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The bisubstrate fluorescent probe ARC-583 (Adc-Ahx-(p-Arg)s-p-Lys(5-TAMRA)-NH,) and its application
for the characterization of both ATP- and protein/peptide substrate-competitive inhibitors of protein
kinases PKA (cyclic AMP-dependent protein kinase) and ROCK (rho kinase) in fluorescence polariza-
tion-based assay are described. High affinity of the probe (Kp = 0.48 nM toward PKA) enables its applica-
tion for the characterization of inhibitors with nanomolar and micromolar potency and determination of
the active concentration of the kinase in individual experiments as well as in the high-throughput screen-
ing format. The probe can be used for the assessment of protein-protein interactions (e.g., between reg-
ulatory and catalytic subunits of PKA) and as a cyclic AMP biosensor.

© 2008 Elsevier Inc. All rights reserved.

Protein kinases (PKs)! play a key role in the regulation of protein
functions in living cells. More than 400 human diseases (e.g., cancer,
diabetes, HIV, Alzheimer’s, malaria, hypertension) have been linked
to aberrant PK signaling, making PKs important drug targets [1],
especially for the different forms of cancer. More than 70 small-mol-
ecule kinase inhibitors are at various stages of clinical trials as anti-
cancer drugs [2].

The importance of the development of PK inhibitors as potential
drugs has caused an increasing need for the elaboration and
improvement of analytical methods for high-throughput screening
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1 Abbreviations used: PK, protein kinase; HTS, high-throughput screening; MAPKAP
K-2, mitogen-activated protein kinase-activated protein kinase 2; TAMRA, carboxy-
tetramethylrhodamine; ASK1, apoptosis signal-regulating kinase 1; FP, fluorescence
polarization; cAMP, cyclic AMP; PKA, cAMP-dependent protein kinase; SPR, surface
plasmon resonance; ARC, adenosine-oligoarginine conjugate; ARC-583, Adc-Ahx-(d-
Arg)s-d-Lys(5-TAMRA)-NH,; Adc, adenosine-4’-dehydroxymethyl-4’-carboxylic acid;
Ahx, aminohexanoic acid; PKA C, cAMP-dependent protein kinase catalytic subunit;
ROCKII, rho kinase isoform II; ROCK, rho kinase; BSA, bovine serum albumin; NHS, N-
hydroxysuccinimide; H89, N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquinoline-
sulfonamide dihydrochloride; Rla/RIlo, regulatory subunit isoforms Rlo/RIlo;; PKI,
protein kinase inhibitor; GST, glutathione S-transferase; Fmoc, 9-fluorenylmethoxy-
carbonyl; RP-HPLC, reversed-phase high-performance liquid chromatograpy; FA,
fluorescence anisotropy; NBS, nonbonding surface; ARC-904, Adc-Ahx-(d-Arg)s-d-
Lys-NH,; DMSO, dimethyl sulfoxide; DMF, dimethyl formamide; MeCN, methyl
cyanide; ESI-HRMS, electrospray ionization-high-resolution mass spectroscopy; UV-
Vis, ultraviolet-visible; MALDI-TOF MS, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry; DHB, dihydroxybenzoic acid; TLC, thin-layer
chromatography; DTT, dithiothreitol; ARC-902, Adc-Ahx-(d-Arg)s-NH,; ARC-341,
Adc-Ahx-(1-Arg)s-NH,.
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(HTS) and characterization of new compounds [3,4]. Currently, the
majority of tests are performed in the form of kinetic studies where
the potential inhibitors are screened and characterized on the basis
of their retarding effect on the rate of substrate (protein or peptide)
phosphorylation reaction catalyzed by the kinase. However, to car-
ry out and monitor the phosphorylation reactions, these tests re-
quire special substrates and the availability of fluorescence- or
radioactivity-based detection methods. In addition, a large number
of measurements must be accomplished to characterize the com-
pounds on the level of values of comparable inhibition constants
(K;). The kinetic procedures take time to proceed, and the assays
usually comprise several steps that complicate their automation
for the HTS format.

Alternatively, the kinase inhibitors may be characterized on the
basis of their affinity by measuring, directly or indirectly, binding
rather than phosphorylation rate. Some small-molecule inhibitors
can be conjugated to a fluorescent dye or some other tag without
being deprived of high binding affinity. Because the competitive
binding assays possess no intrinsic signal amplification based on
high turnover of kinase-catalyzed reactions that is distinctive for
kinetic assays, the other ways of signal amplification must be ap-
plied. Accordingly, two formats of binding assays are currently
on the market from biotech companies that use the amplification
of the measured signal either enzymatically (HitHunter, Discov-
eRx) [5] or genetically (KINOMEscan, Ambit Biosciences) [6].

Advanced fluorescence detection methods require no biological
amplification for the measurement of concentration or binding sta-
tus of fluorescent probes at low nanomolar or even high picomolar
concentrations. The kinase-bound labeled inhibitor (fluorescent
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probe, fluorescent tracer) can be displaced by competitive inhibi-
tors that can be registered by measurement of the resulting change
in fluorescence properties of the solution. These homogeneous
methods require neither substrates nor procedures for monitoring
phosphorylation reaction. From the aspect of simplicity, quickness,
and possibility for automation, the binding assays applying high-
affinity fluorescent probes are superior to kinetic assays, especially
if generic fluorescent probes applicable for several kinases are
found.

