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ABSTRACT It has been postulated that myristoylation of peripheral proteins would facilitate their binding to membranes.
However, the exact involvement of this lipid modification in membrane binding is still a matter of debate. Proteins containing a
Ca21-myristoyl switch where the extrusion of their myristoyl group is dependent on calcium binding is best illustrated by the Ca21-
binding recoverin, which is present in retinal rod cells. The parameters responsible for the modulation of the membrane binding of
recoverin are still largely unknown. This study was thus performed to determine the involvement of different parameters on
recoverin membrane binding. We have used surface pressure measurements and PM-IRRAS spectroscopy to monitor the
adsorption of myristoylated and nonmyristoylated recoverin onto phospholipid monolayers in the presence and absence of
calcium. The adsorption curves have shown that themyristoyl group and hydrophobic residues ofmyristoylated recoverin strongly
accelerate membrane binding in the presence of calcium. In the case of nonmyristoylated recoverin in the presence of calcium,
hydrophobic residues alone are responsible for its much faster monolayer binding than myristoylated and nonmyristoylated
recoverin in the absence of calcium. The infrared spectra revealed that myristoylated and nonmyristoylated recoverin behave very
different upon adsorption onto phospholipid monolayers. Indeed, PM-IRRAS spectra indicated that the myristoyl group allows a
proper orientation and organization as well as faster and stronger binding of myristoylated recoverin to lipid monolayers compared
to nonmyristoylated recoverin. Simulations of the spectra have allowed us to postulate that nonmyristoylated recoverin changes
conformation and becomes hydrated at large extents of adsorption aswell as to estimate the orientation of myristoylated recoverin
with respect to the monolayer plane. In addition, adsorption measurements and electrophoresis of trypsin-treated myristoylated
recoverin in the presence of zinc or calcium demonstrated that recoverin has a different conformation but a similar extent of
monolayer binding in the presence of such ions.

INTRODUCTION

Peripheral membrane proteins present highly complex inter-

actions with membranes. The physical state of phospho-

lipids, their headgroup, and the ionic strength of the solvent

are some of the numerous parameters implicated in the mem-

brane binding of these particular proteins (for reviews, see

(1,2)). Moreover, intrinsic properties of these proteins can

also influence their membrane binding. For example, binding

of nucleotides and ions as well as acylation such as

N-myristoylation are important features of peripheral pro-

teins involved in membrane binding (3–6). N-myristoylation

consists in the covalent attachment of a myristic acid to an

N-terminal glycine residue of a protein via an amide linkage

(7). It is now widely demonstrated that many viral and cel-

lular proteins are N-terminally acylated by myristic acid

(C14:0) and other fatty acids (i.e., C12:0, C14:1, C14:2,

C16:0) (for reviews, see (8–10)). Such a hydrophobic modi-

fication has been shown to play a key role in protein target-

ing, protein-protein interaction, and/or in protein binding

to membranes. In some cases, ligands like GTP, phosphate,

or Ca21 are involved in the modulation of membrane binding

of such proteins by controlling the orientation of the myristoyl

moiety relative to the protein (for reviews, see (11–13)).

In these cases, myristoyl groups constitute the so-called

myristoyl switch. So far, the most studied one is the Ca21-

myristoyl switch of recoverin.

Recoverin is a 23 kDa calcium-binding protein present in

retinal rod cells of vertebrates (14) and is involved in the

visual phototransduction cascade. Moreover, recoverin was

identified as a cancer-retina antigen (for a review, see 15).

This peripheral membrane protein contains four EF-hand

motifs, a helix-loop-helix of 29 residues arranged to co-

ordinate Ca21, but only two of them (EF-2 and EF-3) are

able to bind Ca21 (16–18). Recoverin is N-acylated predomi-

nantly by an amino-terminal myristoyl group (19–21) and

acts as a calcium sensor by regulating the rod cell response to

the fall in intracellular Ca21 upon photoactivation of rho-

dopsin. Indeed, recoverin prevents the phosphorylation of

rhodopsin by inhibiting rhodopsin kinase in a calcium-

dependent manner (22–27). In the dark, the binding of two

Ca21 ions by recoverin induces the extrusion of its myristoyl

group which increases its affinity for natural or model mem-

branes (5,16,28–30) and for the peripheral membrane protein

rhodopsin kinase. However, in the presence of light, the

dissociation of Ca21 from recoverin results in the seques-

tration of its myristoyl group in a hydrophobic cleft (17,31,
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32). Permyakov et al. (33) have shown that recoverin binds a

zinc ion at a site distinct from the calcium-binding sites. More-

over, like calcium ions, binding of zinc by recoverin in-

creases its affinity for membranes (33).

Only few studies have been performed on the partitioning

of acylated proteins in bilayers. Free-energy data for small

myristoylated peptides (34) and for an acylated protein (35)

have shown that a myristoyl moiety is barely enough (or not

sufficient) to anchor a protein to membranes. Indeed, other

contributions by the protein arising from charged residues

(for a review, see (36)), conformational and mass-dependent

entropy (37,38), steric effects, and hydrophobic residues (3)

can be involved in the binding of acylated proteins to mem-

branes. The intricate interaction of recoverin with membranes

is still not well understood and minor protein contributions to

membrane binding arising from amino acids has not been

totally excluded or explored.

Monomolecular films, better known as Langmuir mono-

layers, are very useful to mimic biological membranes.More-

over, the continuous development of new surface-sensitive

techniques (microscopy, infrared spectroscopy, synchrotron

x ray, rheology, etc.) allows to probe the structure, dynamics,

and organization of phospholipids, proteins, and other

molecules at the air/water interface (for reviews, see 39–

41). One of the powerful noninvasive techniques to in-

vestigate in situ monomolecular layers at the air water inter-

face is polarization modulation infrared reflection absorption

spectroscopy (PM-IRRAS). This method overcomes the

water absorption limitation using rapid polarization modu-

lation of the incident beam which allows the observation of

infrared absorption bands of phospholipids and proteins at

the monomolecular level (42,43). Furthermore, it is possible

to extract information from the infrared spectra on confor-

mation and orientation of molecules such as peptides and

phospholipids present at the air/water interface (6,44–52) as

well as the kinetics of hydrolysis of monolayers by enzymes

(53–56).

Herein, we present the first study of the interaction of

recoverin with phospholipid monolayers. Surface pressure

and PM-IRRAS spectroscopy measurements have been used

to probe the kinetics and the dynamics of adsorption of

myristoylated and nonmyristoylated recoverin onto phos-

pholipid monolayers in the presence and in the absence of

calcium. In addition, protein adsorption measurements and

limited proteolysis of recoverin in the presence of zinc have

also been performed. This study reveals that recoverin pres-

ents a highly complex interaction with phospholipid mon-

olayers involving its myristoyl moiety but also hydrophobic

amino acids. Furthermore, nonmyristoylated recoverin can

also bind phospholipid monolayers but its dynamics of binding

differs very much from that of the myristoylated protein.

Finally, binding of zinc by recoverin induces a conforma-

tional change different from that of calcium although similar

extents of adsorption are obtained in the presence of these

ions.

MATERIALS AND METHODS

Materials

The deionized water used for the preparation of buffer solutions was highly

purified with a NANOpure purification apparatus (Barnstead, Dubuque, IA).

