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Calcium-Dependent Binding of Recoverin to Membranes Monitored by Surface
Plasmon Resonance Spectroscopy in Real Time†
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ABSTRACT: Recoverin is an N-myristoylated Ca2+-binding protein that serves as a Ca2+-sensor in visual
transduction. We studied the dynamics of its Ca2+-dependent membrane association which depends on
the myristoyl modification (Ca2+-myristoyl switch) by surface plasmon resonance spectroscopy. Either
recoverin or phospholipid vesicles were immobilized on a sensor chip surface, and the respective binding
partner was supplied in the mobile phase. Binding of recoverin to artificial liposomes or rod outer segment
membranes was strictly dependent on Ca2+ and the myristoyl group. The Ca2+-myristoyl switch was
half-maximal between 4.0 and 7.7µM Ca2+, depending on whether recoverin or liposomes were in the
mobile phase. At saturating [Ca2+], the dissociation constant (KD) of recoverin for phospholipid liposomes
was approximately 150µM. The association and dissociation of recoverin to membranes was fast and
biphasic (fast and slow components) with time constants on the order of 0.1 s-1 and 0.01 s-1, respectively.
Dissociation of the recoverin-membrane complex was 3-fold faster at low than at high free [Ca2+]. We
discuss the analogy between the liposome-sensor chip and the disk surface and conclude that a minor
fraction of the total recoverin in a rod outer segment is associated with membranes at resting dark levels
of free [Ca2+].

Myristoyl switches of proteins have attained wide interest
due to their increasingly recognized importance in signal
transduction pathways (1, 2). Many proteins involved in
signal transduction pathways are N-terminally acylated by
myristic acid or related fatty acids (i.e., C12:0; C14:1; C14:
2). In some cases, this modification has been shown to be
necessary for association of a protein to cellular membranes.
If additional cofactors control the membrane binding, the
myristoyl moiety constitutes a part of a molecular switch,
the so-called myristoyl switch. For example, GTP controls
the reversible association of the ADP-ribosylation factor to
membranes by a GTP-myristoyl switch (3, 4), whereas
phosphorylation of myristoylated alanine-rich C kinase
substrate (MARCKS) relocates the protein from the mem-
brane to the cytosol (5). Ca2+-myristoyl switches have been
described for Ca2+-binding proteins like recoverin, neuro-
calcin, and hippocalcin, that function as Ca2+-sensors and
partition into the membrane when their hydrophobic anchor
is exposed at high free Ca2+ concentrations ([Ca2+])1 (6-
10). The structural basis of the Ca2+-myristoyl switch has
been studied for recoverin by NMR spectroscopy in aequeous
solution. In its Ca2+-free form, the myristoyl group is buried
inside a hydrophobic pocket of the protein and makes contact
with aromatic residues. When Ca2+ is bound to recoverin,
the acyl group is exposed to the solvent (11-16).

Bovine recoverin and the frog homologueS-modulin both
suppress rhodopsin phosphorylation by inhibition of rhodop-
sin kinase at high [Ca2+] and thereby participate in feedback
mechanisms that underlie vertebrate photoreceptor light
adaptation (17-21). Although N-myristoylation of recoverin
is not necessary for the inhibitory effect on rhodopsin kinase
(22, 23), three consequences of acylation of recoverin have
been reported: (i) Acylation induces cooperativity of Ca2+

binding and thereby might explain the cooperativity of the
Ca2+-dependent inhibition of rhodopsin kinase (23, 24). (ii)
It shifts the EC50 value for Ca2+ to higher concentrations
(23). (iii) Acylation stabilizes the complex of Ca2+-recov-
erin/rhodopsin kinase by promoting the membrane associa-
tion of recoverin (25).
To further our understanding of the molecular mechanism

of the Ca2+-myristoyl switch of recoverin, we investigated
the dynamics of its membrane association by surface plasmon
resonance spectroscopy (26-28). The experiments were
aimed at answering the following questions:
What are the kinetic properties of the binding of myris-

