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Abstract

We have investigated the thermodynamic parameters
and binding of a regulatory subunit of cAMP-dependent
protein kinase (PKA) to its natural low-molecular-weight
ligand, cAMP, and analogues thereof. For analysis of this
model system, we compared side-by-side isothermal
titration calorimetry (ITC) with surface plasmon reso-
nance (SPR). Both ITC and SPR analyses revealed that
binding of the protein to cAMP or its analogues was
enthalpically driven and characterised by similar free
energy values (DGs-9.4 to -10.7 kcal mol-1) for all inter-
actions. Despite the similar affinities, binding of the cyclic
nucleotides used here was characterised by significant
differences in the contribution of entropy (-TDS) and
enthalpy (DH) to DG. The comparison of ITC and SPR
data for one cAMP analogue further revealed deviations
caused by the method. These equilibrium parameters
could be complemented by thermodynamic data of the
transition state (DH/, DG/, DS/) for both association
and dissociation measured by SPR. This direct compar-
ison of ITC and SPR highlights method-specific advan-
tages and drawbacks for thermodynamic analyses of
protein/ligand interactions.

Keywords: cAMP-dependent protein kinase; isothermal
titration calorimetry; protein-ligand interaction; surface
plasmon resonance.

Introduction

cAMP-dependent protein kinase (PKA) represents a par-
adigm for the whole protein kinase family (Manning et al.,
2002). In its inactive state, PKA consists of two dimeric
regulatory (R) subunits and two catalytic (C) subunits.
Activation of PKA occurs upon binding of the second
messenger cAMP to the two highly conserved cyclic
nucleotide-binding domains of the R subunit (Berman
et al., 2005; see Figure 1). The binding of cAMP is a key
event in signal transduction regulated by PKA. The low-
molecular-weight ligand cAMP and analogues thereof are
the point of action of drugs against diseases in which
PKA involvement has been shown, such as breast cancer

(Stratakis and Cho-Chung, 2002) and human immuno-
deficiency caused by HIV (Aandahl et al., 1998; Rah-
mouni et al., 2001). The Carney complex disease (CNC)
(Stergiopoulos and Stratakis, 2003) and polycystic ovary
syndrome (PCOS) (Ek et al., 2002) are PKA-related dis-
eases and are also prospective fields for drug develop-
ment.

PKA is among the best-characterised protein kinases
and thus serves as a prototype of this important family
of enzymes. Several high resolution crystal structures are
available for monomeric R subunits with (Su et al., 1995)
and without (Wu et al., 2004a) cAMP, or analogues there-
of (Wu et al., 2004b). Recently, the structure of a trun-
cated R subunit in complex with the C subunit of PKA
was also obtained (Kim et al., 2005). These structures are
complemented by a vast set of equilibrium data from
kinetic studies, describing the binding of cAMP ana-
logues to the regulatory subunit (Schwede et al., 2000a).
A combination of structural and kinetic data can lay the
basis for the rational design of new cAMP analogues in
drug development (Schwede et al., 2000b). Despite sub-
stantial progress in this field, it is unknown why PKA
antagonists work under certain conditions or how they
could be optimised for improved efficacy. This gap could
be filled by determining missing thermodynamic inform-
ation, which could provide an insight into the structure-
function relationship and thus yield valuable information
on affinity and the mechanism of action.

The thermodynamic parameters DG (free energy), DH
(enthalpy) and DS (entropy) are related to each other and
to the equilibrium binding constant (Kd) according to:

DG8sDH8–TDS8sRTlnK , (1)d

where T is the absolute temperature and R is the univer-
sal gas constant.

Direct measurements of thermodynamic parameters
are usually carried out by isothermal titration calorimetry
(ITC), a method that directly detects the heat generated
or absorbed during the binding event. Since only a small
subset of interactions take place athermally, i.e., without
heat changes, ITC is considered a universal method. This
homogeneous assay has no molecular weight limitations
and is also absolutely label-free; however, it requires a
substantial amount of the interaction partners.