The low popularity of binding assays (if compared with kinetic as-
says) for HTS of kinase inhibitors has been caused by generally low
affinity (submicromolar or micromolar) of fluorescent probes to-
ward kinases, which in turn results in a requirement for high concen-
tration of the kinase. In the case of high-affinity probes (K4 < 10 nM),
the concentration of the kinase could be lowered to the subnanom-
olar or low-nanomolar region that is usual for kinetic assays. Apart
from that, it is often not possible to use a single probe for screening
and characterization of compounds targeted to either ATP- or pro-
tein/peptide substrate-binding sites of the kinase.

Because the development of ATP-competitive PK inhibitors is
most supported by interest of pharmaceutical companies, the major-
ity of disclosed fluorescent probes are targeted to the ATP-binding
site of the kinase. For example, three recent publications described
the application of the generic PK inhibitor staurosporine (Kp value
of 38 nM toward MAPKAP K-2 [mitogen-activated protein kinase-
activated protein kinase 2]) [7] and its conjugates with fluorescent
dyes Alexa 647 [8] and TAMRA (carboxytetramethylrhodamine,
Kp = 8 uM toward ASK1 [apoptosis signal-regulating kinase 1]) [9]
as fluorescent probes in screening assays detecting the changes in
fluorescence intensity, fluorescence lifetime, and diffusion proper-
ties. Because of low brightness of the unlabeled staurosporine [7]
and its comparatively low affinity toward target ASK1 [9], high con-
centrations of the kinases (> 100 nM) were required for these bind-
ing assays. However, binding experiments with a wide panel of
PKs [8] revealed that several kinases possess high affinity (Kp <
10 nM) toward the staurosporine-based probe; hence, it can be used
for the economic HTS assays with these kinases.

None of the fluorescence detection procedures used in the stud-
ies mentioned above [7-9] has gained popularity for HTS of inhib-
itors. Fluorescence polarization (FP) is a sensitive, ratiometric, and
robust detection method that has been widely used for testing of
compounds toward many biological targets [10], but its application
for characterization of inhibitors of PKs has not been frequent. Re-
cently, the application of FP-based binding assay for the character-
ization of ATP-competitive inhibitors of interleukin-2-inducible T-
cell kinase was described [11]. The assay was performed in 15-pl
volumes containing 250 nM kinase and 25 nM fluorescent probe
in assay buffer. Due to the high dissociation constant (Kp = 45 nM)
of the fluorescent probe, a high concentration of the kinase
(250 nM) needed to be used for displacement experiments, making
the assay expensive to perform. On the other hand, effective fluo-
rescent probes competitive with the protein substrate have been
used in FP assays for some special kinases, such as cyclic AMP
(cAMP)-dependent protein kinase (PKA) [12,13], but these probes
cannot be directly used for the characterization of inhibitors tar-
geted to the ATP-binding site of PKs.

We showed recently with surface plasmon resonance (SPR) bio-
sensor assay [14] that adenosine-oligoarginine conjugates (ARCs)
endowed with high affinity toward basophilic PKs [15] associate
simultaneously with both ATP- and protein/peptide substrate-
binding sites of PKs. Thus, ARCs can be displaced from their
complex with the kinase by both ATP- and protein-competitive
inhibitors of the kinase. Although SPR-based methods are powerful
for kinetic and thermodynamic characterization of inhibitors, the
heterogeneous sensor methods are not well suited to HTS studies.
Here we describe the application of an ARC-based high-affinity

fluorescent probe ARC-583 (Adc-Ahx-(p-Arg)s-p-Lys(5-TAMRA)-
NH,) for competitive displacement assays with cAMP-dependent
protein kinase catalytic subunit (PKA C) and rho kinase isoform Il
(ROCKII) detecting fluorescence anisotropy (polarization) on a fluo-
rescence plate reader. Although the polarization (P) and anisotropy
(A) values are interchangeable quantities and differ only in their
normalization [P = 3A/(2 + A)], the anisotropy is preferred because
it is normalized by the total intensity [16].

ARC-583 (Kp values of 0.48 and 3.6 nM toward PKA C and ROCK-
II, respectively) can be used for the characterization of inhibitors
with the dissociation constants lying in the micromolar and nano-
molar range and targeted to either ATP- or protein-binding sites of
the basophilic PKs (Scheme 1).

One of the two examined kinases, rho kinase, has been acknowl-
edged as an important drug target, especially for cardiovascular
diseases but also for cancer, neuronal degeneration, and other
pathological conditions [17]. The new assay method could support
the research in the field of developing new potent inhibitors for the
regulation of rho kinase (ROCK)-catalyzed phosphorylations.

The role of PKA in the regulation of cellular processes is difficult
to overestimate. Thus, it is an important target of biochemical re-
search. The new method makes it possible to screen and character-
ize in a single binding assay compounds that realize their activity
on PKA either through direct binding to the active center of the cat-
alytic subunit or as agonists or antagonists of cAMP-regulated
activity of holoenzyme.

Materials and methods
Reagents, materials, and equipment

Chemicals from the following commercial sources were used: bo-
vine serum albumin (BSA) from Fluka; peptide synthesis reagents
from Neosystem, Novabiochem, Advanced ChemTech, and AnaSpec;
5-TAMRA N-hydroxysuccinimide (NHS) ester from Anaspec; 1-ami-
nobutane from Aldrich; organic solvents from Rathburn and Fluka;
H89, recombinant Rl (human), Rlla (human), protein kinase inhib-
itor (PKI)a (r rabbit,) and PKA Ca (murine) from Biaffin; and ROCKII
(recombinant human protein, catalytic domain, amino acids 1-552,
N-terminal glutathione S-transferase [GST] tag) from Invitrogen. The
synthetic peptide substrate TAMRA-Kemptide and ARCs were syn-
thesized by Fmoc solid-phase peptide synthesis strategy and puri-
fied with reversed-phase high-performance liquid chromatograpy
(RP-HPLC) as described previously [14,15,18].

