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ABSTRACT: To evaluate the structural stability of recoverin, a member of the neuronal calcium sensor family, the effect of
temperature, myristoylation, and calcium:protein molar ratio on its secondary structure has been studied by transmission infrared
spectroscopy. On the basis of the data, the protein predominantly adopts α-helical structures (∼50−55%) with turns, unordered
structures, and β-sheets at 25 °C. The data show no significant impact of the presence of calcium and myristoylation on
secondary structure. It is found that, in the absence of calcium, recoverin denatures and self-aggregates while being heated, with
the formation of intermolecular antiparallel β-sheets. The nonmyristoylated protein (Rec-nMyr) exhibits a lower temperature
threshold of aggregation and a higher intermolecular β-sheet content at 65 °C than the myristoylated protein (Rec-Myr). The
former thus appears to be less thermally stable than the latter. In the presence of excess calcium ions (calcium:protein ratio of
10), the protein is thermally stable up to 65 °C with no significant conformational change, the presence of the myristoyl chain
having no effect on the thermal stability of recoverin under these conditions. A decrease in the thermal stability of recoverin is
observed as the calcium:protein molar ratio decreases, with Rec-nMyr being less stable than Rec-Myr. The data overall suggest
that a minimal number of coordinated calcium ions is necessary to fully stabilize the structure of recoverin and that, when bound
to the membrane, i.e., when the myristoyl chain protrudes from the interior pocket, recoverin should be more stable than in a Ca-
free solution, i.e., when the myristoyl chain is sequestered in the interior.

Calcium is a ubiquitous intracellular messenger that allows
the control of numerous cellular processes, such as

fertilization, proliferation, development, learning and memory,
contraction, and secretion (for a review, see ref 1). This is
mainly achieved by proteins that specifically bind calcium.2,3

Calcium-binding proteins (CaBP) make up a heterogeneous
and wide group of proteins, which include proteins that
contribute not only to the control of calcium concentration but
also to the decoding of calcium signals, thus acting as calcium
sensors.4,5 Among these proteins, one can find intracellular
CaBP containing6 or lacking EF-hand motifs.4 The EF-hand
calcium-binding motif consists of an α-helix, a calcium-binding
loop, and a second helix.7 The proteins containing the EF-hand

motif constitute a large and functionally diverse family of
proteins.8−10

The neuronal calcium sensor (NCS) protein family makes up
part of the EF-hand family. It contains 14 members, including
recoverin.11−13 Recoverin is a 23 kDa protein that acts as a
calcium sensor in retinal rod cells.14 In the dark, calcium-bound
recoverin inactivates rhodopsin kinase.15−17 However, light
activation of rhodopsin results in a large decrease in the
intracellular calcium content of rod photoreceptors and a large
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conformational change in recoverin upon calcium dissociation.
Consequently, recoverin dissociates from rhodopsin kinase,
which then phosphorylates rhodopsin (see refs 18 and 19 for
reviews on phototransduction).
Like other members of the NCS family, recoverin possesses

four EF-hand motifs that can coordinate calcium ions.
However, only two of these motifs can bind calcium (EF-
hands 2 and 3). Calcium binding occurs in a successive manner,
EF-hand 3 being coordinated first because of a higher
association constant.20−23 Moreover, recoverin contains an N-
terminal myristoyl moiety that can be inserted within or
extruded out of a hydrophobic cavity in a calcium
concentration-dependent manner, a phenomenon called the
calcium myristoyl switch.24,25 It has been suggested that the
myristoyl group can serve as a membrane anchor when it
protrudes from the protein surface.26

The three-dimensional (3D) structure of myristoylated
recoverin (Rec-Myr) has been determined in solution in the
absence of calcium27 and when coordinated with two calcium
ions.28 The 3D structure of nonmyristoylated recoverin (Rec-
nMyr) has been determined in solution in the presence of
calcium.20 Recoverin mainly adopts an α-helical conformation
in which two subdomains formed by EF-hand 1 and 2 (N-
terminal domain) and EF-hands 3 and 4 (C-terminal domain)
are joined by a U-shaped linker region.29 Calcium binding of
recoverin is associated with a rotation of 45° of the C-terminal
domain relative to the N-terminal one and the exposure of
many hydrophobic residues to the solvent.28

