
Dynamics of Conformational Ca2+-Switches in Signaling Networks
Detected by a Planar Plasmonic Device
Daniele Dell’Orco,*,†,‡ Stefan Sulmann,† Sara Linse,§ and Karl-Wilhelm Koch*,†

†Institute of Biology and Environmental Sciences, Biochemistry Group, University of Oldenburg, Carl-von-Ossietzky-Straße 9-11,
D-26111 Oldenburg, Germany
‡Department of Life Sciences and Reproduction, Section of Biological Chemistry, University of Verona, Strada le Grazie 8, 37143
Verona, Italy
§Department of Biochemistry, Centre for Molecular Protein Science, Chemical Centre, Lund University, P.O. Box 124, SE-22100
Lund, Sweden

*S Supporting Information

ABSTRACT: Ca2+-sensor proteins regulate a variety of intracellular processes by adopting specific conformations in response to
finely tuned changes in Ca2+-concentration. Here we present a surface plasmon resonance (SPR)-based approach, which allows
for simultaneous detection of conformational dynamics of four Ca2+-sensor proteins (calmodulin, recoverin, GCAP1, and
GCAP2) operating in the vertebrate phototransduction cascade, over variations in Ca2+ concentration in the 0.1−0.6 μM range.
By working at conditions that quantitatively mimic those found in the cell, we show that the method is able to detect subtle
differences in the dynamics of each Ca2+-sensor, which appear to be influenced by the presence of free Mg2+ at physiological
concentration and by posttranslational modifications such as myristoylation. Comparison between the macroscopic Ca2+-binding
constants, directly measured by competition with a chromophoric chelator, and the concerted binding-conformational switch
detected by SPR at equilibrium reveals the relative contribution of the conformational change process to the SPR signal. This
process appears to be influenced by the presence of other cations that perturb Ca2+-binding and the conformational transition by
competing with Ca2+, or by pure electrostatic screening. In conclusion, the approach described here allows a comparative analysis
of protein conformational changes occurring under physiologically relevant molecular crowding conditions in ultrathin biosensor
layers.

Proteins are highly flexible macromolecules that adopt
dynamic conformations depending on their sequence and

conditions that underlie biological function.1 A particularly
interesting and ubiquitous class of proteins is that of Ca2+-
sensor proteins, which bind a well-defined number of Ca2+-ions
and switch between different conformations, often as a
consequence of changes in intracellular Ca2+ triggered by
physiological stimuli. In neurons, intracellular Ca2+ signals have
crucial roles in activating neurotransmitter release and in
triggering alterations in neuronal function.2 An example of a
finely Ca2+-regulated signaling cascade is phototransduction in
vertebrate rod cells, in which at least four Ca2+ sensors, namely,
recoverin (Rec), calmodulin (CaM), and guanylate cyclase-
activating proteins (GCAP1 and GCAP2) act simultaneously to

regulate their targets as Ca2+ drops upon illumination from
approximately 0.6 to 0.1 μM.3 Physico-chemical methods that
directly detect the conformational dynamics of Ca2+-sensors are
essential in order to elucidate at a systems-level the subtle
differences in Ca2+ sensitivity constituting the regulatory basis
of these complex networks.4 Such methods would nonetheless
be of little use, if the detection occurred in conditions very far
from those within cells.
In the last years, the principle of surface plasmon resonance

(SPR) has been widely used to study biomolecular interactions
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and in a limited variety of cases also to detect protein
conformational changes.5−8 However, it should be pointed out
that the working conditions were often far from physiological
ones, especially in terms of protein and cofactor concentrations.
In a number of cases, this led to potential artifacts likely due to
the pH or salt effect on the matrix layers in which the proteins
were embedded, with direct consequences on the refractive
index changes hindering the real contribution of protein
conformational change.8,9 In order to avoid the drawbacks of
SPR devices based on planar metal films, localized SPR (LSPR)
nanodevices were recently developed.10 Nanoparticles have
been successfully used to enhance the SPR phenomenon at the
nanoscale and found capable of detecting reversible Ca2+-
induced conformational changes in CaM-cutinase complex.11,12