This water had a resistivity of no less than 18.2 MV*cm and a surface

tension of 72 6 0.1 mN/m at room temperature. Ultrapure NaCl (99.9%)

was purchased from J. T. Baker (Phillipsburg, NJ). HEPES (n-[2-hydroxy-

ethyl])piperazine-n9-[2-ethane sulfonic acid]) (99.5%), 2-mercaptoethanol,

ZnCl2, phenylmethylsulfonyl fluoride, and ethylene-glycol-bis-(b-amino-

ethyl ether) N,N9-tetra acetic acid (EGTA) were from Sigma (St. Louis, MO).

CaCl2, CHCl3 (99.9%) and deuterated water (99,9%) were purchased from

Fluka (Neu-Ulm, Germany), Omega (Lévis, Canada), and Euriso-top (Saint-

Aubin, France), respectively.

Preparation and cloning of recoverin cDNA

Total RNA from freshly dissected bovine (Bos Taurus) retina has been iso-

lated by the Tri-reagent method (Sigma) and used for reverse-transcription

reaction (RevertAid H Minus First Strand cDNA Synthesis Kit, Fermentas,

Burlington, Ontario, Canada). Then, first strand cDNA was used as a

template for PCR using primers designed to amplify the coding sequence of

the bovine recoverin gene (M95858) and to introduce NdeI and BamHI

restriction sites. The full-length bovine cDNA of recoverin has then been

ligated into the pET11a plasmid (Novagen, Madison, WI) to generate the

pET11a-recoverin expression vector (pET11a-Rec).

Expression and purification of myristoylated
and nonmyristoylated recombinant recoverin

Nonmyristoylated and myristoylated recoverin were expressed and purified

essentially as reported by Ray et al. (57) and modified by Desmeules et al.

(58). Briefly, myristoylated recoverin was expressed in E. coli strain BL21

(DE3) pLysS (Novagen) transformed with the pET11a-Rec vector and a

vector encoding for N-myristoyl-transferase (pBB131, kindly provided by

Dr. James B. Hurley, University of Washington, Seattle). The bacteria were

grown in LB medium at 37�C containing ampicillin (100 mg/ml) and

kanamycin (50 mg/ml). To achieve myristoylation of recoverin, an aqueous

solution of sodiummyristate (0.08 mM) final concentration was added to the

culture medium 20 min before the induction of protein expression (7,58).

Nonmyristoylated recoverin has been overexpressed as described for myris-

toylated recoverin but in the absence of sodiummyristate.After preparation of

the cleared lysate, myristoylated or nonmyristoylated recoverin have been

purified by a single-step procedure using the calcium-dependent binding of

recoverin to low-substituted phenyl Sepharose (58). The eluted fractions

containing recoverin were aliquoted and frozen at �70�C until use.

Determination of the concentration of purified
recoverin and its myristoylation level

The purity of recoverin was at least 99% as judged by gel electrophoresis

and Coomassie blue staining. Protein concentration was determined for each

eluted fraction using the Bradford method (59) with bovine serum albumin

as the protein standard. Myristoylation of recoverin has been quantified by

reverse-phase high pressure liquid chromatography using a hydrophobic

column Jupiter 5m C4 300 Å (Phenomenex, Torrance, CA). Briefly, purified

recoverin was dialyzed against buffer A (5 mM HEPES, pH 7.5, 100 mM

NaCl, 5 mM b-mercaptoethanol, and 1 mM CaCl2). Then, 0.1% of trifluo-

roacetic acid was added before injection of the purified protein onto the

hydrophobic column. Retention time for myristoylated recoverin was 4 min

longer than for nonmyristoylated recoverin when using a 0–80% acetonitrile

gradient containing 0.1% trifluoroacetic acid (58). Protein elution was

monitored by UV absorption and determination of the peak area allowed us
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to estimate that fractions of myristoylated recoverin used in our experiments

were no less than 97% myristoylated.

Protein adsorption measurements in monolayers
and data analysis

A home-built trough (50 cm2) made of glass or a multiwell glass plate

(Kibron, Helsinki, Finland) were filled with 20 ml (or 0.5 ml for the

multiwell glass plate) of HEPES buffer containing either calcium or zinc

(1 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM b-mercaptoethanol, 1 mM

CaCl2, or 1 mMZnCl2) or in the absence of divalent ions (1 mMHEPES, pH

7.5, 100 mM NaCl, 1 mM b-mercaptoethanol, and 1 mM EGTA). The

trough used in our experiments was made of glass because no adsorption

was observed at the air/water interface when using Teflon-covered troughs

due to the irreversible binding of recoverin to this hydrophobic material.

Buffers were cleaned before each experiment from any surfactants by com-

pression of the interface followed by suction until no change in surface

pressure (P) was detected. Then, the phospholipid monolayer was formed

by spreading a few microliters of a chloroform solution of dimyristoyl-

phosphatidylcholine (DMPC) (Avanti Polar Lipids, Alabaster, AL) at the

air-water interface using a microsyringe (Hamilton, Reno, NV) until the

desired surface pressure (P0) was reached. The surface pressure (P) was

measured by the Wilhelmy method using a microbalance (Riegler and

Kirstein, Potsdam, Germany; or Nima Technology, Coventry, UK) con-

nected to a computer. Recoverin was injected into the subphase using a

microsyringe and the surface pressure was monitored during its adsorption

onto the DMPC monolayer at 21�C. The subphase was not stirred and thus

the kinetics of adsorption of recoverin was solely due to self-diffusion of the

protein. The surface pressure increase (DP) after the injection of recoverin

corresponds to PN-P0, which are, respectively, the surface pressure at the

equilibrium and the initial surface pressure. The values of surface pressure

versus time recorded during the adsorption of recoverin onto phospholipid

monolayers were fitted using the following stretched exponential equation

adapted to surface pressure measurements by Pitcher et al. (60),

Pt ¼ PN �P0e
�ðktÞb

; (1)

wherePt is the surface pressure of the monolayer at time t,PN is the surface

pressure of the monolayer at equilibrium,P0 is the initial surface pressure of

the monolayer, k is the rate coefficient, and b is the exponential scaling

factor.

Monitoring of the adsorption of recoverin
to phospholipid monolayers by
PM-IRRAS spectroscopy

PM-IRRAS combines Fourier transform mid-IR reflection spectroscopy

with rapid polarization modulation of the incident beam (42,43,61). In fact, a

photoelastic modulator generates alternating linear states of the polarized

light into parallel (Ep) and perpendicular (Es) radiations. The difference

between the spectra of the sample at both polarization states is measured

DR

R
¼ ðRp � RsÞJ2ðF0Þ

ðRp 1RsÞ1 ðRp � RsÞJ0ðF0Þ; (2)

where Rp and Rs are the reflectivity of the interface for polarized light, J0(F0)

and F0 are the zero- and second-order Bessel functions, whereas F0 is the

phase of the Bessel function related to variations of the modulation of po-

larization according to the wavelength. Moreover, to remove the isotropic

contributions from bulk water and water vapor, experimental drifts and to

get rid of the dependence on the Bessel function, the spectrum of the phos-

pholipid monolayer in the presence of the adsorbed recoverin is divided by

that of the phospholipid monolayer (or of the subphase) in the absence of

protein to produce the resulting normalized PM-IRRAS spectrum:

DR

R

� �
norm

¼ ðDR=RÞfilm
ðDR=RÞsubphase

 !
: (3)

