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ABSTRACT: Retinitis pigmentosa 2 (RP2) is an ubiquitary protein of 350 residues.
The N-terminus of RP2 contains putative sites of myristoylation and palmitoylation.
The dually acylated protein is predominantly localized to the plasma membrane.
However, clinically occurring substitution mutations of RP2 in photoreceptors lead to
the expression of a nonacylated protein, which was shown to be misrouted to
intracellular organelles using different cell lines. However, the parameters responsible for
the modulation of the membrane binding of nonacylated RP2 (naRP2) are still largely
unknown. The maximal insertion pressure of naRP2 has thus been determined after its
injection into the subphase underneath monolayers of phospholipids, which are typical
of photoreceptor membranes. These data demonstrated that naRP2 shows a preferential
binding to saturated phospholipid monolayers. Moreover, polarization modulation
infrared reflection absorption spectroscopy has allowed comparison of the secondary structure of this protein in solution and
upon binding to phospholipid monolayers. In addition, simulations of these spectra have allowed to determine that the β-helix of
naRP2 has an orientation of 60° with respect to the normal, which remains unchanged regardless of the type of phospholipid.
Finally, ellipsometric measurements of naRP2 demonstrated that its particular affinity for saturated phospholipids can be
explained by its larger extent of insertion in this phospholipid monolayer compared to that in polyunsaturated phospholipid
monolayers.

Retinitis pigmentosa 2 (RP2) is a ubiquitary protein of 350
amino acids.1 Its crystal structure has revealed two main

domains: the N- and C-terminal domains consist of a β-helix
(amino acids 1−228) and of α-helices and β-sheets (amino
acids 229−350),2 respectively (Figure S1 of the Supporting
Information). The sequences of the N- and C-terminal domains
are 30% identical with that of cofactor C, a tubulin-specific
chaperone,1,3 and 34% identical with that of nucleoside
diphosphate kinase, respectively.3,4 The function of RP2 has
not yet been fully clarified. It has, however, been clearly shown
to function as a GTPase-activating protein of ADP-ribosylation
factor-like 3 (Arf-like 3 or Arl3).5 Phosphodiesterase 6 δ
(PDE6δ) and Uncoordinated 119 protein (Unc119) cooperate
with Arl3 to regulate the membrane association of lipid-
modified proteins.6 The stimulation of GTPase activity of Arl3
by RP2 results in the release of Unc119 from Arl3.7 RP2 may
play several roles in regulating the transport of lipid-modified
proteins.8−13

Putative sites for myristoylation and palmitoylation have
been identified at the N-terminus of RP2 on glycine 2 and
cysteine 3, respectively.14 The localization of RP2 to the ciliary
apparatus at the base of the photoreceptor cilium was shown to
be dependent on its N-terminal myristoylation.8 In contrast, N-
terminal myristoylation and palmitoylation are necessary to
localize RP2 to the plasma membrane of the rod photoreceptor

inner segment as well as to the very tips of the outer
segment.8,15,16 It was also shown to be located to the plasma
membrane of different types of cultured cells14,17−19 and of the
cells throughout the retina.16 Moreover, its binding to Arl3 was
found to be favored with nonacylated RP2.3 The clinically
occurring mutations of RP2 are distributed all along its primary
sequence.1,20−23 However, the G2V, C3S, and ΔS6 mutations
of RP2 are greatly important because they modify its acylation
and thus disrupt its plasma membrane targeting.14,17−19 In fact,
cytoplasmic and nuclear staining was seen upon transfection of
nonacylated RP2 (G2A, G2A/C3S, and ΔS6 mutants) using
CHO14 and HeLa19 cell lines, whereas exclusively cytoplasmic
staining was observed for the myristoylated C3S-RP2 mutant.14

These data were quite consistent with the Western blot
analyses of the subcellular fractionation of these cell lines.14,19