The structure of Rec-Myr and Rec-nMyr has been
investigated in various environments, especially using circular
dichroism (CD) and fluorescence spectroscopy. The data are
contradictory as some of them suggest a change in the amount
of α-helix content upon calcium binding,30,31 whereas other
studies detect virtually no structural modification.23,32 N-
Myristoylation does not seem to induce conformational
changes in recoverin as indicated by CD.31 However, it has
been found by small-angle X-ray scattering (SAXS) that Rec-
Myr and Rec-nMyr “aggregate” (oligomerize) at room
temperature in the presence and absence of calcium,
respectively.31

The study of the thermal stability is probably one of the
simplest and most powerful ways of assessing the structural
integrity of a protein, especially with regard to different protein
environments. This type of information is also important
because physiological processes occur at 37 °C and, from a
more practical point of view, because it may serve as a reference
for understanding the structural behavior of recoverin when it
interacts with phospholipid model membranes. The study of
the heat-induced stability of recoverin has only been performed
for Rec-Myr using microcalorimetry,23 fluorescence spectros-
copy,32 and CD.33 The results have shown that recoverin is
stabilized in the presence of calcium.
More generally, binding of calcium by proteins can have

different effects on their stability. For example, it has been
shown that the thermal stability of proteins containing EF-hand
motifs is increased in the presence of calcium,23,32,34−43 which
is also true when no EF-hand motif is present in the structure
of the protein.44 However, a decrease in thermal stability has
also been observed in the presence of calcium for some proteins
bearing an unusual EF-hand motif45,46 or in the absence of such
a motif.47 Calcium thus allows stabilization of the structure of
most proteins assayed until now. However, none of these

studies has carefully studied the effect of varying the molar ratio
of calcium on protein thermal stability.
Recoverin has therefore been used in this study to clarify this

issue. More specifically, we have used transmission infrared
(IR) spectroscopy to study the effect of calcium and the N-
myristoyl moiety on the secondary structure and thermal
stability of recoverin in solution. IR spectroscopy is a powerful
tool for investigating the secondary structure of proteins in
various aqueous environments, because of the amide I band
that originates from peptide bond vibrations. This technique
has often been used to investigate the effect of calcium on the
secondary structure of proteins.48−51 In particular, the study of
the antisymmetric COO− stretching [νas(COO

−)] vibration
provides insight into the binding of amino acid side chain
carboxylate groups.52

■ MATERIALS AND METHODS
Materials. Water used for buffer preparation was distilled

and deionized (resistivity of 18.2 MΩ cm) using a Barnstead
NANOpurII system (Boston, MA). Deuterium oxide (D2O)
was obtained from CDN isotopes (Pointe-Claire, QC). All
solvents were of reagent grade or high-performance liquid
chromatography grade [Commercial Alcohols, the industrial
and beverage alcohol division of GreenField Ethanol
(Brampton, ON) for ethanol and VWR International (Radnor,
PA) for chloroform] and used without any further purification.
Salts were of analytical grade and used as received. CaCl2,
NaOH, sodium myristate, and 2-mercaptoethanol were
purchased from Sigma-Aldrich (Oakville, ON). Ethylene glycol
bis(β-aminoethyl ether)-N,N′-tetraacetic acid (EGTA), NaCl,
and NH4HCO3 were purchased from Laboratoire Mat
(Queb́ec, QC). HEPES was purchased from Fisher (Fair
Lawn, NJ).

Expression and Purification of Recoverin and Remov-
al of the Salts. Myristoylated recoverin and nonmyristoylated
recoverin were expressed and purified as previously reported by
Ray et al.14 with the modifications of Desmeules et al.53 Purified
recoverin was then dialyzed four times to remove all salts. For
samples in the absence of calcium, the protein sample was first
dialyzed against 50 mM NH4HCO3 and 50 μM EGTA and
then dialyzed three times against 50 mM NH4HCO3. For
samples in the presence of calcium, the protein sample was
dialyzed four times against 50 mM NH4HCO3 and 50 μM
CaCl2. All recoverin solutions were then concentrated,
lyophilized, and stored at −20 °C. The concentration of
recoverin was determined by UV−visible spectroscopy using a
molar absorption coefficient (ε) of 23950 M−1 cm−1 at 280
nm.54

