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Recoverin is a member of the neuronal calcium sensor (NCS) family of EF-hand calcium binding proteins.
In a visual cycle of photoreceptor cells, recoverin regulates activity of rhodopsin kinase in a Ca2+dependent manner. Like all members of the NSC family, recoverin contains a conserved cysteine (Cys38)
in nonfunctional EF-hand 1. This residue was shown to be critical for activation of target proteins in
some members of the NCS family but not for interaction of recoverin with rhodopsin kinase.
Spectrophotometric titration of Ca2+-loaded recoverin gave 7.6 for the pKa value of Cys38 thiol,
suggesting partial deprotonation of the thiol in vivo conditions. An ability of recoverin to form a disulfide
dimer and thiol-oxidized monomer under mild oxidizing conditions was found using SDS-PAGE in
reducing and nonreducing conditions and Ellman’s test. Both processes are reversible and modulated
by Ca2+. Although formation of the disulfide dimer takes place only for Ca2+-loaded recoverin,
accumulation of the oxidized monomer proceeds more effectively for apo-recoverin. The Ca2+ modulated
susceptibility of the recoverin thiol to reversible oxidation may be of potential importance for functioning
of recoverin in photoreceptor cells.
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Recoverin is a member of the neuronal calcium sensor (NCS)
protein family. This family is encoded by 14 genes in the human
genome and classified into five subfamilies including frequenin
(NCS-1), VILIPs (visinin-like proteins), recoverins, GCAPs (guanylyl cyclase-activating proteins), and KChIPs (calsenilin,
DREAM).1,2 The NCS family has a restricted expression mainly
in retinal photoreceptors or neurons and neuroendocrine cells.
The physiological roles of NCS protein family include modulation of neurotransmitter release, control of cyclic nucleotide
metabolism, biosynthesis of polyphosphoinositides, regulation
of gene expression, phototransduction, and direct regulation
of ion channels. The NCS proteins possess four EF-hand
calcium binding domains, but only three or two of them bind
calcium ions. Being high-affinity Ca2+-binding proteins, they
act as Ca2+ sensors rather than Ca2+ buffers. They undergo
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conformational changes on Ca2+-binding, regulating target
proteins. With the exception of KChIP2, KChIP3, and KChIP4,
all NCS proteins are N-terminally myristoylated, allowing them
to become membrane-associated.
The members of classes C and D of the NCS protein family,
recoverin and GCAPs, are present in amphibia and evolutionarily subsequent species and are expressed only in the retina.
Recoverin was the earliest NCS protein characterized. It specifically acts as a Ca2+-dependent inhibitor of rhodopsin kinase,
controlling rhodopsin inactivation process.3-5 The NH2-terminal glycine of recoverin molecule is covalently modified mostly
by myristoleate (14:1), but 14:0, 14:2, and 12:0 acyl residues
are also present.6 The myristoyl chain exhibits the Ca2+myristoyl switch phenomenon:7,8 being harbored at the Nterminal domain in apo-recoverin,9 it becomes solvent exposed
upon sequential binding of two Ca2+ ions by EF-hands 3 and
2 of the protein.10-12 Such structural rearrangement enables
recoverin to associate with ROS disk membranes in a Ca2+dependent manner.7,8
A characteristic feature of the NCS protein family is a
sequence (D/E)CP(S/T)G within the EF-hand 1 domain. The
only exception is GCAP3, containing a Tyr residue instead of
the Cys.13 The Cys and Pro residues are located between the Y
and Z positions of the consensus EF-hand loop, defined in
PROSITE (PDOC00018). The proline at the fourth position in
the loop causes a distortion of the geometry favoring Ca2+Journal of Proteome Research 2007, 6, 1855-1863
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binding. Some other differences of the EF-hand 1 from the
canonical EF-hand loop also prevent binding of a Ca2+ ion to
this site. Some members of the family are characterized by the
presence of additional, nonconservative Cys residues. Conservatism of the thiol at position 38 of recoverin within the NCS
family suggests that it plays an indispensable role in the
functioning of the whole protein family.
Examination of the crystal structure of the complex between
KChIP1 and the N-terminal fragment of Kv4.2 (residues 1-30)
(PDB code 1S6C)14 shows that the thiol 64, presenting in
S-(dimethylarsenic)cysteine form due to modification by cacodylate during crystallization, interacts directly with the Kv4.2
helix via Trp8 side chain. At the same time, the NMR structure
of the complex between recombinant nonmyristoylated recoverin with two Ca2+ ions bound and the N-terminal fragment
of rhodopsin kinase (RK25) (PDB code 2I94)15 reveals that the
Cys38 thiol of recoverin is turned toward the RK25 helix, with
the sulfur atom 4.4 Å away from the backbone oxygen atom of
Ala11 in RK25. Thus, both known structures of NCS proteins
complexed with fragments of their targets show that the
conservative thiol is located very close to the helix of the target.
This circumstance indicates that the conservative Cys residue
could interact with the full-size target directly or could be
involved into an active or binding site.
Using peptides derived from the GCAP-1 sequence, the EF-1
motif was mapped as one of the regions likely to be involved
in the interaction with guanylate cyclase.16 Further studies of
GCAP-1 have shown that changing of Cys29 and Pro30 to a
single glycine, having place in the fourth position of EF-hand
of calmodulin, is sufficient to cause loss of target activation
without loss of Ca2+-induced conformational changes.17 Thus,
a critical role of Cys29 and Pro30 of GCAP-1 for providing the
correct conformation for target activation was shown. Similarly,
point mutations of Cys35 and other residues in EF-hand 1 of
GCAP-2 allowed drawing the same conclusion.18 Meanwhile,
recent study of recoverin with Cys38 modified by a fluorescent
dye Alexa647-maleimide revealed just a minor decrease in the
efficiency of the Ca2+-myristoyl switch and the recoverin
potency to inhibit rhodopsin kinase,19 which evidence an
insignificant role of this thiol in functioning of recoverin.
Immobilization of recoverin on a SPR sensor chip surface by a
thiol-specific reagent does not disturb the Ca2+-myristoyl
switch20 and does not effect Ca2+-dependent binding of rhodopsin kinase to the recoverin-coated surface.21 These somewhat
contradictory observations obtained on different members of
the same family indicate that further investigations of the
conserved thiol and its possible role in implementation of
versatile functions of NCS proteins are required.
In the present work, a pKa value for Cys38 thiol of Ca2+loaded myristoylated recoverin was determined, implying that
in vivo partial deprotonation of the thiol should be expected.
A propensity of Cys38 for oxidation was probed under mild
oxidizing conditions. A calcium-dependent formation of both
a disulfide dimer and oxidized monomer was observed. The
established susceptibility of recoverin thiol to reversible oxidation modulated by calcium ions may be of potential importance
for functioning of recoverin in photoreceptor cells.