An alternative approach is the indirect determination of
thermodynamic data from kinetic measurement of asso-
ciation and dissociation. Usually, individual experiments
require a smaller number of binding partners than ITC.
However, experiments need to be carried out at variable
temperatures, which is eventually time-consuming and
costly in terms of materials. Surface plasmon resonance
(SPR) can be used to determine highly accurate kinetic
rate constants. However, under certain circumstances,
apparent rate constants may not reflect the biological
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Figure 1 Wireframe representation of one of the two evolutionarily highly conserved cyclic nucleotide binding domains of the
regulatory subunit of PKA (bRIa 113–260; PDB no. 1RGS) with bound cAMP.
The Figure was created using standard settings in VMD 1.8.4.

Figure 2 Structural formula of the cyclic nucleotides used in
this study.
(A) The natural PKA ligand cAMP. (B) 6-AH-cAMP featuring an
aminohexyl linker at the exocyclic amino group (N6) of cAMP.
(C) 8-AHA-cAMP with an (6-aminohexyl)amino linker at C8 of
cAMP.

system correctly due to the immobilisation process itself,
mass transfer limitations or rebinding effects (Herberg
and Zimmermann, 1999).

Here, we compare the suitability of ITC and SPR for
the determination of thermodynamic parameters. As a
model system, we used the well-studied interaction of
two cAMP analogues to a truncated R subunit of PKA.

Results

To determine thermodynamic parameters from SPR data,
we used the cAMP binding domain A of the bovine R
subunit Ia of PKA (bRIa 92–260), which still retains the
ability to interact with the C subunit (Ringheim and Taylor,
1990). Compared to the full-length, multi-domain PKA R
subunit with four cAMP binding sites, data analysis for
this construct is greatly facilitated, because a 1:1 stoi-
chiometry is expected for R subunit/cAMP binding (Ring-
heim and Taylor, 1990). This construct was previously
used to elucidate the activation mechanism of PKA (Hah-
nefeld et al., 2005) and is kinetically (Ringheim and Taylor,
1990) and structurally (Anand et al., 2003; Kim et al.,
2005) well characterised. In this study, we used the phys-
iological ligand cAMP and two of its analogues, 6-AH-
cAMP and 8-AHA-cAMP (Figure 2). Equilibrium data for
8-AHA-cAMP binding to PKA R subunit are identical to
those for cAMP (Ogreid et al., 1989; Schwede et al.,
2000a), while 6-AH-cAMP binding is slightly stronger
(Moll et al., 2006). Both analogues can be coupled to
sensor surfaces via the primary amino group of their link-
er, thus allowing for solid-phase analyses (Hahnefeld
et al., 2004; Gesellchen et al., 2005), and can also be
used in homogeneous assay formats such as ITC.

ITC, the classical tool for thermodynamic analysis

We used ITC (Wiseman et al., 1989) to directly determine
the thermodynamic parameters (DG, DH and DS) of the

interaction of the PKA R subunit with cAMP (and ana-
logues thereof). In these experiments, aliquots of the low-
molecular-weight binding partner were injected into a
concentrated protein solution of bRIa 92–260 in the cal-
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Table 1 Equilibrium thermodynamic constants measured by
ITC.

Ligand Kd
a DGa DH DS

(nM) (kcal mol-1) (kcal mol-1) (cal mol-1

K-1)

cAMP 38"6 -10.0"0.1 -14.8"0.3 -16"1
6-AH-cAMP 10"1 -10.7"0.1 -16.3"0.1 -19"1
8-AHA-cAMP 46"15 -9.9"0.2 -12.6"0.5 -11"1
a Determined at 293 K.

Figure 3 Binding isotherms derived from isothermal titration calorimetry (ITC) for the interaction of the bovine PKA R subunit bRIa
92–260 and the three nucleotides.
In each series, the ligand was injected at 293 K into 10 mM protein, dialysed against buffer A supplemented with 1 mM b-mercap-
toethanol. Ligands were dissolved in dialysis buffer to minimise differences in buffer composition. For each analogue, the heat released
upon each injection (dq/dt) was measured as a function of time (upper panels). Integrated areas under the injection peaks were
plotted as heat exchange per mol of injectant wDQ(i)x relative to the molar ratio of protein to ligand (lower panels). Curves in the lower
panels were derived from best least-square fit analysis, applying a model with one binding site (performed with MicroCal Origin
software). Thermodynamic data derived from these analyses are summarised in Table 1. (A) Injection of 5-ml aliquots of 271 mM

cAMP. (B,C) Injection of 10-ml aliquots of 140 mM 6-AH-cAMP and 8-AHA-cAMP, respectively.

