  fluorescence polarization 
FRET  fluorescence resonance energy transfer 
GST  glutathione S-transferase 
H1152P (S)-(+)-4-methyl-5-(2-methyl-[1,4]diazepane-1-sulfonyl)-

isoquinoline 
H89  N-{2-[(p-bromocinnamyl)amino]ethyl}-5-

isoquinolinesulfonamide 
H9  N-(2-aminoethyl)-5-isoquinolinesulfonamide 
HPLC  high performance liquid chromatography 
IC50  half maximal inhibitory concentration 
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IMAP  immobilized metal ion affinity-based fluorescence polarization 
IR  infrared 
Ip  isopropylidene 
Kd  dissociation constant 
Ki  inhibition constant 
Km  Michaelis constant 
Lance  lanthanide chelation excitation assay 
LPOS  liquid-phase organic synthesis 
MALDI matrix-assisted laser desorption/ionization 
mPEG  methoxypoly(ethylene glycol) 
mPEG9500 methoxypoly(ethylene glycol) with average molecular weight of 

9500 Da 
MS  mass spectrometry 
MW  molecular weight 
NAD+  nicotinamide adenine dinucleotide, oxidized form 
NADH  nicotinamide adenine dinucleotide, reduced form 
NMR  nuclear magnetic resonance 
P-site  phosphorylation site 
Pbf  2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl 
PEG  poly(ethylene glycol) 
PEG5000 poly(ethylene glycol) with average molecular weight of 5000 

Da 
PEO  polyethylene oxide 
PEP  phosphoenol pyruvate 
PKA  protein kinase A 
pKa  negative logarithm of acid dissociation constant 
PKC  protein kinase C 
PKI  heat stable protein kinase inhibitor 
PPi  pyrophosphate 
PRKX  human X chromosome encoded protein kinase  
PRKY  Y homologue of the protein kinase PRKX 
RI  regulatory subunit type I 
RII  regulatory subunit type II 
RP-HPLC reversed-phase high performance liquid chromatography 
Rt  retention time 
SPA  scintillation proximity assay 
SPOS  solid-phase organic synthesis 
SPR  surface plasmon resonance 
SPSOS  soluble-polymer-supported organic synthesis  
TAMRA carboxytetramethylrhodamine 
TBME  methyl tert-butyl ether 
TFA  trifluoroacetic acid 
TLC  thin layer chromatography 
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TOF  time-of-flight 
UV  ultraviolet 
Vis  visible 
Vmax  maximum velocity of the enzyme-catalyzed reaction 
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INTRODUCTION 
 

cAMP-dependent protein kinase 
 
The phosphorylation of proteins, catalyzed by protein kinases, is a common 
posttranslational modification in eukaryotes (Figure 1). Most cellular processes 
from proliferation to apoptosis are controlled by the regulation of the 
phosphorylation equilibrium whereas aberrant functioning of protein kinases is 
associated with pathological states such as several forms of leukaemia and solid 
cancers, inflammatory and autoimmune disorders and cardiac diseases. For this 
reason protein kinases have become one of the major therapeutic targets [1]. 
The protein kinase superfamily is one of the largest as about 2% of genes in 
eukaryotic cells encode the kinase catalytic domain. The human genome 
encodes more than 500 protein kinases that are divided into nine groups and 
several families on the basis of the sequence similarity of the catalytic domains 
[2]. Based on the phosphorylatable amino acid residue, protein kinases are 
classified into serine/threonine, tyrosine and dual-specificity protein kinases. 
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Figure 1. Protein kinases catalyze the transfer of the terminal phosphate group of 
nucleoside triphosphates to specific amino acid residues of protein substrates. 
 
cAMP-dependent protein kinase (cAPK) is an ubiquitous serine/threonine 
kinase that belongs to the AGC group of protein kinases. It is the most studied 
and the best characterized serine/threonine kinase that has served as a prototype 
for protein kinases, mostly due to its relative structural simplicity and 
possibility to be expressed and purified in large quantities [3, 4]. cAPK has also 
been suggested to be a therapeutic target for several forms of cancer and 
diseases of the immune system [5]. In its inactive state, cAPK exists as a hetero-
tetramer composed of a dimer of regulatory subunits (R2) and two catalytic 
subunits (C). The enzyme becomes active after the release of the C-subunits 
from the holoenzyme by cooperative binding of cAMP to two binding sites in 
the regulatory subunit [6]. The catalytic subunit of cAPK is encoded as several 
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isoforms (PKAα, PKAβ, PKAγ, PRKX and PRKY) that differ in their 
expression level, tissue distribution and functionality [7–11]. The structure of C-
subunit is comprised of smaller N-terminal domain and larger C-terminal 
domain, which are connected by a small linker region. The active site of the 
enzyme is located in the cleft between these domains. The catalytic mechanism 
involves the formation of ternary complex where both substrates are 
simultaneously present in the catalytic site. The phosphoryl group is directly 
transferred from ATP to the peptide substrate without the formation of covalent 
intermediate with the enzyme [12, 13]. The binding of the nucleotide requires 
the presence of magnesium ions. The magnesium in the higher-affinity site 
(Kd=10 µM) bridges the β- and γ-phosphates and coordinates the terminal 
phosphate with the peptide substrate. The second magnesium ion bridges α- and 
γ-phosphates with much lower affinity (1.4 mM) and it is considered to be 
inhibitory in nature. Although it stabilizes the complex between the nucleotide 
and the enzyme, it also reduces the dissociation of ADP from the catalytic site, 
which is usually the rate-limiting step of the catalysis [14, 15]. The recognition 
of the protein substrate by the kinase is based on the amino acid sequence 
surrounding the phosphorylatable residue (P-site). cAPK is a basophilic protein 
kinase as it has a preference to phosphorylate proteins rich in basic amino acid 
residues near the phosphorylation site. The optimal substrate consensus 
sequence has the following structure: -Arg-Arg-X-Ser/Thr-Y-, where X 
designates variable and Y hydrophobic amino acid residues [6]. The standard 
substrate of cAPK is kemptide (Table 1) with Km value of 16 µM [16] whereas 
the binding affinity of the substrate is more than an order of magnitude lower 
(Kd=210 µM) [17]. This discrepancy is explained by the mechanism of the 
catalysis with rapid phosphoryl transfer step followed by rate-limiting ADP 
release [14, 18]. 
 
Table 1. Sequence comparison of kemptide and the physiological inhibitors (human) of 
cAPK. Residues corresponding to P-site are highlighted. 

Consensus sequence                -RRX
T
S Y- 

kemptide                LRRASLG 
PKIα   -TTYADFIASGRTGRRNAIHDILVSSASGNSNELAL- 
RIα   -SPPPPNPVVKGRRRRGAISAEVYTEEDAASYVRKV- 
RIIα   -DEDLEVPVPSRFNRRVSVCAETYNPDEEEEDTDPR- 

 
The activity of cAPK can be inhibited by compounds that block the active site 
of the enzyme, binding to ATP-binding site, protein-binding site or associating 
simultaneously with both of these sites (bisubstrate inhibitors). Additionally the 
activity of cAPK can be regulated allosterically by substances that bind to 
cAMP-binding sites on the holoenzyme leading to activation (cAMP agonists) 
or deactivation (cAMP antagonists) of the kinase. 
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Physiologically, cAPK is inhibited by two families of inhibitors: regulatory 
subunits (R) and heat stable protein kinase inhibitors (PKI), which both are 
competitive towards protein-binding [12]. The regulatory subunits are classified 
into two types, RI and RII that bind to catalytic subunits with subnanomolar 
affinity forming type I (RI2C2) and type II (RII2C2) holoenzymes, respectively. 
Additionally, the regulatory subunits bind to A-kinase anchoring proteins 
(AKAP-s) that are responsible for the intracellular localization of the enzyme. 
The R-subunits are subclassified into four distinct isoforms (RIα, RIβ, RIIα and 
RIIβ) that differ in the level of expression, tissue distribution and specificity for 
AKAP-s. PKI-s are also encoded as several isoforms that bind to catalytic 
subunits with high affinity [19, 20]. In the complex with C-subunit, PKI-s 
mediate the nuclear export of cAPK [12]. Both RI and PKI possess a 
pseudosubstrate inhibitory site (Table 1). The high-affinity binding of RI and 
PKI to C-subunit is synergistically dependent on the presence of MgATP: the 
affinity of MgATP to the C-PKI complex and the holoenzyme type I is about 
three orders of magnitude higher than to the free catalytic subunit [21]. In the 
absence of MgATP, the dissociation constants of the complexes of the catalytic 
subunit with RI and PKI are in submicromolar range (Figure 2) [12, 22]. 
 

 

 
Figure 2. Synergism of the binding of ATP, RI and PKI to cAPK Cα [10, 12 and 22–
24]. 
 