Transmission Infrared Spectroscopy. All samples were
rehydrated with D2O buffers (pH 7.5) containing 100 mM
NaCl, 25 mM HEPES, and 1 mM 2-mercaptoethanol. Samples
in the absence of calcium also contained 0.5 mM EGTA. The
effect of calcium has been investigated at different calcium
concentrations (1, 2, or 10 mM CaCl2). The final protein
concentration was 1 mM.
Measurements were taken using either a Magna 560 or 760

FTIR spectrometer from Nicolet (Thermo Scientific, Madison,
WI) equipped with a nitrogen-cooled MCT A detector. The
temperature was adjusted using a home-built temperature
controller (±1 °C). The temperature was increased from 12−
15 to 65 °C, with typical steps of 5 °C. For samples exhibiting
aggregation, the experiments were performed with 1−2 °C
increments in the temperature range where conformational
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changes occur. The stabilization time for each temperature was
3 min. A protein sample volume between 5 and 9 μL was
deposited between two CaF2 windows (Spectral Systems,
Hopewell Junction, NY) using a Mylar film spacer of 13 μm
(Goodfellow Cambridge Ltd., Huntingdon, U.K.). Spectra were
recorded via the acquisition of 128 interferograms at a
resolution of 4 cm−1 using a Happ-Genzel apodization.
All spectra were treated using GRAMS/7 AI (Galactic

Industries Corp., Salem, NH). The appropriate buffer spectrum
was first subtracted from each series of spectra. Water vapor
was then subtracted, and the spectra were subsequently
smoothed55 when necessary. Then, a linear or cubic baseline
was subtracted in the amide I′ and carboxylate asymmetric
stretching regions, i.e., between 1720 and 1530 cm−1. However,
for samples showing aggregation, a linear baseline was further
subtracted between ∼1700 cm−1 (1701−1713 cm−1) and
∼1600 cm−1 (1595−1598 cm−1). Then, the area of the amide I′
was normalized to unity between 1700 and 1600 cm−1 with a
homemade program running with Grams. To evaluate the
extent of aggregation, the spectrum of the series preceding the
first appearance of the bands due to β-sheets (onset of
aggregation) was subtracted from all the other spectra. The area
of the bands due to aggregation was evaluated as a function of
temperature using a homemade program, which calculates the
positive area of the difference spectrum over the horizontal axis.
The curve fitting of the amide I′ band was performed using

various initial sets of band parameters. The amide I′ band has
been first decomposed using three Gaussian components,
which were found to lead to improper fitting. In fact, the
minimal number of components required to obtain a
reasonable fit was six (located at 1676, 1663, 1648, 1633,
1617, and 1604 cm−1). The two latter components most
probably result from side chain vibrations. Because the curve-
fitting software spontaneously tends to promote large bands,
restrictions on the bandwidth have been imposed so that they
could not exceed 20 cm−1. The frequency was free to change
during calculation but always remained within a ±1 cm−1

interval, suggesting that the spectral decomposition is robust.
The area of the 1648 cm−1 component divided by the sum of
the area of all amide I′ components was used for the
determination of the α-helical content, assuming that the
molar absorption coefficient is the same for all structures. The
antisymmetric COO− stretching [νas(COO

−)] originating from
the glutamic acid (Glu) and aspartic acid (Asp) band near 1570
cm−1 has also been fit to facilitate the spectral decomposition of
the amide I′ band due to the overlap between these two
spectral regions.

■ RESULTS
Effect of Calcium and Myristoylation on the Secon-

dary Structure of Recoverin. Figure 1 shows the amide I′
and antisymmetric COO− stretching [νas(COO

−)] absorption
bands of Rec-Myr and Rec-nMyr in the presence and absence
of Ca2+. The maximum of the amide I′ band for all spectra is
located at 1647−1648 cm−1, showing the predominance of α-
helices, in agreement with the 3D structure of recoverin.20,27,28

This value is 3−4 cm−1 lower than that obtained by Ozawa et
al.56 This difference is probably due to the fact that in this latter
work, the protein was lyophilized after solubilization in D2O
buffer and then dissolved again into D2O. This treatment may
lead to a more complete H−D exchange of the peptide bonds,
thus leading to a shift of the amide I′ band toward lower
wavenumbers.