Experimental Section
Materials. Recombinant recoverin was produced in Escherichia coli and purified in reducing conditions as previously
described,22,23 with minor modifications. Recombinant nonmyristoylated and myristoylated forms of recoverin were
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expressed in the E. coli strains pET11d rec/BL21 and pET11d
rec/pBB131/BL21C, respectively. Cells were lyzed in buffer B
(20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM DTT, 1 mM
phenylmethylsulfonyl fluoride, 0.1 mM EDTA) including 0.05
mg/mL lysozyme, incubated on ice for 20 min, and centrifuged
at 15 000g for 20 min at 4 °C. The supernatant was adjusted
to 5 mM CaCl2 and was applied to a phenyl-Sepharose column
previously equilibrated with buffer A, containing 5 mM CaCl2
and 2 mM β-mercaptoethanol in 20 mM Tris-HCl, pH 8.0.
Recoverin was eluted with buffer B, containing 5 mM EGTA
and 2 mM β-mercaptoethanol in 20 mM Tris-HCl, pH 8.0. The
recoverin fraction was loaded on a Mono-Q (5/5) column that
was equilibrated with 20 mM Tris-HCl, pH 8.0, 2 mM β-mercaptoethanol. Recoverin was eluted with a linear gradient of
0-500 mM NaCl, 2 mM β-mercaptoethanol in 20 mM TrisHCl, pH 8.0. Protein was stored in the same buffer, ∼120 mM
NaCl at -20 °C. The purity of recoverin samples exceeded 98%
as confirmed by SDS-PAGE. The degree of myristoylation was
determined by analytical HPLC on Symmetry 300 C18 5m 3.9
× 150 column and exceeded 95% for myristoylated protein, not
exceeding 5% for nonmyristoylated recoverin.
Recoverin concentration was measured spectrophotometrically using a molar extinction coefficient of 280nm ) 24 075
M-1cm-1, calculated according to the procedure of Pace.24 The
extinction coefficient of urea unfolded recoverin was estimated
based upon this value, knowing the volumetric effect accompanying the urea dissolution: 280nm ) 22 627 M-1cm-1.
Baltic cod 4.40 parvalbumin was isolated from cod skeletal
muscles according to known protocol.25 The purity of protein
sample was confirmed by native and SDS-PAGE. Parvalbumin
concentration was determined spectrophotometrically based
upon a molar extinction coefficient of 280nm ) 7115 M-1cm-1,
calculated according to the procedure of Pace.24
Molecular mass markers for SDS-PAGE were purchased from
Sigma Chemical Co. (St. Louis, MO) and Helicon (Moscow,
Russia).
HEPES, H3BO3, and urea were ultra-grade, from Sigma
Chemical Co., Merck Biosciences and Diam (Moscow, Russia),
respectively. DTT and CaCl2 from Fluka, DTNB from Aldrich,
GSH from AppliChem, and EGTA from Sigma Chemical Co.
were of analytical grade. Other chemicals were reagent grade
or higher. Distilled water with conductivity ∼3 µSm/cm was
used for dialysis. All buffers and other solutions were prepared
using nanopure water.
Methods. SDS-PAGE. Protein separations were performed
on 15% SDS-PAGE. In experiments requiring nonreducing
conditions, DTT treatment step was skipped. Silver staining was
carried out using Amersham Biosciences PlusOne protein silver
staining kit, according to a standard protocol.
Chromatographic Separation of Monomeric and Dimeric
Forms of Recoverin. Recoverin (80 µM) was applied to a
column (1.5 × 54 cm) of Sephacryl S-100 HR (Amersham
Biosciences) that had been equilibrated and eluted with 10 mM
H3BO3-KOH 150 mM KCl pH 8.5 at a flow rate of 12 mL/h.
The elution was monitored with LKB-Bromma 2138 Uvicord S
UV detector with a 280 nm filter.
Reduction of Sulfhydryl Group of Recoverin. Recoverin (100
µM) was unfolded by 8 M urea in presence of 1 mM EDTA at
pH 7.7 (10 mM HEPES-KOH), followed by incubation with 10fold molar excess of DTT for 4 h at 70 °C. The residuals of DTT
were removed either by gel-filtration using Sephadex G-25
media or via dialysis (4 h) against 1000-fold excess of buffer at
pH 6.5. The completeness of thiol reduction was confirmed
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Figure 1. SDS-PAGE of myristoylated and nonmyristoylated forms of recoverin in reducing (10 mM DTT) and nonreducing conditions,
followed by silver staining. (A) Recoverin isolated in reducing conditions (2 mM β-mercaptoethanol); (B) recoverin dialyzed against
water and then lyophilized. The numbers in left-hand column indicate the molecular masses of markers in kilodaltons (holo-transferrin,
77 kDa; apomyoglobin, 17 kDa; ribonuclease A, 13.7 kDa).

both by SDS-PAGE in nonreducing conditions and Ellman’s
reagent test, which exhibited the expected 1:1 free SH-group
to recoverin molar ratio. Softening of the reducing conditions
resulted in marked decrease of this proportion. The reduced
protein was used for experiments immediately or was kept at
pH 6.5 to avoid oxidation. The correctness of recoverin folding
was confirmed by intrinsic fluorescence melting experiments.
The protein refolded from urea exhibits cooperative thermal
denaturation transition with half-transition temperature characteristic for intact recoverin.
Ellman’s Reagent Test. Quantitation of sulfhydryl groups of
recoverin was performed according to the modified original
procedure of Ellman.26 Recoverin (6-16 µM) unfolded by 8 M
urea in the presence of 1 mM EDTA at pH 7.7 (10 mM HEPESKOH) was treated by 0.4 mM DTNB for 2 h at 20 °C. The
kinetics of the reaction was monitored spectrophotometrically
at 412 nm with a Cary 100 spectrophotometer (Varian, Inc.) in
a double-beam mode versus reference solution without protein.
The kinetics in most cases was described by a single exponential. Where possible, the resulting thiol-to-protein molar ratios
were calculated based upon the exponentially extrapolated
absorbance values. The molar extinction coefficient of 5-thio2-nitrobenzoic acid (TNB) 412nm ) 14 150 M-1cm-1 was used.27
Because urea can degrade, forming cyanates reactive to thiol
groups, only newly purchased urea was used. Moreover,
possible contribution of the urea contaminants was subtracted
via double-beam measurement versus urea-containing reference solution.
The efficacy of the procedure used was confirmed using
reduced glutathione and Baltic cod parvalbumin pI 4.4028
samples, both containing a single thiol group.
Spectrophotometric pH Titration of Recoverin. Absorption
spectra were measured with a Cary 100 spectrophotometer
(Varian, Inc.). Measurements of pH-dependent changes in
protein absorbance were performed by upward or downward
titration of the protein solution by small aliquots of KOH or
HCl, respectively. Protein absorbance at 240 nm was corrected
for a minor light scattering contribution by means of extrapolation with power function of the long wavelength region of
protein absorption spectrum. The absorbance was linearly
corrected for concomitant dilution of the solution.
Estimation of Cys38 pKa Value. The pKa value of cysteine
thiol group in reduced recoverin was determined by a pH-

induced change in absorbance at 240 nm accompanying its
ionization.29 Over the pH range tested, the oxidized form of
recoverin exhibited no absorbance change at 240 nm, indicating that the changes observed during pH titration of reduced
recoverin were caused by thiol group ionization.
The reduced form of recoverin was obtained by means of
treatment of urea-unfolded protein with 10-fold molar excess
of DTT (pH 7.7) followed by removal of DTT via dialysis against
1000-fold excess of buffer (pH 6.5), according to the reduction
procedure described above. The thiol pKa value was estimated
by nonlinear least-squares fitting of the plot of molar extinction
coefficient of the reduced recoverin at 240 nm versus pH to
the theoretical equation describing a single protonation mechanism:
240nm(pH) ) thiol‚R + thiolate‚(1 - R)
R)