toylated recoverin to phospholipid vesicles and to native rod
outer segment membranes? What are the affinities for the
recoverin/phospholipid interaction? What is the range of
[Ca2+] at which the association occurs?
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1 Abbreviations: [Ca2+], concentration of Ca2+; SPR, surface plas-
mon resonance; biotin-LC-DPPE,N-[6-(biotinoylamino)hexanoyl]di-
palmitoyl-L-R-phosphatidylethanolamine; PMSF, phenylmethanesulfo-
nyl fluoride; NHS, N-hydroxysuccinimide; EDC,N-ethyl-N′-
[(dimethylamino)propyl]carbodiimide; PDEA, 2-(2-pyridinyldithio)-
ethaneamine hydrochloride; RU, resonance units;Req, resonance units
at equilibrium; dibromo-BAPTA, 1,2-bis[2-bis(o-amino-5-bromophe-
noxy)ethane]-N,N,N′,N′-teraacetic acid.
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MATERIALS AND METHODS

Materials. Bovine retinae were prepared freshly from
bovine eyes obtained from the local slaughterhouse and
stored frozen at-80 °C until used.N-[6-(Biotinoylamino)-
hexanoyl]dipalmitoyl-L-R-phosphatidylethanolamine (biotin-
LC-DPPE) was from Pierce. Bovine brain phosphatidyl-
choline, bovine brain phosphatidylserine, and egg yolk
phosphatidylethanolamine were from Sigma and 98% pure.
Polycarbonate filter membranes (type GTTP) were from
Millipore. All other reagents and buffers were at least
analytical grade.

Purification of Proteins. Native recoverin (calculated
molecular mass) 23.3 kDa) was purified from bovine ROS
(29) or from a bovine retina extract (30) using hydrophobic
interaction and anion exchange chromatography. Briefly,
50 frozen bovine retinae were thawed in 60 mL of buffer A
(100 mM NaCl, 20 mM Tris-HCl, pH 8.0, 1 mM DTT, and
0.1 mM PMSF) plus 1 mM EDTA and homogenized with a
glass Teflon homogenizer. The suspension was centrifuged
at 260 000g for 20 min. The supernatant was adjusted to 3
mM CaCl2 and applied to a phenyl-Sepharose column (15
mL) equilibrated in buffer A containing 2 mM CaCl2.
Fractions containing recoverin were eluted with buffer A plus
1 mM EGTA and adjusted to the starting buffer of the
MonoQ anion exchange chromatography (25 mM NaCl, 20
mM Tris-HCl, pH 8.0) by dilution with 20 mM Tris, pH
8.0. Recoverin was eluted on a gradient of NaCl. A
recoverin cDNA clone (kindly provided by Dr. W. Bo¨nigk,
IBI-1, Forschungszentrum Ju¨lich) containing the whole
coding region of recoverin was subcloned into a pGEX-2T
expression vector (Pharmacia), and recombinant recoverin
was heterologously expressed as a glutathioneS-transferase
fusion protein inE. coli strain XL1Blue. The expressed
protein was purified from bacterial cell lysate by glutathione
affinity chromatography, thrombin cleavage, and anion
exchange chromatography as previously described for GCAP-1
(31). Protein concentration was determined according to
Bradford with BSA as standard. For storage, proteins were
dialyzed against 50 mM (NH4)HCO3 and lyophilized.

Immobilization of Proteins. Biospecific interactions in-
cluding all immobilization protocols were performed and
monitored by surface plasmon resonance (SPR) using the
BIAcore technology (Pharmacia). The carboxylated dextran
matrix of BIAcore sensor chips (CM5, Pharmacia) was
activated by 10µL of 50 mMN-hydroxysuccinimide (NHS)
and 200 mMN-ethyl-N′-[(dimethylamino)propyl]carbodi-
imide (EDC) at a flow rate of 5µL/min. Recoverin was
coupled via its free amino groups at a flow rate of 5µL/min
for 7 min (40µg/mL recoverin in 10 mM sodium acetate,
pH 3.5). Activated dextran groups were deactivated by a
pulse of 1 M ethanolamine (7 min). Alternatively, recoverin
was immobilized by the thiol ligand method. The dextran
matrix was activated by NHS/EDC as above and subse-
quently modified by injection of 20µL of 80 mM 2-(2-
pyridinyldithio)ethaneamine hydrochloride (PDEA) in 0.1 M
sodium borate, pH 8.5. Recoverin (20µg/mL) was im-
mobilized by thiol disulfide exchange at a flow rate of 5
µL/min for 7 min in 0.1 M sodium citrate, pH 3.0.
Deactivation was performed by 15µL of 50 mM cysteine
in 1 M NaCl/0.1 M sodium formate, pH 4.3. Changes in
resonance units after completion of the immobilization step

