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ABSTRACT: Recoverin is a 23 kDa myristoylated Ca2+-binding protein that inhibits rhodopsin kinase. We
have used surface plasmon resonance to investigate the influences of Ca2+, myristoylation, and adenine
nucleotides on the recoverin-rhodopsin kinase interaction. Our analyses confirmed that Ca2+ is required
for recoverin to bind RK. Myristoylation had little effect on the affinity of recoverin for the kinase, but
it raised theK0.5 for Ca2+ from 150 nM for nonacylated recoverin to 400 nM for myristoylated recoverin.
Finally, our studies also revealed two separate and previously unreported effects of adenine nucleotides
on the recoverin-rhodopsin kinase binding. The interaction is weakened by autophosphorylation of the
kinase, and it is strengthened by the presence of ADP.

Phosphorylation of rhodopsin plays an important role in
phototransduction by quenching photoactivated rhodopsin
(R*) (1). The enzyme that phosphorylates R*, rhodopsin
kinase (RK), is inhibited by Ca2+ in vitro in the presence of
recoverin, a 23 kDa calcium-binding protein that is present
in rod and cone photoreceptors (2-8).

RK is a member of a family of kinases, GRK’s, that
phosphorylate G-protein-coupled receptors (9). RK (also
known as GRK1) and GRK5 are unique among members of
this family in that they undergo autophosphorylation, but the
functional consequences of RK autophosphorylation have not
yet been understood (10, 11). Reported mutagenesis studies
have so far failed to resolve the role of autophosphorylation
because the mutations designed to mimic constitutively
unphosphorylated or phosphorylated RK both had the same
effect of decreasing the specificity of RK for bleached versus
unbleached rhodopsin (12).

The amino terminus of recoverin is covalently modified
by a myristoyl (14:0) or other short-chain fatty acyl residue
(13). This group is solvated in the Ca2+-bound form of the
protein, and it can enhance recoverin’s interaction with
membranes (14-19). Myristoylated and nonmyristoylated
forms of recoverin have been produced inE. coli in the
presence or absence ofN-myristoyl transferase (20). Fatty
acylation is not essential for the ability of recoverin to inhibit
RK at saturating Ca2+, but it may enable recoverin to inhibit
RK at physiologic levels of Ca2+ (7, 18, 21, 22).

Recoverin and RK bind directly in the presence of Ca2+

(7, 23). Here, we have used surface plasmon resonance
(SPR) to study the kinetics of the recoverin-RK interaction
and to examine factors that influence the protein-protein
association. SPR measures interactions between macromol-
ecules directly and in real time by monitoring changes in
the refractive index that occur as a ligand binds to a surface
within a microflow cell (24). Our findings confirm the Ca2+

dependence of the recoverin-RK interaction and show that
association and dissociation of recoverin and RK occur
rapidly. We found that myristoylation has no significant
effect on the protein-protein interaction in the absence of
phospholipid membranes. Our studies also revealed a
previously unrecognized effect of adenine nucleotides upon
the recoverin-RK interaction. Autophosphorylation blocks
the ability of RK to bind recoverin while ADP enhances the
interaction.

MATERIALS AND METHODS

Recoverin was prepared from recombinantE. coli (20).
RK was isolated from recombinant SF9 cells and purified
on an affinity column with immobilized nonmyristoylated
recoverin as described previously (7).

