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Abstract
Recoverin, a member of the neuronal calcium sensor (NCS) branch of the calmodulin superfamily,
is expressed in retinal photoreceptor cells and serves as a calcium sensor in vision. Ca2+-induced
conformational changes in recoverin cause extrusion of its covalently attached myristate (termed
Ca2+-myristoyl switch) that promote translocation of recoverin to disk membranes during
phototransduction in retinal rod cells. Here we report double electron-electron resonance (DEER)
experiments on recoverin that probe Ca2+-induced changes in distance as measured by the dipolar
coupling between spin labels strategically positioned at engineered cysteine residues on the
protein surface. The DEER distance between nitroxide spin-labels attached at C39 and N120C is
2.5 ±0.1 nm for Ca2+-free recoverin and 3.7 ±0.1 nm for Ca2+-bound recoverin. An additional
DEER distance (5 - 6 nm) observed for Ca2+-bound recoverin may represent an intermolecular
distance between C39 and N120. 15N NMR relaxation analysis and CW-EPR experiments both
confirm that Ca2+-bound recoverin forms a dimer at protein concentrations above 100 μM,
whereas Ca2+-free recoverin is monomeric. We propose that Ca2+-induced dimerization of
recoverin at the disk membrane surface may play a role in regulating Ca2+-dependent
phosphorylation of dimeric rhodopsin. The DEER approach will be useful for elucidating dimeric
structures of NCS proteins in general for which Ca2+-induced dimerization is functionally
important but not well understood.
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Recoverin, a 23 kDa Ca2+-binding protein and member of the calmodulin superfamily,
serves as a Ca2+ sensor for regulating phototransduction in retinal rod cells (1-5). Recoverin
prolongs the lifetime of photoexcited rhodopsin by inhibiting rhodopsin kinase only at high
Ca2+ levels (2, 6-9). Hence, recoverin makes the desensitization of rhodopsin responsive to
Ca2+, and the shortened lifetime of photoexcited rhodopsin at low Ca2+ levels may promote
visual recovery and contribute to the adaptation to background light. Recoverin was also
found localized in the rod inner segment and may serve as a Ca2+ sensor in synaptic termini
(10). Upon light activation (at low Ca2+ levels), 98% of recoverin is translocated to the rod
inner segment, whereas recoverin is transported to the outer segment in the dark (high Ca2+

levels) (11). This light-dependent protein translocation is likely facilitated by Ca2+-induced
conformational changes, termed Ca2+-myristoyl switch (12, 13) that may play a role in light-
adaptation.

Recoverin belongs to a family of neuronal calcium sensor (NCS) proteins (14, 15), including
NCS-1 (16), neurocalcin (17), and hippocalcin (18). The common structural features of NCS
proteins are an approximately 200-residue chain containing four EF-hand motifs and amino-
terminal myristoylation consensus sequence. Recoverin binds to two Ca2+ at the second and
third EF-hands (EF2 and EF3) (19) that induces the binding of myristoylated, but not
unmyristoylated, recoverin to rod outer segment disc membranes (12, 13). The three-
dimensional structures of myristoylated recoverin with 0 and 2 Ca2+ bound have been
determined by NMR spectroscopy (20-22). In the Ca2+-free state, the myristoyl group is
sequestered in a deep hydrophobic cavity inside the protein, forming a compact structure
(Fig. 1A). The binding of two Ca2+ causes a large protein conformational change that leads
to extrusion of the N-terminal myristoyl group (Fig. 1B). The Ca2+-induced exposure of the
myristoyl group (Ca2+-myristoyl switch) enables recoverin to bind to membranes only at
high Ca2+ (23, 24).

We report here double electron-electron resonance (DEER) analysis (25-27) on site-directed
nitroxide spin labels in recoverin to probe Ca2+-induced conformational changes and protein
dimerization. The DEER data reveal a 1.2 nm increase in the distance between spin labels
placed at C39 and N120C in recoverin caused by Ca2+ binding. A distance distribution
calculated from the DEER data using a rotamer distribution model indicates a single
distance between C39 and N120C centered at 2.5 nm for Ca2+-free recoverin, whereas
multiple distances (2.9, 3.7, 4.7 and 5.7 nm) are calculated for Ca2+-bound recoverin. The
main distance component at 3.7 nm represents the intramolecular distance between C39 and
N120C for Ca2+-bound recoverin. The longer distance components (5 - 6 nm) may represent
intermolecular distances in the dimeric Ca2+-bound protein. CW-EPR studies on recoverin
containing a nitroxide spin label attached at C39 indicate a Ca2+-induced increase in
rotational correlation time for recoverin, consistent with Ca2+-induced dimerization. Also,
NMR relaxation and pulsed-field gradient echo experiments confirm that Ca2+-bound
recoverin forms a dimer at protein concentrations above 100 μM, whereas Ca2+-free
recoverin is monomeric. We propose that Ca2+-induced dimerization of recoverin may occur
at the disk membrane surface, which could play a role in regulating Ca2+-dependent
phosphorylation of dimeric rhodopsin (28-30).