1
(1 + 10

(pH - pKa)

)

(1)

Here, thiol and thiolate correspond to molar extinction coefficients of the protein with sulfhydryl group in thiol and thiolate
forms, respectively.
Electrostatic Potential Calculation. The electrostatic potentials at sulfur atom of Cys38 residue of recoverin were
calculated using the finite difference Poisson-Boltzmann
method as implemented in the DelPhi module30 of the Insight
II molecular modeling environment (Insight II 2005, Accelrys
Software Inc., San Diego). Electrostatics calculations were
performed for myristoylated apo-recoverin (PDB code 1IKU)9
and the myristoylated Ca2+-bound protein (PDB code 1JSA).11
The first conformer was used for calculations; hydrogen atoms
were disregarded. Ionic strength of the solvent (dielectric
constant 80.0, molecule radius 1.4 Å) was set to zero. The solute
extent was 80%; the number of grid points was 33. DebyeHuckel-type boundary conditions were used. DelPhi’s default
charge and radius templates were used. The charge of thiol 38
was set to zero.
Structural Modeling of the Recoverin Disulfide Dimer. The
crystal structure of a free recombinant nonmyristoylated bovine
recoverin truncated at C-terminus (residues 2-190) with a Ca2+
ion bound to EF-hand 3 (PDB code 2HET)31 and the NMR
structure of the complex between recombinant nonmyristoylated recoverin with two Ca2+ ions bound and the N-terminal
Journal of Proteome Research • Vol. 6, No. 5, 2007 1857
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fragment of rhodopsin kinase (residues 1-25) (PDB code 2I94)15
were obtained from the Protein Data Bank (PDB).32 The first
conformer of the NMR complex structure was taken as a
reference. The recoverin dimer model was built using the
molecular modeling software SYBYL (Tripos Associates, Inc.,
St. Louis, MO). The SYBYL “Fit Atoms” function was used to
perform superposition of CR-atoms of recoverin and rhodopsin
kinase fragment.

Results
The Effect of Oxidation on Dimerization of Recoverin. SDSPAGE of myristoylated recoverin isolated in reducing conditions
(2 mM β-mercaptoethanol) shows a minor fraction of dimers
(Figure 1A, line 3). The excess of strong reducing agent (10 mM
DTT) fully converts the dimers into their monomeric forms
(Figure 1A, line 2), implying that recoverin dimer is formed by
means of an intermolecular disulfide bond. At the same time,
nonmyristoylated protein isolated in reducing conditions does
not form the dimer (Figure 1A, line 4), indicating that nonmyristoylated recoverin is less susceptible to oxidation.
SDS-PAGE of dialyzed against water and subsequently lyophilized recoverin reveals a major fraction of dimers for both
myristoylated and nonmyristoylated protein (Figure 1B, lines
3 and 4). The dimer is fully converted into monomeric form
after DTT treatment (Figure 1B, lines 2 and 5), confirming the
involvement of an intermolecular disulfide bond. Thus, recoverin oxidation during dialysis and lyophilization processes is
accompanied by effective formation of S-S-cross-linked dimer,
and this process does not depend on myristoylation state of
recoverin.
Separation of Monomeric and Dimeric Forms of Recoverin.
Oxidized during dialysis and subsequent lyophilization, myristoylated recoverin was fractionated by gel chromatography on
a Sephacryl S-100 HR column (Figure 2A). The elution profile
monitored by absorbance at 280 nm exhibits two distinct
symmetric peaks. SDS-PAGE of the resulting protein components in nonreducing conditions (Figure 2B) confirms that the
short retention time peak corresponds to the S-S-crosslinked
dimer of recoverin, whereas the second peak corresponds to
the monomeric protein. Computation of the areas of the peaks
1 and 2 shows that ∼35% of total recoverin is in dimeric form,
giving a more reliable estimate of the dimer-to-monomer ratio
than the SDS-PAGE data (Figure 1B). Notably, in some cases a
minor additional short retention time peak appeared, corresponding to oligomeric form of the S-S-crosslinked dimer of
recoverin, as confirmed by SDS-PAGE in nonreducing conditions (data not shown).
Quantitation of Sulfhydryl Groups of Recoverin Samples.
According to the gel-filtration experiments, about 65% of
recoverin oxidized during dialysis and lyophilization procedures
remain in monomeric form, the oxidation state of which was
assessed using thiol-specific Ellman’s reagent. The results of
the DTNB tests performed for myristoylated and nonmyristoylated oxidized recoverin unfolded by urea in the absence
of calcium ions have shown very low SH-group content for both
recoverin samples, corresponding to 16-20% of monomeric
protein form. The same experiments in the absence of the
denaturant gave similar results. Thus, dialysis and lyophilization
of recoverin are accompanied with effective oxidation of the
protein, producing both Cys-Cys dimer and oxidized monomeric forms regardless of myristoylation state of recoverin.
Spectrophotometric studies of kinetics of interaction between DTNB and urea-unfolded reduced form of recoverin at
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Figure 2. (A) Chromatographic fractionation of the oxidized
myristoylated recoverin on a Sephacryl S-100 HR column and
(B) SDS-PAGE of the resulting protein components (1 and 2) in
nonreducing conditions, followed by silver staining. Protein
elution was monitored by absorbance at 280 nm. The absorbance
curve is deconvoluted into two components, using Gaussians
(dashed lines). The numbers in right-hand column (B) indicate
the molecular masses of markers in kilodaltons (cellulase, 94.6
kDa; bovine serum albumin, 66.2 kDa; ovalbumin, 45 kDa;
carbonic anhydrase, 31 kDa; trypsin inhibitor, 21.5 kDa).

pH 7.7 reveal single-exponential process with about 1 h
(nonmyristoylated protein; apparent rate constant 0.74 M-1 s-1)
or 2 h (myristoylated recoverin; apparent rate constant 0.34
M-1 s-1) half-transition time. Despite the slow kinetics of the
interaction, it proceeds until the full modification of Cys38 thiol
is completed. An increase in pH up to 8.5 results in 14-fold
acceleration of the reaction, indicating that the slow kinetics
of thiol modification at pH 7.7 is due to its incomplete
deprotonation.
The oxidation behavior of recoverin was compared to that
for another cytosolic protein, Baltic cod parvalbumin pI 4.40,
also containing a single Cys residue.28 Parvalbumin subjected
to analogous oxidative conditions did not prove oxidation of
its thiol group, as confirmed by DTNB tests (data not shown).
Thus, recoverin represents a specific case of a redox-sensitive
SH-group, which may be significant for biological function of
recoverin.
It should be noted that the estimates of thiol content for
reduced forms of both recoverin and parvalbumin gave somewhat overestimated values, in the range 1.19-1.28, which is
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Figure 3. Spectrophotometric pH titration of reduced calciumloaded myristoylated recoverin at 20 °C. Protein concentration
was 13 µM, CaCl2 concentration was 1 mM. Buffer conditions: 3
mM HEPES, 3 mM H3BO3. (O) Molar extinction coefficient of
recoverin at 240 nm, 240nm. The solid curve was fitted to the
experimental data according to the single protonation mechanism (eq 1).