Surface Plasmon Resonance Analysis. All the experiments
presented in this report were performed on a BIAcore 2000
instrument. Recoverin was immobilized using the basic
protocol recommended by manufacturer’s manual for cou-
pling of proteins via cysteine groups. The surface of a
carboxymethylated dextran-coated sensor chip (CM5 research
grade; BIACORE, Inc.) was activated with EDC/NHS
(N-ethyl-[(N′-dimethylamino)propyl]carbodiimide/N-hydroxy-
succinimide) for 5 min and then modified with PDEA [2-(2-
pyridinyldithio)ethanamine hydrocholoride] for 5 min. In a
typical experiment, recoverin at 0.01 mg/mL in 10 mM
acetate buffer, pH 4.5, was injected for 5 min at 5µL/min.
A small fraction of recoverin (<5%) was attached to the
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surface noncovalently and was removed by a 1 min pulse of
6 M guanidine hydrochloride. The surface was then treated
by a 5 min injection of 1-10 mM cysteine to block the
residual reactive groups. In a typical experiment, we
immobilized approximately 1000 resonance units (RU) of
recoverin (1000 RU is approximately 1 ng/mm2). We have
used such high immobilization levels of recoverin in most
experiments in order to reliably see the inhibitory effects of
reduced Ca2+ and ATP on its binding to RK. The amount
(surface density) of covalently immobilized recoverin was
determined as the difference of the SPR signal between the
readings before and after ligand coupling, i.e., following
PDEA injection and after the wash by guanidine. In
experiments comparing nonacylated (NA) and myristoylated
(14:0) forms of recoverin, the amounts of immobilized
proteins were carefully monitored during the coupling and,
if needed, equalized by additional short injections of protein
so that the difference between the levels of immobilized
proteins was less than 10%. In a series of preliminary
experiments, we have also used coupling of recoverin via
amine groups, directly following activation of the CM5-chip
by EDC/NHS. The kinetics of binding as well as its
sensitivity to Ca2+ and adenine nucleotides were very similar
to those obtained with cysteine-coupled recoverin. However,
the overall binding of RK to NH2-coupled ligand was 5-10-
fold less, apparently due to coupling of recoverin via lysine
residues that are necessary for the protein-protein interaction
or because of denaturation of recoverin due to the coupling.
Since there are 30 lysine residues in a recoverin molecule
and only 1 cysteine, the thiol-coupling procedure has
apparently resulted in a surface with uniform ligand orienta-
tion.

To analyze recoverin-RK interaction, we diluted RK in
a running buffer [20 mM Tris, pH 7.5, 100 mM NaCl, 0.1
mM CaCl2, 1 mM MgCl2, 0.005% nonionic detergent P20
(BIACORE, Inc.), and 0.01 mg/mL BSA]. The detergent
did not have an effect upon the kinetics of the regulation of
recoverin-RK interaction, but allowed us (as the introduction
of BSA) to reduce the nonspecific binding of RK. This Ca2+-
independent binding was detected in the absence of detergent
and BSA at both recoverin and control (no recoverin)
surfaces. For determination of the Ca2+ dependence, RK
was diluted 20-50-fold in buffers containing defined free
Ca2+ concentrations. The Ca2+ solutions used in Figure 3
were purchased from Molecular Probes, Inc. (Eugene, OR),
but we obtained similar results with solutions made from
EGTA buffers and Ca2+ solutions quantified by atomic
absorption (25) and with BAPTA buffers verified by a Ca2+-
sensitive electrode. Solutions of RK were injected at a flow
rate of 5 or 10µL/min for the time intervals indicated.
Sensograms were analyzed by BIAEvaluation 2.1 software
(BIACORE, Inc.). Dissociation rates were estimated as-
suming single-exponential decay. Dissociation rates for the
interactions reported here (∼0.1 s-1) were near the time
resolution limits of the BIAcore detector. These analyses
were further complicated by apparent rapid rebinding, a
characteristic of proteins with association rates>105 M s-1.

Rhodopsin Kinase Autophosphorylation and Dephospho-
rylation. For autophosphorylation, RK was incubated at
room temperature in the presence of ATP in a buffer also
containing 20 mM Tris, pH 7.5, 100 mM NaCl, and 1 mM
MgCl2. The concentration of ATP was 0.1 mM unless