EXPERIMENTAL PROCEDURES
Mutant construction and protein purification

The mutation N120C was introduced into bovine recoverin as described previously (31) and
verified by DNA sequencing. The N120C recoverin mutant (hereafter called
recoverinN120C) contains two surface cysteine residues (residues 39 and 120) for spin label
attachment below.
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Recombinant myristoylated wildtype recoverin and recoverinN120C were expressed in E. coli
strain, DH5α, co-transfected with plasmids, pTREC2 and pBB131 as described previously
(12). The cells were grown in M9-broth in 90% 2H2O at 32° C until the cell culture reached
an optical density of 0.7-0.8 at 600 nm. The myristoyl-CoA transferase expression was
induced by adding IPTG (0.5 mM). Recoverin expression was induced 30 min. later by
rapidly raising the temperature to 42° C and growing the cells for an additional 4 hrs. The
protein purification procedure was similar to that used previously (21, 31). Briefly, the cells
suspended in lysis buffer were disrupted using a French Pressure Cell (Spectronic
Instruments, Inc. USA) and the extract was clarified by centrifugation (10000 g) for 1.5 hrs
at 4° C. The crude extract was treated with CaCl2 (3 mM), adsorbed onto a Phenyl
Sepharose CL-4B (Pharmacia Biotech) column at 4° C and washed thoroughly using high
Ca2+ buffer. The Ca2+-free protein was eluted using Ca2+-free buffer containing EGTA. The
protein was further purified using Q-Sepharose chromatography at room temperature and
then concentrated to a final concentration of 10 mg/ml using Centricon YM-10 (Millipore
Corp., USA). The overall yields were 10 mg from 1 L cultured cells. Proteins were
aliquoted, frozen by liquid nitrogen and stored at −80° C. Protein concentrations in this
study were determined by measuring the optical density at 280 nm and using a molar
absorption coefficient, ε = 23,950 cm−1 M−1. The final purified recoverin sample was more
than 98% pure as judged by SDS-PAGE, and more than 95% myrisoylated as confirmed by
reverse-phase HPLC and mass spectrometry analysis.

Spin labeling and EPR sample preparation
RecoverinN120C was labeled with MTSSL (2,5-dihydro-2,2,5,5-tetramethyl-3-
[[(methylsulfonyl)thio]methyl]-1H-pyrrol-1-yloxy, (1-oxyl-2,2,5,5-tetramethyl-Δ3-
pyrroline-3-methyl) methanethiosulfonate spin label) (Toronto Research Chemicals, North
York, Ontario, Canada). Any unreacted and/or free MTSSL was removed by gel filtration
using two sequential PD-10 columns (GE healthcare). EPR samples of spin-labeled
recoverinN120C were prepared at a final protein concentration of 200 μM by exchange into
buffer made from 99% D2O containing 50 mM Tris (pD 7.8), 200 mM KCl, and 30% d8-
glycerol (Cambridge Isotopes Laboratory). For each sample, 150 μL was loaded into a 4 mm
o.d. quartz tube (Wilmad 706-PQ-9.50) and flash frozen in liquid nitrogen.