In a very recent work we determined the conditions under
which widely available SPR instruments can be used to detect
the conformational changes induced by Ca2+ binding to
myristoylated (m)Rec with high accuracy and reproducibility.13

mRec was immobilized on a carboxy-methyl-dextran (CMD)
layer present on the surface of a commercial sensor chip via
site-specific thiol-disulfide exchange.13 Repeated pulses of Ca2+

in the physiological range induced reversible conformational
changes in mRec, which were clearly detectable by an increase

of the SPR signal far above the theoretical Ca2+-binding
capacity of the protein-coated surface, while substantially no
response was observed for a mutant of mRec with impaired
Ca2+-binding capabilities.13 Conformational transitions were
reversed by switching from the Ca2+ injections to a decalcified
buffer. Quantitative estimates of the equilibrium constant and
the kinetic rate constants of the observed conformational
transitions were consistent with each other, suggesting that the
approach is also suitable to follow the time-course of the
switches.
An essential feature of the above-mentioned approach is that

the conformational change was studied under cellular-like
conditions: mRec was immobilized at high density in the
dextran matrix coating the sensor surface thereby reaching the
micromolar concentration of mRec found in rod cells. Further,
dextran itself is used as crowding agent in experimental
approaches to simulate the macromolecular crowding con-
ditions in cells.14,15 In the present work we set out to
investigate the general applicability of such method. In
particular we sought to compare differences in Ca2+-sensor
dynamics within a specific signaling network, namely, the
vertebrate phototransduction cascade. This system is well
suited for investigating different conformational changes taking

Figure 1. Effect of protein concentration and volumetric distribution on SPR detection of conformational changes in mRec at T = 25 °C. In each
plot, error bars represent the SD (A) Different amounts of mRec ((●) 8453 RU, (○) 4885 RU, (▼) 1740 RU; (□) 860 RU) were immobilized on a
100 nm carboxymethyldextran-coated sensorchip and titrated with increasing Ca2+ concentration in the 0.3−46 μM range. Titrations were repeated
three times (n = 3) and data were fitted according to a Hill-sigmoidal. (B) Normalized titration data. (C) Averaged maximal response upon titration
plotted against the amount of immobilized mRec. The additional data points are from other immobilizations, including the one from ref.13 The
correlation coefficient is R2 = 0.99. (D) Example of sensorgram obtained in Ca2+ titrations of mRec with 860 RU mRec immobilized on a 100 nm
caboxymethyldextran-coated sensorchip (black trace) and the same amount immobilized on a flat carboxylated gold surface (gray trace).

Analytical Chemistry Article

dx.doi.org/10.1021/ac300213j | Anal. Chem. 2012, 84, 2982−29892983



place in the same protein class. Mammalian photoreceptor cells
house at least four Ca2+-sensor proteins (cf. above) with
distinct sensory and regulatory properties as they differ
remarkably in their conformational changes triggered by Ca2+

binding or release, their dependence on other cations like Mg2+

and posttranslational modifications like myristoyl moieties.16−18

For example, mRec undergoes a so-called Ca2+-myristoyl switch
by which the myristoyl group becomes expelled from the
hydrophobic core of the protein upon Ca2+ binding. GCAP1
and 2 respond differently to Ca2+ binding with a smaller
conformational arrangement around the myristoyl group. CaM
on the other hand is not myristoylated, but exhibits distinct
conformational shapes in its Ca2+-bound and -free forms. These
features allowed us to test for subtle differences in protein
conformations under conditions of macromolecular crowding
using a planar plasmonic device.
Finally, by comparing the binding equilibrium with the

conformational equilibrium assessed by SPR, we could assess
the relative contribution of the conformational change process
to the observed signal.