The signal/noise ratio of the technique is therefore enhanced because water

vapor molecules do not contribute to the PM-IRRAS signal. Each PM-

IRRAS spectrum was the result of the co-addition of 600 scans at a resolu-

tion of 8 cm�1. Consequently, a typical PM-IRRAS spectrum was obtained

after ;9 min of acquisition. In PM-IRRAS experiments, two types of sub-

phases were used: a water subphase buffered with HEPES (1 mM HEPES,

pH 7.5, 100 mM NaCl, 1 mM b-mercaptoethanol, 1 mM CaCl2) or a

deuterated water (D2O) subphase (1 mM HEPES, pD 7.9, 100 mM NaCl,

1 mM b-mercaptoethanol, CaCl2 1 mM). pD was adjusted according to the

relation pD ¼ pH 1 0.4 using NaOD. The CaCl2 used in this buffer was an

anhydrous powder (Sigma). The trough was enclosed in a Plexiglas chamber

to protect it from the dust. Moreover, for the experiments with D2O sub-

phase, the chamber was saturated with D2O vapor to prevent the exchange of

H2O with the D2O subphase during the experiments. For all measurements

with the H2O subphase except for those where measurements have been

performed in the absence of a phospholipid monolayer, a polarizer selecting

the Rp reflected light has been positioned in front of the detector as described

earlier (62). This procedure was necessary because a rather weak amide I

signal was obtained with this subphase without polarizer. In addition, in this

case, the spectrum of the phospholipid-recoverin monolayer has been sub-

tracted from that of the pure phospholipid monolayer.

Measurement of the infrared spectrum of
recoverin in solution by attenuated total
reflection spectroscopy

A drop (5 ml) of a solution of recoverin at a concentration of 2.5 mg/ml was

deposited on the stage of the Golden Gate attenuated total reflection (ATR)

accessory (Specac, Woodstock, NY) and the spectrum was measured. The

spectrum of the buffer was subtracted from that of recoverin to get the

spectrum of the pure protein.

Simulation of the PM-IRRAS spectra

Simulated spectra have been obtained using a general software program

developed for modeling the reflectivity of absorbing layered systems (63)

and extended to anisotropic systems using the matrix method of Berreman

(64). To determine whether the decrease in intensity of the spectra of

nonmyristoylated recoverin at large extents of adsorption can be explained

by a hydration effect, simulations were performed where the optical con-

stants of water were obtained from Bertie and Lan (65) and those of the

peptide from Buffeteau et al. (66). In addition, simulations of the spectra of

myristoylated recoverin have been performed to estimate its orientation with

respect to the plane of the monolayer. The number of turns of each a-helix

and the angle between each of these a-helices of recoverin and the z axis

taken as 0� (see Fig. 1) have thus been estimated on the basis of its NMR

structure (28). Then, using experimental values of amide I and II bandwidths

of myristoylated recoverin, simulated spectra were generated using the same

general software (63) where the optical constants have been modified to take

into account the orientation and the size of each a-helix of recoverin.

Limited proteolysis of recoverin

TPCK-treated trypsin (USB, Cleveland, OH) (26 ng) was added to 2.6 mg of

myristoylated recoverin in a final volume of 20 ml of buffer in the presence

of CaCl2 or ZnCl2 (5 mM HEPES pH 7.4, 100 mM NaCl, 1 mM

b-mercaptoethanol, and 1 mM CaCl2 or 1 mM ZnCl2). After 15 min, pro-

teolysis was stopped by addition of phenylmethylsulfonyl fluoride and

Laemmli sample buffer directly to the reaction tube. Then, proteolysis

pattern was visualized by SDS-PAGE and Coomassie blue staining.
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RESULTS AND DISCUSSION

Adsorption of myristoylated and
nonmyristoylated recoverin onto
DMPC monolayers

Fig. 2 shows typical P-t adsorption isotherms of myristoy-

lated and nonmyristoylated recoverin onto a DMPC mono-

layer in the presence and the absence of calcium. It can be seen

that the slowest kinetics of adsorption are observed in absence

of calcium (in presence of EGTA). In the case of myristoylated

recoverin, its adsorption in absence of calcium leads to a

surface pressure increase from 5 to 12 mN/m within 6500 s.

However, its adsorption is drastically accelerated by the pres-

ence of calcium ions, which leads to an increase of surface

pressure from 6 to 16.5 mN/m within only 200 s (see inset of
Fig. 2). TheP-t adsorption isotherm of the nonmyristoylated

recoverin is also accelerated by the presence of calcium.

However, the effect of calcium is smaller than in the case of

myristoylated recoverin (see inset of Fig. 2). In fact, in the

absence of calcium, nonmyristoylated recoverin adsorption

leads to a surface pressure increase from 5 to 11.3 mN/m

within 6500 whereas, in the presence of calcium, an increase

from 6 to 14.5 mN/m within 1000 s is observed for recoverin

in the absence of its myristoyl moiety. This result suggests

that nonmyristoylated recoverin underwent a conformational

change after calcium binding, exposing amino acids which

increased its affinity for the phospholipid monolayer. The

trend of these curves has been successfully fitted with a

stretched exponential (Fig. 2), which allows us to quantify and

compare the rate of adsorption of recoverin in these different

conditions. Table 1 presents the rate coefficients calculated for

myristoylated and nonmyristoylated recoverin in the presence

and the absence of calcium. The rate-constant ratios indicate

that the adsorption of myristoylated recoverin in the presence

FIGURE 1 Structure of Ca21-bound myristoylated recoverin ((28);

1jsa.pdb). The a-helices have been labeled H1-H11. C and N represent the

C- and N-terminal parts of recoverin. The myristoyl moiety can be seen at the

N-terminal. The z axis of recoverin has been taken as the normal to a-helix 2

(H2). The two solid green circles correspond to the bound calcium ions.

FIGURE 2 Typical P-t adsorption isotherms of myristoylated (Myr) and

nonmyristoylated (NonMyr) recoverin onto a DMPC monolayer (P0 ¼ 5

mN/m) in the presence (Myr 1 Ca21 and NonMyr 1 Ca21) or absence of

calcium (Myr1 EGTA and NonMyr1 EGTA) into the subphase. The time

zero corresponds to the injection of recoverin into the subphase. In all cases,

the final concentration of recoverin was 50 nM. The subphase was: 1 mM

HEPES, pH 7.5, 100 mM NaCl, and 1 mM CaCl2 (or 1 mM EGTA). (Inset)

To better appreciate the kinetics of adsorption of myristoylated (Myr) and
nonmyristoylated (NonMyr) recoverin in presence of calcium, the x axis has

been extended to 1000 s. These data are representative of three independent

experiments.

TABLE 1 Rate constants obtained from the curve fitting of the

adsorption curves (Fig. 2) using a stretched exponential (see Eq. 1)

for myristoylated recoverin in the presence (Myr 1 Ca21) and the

absence (Myr 1 EGTA) of calcium as well as for nonmyristoylated

recoverin in the presence (NonMyr 1 Ca21) and the absence

(NonMyr 1 EGTA) of calcium; the rate constant ratio (k 21
Ca =kEGTA)

and the coefficient of correlation (R) are also presented

Rate constant

k (s�1)

Rate constant ratio

(k21Ca =kEGTA) R

Myr 1 Ca21 0.028 165 0.990

Myr 1 EGTA 0.00017 — 0.993

NonMyr 1 Ca21 0.0048 25 0.995

NonMyr 1 EGTA 0.00019 — 0.987
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of calcium is 165 times faster than in the absence of calcium

whereas the adsorption of nonmyristoylated recoverin in the

presence of calcium is 25 times faster than in the absence of

calcium.