likely to reflect a systematic error in the value of extinction
coefficient of TNB used.
Thiol Group pKa Value. The dissociated form of a simple
alkyl thiol group can be identified spectrophotometrically
because it displays an absorption band around 240 nm ( ≈
4000 M-1 cm-1), where the absorption of the protonated form
is negligible.29 Thus, estimation of the pKa value of a single thiol
group of recoverin can be carried out by pH titration with
spectrophotometric monitoring the appearance of the thiolate
form. The upward pH titration of reduced calcium-loaded
myristoylated recoverin showed a single ionization process with
a pKa value of 7.6 (Figure 3). The downward pH titration of
reduced Ca2+-loaded recoverin, starting from pH 9, did not
reveal appreciable absorbance changes (data not shown),
suggesting effective oxidation of Cys38 at pH values far above
its pKa value. This phenomenon was confirmed by the Ellman’s
reagent test and seems to affect the accuracy of the determined
pKa value. Oxidized during dialysis and subsequent lyophilization myristoylated recoverin also did not show any changes in
absorbance over this pH range (data not shown). The experiments on oxidized Ca2+-saturated recoverin confirm that
ionization of the tyrosine residues33 does not contribute to the
absorbance changes observed for the reduced protein.
The analogous experiment performed for apo-form of reduced myristoylated recoverin did not allow for getting a
reliable estimate of the pKa value of Cys38, partially due to more
pronounced pH-dependent aggregation of apo-recoverin, lowering accuracy of determination of protein absorbance at 240
nm. Other obstacles in obtaining of reliable estimate of the pKa
value for apoprotein include the strong pH-dependence of
calcium affinity of Ca2+ chelators used for removal of calcium
ions from solution34 and calcium contamination inevitably
accompanying pH-measurements due to Ca2+ leaks from pHelectrode.
To assess the pKa value of Cys38 of apo-recoverin, the values
of electrostatic potential at the sulfur atom of the residue were
calculated based upon known three-dimensional structures of
Ca2+-loaded11 and apoprotein.9 The energies of charge-charge
interactions in apo- and Ca2+-bound recoverin were calculated
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using the finite difference Poisson-Boltzmann method. The
resulting energies differ by just about 0.3 kJ/mol, which is
within accuracy of the calculations and corresponds to the pKa
difference between the two recoverin forms of just about 0.04.30
Thus, the electrostatic calculations did not reveal evident
reasons for the thiol pKa value for apo-recoverin to be substantially different from that for the Ca2+-loaded protein.
Examination of the structure of apo-recoverin9 revealed that
the sulfur atom of Cys38 forms a hydrogen bond with the amide
nitrogen atom of the backbone of Gly41 residue. At the same
time, Ca2+-binding induces rotation of the backbone at Gly41,
resulting in drastic change in interhelical angle of EF-hand 1.11
This rearrangement causes disruption of the Cys38-Gly41
hydrogen bond and exposure of the Cys38 side chain to the
solvent. These differences in solvent accessibility and hydrogenbonding patterns of the thiol group in apo- and Ca2+-bound
states of recoverin might decrease pKa value for apoprotein.
Calcium-Dependence of Recoverin Thiol Oxidation. Because recoverin function in photoreceptor cell was shown to
be calcium mediated,3-5 it is of interest to examine the
dependence of recoverin oxidation process upon Ca2+ ion level.
The reduced myristoylated recoverin was dialyzed against
degassed (by means of prolonged boiling) buffer (pH 6.5)
followed by addition of either 1 mM EDTA or 1 mM CaCl2 and
adjustment of pH to 8.5, which is far above of pKa value of
Cys38 in recoverin. The resulting identical solutions of recoverin differing by calcium concentration were incubated for 24
h at 20 °C. The SDS-PAGE of both samples in nonreducing
conditions after 2 h and 24 h of incubation reveals slow
accumulation of the dimeric form of recoverin in presence of
calcium, whereas apo-recoverin does not exhibit apparent
changes in dimer content (Figure 4). Potentially the long term
incubation accompanied with partial oxidation of protein could
prevent apo-recoverin from disulfide dimerization. Nevertheless, Ellman’s test shows that more than 30% of protein Cys
residues remain in reduced form, which is enough for efficient
formation of disulfides. The absence of the dimer accumulation
for apo-recoverin confirms that calcium binding is a necessary
condition for Cys-Cys dimerization of the protein.
An analogous experiment was performed without degassing
of the buffer used. The reduced apo- and Ca2+-loaded states
of recoverin were subjected to identical oxidation conditions.
After 2 h of incubation at 20 °C (pH 8.5), accumulation of the
dimer was not observed, whereas estimation of sulfhydryl
groups content by Ellman’s test in 8 M urea demonstrated a
marked Ca2+-dependence: about 72% of apoprotein was
oxidized versus 53% for the Ca2+-loaded state. Thus, the apoform of recoverin proved to be more vulnerable to the oxidation. This conclusion may imply that the pKa of Cys38 is shifted
toward acidic values for apo-recoverin compared to the Ca2+loaded protein.
Structural Modeling of the Recoverin Disulfide Dimer.
There are two known three-dimensional structures of recoverin
complexed with protein molecules. Both structures correspond
to calcium-loaded recoverin, which was shown here to form a
dimer more readily than apoprotein does. The complexes share
common features and can be successfully utilized for modeling
of the Cys-Cys dimer of recoverin.
The nontypical crystal structure of recombinant nonmyristoylated recoverin truncated at C-terminus (residues 2-190)
with a Ca2+ ion bound to EF-hand 3 has been determined (PDB
code 2HET).31 In this case, the crystallographic cell contains
four recoverin molecules (A, B, C, and D chains), positioned
Journal of Proteome Research • Vol. 6, No. 5, 2007 1859
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Figure 4. SDS-PAGE in nonreducing conditions of the reduced myristoylated recoverin incubated in degassed buffer at pH 8.5 for (A)
2 h or (B) 24 h (20 °C), followed by silver staining. Protein concentration during the incubation was 45 µM. Calcium concentration was
controlled by the addition of 1 mM EDTA or 1 mM CaCl2. Identical amounts of recoverin were applied for Ca2+-loaded and aporecoverin. The numbers in the right-hand column indicate the molecular masses of markers in kilodaltons (cellulase, 94.6 kDa; bovine
serum albumin, 66.2 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 31 kDa; trypsin inhibitor, 21.5 kDa).