DEER data collection and analysis
DEER data were acquired at the CalEPR center at UC Davis on a Bruker-Biospin EleXsys
E580 spectrometer at 9.5 GHz modified for DEER. Bridge modifications include use of a
HP 8761A SPDT switch to input the pump frequency from a HP 83622A source to the
manual pulse forming unit (MPFU) and addition of a variable coaxial attenuator (ARRA
Inc.) prior to the stripline pulse forming unit (SPFU). This allowed independent power level
settings of pump and probe pulses as inputs to the TWTA. A Bruker MS5 split-ring
resonator was used in an Oxford Instuments CF935 liquid helium cooling system, at a
temperature of 50 K and a magnetic field of about 340 mT. The DEER pulse sequence (π/
2)1 − τ1 − (π)1 − τ1 + t − (π)2 − (τ2-t) − (π)1 − τ2 − [echo] was used with pulse lengths of
16/32/32 ns for the probe pulses (subscript 1) and 20 ns for the pump pulse (subscript 2).
Pulse lengths were obtained by minimizing TWT-A input power at the observe frequency,
followed by minimizing the pump π-pulse width within the HP source power leveler range
(15dBm max). The value of τ1 was adjusted to a 1H suppression tau near a maximum in
the 2H nuclear modulation envelope (ca. 412 ns), and t was varied between - 60ns and a τ2
setting for about 2.5 modulation periods of the expected dipolar frequency, in increments of
8 or 20 ns. The pump frequency ν2 was centered in the resonator mode and aligned with the
spectral maximum. The probe frequency ν1 was 65 MHz above ν2. A repetition time was
found that provided at least 95% unsaturated echo intensity. The DEER data were analyzed
and fit with DeerAnalysis2011 (32). Through in silico labeling using the molecular
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dynamics software MMM (33), DEER experimental data was compared to published
recoverin structures. A “cryo” setting of 175K, provided the lower temperature conditions to
better-capture the liquid nitrogen freezing process which reduces the contributing rotamers
present under “ambient” conditions (34).

15N NMR relaxation analysis
15N NMR longitudinal relaxation rates (R1) and transverse relaxation rates (R2) of Ca2+-
bound unmyristoylated recoverin were measured using pulse schemes described previously
at 60.81 MHz 15N resonance frequency (35). Sample conditions and procedures for the
NMR experiments on Ca2+-bound unmyristoylated recoverin were described previously
(19). Relaxation delays for R1 experiments were 0.016, 0.16, 0.32, 0.48, 0.65, 0.8, and 0.96
s. Relaxation delays for R2 experiments were 4.8, 9.6, 19.2, 38.4, 57.6, 76.8, and 105.6 ms.
The 180° pulses for Car-Purcell-Meiboom-Gill (CPMG) sequence were applied every 1.0
ms. Uncertainty of R1 and R2 values were determined by Monte-Carlo error simulation
using signal intensities that contain experimental noise fluctuation. Model-free parameters
including generalized order parameters and correlation times for internal motion (36-38)
were determined using the protocol described previously (35).

CW-EPR analysis
CW-EPR measurements were carried out in a JEOL X-band spectrometer fitted with a loop-
gap resonator (39). Aliquots (5 μl) of purified myristoylated recoverin (150 μM), spin-
labeled only at Cys39, were incubated for 12 h at 4°C in buffer: 10 mM Tris pH 8.0, 1 mM
MgCl2 and 2 mM CaCl2 (Ca2+-bound recoverin) or 2 mM EGTA (Ca2+-free recoverin) and
were placed in sealed quartz capillaries contained in the resonator. Where indicated, a final
concentration of 10 % (w/v) sodium-dodecyl sulfate (SDS) was used for protein unfolding,
or 30% sucrose (w/v) to increase sample viscosity. Spectra were acquired at room
temperature (20–22°C) from a single 2-min scan over a field of 100 G at a microwave power
of 2 mW and a modulation amplitude optimized to the natural line width of the individual
spectrum (0.5 - 1.5 G). The obtained spectra were double integrated and normalized.
Molecular accessibility of spin-labeled side chains to NiEDDA and O2 was determined
using successive power saturation scans as described (40). Π1/2 values (which also were
used to calculate the contrast function (Φ)) were calculated using software provided by C.
Altenbach.

Least-squares simulation of slow/intermediate motion nitroxide EPR spectra were carried
out using a LabView version of the NLSL software (41) developed by C. Altenbach
downloadable at https://sites.google.com/site/altenbach/labview-programs/epr-programs/
multicomponent. Fitting for the effective rotational correlation times of the spin label was
carried-out as previuosly described (42), including the standard MTSL magnetic tensor
values (gxx= 2.0078, gyy = 2.0058, gzz=2.0022; Axx= 6.2, Ayy= 5.9, Azz=37.0), with the
exception that Azz was fixed to 36.6. Rotational correlation times were calculated from the
spherical rotational diffusion tensor  from the relation τ = 1/(6×10R) (42). All spectra fit
reasonably well assuming a two-component macroscopic order microscopic disorder
(MOMD) model that describes anisotropic motion of the nitroxide (41) (i.e., sets of
rotational diffusion tensors).