orimeter sample cell. Upon each injection, accompanying
heat changes were measured as a function of time.
Detailed descriptions of the method and background can
be found in Ladbury and Chowdhry (1996). Titration of
each of the three ligands to the protein resulted in exo-
thermic binding (Figure 3, upper panels). Areas under the
injection peaks were integrated, corrected for dilution
and plotted versus the protein/nucleotide molar ratio
(Figure 3, lower panels). We fitted the data to a ‘one set
of sides’ model using MicroCal Origin software. These
calculated curves describe the experimental data very
well, as shown by the fits in the lower panels of Figure
3. Using data from heat measurements (corresponding
to DH) and Kd from the fits, DG and DS were calculated
according to Eq. (1). The resulting thermodynamic para-
meters for the interaction of each of the ligands with bRIa
92–260 are summarised in Table 1.

The interaction of unmodified cAMP with this PKA R
subunit is dominated by enthalpic contributions (DHs
-14.8"0.3 kcal mol-1). An opposite entropic term reduces
the free energy DG to -10.0"0.1 kcal mol-1, which cor-
responds to Kd of 38"6 nM.

The analogue 6-AH-cAMP (DGs-10.7"0.1 kcal mol-1)
binding to the PKA R subunit is slightly stronger than for
cAMP. However, this small difference in affinity is made
up of considerably stronger but opposite changes in the
contribution of enthalpy and entropy, which largely com-
pensate one another (Table 1). Binding affinities of 8-
AHA-cAMP (DGs-9.9"0.2 kcal mol-1) and cAMP (DGs
-10.0"0.1 kcal mol-1) to the R subunit were the same
within the error of the measurement. Again, these iden-
tical DG values were associated with significant differ-
ences in the contribution of entropy and enthalpy. For
8-AHA-cAMP binding, both DH and DS were reduced by

the same amount compared to cAMP, which results in
identical DG values for both ligands (Table 1).

Thus, all three nucleotides bind to the PKA R subunit
in an enthalpically driven way. ITC allows the enthalpy
and entropy contributions to the affinities to be distin-
guished, revealing significant differences in the binding
mode of protein/ligand interactions.

Determination of kinetic data from SPR

Binding affinities can be determined using SPR analyses
from real-time kinetic data (Karlsson and Falt, 1997). This
widely applied method allows separate determination of
association and dissociation rate constants (kass and kdiss),
from which the equilibrium dissociation constant (Kd) for
a given interaction can be calculated (Karlsson and Falt,
1997). For fully automated determination of kinetic rate
constants, we used a Biacore T100 system. From these
kinetic data, thermodynamic parameters for the equilib-
rium and the transition state can be calculated from a
single experimental set-up.

SPR is used to detect mass changes upon complex
formation; thus, the smaller of the interaction partners is
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frequently immobilised on the sensor chip surface to
improve the signal/noise ratio. Injection of the smaller
binding partner, i.e., cAMP, onto the immobilised protein
results in weak binding signals due to the small mass
difference. Furthermore, for strong binding events such
as PKA to cyclic nucleotides, regeneration of coupled
protein on the chip surface is difficult.

Using NHS/EDC chemistry (Johnsson et al., 1991), we
covalently coupled the cyclic nucleotide analogues 6-
AH-cAMP and 8-AHA-cAMP via the primary amino group
of their linker to the sensor chip surface and determined
binding of the PKA R subunit. This set-up is not suitable
for investigating interactions of PKA and unmodified
cAMP, because coupling the (primary) amino group at C6
of cAMP does not result in functional surfaces (Zimmer-
mann and Herberg, unpublished observation).