The concentrations of stock solutions of ATP, ARC-type inhibi-
tors, and H89 were determined spectrophotometrically in aqueous
buffer (pH 7.5) based on molar extinction coefficients of
15,000 M~ cm™~! at 260 nm for adenosine-containing compounds,
80,000 M~ ' cm™! at 558 nm for 5-TAMRA-containing compounds,
and 30,000 M~! cm~! at 260 nm for H89. The absorption spectrum
of ARC-583 was taken on a ThermoSpectronic Unicam UV 300
spectrophotometer (ThermoSpectronic). Excitation and emission
spectra of ARC-583 were recorded on an LS55 Luminescence Spec-
trometer (PerkinElmer). Fluorescence anisotropy (FA) readings
were taken on a PHERAstar microplate reader (BMG Labtech) with
FP optic module [excitation 540(20), emission 590(20)]. Kinase as-
says were performed in black, low-volume, 384-well, nonbonding
surface (NBS) microplates (cat. no. 3676, Corning). GraphPad Prism
software (version 4.03, GraphPad Software) was used for data
analysis.

Synthesis of fluorescent compounds
Fluorescent probe ARC-583

Solution of ARC-904 (Adc-Ahx-(p-Arg)s-p-Lys-NH;, 1.0 pmol) in
dimethyl sulfoxide (DMSO, 100 pl) and triethylamine (10 pl,
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Scheme 1. The fluorescence anisotropy of the dye-labeled small-molecule ARC-type inhibitor (fluorescent probe ARC-583) increases significantly on binding to the active site
of the large kinase molecule. The displacement of the bisubstrate fluorescent probe from the complex with PK by either an ATP-competitive or a substrate-competitive
inhibitor leads to the decrease of anisotropy of the solution, which can be used for HTS and characterization of inhibitors of PK. MW, molecular weight.

70 umol, 70 eq) was added to the solution of 5-TAMRA and succin-
imidyl ester (1.0 pmol, 1 eq) in dimethyl formamide (DMF, 50 pl).
After 3 hreaction at room temperature (22 °C), the solvents were re-
moved in vacuo and the product was purified by RP-HPLC (gradient
of 10-40% methyl cyanide (MeCN) within 40 min, 0.1% trifluoroace-
tic acid), R;=18.1 min. Electrospray ionization-high-resolution
mass spectroscopy (ESI-HRMS): caled. M{(Cg3H127N35016) =
1870.0200, detn. 1870.0123; UV-Vis,ax 558 nm (aqueous solution,
pH 7.0).

TAMRA butylamide

5-TAMRA NHS ester (0.3 wmol) was treated with butylamine
(1.8 umol, 6 eq) in DMF (20 pl). After 4 h reaction at room temper-
ature (22 °C), the solvents were removed in vacuo. The obtained
dark red residue was purified by RP-HPLC (gradient of 10-40%
MeCN within 40 min, 0.1% trifluoroacetic acid), R, = 43.2 min. Ma-
trix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS, matrix dihydroxybenzoic acid [DHB]):
caled. M(CygH31N30,) = 485.2, detn. (m/z) 486.3 ([M+H]"); UV-Visay:
552 nm (aqueous solution, pH 7.0).

PKA C inhibition assay

The activity of PKA C was determined with fluorometric thin-
layer chromatography (TLC) assay as described previously [18] in
a 40-pl volume in buffer solution containing PKA C (1 nM), TAM-
RA-Kemptide (30 uM), ATP (100 uM), MgAc, (10 mM), BSA
(7.5 uM), and Hepes (50 mM, pH 7.5) at 30 °C. The phosphorylation
reaction was initiated by the addition of the solution of ATP. The
inhibitory potencies were determined in the presence of a concen-
tration series of inhibitors (twofold dilutions), and the inhibition
curves were fit to a sigmoidal dose-response model to yield ICsq
values (corresponding to the concentration of the inhibitor
decreasing the activity of the enzyme twofold).

FA measurements

The FA experiments were performed in 20- to 30-pl volumes in
assay buffer (5 mM dithiothreitol [DTT], 7.5 uM BSA, 150 mM Nacl,

and 50 mM Hepes, pH 7.5) in the presence or absence of MgAc,
(10 mM). The microplates were incubated for 15 min at 30 °C be-
fore FA measurements.

Direct binding assay: Determination of concentration of active enzyme
and Kp of the fluorescent probe ARC-583

The titration of a fixed concentration of ARC-583 was performed
with a concentration series of PKA C or ROCKII (twofold dilutions).
The binding curves were fitted to Eq. (1) as described previously
[10,11]:

A= A(1-X;) + Ap- X1,
Where
X1 =Q-X3/[1 + X2(Q—-1)]

(M

X, = {P+Kp+k-E— [(P+1<D+1<.EO)2 —4P.k~E0]1/2}/2PA )
A is the measured anisotropy, Ar is the anisotropy value for free
ARC-583, Ap is the anisotropy value for complex between ARC-
583 and the enzyme, P is the total concentration of the fluorescent
probe ARC-583, E, is the nominal concentration of the enzyme, k is
the fraction of active kinase in enzyme preparation (concentration
of the active enzyme divided by the nominal concentration of the
enzyme), Kp is the dissociation constant of ARC-583 complex with
the enzyme, and Q is the ratio of fluorescence quantum yield of
bound ARC-583 and the fluorescence quantum yield of unbound
ARC-583, determined by measurement of the anisotropies of five
wells of unbound ARC-583 (10nM) and six wells of ARC-583
(10 nM) saturated with PKA C (100 nM).