Moreover, the use of an inhibitor of acylation in SH-SY5Y cell
lines resulted in the distribution of nonacylated RP2 to
intracellular organelles and the cytoplasm, thereby strongly
suggesting that nonacylated RP2 binds intracellular mem-
branes.18 Altogether, most data agree that nonacylated RP2 is
misrouted to the membranes of intracellular organelles. It is
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therefore important to characterize the membrane binding
properties of nonacylated RP2 (naRP2).
This work was thus performed to gain biophysical

information about naRP2 membrane binding properties and
selectivity for particular phospholipids using the monolayer
model membrane system. There is a direct thermodynamic
relationship between monolayers and bilayers.24−26 Phospho-
lipid monolayers are very useful model membranes as this
method allows the control of several physical parameters such
as the density of lipids and the surface pressure, the subphase
content, the lipid composition, etc.24,27−35 Lipid monolayers
are very well suited to study membrane binding of peripheral
proteins, in particular for acylated proteins. Indeed, peripheral
proteins do not protrude deeper in the bilayer than one
monolayer leaflet. It has thus been extensively used to study
lipid−protein and lipid−peptide interactions (for recent
reviews, see refs 36−40).
The outer segments of photoreceptor membranes have a

unique characteristic in that they are the most unsaturated
natural membranes discovered to date.41 Indeed, more than
60% of their fatty acyl chains are polyunsaturated.42,43 This is
also true for the rod inner segment and the synaptic
terminal.44,45 These membranes contain three main fatty acyl
chains: docosahexaenoic (22:6ω3), palmitic (16:0), and stearic
(18:0) acids.42,43 Moreover, detergent-resistant membranes
(DRMs) comprise 8% of total photoreceptor lipids,46 and
nearly 65% of their phospholipid fatty acyl chains are saturated
with a predominance of palmitic and stearic acids.47 A
significant proportion of RP2 was also shown to be associated
with DRMs in photoreceptors48 and in different types of
cultured cells.17 Measurements of naRP2 membrane binding in
monolayers have thus been performed using the major
phospholipids that can be found in photoreceptor membranes.

■ MATERIALS AND METHODS
Materials. The deionized water used for the preparation of

buffer solutions was from a Barnstead Nanopure system
(Barnstead, Dubuque, IA). Its resistivity and surface tension
at 20 °C were 18.2 MΩ cm and 72 mN/m, respectively.
Phospholipids were from Avanti Polar Lipids (Alabaster, AL):
dimyristoylphosphocholine (DMPC), dipalmitoylphosphocho-
line (DPPC), distearoylphosphocholine (DSPC), didocosahex-
aenoylphosphocholine (DDPC), palmitoyldocosahexaenoyl-
phosphocholine (PDPC), stearoyldocosahexaenoylphospho-
choline (SDPC), dipalmitoylphosphoethanolamine (DPPE),
distearoylphosphoethanolamine (DSPE), didocosahexaenoyl-
phosphoethanolamine (DDPE), dipalmitoylphosphoserine
(DPPS), distearoylphosphoserine (DSPS), and didocosahex-
aenoylphosphoserine (DDPS). MgCl2 and ultrapure NaCl
(99.9%) were purchased from J. T. Baker (Phillipsburg, NJ). β-
Mercaptoethanol was from Sigma (St. Louis, MO). High-grade
sodium phosphates were from Merck (Darmstadt, Germany),
and Tris-HCl was from the Laboratoire Mat (Quebec, QC).
The resin used for protein purification was from GE Healthcare
(Buckinghamshire, England). All chemicals were used as
received. Rod outer segment (ROS) lipids were extracted as
described by Miljanich et al.43 using ROS isolated by the
method of Yamazaki et al.49 using fresh retina obtained from a
local slaughterhouse. All experiments were performed at least
twice with reproducible results.
Expression and Purification of naRP2. The RP2

construct (amino acids 1−350) cloned in plasmid pGEX-4T3
to express a GST fusion protein was a kind gift from A.

Wittinghofer (Max-Planck-Institut für Molekulare Physiologie,
Dortmund, Germany). The protein was expressed and purified
as described previously.50 Briefly, naRP2 was expressed in
Escherichia coli Bl21(DE3) RIPL for 5 h at 37 °C. Bacteria were
then pelleted by centrifugation and stored at −20 °C. The
protocol used for the purification of naRP2 was a modification
of the method previously described by Kühnel et al.2 Pellets
were resuspended in load buffer [50 mM Tris (pH 7.4), 100
mM NaCl, 5 mM MgCl2, and 3 mM β-mercaptoethanol] at 4
°C. Bacterial lysis was conducted by sonication followed by
centrifugation at 20000g for 1 h. The cell lysate supernatant was
loaded on a GSTrap column preequilibrated with the load
buffer. The column was washed with 10 column volumes of
load buffer. Then, GST was cleaved with thrombin overnight at
4 °C directly on the column. A HiTrap Benzamidine FF (high
sub) column equilibrated with a modified load buffer
containing 500 mM NaCl was located directly after the
GSTrap column to eliminate thrombin. Elution of naRP2 was
performed with the modified load buffer. The eluted naRP2 was
then concentrated by ultrafiltration with an Amicon Ultra 15
filter (Millipore), during which buffer was changed to that used
for its storage [5 mM phosphate (pH 7.4) and 3 mM β-
mercaptoethanol]. naRP2 was kept at 4 °C until being used.
The purity of naRP2 was at least 99% as judged by gel
electrophoresis with Coomassie blue staining. Sequence
identity was confirmed by mass spectrometry analysis by the
Service de proteómique of the Centre de recherche du CHU de
Queb́ec.