The width at half-height of the amide I′ band is 42 cm−1,
which indicates the presence of other band components on
each side of the main α-helix band, thus showing that other
secondary structure elements such as turns and random
structures are also present. The amide I′ band shows no
significant difference in shape for the different samples,
suggesting no major modification of the secondary structure
because of myristoylation or the presence or absence of Ca2+.
The lack of a change in secondary structure upon calcium
binding is consistent with the absence of or the very
small23,32,57 structural changes reported by circular dichroism
but is in contrast with other conclusions.30,31,33,58 Besides these
apparent discrepancies, because infrared spectroscopy does not
reveal changes in secondary structure upon calcium binding, it
may be hypothesized that the structural changes of recoverin
are mainly related to tertiary alterations. Indeed, the tertiary
structure changes occurring in recoverin upon calcium binding
as described in ref 29 may be detected by CD or fluorescence
but cannot be detected by infrared spectroscopy.
To obtain more information about the secondary structure of

recoverin, the amide I′ band at 25 °C has been decomposed
using different components. It appeared that four amide I′
components located at 1676, 1663, 1648, and 1633 cm−1 were
necessary to obtain a reasonable curve fitting. The band at 1648
cm−1 is assigned to α-helices, whereas those at 1633, 1663, and
1676 cm−1 correspond to contributions from β-sheets, turns,
and disordered structures, respectively.59,60 These structural
components can be found in the high-resolution structure of
recoverin.20,27,28

A typical spectral decomposition is shown in Figure 2 for
nonmyristoylated recoverin in 10 mM Ca2+ buffer. Using
different initial band parameters, the curve-fitting calculations
show that the α-helical component represents approximately
45−50% of the secondary structure content of recoverin. These
values are smaller than those reported by circular dichroism
showing that the amount of α-helical structure corresponds to
52 and 65% of the secondary structures in the absence and
presence of calcium, respectively.30,31 However, our data are
rather consistent with the 43−60% α-helical content
determined by NMR or X-ray diffraction for both the
calcium-free recoverin or the one coordinated with two calcium
ions.20,27,28

Figure 1. Spectra of Rec-Myr and Rec-nMyr (1 mM in D2O buffer) in
the presence of Ca2+ (10 mM Ca2+) and in its absence (0.5 mM
EGTA) at 25 °C, in the 1720−1520 cm−1 frequency range. Spectra are
normalized with respect to the peak maximum of the amide I′ band.
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As opposed to the amide I′ band, the νas(COO
−) vibration

near 1560−1570 cm−1 exhibits spectral alterations depending
on the presence or absence of calcium and a myristoyl group
(Figure 1). This band originates from the vibrations of glutamic
acid and aspartic acid side chains that arise near 1558 and 1585
cm−1, respectively.61,62 Histidine residues may also contribute
in this region, although they seem to be in too small number
(three residues) with respect to glutamic acid (25 residues) and
aspartic acid (11 residues). This vibrational mode is well-known
to be sensitive to the binding of divalent cations and to the
coordinated structure formed.63 More generally, this vibration
may also be affected by its environment, especially by the
formation of hydrogen bonds with water.
In the absence of calcium, the maximum of this band is

similar for Rec-Myr and Rec-nMyr (1570 and 1568 cm−1,
respectively). A shoulder can also be seen in this band for both
proteins near 1585 cm−1. Despite these similarities, the spectra
also display differences in this region, especially near 1550
cm−1. This band is indeed broader on the low-wavenumber side
for Rec-Myr, suggesting that its carboxylate groups experience
more diversified environments. The 3D representations of
recoverin suggest that all aspartic and glutamic acid side chains

Figure 2. Decomposition of the spectrum of Rec-nMyr (1 mM in D2O
buffer) in the presence of 10 mM Ca2+ at 25 °C, in the 1720−1520
cm−1 frequency range.