■ EXPERIMENTAL SECTION

Protein Expression and Purification. Proteins were
heterologuously expressed in E. coli and purified by size-
exclusion chromatography and/or anion-exchange chromatog-
raphy as reported (ref 18 for mRec, ref 19 for CaMS17C, and refs
20 and 21 for GCAP1 and GCAP2 wild type and mutated
forms). The purity of the obtained samples was verified by
SDS-PAGE (see Supporting Information Figure S1). All
proteins were dialyzed against decalcified NH4HCO3 buffer,
concentrated, lyophilized and stored at −80 °C until use.
Ca2+-Binding Assays with Chromophoric Chelator and

Data Analysis. Ca2+-titration experiments were performed as
described,22 by mixing similar concentrations (10−30 μM) of
each protein and 5,5′Br2-BAPTA chelator in decalcified buffer
(5 mM Tris-HCl pH 7.5, 150 mM KCl). The absorbance at
263 nm (A263) was monitored upon subsequent additions of
1−2 μL aliquots of 3 mM CaCl2 until and beyond no change
was observed. Initial protein concentrations were measured
both by absorbance at 280 nm and by Coomassie blue dye
assay,23 yielding very similar results. The molar extinction
coefficient used in the first case were 32 200 M−1 cm−1 for
mRec,18 28 378 M−1 cm−1 for GCAP1,24 37 512 M−1 cm−1 for
GCAP2,24 and 2560 M−1 cm−1 for CaM (theoretically
estimated from the amino acid composition). Further details
are given in the Supporting Information. Initial Ca2+-
concentrations were found to range between 0.4 and 1 μM.
Data were fitted with the CaLigator software25 as elucidated
elsewhere.22 Each titration was repeated at least three times,
both in the absence and in the presence of 1 mM Mg2+, and the
SD for each macroscopic binding constant was calculated based
on the replicates.
SPR Experiments. SPR Ca2+-titration experiments were

performed as described13 and specifically elucidated in
Supporting Information.

■ RESULTS AND DISCUSSION

SPR-Based Detection of Conformational Dynamics Is
Independent of the Amount of Immobilized Protein but
Depends on the Sensing Volume. To allow for
comparisons between proteins that show only slightly different
Ca2+ affinities, the proposed methodology should be mostly

independent of specific experimental settings. We thus asked
whether the immobilization level of the protein on the sensor
chip surface could potentially affect the detected dynamics.
Different amounts of mRec (approximately 1 to 10 ng/flow
cell, corresponding to 860−8450 RU; 1 RU = 1 pg/mm2; flow
cell area = 1.2 mm2) were thus immobilized site-specifically via
the unique Cys39 (numbering starts from the Met in the
unprocessed protein) residue on a CMD-coated sensor chip,
and subjected to ten injections of buffer with increasing Ca2+

concentration in the 0.3−46 μM range. Results of repeated
injections and analysis of the maximum SPR amplitudes
obtained upon each injection are reported in Figure 1A.
Reducing the amount of immobilized protein merely resulted in
an overall decrease of the observed SPR signal, while the shape
of the curves remained the same, which is seen by overlapping
the normalized curves as reported in Figure 1B. Moreover,
when the data obtained in the present study are analyzed
together with data obtained under the same conditions in our
previous work,13 a striking linear correlation is found between
the maximum amplitude observed in Ca2+ titrations of mRec
and the level of mRec immobilized (Figure 1C, R2 = 0.99).
Overall, these data suggest that increasing the amount of
immobilized protein in the range 1−10 ng/flow cell leads to
better signal-to-noise ratio without perturbing the observed
dynamics. In order to assess whether the volumetric
distribution of the protein within the volume of the flow cell
had any effect on the intensity of the detected signal, we
performed a control experiment with a sensor chip lacking the
CMD-matrix. About 1 ng/flow cell (or 860 RU) of mRec was
immobilized on the flat carboxylated surface using the same
coupling chemistry as above. When subjected to identical
injections of 0.3−46 μM Ca2+, the two sensor chips showed a
significantly different behavior (Figure 1D). When mRec was
immobilized within the whole volume of the dextran matrix
(∼100 nm thick layer) a reproducible and typical signal was
detected in response to Ca2+ pulses (Figure 1D, black trace). In
contrast, in the case of mRec adsorbed on a two-dimensional
surface, Ca2+ injections led to a monotonic sequence of signals
overlaying a rapid drift of the baseline that is most likely due to
fast protein loss and degradation (Figure 1D, gray track).
Hence, we conclude that the detection principle in our SPR-
based approach relies on the whole volume of the flow cell,
further confirming our prior interpretation that the detection of
subtle conformational changes reflects changes in the whole
dielectric milieu, including solvent rearrangement around
immobilized proteins.13