Kinetic data for interaction of the PKA R subunit with
6-AH-cAMP and 8-AHA-cAMP were recorded at seven
temperatures, covering a range of 32 K (Figure 4). In
these experiments, 2.5–640 nM of the PKA R subunit was
injected for 180 s onto the immobilised ligand and
changes in the SPR signal were measured in response
units (RU). After this association phase, injection of buffer
for a further 180 s allowed monitoring of dissociation by
the same principle. Figure 4 shows the SPR signals
detected for the different protein concentrations in red,
and fits (see below) as dotted black lines. For both ana-
logues, an increase in temperature led to faster associ-
ation and dissociation rates. A Langmuir 1:1 binding
model (Langmuir, 1916, 1918; reviewed in Hahnefeld et
al., 2004) was applied to extract kass and kdiss values for
each temperature and analogue used. The resulting fits
describe the experimental data very well and were plot-
ted in Figure 4 as dotted black lines using the Biacore
T100 Evaluation Software.

Calculation of equilibrium thermodynamic
parameters from kinetic data

The equilibrium dissociation constants (Kd) were deter-
mined as the ratio of kdiss and kass (derived in Figure 4). In
the temperature range studied here (5–378C), the Kd for
binding of the PKA R subunit to both ligands increased
nearly ten-fold, from 14 to 120 nM for 6-AH-cAMP and
from 35 to 290 nM for 8-AHA-cAMP. This is consistent
with a lower equilibrium binding signal at higher temper-
atures (Figure 4).

The Kd values equivalent to equilibrium DG were used
to determine equilibrium DH and DS according to Eq. (1),
rearranged for use in van’t Hoff plots:

DH 1 DS
lnK s - . (2)d R T R

For both cAMP analogues, the van’t Hoff plots (lnKd vs.
1/T) are linear (r2)0.99), indicating that equilibrium
enthalpy and entropy do not vary significantly in the tem-
perature range studied (Figure 5).

The equilibrium thermodynamic parameters deter-
mined with the Biacore T100 system for the two different
cAMP analogues are very similar (Table 2). Compared to
data from ITC experiments (Table 1), binding of either
cAMP analogue to the PKA R subunit seems to be slight-

ly weaker. Both methods, however, indicate that 6-AH-
cAMP is the stronger binder. Overall, the thermodynamic
values (DG, DH and DS) for the interaction of 8-AHA-
cAMP determined with ITC and SPR are in very good
agreement. For 6-AH-cAMP, however, the two methods
reveal differences, which might be due to the coupling
requirement in SPR measurements (see the discussion
section).

Transition-state thermodynamic parameters

From kass determined at different temperatures, the ther-
modynamic parameters of transition-state formation for
association of the ligand and protein can be calculated
according to the Eyring equation:

/ /k DH 1 k DSass ass B assln s- qln q , (3)
T R T h R

where T is the absolute temperature, kass is the associa-
tion rate constant for the activated complex determined
at temperature T, kB is the Boltzmann constant and h is
the Planck constant. For kdiss, equivalent calculations
reveal the thermodynamic parameters for the transition
during the reverse reaction (Figure 6A). In Eyring plots
(lnk/T vs. 1/T), we used the kinetic rate constants for
each cAMP analogue to obtain these sets of thermody-
namic parameters (Figure 6B,C). Between 58C and 308C,
these plots result in straight lines (r2)0.98), which indi-
cates that the heat capacity is temperature-independent
over this range. Inclusion of the 378C measurements
decreased the linearity of the Eyring plots significantly.
Therefore, we only used data from the linear range of the
Eyring plots to extract transition-state data. Enthalpies
(DHass

/ and DHdiss
/ ) were determined from the slope and

entropies (DSass
/ and DSdiss

/ ) from the intercept with the y-
axis (Table 3) using the Biacore T100 Evaluation software.

The free energy of the transition states (DGass
/ and

DGdiss
/ ) was determined according to Eq. (1) (Table 3). For-

mation of the association transition states shows nearly
identical thermodynamic parameters for both cAMP ana-
logues, and the same holds for dissociation. This indi-
cates that the binding and unbinding processes of the
ligands and the PKA R subunit proceed in a similar man-
ner. Thus, the position at which the two cAMP analogues
are coupled to the sensor surface (Figure 2) does not
seem to influence protein binding in SPR measurements.

