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The kinetic and mechanistic details of the interaction between caldendrin, calmodulin and the B-domain of AKAP79
were determined using a biosensor-based approach. Caldendrin was found to compete with calmodulin for binding
at AKAP79, indicating overlapping binding sites. Although the AKAP79 affinities were similar for caldendrin (KD=20nM)
and calmodulin (KD=30nM), their interaction characteristics were different. The calmodulin interaction was well
described by a reversible one-step model, but was only detected in the presence of Ca2+. Caldendrin interacted with
a higher level of complexity, deduced to be an inducedfitmechanismwith a slow relaxation back to the initial encounter
complex. It interacted with AKAP79 also in the absence of Ca2+, but with different kinetic rate constants. The data are
consistent with a similar initial Ca2+-dependent binding step for the two proteins. For caldendrin, a second Ca2+-inde-
pendent rearrangement step follows, resulting in a stable complex. The study shows the importance of establishing
the mechanism and kinetics of protein–protein interactions and that minor differences in the interaction of two homol-
ogous proteins can havemajor implications in their functional characteristics. These results are important for the further
elucidation of the roles of caldendrin and calmodulin in synaptic function. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

Synapses are among the most complex organelles, harboring a
large network of more than 1500 proteins (Klemmer et al., 2009)
and with more than 1000 proteins in the postsynaptic proteome
alone (Collins et al., 2006). These synaptic networks require a fine-
tuned up and down regulation, occurring both at the genome
and proteome levels. At the protein level, scaffolding or adaptor
proteins play key roles in multiprotein signaling networks
(Sanderson and Dell’Acqua, 2011). An important family of function-
ally related scaffold proteins are the A-kinase anchoring proteins
(AKAPs). They coordinate signal transduction at different subcellu-
lar locations by anchoring protein kinase A, protein kinase C and
the Ca2+/calmodulin-dependent protein phosphatase calcineurin
(Bhattacharyya et al., 2009; Dell’Acqua et al., 2006). The human
orthologue AKAP79 appears to indirectly affect the synaptic
plasticity of AMPA (a-amino-3 hydroxy-5-methyl-4-isooxazole-
propionic acid) receptors via interactions with the postsynaptic
density protein 95 and calcineurin (Bhattacharyya et al., 2009).
Thereby, AKAP79 acts as an interface between glutamatergic signal
transduction and intracellular signal transmission (Dell’Acqua et al.,
2006). An additional AKAP79 interacting protein is calmodulin, a
Ca2+-regulated protein expressed ubiquitously (Chin and Means,
2000; Faux and Scott, 1997).
Here we have focused on caldendrin, a brain-specific Ca2+-

binding protein, with high sequence and structural similarity to
calmodulin (Seidenbecher et al., 1998). It has a unique two-domain
structure composed of a calmodulin-homologous terminus and an

unrelated N-terminal part (Seidenbecher et al., 1998). The latter is
thought to mediate the tight association of caldendrin with the
subsynaptic cytoskeleton. Calmodulin and caldendrin have
recently been found to bind to similar sequences of the B-domain
of AKAP79 (Gorny et al., 2012). It appears that the B2-sequence
(aa 75–97) is sufficient for calmodulin binding while caldendrin
requires an extended binding site (aa 61–97).

The current study was undertaken in order to further
investigate and compare the kinetic and mechanistic details of
the interactions between calmodulin and caldendrin with the
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B-domain of AKAP79 and to determine whether the two proteins
compete for binding to the overlapping binding sites. In addition,
it was of interest to investigate if the interactions of calmodulin
and caldendrin were equally influenced by calcium ions, because
calmodulin is activated by intracellular calcium ion concentration
at low micromolar concentrations (Berridge et al., 2000; Chin
and Means, 2000).

For this study we used surface plasmon resonance (SPR)
biosensor technology, a well-established method for kinetic
and mechanistic analyses of molecular interactions. It has earlier
been successfully employed for studying AKAP79 interacting
proteins (Faux and Scott, 1997; Le et al., 2011) and has contributed
to identifying and quantifying novel interactions of presynaptic
scaffolding proteins (Wang et al., 2009). By a rigorous procedure
involving a variety of experimental designs and data analysis pro-
cedures, it was possible to establish that the functional properties
of caldendrin and calmodulin differ considerably, despite similari-
ties in their interaction with AKAP79. The extended experimental
procedure is motivated by the challenges in model discrimination
and the requirement for extensive data when adopting complex
interaction models. In addition, the lack of high quality experi-
ments and comprehensive presentation of the underlying data
often undermines the interpretations (Rich and Myszka, 2010,
2011). The present study is therefore unusually detailed, but
enables an extended discussion on the relationship between inter-
action characteristics and protein function that provides a basis for
further experiments using more physiologically relevant methods.