The type II regulatory subunits do not show such synergism and bind to the C-
subunit with high affinity irrespectively of the presence of the nucleotide. The 
RII subunits incorporate the substrate consensus sequence and are  
phosphorylated in the holoenzyme complex (Table 1) [12]. 
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Assay principles for the characterization  
of the inhibitors of protein kinases 

 
The assays used for the evaluation of enzyme inhibitors can be classified into 
two general categories: 

1. functional assays for the determination of the ability of test compounds to 
inhibit enzyme-catalyzed reaction, 

2. binding assays for the determination of the binding affinity of test 
compounds to enzyme. 

 
The ability of the inhibitor to slow down the catalytic reaction is characterized 
by IC50-value that corresponds to its concentration causing 50% reduction of the 
enzymatic activity in the used assay conditions. If the inhibition mechanism is 
known, the inhibition constant (Ki) can be calculated [25]. Binding assays allow 
the determination of the dissociation constants (Kd) of the complex between the 
inhibitor and enzyme and do not directly reveal whether the ligand acts as an 
inhibitor or substrate or binds to allosteric sites. Since the binding affinity of a 
test compound is not a direct measure of its inhibitory potency, the inhibitor 
screening is generally carried out by enzyme activity assays [26, 27]. 

The best measure of the enzymatic activity is the initial velocity of the 
enzyme-catalyzed reaction [28]. The reaction rate is usually determined by 
single time-point measurements of the amount of the formed product or 
unreacted substrate and, in the initial velocity phase, it is proportional to the 
enzymatic activity and most sensitive to inhibition. Typical assays are 
performed at concentrations of the substrates near their Km values, which are 
optimal for the detection of inhibitors with different inhibition mechanisms. In 
these conditions, the initial velocity can be measured with sufficient precision 
below 10–20% of the substrate consumption. To work with such small changes 
of the concentrations, the detection methods of the assay must be sufficiently 
sensitive. At higher substrate conversion, the reaction rates decrease 
significantly due to substrate depletion and the inhibitory potencies become 
underestimated. In order to increase the signal quality, it may be acceptable to 
work at higher substrate conversion where the inhibitory potencies are not 
drastically deviated from the true values. Wu et al. derived a relationship 
between the IC50 values determined by single time point measurements in the 
initial velocity phase and at higher substrate turnover [29]. They showed that if 
the reaction proceeds with first-order kinetics, i.e., at substrate concentrations 
much lower than Km, the IC50-values determined below 75% of substrate 
conversion were deviated from the true values less than two times. At substrate 
concentrations much higher than Km, the reaction becomes of zero-order and the 
linear velocity phase lasts longer. For example, at substrate concentration of 
100Km, the reaction rate deviates from the initial velocity at above 90% of the 

4
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substrate conversion [29]. At the same time, the assay becomes less sensitive to 
the detection of competitive inhibitors [28]. 

The kinase activity is usually determined by the formation of the 
phosphorylated substrate. The phosphorylation itself does not lead to detectable 
change in optical characteristics of the molecule; therefore the introduction of 
labels (fluorescent, luminescent, radioactive) that produce detectable optical 
signal is required. The labels can be linked with the phosphorylated substrate 
covalently or non-covalently by affinity-recognition and the labelling may be 
carried out before, after or in the course of the phosphorylation. The assays can 
be classified into several categories: 

• according to the detection method assays may be radiometric and non-
radiometric, mainly based on the measurement of fluorescence or 
luminescence signals. 

• utilizing natural substrates or synthetic substrates. 
• homogeneous (do not involve separation steps, “mix-and-measure”) and 

heterogeneous (separation-based) [26]. Homogeneous assays are typi-
cally based on fluorescence polarization (FP) or involve distance-depen-
dent energy transfer between two labels that are brought into proximity 
by specific recognition of phosphorylated substrate. Homogeneous assays 
are preferred for high-throughput applications because of high speed and 
possible automatization [30]. Separation-based assays are more time-
consuming but afford the possibility to remove substances that interfere 
with the detection system. Both types of assay may involve recognition of 
the phosphorylated substrate by antibodies or other types of phosphate-
capture particles. 

• homogeneous assays can afford continuous monitoring of the reaction or 
require stopping of the reaction before quantification of the formed 
product (end-point assays). 

 
The combination of different separation and recognition technologies with 
different detection methods provides numerous possibilities for the determi-
nation of the phosphorylation extent. 

Traditional kinase assays are based on radioactive labelling of the substrate 
by incorporation of (32P or 33P)-labelled phosphoryl group into the protein or 
peptide substrate in the course of phosphorylation. The labelled product is 
precipitated or adsorbed onto cation-exchange phosphocellulose paper, the 
excess ATP is removed by several washing steps and the adsorbed product is 
quantified by Cerenkov or scintillation counting or by phosphoimaging [31–33]. 
One of the limitations of this method is incomplete adsorption of the product 
onto the phosphocellulose matrix [34]. The capture of biotinylated substrates 
after phosphorylation to streptavidin-coated surfaces affords more efficient 
separation [35]. Scintillation proximity assay (SPA) [36, 37] quantifies the 
radioactively labelled phosphopeptide without separation steps. The bio-
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tinylated peptides are captured after phosphorylation with [γ–33P]ATP to 
streptavidin-coated SPA-beads that contain the scintillant. Due to the limited 
path-length of the beta radiation of 33P, only the radioactivity emitted by the 
captured product is transformed to optical signal. Radiometric methods involve 
several shortcomings like hazards associated with ionizing radiation (health 
risks and production of radioactive waste) and short half-lives of 32P and 33P 
(14.3 and 25.3 days, respectively) that limit long-term storage. 

Several fluorometric assays for the characterization of inhibitors of protein 
kinases have been developed. The detection of fluorescence signals is prone to 
interference from other assay components, fluorescent substances or 
fluorescence quenchers. The background fluorescence can be reduced by the 
application of fluorescent markers with emission maxima at longer wavelengths 
or with longer exited state life-time. The chelates of lanthanides (europium, 
terbium) offer such opportunity with excited state life-times around 1 ms if 
compared to the life-times of common fluorescent markers in nanosecond range 
(4 ns of that of fluorescein) [26]. Time-resolved detection of such long-term 
fluorescence emission cuts down the background signal. 

If the phosphorylation changes the emission spectrum of the fluorescently 
labelled substrate, the reaction can be monitored by direct measurement of the 
fluorescence intensity. Wright et al. developed an assay for cAPK that is based 
on the phosphorylation of fluorescent analogue of kemptide, LRRWSLG [38]. 
Analogous assay was developed by Kondo et al. who attached dansyl group to 
the C-terminus of kemptide [39]. Both substrates were comparable to 
unmodified kemptide by kinetic properties and showed 10–20% fluorescence 
increase in the course of phosphorylation, affording continuous monitoring of 
the reaction. 

If the fluorescence characteristics are not dependent on phosphorylation, 
assays can be developed that are based on the separation of the fluorescently 
labelled product from substrate, e.g., by chromatography [40] or electrophoresis 
[41, 42]. Simultaneous quantification of the phosphorylation product and 
unreacted substrate affords ratiometric detection. 

Assays utilizing phospho-amino acid-specific antibodies may be homo-
geneous or heterogeneous. In the enzyme-linked immunosorbent assay (ELISA) 
format [26] the phosphorylated substrate is separated from the reaction mixture 
or cell lysate by capturing to immobilized antibodies or streptavidin if the 
substrate is biotinylated. The phosphorylated substrate is detected with enzyme-
linked antibodies (detection antibodies) that catalyze a reaction producing 
optical signal (chemiluminescence or change of absorption). Different con-
figurations of ELISA are possible depending on whether the anti-phospho 
antibody is captured to immobilized product or vice versa. The detection 
antibody may also be fluorescently labelled. For example, delayed enhanced 
lanthanide fluorescence immunoassay (Delfia®) utilizes biotinylated substrate 
that after phosphorylation is captured by immobilized streptavidin [27]. The 
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product is incubated by lanthanide-labelled anti-phospho antibody and the 
unbound antibody is removed by washing steps. The extent of phosphorylation 
is quantified by the fluorescence of the lanthanide label in time-resolved 
manner. 

Homogeneous detection of the antibody-phosphopeptide complex can be 
carried out by FP or proximity-based assays such as fluorescence resonance 
energy transfer (FRET) or amplified luminescent proximity homogeneous assay 
(AlphaScreen®). 

In FP format, fluorescently labelled phosphopeptide binds to anti-phospho 
antibody. The non-phosphorylated peptide as small molecule rotates faster in 
solution and when illuminated with polarized light, it becomes randomly 
orientated during the excited state resulting in loss of polarization. In complex 
with antibody, polarized emission is detected. This method is limited in the size 
of the substrate for the FP to be efficient and needs labelled substrates. Another 
possibility is to carry the assay out in competition format with unlabelled 
substrates that compete after phosphorylation with fluorescently labelled 
phosphopeptide tracer [43, 44]. 