Monolayer Binding Parameters of naRP2. A home-built
round Teflon trough (diameter, 20 mm; depth, 2 mm) filled
with 1200 μL of monolayer buffer [5 mM phosphate (pH 7.4)
and 100 mM NaCl] was used for the monolayer measurements.
The experimental setup was placed in a Plexiglas box with
humidity control at 21 ± 1 °C. A phospholipid monolayer was
formed by spreading a few microliters of a solution of
phospholipids solubilized in an organic solvent until the
desired initial surface pressure (Πi) was reached. The waiting
time period for spreading solvent evaporation and for the film
to reach equilibrium varied with spreading volume, initial
surface pressure, and lipid concentration. naRP2 was then
injected underneath this monolayer to reach a protein
concentration of 20 μg/mL. The kinetics of binding of
naRP2 to the phospholipid monolayer was monitored until
equilibrium was reached (typically for 3 h) using a surface
pressure detector. Surface pressure (Π) was measured by the
Wilhelmy method using a microbalance (Nima technology,
Coventry, U.K.) connected to a computer. A surface pressure
increase, ΔΠ (ΔΠ = Πe − Πi), is observed after the injection of
naRP2 into the subphase, where Πe is the surface pressure at
equilibrium.
The determinations of the maximal insertion pressure (MIP)

and of the synergy were shown to be very useful for comparing
extent of protein binding to different lipid monolayers.29,50 The
MIP values have been determined by extrapolating the plot of
ΔΠ at equilibrium as a function of Πi where the linear
regression reaches a value of 0 on the x-axis.50 MIP values have
been obtained for the binding of naRP2 to different lipid
monolayers. Measurements with the polyunsaturated phospho-
lipids were performed under either nitrogen, argon, or
atmospheric air, but no difference was observed among these
different conditions as previously assayed.51 The details of the
calculation of the uncertainty of the MIP were given by Calvez
et al.29 Briefly, the uncertainty, which depends on the number
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of experimental points as well as on the quality of the fit of the
regression curve, was calculated from the covariance of the
experimental data on the linear regression. The synergy value
corresponds to the slope of the linear regression of the plot of
Πe as a function of Πi.

50 It can also be obtained by adding 1 to
the slope of the linear regression of ΔΠ as a function of Πi.

52

We have previously shown that a negative synergy indicates an
unfavorable binding of the protein to the phospholipid
monolayer, whereas a positive synergy reveals a favorable
binding. Values of synergy close to zero suggest that there is
neither attraction nor repulsion between the protein and the
monolayer.50 The uncertainty of the synergy is calculated using
the term [σ(Πe)(1 − r2)1/2]/[σ(Πi)(n − 2)1/2], where σ is the
standard deviation, r is the correlation coefficient, and n is the
number of points. We have recently created a freely available
webpage where these binding parameters and experimental
errors can be readily calculated (http://www.crchudequebec.
ulaval.ca/BindingParametersCalculator/).
Measurement of Infrared Spectra of naRP2. Infrared

spectra of naRP2 in solution were measured with a Golden
Gate ATR accessory (Specac, Woodstock, NY) installed in a
Thermo Nicolet 6700 Fourier transform infrared (FTIR)
spectrometer. The spectrum of the buffer was subtracted from
that of naRP2 to obtain the spectrum of the pure protein.
Polarization modulation infrared reflection absorption spec-
troscopy (PM-IRRAS) was performed using a Nicolet Nexus
870 FTIR instrument as previously described.53−55 Briefly, PM-
IRRAS combines Fourier transform mid-IR reflection spectros-
copy with rapid polarization modulation of the incident beam.55