RESULTS AND DISCUSSION
Attaching nitroxide spin-labels at strategic sites in recoverin

Recoverin contains only one native cysteine, C39 (Fig. 1), which was used for attachment of
a single nitroxide spin label (per recoverin molecule) in the CW-EPR experiments. In order
to perform DEER analysis on recoverin, it is necessary to introduce a second cysteine
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residue using site-directed mutagenesis. The location of the second cysteine was chosen to
be on the protein surface such that it undergoes a large change in distance from C39 upon
Ca2+-binding to recoverin. The average distance between the alpha carbon atoms for
recoverin residues C39 and N120 is 2.3 nm in the NMR structure of Ca2+-free recoverin
(Fig. 1A) that increases to 3.5 nm in the NMR structure of Ca2+-bound recoverin (Fig. 1B).
Therefore, a cysteine residue was introduced at residue N120, generating the single-site
mutant, recoverinN120C (see Methods). This mutant was spin-labeled at both C39 and
N120C to measure the distance between these sites in the DEER experiments below.

RecoverinN120C was verified to remain structurally folded and functionally intact.
The 15N-1H HSQC spectrum of recoverinN120C looks similar to that of wildtype recoverin
(Fig. S1), indicating that recoverinN120C is structurally similar to wildtype. The apparent
dissociation constant for Ca2+-binding to recoverinN120C (Kd ~ 20 μM) is nearly the same as
that of wildtype (Fig. S2). Lastly, recoverinN120C has an unfolding melting temperature of
62°C, identical to that of wildtype recoverin. Together, these data show that recoverinN120C

is structurally intact and undergoes a functional Ca2+-myristoyl switch.

DEER analysis of recoverin
4-pulse DEER measurements were performed on myristoylated recoverinN120C containing
nitroxide spin-labels attached at C39 and N120C (Figs. 2A. and 2C and Supplemental Figure
S3). Initial DEER experiments on recoverinN120C in the absence of KCl yielded a two-pulse
decay time (Tm) of 180 ns that increased significantly to 1.5 microseconds upon addition of
200mM KCl (Fig. 2). The salt dependence of Tm is perhaps explained by increased
intermolecular spin-spin interactions due to partial aggregation of the protein in the absence
of salt. Thus, all the distance measurements between C39 and N120C in this study were
derived from DEER experiments on recoverinN120C in the presence of 200 mM KCl. Proton
modulations in the DEER acquisition were large despite a 1H-suppression tau value (time
between first and second pulses of sequence). As seen in Figure 2, proton modulations are
still present in the sample prepared in D2O, but decreased significantly from that in H2O
(not shown). The different proton modulations in the two data sets did not significantly alter
the distance distribution, and therefore, the approach of summing over several tau values
was not undertaken (43).