indicated a surface concentration of recoverin of 1.7-2.9
ng/mm2.
Preparation of Liposomes and ROS Vesicles. A mixture

of 4 mg of lipids [40% w/w PE, 40% w/w PC, 15% w/w
PS, and 5% w/w cholesterol, corresponding to the lipid
composition in bovine ROS membranes (32)] in CHCl3 was
dried down by vacuum in a speed vac concentrator, and the
resulting phospholipid film was dried over silica gel in a
desiccator overnight. The sample was resuspended in
degassed buffer (20 mM Hepes, pH 7.5, 150 mM KCl, and
2 mMMgCl2) under argon and sonified for 3× 5 s (Branson
B12; cup; 100 W). Large unilamellar vesicles (liposomes)
were produced using the extrusion technique. The suspen-
sion was soaked for 2 h and extruded 5 times through a
polycarbonate filter (pore diameter) 200 nm).
Biotinylated liposomes from ROS were prepared as

follows. Five hundred microliters of ROS (5-6 mg of
rhodopsin) was diluted with 2 mL of 10 mM Hepes, pH 7.5,
and centrifuged for 15 min at 90 000g. The pellet was
resuspended in the same buffer, and the centrifugation was
repeated. This was followed by two more washing steps
with the same buffer containing 10 mM EDTA. The
membranes were washed with 10 mM Hepes, pH 7.5, 150
mM KCl, and 2 mM MgCl2 and resuspended in 1 mL of the
same buffer. The suspension was then transferred into a vial
in which the appropriate amount (1/100 by weight, referring
to rhodopsin) ofN-[6-(biotinoylamino)hexanoyl]dipalmitoyl-
L-R-phosphatidylethanolamine (biotin-LC-DPPE) had been
dried down under vacuum. To suspend the biotinylated
phospholipids, the suspension was sonicated briefly (2× 5
s). Membranes were labeled with biotin-LC-DPPE by
repeated freezing (3×) in liquid nitrogen and thawing to
room temperature. Finally, the membranes were extruded
successively through polycarbonate filters with pore widths
of 1000, 400, and 200 nm to yield ROS liposomes.
Phospholipid content was determined by measuring inorganic
phosphate (33).
Immobilization of Liposomes. Liposomes used as im-

mobilized ligands in SPR experiments were labeled by the
addition of 0.1% (w/w) biotin-LC-DPPE. Biotinylated
liposomes or ROS vesicles were immobilized on sensor chips
containing streptavidin (SA, Pharmacia) via biotin-strepta-
vidin coupling (34). A suspension of 150µL (1-2 mM Pi)
was injected at a flow rate of 5µL/min in 10 mM Hepes,
pH 7.5, 150 mM KCl, and 2 mM MgCl2.
Surface Plasmon Resonance Measurements and Data

EValuation. Binding of recoverin to liposomes and ROS
membranes was monitored by surface plasmon resonance
(BIAcore, Pharmacia). The immobilized binding partner is
always termed theligand and the interaction partner in the
running buffer theanalyte (26). The running buffer con-
tained 10 mM Hepes, pH 7.5, 150 mM KCl, MgCl2, and
Ca2+ buffers as indicated (see below). Interaction of
recoverin with immobilized liposomes or ROS vesicles was
tested by applying up to 2300µg/mL protein in running
buffer at different [Ca2+] and 20 mM MgCl2; the pH was
7.1. Interaction of liposomes with immobilized recoverin
was tested by applying up to 1 mM phospholipid in the
running buffer with [Ca2+] and MgCl2 as indicated. All
measurements were performed at 25°C. The flow rate was
always 10µL/min.
Binding and dissociation of the analyte were monitored