in a head-to-tail fashion. For example, the H47 helix (residues
Glu169-Asn179) of chain D is located between the H3 (residues
Thr24-Cys39) and H4 (Arg46-Phe57) helices of chain A. Thus,
the hydrophobic groove-helix mode of association is observed.
The H4 and H47 helices run in the same direction, whereas
H3 runs in the opposite direction.
The NMR structure of the complex between recombinant
nonmyristoylated recoverin with two Ca2+ ions bound and the
N-terminal fragment of rhodopsin kinase (residues 1-25, RK25)
(PDB code 2I94)15 demonstrates analogous hydrophobic groovehelix mechanism of association (PDB code 2I94).15 RK25 in the
complex forms an amphipathic R-helix (residues 4-16), interacting with the hydrophobic groove on the surface of recoverin.
Likewise, the RK25 helix is located between the H3 (residues
Glu25-Cys39) and H4 (residues Thr45-Phe56) helices of recoverin. In this case, however, H3 and RK25 helices run in the same
direction, whereas H4 runs in the opposite direction.
Thus, both known recoverin complexes with protein molecules are formed in a similar manner, and the major difference
between them is the direction of the donor helix with respect
to H3 and H4 helices of recoverin. The only Cys residue of
recoverin is located at the N-terminus of the H3 helix, in close
proximity to the terminus of the donor helix. This circumstance
allows building of recoverin homodimer in which Cys side
chains are located close enough to form the disulfide bond.
Although both 2HET and 2I94 structures are suitable as the
patterns for generation of the theoretical three-dimensional
model of disulfide dimer of recoverin, only modeling based
upon 2I94 structure will be considered in detail. The modeling
based upon 2HET coordinates produces analogous structure,
differing by mutual orientation of helices H3 and H4 of both
recoverin molecules.
Superposition of Thr24-Leu36 (includes the major part of
H3 helix (Glu25-Cys39)) fragment of an extra molecule of
recoverin and Gly4-Ile16 helix of RK25 within structure 2I94
gives the root-mean-square deviation (rmsd) of 26 CR atoms
(2-fold superposition) of only 1.4 Å (Figure 5A). Moreover,
Trp31 and Phe35 residues of recoverin are superimposed on
Ala11 and Phe15 residues of RK25, respectively. Both Ala11 and
Phe15 of RK25 are involved into hydrophobic interactions with
H3 helix of recoverin through Trp31 and Phe35 residues. Thus,
the resulting alignment of recoverin molecules corresponds to
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Figure 5. (A) Complete three-dimensional model of recoverin
disulfide dimer and (B) hydrophobic contacts between recoverin
chains A (red) and B (blue). CR atoms of Cys residues and calcium
ions are shown as yellow and black balls, respectively. In (B),
side chains of the interacting residues are shown in a ball-andstick manner. Figure was produced with MOLSCRIPT v2.1.65

pair wise interactions of Trp31 and Phe35 side chains (Figure
5B). Overall, four pairs of the aromatic contacts between two
chains (A and B) of recoverin are formed: Trp31/A-Trp31/B,
Phe35/A-Phe35/B, Tyr32/A-Phe56/B, and Phe56/A-Tyr32/B.
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Phe56 residue of helix H4 is also involved into RK25-recoverin
interaction. Notably, the model is free from any sterical
hindrances between A and B chains, and the distance between
CR atoms of two Cys residues is 6.9 Å.