MATERIALS AND METHODS

Cloning, expression and purification of protein constructs

A detailed description of the cloning, expression and purification
of the protein constructs employed is found elsewhere (Gorny
et al., 2012). Briefly, the B-domain of AKAP79 (aa 61–116) was
produced as a His-SUMO fusion protein (AKAP79-B-SUMO). Cal-
dendrin was produced with glutathione S-transferase (GST)
fused to the C-terminus (aa 137–298). GST alone was used as a
negative control. The protein concentrations were determined
by a colorimetric amido black assay (Popov et al., 1975). Calmod-
ulin from human brain was purchased from GenWay Biotech. Inc.
(San Diego, CA, USA).

SPR-based interaction studies

Surface plasmon resonance-based interaction studies were
performed with Biacore T200, Biacore S51 and Biacore X100
instruments (GE Healthcare, Uppsala, Sweden). The instruments
enabled slightly different experimental designs but did not differ
in the quality of the generated data.

Sensor surface preparation

Standard amine coupling was used to immobilize AKAP79-
B-SUMO to CM5 sensor chips (GE Healthcare). AKAP79-B-SUMO
was injected at a concentration of 0.1mgml�1 in 10mM Na-
acetate (pH 5.5) for 5min (5 ml min�1). The running buffer during
immobilization consisted of 10mM Hepes, 150mM Tris–HCl,
0.05% Tween-20, pH 7.4. An untreated flow cell was used as a
reference surface.

Interaction analysis

Interaction analyses were performed in triplicates on freshly pre-
pared sensor surfaces. Calmodulin was injected in twofold
diluted concentration series from 250 to 8 nM using the multi-
cycle kinetics mode of Biacore T200 and S51 instruments. Cal-
dendrin–GST was analyzed using both multi-cycle (500–2 nM)
and single-cycle kinetics mode (250–16 nM). The running buffer
(buffer A) consisted of 25mM Tris–HCl, 150mM NaCl, 2mM CaCl2,
1mM MgCl2, 0.05% Tween-20, pH 7.4. Sensor surfaces were
regenerated by injecting a short pulse (30 s) of a calcium-free
buffer (buffer B, i.e., buffer A with CaCl2 replaced by 50mM EGTA).

Calcium-dependence experiments

Calcium-dependence experiments were performed at saturating
Ca2+ conditions (2mM, buffer A) and Ca2+-free conditions (50 mM
EGTA, buffer B). The calcium dependence of the calmodulin in-
teraction with AKAP79 was analyzed using the “manual run”
function of the Biacore X100 instrument by injecting 500 nM cal-
modulin over immobilized AKAP79-B-SUMO, both in the pres-
ence (buffer A) and absence (buffer B) of Ca2+. Measurements
with calmodulin and caldendrin–GST in the absence of Ca2+

(buffer B) were also performed by analyzing twofold diluted
concentration series from 500 to 62 nM using the single-cycle
kinetics mode of the Biacore X100 instrument.

Competition analysis

Competition analyses were performed in the presence of Ca2+

(buffer A). Calmodulin was injected at a concentration of 125 nM,
both alone and in mixtures with caldendrin–GST (125, 250 and
500nM). Sensorgrams of calmodulin (125 nM) and caldendrin–GST
(125, 250 and 500nM) were simulated using the BIAevaluation 4.1
software (GE Healthcare), and the experimental kinetic parameters
were determined for each protein individually. Theoretical sensor-
grams under non-competitive conditions were predicted as the
sum of the simulated sensorgrams of caldendrin–GST and
calmodulin alone. The responses at the end of the injections of
both experimental and simulated sensorgrams were exported to
Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) for
quantification and comparison of the signals.

