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SUMMARY

To understand the function of highly complex eukaryotic tissues like the human brain, in
depth knowledge about cellular protein networks is required. Biomolecular interaction
analysis (BIA), as a part of functional proteomics, aims to quantify interaction patterns within
a protein network in detail. We used the cAMP dependent protein kinase (PKA) as a model
system for the binding analysis between small natural ligands, cAMP and cAMP analogues,
with their physiological interaction partner, the regulatory subunit of PKA. BIA comprises a
variety of methods based on physics, biochemistry and molecular biology. Here we compared
side by side real time SPR (surface plasmon resonance, Biacore), a bead based assay
(AlphaScreen), a fluorescence based method (Fluorescence polarisation) and ITC (isothermal
titration calorimetry). These in vitro methods were complemented by an in cell reporter assay,
BRET? (bioluminescence resonance energy transfer), allowing to test the effects of cAMP

analogues in living cells.



INTRODUCTION

The function of biological systems is mediated by proteins and their interactions. Cellular
activities are not only dependent on protein expression patterns, but are also controlled by
post translational modifications (PTMs), by compartmentalization and protein degradation
(Graves and Haystead 2002). In the classical proteomics approach methods like 2D gel
electrophoresis and mass spectrometry have been established to describe expression patterns
differentially e.g. comparing healthy and diseased tissue. One major goal of functional
proteomics is to determine protein-protein, protein-DNA, and protein-ligand interaction with
high accuracy and in great detail within a cellular network. Intracellular interaction pathways
are influenced to a large extent by PTMs (Shaywitz et al., 2002; Yaqub et al., 2003). The most
prominent PTM in an eukaryotic cell is protein phosphorylation, a key event in the regulation
of the cell mediated by the action of protein kinases (Manning et al., 2002). About 40% of all
proteins may undergo this crucial PTM during some state of cellular growth and
differentiation. The importance of protein phosphorylation in signalling pathways is
impressively reflected in the devastating effects of protein kinase dysfunction linked to
several human diseases (Blume-Jensen and Hunter 2001; Sachsenmaier 2001) most
prominently in human malignancies (Fabbro et al., 2002; Tasken and Aandahl 2004). About
518 Serine/Threonine and Tyrosine specific protein kinases are encoded in the human genome
(Manning et al., 2002). Although protein kinases differ substantially in their substrate
specificity, activity, biological half life, cellular localisation and function, they share a
common overall protein fold. Cyclic AMP dependent protein kinase (PKA) has been used as a
model system for kinase function during the last two decades and has been characterized
biochemically and structurally in detail (Taylor 1989; Knighton et al., 1991; Taylor et al.,
2004). The enzyme consists of a regulatory (R) dimer and two monomeric catalytic (C)
subunits forming an inactive holoenzyme complex (R,C;). The holoenzyme complex is
activated by increasing concentrations of the second messenger cAMP, a low molecular
weight ligand. Upon binding of cAMP to the two distinct binding sites on each R subunit, the
C subunits are released and can phosphorylate substrates in the cytoplasm, but they can also
migrate into the nucleus, thus affecting gene regulation via the cAMP response element
binding protein (CREB (Hagiwara et al., 1993)) (Figure 1 Cartoon) Not surprisingly,
deregulation of PKA activity has been implicated in various human diseases, among them
breast cancer, Carney complex and HIV infection (Tasken and Aandahl 2004). PKA has
received increasing attention as a factor contributing to neurological disorders. It has already

been known that PKA activity is required for memory formation in the mammalian
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hippocampus (Kandel 2001). Recently, it was shown that PKA is also involved in processes
concerning the working memory as well as reward-motivated learning, linking PKA action

potentially to memory deficits and drug addiction (for review see (Arnsten et al., 2005)).
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Figure 1 Cartoon Model of PKA holoenzyme activation

The inactive holoenzyme of cAMP dependent protein kinase (PKA) consists of a regulatory
subunit dimer (R subunit, dark grey) and two catalytic subunits (C subunit, light grey). For
simplification, only one C subunit interacting with one R subunit monomer is shown. Binding
of two molecules of cAMP (filled circle) to an R subunit monomer leads to the dissociation of
the holoenzyme complex, thereby releasing the active C subunit.

Due to its modular structure the PKA system is ideally suited as a model for the analyses of
protein-protein interaction and protein-small ligand interaction. Here we analyze the binding
of the regulatory subunit of PKA to both the natural small ligand cAMP and to the catalytic

subunit.

Several methods based on different physico-chemical parameters are available to determine
protein-protein interactions. These techniques summarized, under the term biomolecular
interaction analysis (BIA), allow a detailed look at molecular interactions. In the following we
will describe interactions within the PKA model system determined by surface plasmon
resonance (SPR), AlphaScreen, fluorescence polarization (FP), isothermal titration
calorimetry (ITC) and bioluminescence resonance energy transfer (BRET?). These methods
comprise solid phase assays as well as homogenous assays, performed in vitro and in living

cells.

MATERIALS AND METHODS

Reagents. The synthetic peptide substrate Kemptide (LRRASLG) was purchased from
Biosyntan GmbH (Berlin, Germany). ATP and NADH were obtained from Biomol GmbH
(Hamburg, Germany).