FRET uses two fluorescent labels, a donor and an acceptor. The emission 
spectrum of the donor overlaps with the excitation spectrum of the acceptor. 
The excitation of the donor leads to energy transfer to the acceptor in distance-
dependent manner and the emission of the acceptor is detected. For example, 
lanthanide chelation excitation assay (Lance®) uses an europium-labelled 
antibody and streptavidin-coated acceptor bead that are brought to proximity by 
linking with phosphorylated biotinylated peptide [27]. The phosphorylation 
extent is determined by time-resolved FRET. A limitation of FRET is the small 
distance (9 nm) between the donor and acceptor needed for efficient energy 
transfer. 

 In the AlphaScreen® format, donor and acceptor beads are brought to 
proximity in a similar manner [27]. The donor beads contain photosensitizer 
that under illumination (680 nm) convert the dissolved molecular oxygen to 
excited singlet form. Within its half-life in water solution (4 µs) singlet oxygen 
can diffuse about 200 nm, reaching the acceptor bead where the energy is 
transformed to chemiluminescence with emission maximum in UV range (370 
nm) that may be subsequently converted to longer wavelength radiation (500–
600 nm) by chromophores immobilized to the acceptor bead. Advantages of this 
detection system are the requirement for a longer distance between the two 
labels if compared to the FRET format and an amplification of the signal – one 
donor bead may create about 60 000 singlet oxygen molecules per second [45]. 

The assays utilizing immunorecognition rely on the availability of specific 
anti-phospho antibodies with high affinity and specificity. More universal 
technology is immobilized metal ion affinity-based fluorescence polarization 
(IMAP®) that uses nanoparticles bearing immobilized chelate of trivalent metal 
ion. These nanoparticles bind specifically to phosphate groups in phospho-
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serine, phosphothreonine and phosphotyrosine residues. The complexation of 
fluorescently labelled phosphopeptides with IMAP-particles can be detected by 
loss of FP or by decrease of fluorescence intensity if nanoparticles are conju-
gated with fluorescence quenchers [46, 47]. 

The phosphorylated peptides may also be detected by biosensors. Takeda et 
al. captured phosphorylated peptides to surface plasmon resonance (SPR) 
biosensor surface by immunorecognition and used anti-phospho antibodies for 
detection [48]. Another possibility is to carry the phosphorylation out directly 
with substrates immobilized to the biosensor surface. SPR-based biosensors are 
sensitive to the molecular mass of the substance binding to the sensor surface. 
Since the phosphorylation does not increase remarkably the molecular mass of 
the surface-bound peptides, the signal is amplified by the binding of phosphate-
sensitive high-molecular-weight particles to the phosphopeptides like 
streptavidin-conjugated Zn(II) phosphate-capture complexes or by anti-phospho 
antibodies [49, 50]. An advantage of this method is that special labels are not 
needed. A disadvantage is the limited throughput of SPR-based methods. 

The kinase activity can also be determined by the extent of the conversion of 
ATP to ADP. This approach is universal as ATP is a common substrate for all 
kinases but assays based on this principle detect also ATPase activity that is 
thus an interfering process. The spectrophotometric assay [51] couples the 
formation of ADP via lactate dehydrogenase- and pyruvate kinase-catalyzed 
reactions to the oxidation of NADH, monitored as the decrease of absorbance at 
340 nm:  

phospho-protein + ADP 

ADP + PEP pyruvate+ ATPpyruvate kinase 

pyruvate + NADH lactate+ NAD+. 
lactate dehydrogenase

protein kinaseATP + protein

 
Such assay allows continuous monitoring of the phosphorylation reaction. The 
recycling of the nucleotide holds the concentration of ATP constant that allows 
the reaction to be performed at zero-order conditions in respect to the 
nucleotide. The consumption of ATP can be quantified by chemiluminescence 
produced in oxidative decarboxylation of luciferin (Figure 3) [52]. A 
disadvantage of this assay is the signal-decrease format, i.e., the measured 
signal is inversely correlated to the enzyme activity that is a potential source of 
error with low substrate turnover. A general drawback of enzyme-coupled 
homogeneous assays is that the potential inhibitor of protein kinase may also 
interfere with the secondary enzymes [28]. 
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Figure 3. Oxidative decarboxylation of luciferin. 
 
Binding assays present an alternative to functional assays. They can be 
performed in direct binding or in competition formats. The direct binding assays 
need labelling or immobilization of one interaction partner and the complex 
formation can be detected by several detection systems, such as FP, SPR, etc. 
These labelled or immobilized compounds can in turn be used as probes in 
competition assays where they are displaced from the complex with the enzyme 
by unlabelled ligands. Both ATP- and peptide-site directed probes for protein 
kinases have been developed. 

Vainshtein et al. developed a competition assay for protein kinase inhibitors 
based on β-galactosidase enzyme fragment complementation [53]. An ATP-
competitive inhibitor of protein kinases, staurosporine was conjugated with  
β-galactosidase donor fragment. The conjugate was able to combine with the  
β-galactosidase acceptor fragment, forming an active enzyme that catalyzes the 
hydrolysis of D-galactose, emitting chemiluminescence. The binding of 
glycogen synthase kinase 3α to staurosporine blocked the binding of the 
conjugate to the acceptor fragment thus inhibiting the enzymatic reaction. This 
enzyme-linked binding assay was applied for the determination of the affinities 
of substances binding to the ATP-binding pocket of the kinase. 

Several binding assays rely on PKI-derived probes [54–56]. Saldanha et al. 
developed FP-based ligand-regulated competition assay for characterization of 
non-ATP-competitive regulators of cAPK holoenzyme type I activity [54]. The 
fluorescently labelled high-affinity fragment of the heat stable protein kinase 
inhibitor PKI(5-24) was displaced from the complex with cAPK Cα by 
regulatory subunit type I, leading to the loss of polarization of the emission 
signal. This system was applied for the characterization of antagonists and 
agonists of cAMP. Due to the synergistic binding of the inhibitor peptide and 
ATP to cAPK C, the high-affinity binding of PKI-based sensors requires the 
presence of ATP. PKI-based probes can thus be used also for the characte-
rization of substances binding to ATP-binding pocket [55]. 

Biosensors allow the real time monitoring of the formation of the complexes 
between the inhibitors and protein kinases. The most powerful technology, 
SPR-spectroscopy [57] allows the determination of binding processes in 
heterogeneous system where one of the interaction partners (referred to as 
ligand) is immobilized to the sensor surface and the binding of the other 
interactant (referred to as analyte) to this surface is monitored by making use of 
the SPR phenomenon. The analyte is eluted over the surface in continuous flow 
that, although increasing the consumption of reagents, holds the concentration 
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of the analyte constant that facilitates data analysis. A typical interaction 
analysis consists of three phases. In the association phase, the analyte at fixed 
concentration is eluted over the surface and its association with the immobilized 
ligand is monitored. The dissociation of the analyte is monitored by elution of 
the surface with analyte-free buffer in the dissociation phase. The final phase of 
the experiment is the regeneration of the surface. The separate monitoring of the 
dissociation and association kinetics allows simultaneous detection of the 
kinetic (association and dissociation rate constants) and thermodynamic 
(equilibrium constant) characteristics of the interaction. The characterization of 
the inhibitors of protein kinases can be carried out in two configurations. In the 
first configuration, the binding of kinases from the solution phase to the 
immobilized inhibitors is detected. This is impractical in inhibitor screening 
since the immobilization of inhibitors potentially influences the binding 
characteristics and each inhibitor requires the preparation of a new sensor 
surface. The binding experiments are thus preferentially carried out in the 
second configuration with monitoring of the binding of inhibitors to the 
immobilized kinases [58, 59]. Due to the molecular mass dependence of the 
SPR-signal, detection of small-molecule inhibitors with this method is 
problematic. Another problem is the loss of activity of the kinases during 
immobilization and the low stability of the obtained protein surfaces. SPR-
based methods also have low throughput that has limited their application 
mainly to mechanistic studies. 
 
 

Adenosine-oligoarginine conjugates  
as bisubstrate-analogue inhibitors of protein kinases 

 
The majority of the inhibitors of protein kinases reported to date are targeted to 
the ATP-binding site. The design of selective ATP-competitive inhibitors 
presents a challenge because the nucleotide-binding pocket is highly conserved 
within the kinase superfamily and there are more than 1500 other proteins 
encoded by the human genome, which utilise ATP [60]. In addition, ATP-
competitive inhibitors must have sufficient potency to compete with saturating 
intracellular concentration of ATP (millimolar range if compared to the typical 
Km values of ATP towards protein kinases below 100 µM [61]). The 
peptide/protein-binding domain proposes a more selective target but inhibitors 
directed to this site must interact with larger surface area to obtain sufficient 
potency and this strategy is thus considered beyond the scope of small-molecule 
drug design [62]. Most inhibitors of this kind are peptides that have been 
derived from the substrate consensus sequence to provide high selectivity but 
high affinity has been obtained with longer peptide sequences that are limited in 
therapeutic utility [63]. 