These results can be interpreted on the basis of the NMR

and x-ray diffraction structural data obtained for myristoy-

lated and nonmyristoylated recoverin in the presence and the

absence of calcium (17,28,32). In the absence of calcium, the

NMR study in solution has shown that the myristoyl group of

calcium-free myristoylated recoverin is buried inside the

protein in contact with a deep hydrophobic cleft formed by

residues F23, W36, Y53, F56, F57, and Y86 (16,32). The

presence of this hydrophobic cleft has also been demon-

strated for the calcium-free nonmyristoylated recoverin by

x-ray crystallography (17). Consequently, recoverin in its

calcium-free state has less peripheral hydrophobic residues

in contact with the solvent than the calcium-bound state.

Indeed, it has been shown that Ca21 binding to recoverin

leads to the unclamping and extrusion of the myristoyl group

but also to a 45� rotation of the N-terminal domain relative to

the carboxy-terminal domain, thus exposing hydrophobic

residues F23, W36, Y53, F56, F57, and Y86 to the solvent

(28,29,67). Furthermore, NMR and circular dichroism stud-

ies have shown that nonmyristoylated recoverin undergoes a

calcium-modulated structural change very similar to that of

myristoylated recoverin upon calcium binding (28,29,68).

These results corroborate the experimental observation that

nonmyristoylated recoverin can be purified using Ca21-

dependent binding to the hydrophobic phenyl Sepharose

resin (57,58) with a yield comparable to the myristoylated

form. The results presented in Fig. 2 thus suggest that the

higher rate (25-fold, Table 1) of adsorption of nonmyristoy-

lated recoverin onto phospholipid monolayers in the presence

of calcium compared to the calcium-free nonmyristoylated

recoverin can be explained by the interaction of the exposed

hydrophobic region of recoverin with the monolayer in the

presence of calcium. These data thus strongly suggest that

the increased rate of adsorption of myristoylated recoverin

compared to nonmyristoylated recoverin in the presence of

calcium (0.028 s�1/0.0048 s�1 � 5.8-fold, Table 1) arises

solely from the myristoyl moiety of recoverin. In others

words, our results indicate that the increase in surface hydro-

phobicity of recoverin reduces the kinetics barrier of its ad-

sorption to phospholipid monolayers. It has been previously

observed that the rate of adsorption of proteins onto lipid

monolayers increases with protein surface hydrophobicity

(69–71). As suggested by Xia et al. (70) in their revised

model of diffusion-controlled adsorption of trichosanthin,

the higher the surface hydrophobicity of a protein, the higher

its probability to collide the monolayer with an appropriate

orientation which can allow it to remain stable at the lipid/

water interface. In fact, the slower adsorption of myristoy-

lated and nonmyristoylated recoverin in the absence of

calcium could be explained by a slower stabilization of these

calcium-free recoverins by phospholipid monolayers.

These measurements demonstrating the much slower

binding of myristoylated recoverin in the absence of calcium

compared to myristoylated recoverin in the presence of cal-

cium contrasts with previous surface plasmon resonance

(SPR) (72) and force spectroscopy (FS) (5) measurements.

Indeed, SPR and FS did not allow us to observe binding of

nonmyristoylated and calcium-free recoverin to lipid bila-

yers. This can be explained by the lower initial lateral pres-

sure used in the present study compared to the higher lateral

pressure of the supported bilayers used in the SPR (72) and

FS (5) experiments and/or by the faster kinetics of these

methods compared to protein binding onto lipid monolayers.

Indeed, for example, in the FS experiments, the AFM tip

covalently bound with recoverin was quickly approached to

and removed from the lipid bilayer within 10 ms whereas

saturation of the monolayer by myristoylated recoverin is

achieved within 200 s (see Fig. 2). In our experiments, pro-

teins thus have plenty of time to properly orient and organize

to optimize binding. At higher surface pressures that ap-

proach lipid bilayer lateral pressures, recoverin binding

cannot readily be observed by surface-pressure measure-

ments, although protein binding could be still measured by

infrared spectroscopy (results to be published elsewhere).

Monitoring of the adsorption of recoverin onto
DMPC monolayers by PM-IRRAS spectroscopy

To obtain molecular information on the dynamics, orientation,

and secondary structure of myristoylated and nonmyristoy-

lated recoverin during their adsorption onto phospholipid

monolayers, we have used PM-IRRAS at the air/water inter-

face. Recoverin was injected into the subphase containing

calcium and scan acquisition was started immediately to

follow the kinetics of recoverin adsorption onto the DMPC

monolayer. Typical spectra recorded during myristoylated

recoverin adsorption that cause a surface pressure increase

from 5 to 13 mN/m are presented in Fig. 3. Two broad bands

are standing out in each spectrum corresponding, respec-

tively, to the amide I (centered at 1655 cm�1) and amide II

(at ;1550 cm�1) bands. The intensity of the amide I band

increases with surface pressure. The amide I band is widely

used to determine the secondary structure of proteins (73,74).

The position of the amide I band (1655 cm�1) of myristoylated

recoverin in the presence of calcium reveals a major proportion

of a-helices (49,75,76), which is in agreement with its known

NMR structure in solution (Fig. 1) (28,32). Moreover, circular

dichroism has shown that myristoylated as well as non-

myristoylated recoverin contains 65% a-helices (68).
Given that no infrared spectrum of recoverin in aqueous

solution is available in the literature, ATR-FTIR spectra of

myristoylated recoverin have been measured using the stage

of the Golden Gate to obtain a spectrum of the protein in

solution (see spectrum 6 in Fig. 3). The position of the amide

I band (1646 cm�1) together with the observation of an

increased bandwidth on the low frequency part indicates
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disordering of recoverin secondary structure in solution com-

pared to when it is bound to lipid monolayers. Moreover,

it has been previously shown that information can be

obtained on the orientation of an a-helical peptide from the

measurement of the amide I/amide II ratio (44). The dis-

crepancy between the ratio of the amide I/amide II bands

observed in the ATR-FTIR spectrum (1.6; spectrum 6, Fig.

3) and that in the PM-IRRAS spectra (2.7; spectra 1–5, Fig.

3) suggests that recoverin has an anisotropic organization at

the air/water interface in contrast to being randomly oriented

in solution. Simulations of these spectra of recoverin have

been performed (Fig. 4) to estimate its orientation by com-

paring the experimental amide I/amide II ratio with those of

the simulated spectra. It can be seen that the spectrum with

an amide I/amide II ratio that most closely corresponds to the

experimental value of 2.7 (Fig. 3) is that where the Z axis of

recoverin (Fig. 1) has an orientation of 0� (curve 1, Fig. 4). In
fact, such a high amide I/amide II ratio suggests that most of

the a-helices of recoverin are preferentially oriented parallel

to the water surface, which fits well with the 0� orientation of
the Z axis of recoverin shown in Fig. 1 and is in good

agreement with the model proposed by Valentine et al. (67),

who have estimated the orientation of myristoylated recov-

erin in bicelles.

Fig. 5 shows the PM-IRRAS spectra measured during the

adsorption of nonmyristoylated recoverin onto a DMPC

monolayer in the presence of calcium. It can be seen that the

intensity of the amide I band of these spectra is weaker than

those measured for myristoylated recoverin (compare Figs. 3

and 5). Normalized spectra of myristoylated and non-

myristoylated recoverin after 36 min of adsorption have

been compared in the inset of Fig. 5. It can be seen that the

position and the width of the amide I band and the amide I/

amide II ratio are almost exactly the same, which suggests

that, up to this extent of adsorption, the organization of

myristoylated and nonmyristoylated recoverin is the same

when bound to lipid monolayers. However, from that point,

the organization of the adsorbed nonmyristoylated recoverin

changes drastically as can be seen in spectra 5 and 6 (Fig. 5).