Data analysis

Biacore T200 Evaluation Software 1.0 (GE Healthcare) was used
for data analysis. Raw interaction data were double referenced
by subtracting the data from a reference surface, followed by
subtracting the average response of at least two blank samples.
Determination of the interaction mechanisms was performed by
global non-linear regression analysis using the following models:

• One-step interaction (Scheme 1)
• Two-step interaction (induced fit; Scheme 2)
• Heterogeneous ligand (Scheme 3)

Scheme 1. Mechanism for a reversible one-step interaction between A
and B, forming complex AB. The rate constants for the formation and
dissociation of the complex are k1 and k�1, respectively.
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Analysis of mass transport limitation

The possibility that interactions were limited bymass transport was
investigated by comparing the association rate constant (k1) and
the mass transfer coefficient (kt) from each replicate essentially as
described earlier (Karlsson, 1999). A qualitative analysis was also
performed. It involved visual inspection of sensorgrams, primarily
the part of the association phase just before steady-state is
reached. Mass transport-limited sensorgrams are characterized by
a linear association phase that abruptly reaches steady-state.
Furthermore, fitted data were also inspected by using the Check
Kinetic Data tool of the Biacore Evaluation Software that enables
analysis of the effect of varying the magnitude of the rate constant
on the sensorgram shape.

RESULTS

Design and validation of AKAP79 sensor surfaces for inter-
action analysis

A method for immobilization of AKAP79-B-SUMO to the carboxyl-
ated dextran matrix of CM5 sensor chips via amine coupling was
devised, resulting in sensor surfaces with a surface density
between 5000 and 8000 response units (RU) (Figure 1). These were
stable over time, as indicated by an insignificant baseline drift of
reference and blank subtracted data during interaction analysis

(≤0.5 RU/min). The functionality of the AKAP79 surfaces was
validated by analysis of interactions with calmodulin, an acknowl-
edged interaction partner for AKAP79.

The clear interaction between calmodulin and AKAP79
confirmed that the AKAP79 surface was functional (Figure 2A and
B). As expected, no binding of calmodulin occurred in the absence
of Ca2+ (Figure 2B and C). By injecting a series of calmodulin
concentrations over the sensor surface with immobilized AKAP79
(Figure 2A), it was evident that the signals reached steady-state.
Moreover, the maximal signal levels (Rmax) indicated an apparent
sensor surface functionality of �20%. The surface could be
completely regenerated by injecting Ca2+-free buffer (buffer B),
confirming that the interaction was fully reversible. An alternative
experimental design, involving varying injection times (Geitmann
and Danielson, 2004), was also used to confirm that the interaction
was effectively described by a reversible one-step model
(Figure 3A). The simple interactionmodel was supported by experi-
ments showing that the dissociation phase was not influenced by
the length of the injection.

The one-step interaction model (Scheme 1; Figure 2A) was
consequently used to estimate the association (k1) and dissociation
(k�1) rate constants from three independent experiments (n=3):
k1 = 2� 106 s�1M�1 (pk1 =�6.3� 0.4) and k�1 = 5� 10�2 s�1

(pk�1 = 1.3� 0.3), corresponding to an affinity of KD=30nM.
(The standard deviations are provided for the negative logarithms
of the values.) Although the interactions were relatively fast, they
were not limited by mass transport as indicated by the mass
transport coefficient kt, which was approximately two orders of
magnitude larger than the association constant ka. Upon visual
inspection, the calmodulin sensorgrams supported this interpreta-
tion because there was a smooth transition from the association
phase to the steady-state phase. Furthermore, using the Check
Kinetic Data tool to simulate sensorgrams, it could be demon-
strated that the fitting was sensitive toward changes of the rate
constants, a further indication that the interaction of calmodulin
and AKAP79 was not limited by mass transport.

Interaction between AKAP79 and caldendrin

Caldendrin was also shown to interact with AKAP79, but with a
higher level of complexity than observed with calmodulin
(Figure 4A and B). The interaction was biphasic, with an initial rapid
association followed by a slower phase that did not reach steady-
state even after 7.5min of injection (data not shown). Similarly,
the dissociation was biphasic, with an initial rapid phase followed
by a slow dissociation. In contrast to the efficient regeneration after
the injections of calmodulin, it was not possible to regenerate the
surface with Ca2+-free buffer after injection of caldendrin. Experi-
ments were therefore performed using the single-cycle kinetic
mode in order to avoid artifacts due to incomplete regeneration
of the surface (Figure 4A and B). Because caldendrin was studied
as a GST-fusion protein, it was speculated that the interaction
and its complexity could be a result of the fusion protein and not
necessarily of the interaction of caldendrin itself. However, no
interaction was detected when GST was injected under the same
conditions as caldendrin (Figure 4A), excluding this explanation
for the complexity of the interaction. Furthermore, the same results
were obtained when reversing the experiment, that is, when
immobilizing caldendrin-GST and using AKAP79-B-SUMO as analyte
(Figure 5A). Qualitatively, the kinetics and normalized responses
were comparable, a further indication of the negligible influence
of GST on the interaction. The original setup, with immobilized