by a change in refractive index close to the surface of the
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thin gold film of the sensor chip. Changes in refractive index
are correlated to changes in resonance units (RU). Any time-
dependent change in refractive index is recorded in real time
to yield a sensorgram. The data sampling rate was 1 Hz.
Resonance units at equilibrium,Req, when the net binding
rate is zero, were determined from an extrapolation of a dRU/
dt vs RU plot (28). In each case, for the reaction approaching
equilibrium, a linear part of the dRU/dt vs RU plot
comprising at least 30 data points (30 s) was identified and
extrapolated to dRU/dt ) 0. Sensorgrams recorded with
liposomes immobilized on a streptavidin-coated sensor chip
surface were corrected for nonspecific binding of recoverin
to streptavidin. For this purpose, recoverin solutions were
injected into a flow cell without immobilized liposomes.
Values ofReq were obtained as above and subtracted from
Req values acquired with immobilized liposomes to yield
∆Req. Kinetic data were evaluated from fitting the associa-
tion and dissociation phase of sensorgrams to double
exponentials. The association phase was described with the
time constantsks1, ks2: R(t) ) Req1(1 - e-ks1t) + Req2(1 -
e-ks2t); the dissociation phase was described with the time
constantskd1, kd2:

Fits were applied to the entire association phase starting
immediately after completion of buffer exchange (4 s after
injection) and to the entire dissociation phase starting also 4
s after the end of sample injection. Nonlinear curve fitting
to sensorgrams was done with the BIAevaluation 2.1
software, while all other data processing was performed with
SIGMA Plot for Windows 2.1 (Jandel).
Ca2+ Buffer. Ca2+ buffers were prepared as described by

Tsien and Pozzan (35) by addition of stock solutions of K2H2-
EGTA and K2CaEGTA to a final concentration of 2 mM
total EGTA. Measurements at Ca2+ saturation were per-
formed with 2 mM CaCl2 and no EGTA added. Free [Ca2+]
was calculated with the CHELATOR buffer program (Schoe-
nmakers, Nijmegen, Netherlands) using the constants of
Martell and Smith (36). Buffer solutions were checked
spectrophotometrically with dibromo-BAPTA as indicator
by measuring Ca2+-sensitive absorption changes at 264 nm.
A calibration curve was calculated using a Ca2+ dissociation
constant of 3.47µM for dibromo-BAPTA (aKD of 1.58µM
was taken from ref37 and extrapolated to the conditions of
our assay system,T ) 25 °C and pH 7.1, according to ref
37 and the CHELATOR buffer program).

RESULTS

The Ca2+-myristoyl switch of recoverin can be monitored
in real time by surface plasmon resonance spectroscopy using
two different configurations, with recoverin as analyte and
liposomes as ligand or vice versa. Either acylated or
nonacylated recoverin was immobilized on the sensor chip
dextran surface through thiol coupling. Alternatively, re-
coverin was coupled through free amino groups without a
significant difference in coupling yields or membrane binding
characteristics. Large unilamellar vesicles, that have been
applied in the analyte phase, bound to recoverin in a Ca2+-
dependent fashion (Figure 1A). This can be seen in Figure
1A as an increase in resonance units, when 2 mM CaCl2

was present. Sensorgrams with an excess of EGTA in the
running buffer showed a negative change in resonance units
due to a buffer-induced change in bulk refractive index
(Figure 1 A, trace with EGTA). The complex formation of
recoverin with liposomes was reversible. Flushing the flow
cell with running buffer containing no liposomes (open bar
in Figure 1A) led to a decrease in resonance units, indicating
dissociation of liposomes from immobilized recoverin.
Complete dissociation was achieved by a pulse of 1% Tween
in running buffer (hatched bar) without CaCl2. Besides Ca2+,

R(t) ) R0[R1R0e-kd1t + (1-
R1
R0)e-kd2t]