 20

The ternary complex mechanism of protein kinases makes it possible to 
combine the aforementioned approaches in the development of bisubstrate-
analogue inhibitors that simultaneously interact with both the ATP- and protein-
binding site of the enzyme [64]. Although maintaining the competitiveness 
towards ATP, it is a promising strategy to enhance the selectivity and potency 
of the inhibition. Due to the additivity of the binding energies, the incorporation 
of two active fragments into one molecule could be of enthalpic and entropic 
benefit [28]. Bisubstrate-analogue inhibitors have been constructed by 
conjugation of the corresponding substrate mimics via a linker that allows a 
suitable spatial arrangement of these fragments to associate with both of the 
binding sites (Figure 4) [64]. 
 

 
Figure 4. Schematic representation of a bisubstrate-analogue inhibitor in complex with 
the catalytic domain of protein kinase. 
 
Adenosine-oligoarginine conjugates (ARC), first introduced in 1999, are 
bisubstrate-analogue inhibitors of protein kinases [65]. The structures of the 
first generation ARC-s were composed of two moieties, adenosine-5’-car-
boxylic acid (Adc) and oligo-(L-arginine), which mimic the nucleotide and 
peptide substrates of basophilic protein kinases, respectively (Figure 5). These 
two moieties were connected by a linker with optimized structure. The 
inhibitors had selectivity towards basophilic protein kinases with the most 
potent compound Adc-Ahx-(L-Arg)6-OH (ARC-306, MW=1332) inhibiting 
cAPK and PKC at submicromolar concentration. Amidation of the C-terminus 
of the peptide part of ARC further increased the affinity (Figure 5) [66, 67]. 

Optimization of the structures yielded ARC-s of the second generation with 
oligo-(D-arginine) substituted for the oligo-(L-arginine) moiety [66]. Such 
substantial modification increased the inhibitory potency to low nanomolar 
range and simultaneously rendered the structures resistant to trypsinolysis. The 
most active ARC-type inhibitor of this series, Adc-Ahx-(D-Arg)6-NH2  
(ARC-902, Figure 5), was tested in a selectivity panel of 52 protein kinases and 
it showed a preference to inhibit basophilic protein kinases of AGC and CAMK 
groups. Kinetic studies revealed that ARC-902 was competitive to ATP and 
non-competitive to the peptide substrate. The absence of double-competitive 
behaviour of bisubstrate-analogue inhibitors has been explained by the specific 
mechanism of the phosphoryl transfer reaction and it does not rule out the two-
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site binding model [62, 68 and 69]. Although obligatory ordered binding of the 
substrates to the catalytic subunit of cAPK has not been suggested as ATP and 
kemptide can bind to the active site independently [6], ATP has a strong 
preference for binding first for thermodynamic reasons (Kd=10 µM for ATP 
[24, 51] vs around 210 µM for kemptide [17]). By theory, competitive inhibition 
is observed when the inhibitor competes with the substrate in a mutually 
exclusive fashion for the binding to the same enzyme form [62]. If kemptide 
preferentially associates with enzyme-ATP complex, the competitiveness with 
the protein substrate will not be registered in kinetic experiments. The weak 
inhibitory potency of the substrate mimics oligo-(D-arginine) and Adc alone or 
in a mixture as well as the selectivity of the conjugate for basophilic protein 
kinases still points to the participation of both of these fragments in the 
achievement of high affinity. 
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Figure 5. Structures of the first and the second generation ARC-s. A: Adc-Ahx-(L-
Arg)6-NH2 (ARC-341, MW=1331), IC50=0.17 µM and B: Adc-Ahx-(D-Arg)6-NH2 
(ARC-902, MW=1331), IC50=8.3 nM. Inhibitory potencies are measured at 100 µM 
ATP, 30 µM TAMRA-kemptide and about 1 nM cAPK Cα [66]. 
 
ARC coupled to sepharose produced an affinity chromatography matrix that 
was successfully used in the separation of cAPK C from cell lysates 
demonstrating that the immobilized inhibitors retained the ability to bind cAPK 
C [67]. It was also shown that ARC-s as arginine-rich substances were able to 
cross plasma membrane [70]. The fluorescently labelled ARC rapidly 
accumulated into cells and concentrated mainly to cytoplasm. The uptake was 
not completely abolished at low temperature suggesting partially energy-
independent internalization routes. In addition, ARC-s were able to deliver a 
conjugated protein into cell. The uptake of the complex of biotin-tagged ARC 
with fluorescently labelled avidin was less efficient and it was strongly impaired 
at low temperature pointing to the endocytosis as the dominating mechanism of 
cell entry. 

The advantages of bisubstrate ARC-type inhibitors highlighted by these 
reports are: 

• the possibility to be synthesized by standard solid-phase peptide 
synthesis protocols, 

6



 22

• well-defined optical characteristics that allow their quantification by UV 
spectroscopy (extinction coefficient of 15 000 M–1·cm–1 at 260 nm), 

• membrane-permeability that points to the potential of the inhibitors to be 
used in vivo experiments, 

• hydrophilicity that affords the exclusion of DMSO from the biological 
assays, 

• possibility to adjust the affinity with structural modifications down to 
low-nanomolar range and to increase the resistance to proteolytic 
degradation, and 

• the potential to add voluminous labels and tags to the C-terminus of the 
peptide part without abolishment of the binding ability. 

 
 

The applications of poly(ethylene glycol)  
for the conjugation with bioactive substances 

 
The therapeutic value of many bioactive substances is limited by low aqueous 
solubility, random biodistribution and short plasma half-life due to rapid renal 
clearance and instability. This requires bigger doses to be administered for 
maintaining an effective concentration of the drug at the target site and causes 
side effects. Shortcomings associated with the application of bio-
pharmaceuticals such as proteins and nucleic acid-based substances include 
enzymatic degradation and immunogenicity. Macromolecular drug carrier 
systems, termed as polymer therapeutics, have become a widely used strategy 
for the improvement of pharmacokinetic and pharmacodynamic properties of 
potential drug candidates [71–73]. 
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Figure 6. Structures of poly(ethylene glycol) and its monomethyl ether. 
 
Due to its favourable pharmacokinetic and -dynamic properties, poly(ethylene 
glycol) (PEG) is the most extensively used polymer in macromolecular drug 
delivery systems [74]. It is a linear polyether consisting of ethylene oxide units 
that is produced by anionic polymerization of epoxyethane. The initiation of the 
polymerization with water or methanol produces PEG with two or one terminal 
hydroxyl groups, respectively, that can be further modified with various 
functionalities (Figure 6). The polyether backbone of PEG is chemically 
relatively inert. PEG with molecular weight of less than 400 Da is degraded by 
alcohol dehydrogenases to toxic metabolites [75]. At MW>1 kDa, PEG is not 
toxic and it is excreted from body without degradation. PEG below 20 kDa is 
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cleared by kidneys; the homologues with higher molar weight are eliminated by 
liver. PEG lacks immunogenicity and antigenicity. The presence of both 
hydrophobic and hydrophilic moieties per a monomer unit makes it well soluble 
in water and in a wide variety of organic solvents [76]. In aqueous environment, 
the polyether backbone is well hydrated with two or three water molecules 
associated with each ethylene oxide unit. The resulting large hydrodynamic 
volume makes the apparent molecular weight of PEG 5–10 times higher than 
that of a globular protein with similar molecular weight as revealed by size 
exclusion chromatography and gel electrophoresis [77, 78]. The conjugation of 
biologically active substances with PEG, referred to as pegylation, transfers the 
properties of the polymer partly to the conjugates while the biological functions 
like enzymatic activity or receptor recognition defined by the parent substance 
may be maintained [74]. The pegylation of proteins has been shown to mask 
them from the recognition by immune system and hydrolytic enzymes, which 
reduces their immunogenicity, toxicity and elimination by proteolysis. 
Pegylation increases the effective size of the substance, which reduces the 
excretion by kidneys and limits the cellular uptake mainly to endocytotic routes 
[71]. The combination of these effects results in prolonged circulating half-life 
and enhanced biodistribution of the therapeutic agent. The drug-polymer 
conjugates thus need less frequent dosing that is of clinical benefit especially 
when the drug is administered by parenteral routes. 

The effect of pegylation is strongly dependent on the molecular weight of 
the polymer and the number of PEG chains per biomolecule, the selectivity of 
pegylation chemistry and used linkers between the polymer and the bioactive 
substance. The in vitro activity of the conjugates is usually inversely correlated 
to the extent of pegylation because the same mechanisms protecting the 
pharmacophore from hydrolytic enzymes may also hinder its binding to the 
target receptor. This effect is often compensated by enhanced in vivo profile 
[74]. Another possibility to overcome this problem is to include a cleavable 
linker between the therapeutic agent and the polymer [79]. The linker is cleaved 
under specific conditions, e.g., by lysosomal enzymes after cellular uptake, 
releasing the drug in its fully active form. Such polymeric prodrug approach 
possesses a potential to targeted drug delivery to specific organs or cells [71]. 