Scheme 2. Mechanism for a reversible two-step interaction (induced fit)
between A and B. An initial encounter complex AB is formed and subse-
quently transformed into ABx via a conformational change. The rate con-
stants for the two steps are k1 and k�1, and k2 and k�2, respectively.

Scheme 3. Mechanism for the reversible one-step interaction (heteroge-
neous ligand) between A and B1, and A and B2. The two interactions oc-
cur independently in parallel. The rate constants for the two interactions
are k1 and k�1, and k2 and k�2, respectively.
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Figure 1. Immobilization of the B-domain of AKAP79 via amine cou-
pling on CM5 sensor chips. Immobilization levels were approximately
5000 RU after deactivation of the sensor surface.
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AKAP79-B-SUMO (Figure 5B), was preferred because it provided
higher data quality. When immobilizing caldendrin–GST, secondary
effects were seen for high concentrations of AKAP79-B-SUMO that
could not be rationally analyzed.

Determination of interaction mechanism and estimation of
kinetic parameters

The interaction between caldendrin and AKAP79 was equally well
described by a two-step model (Scheme 2) and a heterogeneous
model (Scheme 3), as illustrated in Figure 6A. This is indicated both
by similar fit qualities, expressed by the w2 parameter, and the high

similarity of the curves fitted to the experimental data. It was also
concluded that the components of the two binding events of a
heterogeneous and a two-state model contribute similarly to the
overall signal (Figure 6A).
As for calmodulin (Figure 3A), an alternative experimental

design, where the injection times of caldendrin were varied, was
used to establish the interaction mechanism (Figure 3B). The aim
was to determine whether the dissociation phase varied consider-
ably with the injection time. Because the sensorgrams of
caldendrin did not reach steady-state, it was not useful to simply
align the sensorgramswith respect to the time for dissociation start
(Figure 3B), as was useful for calmodulin (Figure 3A). A more elabo-
rate experimental design was therefore used where caldendrin was

1200

0

200

400

600

800

1,000

1,200
250 nM

125 nM

63 nM

31 nM

16 nM

8 nM

A

Time [s]

R
es

po
ns

e 
[R

U
]

900

0

200

400

600

800
500 nM, +Ca

500 nM, -Ca

B

Time [s] Time [s]

R
es

po
ns

e
[R

U
]

0 500 1,000
−10

0

10

20

500 nM250 nM125 nM63 nM

C-Ca2+

R
es

po
ns

e 
[R

U
]

Figure 2. (A) Sensorgrams of calmodulin interacting with AKAP79. Calmodulin was injected in twofold dilution series from 250 to 8 nM over immobi-
lized AKAP79-B-SUMO in the presence of Ca2+. The dashed lines overlaying the double-referenced experimental data (solid) represent theoretical best
fit lines obtained by global nonlinear regression analysis using a reversible one-step Langmuir interaction model (Scheme 1). (B) Calcium dependence
of calmodulin interaction with AKAP79. Calmodulin (500 nM) was injected over immobilized AKAP79-B-SUMO in the presence (solid) and absence
(dashed) of Ca2+. The raw data were reference subtracted. (C) Calcium dependence of calmodulin interaction with AKAP79. Calmodulin (500–62 nM)
was injected over immobilized AKAP79-B-SUMO using single-cycle kinetics in the absence of Ca2+. The raw data were double referenced.
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immobilized AKAP79-B-SUMO. Calmodulin and caldendrin–GST at a concentration of 125 nM were used in all injections. Reference subtracted raw data
were aligned at the time for start of the dissociation.
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analyzed at different concentrations and injection times (Figure 7)
(Geitmann et al., 2011). It was assumed that global non-linear
regression analysis of the data set with different concentrations
and injection times would clearly show that one of the models
cannot sufficiently describe the interaction. However, this was not
the case as the data could be described equally well with a two-step
and a heterogeneous binding model (Figure 7). The experimental
data did therefore not provide conclusive evidence for a certain
model even with this extended experimental design. Nevertheless,
there is logical support for a two-stepmodel (see Section onDiscus-
sion). With this model, the kinetic parameters of the interaction
were determined as follows: k1 = 9� 103 s�1