FIGURE 1: Ca2+-myristoyl switch of recoverin monitored by SPR
spectroscopy. Native acylated (A) or recombinant nonacylated
recoverin (B) was immobilized on a biosensor chip via thiol
coupling. Sensorgrams were recorded with liposomes as analyte
in running buffer (horizontal filled bar) in the presence of 2 mM
CaCl2 or 2 mM EGTA. Open bars represent flow of running buffer.
Injection of 1% Tween (hatched bar) resulted in the complete
dissociation of recoverin and liposomes. (C) Sensorgrams with
reversed geometric configuration. Biotin-labeled liposomes were
immobilized on a streptavidin-coated sensor chip surface. The
displayed sensorgram shows the Ca2+-dependent binding of 10µM
native recoverin (horizontal filled bar) as analyte. No binding was
observed without Ca2+ in the running buffer.
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the interaction of recoverin and liposomes also required the
presence of the myristoyl group in recoverin. Phospholipid
vesicles did not bind to immobilized nonmyristoylated
recoverin (Figure 1B). This Ca2+-dependent binding of
recoverin to membranes can also be monitored with a
reversed geometry. Phospholipid vesicles containing bioti-
nylated phosphatidylethanolamine were immobilized via
biotin-streptavidin coupling on a streptavidin-coated sensor
chip. Immobilization levels between 5800 and 8000 RU
were obtained. The base line varied within less than 5 RU
over 12 h (flow rate 10µL/min of running buffer). Oc-
casionally, within the first hour after immobilization, an
increase of the signal by up to 60 RU was observed. Thus,
the immobilization of liposomes was stable for the entire
recording time of 10 h. Native recoverin in the analyte phase
bound to immobilized liposomes only in the presence of Ca2+

(Figure 1C). Only a small increase in resonance units was
observed in the presence of EGTA. This change was also
due to a buffer-induced change in the bulk refractive index.
The change seen in Figure 1C was positive and not negative
as in Figure 1A,B, because the buffer composition was
slightly different. We experienced that small differences in
buffer composition can cause these differences in bulk
refractive index changes. Complex formation of recoverin
with liposomes was reversible in both geometric configura-
tions (Figure 1A,C). Maximal amplitudes in sensorgrams
with liposomes as analyte were generally larger than in
sensorgrams with recoverin as analyte (up to 8000 RU
compared to maximal 2000 RU). This difference is mainly
attributed to the large mass of a single liposome when
compared to one recoverin molecule. Another difference
was evident in the dissociation phase. Recoverin as analyte
dissociated faster from the immobilized liposomes (Figure
1C) than the liposomes from immobilized recoverin (Figure
1A).
Recoverin binds two Ca2+ ions with apparent dissociation

constants of 0.11µM and 6.9 µM (13). Therefore, we
expected an EC50 of the Ca2+-myristoyl switch between 0.1
and 10µM Ca2+. Surprisingly, we did not observe any
significant binding of recoverin to immobilized liposomes
up to 100µM Ca2+. Instead, binding of recoverin was only
observed at millimolar [Ca2+] (Figure 1). This binding was
strongly influenced by MgCl2. We added 2, 10, and 20 mM
MgCl2 to the running buffer and observed a shift in the Ca2+

sensitivity to lower [Ca2+] (Figure 2A-C). At 20 mM
MgCl2, we achieved saturation of the association curves at
100µM Ca2+ (Figure 2C). Thus, we needed MgCl2 to titrate
the Ca2+ sensitivity of the recoverin/liposome interaction in
a reasonable range of [Ca2+]. The need for Mg2+ ions in
our Ca2+ titration experiments probably reflects a property
of the dextran layer on the sensor chip surface, where free
carboxy groups have exposed binding sites for divalent
cations. In addition, phospholipids bind divalent cations.
In order to determine the half-maximal [Ca2+] of the

switch, sensorgrams of interactions between recoverin and
liposomes were recorded with both geometric configurations
(see above) at different [Ca2+]. Figure 3 shows sensorgrams
with either liposomes (Figure 3A) or 30µM recoverin
(Figure 3C) as analyte. Resonance units at equilibrium,Req,
when the net binding rate is zero, were determined from
fitting the data as described under Materials and Methods,
normalized for each independent experiment to the value
obtained at 1 mM Ca2+, pooled and plotted as a function of

the free [Ca2+] (Figure 3B). The binding of liposomes to
immobilized recoverin was half-maximal at 7.7µM Ca2+

(Figure 3B).
In Figure 3C, we recorded sensorgrams with immobilized

liposomes and recoverin as analyte. Recoverin also adsorbed
to the streptavidin on the sensor chip surface, giving signals
that were smaller than those indicating binding to liposomes.
Therefore, values were corrected for nonspecific binding of
recoverin to streptavidin. Since we have no possibility to