Distance distributions calculated from the DEER data are shown for Ca2+-free recoverin
(Fig. 2B) and Ca2+-bound recoverin (Fig. 2D). Weak peaks in the distance distribution at 5.5
nm (Fig. 2B) and 8 nm (Fig. 2D) are due to background subtraction artifacts. Distribution
peaks at 2.5 nm (Fig. 2B) and at 2.9 nm, 3.7 nm, 4.7 nm and 5.7 nm (Fig. 2D) all withstand
variations of background subtraction parameters and represent average distances between
spin-labels attached at C39 and N120C. For Ca2+-free recoverin, the DEER distance
between spin labels attached at C39 and N120C is 2.5 nm (Fig. 2B), which is similar to the
intramolecular distance between alpha carbon atoms of C39 and N120 seen in the NMR
structure, 1IKU (Fig. 1A). For Ca2+-bound recoverin, the most prominent DEER distance
component at 3.7 nm (Fig. 2D) is similar to the intramolecular distance between C39 and
N120 seen in the NMR structure, 1JSA (Fig. 1B). Thus, our DEER measurements indicate a
1.2 nm increase in the distance between spin-labels attached at C39 and N120C that occurs
upon Ca2+ binding to recoverin. This 1.2 nm increase is in exact agreement with the Ca2+-
induced change in the distance between alpha carbon atoms for C39 and N120 as seen in the
NMR structures of recoverin (Figs. 1A and 1B). Additional longer distances in the
distribution for Ca2+-bound recoverin (5 – 6 nm) may represent intermolecular distances
between spin-labels from protein dimers or oligomers. A Ca2+-induced dimerization of
recoverin is also supported by a Ca2+-dependent increase in modulation depth, which
changes from 0.27 (Ca2+-free recoverin) to 0.55 (Ca2+-bound recoverin), vide infra.
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A quantitative comparison of the observed DEER distances with the corresponding distances
calculated from known NMR and x-Ray crystal structures of recoverin was performed by in
silico spin-labeling using the molecular dynamics software MMM (33). Figure 3 shows
distance distributions calculated from the various NMR and x-Ray crystal structures of
recoverin (that contain in silico spin labeling at residues 39 and 120) and are compared to
the experimental DEER distance distributions. The PDB files for the NMR structures of
myristoylated recoverin contain an ensemble of substructures (22 for 1IKU and 24 for 1JSA)
that were used to estimate rotamer populations. The NMR structure of myristoylated
recoverin with two Ca2+ bound (1JSA) is overall similar to the various crystal structures of
non-myristoylated recoverin with one Ca2+-bound (1REC) or two Ca2+-bound (2HET).
However, the distance distribution calculated from 1JSA differs slightly from those of the
1REC and 2HET (Fig. 3), and the experimental DEER distance distribution for Ca2+-bound
recoverin (Fig. 2D) is most similar to that calculated from 1JSA.

Distance distributions calculated from the NMR and x-Ray crystal structures predict
multiple rotamers that are not seen by the DEER measurements (Fig. 3). For example, the
NMR structure of Ca2+-free recoverin (1IKU) calculates two rotamers seen in the distance
distribution with resolved peaks centered at 2.45 nm and 3.12 nm. By contrast, the
experimental DEER data for Ca2+-free recoverin yields a distance distribution with only a
single peak at 2.5 nm. The various structures for Ca2+-bound recoverin (1JSA, 2D8N,
1REC, 1OMV, and 1OMR) each calculate a distance distribution with multiple peaks
centered at 3.3 nm and 3.7 nm (Fig. 3). However, the experimental DEER data for Ca2+-
bound recoverin generates a distance distribution with a prominent single peak at 3.7 nm and
weaker peaks at 2.9 nm, 4.7 nm and 5.7 nm (Fig. 2D). Thus, the various rotamers (predicted
from the NMR structures) are not uniformly populated under the conditions of the DEER
experiment. Instead, only one main rotamer species is populated for both Ca2+-free
recoverin (2.5 nm) and Ca2+-bound recoverin (3.7 nm) under the conditions of the DEER
experiment.

Intermolecular DEER distances for Ca2+-bound recoverin
The experimental distance distribution for Ca2+-bound recoverin contains components at 4.7
nm and 5.7 nm that are longer than the length of a single recoverin molecule and may
represent an intermolecular distance from a protein oligomer. Indeed, a Ca2+-induced
dimerization of recoverin is also consistent with an approximate doubling of modulation
depth in the DEER data for Ca2+-bound recoverin (Fig. 2C) compared to that of Ca2+-free
recoverin (Fig. 2A). Using the equation Δ = 1−(1−λ)n−1 (44), where Δ is the observed
modulation depth, λ is the calculated modulation depth as a function of pump spins, and n is
the number of spins contributing, we calculate that n = 4 for Ca2+-bound recoverin versus n
= 2 for Ca2+-free recoverin, consistent with Ca2+-induced dimerization.