Each PM-IRRAS spectrum was the result of the co-addition of
600 scans at a resolution of 8 cm−1. A home-built round Delrin
trough (diameter, 60 mm; depth, 1 mm) filled with 4.5 mL of
monolayer buffer and a protein concentration of 20 μg/mL
were used for these experiments at a constant area. To remove
the isotropic contributions from bulk water and water vapor,
experimental drifts, and the dependence on the Bessel function,
the spectrum of naRP2 in the presence of the phospholipid
monolayer was divided by that of the pure phospholipid
monolayer to produce the resulting normalized PM-IRRAS
spectrum. Similarly, the spectrum of the pure naRP2 monolayer
was obtained by dividing the PM-IRRAS spectrum of the
protein by that of the subphase buffer. In these experiments, the
monolayer buffer was prepared with either H2O or D2O.
Experiments were performed at 21 ± 0.5 °C. The maximum of
the infrared bands has been determined by using the second
derivative (or Fourier deconvolution) to the spectra.
Simulations of the PM-IRRAS Spectra of naRP2.

Simulated spectra have been obtained using a general software
developed for modeling the reflectivity of absorbing layered
systems56 and extended to anisotropic systems following the
matrix method of Berreman.57 To determine the orientation of
naRP2 on H2O and D2O buffers from the PM-IRRAS spectra,
simulations were performed by generating the optical constants
of the various secondary structures from previously published
or determined data in water.58,59 The frequencies of the amide I
maxima of the various structures are listed in Table 1.60−65 For
all structures, the kmax isotropic intensity of the amide I band
was fixed to 0.4 with kiso = (kx + ky + kz)/3. The optical index of
the deuterium-exchanged structures was obtained by shifting
the maximum of each structure to a low frequency in
accordance with previously published data.63 The amide I
maxima of the secondary structures exchanged with D2O are
also listed in Table 1. The bandwidth was set to 30 cm−1. The

simulated PM-IRRAS spectra were obtained by performing the
summation of the spectrum of each individual secondary
structure when taking into account their proportion and their
respective orientation in the known structure of RP2 (Figure S1
of the Supporting Information).2 The baseline was corrected in
all spectra, and the simulated spectral intensity was normalized
with respect to that of the experimental amide I intensity.

Ellipsometric Measurements. The ellipsometric angles
(Δ and ψ) and surface pressure (Π) were recorded
simultaneously with the same trough. The ellipsometric
measurements were taken with a conventional null ellipsometer
using a He−Ne laser operating at 632.8 nm, which is similar to
that described elsewhere.66,67 The angle of incidence was
52.12° (the Brewster angle of the air−water interface for pure
water is 53.12°). A home-built round Teflon trough (diameter,
60 mm; depth, 5 mm) filled with 10 mL of monolayer buffer
has been used for these experiments at a constant area. The
surface pressure was measured with a Nima PS4 film balance
using the Wilhelmy method. All experiments were performed at
20 ± 1 °C. The protein concentration in the subphase was 20
μg/mL.

■ RESULTS AND DISCUSSION
naRP2 Binds More Selectively to Phospholipids with

Saturated Fatty Acyl Chains. The optimal concentration of
naRP2 for the monolayer measurements was estimated by
injecting different amounts of naRP2 underneath a monolayer
of DMPC at a Πi of 5 mN/m. ΔΠ was then monitored as a
function of time until equilibrium was reached. An optimal
naRP2 concentration of 20 μg/mL was chosen as it
corresponds to the onset of monolayer saturation.
The MIP of a protein is a valuable tool for determining the

extent of binding of protein to lipid monolayers.29,50,68 It
corresponds to the maximal surface pressure up to which
naRP2 can insert into the monolayer and beyond which no
insertion takes place. Figure 1 shows a typical example of the
determination of the MIP of naRP2. As can be seen in the inset
of Figure 1, the larger is the initial surface pressure and the
smaller the increase in surface pressure (ΔΠ). Indeed, ΔΠ
values of 14.0, 11.8, 6.2, 4.2, and 1.6 mN/m have been obtained
for Πi values of 5.2, 10.5, 15.8, 20.5, and 24.9 mN/m,
respectively. A negative slope is thus obtained when plotting
these values of ΔΠ as a function of Πi (Figure 1), which
allowed calculation of a MIP value of 27.2 ± 1.4 mN/m for
naRP2 in the presence of SDPC. The slope of this plot provides
information about the synergy between this protein and the
phospholipid monolayer. Briefly, the synergy is >0 when a
positive interaction between the protein and the lipids is
observed, whereas the synergy is <0 when a repulsion between
the protein and the lipid monolayer is observed.50 In the case of