P11 cation exchanger cellulose and DE52 (Diethylaminoethyl, DEAE) anion exchanger

cellulose were obtained from Whatman (Maidstone, UK).

cAMP (adenosine- 3', 5'- cyclic monophosphate), 8AHAcCAMP (8- (6-
aminohexyl) aminoadenosine- 3', 5'- cyclic monophosphate), 8CPT-cAMP (8- (4-
Chlorophenylthio ) adenosine- 3', 5'- cyclic monophosphate), 2Cl-cAMP (2-
Chloroadenosine- 3', 5'- cyclic monophosphate), 6AH-cAMP (N6- (6-
Aminohexyl)adenosine- 3', 5'- cyclic monophosphate), 8Fluo-cAMP* (8-[[2-

[(Fluoresceinylthioureido)amino]ethyl]thio]adenosine- 3', 5'- cyclic monophosphate),  6Ph-
cAMP (N6- Phenyladenosine- 3', 5'- cyclic monophosphate), 6MAH-cAMP (N6- ( 6- [N'-
MethylanthraniloylJaminohexyl)adenosine- 3', 5'- cyclic monophosphate), 8Br-cAMP (8-
Bromoadenosine- 3', 5'- cyclic monophosphate),  8Cl-cAMP (8- Chloroadenosine- 3', 5'-
cyclic monophosphate), 6MB-cAMP (N6- Monobutyryladenosine- 3', 5'-
cyclic monophosphate), 8NBD-cAMP* (8- [2- [ (7- Nitro- 4-
benzofurazanyl )amino]ethyl]thio]adenosine- 3', 5'- cyclic monophosphate), 8ADOA-cAMP
(8- (8- Amino- 3, 6- dioxaoctylamino) adenosine- 3', 5'- cyclic monophosphate), = SPS8AHA-
cAMP (8- (6- Aminohexyl) aminoadenosine- 3', 5'- cyclic monophosphorothioate, Sp-
isomer), 8PIP-cAMP (8- Piperidinoadenosine- 3', 5'- cyclic monophosphate), SAEA-cAMP
(8- (2- Aminoethyl) aminoadenosine- 3', 5'- cyclic monophosphate), 2AHA-cAMP  (2- (6-
Aminohexyl) aminoadenosine- 3', 5'- cyclic monophosphate), 2 'Mant-cAMP* (2'- O- (N-
Methylanthraniloyl)adenosine- 3', 5'- cyclic monophosphate), 8Br-cAMP-AM (8-
Bromoadenosine- 3', 5'- cyclic monophosphate), Sp8Br-cAMPS (8- Bromoadenosine- 3', 5'-
cyclic monophosphorothioate), cGMP (Guanosine- 3', 5'- cyclic monophosphate) and cUMP
(Uridine- 3', 5'- cyclic monophosphate) were obtained from Biolog Life Science Institute
(Bremen, Germany). Fine chemicals (research grade) were purchased from Roth (Karlsruhe,
Germany) or from Sigma (Deisenhofen, Germany).

CMS5 sensor chips (research grade), NHS (N-hydroxysuccinimide), EDC (N-ethyl-N’-
(dimethylaminopropyl) -carbodiimide), ethanolamine-HCI, and surfactant P20 were obtained
from Biacore AB (Uppsala, Sweden).

Preparation of recombinant proteins.

The ¢cDNAs for the expression of recombinant proteins were kind gifts from Prof. S. S.
Taylor, (murine Co and bovine R', A1-91 (RI monomer)) University of California, San
Diego, USA and Prof. K. Tasken (GST-hR', and hR",,), University of Oslo, Oslo, Norway.

RI monomer was overexpressed in E. coli BL21 (DE3) and purified according to Herberg et

al. using ion exchange chromatography (Herberg et al., 1994). GST-hR', was purified using
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Glutathion agarose from Sigma (Deisenhofen, Germany) following standard protocols
(Sambrook et al., 2001).

To obtain cAMP free R subunits, the purified protein was incubated with 10 mM cGMP over
night at 4°C. Subsequently, excess cGMP was removed using a PD 10 desalting column
(Amersham Biosciences, Freiburg, Germany) followed by extensive dialysis against 150 mM
NaCl, 20 mM MOPS, pH 7 (buffer A). To obtain completely nucleotide-free R subunit for
ITC measurements, the purified RI monomer was treated with 8 M urea to remove cAMP and
then dialyzed as described above (Buechler et al., 1993).

Recombinant PKA C subunit was expressed and purified as described before (Slice and
Taylor 1989; Herberg et al., 1993).

The purity of the R subunits was confirmed by SDS-polyacrylamide gel electrophoresis and
the biological activity of the proteins was verified using the phosphotransferase assay with the
peptide Kemptide (LRRASLG) as a substrate according to Cook et al. (Cook et al., 1982).
AlphaScreen. Biotin labelling of C subunit was performed with a 10:1 molar excess of EZ-
Link NHS Biotin (Perbio Sciences, Bonn, Germany) according to the manufacturer’s
instructions. The reaction was performed with intact holoenzyme, in order to protect the C
subunit / R subunit interface from chemical modification during the biotinylation procedure.
After biotinylation cAMP was added to the reaction mixture to dissociate the holoenzyme
complex and the free biotinylated C subunit was subsequently purified using PKI(5-24)
affinity chromatography (Olsen and Uhler 1989).

For the actual AlphaScreen measurements, biotinylated C subunit and GST-tagged R subunit
(0.2 nM each) were mixed together in the presence of serial dilutions of cAMP or Sp8Br-
cAMPS in a 384 well microtiter plate (Optiplate, white, PerkinElmer). In a following step
anti-GST acceptor beads and streptavidin donor beads (PerkinElmer, Rodgau, Germany) were
added to a final concentration of 20 pg/ml. The final reaction volume in each well was 25 pl
in 25 mM Hepes, pH7.4, 100 mM NaCl, 10 mM MgCl,, 1 mM ATP, 0.1% BSA. The
resulting AlphaScreen signal (counts per second) was determined with a Fusion'™ a-FP
microplate reader (Packard Bioscience, now PerkinElmer) after one hour incubation at room

temperature.