Discussion
The oxidation of recoverin isolated in reducing conditions,
taking place during dialysis against water and subsequent
lyophilization, is accompanied by highly effective thiol oxidation, producing both disulfide dimer (Figures 1 and 2) and
oxidized monomeric forms, regardless of myristoylation state
of recoverin. Artificially reduced recoverin, being exposed to
alkaline pH values above pKa value of Cys38, in mild oxidizing
conditions exhibits oxidation leading to formation of mostly
oxidized monomer and a minor fraction of the dimer (Figure
4). Both processes are calcium-dependent, the last being
observed only for Ca2+-loaded recoverin, whereas formation
of oxidized monomer proceeds more efficiently for apoprotein.
The Ca2+ dependence of recoverin oxidation can be rationalized
based upon known three-dimensional structures of Ca2+-loaded
and apo-form of recoverin and estimations of electrostatic
potential at Cys38 thiol, as described above. The fact that
oxidation of Cys38 thiol is reversible, as confimed by SDS-PAGE
(Figure 1) and Ellman’s tests, suggests that oxidation process
is accompanied with sulfenic and, less likely, sulfinic acid
formation.
The formation of recoverin dimer at pH exceeding pKa of
Cys38 requires hours at protein concentration 45 µM. This is
about an order of magnitude higher than physiologically
relevant protein level in ROS,35-37 which was recently shown
to change in the micromolar range during the visual cycle.38
The extremely slow kinetics of this process in vitro under
conditions favoring disulfide formation and the reducing
conditions of cytosol suggest that the Ca2+-dependent spontaneous accumulation of recoverin dimer is unlikely to occur
in vivo. At the same time, the possibility of catalytic formation/
reduction of disulfide dimers of recoverin in vivo should not
be discarded.
Previous studies on GCAP-2 and KChIP3 NCS proteins
showed that they are able to undergo metal ion-dependent
reversible dimerization, which seems to play a regulatory role
in the manifestation of their activities.39-41 Ca2+ and Mg2+ ions
enhance the intermolecular interaction of VILIP1 and VILIP3
and lead to the formation of homo- and hetero-oligomers of
VILIPs.42 The data suggesting dimer accumulation at elevated
protein concentrations for another NCS family member, NCS1, have been reported.43 Nevertheless, the disulfide dimer
formation was not found for any of the NCS proteins, to the
best of our knowledge. We believe that the Cys-Cys dimer of
recoverin observed in the present work was formed due to fairly
specific conditions, taking place during protein dialysis against
water and further lyophilization procedure. The oxidation of
the reduced Cys38 under more thoroughly controlled solvent
conditions produces mostly oxidized monomer, giving just a
minor contribution of the disulfide dimer. Thus, the procedures
of dialysis and lyophilization of recoverin should be avoided.
Otherwise, the coercive thiol reduction step is necessary.
The pronounced susceptibility of the sulfhydryl group of
recoverin toward oxidizing agents seems to be mostly due to
its relatively low pKa value (7.6), promoting accumulation of
highly reactive thiolate anion at physiological pH. The vast
majority of thiols possess pKa values above 8.0, which causes
their protonation at cytosolic conditions. This remarkable
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feature of recoverin has not been reported previously for
members of the NCS protein family. Nevertheless, the observed
for recoverin lowered resistance of the conserved Cys residue
to oxidation may be inherent to other members of the NCS
family. Examination of crystal structure of the complex between
KChIP1 and the N-terminal fragment of Kv4.2 (PDB code
1S6C)14 shows that the thiol 64 is in S-(dimethylarsenic)cysteine
form due to oxidation by cacodylate during crystallization.
The insufficiently studied oxidative properties of sulfhydril
groups of NCS family members seem to be a result of the
widespread practice of preventive addition of reducing agents
during isolation and investigation of cytosolic proteins. Considering that cytosolic redox equilibrium is shifted toward
reducing conditions, favoring reduction of protein sulfhydryl
groups,44 this tactic is reasonable. Nevertheless, recent studies
of redox proteomics show that dozens of cytosolic proteins are
able to form disulfide bonds in cardiac myocytes45 and neuronal
cells46 exposed to various oxidative insults. Studies of the
intracellular proteins of certain thermophilic bacteria show that
they are rich in disulfide bonds.47,48
Some normal cellular functions are controlled by low
concentrations of reactive oxygen and nitrogen species that are
transiently generated as secondary messengers.49-52 Cellular
responses to both high and low reactive oxygen species levels
involve proteins whose activities are regulated by oxidation.
Several major forms of oxidative modifications can occur on
amino acid residue side chains including carbonylation (for
review, see ref 53), nitration of tyrosine, and oxidation of
methionine to methionine sulfoxide. Protein sulfhydryls can
be oxidized to intra- and interprotein disulfides, mixed disulfides (glutathionylation or cysteinylation), S-nitrosothiols, sulfenic acid, as well as more highly oxidized states such as the
sulfinic and sulfonic acid forms of protein cysteines (for review,
see ref 54). Many forms of thiol oxidation are reversible, which
makes them attractive from the point of view of redox regulation. Over the past few years, an increasing number of thiolcontaining proteins has been identified that use reactive oxygen
species as mediators to quickly regulate their protein activity.55,56 All of these proteins possess highly reactive Cys residues
that are quickly and reversibly modified upon exposure to
oxidative stress. In the light of these observations, basically any
protein with reactive Cys residue has the potential of being
redox regulated. The observed redox sensitivity of Cys38 of
recoverin may indicate that this residue is also involved into
some redox regulated metabolic pathways. This opportunity
seems to be likely due to the fact that the retina is one of the
most vascularized tissues in the body, having one of the highest
oxidative metabolic rates per tissue weight, characterized by a
combination of the factors favoring oxidation: high oxygen flux,
light, and polyunsaturated fatty acids (for review, see ref 57).
Recent studies of recoverin with Cys38 cysteine modified by
the fluorescent dye Alexa647-maleimide (molecular mass ca 1.3
kDa) reveal just a minor decrease of recoverin potency to
inhibit rhodopsin kinase and about 2-fold increase of IC50 for
the Ca2+-dependent association of recoverin with immobilized
lipids, as monitored by SPR spectroscopy.19 Thus, oxidation of
recoverin Cys38 by such a bulky reagent is accompanied with
unexpectedly minor changes in functional properties of the
protein. The same conclusion can be derived from SPR
measurements, where recoverin immobilization on sensor chip
by thiol-specific reagent does not cause profound changes in
functional properties of recoverin.20,21 Taking into account that
the thiol group is located in close proximity to the rhodopsin
Journal of Proteome Research • Vol. 6, No. 5, 2007 1861
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kinase binding site15,58 (see Figure 5B) and to a Gly41 residue,
which is the site of rotation following Ca2+-binding by EF-hand
2,11 one could expect much more prominent oxidation-induced
changes in recoverin properties. At the same time, our preliminary experimental data suggest that oxidation of the
recoverin thiol causes significant alteration of physicochemical
properties of recoverin, which will be described in a separate
paper. Nevertheless, based upon the absence of direct effect
of the thiol oxidation on accepted function of recoverin, one
may conclude that the Cys38, if significant for implementation
of biological function of recoverin, serves to some other
objectives rather than direct influence on activity of its target,
as observed for GCAP-117 and GCAP-2.18 Thus, most likely, a
more universal function of the conserved thiol within NCS
protein family exists.
The reported low level of modification of Cys38 by Alexa647
dye for E121Q (EF-hand 3) mutant of recoverin19 is fully in
accord with the present data. As shown previously, the E121Q
mutant has substantially depressed calcium affinity and can
be considered as a model of apo-recoverin.12,59 As a consequence, the increased vulnerability of apo-recoverin thiol to
oxidation should lower the content of free cysteine for E121Q
mutant and cause proportionally inefficient labeling of Cys38
residue by Alexa647.
The Cys38 residue of recoverin could serve as a local
antioxidant, intended for inactivation of harmful reactive
oxygen and nitrogen species produced during photoreception.
Meanwhile, in the view of millimolar concentration of the
reduced form of glutathione in cytosol and presence of additional powerful antioxidants, like melatonin, stimulating
antioxidant enzymes (for review, see ref 60), this function of
recoverin thiol does not seem to be significant.
Among different reactive oxygen and nitrogen species existing in photoreceptor cells, nitric oxide (NO) is of special
importance. It is generated in inner61 and outer segments62 of
photoreceptors by NO synthases in a calcium-dependent
manner and stimulates a soluble guanylyl cyclase, enhancing
the synthesis of cyclic GMP, which in turn influences ion
channel activity. This NO-cGMP cascade is well recognized as
a signaling mechanism also in brain and other tissues. In retina,
neuronal nitric oxide synthase-like immunoreactivity was
reported for multiple cells, including rods, bipolar and ganglion
cells, horizontal and amacrine cells, and Muller cells.63 As was
shown recently, recoverin undergoes light-driven translocation
from rod outer segments toward the rod synaptic terminals.38
In both principal segments of photoreceptor cell recoverin is
exposed to nitric oxide, able to nitrosylate protein thiols in
presence of molecular oxygen. According to one of the mechanisms of nitrosylation of protein thiol groups,64 a target protein
is a catalyst of its own nitrosylation due to oxidation of NO to
highly reactive and unstable N2O3 form inside hydrophobic
phase of the protein.64 This mechanism exploits protein
hydrophobic pockets to target NO to critical cysteines, explaining the selectivity of S-nitrosylation in regulation of protein
function. The Cys38 thiol of recoverin is in close proximity to
the hydrophobic pocket intended either for sequestration of
myristoyl group in apo-recoverin9 or for association with
rhodopsin kinase.15 This hydrophobic cavity could serve as
catalytic media for oxidation of NO radical, resulting in
nitrosylation of Cys38.
Apparently, further studies are required to ascertain possible
targets of recoverin thiol group within photoreceptor cells,
which could possibly enrich our understanding of the role of
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oxygen- and nitrogen-reactive species in processes occurring
in retinal photoreceptors.
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References
(1) Burgoyne, R. D.; O’Callaghan, D. W.; Hasdemir, B.; Haynes, L.
P.; Tepikin, A. V. Neuronal Ca2+-sensor proteins: multitalented
regulators of neuronal function. Trends Neurosci. 2004, 27, 203209.
(2) Braunewell, K. H. The darker side of Ca2+ signaling by neuronal
Ca2+-sensor proteins: from Alzheimer’s disease to cancer. Trends
Pharmacol. Sci. 2005, 26, 345-351.
(3) Kawamura, S.; Hisatomi, O.; Kayada, S.; Tokunaga, F.; Kuo, C. H.
Recoverin has S-modulin activity in frog rods. J. Biol. Chem. 1993,
268, 14579-14582.
(4) Gorodovikova, E. N.; Philippov, P. P. The presence of a calciumsensitive p26-containing complex in bovine retina rod cells. FEBS
Lett. 1993, 335, 277-279.
(5) Gorodovikova, E. N.; Senin, II.; Philippov, P. P. Calcium-sensitive
control of rhodopsin phosphorylation in the reconstituted system
consisting of photoreceptor membranes, rhodopsin kinase and
recoverin. FEBS Lett. 1994, 353, 171-172.
(6) Dizhoor, A. M.; Ericsson, L. H.; Johnson, R. S.; Kumar, S.;
Olshevskaya, E.; Zozulya, S.; Neubert, T. A.; Stryer, L.; Hurley, J.
B.; Walsh, K. A. The NH2 terminus of retinal recoverin is acylated
by a small family of fatty acids. J. Biol. Chem. 1992, 267, 1603316036.
(7) Zozulya, S.; Stryer, L. Calcium-myristoyl protein switch. Proc. Natl.
Acad. Sci. U.S.A. 1992, 89, 11569-11573.
(8) Dizhoor, A. M.; Chen, C. K.; Olshevskaya, E.; Sinelnikova, V. V.;
Phillipov, P.; Hurley, J. B. Role of the acylated amino terminus
of recoverin in Ca(2+)-dependent membrane interaction. Science
1993, 259, 829-832.
(9) Tanaka, T.; Ames, J. B.; Harvey, T. S.; Stryer, L.; Ikura, M.
Sequestration of the membrane-targeting myristoyl group of
recoverin in the calcium-free state. Nature 1995, 376, 444-447.
(10) Ames, J. B.; Tanaka, T.; Ikura, M.; Stryer, L. Nuclear magnetic
resonance evidence for Ca(2+)-induced extrusion of the myristoyl
group of recoverin. J. Biol. Chem. 1995, 270, 30909-30913.
(11) Ames, J. B.; Ishima, R.; Tanaka, T.; Gordon, J. I.; Stryer, L.; Ikura,
M. Molecular mechanics of calcium-myristoyl switches. Nature
1997, 389, 198-202.
(12) Permyakov, S. E.; Cherskaya, A. M.; Senin, II.; Zargarov, A. A.;
Shulga-Morskoy, S. V.; Alekseev, A. M.; Zinchenko, D. V.; Lipkin,
V. M.; Philippov, P. P.; Uversky, V. N.; Permyakov, E. A. Effects of
mutations in the calcium-binding sites of recoverin on its calcium
affinity: evidence for successive filling of the calcium binding
sites. Protein Eng. 2000, 13, 783-790.
(13) Haeseleer, F.; Sokal, I.; Li, N.; Pettenati, M.; Rao, N.; Bronson,
D.; Wechter, R.; Baehr, W.; Palczewski, K. Molecular characterization of a third member of the guanylyl cyclase-activating protein
subfamily. J. Biol. Chem. 1999, 274, 6526-6535.
(14) Zhou, W.; Qian, Y.; Kunjilwar, K.; Pfaffinger, P. J.; Choe, S.
Structural insights into the functional interaction of KChIP1 with
Shal-type K(+) channels. Neuron 2004, 41, 573-586.
(15) Ames, J. B.; Levay, K.; Wingard, J. N.; Lusin, J. D.; Slepak, V. Z.
Structural basis for calcium-induced inhibition of rhodopsin
kinase by recoverin. J. Biol. Chem. 2006, 281, 37237-37245.
(16) Otto-Bruc, A.; Buczylko, J.; Surgucheva, I.; Subbaraya, I.; Rudnicka-Nawrot, M.; Crabb, J. W.; Arendt, A.; Hargrave, P. A.; Baehr,
W.; Palczewski, K. Functional reconstitution of photoreceptor
guanylate cyclase with native and mutant forms of guanylate
cyclase-activating protein 1. Biochemistry 1997, 36, 4295-4302.
(17) Hwang, J. Y.; Schlesinger, R.; Koch, K. W. Irregular dimerization
of guanylate cyclase-activating protein 1 mutants causes loss of
target activation. Eur. J. Biochem. 2004, 271, 3785-3793.