This effect is more clearly demonstrated when the intensity

of the amide I band of the adsorbed myristoylated and non-

myristoylated recoverin in the presence of calcium is plotted

as a function of time (Fig. 6). It can be seen that 36 min after

the injection of nonmyristoylated recoverin into the sub-

phase, the amide I band intensity starts to decrease until a

very weak intensity is reached in the last spectrum (after 54

min adsorption). In contrast, the amide I band intensity of

myristoylated recoverin increases almost linearly from 9 to

45 min (Fig. 6). These PM-IRRAS spectra thus reveal that

the dynamics and the temporal organization of myristoylated

and nonmyristoylated recoverin in presence of calcium are

completely different when adsorbed onto phospholipid

monolayers after 36 min of adsorption.

The intensity of the PM-IRRAS signal is proportional to

the number of molecules per surface unit and to the molec-

ular conformation and orientation of the molecules at the air/

water interface (61). In our experiments, measurements were

performed at the same constant area for both myristoylated

and nonmyristoylated recoverin and the same amount of

recoverin was injected into the subphase. Thus, the reduction

FIGURE 3 Typical PM-IRRAS spectra of myristoylated recoverin during

its adsorption onto a DMPC monolayer in the presence of calcium (P0 ¼ 5

mN/m). Each PM-IRRAS spectrum was obtained during the 9 min of

acquisition: spectra 1 (5–11.2 mN/m; 0–9 min), 2 (11.5–12.7 mN/m; 10–18

min), 3 (12.7–12.8 mN/m; 19–27 min), 4 (12.8–12.9 mN/m; 28–36 min),

and 5 (12.9–13 mN/m; 37–45 min). Spectrum 6 has been measured using

the stage of the Golden gate with a drop (5 ml) of a solution of recoverin at

a concentration of 2.5 mg/ml. The subphase was 1 mM HEPES, pH 7.5,

100 mM NaCl, and 1 mM CaCl2. The final concentration of recoverin was

50 nM. These measurements were performed with a polarizer positioned in

front of the detector as described earlier (62). These data are representative

of two independent experiments.

FIGURE 4 Simulated spectra of myristoylated recoverin at different

orientations (from u ¼ 0 to 90�) on the basis of its NMR structure (28). The

z axis has been taken as the normal to a-helix 2 of recoverin (as well as several

other a-helices). The orientation shown in Fig. 1 corresponds to u ¼ 0�.
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of the intensity of the amide I band could be explained by a

dissociation of nonmyristoylated recoverin bound to the

phospholipid monolayer. Since the surface pressure at the

end of the adsorption of nonmyristoylated recoverin remains

stable beyond 1000 s of adsorption (data not shown), a pos-

sible dissociation of nonmyristoylated recoverin from the

monolayer cannot explain the observed decrease in the PM-

IRRAS signal (Fig. 6). Normalized spectra 3, 5, and 6 from

Fig. 5 presented in Fig. 7 allow us to better visualize what is

happening at large extents of adsorption of nonmyristoylated

recoverin. First, the small shift of the amide I band of spec-

trum 5 compared to spectrum 3 could be due to the presence

of the negative infrared band at ;1690–1700 cm�1 in spec-

trum 5, which could partly originate from an improper sub-

traction of the DMPC monolayer because the orientation of

the carbonyl groups of DMPC could have changed upon

adsorption of nonmyristoylated recoverin. Second, it can be

seen that the amide I band of nonmyristoylated recoverin

shifts to lower frequencies in spectrum 6 compared to spectra

3 and 5, thus suggesting that large changes in secondary

structure and/or in orientation of nonmyristoylated recoverin

take place. However, given that we did not observe an

increase of the intensity of the amide II band at the expense

of the amide I band (44), an important change of orientation

during the adsorption of nonmyristoylated recoverin can be

excluded. Moreover, it is interesting to compare these data

(Figs. 5 and 7) with those of nonmyristoylated recoverin

when adsorbed alone (in the absence of the DMPC mono-

layer) at the air-water interface. Indeed, as shown in Fig. 8,

nonmyristoylated recoverin does not behave the same in the

presence (Fig. 5) and in the absence (Fig. 8) of a phospho-

lipid monolayer. In fact, no decrease of the amide I intensity

can be seen at large extents of adsorption (Fig. 8), which is

very different from what has been observed in the presence

of a DMPC monolayer (Figs. 5–7).

The refractive index of a protein at the air/water interface

must be sufficiently different from that of water to allow its

detection. Indeed, it has previously been observed that the

adsorption of polylysine onto phospholipid monolayers

FIGURE 6 Intensity of the amide I band as a function of time during

monolayer adsorption of myristoylated (Myr) (Fig. 3) and nonmyristoylated

(NonMyr) recoverin (Fig. 5) on a water subphase in the presence of calcium. FIGURE 7 Normalized spectra 3–6 from Fig. 5.

FIGURE 5 Typical PM-IRRAS spectra of nonmyristoylated recoverin

during its adsorption onto a DMPC monolayer in the presence of calcium

(P0 ¼ 5 mN/m). Each PM-IRRAS spectrum was obtained during the 9 min

of acquisition: spectra 1 (7.9–9 mN/m, 0–9 min), 2 (9–11.3 mN/m, 10–18

min), 3 (11.3–12 mN/m, 19–27 min), 4 (12–12.5 mN/m; 28–36 min), 5

(12.5–12.7 mN/m, 37–45 min), and 6 (12.7–12.8 mN/m, 46–54 min). The

subphase and the concentration of recoverin was the same as in Fig. 3.

(Inset) Normalized spectra 4 from myristoylated (Myr) (Fig. 3) and non-

myristoylated (NonMyr) recoverin (this figure). These measurements were

performed with a polarizer positioned in front of the detector as described

earlier (62). These data are representative of two independent experiments.
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leads to an increase of surface pressure which then remains

stable. However, polylysine could not be detected by PM-

IRRAS even though its amide bands could be clearly ob-

served in ATR films (77). Polylysine is positively charged

and thus highly hydrated. It can thus be postulated that the

decrease of the intensity of the amide I band of non-

myristoylated recoverin could be due to a progressive hy-

dration of this protein after 36 min adsorption which would

result in an increase of its volume and a consequent dilution

of the material at the surface. In this regard, we have per-

formed simulations of the amide I and II bands of po-

lybenzylglutamate (PBG) to find out the effect of different

parameters on the intensity of these bands (see Fig. 9). The

increase of the bandwidth from 40 to 60 cm�1 leads to a large

decrease of the intensity of the amide I band (compare

spectra 1 and 2, Fig. 9). Moreover, when hydrating PBGwith

50%water, a further decrease of the amide I band can be seen

(spectrum 3, Fig. 9). We have then performed an additional

simulation to take into account the dielectric effect. Indeed,

for diluted solutions, the corrected intensity of the amide I

band, Icor, is related to the observed intensity, Iobs, as

described by Akiyama (78),

Icor ¼ 9ns

ðn2

s � k
2

s 1 2Þ2 1 4n
2

sk
2

s

Iobs; (4)

where ns and ks correspond to the refractive indices of the

solvent. It can be seen that the amide I band almost vanishes

completely when this correction is applied (spectrum 4,

Fig. 9). Altogether, it can be postulated that from 36 min of

adsorption, nonmyristoylated recoverin changes conforma-

tion and becomes progressively more hydrated, which leads

to a loss of the infrared signal. In contrast, the myristoyl moi-

ety of recoverin obviously allows stronger membrane binding,

which leads to a highly oriented and organized myristoylated

recoverin bound to the phospholipid monolayer.