Table 1. Frequencies of Amide I of the Various Secondary
Structures Used for the Simulations of the PM-IRRAS
Spectra of RP2 in H2O and D2O

structure H2O (cm−1) D2O (cm−1)

α-helix 1654 1649
β-helix 1638 1633
β-sheet 1629, 1684a 1626, 1679a

β-turn 1672 1671
random coil 1648 1636

aThis minor absorption band for antiparallel β-sheets is typically
difficult to observe by PM-IRRAS because of its weak nature.
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SDPC (Figure 1), a synergy of 0.36 ± 0.03 has been obtained,
thus suggesting that a positive interaction takes place between
naRP2 and this lipid monolayer. Different values of MIP and
synergy can be obtained depending on naRP2 surface activity
and its affinity for given lipid monolayers.
Extensive binding parameter measurements have thus been

performed with the major phospholipids found in ROS
membranes that mainly contain phosphoethanolamine (45%),
phosphocholine (38%), and phosphoserine (14%).69 Moreover,
palmitoyl (C16:0), stearoyl (C18:0), and docosahexaenoyl
(C22:6ω3) are the main fatty acyl chains of ROS phospholipids
(phosphoethanolamine, 10.7% C16:0, 22.3% C18:0, and 50.6%
C22:6ω3; phosphocholine, 19.6% C16:0, 17.3% C18:0, and
41.9% C22:6ω3; phosphoserine, 1.2% C16:0, 18.2% C18:0, and
49.2% C22:6ω342). Phospholipids bearing palmitoyl, stearoyl,
or docosahexaenoyl fatty acyl chains have thus been used to
study naRP2 monolayer binding. Moreover, varying amounts of
ROS phospholipids contain one saturated and one polyunsa-

turated fatty acyl chain.43 Therefore, PDPC and SDPC have
also been used to determine the effect of such mixed fatty acyl
chains on the behavior of naRP2 monolayer binding. In
addition, binding parameter measurements have also been
performed with an organic extract of total ROS lipids to mimic
the whole lipid content of these membranes. The values of MIP
and synergy are easier to compare when they are plotted as
histograms.
The MIP and synergy values obtained with different

phosphocholines are shown in Figures 2A and 3A, respectively.
MIP values of 31.6 ± 2.0, 35.2 ± 2.2, 17.8 ± 1.6, 19.4 ± 0.4,
and 27.2 ± 1.4 mN/m have been obtained for naRP2 in the
presence of DPPC, DSPC, DDPC, PDPC, and SDPC,
respectively (Figure 2A). Moreover, a value of 25.5 ± 1.2
mN/m has been obtained with total ROS lipids. The much
larger values of MIP obtained in the presence of phosphocho-
lines bearing two saturated fatty acyl chains (DPPC and DSPC)
compared to that of a phosphocholine with two polyunsatu-
rated fatty acyl chains (DDPC) suggest that saturation of
phospholipid fatty acyl chains favors naRP2 monolayer binding,
whereas unsaturation leads to unfavorable binding. This result
is supported by the values of synergy obtained for these three
phosphocholines: 0.44 ± 0.05, 0.43 ± 0.03, and −0.15 ± 0.1 for
DPPC, DSPC, and DDPC, respectively (Figure 3A). Indeed,
there is a strong positive synergy between the phosphocholines
bearing two saturated fatty acyl chains, whereas a repulsion is
observed between the polyunsaturated DDPC and naRP2. In
the case of DDPC, it would be more appropriate to refer to an
exclusion pressure rather than a MIP.50 Indeed, the MIP
obtained with a synergy of <0 could be called “exclusion
pressure” because it corresponds to a repulsion between the
protein and the monolayer. It is noteworthy that similar values
of MIP have been obtained for DDPC and PDPC whereas a
much larger MIP value has been observed for SDPC, which
suggests that a sufficiently long saturated fatty acyl chain
(C18:0) favors naRP2 monolayer binding even when the other
fatty acyl chain is the polyunsaturated docosahexaenoyl
(C22:6ω3). The values of synergy also illustrate this trend.
Indeed, a much larger synergy value of 0.36 ± 0.03 has been
observed for SDPC compared to the small positive value
obtained for PDPC (0.14 ± 0.02). These data further support
the idea that phospholipids with saturated fatty acyl chains
favor naRP2 monolayer binding, as previously postulated.17,48