research articles

Recoverin is a Redox-Sensitive Protein
(18) Ermilov, A. N.; Olshevskaya, E. V.; Dizhoor, A. M. Instead of
binding calcium, one of the EF-hand structures in guanylyl
cyclase activating protein-2 is required for targeting photoreceptor guanylyl cyclase. J. Biol. Chem. 2001, 276, 48143-48148.
(19) Gensch, T.; Komolov, K. E.; Senin, II.; Philippov, P. P.; Koch, K.
W. Ca2+-dependent conformational changes in the neuronal
Ca2+-sensor recoverin probed by the fluorescent dye Alexa647.
Proteins 2007, 66, 492-499.
(20) Lange, C.; Koch, K. W. Calcium-dependent binding of recoverin
to membranes monitored by surface plasmon resonance spectroscopy in real time. Biochemistry 1997, 36, 12019-12026.
(21) Satpaev, D. K.; Chen, C. K.; Scotti, A.; Simon, M. I.; Hurley, J. B.;
Slepak, V. Z. Autophosphorylation and ADP regulate the Ca2+dependent interaction of recoverin with rhodopsin kinase. Biochemistry 1998, 37, 10256-10262.
(22) Senin, II; Zargarov, A. A.; Alekseev, A. M.; Gorodovikova, E. N.;
Lipkin, V. M.; Philippov, P. P. N-myristoylation of recoverin
enhances its efficiency as an inhibitor of rhodopsin kinase. FEBS
Lett. 1995, 376, 87-90.
(23) Senin, II.; Fischer, T.; Komolov, K. E.; Zinchenko, D. V.; Philippov,
P. P.; Koch, K. W. Ca2+-myristoyl switch in the neuronal calcium
sensor recoverin requires different functions of Ca2+-binding
sites. J. Biol. Chem. 2002, 277, 50365-50372.
(24) Pace, C. N.; Vajdos, F.; Fee, L.; Grimsley, G.; Gray, T. How to
measure and predict the molar absorption coefficient of a protein.
Protein Sci. 1995, 4, 2411-2423.
(25) Haiech, J.; Derancourt, J.; Pechere, J. F.; Demaille, J. G. A new
large-scale purification procedure for muscular parvalbumins.
Biochimie 1979, 61, 583-587.
(26) Ellman, G. L. Tissue sulfhydryl groups. Arch. Biochem. Biophys.
1959, 82, 70-77.
(27) Eyer, P.; Worek, F.; Kiderlen, D.; Sinko, G.; Stuglin, A.; SimeonRudolf, V.; Reiner, E. Molar absorption coefficients for the
reduced Ellman reagent: reassessment. Anal. Biochem. 2003, 312,
224-227.
(28) Elsayed, S.; Bennich, H. The primary structure of allergen M from
cod. Scand. J. Immunol. 1975, 4, 203-208.
(29) Noda, L. H.; Kuby, S. A.; Lardy, H. A. Properties of thiolesters:
Kinetics of hydrolysis in dilute aqueous media. J. Am. Chem. Soc.
1953, 75, 913-917.
(30) Honig, B.; Sharp, K. A.; Yang, A.-S. Macroscopic models of
aqueous solutions: Biological and chemical applications. J. Phys.
Chem. 1993, 97, 1101-1109.
(31) Weiergraber, O. H.; Senin, II.; Zernii, E. Y.; Churumova, V. A.;
Kovaleva, N. A.; Nazipova, A. A.; Permyakov, S. E.; Permyakov, E.
A.; Philippov, P. P.; Granzin, J.; Koch, K. W. Tuning of a neuronal
calcium sensor. J. Biol. Chem. 2006, 281, 37594-37602.
(32) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.;
Weissig, H.; Shindyalov, I. N.; Bourne, P. E. The Protein Data
Bank. Nucleic Acids Res. 2000, 28, 235-242.
(33) Kretchmer, N.; Taylor, R. Effect of pH on the far ultraviolet
absorption of tyrosine. J. Am. Chem. Soc. 1950, 72, 3291-3292.
(34) Schwarzenbach, G.; Flaschka, H. Die Komplexometrische Titration;
Ferdinand Enke Verlag: Stuttgart, 1965.
(35) Lambrecht, H. G.; Koch, K. W. A 26 kd calcium binding protein
from bovine rod outer segments as modulator of photoreceptor
guanylate cyclase. EMBO J. 1991, 10, 793-798.
(36) Lambrecht, H. G.; Koch, K. W. Recoverin, a novel calcium-binding
protein from vertebrate photoreceptors. Biochim. Biophys. Acta
1992, 1160, 63-66.
(37) Polans, A. S.; Buczylko, J.; Crabb, J.; Palczewski, K. A photoreceptor calcium binding protein is recognized by autoantibodies
obtained from patients with cancer-associated retinopathy. J. Cell
Biol. 1991, 112, 981-989.
(38) Strissel, K. J.; Lishko, P. V.; Trieu, L. H.; Kennedy, M. J.; Hurley,
J. B.; Arshavsky, V. Y. Recoverin undergoes light-dependent
intracellular translocation in rod photoreceptors. J. Biol. Chem.
2005, 280, 29250-29255.
(39) Olshevskaya, E. V.; Ermilov, A. N.; Dizhoor, A. M. Dimerization
of guanylyl cyclase-activating protein and a mechanism of
photoreceptor guanylyl cyclase activation. J. Biol. Chem. 1999,
274, 25583-25587.
(40) Osawa, M.; Tong, K. I.; Lilliehook, C.; Wasco, W.; Buxbaum, J.
D.; Cheng, H. Y.; Penninger, J. M.; Ikura, M.; Ames, J. B. Calciumregulated DNA binding and oligomerization of the neuronal
calcium-sensing protein, calsenilin/DREAM/KChIP3. J. Biol. Chem.
2001, 276, 41005-41013.
(41) Osawa, M.; Dace, A.; Tong, K. I.; Valiveti, A.; Ikura, M.; Ames, J.
B. Mg2+ and Ca2+ differentially regulate DNA binding and
dimerization of DREAM. J. Biol. Chem. 2005, 280, 18008-18014.