Initially pegylation was applied to the modification of proteins. The history 
of protein pegylation is divided into two generations that differ in the level of 
heterogeneity of the obtained product [74, 80 and 81]. 

The first generation pegylation utilized linear low-molecular-weight  
(5–12 kDa) monofunctional PEG-s with many polymer chains attached to the 
protein molecule. The pegylation was directed mainly to the modification of the 
amino groups in the N-terminus of the protein and to the side-chains of lysines 
by electrophilic alkylating (PEG trichlorotriazine) or acylating (PEG  
p-nitrophenyl carbonate, PEG succinimidyl carbonate) derivatives of PEG. 
Since there are several amino groups and other nucleophilic groups in the 
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protein molecule accessible for pegylation, like the side chains of histidine, 
tyrosine or serine residues, such chemistry was not very selective and produced 
mixtures of positional isomers with different pegylation stoichiometries and 
different bioactivities [82]. Strategies for the protection of the bioactivity of the 
protein were developed, like blocking of the active sites of enzymes with 
inhibitors or substrates during the pegylation. The selectivity of pegylation 
could also be increased by changing the reaction conditions. For example, when 
the coupling is performed at lower pH (between 5.5–6.5) the ε-amino groups of 
lysines (pKa=9.3–9.5) are protected by protonation and the conjugation 
preferentially occurs at less basic α-amino groups in N-terminus (pKa=7.6–8.0) 
[74]. Another source of heterogeneity was the high content of dihydroxy-PEG 
in the starting monofunctional polymer (up to 15%), which originated from the 
presence of trace amounts of water in the polymerization process. This 
difunctional impurity increased the diversity in pegylation stoichiometry and 
caused cross-linking. The heterogeneity of pegylation caused difficulties in 
purification of the obtained mixtures of conjugates and determination of the 
sites of pegylation. 

The second generation pegylation is characterized by more selective 
conjugation chemistry and improved polymer quality. The diol content of the 
monofunctional polymer was reduced by separation of the corresponding 
carboxyl derivatives of the polymers by ion exchange chromatography [81]. 
The pegylation was carried out with higher molecular weight polymers or 
multifunctional branched and dendrimeric PEG-s that were developed to allow 
higher loading of the therapeutic agent or to increase the steric hindrance of the 
macromolecule. It was experienced that pegylation at one site with higher 
molecular weight branched PEG gives better pharmacological profile than the 
pegylation with lower molecular weight polymers at multiple sites. The 
methods for the enhancement of the conjugation selectivity involve the 
reductive alkylation of the terminal α-amino groups by PEG aldehyde, the 
modification of less-abundant amino acids like the side chains of cystein with 
PEG maleimide or PEG orthopyridyl disulfide, and enzyme-catalyzed 
pegylation [83]. 

The success of pegylation is reflected by an increasing number of pegylated 
products approved for clinical use [74, 80]. The first product of this kind, 
pegylated adenosine deaminase (Pegademase, Adagen®), was approved in 1990 
for the treatment of severe combined immunodeficiency disease. It was 
developed with the application of the first generation pegylation chemistry 
leading to the conjugation of multiple PEG5000 chains per one biomolecule 
[84]. The conjugate revealed about six-fold longer half-life if compared to the 
native unmodified form, requiring once-weekly dosing. Another example of the 
first generation construct is pegylated asparaginase (Pegaspargase, Oncaspar®), 
which was approved for the treatment of Acute lymphoplastic leukaemia in 
1994. The pegylated product shows an extended half-life (from 8–30 h to 15 
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days) that allows once in 2 weeks administration instead of three times a week 
dosing of the native form [85]. 

Pegylated cytokine interferon α2b (PEG-Interferon α2b, PEG-Intron®, 
MW=31 kDa), approved in 2000 for the treatment of hepatitis C, is an example 
of the second generation pegylation chemistry [84]. The conjugation was 
performed with linear 12 kDa PEG succinimidyl carbonate at pH=5 that 
resulted in the mixture of monopegylated isomers. Although with reduced in 
vitro potency, the conjugate was superior to the free form in in vivo conditions 
showing about eight-fold longer resistance time. Another pegylated cytokine 
interferon α2a (Pegasys®, MW=60 kDa) is a mixture of six positional isomers 
monopegylated with branched 40 kDa PEG. The conjugate showed even higher 
in vitro activity and longer plasma half-life than PEG-Intron® and was approved 
for the treatment of hepatitis C in 2002 [86]. 

Pegylation is also used for the enzyme-catalyzed organic synthesis [87]. In 
addition to the improvement of aqueous solubility, enzymes can be solubilized 
in organic solvents upon modification with PEG while their catalytic activity is 
preserved. The solvent effects on the enzyme-catalyzed reaction can be studied. 
In non-polar solvents the reactions can be forced to go in unnatural directions, 
e.g., pegylated lipases and proteases have been shown to catalyze the synthesis 
of esters and amides in non-hydroxylic solvents. 
 
 

Polymer-supported organic synthesis 
 
The efficiency of organic synthesis is not only dependent on the analytical 
yields of the reactions but also on the effectiveness of the isolation and 
purification procedures. High preparative yields of intermediate products 
become especially crucial in long synthetic schemes, like the iterative synthesis 
of oligomers – peptides, oligonucleotides, oligosaccharides, etc. Strategies for 
facilitating the isolation of intermediate products like phase-tagging and 
polymer-supported organic synthesis are based on the assistance of the 
accumulation of the products into the phase that is separated from the reagents 
and catalysts [88, 89]. 

The solid-phase organic synthesis (SPOS) methodology, first introduced into 
peptide synthesis by R. B. Merrifield [90], laid a foundation for the high-
throughput synthesis of biopolymers [91]. Afterwards it has been expanded into 
many areas of organic synthesis [92]. In SPOS the substrates are covalently 
bound to insoluble polymer that is subsequently treated with the solution of 
reagents and catalysts. The reactions take place inside the swollen polymer 
matrix [93] and the polymer-bound products are separated after each synthetic 
step by filtration. The target product is obtained by its cleavage from the 
polymer during the final step of the synthesis. Such methodology offers many 
advantages. The intermediate products can be separated without loss. Excess 
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amounts of reagents can be used that increase the yields and rates of the 
reactions. The synthesis can be carried out in one reaction vessel and it is easy 
to automate. There are also many complications associated with the perfor-
mance of the synthesis on the solid phase. The polymer-bound side-products 
originating from incomplete or side reactions cannot be separated in the course 
of the synthesis and their accumulation into the final step causes problems with 
the purification of the target substance. For these reasons, well optimized 
synthetic methods with quantitative yields are required. The heterogeneity of 
the reaction mixture causes diffusion problems and inequivalence of the 
functional groups bound to the resin matrix. The swelling properties of the 
polymer determine the choice of the applicable solvents. For example, the 
classical cross-linked polystyrene-based resins are well swelled in aprotic 
solvents like in tetrahydrofuran, dimethyl formamide and chloroalkanes while 
PEG-based resins can also be used in the hydroxylic environment including 
solutions in water [94, 95]. The choice of solvents in turn sets limits to the 
synthetic methods because only soluble reagents and catalysts can be used. The 
synthetic methods developed for homogeneous solution phase are not always 
directly transferable to the solid-phase conditions. Lelievre et al. have 
performed aminolytic cleavage of peptides with much better yields and purity 
on PEG-based resins than on polystyrene-based resins that was explained by 
specific solvatation effects inside the polymer matrix [96]. Aggregation due to 
insufficient solvatation is a well-known problem in peptide synthesis [97]. One 
of the major disadvantages of SPOS is the limited arsenal of methods for 
monitoring of the reaction progress and analyzing the polymer-bound 
intermediates. The completeness of the reaction is often decided on the basis of 
colour reactions that are sensitive towards specific functional groups like amino, 
mercapto, hydroxyl, carboxyl, halogeno or carbonyl groups [98]. UV 
spectroscopy can be used for the analysis of the solution phase of the reaction 
mixture. The classical example is the Fmoc-test in peptide synthesis [97]. The 
removal of N-terminal protecting Fmoc group produces the release of 
benzofulvene to the solution phase with specific absorbance (301 nm), which 
can be used for quantification of the coupling yields. The structure of the 
polymer-bound products can be determined by two approaches. The first 
possibility is the cleavage of the products from the resin and the use of 
conventional solution-phase methods for the analysis. Such cleave-and-analyze 
procedure is destructive and consumes large amounts of the product. The 
cleavage reaction is an additional time-consuming step and may alter the 
structure of the intermediate product. The second possibility is to determine the 
structure directly on solid support by IR [99] and solid-state or gel-phase NMR 
spectroscopy [100]. As an advantage, this approach is potentially non-
destructive but the obtained spectra are more complicated due to the presence of 
the polymer signals. 
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Synthesis on soluble polymeric carriers, termed liquid-phase organic 
synthesis (LPOS) or soluble-polymer-supported organic synthesis (SPSOS 
[101]), has been proposed as an alternative to SPOS combining the advantages 
of the latter methodology with these of the classical solution phase organic 
synthesis [102]. The basic principle of SPSOS is the same with that of SPOS 
with the difference that instead of the cross-linked insoluble polymer beads the 
substrate is bound to polymer that is soluble in the reaction mixture. The 
reactions take place in homogeneous solution phase and the products are 
isolated after each step by taking advantage of the specific properties of the 
polymer. The polymer serves three functions: it acts as a protecting group, 
improves the solubility characteristics of the substrates in the reaction medium 
and facilitates the separation of low molecular weight reagents and catalysts 
from the polymer-associated products. Gel filtration, ultracentrifugation, 
ultrafiltration and dialysis can be used for the isolation of the macromolecular 
products [89], but all these techniques need special equipment and are time-
consuming. Precipitation of the polymer-bound product by the addition of a 
large amount of solvent in which the polymer is insoluble followed by filtration 
or centrifugation has turned out to be the most practical technology in means of 
product purity, high separation speed and yield [102]. Such selective 
precipitation can be used only in conjugation with reagents which are soluble in 
the precipitation medium. To avoid the inclusion of low-molecular-weight 
impurities trapped in the polymer crystals, recrystallization may be needed. For 
these reasons, this technique consumes quite large volumes of the precipitant. 
The side-products associated with polymer coprecipitate with the target 
substance but, differently from SPOS, it is possible to separate polymer-bound 
side-products chromatographically [103]. Additional advantage of SPSOS over 
SPOS is the possibility of the analysis of polymer-bound substances by solution 
phase methods, like TLC, electrophoresis [104], UV-Vis, MS [105, 106], IR 
and NMR spectroscopy [107]. This allows the monitoring of the reactions 
without detachment of the intermediate products from polymeric carrier. The 
soluble supports as synthetic polymers are polydispersed and instead of a single 
well-defined molecular mass one has to operate with an average molecular mass 
and mass distribution. For example, instead of the detection of single isotopic 
distribution of the molecular ion, a mass distribution corresponding to polymer 
chains with different lengths is registered by high-resolution MS [106]. 