specified otherwise. To monitor the reaction, 0.25-0.5µCi
of [32P]γATP (NEN) was added to the reaction, and
phosphate incorporation was monitored, following SDS-
PAGE, autoradiography, and scintillation counting of the
bands as described previously (7). The radioactive labeling
coincided with a near-quantitative upward shift of the RK
band as revealed by Coomassie staining of the gel and rapidly
(<5 min at room temperature) reached plateau, indicating
that phosphorylation was complete within this time frame.
For dephosphorylation, phosphorylated RK was mixed with
a protein phosphatase for various times at room temperature
or at 30°C. In some experiments, phospho-RK was desalted
on a Sephadex minicolumn to remove ATP. We have tested
three different protein phosphatases: recombinant protein
phosphataseλ (Calbiochem or Sigma), recombinant muscle
protein phosphatase 1 (PP1) provided by Dr. E. Lee
(University of Miami), and protein phosphatase type 2A
(PP2A) isolated from human red cells (Upstate Biotechnol-
ogy, Inc.). The first two enzymes could dephosphorylate
RK only partially (20-40%) when added at high concentra-
tions and upon long incubations. In contrast, PP2A dephos-
phorylated RK completely and rapidly even in the presence
of ATP. For dephosphorylation reaction, 0.2 unit of PP2A
was mixed in a 100µL assay with 1-3 µM RK and
incubated 2-5 min at room temperature. Dephosphorylation
was monitored, following analysis by SDS-PAGE, by
radioautography and Coomassie staining. For the analysis
of the effect of RK autophosphorylation and dephosphory-
lation upon RK interaction with recoverin, an aliquot of the
reaction mix was injected across the BIAcore sensor chip
with immobilized recoverin.

RESULTS

Previous studies showed that recoverin associates directly
with RK (7, 23) and inhibits its activity in vitro (2-8). We
used SPR to further characterize the recoverin-RK interac-
tion because this method allows quantitative assessment of
protein-protein binding parameters. We coupled recoverin
via its unique cysteine (Cys39) to a BIAcore chip. This
method was chosen because coupling via lysine residues
reduced recoverin’s ability to bind RK. Figure 1A shows
that introducing purified RK to the recoverin-coated surface
elicited a rapid SPR response. Several lines of evidence
show that this represents a specific interaction between
recoverin and RK. First, RK does not bind substantially to
a control surface without recoverin. Second, BSA and
several other proteins including GRK5, transducinR, trans-
ducin âγ, phosducin and, glutathioneS-transferase do not
bind to immobilized recoverin. Third, binding of RK was
proportional to the amount of recoverin immobilized on the
chip. Finally, we found that the recoverin-RK interaction
depends on two types of factors, Ca2+ and adenine nucle-
otides, that specifically interact with recoverin and RK,
respectively.

The SPR signal depends on RK concentration and on the
amount of recoverin linked to the sensor chip (Figure 1A).
The maximum concentrations of RK in our preparations (3
µM) did not saturate the surface. However, the shape of
the binding curve shown in Figure 1B indicates that half-
maximal binding occurs at approximately 0.5-1 µM RK.
At concentrations of RK above 3µM, we have observed an
increase of irreversible Ca2+-independent binding perhaps
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due to precipitation of RK on the surface. The molecular
mass of RK (66 kDa) is about 3 times larger than that of
recoverin (23 kDa). Since the SPR response is a function
of mass accumulated near the sensor surface (24), the
increase of the signal detected upon binding of RK in a 1:1
complex should have been 3 times the amount of attached
recoverin. In our experiments, however, the saturation was
achieved when the amount of bound RK was approximately
1.5 times the amount of recoverin. This ratio was indepen-
dent of recovern’s surface density, arguing against a pos-
sibility of a 2:1 recoverin-RK complex. We thus estimate
that only 50% of the immobilized recoverin was competent
to bind the kinase. The remainder of the potential binding
sites may be recoverin molecules that are denatured or hidden
within the dextran matrix on the chip and are inaccessible
to the larger RK molecules. The amount of coupled
recoverin could also be overestimated because of minor
contaminants in the preparation which contributed to the total
SPR response after the ligand immobilization. We used RK
concentrations from the linear portion of the binding curve,
typically 250 nM, in all subsequent experiments.