The fraction of active PKA C (k) in the batch (nominal kinase
concentration as defined by the supplier) was determined with di-
rect binding assay at a high concentration of ARC-583 (20 nM), and
the binding data were fit to Eq. (1) by fixing Kp below 1 nM. The
obtained value of k was used for fitting the binding data obtained
with a 10-fold lower concentration of ARC-583 (2 nM) to calculate
Kp for the probe-kinase complex. The concentration of active en-
zyme was calculated as the product of k and the nominal concen-
tration of the enzyme (kEy).
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The fraction of active ROCKII and the Ky of the ROCKII-ARC-583
complex were determined in a similar manner except that the
binding data from these two experiments (at 2 and 20 nM ARC-
583) were simultaneously fitted to Eq. (1) with shared k and Kp
values.

Competition assay

The competition assay was performed with a concentration ser-
ies of the competitive ligand (threefold dilutions) and fixed con-
centrations of ARC-583 (1-2 nM) and PKA C (2-3 nM) or ROCK II
(15 nM). The displacement curves were fitted to a sigmoidal
dose-response model to obtain ICsq values and to the exact com-
petitive binding model [10,19] to obtain Ky values:

A = A(1=X3) + Ap - X3, 3)
where
X3 =X4/(3Kp +X4) 4)

Xq = 2(X2-3Xs)""* - cos(0/3) — Xs

0= arccos{ [-2X3 + 9Xs - Xs + 27Kp-Kq-E| /[2X3 - 3X¢)*?] }

Xs = Kp + Kq + 10°" + p_E

Xs = Kp(10°8“ —E) + Ka(P—E) + Kp -Kq

Ky is the dissociation constant of the complex between the compet-
itive ligand and enzyme, E is the total concentration of the active
enzyme determined prior to each experiment in binding assay as
described above, L is the total concentration of the competitive li-
gand, and other variables are as described above for Eq. (1).

To assess the performance in the competition assay, the Z' value
[20] was calculated according to the Eq. (3):

Z =1-@Bo" 4+ 307)/|ju" — |, (5)

where 6" and o~ are the standard deviation of the positive and neg-
ative control wells, respectively, and p* and p— are the average val-
ues of those wells, respectively. For these calculations, experimental
data from the same assay conditions with 24 positive control wells
(2 nM ARC-583 and 3 nM PKA C) and 24 negative control wells (free
ARC-583, 2 nM) were used.

Dissociation kinetics of ARC-583-PKA C complex

The kinetics of the dissociation of the fluorescent probe ARC-
583 from its PKA C complex was measured in three parallel exper-
iments. The mixture of ARC-583 (15 nM) and PKA C (45 nM) in the
assay buffer (20 pl) was incubated for 15 min at 30 °C. Thereafter,
the solution of ARC-902 (Adc-Ahx-(p-Arg)s-NHo, 10 pl, 3 uM) was
added and FA was measured in 5-s time intervals. The collected
data were fit to a one-phase exponential decay model yielding
the dissociation rate constant (kq). The association rate constant
was calculated according to Eq. (4):

ki = ka/Kq (6)

Specific activity of PKA C

The solution of PKA C (600 nM) was incubated at 40 °C in assay
buffer. At fixed time points (0, 5, 10, and 24 h), the aliquots of the
solution were analyzed in parallel by both direct binding FA assay
for assessing the active concentration of the enzyme and kinetic
assay for determining the catalytic activity. The calculated catalytic
activities were plotted against concentration of the active enzyme
and fit to linear regression.

Effect of cAMP on PKA holoenzyme

The effect of cCAMP on the dissociation of PKA holoenzyme was
tested on a 384-well microtiter plate. Holoenzyme was prepared
by a combination of solutions of PKA C (3 nM final concentration)
with regulatory subunit RI or RII (either at a 10-nM monomer con-
centration). The mixture of ARC-583 (2 nM), PKA C holoenzyme,
and cAMP (100 pM-1 pM) was incubated for 15 min at 30 °C in as-
say buffer, and fluorescence properties of the solution were as-
sessed. The curves were fitted to a sigmoidal dose-response
model to obtain ECsq values (concentration of cAMP that caused
50% of the maximal increase of the FA).

Results and discussion
Design of the fluorescent probe ARC-TAMRA

We have shown previously that the best of ARCs possess subn-
anomolar inhibitory potency and binding affinity toward PKA C
[14,15]. Based on the structures of these inhibitors, a new fluores-
cent tracer was designed for binding/displacement assays. 5-TAM-
RA was attached to the C terminus of ARC-902 via a p-lysine linker
to yield the fluorescent probe ARC-583. TAMRA, one of the most
popular orange fluorophores applied to label proteins and small
molecules, was chosen as the fluorescent dye due to its resistance
to photobleaching and wide distribution of appropriate filter sets
in fluorescence plate readers. ARC-583 has excitation and emission
maxima at 558 and 585 nm, respectively, at neutral pH in water.