Discussion

The development of therapeutic substances has been
strongly advanced by rational drug design, which
involves achieving full understanding of a given biomo-
lecular interaction by combining structural, kinetic and
thermodynamic information (Doyle et al., 1996; Noble et
al., 2004; Holdgate and Ward, 2005; Whitesides and
Krishnamurthy, 2006). As pointed out by Ladbury (2004),
the availability of thermodynamic data adds important
information to the decision-making process in drug
development. In particular, when compounds have simi-
lar affinities, their enthalpy (DH) values can be used to
select one as the preferred lead compound for optimi-
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Figure 4 Surface plasmon resonance (SPR) analysis of the interaction of the bovine PKA R subunit bRIa 92–260 and two cAMP
analogues at different temperatures using a Biacore T100 system.
6-AH-cAMP (A) or 8-AHA-cAMP (B) was immobilised on separate sensor surfaces using standard amine coupling chemistry. The
PKA R subunit was diluted in buffer A supplemented with 0.005% (v/v) surfactant P20, which was also used as running buffer. SPR
signals in response units (RU) were detected for association (0–180 s) and dissociation (180–360 s) of bRIa 92–260 at the temperature
indicated in each sensorgram. Each graph shows kinetic data for serial injections of eight protein concentrations, with data for the
lowest (2.5 nM) to the highest (640 nM) protein concentration displayed from bottom to top. Applying a Langmuir 1:1 binding model,
the signals detected (red) were fitted (black dotted lines) and rate constants for association (kass) and dissociation (kdiss) were obtained
by global fit analysis. The resulting kinetic equilibrium data are summarised in Table 2.
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Figure 5 Equilibrium thermodynamic data analysis using the
Biacore T100 system.
Equilibrium constants determined from kass and kdiss are plotted
as ln(Kd) against the reciprocal absolute temperature (van’t Hoff
plot) for 6-AH-cAMP (A) and 8-AHA-cAMP (B). Equilibrium
thermodynamic data derived from SPR analysis are shown in
Table 2.

Table 2 Equilibrium thermodynamic constants measured on
the Biacore T100 system.

Ligand Kd
a DGa DH DS

(nM) (kcal mol-1) (kcal mol-1) (cal mol-1

K-1)

6-AH-cAMP 38"5 -9.9"0.1 -11.9"0.1 -7"1
8-AHA-cAMP 110"21 -9.4"0.1 -12.2"0.4 -10"2
a Determined at 293 K.

Figure 6 Transition state thermodynamics.
(A) Schematic energy diagram of a transition state. During asso-
ciation, the protein (P) and ligand (L) form an activated complex
wP-Lx/. The energy of this transition state is elevated by DEass

/, in
which DE can be DG, DH or -TDS. wP-Lx/ changes into the prod-
uct PL. The energy level of PL is reduced by DEass

/ compared to
the transition state. DEdiss

/ also represents the activation energy
barrier of the dissociation reaction. The difference in energy lev-
els for PL and PqL, the equilibrium thermodynamic data, is the
difference between DEass

/ and DEdiss
/ . For both, association and

dissociation rate constants, calculated ln(k/T) values are plotted
as a function of the reciprocal absolute temperature (Eyring plot)
for 6-AH-cAMP (B) and 8-AHA-cAMP (C). The resulting ther-
modynamic transition-state data are summarised in Table 3. (D)
Energy profiles of the interactions of 6-AH-cAMP (black) and 8-
AHA-cAMP with the regulatory PKA subunit bRIa 92–260. Each
energy term is depicted according to (A).

sation. A favourable DH term implies better complemen-
tarity of the binding interfaces, because enthalpy
corresponds to the energy associated with the net
change in non-covalent bonds (Ladbury, 2004). Ther-
modynamic data also open the way for the design of
more potent and selective inhibitors (Yin et al., 2006).
This is exemplified by the development of second-gen-
eration HIV protease inhibitors (Ohtaka et al., 2002).

Potential biomedical applications of cAMP analogues
in PKA-related research fostered the study of cyclic
nucleotide binding and resulted in the synthesis of hun-
dreds of cyclic nucleotides since the 1960s (Schwede et
al., 2000b). This led to an overwhelming amount of bind-
ing data for PKA, subunits thereof and their interaction
partners. In this study, we started to analyse thermody-
namic aspects of the cyclic nucleotide/PKA interaction.
To this end, we compared two independent methods for
the determination of thermodynamic data for the inter-
action of a PKA R subunit and analogues of its natural
binding partner cAMP. ITC is the standard method for
thermodynamic analysis and directly records the heat
changes during an interaction. This yielded equilibrium
thermodynamic data (DH, free energy DG and entropy
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Table 3 Transition state thermodynamic constants measured on the Biacore T100 system.