RK binds rapidly to immobilized recoverin in the presence
of 100 µM Ca2+ with an association rate constant (ka) of

105 M s-1. From the analysis of recoverin-RK complex
decay, the dissociation rate constant (kd) is 0.1 s-1, and the
half-life of the complex is less than 5 s. Thekd was also
determined from the analysis of association phases of
sensograms recorded upon injections of RK at several
different concentrations (Figure 2C). The two methods for
calculatingkd were in good agreement. Furthermore, the
equilibrium binding constant,Kd, calculated from the binding
rates as the ratio ofkd/ka agrees well with the steady-state
Kd determination shown in Figure 1.

Myristoylation is required for recoverin to interact with
membranes (14, 19, 26) and enhances recoverin’s ability to
inhibit rhodopsin phosphorylation by RK (7, 27). We used
SPR to examine the influence of myristoylation on the direct
binding between recoverin and RK. Figure 2 shows that
the kinetics of RK binding to nonmyristoylated and myris-
toylated recoverin were slightly different. The on-rate of
RK binding to nonmyristoylated recoverin was reproducibly
faster than to the acylated form by 10-20%. Since the
dissociation of RK from nonmyristoylated recoverin was also

FIGURE 1: Interaction of RK with immobilized recoverin on
BIAcore. Recombinant myristoylated recoverin was coupled to the
sensor chip as described under Materials and Methods. Surfaces
with three densities (1000, 260, and 130 RU) of immobilized ligand
were prepared by exposing the activated surfaces in the three
channels on the chip to recoverin for various times. As a control,
cysteine was immobilized on the fourth channel. A solution of RK
was perfused over the four surfaces simultaneously at 10µL/min
flow rate. Consecutive injections of samples with decreasing RK
concentration (3µM; 1 µM; 500 nM, 250, 125, 62, 31, and 15
nM; and buffer alone) were made to determine the dose dependence
of the interaction. A second injection of RK at 1µM was made at
the end of the series (approximately 3250 s) to confirm that
recoverin was still functional by the end of the experiment. The
Ca2+ concentration in the running buffer and RK samples was 100
µM (A) Sensograms (raw data) obtained during injections of RK
over the four surfaces with different amounts of coupled recoverin;
the lowest trace is the change of refractive index on the control
surface. (B) Dose dependence of RK binding. Squares, binding to
the surface with 1000 RU of recoverin; black triangles, 260 RU;
black circles, 130; white circles, control surface (no recoverin, only
cysteine is coupled to the surface).

FIGURE 2: Kinetics of RK binding to immobilized nonacylated and
myristoylated recoverin. Equal amounts of recombinant nonacylated
(NA-Rv) and myristoylated (C14-Rv) recoverin forms were im-
mobilized on the two channels of the sensor chip, and increasing
concentrations of RK were injected across at 10µL/min. (A)
Overlay plot of sensograms of consecutive injections over NA-
Rv. (B) Overlay plot of consecutive injections over C14-Rv. (C)
ks vs C. Estimation of the binding constants using the plotks )
(dR/dt)/R (rate of binding versus level of binding) depending on
RK concentration. The intercept iskd; the slope of the line iska.
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10-20% more rapid, the overall binding affinity of recoverin
forms to RK was equal.

Previous studies demonstrated that Ca2+ is required for
recoverin to inhibit RK, so we used SPR to determine the
Ca2+ dependence of the bona fide protein-protein binding
between recoverin and RK. Figure 3A shows that theK0.5

for Ca2+ was 150( 50 nM for nonacylated (NA-Rv) and
400( 100 nM for myristoylated (C14-Rv) recoverin forms.
The Ca2+ requirement was also confirmed by the effect of
EGTA on the preformed recoverin-RK complex. Figure
3B shows that when RK is first bound to recoverin in the
presence of 100µM Ca2+, subsequent injection of EGTA
causes dissociation of RK in less than 1 s. This is in striking
contrast to the slower dissociation rates detected at the end
of an RK injection in the presence of Ca2+. These results
highlight the ability of SPR to measure rapid dissociation
kinetics and demonstrate that dissociation of Ca2+ and the
subsequent conformational changes in recoverin occur in less
than 1 s.