Comparison of Direct Ca2+-Binding and Induced
Conformational Changes in Site-Specifically Immobi-
lized Ca2+-Sensors.We previously showed that in comparison
with heterogeneous amine coupling, homogeneous immobiliza-
tion via site specific thiol-coupling lead to remarkably cleaner
single exponential binding processes for protein assembly26 and
to enhanced SPR signal upon metal ion binding to mRec.13

Thus, in this study we sought to use the same coupling strategy
to immobilize other phototransduction-related Ca2+ sensors on
CMD-coated chips. While bovine mRec has a unique Cys at
position 39, bovine CaM and mGCAP2 have either none or
three Cys residues at positions 35, 111, and 131. Therefore we
employed specific single-Cys mutants of both proteins, namely
CaMS17C and mGCAP2CAA, which were previously designed
(ref 19 and ref 27, respectively).
A comparative test of Ca2+-induced conformational changes

in these three Ca2+ sensors as monitored by SPR is given in

Analytical Chemistry Article

dx.doi.org/10.1021/ac300213j | Anal. Chem. 2012, 84, 2982−29892984



Figure 2. Titrations of immobilized mRec and CaMS17C

revealed similar overall spiking patterns (Figures 2A and B),
only the amplitudes were lower in the case of CaMS17C. It is
also worth noting that the immobilized amount of CaMS17C

(8.2 ng/flow cell) and mRec (9.3 ng/flow cell) differed
approximately by 10%, but the maximal amplitudes of the
detected conformational changes were much lower for CaMS17C

(∼80 RU) compared to mRec (∼300 RU). This could reflect,
at least in part, the significantly different change in solvent

accessible surface area (SAS) of the two sensors upon Ca2+-
binding. While mRec switches from a 10 333 Å2 (apo) to a 12
014 Å2 SAS upon Ca2+-binding,13 the change is significantly
smaller in CaM (9684 Å2 for the apo form, versus 9721 Å2 for
the Ca2+-bound form in the typical dumbbell shape; values were
computed by comparing the three-dimensional structures of the
two proteins, PDB entries 1DMO28 and 1CLL,29 respectively).
The main effect observed in the presence of 1 mM Mg2+ was

a reduction of the amplitudes reached upon each Ca2+-

Figure 2. SPR detection of conformational changes in three different Ca2+ sensors site-specifically coupled to the surface, at T = 25 °C. Examples of
sensorgrams obtained upon Ca2+-titrations in the absence (left panel) and presence of 1 mM free Mg2+ (middle panel) are reported, together with
the plot of the maximal amplitude as a function of Ca2+ (right panel; the error bars represent the SD; (●) without Mg2+, (○) with 1 mM free Mg2+).
(A) Example of a sensorgram obtained for mRec. Data fitting by a Hill sigmoidal curve resulted in K1/2

SPR=5.5 ± 0.1 μM for the Ca2+-titration (n =
2) and a K1/2

SPR=5.2 ± 0.1 μM (n = 4) in the presence of 1 mM Mg2+. (B) Example of a sensorgram obtained for CaMS17C. Data fitting by a Hill
sigmoidal curve resulted in K1/2

SPR=5.70 ± 0.03 μM for the Ca2+-titration (n = 4) and a K1/2
SPR=17.2 ± 0.4 μM (n = 3) in the presence of 1 mM

Mg2+. (C) Example of a sensorgram obtained for mGCAP2CAA. The titration did not lead to complete saturation and the data could not be fitted by
the same model.
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injection, which in the case of mRec rendered the transitions
almost undetectable for the first injections at lower Ca2+

concentration (Figure 2A, middle and right panels). The high
reproducibility and the level of saturation allowed us to
estimate K1/2

SPR, which is defined as the Ca2+ concentration at
which the signal change due to the conformational transition
was half-maximal (Figure 2A and B, right panel). Interestingly,
no significant difference in K1/2