FIGURE 2: Influence of Mg2+ on Ca2+-dependent interaction of
liposomes with immobilized recoverin. Recoverin was immobilized
as in Figure 1, and sensorgrams in (A)-(C) were recorded with
liposomes (0.2 mM phosphate) as analyte (horizontal filled bars)
at different concentrations of MgCl2 and CaCl2. The corresponding
conditions were (A) 2 mM MgCl2 and 0, 100, and 5000µM CaCl2;
(B) 10 mM MgCl2 and 0, 5, 10, 20, 50, and 100µM CaCl2; and
(C) 20 mM MgCl2 and 0, 5, 10, 20, 50, and 100µM CaCl2. Please
note that concentrations of indicated CaCl2 mean added CaCl2. For
instance, sensorgrams at 0µM added CaCl2 were recorded at
micromolar [Ca2+] that is present in double-distilled water. Dis-
sociation started when Ca2+ but no liposomes was in the running
buffer (hatched bars), whereas running buffer before application
of liposomes contained no CaCl2 (open bars).
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determine binding of recoverin to streptavidin in the presence
of liposomes, we subtracted the streptavidin-binding signal
in the absence of liposomes from the specific binding signal
in the presence of liposomes, yielding∆Req values (see
Materials and Methods). It is plausible that undesirable
binding of recoverin to streptavidin in the presence of
liposomes is smaller than in their absence. Thus, corrected
∆Req values might underestimate true values. The Ca2+-
dependent binding of myristoylated recoverin to immobilized
liposomes was half-maximal at 4.0µM Ca2+ (Figure 3D).
This EC50 value was similar to the EC50 value of 7.7µM
Ca2+ determined with a geometric configuration, when the
nonspecific binding of recoverin to streptavidin was absent
(Figure 3A,B). Therefore, nonspecific binding does not
compromise the determination of the Ca2+-dependent bind-
ing.

What is the affinity for binding of recoverin in its Ca2+

form to membranes? The affinity was determined by
recording sensorgrams at increasing recoverin concentrations
ranging from 3 to 100µM at saturating free [Ca2+] (Figure
4A). However, binding of recoverin did not saturate over
this physiological range of recoverin concentrations (38). At
larger concentrations, recoverin aggregates (39) which
precludes reproducible SPR experiments.∆Req values were
normalized for each individual experiment with an∆Reqmax

value obtained from a Scatchard plot (data not shown).
Values forKD determined from Scatchard plots of individual
experiments ranged from 120 to 240µM with a mean of
160µM. Normalized responses were plotted as a function
of the recoverin concentration and were fitted to a simple
binding isotherm with an apparentKD of 160 µM (Figure
4B). A Scatchard plot of the pooled data gave a similarKD

value (Figure 4C;KD ) 140 µM). The amplitude of the
specific binding signal was correlated to the amount of
immobilized liposomes. The maximal specific binding
response to immobilized liposomes obtained with 100µM
recoverin ranged between 600 and 1300 RU, corresponding
to 0.6-1.3 ng/mm2.

ROS liposomes were immobilized via biotin-streptavidin
coupling similar to the coupling of phospholipid liposomes.
Sensorgrams were recorded at increasing recoverin concen-
trations, and data were evaluated in the same manner as for
the interaction of recoverin with phospholipid liposomes
(Figure 5A-C). We performed five independent im-
mobilization experiments using five different ROS liposome
preparations. Each preparation was titrated with 8-10
different recoverin concentrations. ResultingKD values in
individual experiments were 2, 27, 31, 74, and 181µM.
These data sets showed a larger scattering than the data

FIGURE 3: Ca2+ titration of recoverin-liposome interaction. Running buffer contained 2 mM EGTA and 20 mM MgCl2 (open bars). The
binding process was studied by two different geometric configurations with (A) liposomes (0.2 mM phosphate) or (C) 30µM recoverin as
analyte in sample buffer (horizontal filled bars). The sample buffer contained 20 mM MgCl2 and 2 mM EGTA/Ca2+ buffer with free [Ca2+]
at 1 nM, 679 nM, 1.21µM, 1.85µM, 2.7 µM, 3.59µM, 6.0 µM, 19.8µM, and 1 mM. The hatched bar in (C) indicates flow of sample
buffer without analyte. Sensorgrams were fitted as described under Materials and Methods. ResultingReq and∆Req values were normalized
to the values obtained at 1 mM [Ca2+] (i.e., Reqmax and∆Reqmax) and plotted as a function of the free [Ca2+] in (B) and (D), respectively.
The Ca2+-dependent interaction was half-maximal at 7.7µM (A, B) and 4.0µM (C, D). The∆Req values in (D) were obtained after
subtraction of nonspecific binding of recoverin to streptavidin. (A) and (C) show individual representative experiments. Data points in
panel (B) represent mean values of four data sets from two independent experiments. Data points in panel (D) denote mean values of two
independent experiments. Error bars denote the standard deviation.
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obtained with pure phospholipid liposomes. ROS liposomes
contained membrane proteins and cytoskeletal elements
which probably caused more heterogeneity on the surface
of the biosensor chip than immobilized phospholipid lipo-
somes. However, in most cases the affinity of recoverin for
ROS membranes was higher. Experiments with extracted
native ROS lipids failed, because the base line was very
unstable and showed a large drift of 6000 RU (equivalent to
a loss of more than two-thirds of immobilized lipid) within
24 h.
Kinetics of recoverin binding to immobilized liposomes