Fluorescence Polarization (FP). Two different assay formats were used. In the direct assay
format both the RI monomer concentration as well as the 8Fluo-cAMP concentration were
varied (10 pM to 1 uM for RI monomer and 20 nM to 500 pM for 8Fluo-cAMP). The assay
was performed at 20°C in buffer A containing 0.005% (v/v) CHAPS as a surfactant in a 384
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well microtiterplate (Optiplate, black) using the Fusion™ a-FP microplate reader. The
fluorescence polarization signal was detected at Ex 485nm / Em FP Filter 535nm with a PMT
Voltage of 1100.

For the fluorescence polarization displacement assay increasing concentrations of cAMP
analogues (typically ranging from 1 fM to 1 uM) were mixed with 1 nM 8Fluo-cAMP before
adding the RI monomer. Here the concentration of the RI monomer was adapted to 80% of
the maximum value derived from the direct assay using 1 nM 8Fluo-cAMP. Fluorescence
polarization was measured after 5 minutes. Data were analyzed with GraphPad Prism 4.0
(GraphPad Software, San Diego, CA) by plotting the resulting polarization signal against the
logarithm of the analogue concentration.

Surface plasmon resonance (SPR): All SPR interaction analyses were performed at 20°C in
buffer A plus 0.005% (v/v) surfactant P20 using a Biacore 3000 instrument (Biacore AB,
Sweden). For covalent coupling of 8AHA-cAMP, carboxymethylated sensor chip surfaces
(CMS5, research grade) were activated with NHS / EDC for 10 minutes and SAHA-cAMP
(3 mM in 100 mM HEPES, pH 8.0) was injected for 7 minutes with a flow rate of 5 pl/min.
Deactivation of the surface was performed using 1 M ethanolamine-HCl (pH 8.5) for
7 minutes. A reference cell was activated accordingly and deactivated subsequently.
Competition analyses were performed by injection of 5 nM RI monomer preincubated with
varying concentrations of each analogue to be analyzed. The binding signal was monitored for
3 minutes and data points were collected at the end of the association phase. The sensor
surfaces were regenerated after each binding cycle by several injections of 3 M guanidinium
HCI. After subtracting the reference cell, the resulting binding signals were plotted against the
logarithm of each cAMP analogue concentration and an ECs, value was calculated from the

dose response curve using GraphPad Prism 3.01 (GraphPad Software, Inc., San Diego/USA).

Isothermal titration calorimetry (ITC). The interaction between RI monomer and cGMP was
analyzed in buffer A containing 1 mM B-mercaptoethanol using a VP-ITC microcalorimeter
(MicroCal LLC., Northampton, MA, USA). 5 uM RI monomer were allowed to equilibrate in
a 1.385 ml cell at 20.0°C. To ensure that the titrant concentration was at its loading value, two
injections of 51.3 uM cGMP (1 pl each) were performed before the actual titration
experiment. 5 pl injections were conducted until no further binding was observed. Each time
the reaction returned to baseline level (approximately after 3 minutes), a new injection was
carried out. In order to minimize artifacts, cGMP was dissolved in exactly the same buffer
that was used to dialyze the purified protein. For blank subtraction cGMP was injected in

identical steps into buffer only. Data evaluation was performed with the software MicroCal
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Origin for ITC (MicroCal LLC., Northampton, MA, USA; see also (Wiseman et al., 1989)),
including corrections for volume change during the titration.

BRET? assay: The human Co coding sequence was amplified using sense and antisense
primers harboring unique HindIII and BamHI sites. The fragment was subcloned in-frame into
the HindIII/BamHI sites of pGFP*—C vector (PerkinElmer). The human R",, coding sequence
was amplified without the stop codon allowing for cloning with BamHI and Kpnl. The
fragments were subcloned using the pTrcHis2-Topo® TA cloning kit (Invitrogen, Karlsruhe,
Germany Invitrogen; Carlsbad, CA), excised and cloned in-frame into BamHI/Kpnl sites of

pRluc-N vector (PerkinElmer).

For BRET? assays, COS-7 cells were seeded in a white 96 well microplate (Optiplate,
PerkinElmer) at a density of 2x10* cells per well. Transfections were carried out in the
microplate 24 hours later using 4 ul Polyfect reagent (Qiagen N.V., Venlo, Netherlands) and a
0.5 pg plasmid DNA per well and transfection. 48 hours post transfection, cells were washed
with glucose-supplemented Dulbecco’s PBS (D-PBS, Invitrogen), and the substrate
DeepBlueC™ (PerkinElmer) was added to a final concentration of 5 uM in a total volume of
50 ul D-PBS. Light emission was detected using a Fusion™ o-FP microplate reader
(PerkinElmer; read time 1 second, gain 50). The light output was taken consecutively for each
well using filters at 410nm wavelength (= 80nm bandpass) for the donor and 515nm (£30nm
bandpass) for the acceptor fluorophore. Background values, routinely obtained with
untransfected cells, were subtracted in each measurement. Control transfections with empty
pRluc and pGFP? vectors were carried out with each experiment. BRET® signals were
calculated as (emission sjsym- background sispm) / (emission 4jonm-background 410nm)-

GraphPad Prism 4.0 was used for statistical analysis.