The synthesis on a soluble support is possible as long as the physicochemical 
properties like solubility and crystallization tendency are dominated by the 
properties of the carrier polymer [108]. Therefore the structural characteristics 
of the molecule that can be synthesized have limits that depend on the synthesis 
course and loading, i.e., the number of attachment sites per mass unit of the 
polymer. If the loading is too high, the solubilizing power of the polymer chain 
is not sufficient and the physicochemical properties of the product-polymer 
conjugate are too much dependent on the synthesized structure. If the loading is 
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too small, large amounts of polymer are needed for obtaining the products in 
reasonable quantity. Therefore the choice of the polymer is a compromise 
between its loading capacity and solubilizing power [102]. Other important 
properties are mechanical and chemical stabilities, solubility in a wide variety 
of solvents and low polydispersity [109]. 

Linear chloromethylated polystyrene was the first polymer that was used as 
the soluble support [110]. Although synthetic problems occurred, like the cross-
linking of the polymer during the synthesis, the optimization of the conditions 
produced tetra- and hexapeptides in good yields (above 60%) and purity. Due to 
recovery problems, polystyrene did not gain popularity but it is still preferred 
for some applications due to good solubility in many solvents (tetrahydrofuran, 
chloroalkanes and ethyl acetate) even at low temperatures (–78 °C) and 
resistance to strong bases that makes it compatible with metalloorganics. 
Differently from hydrophilic polymers, it allows the application of 
water/organic solvent extraction for the separation of inorganic catalysts and 
reagents [102]. 

Bayer and Mutter used PEG as C-terminal protecting groups in soluble-
polymer-supported peptide synthesis [111] and due to the wide solubility 
profile, good crystallization and spectroscopic properties and chemical 
resistance, PEG has become the most extensively used soluble support in 
SPSOS [102]. PEG is well soluble in water, dimethyl formamide, chloro-
alkanes, ACN, acetone, methanol, DMSO and aromatic solvents and hardly 
soluble in hexane, diethyl ether, TBME, isopropanol and cold ethanol [76]. The 
latter solvents can be used for the precipitation and recrystallization of polymer-
bound material. PEG does not disturb remarkably the spectroscopic measure-
ments because of its transparency in UV-Vis range down to 190 nm and 
simplicity of 1H and 13C NMR spectra. The NMR signal of the terminal 
methoxy group of the monofunctional PEG can be used as an internal standard 
for the integration of the signals. The good solubilizing properties of PEG allow 
the spectroscopic measurements to be performed in solvents where the parent 
product itself is not soluble [108]. The mass spectrum of PEG reveals a mass 
distribution with distance of 44 Da between two adjacent peaks, corresponding 
to the oxyethylene unit. Without the introduction of proton-affine groups, PEG 
is not protonated but is readily cationized by alkali metal ions [112]. This 
phenomenon may facilitate the mass-spectral analysis of substances that are 
difficult to ionize. PEG with average molar mass up to 2 kDa can be separated 
into oligomers by HPLC, higher oligomers are not chromatographically 
distinguishable [113]. Monofunctional HO-PEG-OMe (mPEG) between the 
molecular mass range of 2–20 kDa is usually used for synthetic applications 
presenting the optimum between the loading capacity and solvatation power. 
The loading of such monofunctional PEG is relatively small, e.g., the content of 
hydroxyl groups in HO-PEG-OMe with average molar mass of 5 kDa is 0.2 
mmol/g. This means that a small mass portion of low-molecular-weight 
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impurities makes large molar excess. For example, one equivalent of water in 
PEG5000 corresponds to only 0.36% by mass. 

The PEG-based SPSOS has been successfully applied to the synthesis of 
oligonucleotides [103] and peptides [76, 108 and 114] up to 20 monomer units. 
The synthesis of longer sequences depends on the structures of the used 
monomers, their side chain protecting groups and the conformation of the 
products [108]. SPSOS can also be automated [111] and applied to combi-
natorial synthesis [115]. 

Theoretically, the functional groups attached to soluble polymers should 
have the same reactivity as their low-molecular-weight analogues [76]. Kinetic 
studies of the peptide synthesis with PEG-bound and low-molecular-weight 
amino acids revealed that the rates of the coupling reactions were of the same 
order of magnitude [116]. In reaction with sterically hindered reagents, 
however, the conjugation with macromolecule may still have an effect on the 
reactivity. Bergbreiter et al. studied the catalytic hydrogenation of PEG-bound 
nitroarenes with Pd- and Pt-based catalysts and showed that the reaction rate 
was dependent on the length of the polymer chain [117]. On sterically more 
hindered catalysts, like Pd/polystyrene, only low-molecular-weight substances 
were hydrogenated. Such protecting effect of the macromolecular tail has found 
applications in pegylation of bioactive substances (see previous Chapter). If 
optimal conditions are found, insoluble reagents and catalysts can still be used 
in SPSOS as illustrated by examples of catalytic reductions on heterogeneous 
catalysts [118, 119]. 

Another feature of PEG-based SPSOS is that the products are initially 
pegylated and thus can be used in biochemical assays without cleavage. In this 
case, PEG is both the synthetic handle and biological carrier. Fischer et al. 
synthesized a dodecapeptide on monofunctional PEG5000 support using Fmoc 
peptide synthesis strategy [114]. The synthesis was done in parallel on different 
polymer supports bearing acid-sensitive linkers or allowing permanent 
connection via an amide bond to the C-terminus of the peptide. After cleavage 
and purification, the target peptide was isolated in 40–50% yield. Both the free 
peptide and its pegylated counterpart were shown to associate with different 
types of cyclin and to inhibit the activity of cyclin dependent protein kinase. 
The pegylated form showed lower affinity. Bonora et al. prepared pegylated 
dodecanucleotides on mPEG9500 support in 70% yield [103]. The pegylated 
product showed increased resistance to proteolytic degradation. 
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AIMS OF THE PRESENT STUDY 
 
The present investigation is a part of an ongoing project on the development of 
ARC-s as bisubstrate-analogue inhibitors of protein kinases. 
Specific aims of the present study were: 

• The application of soluble-polymer-supported synthetic method for the 
synthesis of ARC-s, 

• Characterization of the effect of pegylation to the inhibitory potency and 
cellular uptake of ARC, 

• Development of fluorescence-based assay for the characterization of 
ARC-s as inhibitors of protein kinases, 

• Characterization of the interactions between cAPK and ARC-s by SPR 
spectroscopy, 

• Development of ARC-based SPR biosensor for the characterization of 
ligands of cAPK. 