M
�1 (pk1 =�3.9� 0.4,

n=3), k�1 = 4� 10�3 s�1 (pk�1 = 2.4� 0.1), k2 = 3� 10�3 s�1 (pk2 =
2.5� 0.1), k�2 = 2� 10�4 s�1 (pk�2 = 3.8� 0.1), corresponding to
an affinity of KD=20nM. The apparent sensor surface functionality
was �20%, which is similar to that obtained with calmodulin,
confirming that the analyses of the two proteins are comparable.

Calcium dependence of caldendrin binding

The Ca2+ dependence of the interaction between caldendrin and
AKAP79 was also studied (Figure 6B). In contrast to calmodulin
(Figure 2B and C), caldendrin was found to interact weakly
with AKAP79 under Ca2+-free conditions (50mM EGTA instead of
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in twofold dilution series (solid) over immobilized AKAP79-B-SUMO using single-cycle kinetics. The dashed lines overlaying the double-referenced
sensorgrams of caldendrin-GST represent theoretical best fit lines obtained by global nonlinear regression analysis using a two-step model (Scheme 2).
GST (solid, gray) served as a negative control and was injected under the same conditions as caldendrin–GST.
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Figure 5. Sensorgrams of caldendrin interacting with AKAP79 in the presence of Ca2+. (A) AKAP79 was injected as AKAP79-B-SUMO over immobilized
caldendrin–GST in two-fold dilution series (32–2 nM) using multi-cycle kinetics mode. The raw data were double referenced and normalized with respect
to the different molecular weights of the immobilized protein and analyte: RUnorm = RU�Mcaldendrin–GST/MAKAP79-B-SUMO. (B) Caldendrin was injected as
caldendrin–GST in twofold dilution series (31–2 nM) over immobilized AKAP79-B-SUMO using multi-cycle kinetics mode. Double-referenced raw data
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2mMCa2+). Although the kinetic profile of the caldendrin interactions
with AKAP79 was similar in the absence and presence of calcium,
the binding levels were up to 10-fold lower under Ca2+-free condi-
tions (Figure 6B). The kinetic parameters indicated that calcium
primarily influenced the first step, which has both slower associa-
tion (k1�calcium� 0.4�k1+calcium) and faster dissociation (k�1�calcium

5� k�1+calcium) in the absence of calcium. Furthermore, the contri-
bution of the two components of the mechanistic model to the
overall signal is influenced considerably by the presence of high
Ca2+ concentrations (2mM). In the presence of Ca2+, both compo-
nents of the interaction contribute similarly to the overall signal
(Scheme 2; Figure 6A), whereas in the absence of Ca2+, the contri-
bution of the first component (AB, Scheme 2) is considerably

reduced compared with the second component (AB*, Scheme 2)
as shown in Figure 6B.

Competition between calmodulin and caldendrin

Competition between calmodulin and caldendrin for binding to
AKAP79 was explored in the presence of 2mM Ca2+ by injecting
125nM calmodulin alone and in mixtures with caldendrin–GST
(125, 250 and 500nM). The theoretical sensorgrams for a non-
competitive interaction were simulated as the sum of the signals
of calmodulin and caldendrin–GST, on the basis of the kinetic
parameters determined for the individual interactions. The total
signal was normalized with respect to the molecular weight of
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the injected proteins (caldendrin–GST 45.5 kDa, Rmax� 1.00,
calmodulin 16 kDa Rmax� 0.35). Figure 8 shows the experimental
(Figure 8A) and simulated (Figure 8B) data of the competition
analysis at 125 nM calmodulin and 250nM caldendrin–GST. The
results show that the experimental relative increase of the
response levels at the end of the injections was less than 50% of
the predicted relative increase of the simulation, strongly
indicating competition of calmodulin and caldendrin–GST.
Competition was assessed for caldendrin–GST concentrations of
125, 250 and 500nM. As a negative control, sensorgrams for a
calmodulin and caldendrin–GST concentration of 31 nM were also
simulated. The assumption was that calmodulin and caldendrin–
GST, when injected close to its KD value will occupy approximately
50% of the binding sites and not compete with each other. The
experimental relative increase of the mixture is close to the
predicted increase from the simulation, therefore supporting the
hypothesis that no competition occurs when calmodulin and
caldendrin–GST are injected at a concentration around their KD
values. Furthermore, competition was not predicted at a calden-
drin–GST concentration of 500 nM, a concentration approximately
25 times above the KD value, supported by the experimental data.