were very rapid. The association and dissociation phases
could not be described by a simple binding model (A+ B

T AB). Therefore, the association phase of sensorgrams
was fitted by a double exponential, yielding time constants
ks1 andks2. Similarly, the dissociation phase of sensorgrams
was fitted by double exponentials, yielding time constants
termedkd1 andkd2. In both cases, the contribution of fast
and slow components to the total response was approximately
equal. Fast time constants were of the order of 0.1 s-1; slow
components were of the order of 0.01 s-1. No difference in
the kinetics was apparent when we compared the binding of
recoverin to ROS liposomes with its binding to phospholipid
liposomes (Figures 4 and 5). Reported time constants do
not represent true chemical rate constants. Probably, the
apparent kinetics of the binding signals were dominated by

FIGURE4: Affinity of native recoverin for phospholipid membranes
at 2 mM free Ca2+. (A) Sensorgrams were recorded with varying
concentrations of native recoverin (3-100 µM) in a buffer with
20 mM MgCl2 and 2 mM CaCl2 (horizontal filled bar). Open bars
represent running buffer with 2 mM EGTA. (B) Plot of normalized
∆Req values against recoverin concentration [Rv]. Data points
represent mean values of five data sets from three independent
experiments. TheKD was 160µM. (C) Scatchard plot of the data
sets shown in (B). TheKD was 140µM.

FIGURE 5: Affinity of native recoverin for ROS membranes at 2
mM free Ca2+. (A) Sensorgrams were recorded with varying
concentrations of native recoverin (2-70 µM) in a buffer with 20
mM MgCl2 and 2 mM CaCl2 (horizontal filled bar). Open bars
represent running buffer with 2 mM EGTA. (B) Plot of∆Reqvalues
against recoverin concentration [Rv] using the data of the sensor-
grams in (A). (C) Scatchard plot of the data set shown in (B). The
KD was 27µM.
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transport of recoverin to the immobilized liposomes, e.g.,
diffusion through the aqueous nonstirred boundary layer(40,
41). The time constants, however, do allow the determina-
tion of relative differences in kinetics. For example, how
much different is the dissociation rate of the recoverin-
membrane complex at high [Ca2+] from the rate at low
[Ca2+]? In the range from subnanomolar to micromolar
[Ca2+], ks values increased 2-3-fold, while kd values
decreased to the same degree. When an injection of
recoverin at 1 mM Ca2+ was followed by buffer containing
subnanomolar [Ca2+], 80% of bound recoverin was released
from the membrane within 3 s, whereas dissociation into
buffer containing millimolar [Ca2+] occurred approximately
3-fold slower (Figure 6). The Ca2+-dependent differences
in ks and kd values point to an approximately 10-fold
difference in the affinity of recoverin for membranes.