The determination of the value of molar extinction coefficient €
for ARC-583 is complicated due to the highly polar nature of the
compounds that leads to incorporation of counter ions, salts, and
water whose content is difficult to determine. In the current study,
the value of € for ARC-583 was established from the difference of
absorption spectra of ARC-583 and butyl amide conjugate of 5-
TAMRA (taking into account extra absorbance of ARC-583 resulting
from the incorporation of adenosine residue, € = 15,000 at 260 nm,
and equal absorbances at 558 nm, resulting from the TAMRA chro-
mophore) that yielded an € value of 80,000 M~! cm~! at 558 nm
for ARC-583. This molar extinction coefficient of ARC-583 fits well
into the range of reported & values for the TAMRA-labeled
compounds.

Characterization of the fluorescent probe ARC-583

To establish the affinity of the fluorescent probe ARC-583, its
titration with PKA C was performed. A 2-nM concentration of
ARC-583 was chosen, significantly higher than the anticipated va-
lue of Kp to achieve a good signal-to-noise ratio of measured fluo-
rescence intensity signals. To determine the equilibrium
dissociation constant Kp of the ARC-583-PKA C complex, the FA
was measured as a function of kinase concentration (Fig. 1). Fitting
the experimentally observed anisotropies according to the Eq. (1)
resulted in the binding constant Kp values of 0.48 and 0.66 nM in
the absence and presence of magnesium ions, respectively (Table
1). The obtained binding constant for ARC-583 is in good accor-
dance with the inhibitory potency of the compound as determined
in the kinetic assay, ICso =2.9 nM at 100 M cosubstrate ATP con-
centration (Kmarp=18.7 uM [18]). The subnanomolar affinity of
ARC-583 makes it one of the most potent fluorescent probes ever
described for PKs and widens the range of inhibitory potencies of
compounds that can be characterized with a single probe. Because
the lowest inhibitor Kp value that can be resolved in an FP-based
binding assay is approximately equal to the K4 value of the tracer
[21,22], ARC-583 can be used for characterization of nonlabeled
inhibitors with affinities in whole nanomolar and micromolar
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Fig. 1. Titration of the fluorescent probe ARC-583 [2nM (O) and 20 nM (@);
magnesium ions not added] with PKA C. The probe binding constant Kp of 0.48 nM
was calculated from these data according to Eq. (1). Normalized anisotropy change
(NAC) was calculated as NA = (A - Ay) | (Ap - Ag).

Table 1
Binding constants (Kp) for interaction of ARC-583 with PKA C and ROCK determined
with FA method

Protein kinase Kp (nM) Kp (nM)

No magnesium 10 mM MgAc,
PKA C 0.48 (0.06) 0.66 (0.15)
ROCKII 3.6 (0.5) 9.2 (2.2)

Note. Standard errors are in parentheses.

ranges. Furthermore, the application of a probe with high-affinity
such as ARC-583 significantly decreases the amount of the kinase
needed for binding assays, making HTS cheaper without compro-
mising the assay sensitivity and accuracy [22].

Surprisingly little attention has been paid to an important issue,
namely, the origin of concentration value of the interacting protein
that is used for calculations according to Eq. (1) [23]. Protein con-
centrations are usually determined by the method of Bradford [24]
or Lowry [25] with BSA or other proteins used as the standard or
are measured spectrophotometrically taking into account the pro-
tein content of UV-absorbing amino acid residues. These crude and
macroscopic methods require more than 1 pg of the protein and
estimate the total concentration of all forms of proteins present
in the solution, not only the special form of the enzyme that specif-
ically catalyzes the reaction and interacts with the tracer. In com-
mercially available PKs, the content of the active form of the kinase
may vary by more than 10-fold, as indicated by different activity
values of protein samples per mass expressed as activity units
per milligram of the protein sample.

In the current work, the fraction (k) of the active (binding to
ARC-583) form of PKA C was first determined with direct binding
assay at a higher concentration of ARC-583 (20 nM) (Fig. 1), and
the binding data were fit to Eq. (1) with Kp fixed below 1 nM.
The obtained value of k was used for fitting the binding data at a
10-fold lower concentration of ARC-583 (2 nM) to calculate Kp
for this interaction. The concentration of active enzyme was calcu-
lated as the product of k and the nominal concentration of the en-
zyme (kEp). Depending on the source of PKA C and its storing
conditions, the k values between 0.1 and 1.2 have been determined
for different batches of the kinase.

BSA was added to the measurement solutions (0.05%) to reduce
the nonspecific binding of ARC-583 and kinase to other assay com-
ponents and the walls of pipette tips and incubation wells. In the
presence of BSA, the fluorescence intensity of ARC-583 solution
was higher and retained stability for longer time periods. However,

the presence of BSA in the solution of the fluorescent probe re-
duced the dynamic range (AmA = mA of bound ARC-583 - mA of
free ARC-583) from 220 mA (solutions without BSA) to 140 mA
(solutions with BSA) (Fig. 2). Still, BSA was preserved in the mea-
suring solution to achieve maximal stability and reproducibility
of results. No effect of BSA on the Kp value of ARC-583 and Ky val-
ues of tested inhibitors was noticed.

Also, for the reduction of adsorbance of assay components to
the surface of measurement wells, NBS microtiter plates (Corning)
were used.