RK uses ATP as a substrate both for rhodopsin phospho-
rylation and for autophosphorylation (11, 28). We used SPR
to examine the effects of ATP and other nucleotides on the

recoverin-RK interaction. Figure 4A shows that 0.1 mM
ATP substantially inhibits the Rv-RK interaction whereas
0.1 mM ADP enhances it. Both ATP and ADP are effective
at micromolar concentrations (Figure 4B) whereas 1 mM
GTP, GDP, CTP, and XTP were ineffective. The nonhy-
drolyzable ATP analogue ADP(NH)P slightly inhibited the
interaction but only at millimolar concentrations, suggesting
that the effect may be due to a contaminant such as ATP.
At 250 nM RK concentration, about 10× more kinase bound
to recoverin in the presence of ADP than in ATP. In the
presence of ATP, the interaction was characterized by
approximately 3 times slower association and 2 times faster
dissociation rates (data not shown). The different binding
kinetics indicate that low binding of RK in the presence of
ATP was not due to residual “free” RK (reduction of active
RK concentration) but rather due to the specific characteristic
of ATP-treated RK.

The inhibitory effect of ATP could be caused either by
autophosphorylation of RK or by an allosteric change
induced in RK by ATP binding. To investigate the role of
autophosphorylation, we measured RK binding in the pres-
ence or absence of protein phosphatase 2A (PP2A), an
enzyme that dephosphorylates RK (11). Figure 5 shows that
the ATP effect was nearly completely reversed by PP2A.
The inset to Figure 5 confirms dephosphorylation of RK by
PP2A and shows that the PP2A activity we used in this
experiment was sufficient to completely dephosphorylate RK
even in the presence of ATP. Noteworthy, the use of two
other protein phosphatases, protein phosphataseλ (Calbio-
chem) and recombinant rabbit muscle protein phosphatase

FIGURE 3: Effect of Ca2+ on RK-recoverin binding. (A) Solutions
of RK (250 nM) at different free Ca2+ concentrations were injected
across surfaces with equal densities of immobilized nonmyristoy-
lated (NA-Rv) or myristoylated (C14-Rv) recoverin. The Ca2+

dependence is shown for the signal at equilibrium (100 s after the
start of the RK injection). EGTA-buffered solutions of free Ca2+

from Molecular Probes (Eugene, Oregon) were used in this
experiment. (B) Overlay plot of two identical injections of RK over
recoverin at saturating Ca2+. Immediately after the end of the sample
flow, the solution was changed to 5 mM EGTA in buffer with no
Ca2+ (squares) or the same running buffer with Ca2+. The inset
shows the dissociation phase of the same plot at higher resolution.
In this experiment, the data points are taken at 2 Hz.

FIGURE 4: Influence of adenine nucleotides on binding of RK to
recoverin. (A) Overlay plot of sensograms recorded when RK was
injected across the recoverin-derivatized surface in the presence of
100µM ATP and 100µM ADP and in the absence of nucleotide.
Prior to injection, RK was incubated with the nucleotide for 10
min at room temperature. (B) Dose dependence of the effect of the
nucleotides. RK was injected across the surface at the indicated
concentrations of ADP (squares), ADP(NH)P (circles), and ATP
(triangles). Open symbols, NA-Rv; closed symbols, C14-Rv.
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1R, PP1 (38), resulted in only a partial dephosphorylation
of RK, and, accordingly, incomplete restoration of RK-
recoverin binding (not shown).

The effects of ATP and ADP on recoverin-RK binding
appear to represent two separate mechanisms. Since ADP
enhances RK-recoverin binding, we examined its effect on
the behavior of autophosphorylated RK. We first incubated
RK with ATP to allow autophosphorylation, and then
measured the binding of the autophosphorylated RK to
recoverin in the presence or absence of ADP. We found
that after autophosphorylation, ADP does not affect the
autophosphorylation state of RK and that it does not enhance
the binding of autophosphorylated RK to recoverin (data not
shown). These results show that ADP stimulates the binding
of recoverin only to RK that has not undergone autophos-
phorylation.