RESULTS

Biomolecular interaction analysis (BIA) is used to describe binding events between small
molecules, proteins (e.g. receptors, enzymes and antibodies), peptides, nucleotides or
carbohydrates. Here we focus on one hand on interaction between the PKA regulatory subunit
and its LMW ligand cAMP and on the other hand on the influence of cAMP on holoenzyme
formation using four in vitro methods and one in cell assay. Equilibrium binding data as well
as association and dissociation rate constants were obtained.

AlphaScreen allows compound screening in a homogenous assay format.

AlphaScreen is a bead-based proximity assay, where a luminescence signal is the readout for
a biomolecular interaction. Both interaction partners have to be chemically coupled to latex
beads (diameter 250nm). Upon illumination with laser light (A=680nm) singlet oxygen
(Oz(lAg)) is produced on the donor beads (D), see Figure 2 Alpha Screen Inset. If a second
interaction partner, coupled to acceptor beads, binds, both beads are brought into close
proximity. The chemical energy of the singlet oxygen from the donor beads can diffuse to the

acceptor beads, resulting in a luminescence signal (Aen=520-620nm). If the interaction
partners do not bind to each other, the singlet oxygen decays (ti, =4 ps) and no luminescence

signal is observed. The assay is usually performed in a volume of 5-25 pul in 384 well plates

and is well suited for automation and thus for high throughput screening.

Immobilization of the interaction partners to donor and acceptor beads, respectively, can be
achieved by different strategies. Direct coupling of ligands containing primary amines can be
done via reductive amination. However, in the case of PKA R and C subunits this proved to
be difficult, potentially due to steric reasons or a loss of activity during the coupling
procedure (data not shown). Therefore, an indirect immobilization approache was used, in
which biotin labelled C subunit was captured to streptavidin coated donor beads, while a
GST-R subunit fusion protein was immobilized to donor beads via an anti-GST antibody.
Special care had to be taken during the biotinylation of the C subunit, in order to keep the
crucial interaction site with the R subunit interaction free from chemical modifications (see
material and methods). In the absence of the activator cAMP this assay setup lead to the
generation of a robust luminescence signal reflecting holoenzyme formation by the interaction
of C and R subunits. The signal was reduced to background levels by increasing cAMP
concentrations up to 10 uM, indicating the complete dissociation of the PKA holoenzyme (see
Figure 2 AlphaScreen). The ECsy values derived from the dose-response experiments were

slightly higher than those obtained with other methods (see SPR and FP). Screening of cAMP
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analogues demonstrated that their relative potencies were correctly reflected and, consistent
within the assay, (Figure 2 AlphaScreen) the ECsy value of Sp8Br-cAMPS was about an order
of magnitude higher than the ECsy value of cAMP.
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Figure 2 AlphaScreen Detection of PKA holoenzyme dissociation using a.-Screen

Biotinylated C subunit and GST-tagged R subunit (0.2 nM each) were incubated in a 384 well
plate with increasing concentrations of cAMP and Sp8Br-cAMPS, respectively, before adding
anti-GST acceptor beads and streptavidin coated donor beads (20 pg/ml final concentration).
Readings were taken after one hour incubation. Data were fitted according to a sigmoidal
dose-response model and ECsy values were calculated. All data points represent the mean
+SD of triplicate measurements. Inset: Depicted in the cartoon is the principle of an
AlphaScreen assay. Donor (D) beads were coupled with C subunits (light grey symbol),
acceptor (A) beads with R subunits (dark grey symbol). D beads, containing a photosensitizer,
release singlet oxygen (Oz(lAg)) upon illumination with laser light (Aex 680nm). Due to the
interaction of C subunits coupled to the donor beads and R subunits coupled to the acceptor

beads the chemical energy of the singlet oxygen is converted into a luminescence signal (Aem
520-620nm). If, upon addition of cAMP, the C and R subunits dissociate, the AlphaScreen
signal diminishes.

FP provides a fast and easy setup for high throughput screening

Fluorescence polarization (FP) is a widely used optical method in a homogenous assay format
which allows high throughput screens. It is generally considered to be inexpensive and rapid
with a sensitivity close to a classical radioligand binding assay without the need to separate
the bound and unbound ligand (Burke et al., 2003; Jameson and Mocz 2005). The theoretical
principles underlying polarization measurements have been described previously (Lakowicz
1999; Valeur and Brochon 2001; Jameson et al., 2003; Jameson and Mocz 2005). Briefly, the

basic concept of fluorescence polarization is that a fluorophore is preferentially excited when
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it is oriented along the electric vector of the polarized incident light. If the fluorophore does
not move, the emitted light is still in the same plane of orientation and therefore remains
polarized. Typically, in a watery solution, a fluorophore can rotate freely and therefore the
emitted light is no longer polarized. In the experimental setup used here a fluorescence
polarization signal can only be detected from fluorophores slowed down drastically in their
rotational speed. This occurs for example upon binding of a small fluorescently labelled
ligand to a significantly larger molecule. The degree of polarization is determined by
measuring the fluorescence intensities of parallel and perpendicular emitted light with respect

to the plane of linearly polarized excitation light.
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Figure 3 FP Fluorescence polarization

A. Direct binding of 8Fluo-cAMP to Rl monomer. RI monomer was serially diluted in
buffer A containing 0,005% Chaps in a 384well microtiterplate. 8Fluo-cAMP was added to
each well using the concentration indicated on the plot. Each data point represents the mean
+SEM from triplicate measurements. Inset: Schematic illustration of a FP assay where
fluorescently labelled cAMP (dots with stars) and unlabeled cAMP (black dots) compete for
binding to the R subunit (dark grey symbol). Only labelled cAMP bound to the R subunit
generates a FP signal (black arrow)

B. Displacement experiment. RI monomer (5 nM) was added to a serial dilution of the
cAMP analogues indicated on the plot and apparent ECsy were calculated. For experimental
details see materials and methods. Each data point represents the mean +SEM from six
individual wells.
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For the optimization of the assay conditions, the RI monomer concentration was tested over a
range of 1 pM to 100 nM with six fixed concentrations of 8Fluo-cAMP.