To better understand the molecular origin of the 4.7 nm and 5.7 nm distances, a quantitative
comparison was made to the crystal structure of non-myristoylated recoverin that forms a 4-
fold symmetric tetramer in the crystal lattice (2HET in Fig. 1C) (45). The crystallographic
tetramer possesses an intramolecular distance of 3.5 nm between the alpha carbon atoms of
C39 and N120, which matches the 3.7 nm DEER distance (Fig. 2D) after correcting for a
spin-label tether distance of ~0.2 nm. Two adjacent protein subunits in 2HET (chains A and
B in Fig. 1C) represent a protein dimer that contains an intermolecular distance between
alpha carbon atoms for C39 and N120 at 2.7 nm (blue arrow in Fig. 1C) and a separate
intermolecular distance of 4.7 nm between alpha carbons of N120 (see solid black arrow in
Fig. 1C). The intermolecular distance between alpha carbon atoms of C39 is also 4.7 nm.
These intermolecular distances between adjacent subunits in the crystal structure (2.7 nm
and 4.7 nm) are somewhat similar to the observed DEER distances at 2.9 nm and 4.7 nm for
Ca2+-bound recoverin (Fig. 2D). This agreement suggests that Ca2+-bound recoverin in
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solution (measured by DEER) may form a dimer that resembles the dimeric arrangement of
adjacent subunits in 2HET (see chains A and B in Fig. 1C and called 2HET(AB) in Fig. 3).
Two opposite protein subunits in 2HET (chains B and D in Fig. 1C) have an intermolecular
distance of 6.7 nm between alpha carbons of N120 (dotted arrow in Fig. 1C) that is not
observed in the DEER data (Fig. 2D).

Q-band DEER traces at longer τ2 times (5 μs for Ca2+-free recoverin and 11 μs for Ca2+-
bound recoverin) were acquired to more sensitively look for the long intermolecular
distances predicted by 2HET (Fig. S4). For Ca2+-bound recoverin, the longer τ2 time causes
detection of a new distance component at 7.4 nm (Fig. S4) that is similar to the
intermolecular distance between opposite subunits in the tetramer crystal structure (dotted
arrow in Fig. 1C). However, a detailed noise analysis (Fig. S4) indicates that the 7.4 nm
component is within the noise level of the Q-band DEER trace and is most likely an artifact.

CW-EPR analysis of Ca2+-induced dimerization of recoverin
Recoverin has one native cysteine residue (C39) located in the loop region between the
alpha helices of EF1 with an exposed side-chain in both Ca2+-free and Ca2+-bound
recoverin (Fig. 1). This native cysteine was therefore used for attachment of a single
nitroxide spin-label per recoverin molecule that was used for CW-EPR analysis. CW-EPR
spectra of spin-labeled recoverin showed a relatively high degree of immobilization of the
spin-label (shown by spectral broadening in Figure 4). The spectral broadening was even
more pronounced for Ca2+-bound recoverin. Motional averaging of the EPR lineshape arises
from three different modes: segmental backbone dynamics, reorientation about the bonds
connecting the nitroxide ring to the backbone, and global rotational diffusion of the protein.
For globular proteins with a mass greater than 30 kDa, the contribution of global rotational
diffusion to the line shape becomes minimal. Based on the molecular volume of recoverin,
the global tumbling rate should be on the order of 10 ns.

It is clear from the narrow spectral line shape for Ca2+-free recoverin that the spin label
experiences faster internal dynamics compared to that of Ca2+-bound recoverin. The
rotational correlation times for Ca2+-free vs Ca2+-bound recoverin were derived from a line
shape analysis of their CW-EPR spectra (Fig. 4C). The EPR spectra were fit to a two-
component macroscopic order microscopic disorder (MOMD) model that describes
anisotropic motion of the nitroxide (41). The spectral line shape for Ca2+-bound recoverin
was dominated (95%) by a single slow component, whereas the lineshape for Ca2+-free
recoverin display two components of comparable amplitude. Results of the spectral fitting
are given in Table 1. The spectral simulation for Ca2+-free recoverin indicates motion on the
order of 6 nsec and a second, slower component of comparable weight with a correlation
time of 13 nsec. The EPR line shape for Ca2+-bound recoverin reflects a strongly
immobilized spin label, with a correlation time on the order of 29 nsec, consistent with a
dimeric protein. The broad spectral lineshape for Ca2+-bound recoverin indicates not only a
conformational change due to a more ordered backbone and/or tightly packed side chain, but
also a molecular volume with a correlation time longer than 10 nsec. Increasing the viscosity
with 30% sucrose (which is expected to obliviate any motional averging by global tumbling
for a species >20 kDa (46) increases the effective correlation time to 53 nsec.