DISCUSSION

A new assay and its features

The new biosensor assay for analysis of interactions with
AKAP79, a key scaffolding protein in the postsynaptic density
(Sanderson and Dell’Acqua, 2011), proved to be useful for
characterizing its interactions with calmodulin and calden-
drin. The immobilized protein was stable over time and had
an apparent functionality typical for biosensor surfaces and
more than adequate for the current experiments. A series of
experimental designs were exploited in order to establish
the mechanism and the kinetic parameters of the interactions
and to elucidate the functional differences between the inter-
actions for caldendrin and calmodulin. Because the sensor
surfaces could not be sufficiently regenerated after calden-
drin injections, experiments were performed using both
conventional multi-cycle analysis and single-cycle injections.
The latter mode is especially useful for analytes that dissoci-
ate poorly or not at all from a sensor surface (Glück et al.,
2011; Karlsson et al., 2006). Furthermore, experiments with

different injection times and buffer conditions, as well as with
simultaneous injections of the two analytes at different molar
ratios, proved very informative.

The mechanism of calmodulin and caldendrin interactions
with AKAP79

Both calmodulin and caldendrin–GST clearly interacted with
AKAP79, but differed in their mechanism and Ca2+ dependence.
Calmodulin interacted according to a reversible one-step model
(Scheme 1) in the presence of Ca2+, whereas no interaction was
detected in its absence. In contrast, the biosensor analyses
revealed that the interaction between caldendrin and AKAP79
was more complex and not adequately described by a simple
one-step model. Caldendrin data were therefore analyzed with
respect to a selection of alternative interaction models. The analy-
sis presented in the results section includes twomodels (Schemes 2
and 3) that effectively described the data. The heterogeneous
model (Scheme 3) represents two possible scenarios. The first
assumes two independent binding sites, each interacting with
the ligand in a 1:1 stoichiometry but with different kinetics. The
second scenario assumes only a single binding site on the protein,
but that the protein is present in two different forms with different
interaction characteristics for the ligand, reflecting protein struc-
ture heterogeneity rather than multiple binding sites.

The two-step model (induced fit) also described the caldendrin
data well. It represents an interaction where caldendrin forms an
initial encounter complex with AKAP79 that rearranges to form a
second stable complex. The model can involve an initial binding
between caldendrin and a primary subsite, followed by a second
binding to a secondary subsite, or simply a structural rearrangement
of a single complete binding site. A number of different features of
caldendrin suggest that this is the most plausible model, although
it is not possible to exclude the heterogeneous model at this stage.

For example, both caldendrin and calmodulin contain an a-
helical region that separates both helix-loop-helix motifs (EF
hands). In caldendrin, it is four amino acids longer than calmodulin
(Laube et al., 2002; Seidenbecher et al., 1998), adding to the struc-
tural flexibility that may provide the dynamic foundation for an
induced fit mechanism. Further support for such a mechanism
comes from recent structural and calorimetric studies (Findeisen
and Minor, 2010). It was demonstrated that a caldendrin variant
acts both via a C-lobe and N-lobe at the voltage-gated calcium
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Figure 8. Competition analysis between calmodulin and caldendrin. (A) Calmodulin was injected at a concentration of 125 nM alone (blue) and to-
gether with 250nM caldendrin–GST (red) in the presence of 2mM Ca2+. Raw data were reference subtracted. The relative increase in signal level
(+10%) at the end of the injection is indicated. (B) Simulated data of the interactions of 125nM calmodulin (blue), 250 nM caldendrin–GST (green)
and the theoretical signal under non-competitive conditions (red, dashed). The reference-subtracted data were normalized with respect to the molec-
ular weight of the analyte (caldendrin–GST 45.5 kDa, Rmax� 1.00, calmodulin 16 kDa Rmax� 0.35).
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channel 1.2, each lobe having different functions. Interestingly, it was
proposed that the protein needs to undergo a conformational
change to allow both lobes to bind, which is in agreement with an
induced fitmechanism.Whether the same structural rearrangements
occur during the interaction between caldendrin and AKP79 remains
unknown but would be supported by the present kinetic data.