Figure 3. Spectra of (A and B) Rec-Myr and (C and D) Rec-nMyr (1 mM in D2O buffer) as a function of temperature in the (A and C) presence
(10 mM Ca2+) and (B and D) absence of Ca2+ (0.5 mM EGTA), in the 1720−1520 cm−1 frequency range.
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are water-exposed except those located close to the myristoyl
chain, notably those that belong to EF-hand 1.29 It is probable
that the presence of the myristoyl chain located inside the
protein prevents these COO− groups from being exposed to
the aqueous environment, leading to a more heterogeneous
environment of the carboxylate groups. The structure of Rec-
nMyr suggests that its carboxylate groups experience a more
homogeneous environment that is consistent with the expect-
ation that all side chains are equally solvent-exposed in the
absence of the myristoyl chain.29

In the presence of calcium, the νas(COO
−) band is virtually

identical for both Rec-Myr and Rec-nMyr, indicating that the
absence of the myristoyl chain has no effect on the binding of
calcium. Calcium binding results in a small shift of the
maximum of the band from 1568−1570 to 1566 cm−1 and the
appearance of a shoulder near 1547 cm−1. These differences are
in agreement with the literature56 and are due to the binding of
calcium to the carboxylate groups of glutamic acid and/or
aspartic acid. The 1547 cm−1 component has been assigned to
the coordination of calcium with the COO− group of glutamic
acid in the bidentate state.56

Effect of Calcium and Myristoylation on the Thermal
Stability of Recoverin. In the presence of calcium, no
significant modification of the amide I′ band is observed with
temperature, showing a total thermal stability for Rec-Myr
(Figure 3A) up to 65 °C. The small shift of the νas(COO

−)
band from 1569 to 1566 cm−1 suggests a weakening of the
interactions of the carboxylate groups with both water and
calcium with an increase in temperature (Figure 3A).
In the absence of calcium, no strong modification of the

amide I′ band occurs until 52−54 °C (Figure 3B). However,
from this temperature, one can observe the appearance of two
well-defined bands at 1684 and 1615 cm−1 with intensities that
increase with temperature. Simultaneously, the intensity at
∼1648 cm−1 decreases. These spectral changes are due to the
formation of ordered intermolecular antiparallel β-sheets59 at
the expense of the native α-helical structural components. This
phenomenon is irreversible (data not shown). It is often
observed for proteins and is characteristic of the denaturation
of proteins accompanied by aggregation.64−67 These data
clearly demonstrate that recoverin is stabilized by calcium,
although the binding and removal of this cation do not seem to
affect the protein secondary structure at 25 °C (Figure 1).
Moreover, it can again be observed that the νas(COO

−) band
shifts toward higher wavenumbers with temperature, thereby
indicating a weakening of the interactions of the carboxylate
groups with its environment.
In the case of Rec-nMyr, the spectral evolution observed in

the 1720−1520 cm−1 frequency range with temperature is very
similar to that of Rec-Myr (Figure 3). No significant change in
the amide I′ band can be observed in the presence of calcium,
showing again that the protein, either myristoylated or not, is
highly stabilized when it is coordinated by calcium. Thus, the
myristoylation of recoverin appears to have no impact on the
thermal stability of recoverin when calcium is present.
However, this conclusion is only valid in the temperature
range presented here and at high calcium concentrations.
Indeed, as will be shown below, the thermal stability of Rec-
Myr and Rec-nMyr is different at lower calcium concentrations.
In the absence of calcium, Rec-nMyr behaves the same as

Rec-Myr (Figure 3). Indeed, the amide I′ band of Rec-nMyr
remains stable until two components appear because of β-
aggregation. The position of these bands is the same as those of

Rec-Myr, thus suggesting that Rec-nMyr forms the same type
of β-sheets as Rec-Myr. However, the β-sheet components arise
at lower temperatures for Rec-nMyr, and its extent of
aggregation is higher as judged from the intensity of these
components at 65 °C (see below). Thus, the myristoyl moiety
reduces the extent of denaturation of recoverin in the absence
of calcium.
To characterize more quantitatively the thermal stability of

myristoylated and nonmyristoylated recoverin, the area of the
β-sheet component at 1685 and 1615 cm−1, A(1685 + 1615
cm−1), has been measured as a function of temperature. To this
end, a linear baseline has been subtracted under the amide I′
band (1710−1590 cm−1 range) and the spectrum of the series
preceding aggregation (onset of aggregation) has been
subtracted from all subsequent spectra. A typical series of
difference spectra is shown in Figure 4 for Rec-nMyr in the