SPR was observed for mRec in
the presence or absence of 1 mM Mg2+, that is, K1/2

SPR=5.5 ±
0.1 μM and K1/2

SPR=5.2 ± 0.1 μM, respectively. Moreover, a
greater variability in the response was observed for CaMS17C in
the presence of 1 mM Mg2+ as highlighted by larger error bars
(Figure 2B, right panel). Interestingly, and different from mRec,
CaMS17C showed a significant shift in K1/2

SPR values, from 5.70
μM to 17.2 μM respectively in the absence and in the presence
of Mg2+ (Table 1), hence resulting in a ∼3-fold increase.
To distinguish the effect of Ca2+ on triggering a conforma-

tional change from its direct binding to the Ca2+-sensor
proteins we also measured Ca2+-binding by an established
titration method based on the competition for Ca2+ between
the protein and a chromophoric chelator.22,25,30 Binding
measurements were performed both in the absence and in
the presence of 1 mM Mg2+, corresponding to the physiological
free levels found in rod cells. The macroscopic binding
constants obtained in each case are reported, together with
the apparent affinity KD

app in Table 1, while examples of the
titration curves are reported in Supporting Information Figure
S1. Values of Ca2+-binding to mRec have been studied
extensively and were also compared in our previous study;13

they are, therefore, not included here.
Good agreement was achieved between the values obtained

in this study (Table 1) for the CaMS17C macroscopic binding
constants and those previously found for wild type CaM,31 as
reflected by the very similar KD

app values (1.6 versus 1.8 μM,
respectively). This confirms that the S17C substitution does
not significantly perturb the Ca2+ binding to CaM. Experiments
performed in the presence of 1 mM Mg2+ led to a significant
reduction in Ca2+-affinity for CaMS17C (Table 1), resulting in a
4 μM KD

app, hence a ∼2.2-fold reduction.
Results were found to be significantly different for the

mGCAP2CAA mutant. Direct Ca2+-binding assay showed a
significantly lower (4-fold) affinity in the absence of Mg2+ as
compared to the wild type form (KD

app = 0.32 μM versus 0.08
μM, respectively). Moreover, when the binding experiments
were performed in the presence of 1 mM Mg2+ the wild type

form showed a KD
app of 0.50 μM, within the physiological range

of free Ca2+, while the CAA mutant showed substantially
unaltered affinity (Table 1). This suggests that the mutations
may have perturbed at least one of the three Ca2+-binding sites.
Moreover, this mutant displays biphasic SPR data (Figure 2C).
In spite of the very high immobilization level obtained (14.5
ng/flow cell), the changes in response to Ca2+-injections were
significantly lower compared to other proteins (50 RU
maximum), and the pattern was completely different. An initial
rapid increase of the signal was followed by a slow decrease, a
scheme that was symmetrically reversed upon Ca2+-dissocia-
tion. Moreover, a continuous drift in the signal was observed,
which reduced the overall reproducibility (Figure 2C, right
panel). Although this behavior prevented data fitting, it is
noteworthy that the presence of 1 mM Mg2+ significantly
changed the observed pattern (Figure 2C, middle panel). While
a reduction of the amplitudes was observed, the pattern of the
injections appeared different and indicative of substantially
slower processes.
The analysis was completed by SPR experiments performed

with the wild type forms of mGCAP1 and mGCAP2.
Considering that these forms have four and three Cys residues,
respectively, we immobilized them via heterogeneous amine-
coupling at high immobilization levels (10.8 ng/flow cell
mGCAP1 and 8.2 ng/flow cell mGCAP2). Results of SPR-
monitored Ca2+-titrations are reported in Supporting Informa-
tion Figures S2 and S3. Different patterns were observed and in
spite of the significantly higher immobilization level, mGCAP1
showed slightly lower amplitudes in response to Ca2+compared
to mGCAP2 (compare Supporting Information Figures S2 and
S3). Moreover, the same negative-positive zigzag variation upon
Ca2+-injection found for mGCAP2CAA was observed for the
wild type form, but the initially fast increase of the signal was
missing (Supporting Information Figure S2). Despite the drift
present in both cases, the signals were fairly reproducible and
reached in both cases saturation (Supporting Information
Figures S2 and S3), which allowed determining K1/2