At higher concentrations (> 5 nM) 8Fluo-cAMP is titrated directly to the two RI monomer
binding sites. In this case the ECs, values reflect half of the 8Fluo-cAMP concentration
consistent with the biological model. At concentrations below 5 nM, equilibrium binding
measurements can be performed, reflected by the fact, that the apparent ECsy value did not
change any further when the ligand concentration was reduced (Figure 3 FP A). The transition
between the titration process and equilibrium binding conditions can also be seen in a change
of the Hill Slope (Hill slope around 1.8 down to concentrations of 5 nM 8Fluo-cAMP and 1.2
for concentrations below 5 nM).

For competitive binding experiments (Figure 3 FP B), protein and fluorescent ligand
concentrations were held constant. From the direct assay (Figure 3 FP A) the best signal to
noise ratio was obtained with 1 nM 8Fluo-cAMP. 5 nM RI monomer, corresponding to 80%
of maximum signal in the direct assay provide a sufficient dynamic range for the competitive
assay. Three PKA specific agonists (6AH-cAMP, 8AHA-cAMP and 2AHA-cAMP) and
unmodified cAMP were tested. The potency of a given analogue is directly related to the
observed ECsy value as shown in Figure 3 FP B. cAMP and 8AHA-cAMP display nearly
identical ECsy values (4 nM and 5.4 nM, respectively), whereas 2AHA-cAMP binds with
lower affinity (27.8 nM). 6AH-cAMP has the highest affinity with an ECs, value of 1.4 nM.

SPR generates high quality binding data in a wide dynamic range

Although surface plasmon resonance (SPR) based biosensors are commonly used to directly
determine the respective association and dissociation rate constants of a given interaction, this
method was expanded here to a solution competition assay format to analyze the relative
binding affinities of several cyclic nucleotide derivatives. Cyclic AMP analogues containing
an aminohexyl-linker either on the 2-, 6- or 8-position of the adenine ring were covalently
immobilised to carboxymethylated dextran surfaces of a CMS5 sensor chip at high ligand
density. A fixed concentration of R subunit was injected over the cAMP surfaces in the
presence or absence of the respective cAMP derivative as a competitor in solution. The
change in SPR signal was monitored in response to various concentrations of a competitor
(figure 4 Biacore B). Since the cAMP ligands were immobilised in very high densities, the
binding of the R subunit becomes mainly mass-transfer limited, reflected in a linear increase

of the binding signal with time.
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Figure 4 SPR Screening of CAMP analogues in a SPR solution competition assay

A. Schematic illustration of a solution competition assay performed on a SPR sensor (Biacore
setup). cAMP analogues (black dots) compete with immobilized cAMP (black dots linked to
surface) for binding to R subunit monomers (dark grey symbol) in the flow phase. Binding is
detected by a change in the SPR readout as described elsewhere (Gesellchen et al., 2005).

B. RI monomer (5 nM) was preincubated with cAMP concentrations ranging from 10 pM to
100 nM and the binding to a high density 8AHA-cAMP sensor surface (3 mM) was followed.
The R subunit was injected for 150 seconds on a Biacore 3000 instrument. 15 seconds after
the end of the injection the binding values were recorded (open circle) and the SPR signal was
plotted against the logarithm of the cAMP concentration (Inset). The curve was fitted
according to a sigmoidal dose response model and an apparent ECs, value was calculated.

C. Apparent ECs values of different analogues displayed as a radar plot. ECsy values ranging
from 10"°-10° M are plotted in a logarithmic scale as indicated. For abbreviations of the
analogues see reagents.

This solution competition approach allows an automated determination of relative affinities
for a whole set of cyclic nucleotides binding to different R subunit isoforms. Here, a set of
selected cyclic nucleotides was analyzed for binding to the RI monomer and apparent ECs

values were determined (figure 4 Biacore B inset) The calculated ECs values are displayed in
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a radar plot according to their relative affinities (figure 4 Biacore C) ranging from
subnanomolar values (8CPT-cAMP: 800 pM) via the nanomolar range (cAMP: 1.7 nM) to
micromolar values (cXMP; 50 uM, not depicted on the plot).

ITC detects biological interactions without any modification of the interaction partners.
Using ITC (isothermal titration calorimetry) the heat released (or absorbed) due to ligand
binding is directly determined yielding information about the interaction stoichiometry (n),
equilibrium binding constant (K,), free energy (AG), enthalpy (AH) and entropy (AS). The
experimental setup of an ITC experiment requires some knowledge concerning the nature of
the molecules of interest and their inherent binding behaviour.