presence of 0.5 mM EGTA (the conditions under which
recoverin aggregates most). This analytical procedure magnifies
the progressive appearance of the bands at 1685 and 1615 cm−1

with heating and the concomitant disappearance of the native
amide I′ band. Two isosbestic points can be seen near 1675 and
1628 cm−1 and are also observed under other conditions (see
Figures S1−S4 of the Supporting Information). Such isosbestic
points suggest that the aggregation of recoverin is a two-state
process, the native structures being progressively converted into
intermolecular β-sheets without any intermediate.
The measurement of the area of these bands as a function of

temperature allows a semiquantitative evaluation of the extent
and kinetics of aggregation under different conditions.
Moreover, to better understand the effect of calcium on the
structure of recoverin, its thermal stability has been investigated
as a function of calcium concentration (1−10 mM Ca2+). The
data are shown in Figure 5 (spectra are shown in Figures S1−
S4 of the Supporting Information).
The data are not shown for Rec-Myr and Rec-nMyr in the

presence of 10 mM calcium and for Rec-Myr in the presence of
2 mM calcium because no aggregation occurs in these cases, so

Figure 4. Difference spectra of Rec-nMyr (1 mM in D2O buffer) as a
function of temperature from 42 to 65 °C in the absence of calcium
(0.5 mM EGTA), in the 1700−1600 cm−1 frequency range. The
difference spectra are obtained by subtracting the spectrum of the
series preceding aggregation from all subsequent spectra.
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that A(1685 + 1615 cm−1) is zero at all temperatures, thus
showing that above a certain calcium concentration threshold,
the protein is thermally stable (up to 65 °C). The data shown
in Figure 5 confirm that, in the absence of calcium (0.5 mM
EGTA), Rec-Myr and Rec-nMyr self-aggregate and that Rec-
nMyr is more prone to aggregation than Rec-Myr. In fact, Rec-
nMyr aggregates at a temperature (42−44 °C) lower than that
of Rec-Myr (52−54 °C), and the level of aggregation at 65 °C
is higher for Rec-nMyr. It can also be seen that the extent of
aggregation decreases with an increase in calcium concentration
for both Rec-Myr and Rec-nMyr. In any case, the amount of
intermolecular β-sheets is larger for Rec-nMyr than for Rec-
Myr for a given calcium concentration.
Rec-Myr is relatively stable at 1 mM calcium (1:1

recoverin:Ca2+ molar ratio), as a slight formation of
intermolecular β-sheets appears only at 65 °C. As mentioned
above, no aggregation occurs at 2 mM calcium (1:2
recoverin:Ca2+ molar ratio that corresponds to the ratio
allowing binding of both functional EF-hands of recoverin by
calcium). In contrast, Rec-nMyr still exhibits bands at 1685 and
1615 cm−1 at this calcium concentration, although with a weak
intensity. The results are detailed in Figure 6, where the
evolution of the β-sheets bands at 65 °C is plotted as a function
of calcium concentration. This figure highlights the fact that

Rec-Myr is more stable than Rec-nMyr and the fact that the β-
sheet content of these proteins at 65 °C decreases as the
calcium concentration increases.

■ DISCUSSION
Infrared spectroscopy was used in this study to investigate the
effect of calcium concentration and myristoylation on the
thermal stability of recoverin. Both the nonmyristoylated and
myristoylated forms of recoverin were studied at calcium
concentrations of 1, 2, and 10 mM, while the recoverin
concentration was kept at 1 mM.
These data show that in excess calcium, Rec-Myr and Rec-

nMyr are totally stable up to 65 °C, suggesting that there is no
or only a weak influence on the thermal stability of the protein
regardless of whether the myristoyl moiety protrudes from the
protein hydrophobic pocket or is absent. Indeed, a small shift in
the midtransition temperature of 0.6 °C has recently been
observed by CD spectroscopy upon myristoylation.33 Below a
certain calcium concentration threshold, the protein denatures
and undergoes β-aggregation. This type of aggregation is
different from that proposed by Kataoka et al.,31 which has to
be associated with oligomerization. This calcium concentration
threshold is 2 mM for Rec-Myr. Because the protein
concentration is 1 mM in these experiments, this means that
when two calcium cations or more are available for the
myristoylated protein, it is thermally stable (under these
heating conditions).
It is well-established that two calcium cations can bind