To further probe the nature of the Ca2+-induced conformational change, the collisional
frequency of paramagnetic relaxers was determined by power-saturation analysis. By
measuring the differential collisional frequency of the diffusible NiEDDA and molecular
oxygen, the contrast function (Φ) is calculated from the polar (Π NiEDDA) and apolar (Π
O2) accessibility parameters to measure the immediate environment of the spin-labeled side-
chain. While the enviroment around the spin label remains polar, the most notable change
with Ca2+ is a drop in the NiEDDA accessibility, with a corresponding increase in the
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hydrophobicity (Φ = −0.69 and −0.57, in the absence and presence of Ca2+, respectively).
The lack of a major change in the accessibility suggests that much of the immobilization
arises from an ordering of the backbone due to Ca2+ binding, rather than becoming buried
within the folded structure.

NMR Analysis of Ca2+-induced dimerization of recoverin
A series of NMR measurements were performed to further confirm that Ca2+-binding to
recoverin induces protein dimerization. The rotational correlation time (τc) of recoverin in
both Ca2+-free and Ca2+-bound states was measured by 15N NMR relaxation analysis. The
longitudinal and transverse 15N NMR relaxation rates (R1 and R2) for each assigned amide
resonance of Ca2+-bound recoverin are shown in Fig. 5 and were reported previously for
Ca2+-free recoverin (47). Elevated R1 and decreased R2 values are apparent for the first 8
residues from the N-terminus and the last 9 residues at the C-terminus, consistent with these
regions being unstructured in Ca2+-bound recoverin (22). For Ca2+-bound recoverin, the
average 15N R1 and R2 values from residues in structured regions are 0.87 (± 0.04) s−1 and
22 (± 0.5) s−1, respectively. Assuming isotropic tumbling of recoverin, the average
rotational correlation time obtained from R1/R2 ratios of all residues within 1 standard
deviation of the average value (48) was calculated to be 25 ±0.5 ns at 310 K, suggesting that
Ca2+-bound recoverin is dimeric under NMR conditions (protein concentrations above 100
μM). In addition, NMR pulsed-field gradient diffusion studies (49) on Ca2+-bound recoverin
determined a translational diffusion coefficient (D = 1 × 10−10 m2/s) consistent with a molar
mass of a protein dimer (~44 kDa). By contrast, Ca2+-free recoverin was shown previously
to be monomeric under the same conditions (47).

Functional implications for Ca2+-induced dimerization of recoverin
The DEER analysis indicates a large Ca2+-induced change in the distance between C39 and
N120C (Figs. 1A and 1B) and suggests intermolecular distances consistent with a Ca2+-
bound recoverin dimer (Figs. 1C and 2D). Ca2+-induced dimerization of recoverin was
further confirmed by CW-EPR (Fig. 4) and NMR relaxation analysis (Fig. 5). The recoverin
dimerization observed under NMR and EPR conditions (protein concentration above 100
μM) could not be detected by size-exclusion chromatography, perhaps because recoverin
dimerization has a relatively high dissociation constant with fast off-rate kinetics. We
suggest that the relatively low affinity for dimerization (and hence fast dissociation rate)
might enable recoverin to respond rapidly during phototransduction. Ca2+-dependent
dimerization is also functionally important in other NCS proteins, including neurocalcin
(17), GCAP2 (50), and DREAM/KChIPs (51, 52).