In the case of another AGC family PK, ROCKII, titration of the
fluorescent probe ARC-583 (Fig. 3) led to Kp values of 3.6 and
9.2 nM in the absence and presence of magnesium ions, respec-
tively (Table 1).

Kinetics of the interaction between ARC-583 and PKA C

The rate constant of dissociation of ARC-583 from the complex
with PKA C was determined in the presence of competing inhibitor
ARC-902 (Fig. 4). ARC-902 (1 uM final concentration) was added to
a solution containing ARC-583 (10 nM) preequilibrated with PKA C
(30 nM) at 30 °C. The decrease in FA of ARC-583 with time was fit
by an exponential function. The dissociation rate constant kq =
0.0261s7! (142 =26.6 s) was determined for this reaction. Based
on the value of dissociation equilibrium constant (Kp = 0.48 nM),
the association rate constant k,=5.4 10’ M~'s~! was calculated
according to Eq. (4). Values of the obtained constants are very similar
to the constants for binding of nonlabeled bisubstrate inhibitor
ARC-904 to the immobilized PKA C, as determined in SPR biosensor
experiments: Kq=0.48nM, kq=1.3102s"1 k,=2.710"M 15!
[14]. The high rate of the association reaction in solution means that
short incubation times can be used for binding/displacement
experiments.

Application of ARC-583 for determination of activity of PKA C

A good correlation was found between the ARC-583-associating
concentration of PKA C and the enzymatic activity of the latter
(Fig. 5).

Catalytic activity of 253 + 16 nM min~' was determined for
1.0 nM PKA C with TAMRA-Kemptide as the substrate, correspond-
ing to the specific activity of 6.3 umol min~' mg~'. In addition,
parallel loss of binding affinity of PKA C to ARC-583 and its cata-
lytic activity were established when the solution of the kinase
was stored open to moist air at 40 °C for longer periods. Thus,

250

200

250
150 200 g
<150 g
E1001
50
0

mA

100

T T T T
00 25 50 7.5 10.0 125

50 I C (PKA Co) (nM)

0 T T T I
0 10 20 30 100 300

C (PKA Ca.) (nM)

Fig. 2. Effect of BSA for anisotropy measurements: Titration of the fluorescent
probe ARC-583 [2 nM (O,®) and 20 nM ([J, W); in the presence (filled symbols) and
absence (open symbols) of BSA] with PKA C. The presence of BSA reduces the
dynamic range from 220 to 140 mA. In the inset the effect of BSA on the results of
anisotropy measurements is represented in the extended scale.
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Fig. 3. Titration of the fluorescent probe ARC-583 [2nM (O) and 20 nM (@);
magnesium ions not added] with the kinase ROCKII. The probe binding constant
(Kp) of 3.6 nM was calculated from these data according to Eq. (1). NAC, normalized
anisotropy change.

150

100

mA

50

0 T T T
0 100 200 300 400

time (s)

Fig. 4. Dissociation kinetics of the complex of the fluorescent probe ARC-583 and
PKA C in the presence of bisubstrate inhibitor ARC-902 (1 uM). Fitting data to a one-
phase exponential decay model yielded a dissociation rate constant (kq) of
0.0261s .

the fluorescent probe associates with the active form of the kinase;
hence, it can be used for determination of activity of PKA in solu-
tion with no need for any substrates. In a 20-pl well volume at a
1-nM concentration of ARC-583, a 0.1-nM concentration of PKA C
(in total 2 fmol or 80 pg of PKA C) could be reliably determined.

600 -
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S S
1 1

0 1 2
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Fig. 5. Correlation between catalytic activity (V, as determined with the TLC kinetic

assay) and the active concentration (C, as titrated with the fluorescent probe ARC-
583) of the solution of PKA C.

Competitive FP-based kinase binding assay

For the displacement experiments, the 2-nM total concentra-
tion of the tracer ARC-583 was chosen to achieve sufficient inten-
sity of fluorescence signals and the stability of the calculated
anisotropy values. This concentration is higher than the Ky value
for the probe (Kp=0.48 nM with PKA), leading to the change of
the binding states of all participating components (tracer, compet-
itor, and kinase) during the displacement experiment and, hence,
requires the application of Eq. (2) for the correct calculation of
binding constants from the experimental data. The small decrease
of fluorescence signal intensity (Q=0.8) was attributed to the
binding of the tracer to PKA C. This value was taken into account
for fitting data of binding and displacement experiments.

The 3-nM concentration of PKA C was used for the displacement
assays, resulting in binding of more than 80% of ARC-583 and more
than a 100-mA anisotropy window for full displacement of the
probe. These assay conditions use a small amount of the protein
(2.4 ng of PKA C per 20 pl well volume of a 384-well microtiter
plate) and yield a sufficiently large dynamic range and sensitivity
to perform HTS experiments.

For these assay conditions with 24 positive control wells (2 nM
ARC-583 and 3 nM PKA C) and 24 negative control wells (free ARC-
583, 2 nM), the Z' value of 0.74 [20] was obtained for the assay,
pointing to its good applicability for the HTS experiments.

The bisubstrate character of the probe was demonstrated by its
full displacement from the complex with the kinase PKA C by
either the ATP-competitive inhibitor H89 or the substrate pep-
tide/protein-competitive inhibitor RII (unlike RI and PKI, RII does
not need the presence of ATP for high-affinity binding) in two sep-
arate experiments. This result indicates that the ARC-type inhibi-
tors associate simultaneously with both binding sites of PKA C.