 



 31

MAIN RESULTS AND DISCUSSION 
 

The synthesis and characterization of pegylated ARC [I] 
 
It had been previously established that ARC-type compounds can be attached 
via C-terminus to polymer supports without impairing the binding ability to 
cAPK C [67]. In the present work, ARC was conjugated C-terminally with 
linear hydrophilic soluble polymer chain and the effect of the conjugation on 
the inhibitory potency was characterized quantitatively. For the possibility to 
tag the conjugate with fluorescent label or biotin, lysine was introduced 
between ARC and polymer (I Figure 1). The pegylated ARC Adc-Ahx-(L-
Arg)4-L-Lys-NH-PEG5000-OMe (ARC-701) was synthesized in a step-wise 
manner by soluble-polymer-supported synthetic method on monofunctional 
H2N-PEG5000-OMe (I Figure 2). This approach allowed using the advantages 
of SPSOS and simultaneously attaching the polymer to ARC at defined 
position. The synthesis was monitored and the structures of the products were 
verified in combination with chromatographic and spectroscopic methods. The 
solubility of the polymer-bound material allowed the structure determination 
both before and after removal of the acid-labile protecting groups (Figures 7 
and 8), which is complicated with SPOS strategy. 
 

 

H2O 

Figure 7. The structure and 1H NMR spectrum (200 MHz) of ARC-701 bearing 
protecting groups, Adc(Ip)-Ahx-[L-Arg(Pbf)]4-L-Lys(Boc)-NH-PEG5000-OMe (75 
mg/ml in CD3OD). Magnifications are given as insets. 
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Pegylation rendered the hydrophilic ARC soluble in both polar (water, 
methanol) and non-polar media (chloroform). This enabled the measurement of 
spectra in different solvents. UV-Vis spectra were efficiently measured in 
dichloroethane and aqueous solutions while the best quality NMR spectrum was 
obtained in methanol (Figure 7). MALDI-TOF spectrum of PEG showed mass 
distribution between M/z=4000–6500 corresponding to sodium- and potassium-
cationized polymer chains (I Figure 4). In the course of the synthesis the mass 
distribution was shifted by attached building blocks towards the formation of 
the fully protected compound with average molecular mass of 7400 Da (Figure 
8B). The removal of the protecting groups exposed the basic guanidino and 
amino groups in the side chains of arginine and lysine, which resulted in 
protonation as the dominating ionization mechanism in MS (I Figure 4). 
 

A 
B 
C 
D 
E 

 
Figure 8. The MALDI-TOF MS (matrix DHB) of A: NH2-PEG5000-OMe, B: Adc(Ip)-
Ahx-[L-Arg(Pbf)]4-L-Lys(Boc)-NH-PEG5000-OMe, C: Adc-Ahx-(L-Arg)4-L-Lys-NH-
PEG5000-OMe (ARC-701), D: Adc-Ahx-(L-Arg)4-L-Lys(biotin)-NH-PEG5000-OMe 
(ARC-703) and E: Adc-Ahx-(L-Arg)4-L-Lys(BODIPY FL)-NH-PEG5000-OMe (ARC-
702). 
 
HPLC showed a surprisingly good performance in separation of different 
polymer-bound compounds from each other (I Figure 5). Even a relatively 
small change in the structure, the cleavage of one Pbf group, led to considerable 
change in retention time in reversed phase chromatography (Figure 9). This 
illustrates the flexibility of SPSOS as it facilitates the separation of polymer-
bound material after each synthetic step as well as the removal of polymer-
bound side-products. The target product ARC-701 was collected in overall 35% 
yield, corresponding to an average preparative yield of 93% per one synthetic 
step. The obtained yield is comparable to the yields of ARC-s produced by 
SPOS [66]. 

For cellular uptake studies, ARC-701 was tagged by fluorescent marker 
BODIPY FL and biotin, yielding ARC-702 and ARC-703, respectively. 
BODIPY FL was chosen because it has similar excitation and emission 
maximums (503 and 512, respectively) to that of fluorescein (495 and 520, 
respectively), a widely used fluorescent marker. At the same time, it has high 
fluorescence quantum yield and greater photostability and its optical 
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characteristics are relatively insensitive to solvent polarity and pH. Additio-
nally, the conjugation with BODIPY FL does not add extra charges to the 
molecule. The ability of pegylated ARC to transport a protein through the 
plasma membrane was evaluated in the form of complex of the biotin-tagged 
ARC with fluorescently labelled avidin, which increases the molecular weight 
by 68 kDa (more than ten times). Both derivatives of ARC entered cells and 
were able to carry a protein through the plasma membrane (I Figure 7). 
Pegylation decreased the cell-penetration efficiency of ARC and changed the 
cellular localization pattern. 
 

 

Figure 9. The monitoring of the removal of protecting groups by RP-HPLC. The final 
product Adc-Ahx-(L-Arg)4-L-Lys-NH-PEG5000-OMe (ARC-701; 1, Rt=14.8 min) and 
intermediate products bearing one (2, Rt=15.4 min) or two (3, Rt=16.4 min) Pbf groups. 
The dashed line represents linear water-ACN gradient (0–100% ACN/30 min; 0.1% 
TFA; 1 ml/min). 
 
The potency of pegylated ARC-s to inhibit cAPK was evaluated by kinetic 
studies of the phosphorylation reaction of kemptide by radiometric 
phosphocellulose paper assay (I Figure 6). It was established that the 
attachment of a long hydrophilic polymer and biotin tag to the C-terminus of 
ARC had negligible effect on its inhibitory potency. 
 
 

Fluorometric assay for the evaluation of inhibitors  
of protein kinases [II] 

 
The requirement for a non-radioactive assay for the characterization of ARC-
type inhibitors initiated us to develop fluorometric assay that is based on the 
separation of the fluorescently labelled substrate of cAPK, 5-TAMRA-kemptide 
(Figure 10) from its phosphorylated counterpart by TLC and quantification of 
the phosphorylation extent ratiometrically by fluorescence imaging. Analogous 

9



 34

assays based on TLC-separation of fluorescence-labelled substrates have been 
developed for the measurement of tryptic and sialyltransferase activity [120, 
121]. 

N+
N O

O

O-

NHO Leu Arg Arg Ala Ser Leu Gly OH

OH

 
 
Figure 10. The structure of 5-TAMRA-kemptide. 
 
The attachment of bulky hydrophobic 5-TAMRA to the N-terminus of kemptide 
slightly improved its substrate characteristics as characterized by similar Vmax 
and smaller Km values if compared to the corresponding parameters of kemptide 
(II Table I). Phosphorylation of the substrate did not influence the fluorescence 
intensity but changed the polarity of the substance allowing the separation of 
the product from substrate by normal phase TLC. The reliability of the assay 
was demonstrated by the monitoring of the time course of the phosphorylation 
reaction (II Figure 2) and characterization of three inhibitors of cAPK, H89, H9 
and ARC-306 (II Figure 4) in comparison with the traditional radiometric 
assay. 

The developed assay is less hazardous than the radiometric assay. Although 
it consumes smelling and toxic solvent system (pyridine: acetic acid: butanol: 
water) for the elution of TLC plates, the chromatographic step can be performed 
in ordinary fume hood. The assay is separation-based and therefore relatively 
time-consuming. On the other hand, substances interfering with the 
fluorescence reading (fluorescence quenchers or fluorescent inhibitors) may be 
separated. The simultaneous quantification of the substrate and the product 
allows ratiometric detection. The main disadvantage of the assay is small linear 
detection range that requires relatively high substrate turnover (>10%). 
Therefore the assay is not suitable for accurate kinetic measurements and it can 
be applied for the characterization of inhibitors where the substrate turnover 
may be higher. An analogous assay was recently developed for cAPK activity 

that was based on the separation of TAMRA-labelled kemptide from its 
phosphorylated counterpart by reversed phase microparallel chromatography 
[40]. This detection method was more sensitive and allowed measuring the 
inhibitory potencies in the initial velocity phase below 1% of the substrate 
conversion. On the other hand, the separation by TLC is more robust since the 
throwaway format of the analysis matrix excludes the requirement for 
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cumbersome work-up procedures. The developed fluorometric assay has been 
subsequently applied for the characterization of ARC-type inhibitors [III, 66]. 
 
 

Surface-plasmon-resonance-based biosensor  
with immobilized ARC [III] 

 
Based on the knowledge that the attachment of polymer matrices to the C-
terminus of the peptide moiety of ARC does not result in the loss of inhibitory 
potency [I, 67], high-affinity second generation ARC was immobilized to the 
surface of SPR-based biosensor. Two immobilization strategies were used. The 
covalent attachment of Adc-Ahx-(D-Arg)6-D-Lys-NH2 (ARC-904) via the ε-
amino group of C-terminal lysine to the carboxymethylated dextrane surface of 
the biosensor chip was not successful. Surfaces with too high loading were 
obtained that showed unstable baseline, high non-specific binding and were not 
regeneratable. No attempts to optimize the conditions for covalent 
immobilization were made. The immobilization of the corresponding biotin-
tagged ARC, Adc-Ahx-(D-Arg)6-D-Lys(PEO-biotin)-NH2 (ARC-704, III Figure 
1) via the formation of streptavidin-biotin interaction (III Figure 2) enabled 
more efficient adjustment of the loading of the surface and yielded 
regeneratable surface with excellent stability. 