recoverin at EF-hands 2 and 38,29,68 in a successive manner.23

This coordinated configuration seems then to correspond to
the most stable structure. The stabilization effect of calcium was
also demonstrated by the study of the effect of amino acid
substitutions in EF-hand sites of recoverin on its calcium
binding properties.23 On the other hand, the increase in the
thermal stability of recoverin in the presence of calcium was
reported in microcalorimetric,23 fluorescence,32 and CD33

studies. In these studies, the calcium-induced increase in
stability ranges between 5−6 and 15 °C. These IR data show an
∼10 °C stability increase in an excess of calcium (1:10
recoverin:Ca2+ molar ratio). The temperature difference may be
due to the fact that these techniques do not probe the same
parameters and physical phenomena. Calorimetry provides
thermodynamic parameters, while spectroscopy is sensitive to
changes at the molecular level. In addition, CD and even more
fluorescence spectroscopy are sensitive to tertiary structural
unfolding, while the IR amide I′ band is affected by changes in
secondary structure resulting from aggregation. It is interesting
to note that the effect of calcium on protein stability has also
been observed for other proteins of the NSC family, namely
with guanylate cyclase activating protein-2 (GCAP-2)39 and
guanylyl cyclase activating protein 1 (GCAP-1).40,43 Other EF-
hand-containing proteins such as S100A241 and α-amylase42

have also demonstrated an increased thermal stability with an
increasing calcium concentration.
The situation is slightly different for Rec-nMyr compared to

that for Rec-Myr at low calcium concentrations. For Rec-nMyr,
a slight aggregation is observed at 2 mM calcium, showing that
Rec-nMyr is not as stable as Rec-Myr. Thus, it seems that the
structure of Rec-nMyr is less stable than Rec-Myr when
coordinated. In the latter case, this would suggest that the
myristoyl chain plays a significant role in recoverin stability. In
both cases, Rec-nMyr appears to be less stable than Rec-Myr at
low calcium concentrations and in the absence of calcium.

Figure 5. Area at 1685 and 1615 cm−1 [A(1685 + 1615 cm−1)],
corresponding to the formation of β-sheets, of Rec-Myr and Rec-nMyr
(1 mM in D2O buffer) as a function of temperature and calcium
concentration. The uncertainty in A(1685 + 1615 cm−1) is ±0.02.

Figure 6. A(1685 + 1615 cm−1) of Rec-Myr and Rec-nMyr (1 mM in
D2O buffer) at 65 °C as a function of calcium concentration. The
uncertainty in A(1685 + 1615 cm−1) is ±0.02.
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These observations thus suggest that the N-terminal myristoyl
chain stabilizes recoverin, which is in line with crystallographic
data obtained with Rec-nMyr69 showing that the myristoyl
modification significantly stabilizes the conformation of the
calcium-free protein. From IR data, this stabilization cannot be
explained by differences in the “native” (i.e., before heating)
secondary structure, but major tertiary structure changes may
result from the absence of the myristoyl chain.20,27,28 It is also
possible that the myristoyl moiety perturbs some structural
elements of its surrounding hydrophobic cavity that are
important for protein thermal stability.
Our IR data therefore show that the thermal stability of

recoverin decreases at lower calcium contents, i.e., upon
myristoyl sequestration. The results further suggest that the
release of the myristoyl chain and consequent binding to lipid
bilayer membranes (i.e., at high calcium concentrations) may
lead recoverin to exhibit a structural stability enhanced
compared to that of its myristoyl-sequestered form.

■ CONCLUSION

IR spectroscopy appears to be a useful technique for
investigating the stability of recoverin. Overall, the results
show that although calcium concentration and myristoylation
have a weak effect on the secondary structure of recoverin, they
have a significant impact on its thermal stability, thus suggesting
changes in the intramolecular interactions and/or tertiary
structure. Such structural alterations may be important for the
biological function of recoverin. The fact that the structural
integrity of recoverin is particularly high when the myristoyl
chain is extruded from its hydrophobic pocket may be
necessary for the protein to be not too strongly affected by
membrane binding, thus to keep a functional structure. This
conclusion has to be confirmed by a study of the secondary
structure of recoverin upon interaction with model membranes.
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