Because the direct binding experiments and global regression
analysis of the data did not give conclusive data for the identifi-
cation of the interaction mechanism for caldendrin with AKAP79, a
variety of additional experiments were performed. Taken together,
and despite the adequacy of the heterogeneous model for re-
gression analysis of the caldendrin data, there is weak experimental
support for a heterogeneous mechanism. Instead, the data are con-
sistent with a two-stepmodel with a slow dissociation from the com-
plex formed in the second step, as will be outlined subsequently.

There was initially a concern with the use of caldendrin in the
form of a GST fusion construct although it has earlier been used
for SPR-based interaction analysis with recoverin (Fries et al., 2010).
Alternative constructs (immobilized AKAP79-B-GST instead of
AKAP79-B-SUMO and caldendrin-SUMO as analyte instead of
caldendrin-GST) were therefore also tested but did not give useful
data (not shown). Because GST alone did not interact with AKAP79,
it was concluded that the construct was a valid model system for
these experiments. It was also speculated that the observed hetero-
geneity of the caldendrin interaction was due to dimerization of
caldendrin, either via caldendrin itself (Fries et al., 2010) or induced
by GST. By reversing the assay and immobilizing caldendrin–GST on
the sensor surface, it was assumed that dimerization of caldendrin–
GST during the interaction analysis should be prevented and that
the sensorgrams should clearly differ. When injecting AKAP79-B-
SUMO, the complex kineticswerequalitativelymaintained (Figure 5A),
suggesting that dimerization of caldendrin–GST, potentially via GST,
was not the cause for the complex kineticmechanism. An interaction
model, taking into account that caldendrin interacts with AKAP79-B-
SUMOboth as amonomer and a dimer, was fitted to the data as well
but did not effectively describe the data (data not shown) and was
rejected. Furthermore, it is not known whether caldendrin can bind
to AKAP79 as a dimer and at what ratio caldendrin is present as a
monomer and dimer, making the use of a model assuming this
possibility not applicable with the present information.

Pull-down experiments using different AKAP79-B-domain
constructs have localized the calmodulin binding site to a central
sequence of the B-domain (aa 75–97; Gorny et al., 2012). The
current data suggest that this is a single site to which calmodulin
interacts in a reversible manner, however restricted to the
presence of Ca2+ (Scheme 4).

The determined affinity of calmodulin (KD = 30 nM) with the B-
domain is practically the same as that previously determined for
full-length AKAP79 (Faux and Scott, 1997) and reported to be
within a physiological range. Despite similar affinity, both the
association and dissociation constants determined by Faux and
Scott (k1 = 2� 105 s�1

M
�1 and k�1 = 5� 10�3 s�1) are one order

of magnitude lower than the determined in the present study
(k1=2� 106 s�1

M
�1 and k�1=5� 10�2 s�1). Thismight be attributed

to different assay conditions and/or the different instruments
employed. Closed systems, such as the IAsys biosensor system used
by Faux and Scott, tend to underestimate association constants and
overestimate dissociation constants, especiallywith high-affinity inter-
actions due to ligand depletion and rebinding (Edwards et al., 1998).
The experiments in the preceding study (Gorny et al., 2012)

showed that caldendrin binds to the same sequence as calmodu-
lin, but that additional amino acids located N-terminally to the
calmodulin binding site are required (aa 61–76) for binding. It is
therefore not surprising that caldendrin and calmodulin appeared
to compete in pull-down experiments in the presence of Ca2+