SPR values.
Interestingly, the presence of 1 mM Mg2+ shifted such values to
higher Ca2+ in both cases (Table 1). It is also worth noting that
for mGCAP1 the presence of 1 mM Mg2+ tuned the
equilibrium Ca2+-dissociation constant to a value of 0.5 μM,
hence fully compatible with the physiological working range of
the sensor.
Taken together, the analysis of the equilibrium data obtained

by SPR (Figure 2A−B and Supporting Information Figures S2

Table 1. Results of Ca2+-Binding Experiments and SPR-Based Detection of Conformational Changesa

log K1 log K2 log K3 log K4 KD
app (μM) K1/2

SPR (μM) Kcc

CaMS17C Ca2+ 5.6 ± 0.5 5.9 ± 0.6 (4.7 ± 0.6) 6.0 ± 0.6 1.6 5.7 ± 0.03 2.8 × 10−1

Ca2+ + Mg2+ 5.6 ± 0.2 5.3 ± 0.5 5.3 ± 0.4 (4.4 ± 1) 4.0 17.2 ± 0.4 2.3 × 10−1

mGCAP2 Ca2+ 6.9 ± 0.7 (4.9 ± 0.3) 7.3 ± 0.8 0.08 24.9 ± 0.2 3.2 × 10−3

Ca2+ + Mg2+ 6.7 ± 0.1 5.9 ± 0.3 5.2 ± 0.2 0.50 37.7 ± 0.5 1.3 × 10−2

mGCAP2CAA Ca2+ 6.6 ± 0.3 6.4 ± 0.2 5.6 ± 0.3 0.32 ND ND
Ca2+ + Mg2+ 6.7 ± 0.5 6.3 ± 0.6 (4.8 ± 0.4) 0.32 ND ND

mGCAP1D6S Ca2+ 7.1 ± 0.9 6.5 ± 0.8 6.1 ± 0.5 0.16 19.7 ± 0.8 8.1 × 10−3

Ca2+ + Mg2+ 6.7 ± 0.8 5.9 ± 0.1 6.1 ± 1.0 0.50 25.4 ± 1.2 2.0 × 10−2

nmGCAP1CAAA Ca2+ 7.4 ± 0.2 6.1 ± 0.5 6.5 ± 0.8 0.16 ND ND
Ca2+ + Mg2+ 7.1 ± 0.4 6.0 ± 0.5 6.4 ± 0.5 0.25 ND ND

aDecimal logarithm of each macroscopic binding constant as obtained from fitting performed with the software Caligator.25 Errors represent SD of
repeated determinations. KD

app represent the apparent affinity as obtained from averaging the significant macroscopic binding constants. K1/2
SPR was

obtained by fitting by a Hill sigmoidal the average maximum amplitudes upon Ca2+-injection as a function of free-Ca2+ in SPR experiments. Kcc was
obtained from eq 1.
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and S3, right panels) and the Ca2+-binding affinity directly
measured by the chelator assay (Table 1) allows estimation of
the conformational change contribution (Kcc) in the concerted
binding-conformational transition process, from the relation-
ship:

= =K
K

K
K

1
tot

1/2
SPR

cc

D
app

(1)

Values obtained for the unitless quantity Kcc are reported in
Table 1, for cases in which saturation was clearly observed in
SPR experiments and eq 1 could therefore be used.
For both mGCAP1 and mGCAP2 the Kcc values were

significantly lower compared to CaMS17C and comparable with
each other (Table 1). In detail, a ∼4-fold higher Kcc was found
for mGCAP2 in the presence of Mg2+, while a lower effect
(∼2.5-fold) was observed for mGCAP1. In both cases,
however, Mg2+ clearly influenced the dynamics and the
magnitude of the conformational changes. The relatively high
Kcc values obtained for CaMS17C as compared to those for
GCAPs (Table 1), indicative of a major structural rearrange-
ment, is paralleled by a very minor effect of Mg2+ on the
energetics of conformational changes (0.28 vs 0.23 Kcc). A
possible interpretation is that the remarkable shift observed in
K1/2

SPR reflects the significant reduction of affinity for Ca2+ in
the presence of physiological Mg2+32,33 rather than a different
mechanism for the conformational transition. The reduction in
apparent Ca2+ affinity is most marked for the N-terminal sites
of CaM,32 which have higher Mg2+ affinity than the C-terminal
sites.
Effect of Myristoylation on the Conformational