We present a schematic molecular mechanism to explain how Ca2+-induced dimerization of
recoverin might regulate desensitization of dimeric rhodopsin (Fig. 6). In the dark, when
Ca2+ levels are high, the Ca2+-bound recoverin dimer is at the membrane surface where it
interacts with a cognate rhodopsin dimer (28-30) on one side, while the opposite side of
recoverin interacts with the N-terminal helix of rhodopsin kinase (RK) (9, 53). In essence,
Ca2+-bound recoverin binds to RK on the membrane surface and blocks RK interaction with
dark-state rhodopsin (Fig. 6, upper panel). Light activation of retinal rods leads to a lowering
of cytosolic Ca2+ (3, 4), resulting in Ca2+ dissociation from recoverin, dissociation of
dimeric recoverin into a Ca2+-free monomer, and internal conformational changes in
recoverin that cause sequestration of the myristoyl group (22). We suggest that the Ca2+-
bound recoverin dimer on the membrane may serve to hold two molecules of RK in close
proximity to the rhodopsin dimer (Fig. 6, lower panel) so that RK can rapidly form a 2:2
complex with each rhodopsin dimer once the RK inhibition is removed by light-induced
dissociation of recoverin.
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Figure 1.
NMR structures of myristoylated recoverin in (A) Ca2+-free state (1IKU) and (B) Ca2+-
bound state (1JSA). Distances between the alpha carbon atoms of C39 and N120 are
indicated as the mean and standard deviation of all PDB substructures. (C) Crystal structure
of Ca2+-bound non-myristoylated recoverin (2HET) that forms a 4-fold symmetric,
crystallographic tetramer. The four tetramer subunits are colored cyan (chain A), yellow
(chain B), magenta (chain C), and white (chain D). The intermolecular distance between
alpha carbon atoms for C39 and N120 from adjacent subunits (chains A and B) is 2.9 nm
(blue arrow). The intermolecular distance between alpha carbon atoms of N120 from
adjacent subunits (chains A and B) is 4.7 nm (black solid arrow). The intermolecular
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distance between alpha carbon atoms of N120 from opposite subunits (chains B and D) is
6.3 nm (dotted arrow).
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Figure 2.
DEER data (with background subtraction) for Ca2+-free recoverinN120C (A) and Ca2+-bound
recoverinN120C (C) collected at 50K, with a rate of 125 Hz. Simulated fits to the DEER data
(red solid line) were produced using DeerAnalysis2011 (32). Distance distributions
calculated from the DEER simulations are shown for Ca2+-free recoverin (B) and Ca2+-
bound recoverin (D).
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Figure 3.
Distance distributions for spin-labels attached at C39 and N120C were calculated using
NMR structures of recoverin (1IKU and 1JSA, highlighted in red) and several x-Ray crystal
structures (1REC, 1OMV, 1OMB, 2HET; in black). Experimental distance distructions
calculated from the DEER data are shown for Ca2+-free recoverin (green) and Ca2+-bound
recoverin (blue).
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Figure 4.
CW-EPR data show Ca2+-induced dimerization of recoverin. (A) CW-EPR spectra for
myristoylated recoverin (110 μM), spin labeled at the native cysteine residue (Cys39) in the
Ca2+ free state (red) and Ca2+ bound state (black). Inset shows spectral comparison with the
normalized spectrum of denatured protein (10% SDS; green trace). (B) CW-EPR spectra for
Ca2+-bound recoverin in the presence of 30% sucrose (orange trace) and without sucrose
(black). (C) Simulated EPR spectra (broken gray traces) are overlayed on top of the
experimental spectra of recoverin in Ca2+-bound state (black), Ca2+-free state (red) and
Ca2+-bound state in the presence of sucrose (orange trace). The simulated spectra were
generated by the NLSL program. The rotational correlation times derived from the simulated
spectra were 13 ns (Ca2+-free), 29 ns (Ca2+-bound), and 53 ns (Ca2+-bound in the presence
of 30% sucrose (w/v)).
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Figure 5.
15N NMR relaxation data for Ca2+-bound unmyristoylated recoverin. Spin-lattice relaxation
rate constants (A) and spin-spin relaxation rate constants (B) are plotted as a function of
residue number. All data were measured at 60.81 MHz 15N frequency and 310 K.
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Figure 6.
Schematic model showing functional role of Ca2+-induced dimerization of recoverin. A
side-view of recoverin on the disk membrane is shown in the upper panel and a top-view of
dimeric recoverin is shown in the lower panel. Myristoylation (red) targets Ca2+-bound
recoverin to the membrane surface (upper panel). The Ca2+-bound recoverin dimer binds to
the N-terminal helix of rhodopsin kinase (magenta), forming a 2:2 complex on the
membrane surface that blocks phosphorylation of dimeric rhodopsin (lower panel).
Intermolecular DEER distances for the recoverin dimer are indicated by double-headed
arrows. Light activation leads to a lowering of cytosolic Ca2+, causing conformational
changes in recoverin that promote dimer dissociation, sequester the covalently attached
myristoyl group, and disrupt binding to rhodopsin kinase (RK). Ca2+-free monomeric
recoverin then dissociates from the membrane surface, allowing RK to phosphorylate the C-
terminal tail of light-excited rhodopsin (R*).
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Table 1

Diffusion tensors determined from simulation of EPR spectra.

Sample Rxx Ryy Rzz R̄ τeff (nsec)

−Ca2+, fast component 7.6 6.8 7.8 7.4 6.3

−Ca2+, slow component 8.0 5.0 8.3 7.1 13

+Ca2+ 7.3 4.7 8.3 6.8 29

+Ca2+, 30% sucrose 7.1 4.7 7.8 6.5 53
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