Ligand DG/
ass

a DH/
ass DS/

ass DG/
diss

a DH/
diss DS/

diss

(kcal mol-1) (kcal mol-1) (cal mol-1 K-1) (kcal mol-1) (kcal mol-1) (cal mol-1 K-1)

6-AH-cAMP 9.1"0.1 6.6"0.1 -8"1 19.0"0.1 18.2"0.2 -3"1
8-AHA-cAMP 9.4"0.1 6.3"0.6 -11"3 18.8"0.1 18.0"1.0 -3"1.5
aDetermined at 293 K.

Figure 7 Comparison of thermodynamic equilibrium parame-
ters obtained by ITC and SPR.
Data are summarised for the interaction of the regulatory PKA
subunit bRIa 92–260 with cAMP and the two analogues 6-AH-
cAMP and 8-AHA-cAMP. All energy terms are shown in kcal
mol-1 with free energy (DG) in white and its enthalpic (DH) and
entropic (-TDS) contributions in hatched and black columns,
respectively. The affinity (DG) of either analogue for the protein
is similar according to both methods, but slightly reduced in the
SPR measurements. Note, however, the different entropic and
enthalpic contributions to DG for 6-AH-cAMP, but not for 8-AHA-
cAMP, when comparing ITC and SPR measurements.

DS) for the interactions (Table 1), which also were
obtained indirectly using kinetic analyses based on SPR
(Table 2). ITC analysis showed affinity between the
bovine PKA R subunit RIa 92–260 and cAMP (Kds38"
6 nM) that is in good agreement with data from compe-
tition experiments (Hahnefeld et al., 2005). The interac-
tion is exothermic and only enthalpically driven. For
unmodified cAMP, thermodynamic data cannot be
obtained from SPR measurements (see results). It there-
fore was important to investigate an analogue of cAMP,
8-AHA-cAMP (Figure 2), known to have similar affinity for
the PKA regulatory subunit that could also be immobilis-
ed for SPR analysis (Moll et al., 2006). Indeed, in ITC
experiments, the Kd for 8-AHA-cAMP was identical to
that for cAMP (Table 1). Although the DG value for 8-
AHA-cAMP was slightly lower in the SPR analysis, the
contributions of DH and -TDS to the free energy were the
same as observed by ITC. This implies that coupling to
the sensor surface does not change the way in which the
protein interacts with 8-AHA-cAMP (Figure 7).

The ITC data for cAMP and 8-AHA-cAMP presented
here reveal that, although the binding strength was iden-

tical, surprisingly, the enthalpic and entropic contribu-
tions to the DG values were not. This indicates that the
mode of protein binding to the two ligands differs, al-
though they display identical affinities (Figure 7).

Binding of 6-AH-cAMP to the PKA R subunit was
stronger than for cAMP, as determined by both methods
(Tables 1 and 2), as was previously observed by fluores-
cence polarisation and SPR using another protein con-
struct of the PKA R subunit (Moll et al., 2006). Similarly
to 8-AHA-cAMP, the binding strength of 6-AH-cAMP in
SPR measurements was slightly lower compared to the
ITC data (Figure 7). Unlike 8-AHA-cAMP, however, com-
parison of data from the two methods for 6-AH-cAMP
showed significant differences ()4 kcal mol-1) in the con-
tribution of DH and -TDS to DG. This can most probably
be attributed to the immobilisation of 6-AH-cAMP in SPR
experiments. The protein binding mode may be influ-
enced by the position at which the nucleobase is immo-
bilised to the sensor surface. This may cause differences
in the degrees of freedom of the individual analogues
(Figure 2). Furthermore, the crystal structure (Figure 1) of
the R subunit in complex with cAMP suggests different
accessibility of the 8 and 6 positions. Alternatively, these
data could also be explained by intrinsic differences
between the two methods concerning the observable
binding event: ITC experiments directly monitor heat
changes for all components of the system during the
reaction. SPR, on the other hand, indirectly yields ther-
modynamic parameters by detecting mass changes that
occur upon binding at different temperatures. If substan-
tial rearrangements of water molecules occur during
binding, this event may not be detectable in equilibrium
thermodynamic data derived from SPR measurements
(Zeder-Lutz et al., 1997).