DISCUSSION

Surface plasmon resonance spectroscopy can be success-
fully used to monitor a Ca2+-myristoyl switch of a Ca2+-
sensor like recoverin. The experimental approach allows the
determination of affinity constants and kinetic parameters.
At saturating [Ca2+], the affinity of recoverin to phospho-
lipids was rather low with aKD of 140-160µM [KA ) (6-
7)× 103 M-1] (Figure 4). This affinity was almost identical
to the association constant of myristoylated model peptides
with lipids (KA) 104 M-1, ref 42), but 1000-fold lower than
the affinity of intact Src protein for phospholipids (KA )
107 M-1, ref 43). Src has a cluster of basic residues (G2-
R15, net charge) +5) following the myristoyl group.
Electrostatic interactions of this cluster with acidic phos-
pholipids contribute significantly to the high binding affinity
(43). The corresponding region in bovine recoverin (G2-
R16; ref 44) contains two lysines and three glutamate residues
and has a completely different charge distribution (net charge
) -1). Therefore, the hydrophobic interaction by the
myristoyl group seems to be more important than electrostatic
interactions in the Ca2+ switch of recoverin. This is in
agreement with the observation in Figure 1 that nonmyris-
toylated recoverin does not associate with phospholipids
irrespective of the free [Ca2+]. These findings make it also
quite unlikely that the only apparent cluster of basic residues
in recoverin located in the carboxy terminus (K192-L202, six
lysine and two glutamate residues) contributes significantly

to the membrane association of recoverin which is also
consistent with the finding of Dizhoor et al. (1993) that
recoverin truncated at the carboxy terminus can bind to
membranes (7). The affinity of recoverin binding to ROS
liposomes appeared higher in most experiments, but the large
scattering of the data does not allow a definitive conclusion
about the exactKD value. The immobilization of ROS
liposomes containing integral membrane proteins and cy-
toskeletal elements resulted in heterogeneous surfaces on
dextran-coated sensor chips.

The same experimental configuration (immobilized phos-
pholipids and recoverin as analyte) has been used to
determine the half-maximal [Ca2+] of the switch. We cannot
entirely exclude that the high concentration of MgCl2, which
is necessary in our assay system, interferes with the Ca2+

binding of recoverin. One could argue that Mg2+ at these
high concentrations competes with Ca2+ for the binding sites
on recoverin. Any competition of Mg2+ would then increase
the EC50 of the Ca2+ switch. However, as shown in Figure
2, increasing [MgCl2] shifted the dose-response curve to
lower free [Ca2+]. The main effect of this high concentration
of Mg2+ is to screen negatively charged groups in the dextran
layer and on the membrane surface. An EC50 value for
[Ca2+] of 4.0µM is similar to the EC50 of 2.1µM determined
by Zozulya and Stryer (6) with tritiated myristoylated
recoverin in an equilibrium centrifugation assay. These
values also agree well with the half-maximal [Ca2+] of 1.5-3
µM needed to inhibit rhodopsin kinase by myristoylated
recoverin (21, 24). In order to reconcile these relatively high
[Ca2+] with that prevailing in a photoreceptor at rest, authors
extrapolate theirin Vitro data to concentrations of binding
partnersin ViVo (6, 21). However, we conclude that the
recording of a Ca2+-myristoyl switch in the biosensor flow
chamber particularly with an immobilized phospholipid
bilayer is a good approximation of the situation on a disk
surface for the following reasons. First, in the flow chamber,
liposomes are immobilized to the surface of the sensor chip
like phospholipid bilayers held together by a network of
cytoskeletal elements in a living cell. Immobilized liposomes
and recoverin do not form a dilute mixture like they would
in a reaction tube or in a cuvette. Second, when recoverin
was applied as analyte in the running buffer, we varied the
concentration of recoverin in the physiological range (3-
100 µM). Our experiments were not limited by an insuf-
ficient amount of recoverin in the flow cell.

We interpret our data in Figure 3D as that most of the
recoverin pool is not associated with liposomes at 500 nM
free [Ca2+]. However, the amount of recoverin associated
with ROS membranes may be higher due to the apparent
higher affinity of recoverin to ROS liposomes and thus may
be sufficient to form a stabilized Ca2+-recoverin-rhodopsin
kinase complex (25). On the other hand, most of the
recoverin in the rod seems to be soluble at levels of [Ca2+]
in the dark-adapted state and may serve other functions in
the Ca2+-mediated feedback loops which are part of the
molecular basis of light adaptation (38, 45, 46).
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FIGURE 6: Dissociation of recoverin from immobilized liposomes
at 1 mM (+ Ca2+) and subnanomolar (-Ca2+) free [Ca2+]. The
first 10 s of the dissociation phase of two sensorgrams obtained
under identical buffer conditions in the association phase was
superimposed. This interval was chosen to highlight the different
kinetics.
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