Wisemann et al. (Wiseman et al., 1989) have shown, that the product of the binding constant
(Ka), the stoichiometry (n) and the protein concentration has to be in the range between 1 and
1000, preferably between 10 and 100 when performing an direct ITC experiment. Applying
the information to the PKA model system, where cAMP binds with high affinity to the R
subunit, the optimal protein concentration for the assay has to be rather low (500 pM-
250 nM), which means in turn, that the heat evolved during the reaction at such low protein
concentration is well below the detection limit (data not shown). Therefore less potent
activator of the PKA holoenzyme, cGMP, was used in the experiment shown in figure 5 ITC
Assuming that each RI monomer can bind two molecules cGMP, several different models
were applied to fit the binding isotherm. Only a model with a single set of identical sites
yielded a satisfying fit (Figure 5 ITC B) and a Kp value of 117 nM could be calculated. This
value was in the same range compared to the data derived from SPR measurements (250 nM,
Figure 4 SPR C). Furthermore, based on the Gibbs-Helmholtz equation (AG = AH - TAS),
valuable information about the thermodynamics of the interaction can be obtained with ITC.
The binding of cGMP to RI monomer was found to be highly exothermic, i.e. with an reaction
enthalpy (AH) of -15.4 kcal mol™ and an entropy (AS) of -20 cal mol” K''. This results in a
calculated free enthalpy (AG) of -9.5 kcal mol™.
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Figure 5 ITC Analysis of cGMP binding to Rl monomer employing ITC

A. Titration of RI monomer (5 uM) with 5.1 mM ¢GMP (5 pl injection steps), raw data. The
rate of heat release is plotted as a function of time. Inset: Schematic illustration of an ITC
sample cell filled with R subunit (dark grey symbol) and injected cGMP (black dots). As the
two interacting partners form a complex, the released heat (arrows) is detected. For
simplification the rotating syringe is not pictured.

B. Plot of heat exchange per mole of injectant (integrated areas under the respective peaks in
A) vs. molar ratio of protein after blank subtraction (binding isotherm). The best least squares
fit applying a model where two cGMP per RI monomer are bound (one binding site model)
was performed using the software MicroCal Origin.

cAMP analogues characterization in living cells using BRET?

A genetically encoded sensor was developed to measure PKA subunit dynamics in response
to cAMP binding in intact cells. (Prinz et al., manuscript in preparation). The sensor was
utilized to characterize the effects of cAMP analogues on the PKA holoenzyme complex in a
cellular assay which was adapted to a microplate (96 well) format. Bioluminescence

resonance energy transfer occurs when energy generated by substrate oxidation by Rluc is
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transferred to a GFP? that is in close proximity (1-10nm). The BRET? signal is determined by
measuring the ratio of green (acceptor, 515nm) over blue (donor, 410nm) light. In the PKA
holoenzyme, resonance energy transfer from the luciferase tagged R subunit to the GFP?
tagged C subunit occurs. However, when cAMP or PKA agonists bind to the holoenzyme, the
BRET? signal decreases in response to increasing ligand concentrations inside the cell. Here,
the sensor was used to analyze the efficacy of a membrane permeable PKA agonist, 8Br-
cAMP-AM. In detail, COS-7 cells were seeded in a 96 well microplate and co-transfected
with plasmid DNAs coding for PKA type II sensor. 48 hours after transfection, cells were
washed in D-PBS, and were incubated (15 minutes) with various concentrations of 8Br-
cAMP-AM, ranging from O0to 500 uM. After addition of the luciferase substrate
DeepblueC™, bioluminescence generated by the luciferase as well as GFP*~fluorescence was
quantified using a multi label reader. Figure 6 BRET shows a dose dependent reduction in
BRET” signal in cells expressing PKA type II holoenzyme when treated with up to 500 pM
analogue (maximum stimulation). From these data, a half maximal effective concentration of
about 13 uM for 8Br-cAMP-AM was calculated The AM substitution leads to an increase in
efficacy by two orders of magnitude in comparison to the parent compound 8Br-cAMP,

which has an ECs, value in the millimolar range (about 1.5-2 mM, data not shown).

A

fluorescence

0.1004

0.075+

0.050+

0.0251

BRET?-ratio (515/410 nm)

0.000-
mock 500 50 5 0.5 0.05

8Br-cAMP-AM [uM]

Figure 6 BRET Sensing cAMP in living cells employing BRET?

A. Schematic illustration of bioluminescence resonance energy transfer (BRET?).
Luminescence is generated upon substrate (S) oxidation by Renilla luciferase (Rluc) and
resonance energy is transferred to GFP? in close proximity (1-10nm) causing fluorescence.
The interaction of R subunit (dark grey symbol) and C subunit (light grey symbol) can thus be
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monitored, for details see materials and mehods. The BRET?-signal decreases when the
holoenzyme dissociates in response to rising concentrations of intracellular cAMP or to
addition of cAMP analogues to the cells.

B. Cells co-transfected with GFP-C and R"-Rluc were exposed to increasing concentrations of
the membrane permeable PKA agonist 8Br-cAMP-AM. After addition of the luciferase
substrate DeepBlueC™, light emission of the donor and the acceptor were determined and
BRET? ratios were calculated. Data are means+ S.D. of two independent experimental
setups, performed with n=6 replicates per analogue at each concentration. A control value
(line) was determined with cells co-expressing GFP? and Rluc proteins solely and represents
an average of ten independent experiments.
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DISCUSSION

The classical proteomics approach comprises the differential description of protein expression
patterns using established methods like 2D polyacrylamide gel electrophoresis combined with
mass spectrometry. This strategy was expanded by functional proteomics analyzing the
distinct interaction patterns of intracellular protein assemblies, and by chemical proteomics
trying to construct synthetic entities interfering with previously defined interactions. Recently,
interaction networks have been analyzed across an entire genome using for example the tap
technology (tandem affinity purification (Gavin et al., 2002)) or a genome wide yeast two
hybrid approach (Ho et al., 2002).