Comparison of ITC data for the three cyclic nucleotides
indicates that enthalpy-entropy compensations lead to
the binding affinities observed. Entropically driven reac-
tions are often associated with hydrophobic interactions,
conformational changes and/or water and ion release.
Reactions involving the formation of hydrogen bonds
and/or protonation steps, on the other hand, are fre-
quently driven by enthalpic contributions to DG (Feng et
al., 2004). Possibly, the differences observed in enthalpy
and entropy contributions of the analogues compared to
cAMP are caused by the position of their linker. Com-
pared to cAMP, a linker at position N6 would seem to
cause more changes in the binding process, while a link-
er at C8 would reduce the changes required. In addition,
large covalent modifications at position C8 do not weak-
en binding affinities (Zimmermann and Herberg, unpub-
lished observation).

The energy profiles of the transition state, which only
could be obtained by SPR and not by ITC measure-
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ments, indicate that the protein binds rather similarly to
both immobilised nucleotides (Figure 6D). Differences
observed in the entropy term for the two transition states
are within the error of the measurement. Thus, the same
thermodynamic parameters drive complex formation of
the PKA R subunit with 6-AH-cAMP and 8-AHA-cAMP.

The results of our SPR and ITC analyses allow a com-
parison of the methods. Equilibrium thermodynamic data
of similar quality can be obtained using either experi-
mental set-up. A drawback of ITC is its notorious material
consumption, which requires the availability of large
quantities of recombinant protein that is soluble at high
concentrations. Suitable affinities for ITC measurements
are in the nano- to millimolar range (Wiseman et al., 1989;
Holdgate, 2001). For in-depth characterisation of previ-
ously identified interaction partners, however, ITC offers
advantages as a homogeneous method. Both interaction
partners can be used in their native state and do not
need to be immobilised or modified with a label. ITC
allows the determination of changes in the thermody-
namic parameters of all system components by direct
measurement of heat changes. A further advantage is
that it is not limited by the size of the interaction partners,
even allowing for the determination of metal-ion binding
(Hammann et al., 2001).

Compared to ITC, protein consumption was reduced
10-fold in SPR measurements. Furthermore, sensor
chips can be re-used several times. In this solid phase
set-up, thermodynamic data are determined indirectly
and immobilisation of one of the binding partners is
required. Our data, particularly for 6-AH-cAMP, indicated
that this can interfere with the binding. Thermodynamic
SPR measurements only reflect the binding event itself,
which might reduce the complexity of the system, but
also limits the information content of data. Thermody-
namic data can only be obtained from SPR analyses for
the temperature range in which DH is constant, i.e., the
heat capacity of the interaction is constant. Separate
determination of thermodynamic contributions to DG by
association and dissociation, however, allows an insight
into the transition state parameters that cannot be inves-
tigated by ITC.

In summary, this parallel analysis using ITC and SPR
highlights method-specific advantages and drawbacks.
This first thermodynamic investigation of the binding of
cAMP and two of its analogues to their main target, PKA,
might advance analogue design. In this iterative process,
SPR would seem to be more suitable for high-throughput
screening, while ITC would be more advantageous for
analysis of a specific interaction.

Materials and methods

Materials

The synthetic peptide substrate Kemptide (LRRASLG) was
purchased from Biosyntan GmbH (Berlin, Germany). ATP and
NADH were obtained from Biomol GmbH (Hamburg, Germany).
cAMP (adenosine-39,59-cyclic monophosphate), 8-AHA-cAMP
w8-(6-aminohexyl)aminoadenosine-39,59-cyclic monophosphatex,
6-AH-cAMP wN6-(6-aminohexyl)adenosine-39,59-cyclic mono-
phosphatex and 6-AH-cAMP agarose were obtained from Biolog

Life Science Institute (Bremen, Germany). Fine chemicals
(research grade) were purchased from Roth (Karlsruhe, Germa-
ny) or from Sigma (Deisenhofen, Germany). CM5 sensor chips
(research grade), NHS (N-hydroxysuccinimide), EDC wN-ethyl-N9-
(dimethylaminopropyl)-carbodiimidex, ethanolamine-HCl, and
surfactant P20 were obtained from Biacore AB (Uppsala,
Sweden).