To the author’s knowledge, the only study regarding the

structure of recoverin in interaction with a phospholipid

model membrane is the NMR measurement of myristoylated

recoverin in aligned bicelles (67). They have shown that the

structure of myristoylated recoverin bound to bicelles is very

similar to that in solution whereas we have observed a small

change in secondary structure for recoverin bound onto

phospholipid monolayers. Valentine et al. (67) did not study

the structure of nonmyristoylated recoverin in aligned bicelles

that could have shown a different dynamics or orientation

when compared to myristoylated recoverin. It is noteworthy

that it was not possible to obtain spectra of recoverin when

injected beneath a DMPC monolayer at initial surface pres-

sures .10 mN/m. To overcome this limitation we have used

a D2O subphase.

Monitoring of the adsorption of recoverin onto
DMPC monolayers by PM-IRRAS spectroscopy
using a D2O subphase

To obtain PM-IRRAS spectra of recoverin at initial mono-

layer surface pressures higher than 5 mN/m, we have used a

D2O subphase to abolish the contribution of bulk water and

FIGURE 8 Typical PM-IRRAS spectra of nonmyristoylated recoverin in

the presence of calcium during its adsorption at the air-water interface (in the

absence of a phospholipid monolayer). Each PM-IRRAS spectrum was

obtained during the 9 min of acquisition: spectra 1 (0.7–2 mN/m, 0–9 min), 2

(2–3 mN/m, 10–18 min), 3 (4–6 mN/m, 19–27 min), 4 (9.5 mN/m, 28–36

min), 5 (9.6 mN/m, 37–45 min), and 6 (9.7 mN/m, 46–54 min). The

subphase was the same as in Fig. 3. The final concentration of recoverin was

100 nM. These data are representative of three independent measurements.

FIGURE 9 Simulation of the effect of different parameters on the spectrum

of polybenzylglutamate on a water subphase: increase of the bandwidth from

40 (spectrum1) to 60 cm�1 (spectrum2); increase of protein hydration to 50%

with a bandwidth of 60 cm�1 (spectrum 3); and 50% dielectric water with a

bandwidth of 60 cm�1 (spectrum 4). (Inset) Simulation of the effect of dif-

ferent parameters on the spectrum of polybenzylglutamate on a D2O subphase:

increase of the bandwidth from 40 (spectrum 1) to 60 cm�1 (spectrum 2);

increase of protein hydration to 50% with D2O using a bandwidth of 60 cm�1

(spectrum3); and50%dielectricD2Owith abandwidth of 60cm�1 (spectrum4).
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water vapor absorption to the PM-IRRAS signal in the re-

gion where recoverin absorption bands are observed. In ad-

dition, the refractive index of D2O is different from that of

water, which results in a greater mismatch between the film

at the air/water interface and the subphase, thus allowing a

better detection of the amide I band of proteins (40). Fig. 10

shows a typical spectrum of myristoylated recoverin bound

to the DMPC monolayer using a D2O subphase after a cer-

tain extent of adsorption. It can be seen that the amide I9 band
is better defined when compared to the spectrum measured

on a water subphase (compare Fig. 10 with Fig. 3). The

amide I9 band is centered on 1643 cm�1, which may look

unusual for a-helices. However, this position is in good

agreement with the FTIR spectrum of recoverin measured

between CaF2 plates in D20 buffer where the amide I9 band
was centered at 1644 cm�1 (79). Moreover, the position of

the amide I band of recoverin is shifted by 11 cm�1 (1655 to

1644 cm�1) on the D2O subphase compared to the water

subphase, thus indicating an elevated hydrogen-deuterium

exchange of the peptide moiety of recoverin. Similar shifts of

the frequency of the amide I band in the presence of D2O

have been observed for several EF-hand calcium-binding

proteins using FTIR spectroscopy (i.e., calmodulin, troponin

C, and parvalbumin), which are homologous to recoverin

(80,81). This phenomenon has been explained by a high

degree of solvent interaction (80). Moreover, a shift of 12

cm�1 of the amide I band was also observed for a-helical
peptides studied at the air/D2O interface using IRRAS (76).

These observations are also consistent with the large amount

of a-helical structure in recoverin. In addition, two other

components are present in the amide I9 band of the spectrum
shown in Fig. 10. The shoulders at 1630 cm�1 and ;1678

cm�1 can been assigned to b-sheet and b-turn structures of

recoverin, respectively (40,51,76,82). Indeed, Johnson et al.

(83) have shown that recoverin in the presence of 1 mM

calcium contains 11% parallel and antiparallel b-sheet and
13% of b-turn. In addition, the NMR analysis of the sec-

ondary structure of recoverin revealed the presence of 11

helical segments and two pairs of antiparallel b-sheets (31).
The D2O subphase allows the observation of a broad band

centered at 1570 cm�1, which corresponds to the COO�

antisymmetric stretching band of glutamic acid present at the

last position of the EF-hand loops as previously demon-

strated by Ozawa et al. (79) using FTIR spectroscopy. It is

noteworthy that the strong and broad band below 1500 cm�1

corresponds to the d(HOD) mode and must not be assigned

to a not completely exchanged amide II band (see Fig. 10).

Indeed, the HODmolecules have been presumably formed in

the presence of H2O vapor in our chamber, which accumu-

lates with time at the interface and in the subphase. Such an

attribution of this band has also been suggested by Ulrich

and Vogel (84). This possibility was further tested by re-

cording spectra of the free subphase in the same conditions.

The recorded spectra clearly showed an increase of this

broad band below 1500 cm�1 with time (data not shown).

The adsorption of myristoylated and nonmyristoylated

recoverin onto phospholipid monolayers has thus been mon-

itored at a higher initial surface pressure of 15 mN/m (com-

pared to Fig. 3) using the D2O subphase. In these conditions,

the adsorption of myristoylated and nonmyristoylated recov-

erin onto a DMPC monolayer led to a surface pressure

increase from 15 to 19 mN/m. After 9 min of adsorption, the

intensity of the amide I9 band of myristoylated recoverin (Fig.

11) is stronger than that of the nonmyristoylated protein (Fig.

12). Moreover, the intensity of the amide I9 band of non-

myristoylated recoverin is markedly reduced in the spectra

measured after 18 and 27 min of adsorption (spectra 2 and 3,

respectively, Fig. 12) whereas the intensity of myristoylated

recoverin remains almost unchanged for all recorded spectra

(Figs. 11 and 13). This observation is similar to that observed

at lower initial surface pressure (Fig. 6). However, at a higher

initial surface pressure, the conformation of nonmyristoylated

recoverin remains unchanged which contrasts with the be-

havior observed at lower initial surface pressure (compare

spectrum 6 in Fig. 5 with spectrum 3 in Fig. 12) although

longer extents of adsorption could have led to similar results.

Simulations of the amide I region of PBG with D2O have also

been performed to find out the effect of different parameters

on the intensity of these bands (see inset of Fig. 9). As

observed with water (Fig. 9), a bandwidth increase from 40

to 60 cm�1 leads to a large decrease of the intensity of the

amide I band (compare spectra 1 and 2, inset of Fig. 9).

Moreover, a further decrease of the amide I band intensity

can be seen when hydrating PBG with 50% D2O and

FIGURE 10 Typical PM-IRRAS spectrum of myristoylated recoverin

bound onto a DMPC monolayer in presence of calcium using a D2O subphase.