Those methods generate a vast amount of binding data and require bioinformatics to
interconnect the molecular complexes and pathways within a cellular network, for example
the database BIND (Bader et al., 2001). However, these data only provide a qualitative
description of a given interaction network. The pharmaceutical industry and biotech research
have a strong interest in quantifying the number and strength of intracellular interactions.
Furthermore, information about post-translational modifications and subcellular localization
have to be included to comprehensively describe cellular networks.

Biological binding events cover a broad range of affinities from low picomolar (e.g.
streptavidin-biotin interaction (Green 1990)) via the nanomolar range for ligand receptor- or
antibody antigen-binding, to the micromolar range for signalling modules like SH3- or SH2-
domains. Considering the extremely high local protein concentration mediated by
compartmentalization, even affinities in the millimolar range may be of physiological
significance. Depending on the situation in the cell, the affinity of a given interaction pair may
vary by several orders of magnitude. The R and C subunits of PKA for example bind with an
affinity of 1 pM in the absence of cAMP which is shifted to 1 uM (factor 10°!) in the presence
of cAMP (Kopperud et al., 2002). Therefore, a high demand for technologies exists capable of
analyzing the complete bandwidth of biological affinities. Biomolecular interaction analysis
(BIA) combines a variety of assay designs trying to generate highly accurate binding data. In
this article established and novel BIA methods are compared side by side using PKA as a
model system. AlphaScreen provides a high throughput capable, homogenous, bead based
assay platform with luminescence readout. FP, another high throughput method, requires
fluorescent labelling of one interaction partner and is used for rapid determination of
equilibrium binding constants. SPR using Biacore instruments was chosen as a highly reliable
method to monitor association and dissociation kinetics separately. The only truly label free

method employed here is ITC generating additional information about the thermodynamics of
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a given interaction. Finally, a cell based assay, BRET?, was used to quantify protein-protein
interaction in response to low molecular weight (LMW) ligands in living cells. Since every
method has certain advantages and inherent drawbacks the following discussion provides a
brief assessment of each technology.

AlphaScreen

AlphaScreen is a robust method for the detection of biological interactions. Because the
measurement is time-resolved and light emission occurs at a higher wavelength than
excitation, the background is very low resulting in a good signal-to-noise ratio. As opposed to
other methods presented here, AlphaScreen is usually not feasible for the determination of
affinity constants, since the concentrations of interaction partners on the surfaces of the beads
can not be controlled very well. On the other hand, high local concentrations of biomolecules
and concurrent avidity effects allow for the detection of low affinity interactions. This results
in a high dynamic range from picomolar to millimolar. The method yields reproducible ECs
values and permits an effective screening of compounds that affect binding. This is also
reflected in the PKA model system tested here (Figure 2 alpha screen), where the relative
potency of a cyclic AMP analogue (Sp8Br-cAMPS) is determined correctly compared to
cAMP (Schaap et al., 1993).

In principle, any type of interaction can be measured with AlphaScreen provided that the
interaction partners can be immobilized to either donor or to acceptor beads. In contrast to
direct coupling of biomolecules to the bead surface one or both interaction partners are
commonly captured on antibody-coated beads. Biotinylation of one interaction partner, that
can subsequently bind to streptavidin coated beads, is another option. One should be aware of
the fact that these indirect methods introduce new equilibria into the interaction, which might
influence the measurement.

FP

Fluorescence polarization (FP) can be used to directly determine ECsy values between
fluorescently tagged molecule and its binding partner ideally with a relative molecular weight
ratio of 1:50 or higher (Burke et al., 2003). Binding can then be monitored simply by reading
the polarization value of the fluorescent molecule after it binds to a larger molecule.
Developing competitive binding assays, which can be used to quantify unlabelled competitors
in solution, is straightforward (Burke et al., 2003).

The PKA model system can be used after chemical modification of cyclic AMP with a
fluorophore. In this study, Fluorescein was attached to the C8 position of the adenine moiety.

Fluorescein is rather big compared to cAMP (cAMP: 329 Da; 8Fluo-cAMP, 816 Da), thus
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adding the fluorophore might significantly affect the interaction with the RI monomer
(33.000 Da). Therefore the binding behaviour of fluorescently labelled cAMP was quantified
in independent assays. Interestingly, employing the direct FP assay, our results indicate that
attaching a fluorophore at the C8 position does not affect the binding affinity to the RI
monomer (ECso 1.7 nM). This was verified by *H-cAMP binding assays (D. Moll, N. C. G.
Burghardt, unpublished results, 1.1 nM) and by SPR experiments (see Figure 4 Biacore C,
1.7 nM). Furthermore, based on a phosphotransferase activity assay (Cook et al., 1982), the
activation constant of the PKA holoenzyme was not altered (D. Moll, unpublished results).
Full length R' and R" subunits of PKA purified from bovine skeletal muscle and heart,
respectively, confirmed that 8Fluo-cAMP and cAMP bind comparably well (Mucignat-
Caretta and Caretta 1997).

ECs values for the analogues 2AHA-cAMP and 6AH-cAMP are in perfect agreement with
the SPR competition results (2AHA-cAMP: SPR 33 nM, FP 27.8 nM; 6AH-cAMP: 1.4 nM
for both SPR and FP (Figure 4 Biacore C & Figure 3 FP B)). SAHA-cAMP and cAMP show
similar affinities in both assays with slightly higher ECsy values generated with FP (cAMP:
SPR 1.7 nM, FP 4 nM; 8AHA-cAMP: SPR 1.5 nM, FP 5.4 nM; Figure 4 Biacore C & Figure
3 FP B).