Direct binding experiments (III Figure 3) revealed that the obtained surface 
binds cAPK Cα with high affinity (Kd=16 nM) that was about 1.5 orders of 
magnitude lower than the affinity of free ARC-704 towards cAPK Cα (Kd=0.5 
nM, III Table 1). The high-affinity binding does not need the presence of 
magnesium. 
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Figure 11. Structures of H89 and H1152P. 
 
The evaluation of the specificity and competitiveness of the interaction was 
performed in competition assay format (III Figure 4). cAPK Cα was displaced 
from complex with immobilized ARC-704 by substances associating with ATP-
binding pocket (ATP, H89 and H1152P, Figure 11), with protein/peptide 
substrate-binding domain (RIIα and GST-tagged PKIα) and by bisubstrate-
analogue inhibitors ARC-341, ARC-704, ARC-904 (III Figures 5 and 6). These 
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results show that the high-affinity binding requires the occupation of both ATP- 
and peptide-binding sites of cAPK Cα by the bisubstrate-analogue ARC-type 
inhibitor. Together with the preference to inhibit basophilic protein kinases and 
low binding affinity of the active fragments of ARC alone (Adc and 
oligoarginine-containing peptide) [66] these experiments prove the bisubstrate 
character of ARC and illustrate that binding assays may be useful in verification 
of the bisubstrate character of an inhibitor when this cannot be unambiguously 
demonstrated by functional assays. 

The competition assays allow the determination of the affinity constants of 
the competitors. The lower affinity limit that can be reliably determined by this 
type of assay is defined by the concentration of the enzyme in the assay mixture 
[28]. The sensitivity of the biosensor towards the enzyme is dependent on the 
loading of the biosensor surface. The biosensors used in this work were 
applicable in an affinity range exceeding six orders of magnitude (sub-
nanomolar to millimolar, III Figure 5). Higher sensitivity could be obtained by 
increasing the loading, but this would produce higher non-specific binding of 
the assay components to the surface (III Figure 7). The biosensor does not need 
the presence of magnesium ions that allows investigating the effect of this metal 
on the binding affinity of competitors as illustrated by the magnesium-
dependence of the binding of ATP to cAPK Cα (III Table 2). Also the 
dependence of the interactions on the presence MgATP could be studied below 
the saturating concentration of the nucleotide (Kd=10 µM) that was shown in 
the experiment with GST-PKI (III Table 2). The affinities of the competitors 
determined in the present work were consistent with the binding affinities and 
inhibitory potencies of these compounds measured by other methods (III Table 
2) that supports the application of the biosensor with immobilized ARC-704 for 
the determination of the affinities of ATP-, peptide- and bisubstrate-competitive 
ligands (inhibitors and substrates) of cAPK.  
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CONCLUSIONS 
 
The conclusions of the present investigation can be summarized as follows: 

• Fluorometric assay for the evaluation of inhibitors of cAPK was 
developed and applied for the determination of inhibitory activities of 
ARC-s. 

• Pegylated ARC was synthesized by soluble-polymer-supported synthetic 
method with good yield and purity. 

• Pegylation had negligible effect to the inhibitory activity of ARC. 
• Pegylated ARC was taken up by cells but at smaller extent than the 

parent compound. 
• High-affinity SPR-based biosensor with immobilized ARC was prepared 

and used for the determination of the affinities of ATP- and substrate 
protein-competitive ligands of cAPK Cα. 

• The competition assays by the prepared SPR-biosensor revealed the 
bisubstrate character of ARC. 

10
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SUMMARY IN ESTONIAN 
 

Immobiliseeritavad basofiilsete proteiinkinaaside  
bisubstraat-analooginhibiitorid:  

arendus ja rakendamine biosensorites 
 
Proteiinkinaasid on ensüümid, mis katalüüsivad valkude fosforüleerimist, kan-
des ATP terminaalse fosfaatrühma üle seriini, treoniini või türosiini hüdroksüül-
rühmadele. Fosforüleerimisega reguleeritakse suuremat osa raku elutegevusega 
seotud protsessidest. Häireid fosforüleerimistasakaalus seostatakse paljude pata-
loogiliste nähtustega, mille tõttu kinaasse aktiivsuse inhibeerimine omab suurt 
terapeutilist tähtsust. 

Üks võimalus inhibeerida proteiinkinaaside katalüütilist toimet on blokeerida 
ensüümi katalüütiline tasku ühenditega, mis seonduvad ATP või valgu sidumis-
kohta. Selliseid inhibiitoreid, mis samaaegselt seonduvad mõlema sidumis-
kohaga, nimetatakse bisubstraatseteks inhibiitoriteks. Adenosiin-oligoarginiin-
konjugaadid (ARC) on basofiilsete proteiinkinaaside kõrgefektiivsed bisubst-
raatsed inhibiitorid. Käesolev töö on osa ARC-de arendamisega seotud 
projektist. 

Vajadusest mitteradioaktiivsete kinaasse aktiivsuse mõõtmise meetodite 
järele töötati välja fluorestsentsil põhinev meetod inhibiitorite iseloomusta-
miseks. Meetodi aluseks on fluorestsentsmärgistatud cAMP-sõltuva proteiin-
kinaasi substraadi fosforüleerimine. Tekkiv produkt lahutatakse fosforüleeri-
mata substraadist planaarkromatograafiliselt. Fosforüleerimisreaktsiooni süga-
vus määratakse tekkinud produkti ja reageerimata lähteaine signaalide suhte 
kaudu, mis suurendab analüüsi täpsust. Antud meetod rakendati cAMP-sõltuva 
proteiinkinaasi inhibiitorite sh ARC-de aktiivsuste iseloomustamiseks. 

Eelnevalt oli näidatud [67], et ARC-tüüpi ühendeid on võimalik peptiidse 
osa C-terminali kaudu ühendada polümeerse kandjaga ilma, et kaoks nende 
võime kinaasiga seonduda. Et polümeeriga sidumise mõju täpsemalt iseloomus-
tada, sünteesiti käesolevas töös polüetüleenglükooliga seotud ARC. Süntees 
teostati polümeeri külge järkjärgulise aminohapete kondenseerimisega. Selline 
strateegia võimaldas eraldada polümeeriga seotud vahesaadusi madalmoleku-
laarsetest kõrvalproduktidest, kuid erinevalt klassikalisest tahkefaassünteesist 
kasutada lahusefaasi analüüsimeetodeid: tuuma magnetresonantsspektros-
koopiat, mass-spektromeetriat, ultraviolettspektroskoopiat, planaar- ja kõrg-
efektiivset vedelikkromatograafiat. 14-etapiline süntees kulges summaarse  
35-protsendilise saagisega. Eelnevalt oli näidatud, et ARC-d on võimelised 
rakku sisenema ning transportima sinna ka enda külge haagitud proteiine. Antud 
töös tehti kindlaks, et polüetüleenglükooliga sidumine vähendab ARC rakku 
sisenemise võimet ja muudab rakusisest jaotumist. Samuti iseloomustati polü-
meeriga seotud ARC võimet inhibeerida cAMP-sõltuvat proteiinkinaasi. Tehti 
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kindlaks, et ARC sidumine polüetüleenglükooliga C-terminali kaudu praktiliselt 
ei mõjuta tema inhibeerivaid omadusi. Seda teadmist rakendati pinna-
plasmonresonantsil põhineva biosensori valmistamisel. ARC immobiliseeriti 
biosensori külge üle biotiin-streptavidiinühenduse, mis andis tulemuseks väga 
stabiilse immobiliseeritud inhibiitoriga pinna. Saadud pind sidus kõrge 
afiinsusega (Kd=17 nM) cAMP-sõltuva proteiinkinaasi katalüütilist alaühikut. 
Konkurentsuskatsed mitmesuguste ligandidega näitasid, et interaktsioon kinaasi 
ja ARC vahel on konkurentne nii kinaasi ATP kui peptiidi sidumiskohta 
seonduvate ligandide suhtes. See tulemus tõestab ARC bisubstraatset iseloomu, 
mida pole eelnevalt kineetiliste katsetega võimalik olnud üheselt tuvastada. 
Saadud biosensoriga oli võimalik edukalt mõõta nii ATP-konkurentsete, 
peptiidikonkurentsete kui bisubstraatsete cAMP-sõltuva kinaasi ligandide 
sidumiskonstante afiinsuste vahemikus üle kuue suurusjärgu. 
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