(Gorny et al., 2012). The SPR-based experiments confirmed the
competition between calmodulin and caldendrin–GST with
calmodulin effectively blocking the caldendrin–GST binding. In this
particular analysis, it was helpful to use simulated data to support
the experimental data when assessing competition.
The calmodulin–AKAP79 interaction required calcium for

detectable binding, although caldendrin interacted weakly with
AKAP79 in the absence but more efficiently at high (2mM) calcium
concentrations, also supported by pull-down experiments (Gorny
et al., 2012). The difference in calcium dependence for caldendrin
and calmodulin binding to AKAP79 is consistent with a mechanism
where the first step requires calcium for detectable binding
(Schemes 4 and 5), being the same for both proteins. But the
calcium effect observed for caldendrin actually arises from the
second step, although it appears to be calcium independent. This
conundrum is explained by the fact that caldendrin can interact with
AKAP79 even in the absence of calcium, but more inefficiently. Still,
this is enough for some of the initial encounter complex to be trans-
formed into the second stable complex (Scheme 5). This will trap
some caldendrin whereby a stable caldendrin–AKAP79 complex
will build up over time. This does not occur for calmodulin, which
therefore cannot be detected to interact in the absence of calcium.

Kinetic characteristics and functional consequences

The competition data of caldendrin and calmodulin show that cal-
modulin is more efficient in binding to AKAP79 than caldendrin.
This is consistent with the difference in kinetics of the AKAP79
interaction for the two proteins. The initial step is more efficient
for calmodulin (k1 = 2� 106 s�1

M
�1), having an approximately 200

times faster association rate than caldendrin (k1 = 9� 103 s�1
M
�1).

As calmodulin is highly regulated by calcium (Berridge et al.,
2000; Chin and Means, 2000), fast kinetics are advantageous to
mediate its transient effects. In contrast, the ability of caldendrin
to rearrange and form a second stable complex will result in a
long-lasting effect. Assuming that the kinetics are the same
in vivo as in the system used in these experiments, it would take
approximately 10h until caldendrin is fully dissociated from
AKAP79. Furthermore, the interaction cannot simply be reversed
by removal of calcium, as for calmodulin. Despite the similar overall
affinities of the two interactions, the two proteins can thus be
expected to result in very different effects in vivo.

Scheme 4. Reversible one-step interaction between calmodulin and
AKAP, consistent with the current data. The interaction is calcium depen-
dent and CaM-AKAP is not detected in the absence of calcium.

Scheme 5. Hypothesized induced fit interaction between caldendrin
and AKAP, consistent with the current data and supported by other ex-
perimental data. The first step is calcium dependent, but not the second.
Due to the high stability of “CDD-AKAP”, complex formation is detected
even in the absence of calcium.
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The use of biosensor technology for elucidation of function, via
detailed kinetic and mechanistic studies of protein–protein is not
common. Instead, it is sometimes simply recognized as one of many
methods for identifying and confirming novel interactions (Berggard
et al., 2007; Dwane and Kiely, 2011), as we and others have also per-
formed for other scaffolding proteins (Fukunaga et al., 2005; Larsson
et al., 2003; Wang et al., 2009) and in the initial study of caldendrin
interactionswith AKAP79 (Gorny et al., 2012). The quantification is of-
ten limited to determination of affinities, assuming simple interac-
tion models even when the interaction mechanism is clearly more
complex (Fukunaga et al., 2005). The discrimination of differentmod-
els is often challenging, requiring high quality data, extensive exper-
imental work and rigorous data analysis. However, when using the
technique to its full potential, it is possible to obtain detailed kinetic
and mechanistic information that can be used for the increased un-
derstanding of function, as a complement to physiological studies.

CONCLUSIONS

The present study confirms that caldendrin and calmodulin
interact with the B-domain of AKAP79 at overlapping binding
sites but exhibit different interaction characteristics. The two-
step interaction mechanism for caldendrin results in a unique
ability to form a stable complex, even in the absence of calcium.
This difference between caldendrin and calmodulin is expected to

considerably influence their functional properties and regulation
in vivo. For example, the potential physiological relevance of the
difference in calcium dependence of the two proteins as it can
be interpreted such that Ca2+ has a transient reversible regulatory
effect on the interaction between calmodulin and AKAP79, consis-
tent with typical calmodulin function. Caldendrin insteadmay have
an interaction with AKAP79 that is not strictly dependent on
calcium, although more efficient in its presence. It is possible that
there are additional interactions in vivo, with other regions of
AKAP79 or other proteins, that modulate the ones studied here,
for example resulting in an efficient dissociation of caldendrin from
AKAP79. It is therefore premature to use these data for interpreta-
tion of the physiological mechanisms and functions of these
interactions, but the current findings provide a framework for
elucidating the role of these interactions by future experiments.
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