The initial surface pressure of the phospholipid monolayer was 5 mN/m. The

spectrum was recorded during the adsorption of myristoylated recoverin within

a range of 5–14 mN/m of surface pressure change. The subphase was 1 mM

HEPES, pD 7.9, 100 mM NaCl, 1 mM CaCl2 (pD ¼ pH 1 0.4). The final

concentration of recoverin was 50 nM. These data are representative of five

independent experiments.
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50% dielectric D2O, (spectra 3 and 4, respectively, inset of
Fig. 9). In contrast to the simulations using H2O (Fig. 9), the

intensity of the amide I band does not vanish to almost 0 with

50% dielectric D2O (inset of Fig. 9), which is consistent with
the experimental observations. Altogether, these results

strongly suggest that the myristoyl moiety is necessary to

allow a stable binding of recoverin onto phospholipid mono-

layers. Furthermore, it can be postulated that nonmyristoy-

lated recoverin is more solvated because of a weaker

interaction with phospholipid monolayers. Therefore, during

the short recovery of phototransduction where calcium

concentration comes back to the dark level, recoverin must

quickly inactivate the membrane-bound rhodopsin kinase,

thereby allowing rhodopsin to reenter in its active state. Such

a quick action of recoverin could be enabled by its myristoyl

group, in addition to hydrophobic amino acids, as demon-

strated in the present article. Indeed, its myristoyl group, in

particular, should provide a favorable orientation and a fast

binding and targeting of recoverin to photoreceptor disk

membranes, thus allowing it to efficiently bind and inactivate

rhodopsin kinase. Conversely, the fall in calcium concen-

tration after photoreceptor light activation results in the

sequestration of the myristoyl group of recoverin in a

hydrophobic cleft. The present observations of a much

slower kinetics of binding of recoverin in the absence of

calcium should result in its improper membrane binding and,

consequently, in the activation of rhodopsin kinase.

Effect of zinc on recoverin adsorption in
monolayers and on its limited proteolysis

Retina contains high amounts of zinc and its localization in

photoreceptors varies after light activation of phototrans-

duction (for a review, see (85)). Moreover, it has been shown

that several proteins in photoreceptors bind zinc ions such as

rhodopsin (86), phosphodiesterase (87) and, more recently,

recoverin (33). The adsorption of myristoylated recoverin onto

phospholipid monolayers has thus been measured in the

presence of zinc and compared to the effect of calcium. Fig.

14 A shows a histogram of the surface pressure increase

(DP) upon myristoylated and nonmyristoylated recoverin

adsorption onto phospholipid monolayers at an initial

pressure (P0) of 10 mN/m in the presence of calcium or

FIGURE 11 Typical PM-IRRAS spectra of myristoylated recoverin during

its adsorption onto a DMPC monolayer in presence of calcium using a D2O

subphase. Each PM-IRRAS spectrum was obtained during the 9 min of

acquisition: spectra 1 (15–19.4 mN/m, 0–9 min); 2 (19.4 mN/m, 10–18 min);

3 (19.3 mN/m, 19–27 min); and 4 (19.3 mN/m, 28–36 min). Conditions are

the same as Fig. 10. These data are representative of two independent measure-

ments.

FIGURE 12 Typical PM-IRRAS spectra of nonmyristoylated recoverin

during its adsorption onto a DMPC monolayer in presence of calcium using

a D2O subphase. Each PM-IRRAS spectrum was obtained during the 9 min

of acquisition: spectra 1 (15–19 mN/m, 0–9 min); 2 (19.1–19.3 mN/m,

10–18 min); and 3 (19.3 mN/m, 19–27 min). Conditions are the same as

Fig. 10. These data are representative of two independent measurements.

FIGURE 13 Intensity of the amide I9 band as a function of time during

monolayer adsorption of myristoylated (Myr) (Fig. 11) and nonmyristoy-

lated (NonMyr) recoverin (Fig. 12) on a D2O subphase in the presence of

calcium.
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zinc. It can be seen that the extent of adsorption of

myristoylated and nonmyristoylated recoverin onto phos-

pholipid monolayers in the presence of zinc is similar to that

in the presence of calcium. These data suggest that calcium

and zinc induce a similar conformational change of

recoverin, which leads to similar extents of binding to

phospholipid monolayers. To verify whether this conforma-

tional change of recoverin induced upon zinc binding is

identical to that taking place in the presence of calcium,

limited proteolysis of recoverin by trypsin was performed.

Fig. 14 B shows the SDS-PAGE electrophoresis after 15 min

proteolysis of myristoylated recoverin by TPCK-trypsin in

the presence of calcium or zinc. In the presence of calcium

(lane 2), hydrolyzed recoverin appears as a main band at a

position slightly lower than the native, undigested recoverin

(lane 1). Two additional minor bands are also present,

indicating a cleavage of two short peptides of recoverin by

trypsin. This pattern is identical to the previous results

obtained by Dizhoor et al. (19). In fact, they have shown that

trypsin removes the COOH-terminal (Lys194-Leu202) as well

as the NH2 terminal myristoyl moiety (myristoyl-Lys5) of

recoverin in the presence of calcium. However, in the

presence of zinc (lane 3), multiple hydrolyzed products of

myristoylated recoverin can be seen which are different from

those observed in the presence of calcium (lane 2). In fact,

the intensity of the bands indicate that a larger amount of

recoverin is cleaved after 15 min in the presence of zinc (lane

3) compared to hydrolysis in the presence of calcium (lane

2). Moreover, a cleaved fragment of ;15 kDa (see arrow,
lane 3) appeared in this condition. These results indicate that

zinc-bound recoverin has trypsic sites that are different from

those of the calcium-bound recoverin. Furthermore, these

data suggest that a different conformational change of

recoverin in the presence of zinc compared to calcium is

responsible for its adsorption onto phospholipid monolayers

although comparable extents of adsorption are obtained. This

conclusion is in agreement with previous results of Permyakov

et al. (33), who have shown that a double mutant of recoverin

where calcium binding sites are inactivated can still bind zinc

ions. Moreover, they have demonstrated that zinc decreases

the thermal stability of recoverin. In addition, the effect of

zinc, in addition to other ions, must be taken into account to

improve our understanding of the modulation of recoverin

membrane binding during phototransduction.

CONCLUSIONS

Altogether, the present data shows that myristoylated

recoverin binds model membranes much faster than non-

myristoylated recoverin. In addition, the myristoyl moiety

favors proper orientation and stable membrane binding of

recoverin in contrast to the nonmyristoylated protein which

becomes hydrated, disorganized, and disordered after mem-

brane binding. Highly polyunsaturated fatty acyl chains of

photoreceptors and electrostatic components are also impor-

tant parameters in recoverin membrane binding (to be pub-

lished elsewhere).
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2. Marsh, D., and T. Páli. 2004. The protein-lipid interface: perspectives
from magnetic resonance and crystal structures. Biochim. Biophys.
Acta. 1666:118–141.

3. Grenier, S., P. Desmeules, A. K. Dutta, A. Yamazaki, and C. Salesse.
1998. Determination of the depth of penetration of the a subunit of
retinal G protein in membranes: a spectroscopic study. Biochim.
Biophys. Acta. 1370:199–206.

4. Arbuzova, A., A. A. P. Schmitz, and G. Vergères. 2002. Cross-talk
unfolded: MARKS proteins. Biochem. J. 362:1–12.

5. Desmeules, P., M. Grandbois, V. A. Bonderenko, A. Yamazaki, and C.
Salesse. 2002. Measurement of membrane binding between recoverin,
a calcium-myristoyl switch protein, and lipid bilayers by AFM-based
force spectroscopy. Biophys. J. 82:3343–3350.