Protein expression and purification

The cDNA for the expression of recombinant bovine RIa 92–260
was a kind gift from Prof. S.S. Taylor, University of California,
San Diego, USA. Bovine RIa 92–260 was overexpressed in E.
coli BL21 (DE3) RIL. For SPR measurements, the protein was
purified as previously described (Hahnefeld et al., 2005). For ITC
measurements, completely nucleotide-free R subunit was
obtained. For this purpose, protein was eluted from 6-AH-cAMP
agarose with 8 M urea, 20 mM MOPS (pH 7.0) at room temper-
ature. The protein was extensively dialysed against 150 mM

NaCl, 20 mM MOPS, 10 mM MgCl2, 1 mM ATP, pH 7.0 (buffer A).
The purity of the R subunit was confirmed by SDS-PAGE
(Laemmli, 1970) and the biological activity of the protein was
verified using the phosphotransferase assay with the peptide
Kemptide (LRRASLG) as a substrate, as previously described
(Cook et al., 1982). Protein concentration was measured by col-
orimetric assay using BSA as a standard (Bradford, 1976).

ITC analysis

The interaction between the R subunit and cAMP, 8-AHA-cAMP
or 6-AH-cAMP was analysed in buffer A supplemented with
1 mM b-mercaptoethanol using a VP-ITC microcalorimeter
(MicroCal LLC, Northampton, MA, USA). The R subunit (10 mM)
was equilibrated in the 1.4-ml sample cell at 20.08C. The nucle-
otide concentration in the syringe was 271 mM (cAMP) or
140 mM (analogues). To ensure that the nucleotide concentration
was at its loading value, two injections (1 ml each) were per-
formed before the actual titration experiment (Mizoue and Tel-
linghuisen, 2004). Nucleotide was injected (cAMP, 5 ml; 6-AH-
cAMP and 8-AHA-cAMP, 10 ml) into the pre-equilibrated PKA R
subunit and heat changes were recorded. After the heat signal
had returned to baseline level (approx. 4 min), a new injection
was started. To minimise artefacts, nucleotides were dissolved
in the dialysis buffer used for protein purification. For blank sub-
tractions, nucleotides were injected into buffer only using iden-
tical steps. Data evaluation was performed with the software
MicroCal Origin for ITC (MicroCal LLC; Wiseman et al., 1989),
including corrections for volume changes during the titration.
The correct protein concentration in the cell was calculated from
the ITC experiment with a stoichiometry of ns1. Every experi-
ment was performed at least in duplicate and errors are reported
as standard deviation.

Surface plasmon resonance analysis

All SPR interaction analyses were performed in buffer A plus
0.005% (v/v) surfactant P20 using a Biacore T100 instrument.
For covalent coupling of 8-AHA-cAMP and 6AH-cAMP, car-
boxymethylated sensor chip surfaces (CM5, research grade)
were activated with NHS/EDC for 7 min and cAMP analogue
(35 mM in 100 mM borate buffer, pH 8.5) was injected for 7 min
at a flow rate of 5 ml/min. Deactivation of the surface was per-
formed using 1 M ethanolamine-HCl (pH 8.5) for 7 min. Refer-
ence cells (flow cells 1 and 3) were activated accordingly and
deactivated subsequently. Kinetic analyses were performed by
injection of increasing concentrations (2.5, 5, 10, 20, 40, 80, 160
(in duplicate), 320 and 640 nM, and 1.28 mM) of the R subunit
at a flow rate of 30 ml/min. For each temperature (58C, 108C,
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158C, 208C, 258C, 308C and 378C), association and dissociation
signals were each monitored for 3 min. The sensor surfaces
were regenerated after each binding cycle by two injections of
3 M guanidinium HCl. After subtracting the reference cell signal,
resulting binding signals were fitted. Data evaluation was per-
formed using the Biacore T100 evaluation software, version 1.0.
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