The determined affinity for ATP-competitive inhibitor H89
(Kq =30 nM)(Table 2 and Fig. 6) fits well into the range of inhibition
constants reported for this compound (reported K; values 48 nM
[26] and 15 nM [27]). The cosubstrate ATP and inhibitor ADP dis-
placed ARC-583 in the presence of magnesium ions but not in the
absence of these ions. The calculated Ky values of 17 and 9.6 M
for ATP and ADP, respectively (Table 2 and Fig. 6), are close to the
previously reported Ky values for these compounds [28-30].

The dissociation constants determined with the binding/dis-
placement assay for PKI and the regulatory subunits RI and RII of
PKA (the inhibition of PKA C by all of these compounds is compet-
itive with the protein/peptide substrate) are close to the values of
the previously reported inhibition and dissociation constants for
these proteins (Table 2 and Fig. 7) [31-35].

Affinities of the two ARC-type bisubstrate inhibitors ARC-902
and ARC-341 (Adc-Ahx-(1-Arg)s-NH,) toward PKA C were also
determined (Table 2 and Fig. 6). ARC-902 is the prototype molecule
of ARC-583, incorporating no fluorescent label and no lysine linker.
The Ky value of 0.33 nM determined for this compound corre-
sponds to its inhibitory potency (ICso=8.3nM measured at
100 uM ATP and 30 pM TAMRA-Kemptide [15]) and to the Kp va-
lue of the fluorescent probe ARC-583 (Kp = 0.48 nM) derived from
this compound. ARC-341, the r-arginine counterpart of ARC-902,
revealed a Ky value of 38 nM that was also close to the inhibition
constant reported for this compound [15].

In addition to good fit between the inhibitory potencies and
affinities of the reported compounds (Fig. 8), the affinity values
of these compounds determined with the current FA assay are very
close to the affinities determined previously with the SPR biosen-
sor assay [14].

ARC-583 was also used for the determination of affinities of
inhibitors toward another basophilic kinase from the AGC group,
namely, ROCKII. H89, long known as a selective PKA inhibitor, dis-
placed the probe with a K, of 31 nM (Table 2). The found affinity of



Table 2

Bisubstrate probe for assays with protein kinases/A. Vaasa et al./Anal. Biochem. 385 (2009) 85-93 91

Comparison of affinities of compounds toward PKA C and ROCKII determined with the FA-based assay and inhibitory potencies of these compounds determined with other

methods

Tested compound

Results of FA measurements

Comparison with other methods

Additives Kinase ICs0 (pICsp, SE) Kq*
PKlo. 10 mM Mg?*, 10 uM ATP PKA C 2.9nM (8.54, 0.05) 0.22 (0.06) nM Ki=0.22 nM [31], K; = 0.26 nM [32], ICso = 0.94 nM [33]
Rlo PKA C > 300 nM
Rlo. 10 mM Mg?*, 10 uM ATP PKA C 2.7nM (8.57, 0.02) 0.19 (0.03) nM K;=0.15 nM, K4 = 0.23 nM [32], ICso = 3.6 nM [33]
Rllot PKA C 3.9nM (8.41, 0.03) 0.32 (0.05) nM Kq=0.1nM [34], K;=0.3 nM [35]
Rllot 10 mM Mg?*, 10 uM ATP PKA C 3.5 nM (8.45, 0.05) 0.24 (0.04) nM ICsp = 0.2 nM [33]
ATP PKA C >1mM Kq=5mM [14], K; > 160 pM [28], K4 = 120 uM [29]
ATP 10 mM Mg?* PKA C 120 pM (3.94, 0.08) 17 (5) uM Kq=10 uM [14], K; = 10 uM [28,30]
ADP PKA C > 0.5 mM
ADP 10 mM Mg?* PKA C 71 UM (4.15, 0.05) 9.6 (0.7) uM K =10 uM [30]
H89 PKA C 130 nM (6.89, 0.09) 23 (4) nM Ka=9nM [14]
H89 10 mM Mg?* PKA C 130 nM (6.88, 0.05) 30 (3) nM K; =48 nM [26], 15 nM [27], ICso = 135 nM [36]
ARC-902 PKA C 43 nM (8.36, 0.04) 0.33 (0.07) nM
ARC-902 10 mM Mg?* PKA C 5.4nM (8.27, 0.05) 0.51 (0.1) nM ICso = 8.3 nM [15]
ARC-341 PKA C 290 nM (6.54, 0.04) 38 (1) nM
ARC-341 10 mM Mg?* PKA C 300 nM (6.52, 0.10) 65 (12) nM ICsp =170 + 40 [15]
H89 ROCK II 170 nM (6.76, 0.04) 31 (3) nM ICsp =270 nM [36], K; = 0.1 uM [38]
Y-27632 ROCK II 160 nM (6.79, 0.08) 27 (5) nM ICso = 800 nM [36], K; = 98 nM [37], K; = 0.09 uM [38]
ARC-902 ROCK II 11 nM (7.96, 0.02) 1.5 (0.7) nM
ARC-902 10 mM Mg?* ROCK II 14 nM (7.86, 0.06) 1.4 (0.5) nM
ARC-341 ROCK II 29 nM (7.54, 0.07) 3.6 (0.9) nM
Note. SE, standard error.
¢ Standard errors are in parentheses.
1.0 - % H89 to this kinase was similar to that toward PKA C (Kq =23 nM).
’ This result is in good accord with the recent findings claiming sim-
0.8 ) ilar inhibitory potency of H89 toward both ROCKII and PKA [36]. Y-
: 27632, a selective inhibitor of ROCK, revealed affinity with a Kq of
0.6 27 nM that is to some extent better than the reported inhibitory
2 ] potency of this compound toward ROCKII (K;=98 nM [37]). Y-
= 27632 and H89 revealed similar affinities toward ROCKII; close
0.4+ inhibitory potency has been reported for these compounds previ-
ously [38]. The unlabeled predecessor ARC-902 had an affinity
0.2~ comparable to that of the corresponding labeled compound ARC-
583. The r-arginine-containing ARC-341 had a higher affinity to-
0.0 ward ROCKII than toward PKA C (Table 2) [15].