(42) Jheng, F. F.; Wang, L.; Lee, L.; Chang, L. S. Functional contribution
of Ca2+ and Mg2+ to the intermolecular interaction of visininlike proteins. Protein J. 2006, 25, 250-256.
(43) Ames, J. B.; Hendricks, K. B.; Strahl, T.; Huttner, I. G.; Hamasaki,
N.; Thorner, J. Structure and calcium-binding properties of Frq1,
a novel calcium sensor in the yeast Saccharomyces cerevisiae.
Biochemistry 2000, 39, 12149-12161.
(44) Fahey, R. C.; Hunt, J. S.; Windham, G. C. On the cysteine and
cystine content of proteins. Differences between intracellular and
extracellular proteins. J. Mol. Evol. 1977, 10, 155-160.
(45) Brennan, J. P.; Wait, R.; Begum, S.; Bell, J. R.; Dunn, M. J.; Eaton,
P. Detection and mapping of widespread intermolecular protein
disulfide formation during cardiac oxidative stress using proteomics with diagonal electrophoresis. J. Biol. Chem. 2004, 279,
41352-41360.
(46) Cumming, R. C.; Andon, N. L.; Haynes, P. A.; Park, M.; Fischer,
W. H.; Schubert, D. Protein disulfide bond formation in the
cytoplasm during oxidative stress. J. Biol. Chem. 2004, 279,
21749-21758.
(47) Mallick, P.; Boutz, D. R.; Eisenberg, D.; Yeates, T. O. Genomic
evidence that the intracellular proteins of archaeal microbes
contain disulfide bonds. Proc. Natl. Acad. Sci. U.S.A. 2002, 99,
9679-9684.
(48) Beeby, M.; O’Connor, B. D.; Ryttersgaard, C.; Boutz, D. R.; Perry,
L. J.; Yeates, T. O. The genomics of disulfide bonding and protein
stabilization in thermophiles. PLoS Biol. 2005, 3, e309.
(49) Lander, H. M. An essential role for free radicals and derived
species in signal transduction. FASEB J. 1997, 11, 118-124.
(50) Maher, P.; Schubert, D. Signaling by reactive oxygen species in
the nervous system. Cell. Mol. Life Sci. 2000, 57, 1287-1305.
(51) Thannickal, V. J.; Fanburg, B. L. Reactive oxygen species in cell
signaling. Am. J. Physiol. Lung Cell Mol. Physiol. 2000, 279,
L1005-1028.
(52) Biswas, S.; Chida, A. S.; Rahman, I. Redox modifications of
protein-thiols: emerging roles in cell signaling. Biochem. Pharmacol. 2006, 71, 551-564.
(53) Stadtman, E. R. Oxidation of free amino acids and amino acid
residues in proteins by radiolysis and by metal-catalyzed reactions. Annu. Rev. Biochem. 1993, 62, 797-821.
(54) Ghezzi, P. Oxidoreduction of protein thiols in redox regulation.
Biochem. Soc. Trans. 2005, 33, 1378-1381.
(55) Linke, K.; Jakob, U. Not every disulfide lasts forever: disulfide
bond formation as a redox switch. Antioxid. Redox. Signal 2003,
5, 425-434.
(56) Leichert, L. I.; Jakob, U. Protein thiol modifications visualized in
vivo. PLoS Biol. 2004, 2, e333.
(57) Ganea, E.; Harding, J. J. Glutathione-related enzymes and the eye.
Curr. Eye Res. 2006, 31, 1-11.
(58) Tachibanaki, S.; Nanda, K.; Sasaki, K.; Ozaki, K.; Kawamura, S.
Amino acid residues of S-modulin responsible for interaction with
rhodopsin kinase. J. Biol. Chem. 2000, 275, 3313-3319.
(59) Alekseev, A. M.; Shulga-Morskoy, S. V.; Zinchenko, D. V.; ShulgaMorskaya, S. A.; Suchkov, D. V.; Vaganova, S. A.; Senin, II;
Zargarov, A. A.; Lipkin, V. M.; Akhtar, M.; Philippov, P. P.
Obtaining and characterization of EF-hand mutants of recoverin.
FEBS Lett. 1998, 440, 116-118.
(60) Siu, A. W.; Maldonado, M.; Sanchez-Hidalgo, M.; Tan, D. X.;
Reiter, R. J. Protective effects of melatonin in experimental free
radical-related ocular diseases. J. Pineal Res. 2006, 40, 101109.
(61) Koch, K. W.; Lambrecht, H. G.; Haberecht, M.; Redburn, D.;
Schmidt, H. H. Functional coupling of a Ca2+/calmodulindependent nitric oxide synthase and a soluble guanylyl cyclase
in vertebrate photoreceptor cells. EMBO J. 1994, 13, 3312-3320.
(62) Yoshida, A.; Pozdnyakov, N.; Dang, L.; Orselli, S. M.; Reddy, V.
N.; Sitaramayya, A. Nitric oxide synthesis in retinal photoreceptor
cells. Vis. Neurosci. 1995, 12, 493-500.
(63) Cao, L.; Eldred, W. D. Subcellular localization of neuronal nitric
oxide synthase in turtle retina: electron immunocytochemistry.
Vis. Neurosci. 2001, 18, 949-960.
(64) Nedospasov, A.; Rafikov, R.; Beda, N.; Nudler, E. An autocatalytic
mechanism of protein nitrosylation. Proc. Natl. Acad. Sci. U.S.A.
2000, 97, 13543-13548.
(65) Kraulis, P. J. MOLSCRIPT: a program to produce both detailed
and schematic plots of protein structures. Appl. Crystallogr. 1991,
24, 945-949.

PR070015X
Journal of Proteome Research • Vol. 6, No. 5, 2007 1863