6. Meister, A., C. Nicolini, H. Waldmann, J. Kuhlmann, A. Kerth, R.
Winter, and A. Blume. 2006. Insertion of lipidated Ras proteins into
lipid monolayers studied by infrared reflection absorption spectroscopy
(IRRAS). Biophys. J. 91:1388–1401.

7. Duronio, R. J., E. Jackson-Machelski, R. O. Heuckeroth, P. O. Olins,
C. S. Devine, W. Yonemoto, L. W. Slice, S. S. Taylor, and J. I.
Gordon. 1990. Protein N-myristoylation in Escherichia coli: reconsti-
tution of a eukaryotic protein modification in bacteria. Proc. Natl.
Acad. Sci. USA. 87:1506–1510.

8. Dunphy, J. T., and M. E. Linder. 1998. Signaling functions of protein
palmitoylation. Biochim. Biophys. Acta. 1436:245–261.

9. Resh, M. D. 1999. Fatty acylation of proteins: new insights into mem-
brane targeting of myristoylated and palmitoylated proteins. Biochim.
Biophys. Acta. 1451:1–16.

10. Resh, M. D. 2004. Membrane targeting of lipid modified signal
transduction proteins. Subcell. Biochem. 37:217–232.

11. McLaughlin, S., and A. Aderem. 1995. The myristoyl-electrostatic
switch: a modulator of reversible protein-membrane interactions.
Trends Biochem. Sci. 20:272–276.

12. Ames, J. B., and M. Ikura. 2002. Structure and membrane-targeting
mechanism of retinal Ca21-binding proteins, recoverin and GCAP-2.
Adv. Exp. Med. Biol. 514:333–348.

13. Ames, J. B., T. Tanaka, L. Stryer, and M. Ikura. 1996. Portrait of a
myristoyl switch protein. Curr. Opin. Struct. Biol. 6:432–438.

14. Dizhoor, A. M., S. Ray, S. Kumar, G. Niemi, M. Spencer, D. Brolley,
K. A. Walsh, P. P. Philipov, J. B. Hurley, and L. Stryer. 1991. Recoverin:
a calcium sensitive activator of retinal rod guanylate cyclase. Science.
251:915–918.

15. Bazhin, A. V., D. Schadendorf, P. P. Philippov, and S. B. Eichmüller.
2006. Recoverin as a cancer-retina antigen. Cancer Immunol. Immunother.
56:110–116.

16. Ames, J. B., T. Tanaka, M. Ikura, and L. Stryer. 1995. Nuclear
magnetic resonance evidence for Ca21-induced extrusion of the
myristoyl group of recoverin. J. Biol. Chem. 270:30909–30913.

17. Flaherty, K. M., S. Zozulya, L. Stryer, and D. B. McKay. 1993. Three-
dimensional structure of recoverin, a calcium sensor in vision. Cell.
75:709–716.

18. Burgoyne, R. D. 2004. The neuronal calcium-sensor proteins. Biochim.
Biophys. Acta. 1742:59–68.

19. Dizhoor, A. M., L. H. Ericsson, R. S. Johnson, S. Kumar,
E. Olshevskaya, S. Zozulya, T. A. Neubert, L. Stryer, J. B. Hurley,
and K. A. Walsh. 1992. The NH2 terminus of retinal recoverin
is acylated by a small family of fatty acids. J. Biol. Chem. 267:
16033–16036.

20. Dizhoor, A. M., C. K. Chen, E. Olshevskaya, V. V. Sinelnikova, P.
Phillipov, and J. B. Hurley. 1993. Role of the acylated amino terminus
of recoverin in Ca21-dependent membrane interaction. Science. 259:
829–832.

21. Zozulya, S., and L. Stryer. 1992. Calcium-myristoyl protein switch.
Proc. Natl. Acad. Sci. USA. 89:11569–11573.

22. Chen, C. K., J. Inglese, R. J. Lefkowitz, and J. B. Hurley. 1995. Ca21

-dependent interaction of recoverin with rhodopsin kinase. J. Biol.
Chem. 270:18060–18066.

23. Gray-Keller, M. P., A. S. Polans, K. Palczewski, and P. B. Detwiler.
1993. The effect of recoverin-like calcium-binding proteins on the
photoresponse of retinal rods. Neuron. 10:523–531.

24. Kawamura, S., O. Hisatomi, S. Kayada, F. Tokunaga, and C. H. Kuo.
1993. Recoverin has S-modulin activity in frog rods. J. Biol. Chem.
268:14579–14582.

25. Klenchin, V. A., P. D. Calvert, and M. D. Bownds. 1995. Inhibition
of rhodopsin kinase by recoverin. Further evidence for a negative
feedback system in phototransduction. J. Biol. Chem. 270:16147–16152.

26. Senin, I. I., A. A. Zargarov, A. M. Alekseev, E. N. Gorodovikova, V.
M. Lipkin, and P. P. Philippov. 1995. N-myristoylation of recoverin
enhances its efficiency as an inhibitor of rhodopsin kinase. FEBS Lett.
376:87–90.

27. Makino, C. L., R. L. Dodd, J. Chen, M. E. Burns, A. Roca, M. I. Simon,
and D. A. Baylor. 2004. Recoverin regulates light-dependent phospho-
diesterase activity in retinal rods. J. Gen. Physiol. 123:729–741.

28. Ames, J. B., R. Ishima, T. Tanaka, J. I. Gordon, L. Stryer, and M. Ikura.
1997. Molecular mechanics of calcium-myristoyl switches. Nature.
389:198–202.

29. Hughes, R. E., P. S. Brzovic, R. E. Klevit, and J. B. Hurley. 1995.
Calcium-dependent solvation of the myristoyl group of recoverin.
Biochemistry. 34:11410–11416.

30. Desmeules, P. 2006. Overexpression and study of the parameters respon-
sible for the binding of acylated proteins to membranes and optimization
of recoverin myristoylation in E. coli. PhD thesis, Université du Québec à
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2002. Secondary structure of spiralin in solution, at the air/water
interface, and in interaction with lipid monolayers. Biochim. Biophys.
Acta. 1562:45–56.

51. Lavoie, H., B. Desbat, D. Vaknin, and C. Salesse. 2002. Structure of
rhodopsin in monolayers at the air-water interface: a PM-IRRAS and
x-ray reflectivity study. Biochemistry. 41:13424–13434.

52. Wu, F., A. Gericke, C. R. Flach, T. R. Mealy, B. A. Seaton, and R.
Mendelsohn. 1998. Domain structure and molecular conformation in
annexin V/1,2-dimyristoyl-sn-glycero-3 phosphate/Ca21 aqueous mon-
olayers: a Brewster angle microscopy/infrared reflection absorption
spectroscopy study. Biophys. J. 74:3273–3281.

53. Gericke, A., and H. Hühnerfuss. 1994. IR reflection absorption spec-
troscopy: a versatile tool for studying interfacial enzymatic processes.
Chem. Phys. Lipids. 74:205–210.

54. Grandbois, M., B. Desbat, D. Blaudez, and C. Salesse. 1999.
Polarization-modulated infrared absorption spectroscopy measurement
of phospholipid monolayer hydrolysis by phospholipase C. Langmuir.
15:6594–6597.

55. Grandbois, M., B. Desbat, and C. Salesse. 2000. Monitoring of
phospholipid monolayer hydrolysis by phospholipase A2 by use of
polarization-modulated Fourier transform infrared spectroscopy. Bio-
phys. Chem. 88:127–135.

56. Wang, X., S. Zheng, Q. He, G. Brezesinski, H. Möhwald, and J. Li.
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