) ) ) ) ) ) ) )
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log C (competitor)
Fig. 6. Displacement of fluorescent probe ARC-583 from its complex with PKA C by

ARC-902 (O), H89 (x), ARC-341 (0I), ATP (A) (all without Mg?*), and ATP (with
10 mM MgAc,) (a). The data were fit to Eq. (2). NAC, normalized anisotropy change.
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Fig. 7. Displacement of the fluorescent probe ARC-583 from its complex with PKA C
by PKlo (@), Rlo (CI,®), and Rllat (A,a) in the presence of both ATP (10 pM) and
MgAc, (10 mM) (filled symbols) and in the their absence (open symbols). The data
were fit to Eq. (2). NAC, normalized anisotropy change.

Effect of cAMP on PKA holoenzyme dissociation

We assessed the applicability of the fluorescent probe ARC-583
for monitoring cAMP-induced dissociation of PKA holoenzyme. To
avoid the substantial displacement of R from holoenzyme by com-
peting ARC-583 in the absence of cAMP (ARC-583 and regulatory
subunits of PKA have comparable affinities toward the catalytic

10
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X
o
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4 ) | ) ) )
4 5 6 7 8
pIC50

Fig. 8. Correlation between the inhibitory potencies (ICso as measured by TLC
kinetic inhibition assay) and the binding constants (K, as determined in FA assay
with fluorescent probe ARC-583) of eight inhibitors of PKA C.
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Fig. 9. Effect of cAMP on anisotropy of the solution of ARC-583 (2 nM) and PKA
holoenzyme formed from PKA C and either RI (a) or RII (B). ECso values of 22 and
28 nM for PKA C/RI and PKA C/RII, respectively, were calculated by a sigmoidal
dose-response model. (") Anisotropy value of standard ARC-583/PKA C combination
(2 nM ARC-583, 2 nM PKA C).

subunit), a higher excess of R was used; PKA C (3 nM final concen-
tration) was combined with regulatory subunit RI or RII (either at a
10-nM monomer concentration). As illustrated in Fig. 9, the addi-
tion of CAMP led to an increase in anisotropy until the value charac-
teristic for the standard ARC-583-PKA C combination (2 nM
ARC-583, 3 nM PKA C) was reached, pointing to the full liberation
of C at higher cAMP concentrations. The calculated ECso values
(22 and 28 nM for PKA C/RI and PKA C/RII, respectively) fit well into
the range of reported efficiency values of cAMP-regulated PKA holo-
enzyme-related processes [39]. Because different factors (e.g., the
origin and concentration of R subunit, association with 4 cAMP mol-
ecules with a dimer of regulatory subunits, largely different cAMP-
binding affinity of free and catalytic subunit-complexed R subunit
[40]) influence the ECsqy value, both lower and higher values have
been reported for cAMP effects. Thus, an ECsq value of 59 nM was
reported recently [13] for the cAMP effect on holoenzyme dissocia-
tion (concentrations of C-subunit and RI-subunit were 64 and
77 nM, respectively), as registered with an FP assay when using
the fluorescent tracer TR-IP20 at a fixed concentration of 40 nM.

Fig. 9 also demonstrates that ARC-583 in combination with PKA
holoenzyme is a sensitive biosensor for the determination of cCAMP
concentration in the 1- to 200-nM range.

Conclusions

This study has described the high-affinity bisubstrate fluores-
cent probe ARC-583 generated by the attachment of the fluores-
cent dye 5-TAMRA to the C terminus of ARC-902. ARC-583 is
applicable for the HTS and characterization of active site-targeted
inhibitors of PKA C and ROCKII.

The bisubstrate character (simultaneous association with both
binding sites of the kinase) of the probe was demonstrated by its
displacement from the complex with PKA C by both ATP- and pro-
tein substrate-competitive inhibitors. These unique properties of
the probe enable its application for characterization of inhibitors
targeted to either binding site of the kinase and having affinity in
a wide micromolar and nanomolar range. This makes the pre-
sented binding/displacement assay a real rival to inhibition assays.
The same tracer can be used to characterize compounds that real-
ize their activity on PKA as agonists or antagonists of CAMP-regu-
lated activity of holoenzyme. It can also be used for
determination of the concentration of the active form of PKA and
as a sensor for cAMP concentration in the nanomolar region.

The other features of the assay, including homogeneity, single
step, quickness, no need for special substrates, and capricious anti-

bodies, support the use of the assay for HTS and precise character-
ization of inhibitors of PK. By virtue of these features, the assay is
amenable to automation and can be quickly introduced for inhibi-
tor testing both in small research laboratories and in HTS depart-
ments of big pharmaceutical companies.
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