FP assays have been developed for nearly all major classes of drug targets, including GPCR's
(G-Protein coupled receptors), kinases, phosphatases, proteases and nuclear receptors. (Burke
et al., 2003).

SPR

SPR measurements have been utilized in the drug development process and can also be used
in functional proteomics in order to kinetically characterize binding events within cellular
interaction networks. Typical applications are target characterization and validation of pre-
selected binder in secondary screens. Furthermore, lead optimization, QSAR (quantitative
structure activity relationship) and early ADME studies (adsorption, distribution, metabolism,
excretion) can be performed. Employing SPR almost every biomolecular interaction can be
measured. In a Biacore system not only equilibrium binding data but also rate constants for
the association and dissociation can be determined allowing the characterization of a wide

range of affinities with high reproducibility, high sensitivity and low sample consumption.

Potential limitations of SPR biosensors lie in the detection principle: a mass change close to
the sensor surface is converted into an optical signal, meaning that a small mass increase
results in an accordingly small signal. Consequently the immobilization of the low molecular

weight interaction partner appears to be favourable. Immobilization of small ligands,
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however, often requires their derivatization which may affect the functionality of a given

ligand.

A general problem of solid phase assays is a reduction in degrees of freedom upon

immobilization, which can severely influence or even prevent binding due to steric hindrance.

Although SPR based biosensors are commonly used in the direct assay format, alternatively
the binding of low molecular weight substances can be assessed in solution or surface
competition assays as shown here also for AlphaScreen and FP. In the solution competition
setup, the competitor molecule interferes with the binding of the analyte to the immobilized
ligand, where in the surface competition experiment the molecule of interest competes with
the analyte for the same binding site. In work presented here, the relative binding affinities
(ECso values Figure 4 Biacore C) of several cyclic nucleotide derivatives containing different
functional modifications were tested in form of a solution competition assay. This also
avoided problems arising from steric hindrance and from mass transfer limitations (Glaser
1993). With this approach it was possible to cover affinities of several orders of magnitude.
Still, depending on the position where the cyclic nucleotide was immobilized to the sensor
surface, steric effects had to be considered. However, control experiments demonstrated that
immobilizing cyclic AMP via aminohexyl linkers at the two, six or eight position of the
adenine ring did not influence the ECs, values (data not shown).

ITC

Isothermal titration calorimetry (ITC) has been applied to a variety of biochemical
interactions. In contrast to all techniques discussed so far no chemical modification of the
target molecule is needed for immobilization or labelling. Besides equilibrium binding data
ITC delivers thermodynamic parameters such as enthalpy (AH), entropy (AS) and the
stoichiometry (n). However ITC may require rather large amounts of the interaction partners
especially of the molecule in the syringe, which is usually used in 7en-fold molar excess. The
interaction between RI monomer and the natural effector cGMP was shown to be highly
exothermic. This allowed to measure cGMP / R subunit interaction at relatively low protein
concentration using less than 6 pM RI monomer.

(Gorshkova et al., 1995; Lin and Lee 2002) could demonstrate that cGMP binding to the two
nucleotide binding sites in the E. coli catabolite activator protein (CAP) is also exothermic
(AH=-1.7, -2,7 kcal mol™"), however, 10-fold less compare to RI monomer (AH = -
15.4 keal mol™). Accordingly a much higher concentration of CAP protein (50-400 pM) was
required for ITC experiments. Interestingly the cGMP binding to CAP is entropically
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favoured with a positive around AS = +13 kcal mol™! K! (Gorshkova et al., 1995; Lin and Lee
2002) in contrast to cGMP binding to RI monomer with an unfavourable negative AS = -
20.8 keal mol™ K.

BRET?

With the use of GFP as well as luciferases from several organisms as genetically encoded
sensors in living cells, two main resonance energy based methods (FRET and BRET) for the
investigation of protein-protein interactions have emerged. For a detailed comparison refer to
(Boute et al., 2002; Xu et al., 2003). In contrast to the traditional yeast two hybrid assay,
where protein-protein interactions are commonly performed in the nucleus, FRET and BRET
based biomolecular interactions can be monitored in defined sub-cellular compartments. In
our study we chose a BRET? based reporter system to quantify holoenzyme dissociation in
vivo, because BRET? represents a ratiometric assay. BRET” can be used with a defined
population of cells as well as in cell lysates (not shown). Compounds influencing holoenzyme
formation were investigated and tested for efficacy and bioavailability, complementing
established in vitro assays. With this BRET? reporter system, we here investigated the effect
of the membrane permeable agonist 8Br-cAMP-AM on intracellular PKA type II
holoenzyme, which results in a dose dependent BRET? signal reduction following the
dissociation of the holoenzyme. 8Br-cAMP-AM is far more potent (about 50 times) compared
to its parent compound 8Br-cAMP (data not shown), with an ECsy value of 13 pM (Figure 6
BRET). The data are in good agreement with earlier results testing the potency of
acetoxymethyl esters of Bt,-cAMP using physiological tests and microinjected PKA type 11
FRET sensors (Schultz et al., 1993). ECsy data in the same range were reported in anti-
proliferative studies with several acetoxymethylesters of cAMP (Bartsch et al., 2003) and in
studies on the anti-apoptotic properties of 8Br-cAMP-AM in neutrophils challenged with
TNF-a (Krakstad et al., 2004).

BRET based assays can be easily upgraded to medium high throughput format under
standardized conditions. With the development of novel microscopic and imaging techniques,
resonance energy based methods could be useful for mapping signalling events in cells and

even living organisms (Tsien 2003).
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