Dynamics of Rec and GCAP1. Myristoylation of Ca2+-sensor
proteins can modify their specific regulatory properties
including activation of their targets. Moreover, it has been
shown that although the overall architecture of the protein and
the Ca2+-binding domains is conserved, the acyl modification
can affect the structure differently, depending on the of Ca2+-
sensor.34−37 The structural effect because of the absence of
myristoylation on GCAP1 resulted in significantly lowered
thermal stabilities both in the apo and in the Ca2+-bound form,
despite the affinity for Ca2+ was only marginally affected.22 To
investigate directly the dynamics of Ca2+ binding to non-
myristoylated sensors, we produced a nonmyristoylated variant
(nmGCAP1CAAA) of GCAP1, in which the only residual Cys is

the one at position 18,21 and then we immobilized at high level
both nmRec (7.2 ng/flow cell) and nmGCAP1CAAA (14−16
ng/flow cell) via site-specific thiol coupling. Ca2+ pulses in the
0.3−46 μM range led to remarkably different patterns
compared to all the other myristoylated proteins studied here
(Figure 3). Relatively slow, nonsaturating kinetics with overall
lower maximal amplitude compared to the myristoylated case
were observed for nmRec (Figure 3A). The variation of the
SPR signal upon Ca2+ injections showed an opposite trend as
compared to mRec, in that it decreased upon injection/
association and increased upon dissociation.
The kinetics at increasing Ca2+ did not differ substantially

from each other, as confirmed by the very similar shapes in
both phases, but the amplitude of the responses was higher for
intermediate Ca2+-concentrations in the 1−2.5 μM. The
counterintuitive pattern was reproducible upon several
repetitions. A different result was obtained for nmGCAP1CAAA,
(Figure 3B) for which increasing Ca2+ injections in the 0.3−1
μM range led to a significant acceleration of the association/
transition kinetics, which appeared to saturate after the second
injection (0.6 μM), in contrast to the dissociation/relaxation
kinetics which appeared significantly slower the higher the
Ca2+-concentration of the injected sample (Figure 3B). The
pattern was also completely different compared to that of
mGCAP1, and as for nmRec it was characterized by negative
signals upon Ca2+-injections.
In agreement with structural information about nmRec in the

literature,38 we propose that the lack of myristoylation for
nmGCAP1CAAA might lead to a more flexible conformation.
This would explain why, in both cases, overall lower maximal
amplitude observed in the whole titration pattern is paralleled
by significantly higher variations of the SPR response upon
individual injections as compared to the respective myristoy-
lated cases (Figure 2 and Supporting Information Figure S3).
From these results, it appears clear that the method is able to
detect with high sensitivity the effect of myristoylation on the
conformational dynamics.

Influence of Specific Metal Cations on the Detected
Conformational Dynamics. Depending on the specific
protein, the presence of 1 mM Mg2+ was found to influence
either the Ca2+ binding, the concerted conformational
transition, or both (Table 1). To investigate the physicochem-
ical nature of such effects, we immobilized mRec and followed
by SPR the Ca2+-titrations in the presence of other salts at

Figure 3. Example of SPR detection of conformational changes in nonmyristoylated Rec (approximately 6000 RU immobilized, (A)) and
nonmyristoylated GCAP1CAAA (approximately 12 000 RU immobilized, (B)) upon Ca2+-titration at T = 25 °C.
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concentrations yielding the same ionic strength as 1 mM Mg2+.
For this purpose, 2 mM KCl and 1 mM ZnCl2 were added to
the running buffer and to the Ca2+ stocks to be injected in SPR
experiments. Results of Ca2+-titrations in the 0.3−46 μM range
are shown in Figure 4A. Interestingly, the addition of 2 mM K+

reduced the amplitude of each individual response by
approximately 8%, hence suggesting a pure electrostatic
screening effect as the only consequence. NMR studies have
in fact shown that weak binding of K+ to CaM has only minimal
structural effects.31 A significantly higher reduction of the
maximal amplitudes (∼50%) was observed in the presence of 1
mM Mg2+, as already discussed and shown (Figure 2A).
However, neither of the added cations significantly shifted in
the measured K1/2