DISCUSSION
Recoverin binds to RK and inhibits its ability to phos-

phorylate photoactivated rhodopsin in vitro. We used SPR
to demonstrate that the recoverin-RK interaction occurs with
on- and off-kinetics which are significantly faster than in
other interactions that have been analyzed by SPR such as
Gâγ-phosducin (29), PDEγ-TR (30), and GR-Gâγ (Slepak
and Satpaev, unpublished). The rapid kinetics may reflect
a need to respond quickly to rapid changes in free Ca2+ levels
that occur within a photoreceptor cell (25, 31, 32).

We have also found that RK binds to immobilized
calmodulin in a Ca2+-dependent manner (data not shown).
TheK0.5 for Ca2+ of this interaction was 3-5 µM, which is
beyond the physiologic range of free calcium in photore-
ceptors. Furthermore, calmodulin is a very poor inhibitor
of RK: even when present at 10µM, calmodulin reduced
RK activity by only 10-20% (33-35). This suggests that
although both recoverin and calmodulin can bind to RK in
vitro, only recoverin binding includes an additional interac-
tion that specifically down-regulates rhodopsin phosphory-
lation by RK. In contrast, calmodulin effectively inhibits
other GRKs (33-35), and it stimulates autophosphorylation
of GRK5 (33). We have not, however, detected any obvious
effects of calmodulin or recoverin on the extent of RK
autophosphorylation in our experiments.

Our SPR analysis showed that the N-terminal myristoyl
residue has little influence on association or dissociation rates
of recoverin-RK complex formation. This is consistent with
the observation that myristoylation is not needed for im-
mobilized recoverin to bind RK (7). The insensitivity of
the recoverin-RK interaction to N-myristoylation is still
somewhat surprising because myristoylation does influence
other activities of recoverin. N-Myristoylation is required
for Ca2+-dependent binding of recoverin to membranes (14,
15, 19) and enhances its ability to inhibit RK (7, 22, 27)
perhaps by increasing the local concentration of the Ca2+-
bound recoverin on the membranes.

N-Myristoylation does affect the Ca2+ dependence of the
recoverin-RK interaction. We foundK0.5’s for Ca2+ of 0.15
and 0.4µM for the nonacylated and myristoylated forms,
respectively. Myristoylation may raise the free energy of
the “R” state of recoverin, a conformation that favors Ca2+

binding (36). In this state, the N-terminus is exposed, and
the attached hydrophobic myristoyl residue is forced to be
solvated. The effect of myristoylation on the affinity of
recoverin for Ca2+ has been previously measured in the
absence of RK or membranes. Ames et al. directly measured
Ca2+ binding to pure recoverin and foundKd’s of 0.11 and
6.9 µM to nonmyristoylated and 17µM to myristoylated
protein (36). These values differ significantly from the ones
we found for the direct recoverin-RK binding. The interac-
tion of myristoylated recoverin with RK as determined by
SPR occurs at 0.4µM Ca2+, well below theKd for Ca2+

binding to pure myristoylated recoverin (17µM). This
suggests that interaction of recoverin with RK stabilizes the
“R” form of recoverin. Alternatively, the covalent linkage
to the SPR chip may influence the free energy of either the
“R” or the “T” form of recoverin, in a way mimicking the
effect of the phospholipid membrane. The Ca2+ dependen-
cies of recoverin-RK interactions determined by SPR are
also different from those of recoverin-mediated inhibition
of RK activity (6, 7, 18). This difference may reflect the
effect of membranes and/or a weaker interaction between
recoverin and the autophosphorylated form of RK that should
rapidly form in the presence of ATP added to the phospho-
rylation assay.

Since ATP interacts with RK as a substrate, we used SPR
to examine the effects of adenine nucleotides on the
recoverin-RK interaction. Surprisingly, we found that ATP
strongly inhibits the interaction and ADP enhances it. The
SPR analysis shown in Figure 4 revealed that the amount of
RK bound to immobilized recoverin in ADP is approximately
10× that bound in ATP. This type of difference was not
detected in previous studies analyzing rhodopsin phospho-
rylation. In those experiments, ATP (0.5 mM in a typical
assay) was always present since it was needed as a substrate
for RK.

Our results provide evidence for two separate effects of
adenine nucleotides on the recoverin-RK interaction. Since
nucleotides do not interfere with the SPR signal and are not
known to interact with recoverin, we conclude that ATP and
ADP affect RK. These effects appear to be the consequences
of autophosphorylation of RK and ADP binding to RK. We
attribute the ATP-mediated inhibition of recoverin-RK
binding to RK autophosphorylation because protein phos-
phatase PP2A, which dephosphorylates RK, reverses the
effect. Moreover, the nonhydrolyzable ATP analogue ADP-

FIGURE 5: Autophosphorylation of RK is responsible for the
inhibitory effect of ATP. RK was incubated with or without [32P]-
ATP in the presence or absence of PP2A as described under
Materials and Methods. Aliquots of the same samples were injected
across the recoverin chip or analyzed on SDS-PAGE followed by
radioautography (inset). The band corresponds to RK.
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(NH)P was significantly less effective than ATP. We also
found that ADP enhances the interaction of recoverin
specifically with unphosphorylated RK. The stimulatory
effect of ADP may be simply explained by an ADP-induced
conformation of RK that has a higher affinity to recoverin.
The intracellular concentrations of ATP and ADP are 3
orders of magnitude higher than the micromolarK1/2 of the
effect of adenine nucleotides reported here. Therefore, RK
should always be “charged” with either ADP or ATP in vivo,
so the cycle of nucleotide binding and hydrolysis may
regulate the RK-recoverin interaction.

The ability of ADP to enhance recoverin-RK binding may
be responsible for an intriguing effect that recoverin has on
the time course of rhodopsin phosphorylation (7, 8). The
initial rate of rhodopsin phosphorylation by RK is unaffected
by the presence of recoverin and Ca2+. However, when
recoverin-Ca2+ is present, the phosphorylation process is
quickly terminated. It is possible that ADP formed during
the initial transfer ofγ-phosphate to rhodopsin may remain
bound to RK, enhance recoverin binding, and stop further
phosphorylation activity by RK. In principle, such a
mechanism could have the effect of reducing photoreceptor
dark-noise by acting somewhat like a coincidence detector.
RK would initially be very active, even in the dark (i.e., high
Ca2+), and would rapidly quench isolated single activated
rhodopsins. But ADP that remains bound following that first
round of phosphorylation would then cause recoverin to bind
and inhibit RK, thereby increasing the sensitivity of the cell
to a second stimulus.

It is puzzling that recoverin can inhibit RK in vitro because
RK undergoes rapid autophosphorylation which would be
expected to dramatically reduce their interaction. A possible
explanation for this might be that interaction of recoverin
with autophosphorylated RK may be enhanced by the
presence of membranes. Our observation that myristoylation
does not affect the direct interaction of recoverin and RK,
whereas it does enhance the ability of recoverin to inhibit
RK in the presence of membranes (7, 27, 37), indirectly
supports this idea. The concentration of both RK and
recoverin in the outer segments is on the order of several
micromoles. Since the binding affinity of phosphorylated
RK to recoverin is about 6µM, binding of recoverin to
phosphorylated RK should still occur, albeit with less
efficiency and a slower rate than with ADP-bound RK.
Another factor that should be considered is the activity of
protein phosphatase which may also regulate the extent of
RK autophosphorylation in vivo. The effect of adenine
nucleotides on the recoverin-RK interaction reported herein
suggests a previously unappreciated complexity of RK
regulation. Detailed understanding of the mechanism will
require quantitative evaluation of the effects of lipids,
rhodopsin, and recoverin on the binding of adenine nucle-
otides to RK as well as a study of the ATP and ADP effects
on the recoverin-RK interaction at the membrane. Obtain-
ing RK mutants deficient in binding lipid, rhodopsin, and
recoverin as well as autophosphorylation and binding of the
nucleotides would be extremely helpful in further dissecting
of RK’s functional cycle.
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