SPR values, as the normalized data in Figure
4B clearly show.
A completely different behavior was observed when the

titrations were performed in the presence of 1 mM Zn2+. In this
case, no change in the SPR signal was detected upon the same
Ca2+ titrations (Figure 4A). This result is in line with the
known Zn2+ affinity for mRec, with an apparent KD of 30 μM
for the apo-state.39 The binding sites for Zn2+ are distinct from
those of Ca2+, and structural studies showed that Zn2+ binding
causes the protein to expose hydrophobic residues, hence
inducing their solvation.39 The high concentration of Zn2+ in
our SPR experiments thus ensures high saturation levels to apo
mRec and may favor a conformation that is incompatible with
the Ca2+-switch clearly visible with all the other cations.
Monitoring Different Kinetics of the Conformational

Dynamics of Ca2+-Sensors Triggered by Physiological
Ca2+-Stimuli. A closer inspection of the SPR responses
obtained during the Ca2+-titrations revealed differences in the
kinetics of response to Ca2+ (Figure 2 and Supporting
Information Figures S2 and S3). These differences are
highlighted in Figure 5. We triggered the Ca2+-induced
conformational change of four proteins (mRec, mGCAP2CAA,
CaMS17C, nmGCAP1CAAA) by injecting physiological concen-
trations of Ca2+. While both the binding/switch and
dissociation/relaxation were relatively fast for mRec (black
trace) and mGCAP2CAA (green trace), a significantly slower
binding/switch process was observed for CaMS17C (blue trace),
which however reversed very fast. The slowest processes were
observed for nmGCAP1CAAA (red trace) at this Ca2+ level. We
interpret these data as to reflect dielectric changes in the

hydrodynamic vicinity of the proteins occurring at different
velocities, which might ultimately originate from differences in
concerted protein and solvent rearrangement dynamics.
However, our current SPR approach has a too low time-
resolution as to monitor dynamic changes in protein
conformation on a nanosecond time scale. Therefore, it is
limited to a qualitative conclusion and does not allow a detailed
kinetic analysis. Although in cases where the Ca2+-induced
conformational transition occurs between particularly defined
and stable states, such as for mRec, a kinetic analysis was
possible and led to results consistent with those obtained by
equilibrium analyses,13 this does not appear to be a general
condition for all the proteins tested here. Future work is
intended to investigate this aspect.

■ CONCLUSIONS

A distinctive advantage of the SPR methodology presented here
is that different Ca2+-sensor proteins can be immobilized on the
same sensor chip at concentrations that mimic those found in
the cell, by exploiting the whole volumetric extension of the
flow cell via the CMD matrix rather than the limited surface of
the metal film. Considering that no other chemical is needed to

Figure 4. Effect of increased ionic strength on the SPR detection of conformational changes in mRec (T = 25 °C). (A) The Ca2+-titration was
repeated with the same immobilized sample in normal running buffer (●) (n = 2); in the presence of additional 2 mM K+ (□) (n = 3); in the
presence of 1 mM Mg2+ (○) (n = 4); in the presence of 1 mM Zn2+ (◊) (n = 3). Error bars stand for the SD (B) Normalization of the plots obtained
in (A), except for the one referring to ZnCl2.

Figure 5. Comparison of the kinetics of conformational changes upon
Ca2+-binding of nmGCAP1CAAA (14.5 ng/flow cell immobilized; red
line), mGCAP2CAA (14.5 ng/flow cell immobilized; green line),
CaMS17C (8.2 ng/flow cell immobilized; blue line), and mRec (9.3 ng/
flow cell immobilized; black line) at T = 25 °C in the physiological
range of Ca2+ (0.35, 0.35, 0.39, and 0.64 μM, respectively).
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reverse conformational changes, this provides a unique
opportunity to follow in label-free conditions the simultaneous
effects of the same Ca2+-signal on different Ca2+-sensors, hence
highlighting specific differences in the conformational dynam-
ics. This aspect is crucial to unraveling the dynamics of Ca2+-
regulated signaling networks at a systems-level.
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