In addition, the values of MIP obtained with DPPC and DSPC
are larger than the estimated membrane lateral pressure (∼30
mN/m).70−77 One could thus postulate that naRP2 can bind

Figure 1. Typical example of the determination of the binding
parameters of naRP2 to a SDPC monolayer. The maximal insertion
pressure (MIP) is determined by extrapolating the plot of ΔΠ as a
function of the initial surface pressure (Πi) where the curve reaches a
value of 0 on the x-axis. The synergy is calculated by adding 1 to the
slope of this plot. The inset shows typical kinetics of binding of naRP2
to the SDPC monolayer at different Πi values of 5.2, 10.5, 15.8, 20.5,
and 24.9 mN/m as a function of the time until equilibrium (Πe) is
reached (only a few kinetics are shown for the sake of clarity). The
initial surface pressure was subtracted from the increase in surface
pressure (Π − Πi) and plotted as a function of time.

Figure 2. Maximal insertion pressures of naRP2 in the presence of different phospholipid monolayers: (A) DPPC, DSPC, DDPC, PDPC, SDPC,
and total bovine rod outer segment (ROS) lipids; (B) DPPE, DSPE, and DDPE; and (C) DPPS, DSPS, and DDPS.
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these saturated phospholipids in ROS cell membranes but more
likely if they gather together such as in microdomains.
Figures 2B and 3B show the MIP and synergy values,

respectively, obtained with different phosphoethanolamines.
MIP values of 34.8 ± 2.6, 25.8 ± 2.4, and 25.4 ± 1.9 mN/m
have been obtained for naRP2 in the presence of DPPE, DSPE,
and DDPE, respectively (Figure 2B). A much larger MIP value
has been obtained with DPPE, which is larger than the
estimated membrane lateral pressure. Moreover, a much larger
synergy value of 0.5 ± 0.04 has been obtained with DPPE
compared to 0.28 ± 0.07 for DSPE and to the very small value
of 0.1 ± 0.04 for DDPE (Figure 3B). These data suggest that
naRP2 monolayer binding is more favored in the presence of
phosphoethanolamine with shorter saturated fatty acyl chains.
The MIP and synergy values obtained with different

phosphoserines are shown in Figures 2C and 3C, respectively.
MIP values of 23.7 ± 1.1, 23.9 ± 2.5, and 18.4 ± 1.5 mN/m
have been obtained for naRP2 in the presence of DPPS, DSPS,
and DDPS, respectively (Figure 2C). Slightly larger values of
MIP have been obtained in the presence of phosphoserines
bearing two saturated fatty acyl chains (DPPS and DSPS) than
in the presence of phosphoserines bearing two polysaturated
(DDPS) fatty acyl chains. Moreover, the values of synergy are
0.23 ± 0.03, 0.1 ± 0.09, and 0.05 ± 0.08 for DPPS, DSPS, and
DDPS, respectively (Figure 3C). These values of synergy and
MIP, which are much lower than the estimated membrane
lateral pressure, suggest that the negative charge of
phosphoserine disfavors membrane binding of naRP2.
ROS membranes contain a mixture of varying amounts of

approximately nine different unsaturated phosphocholines, 18
different saturated−unsaturated phosphocholines, two different
saturated phosphocholines, approximately nine different
unsaturated phosphoethanolamines, 16 different saturated−
unsaturated phosphoethanolamines, approximately two differ-
ent saturated phosphoethanolamines, and approximately nine
different unsaturated phosphoserines and approximately eight
different saturated−unsaturated phosphoserines.43 The MIP
value of 25.5 mN/m and the synergy of 0.23 obtained with
ROS lipids (Figures 2A and 3A) thus result from the binding of
naRP2 to this complex mixture of phospholipids. The content
of DPPC, DSPC, DPPE, and DSPE in this lipid mixture can be
estimated to be ∼9% of total phospholipids, whereas more than
50% of ROS phospholipids contain one polyunsaturated fatty
acyl chain (PDPC, SDPC, DDPC, PDPE, SDPE, DDPE, SDPS,
and DDPS).43 The smaller value of MIP obtained with the
ROS lipid mixture (25.5 mN/m) compared to the estimated
membrane lateral pressure (∼30 mN/m) can thus be explained

by the low content of saturated phosphocholines and
phosphoethanolamines in ROS membranes. Altogether, these
data suggest that naRP2 could be associated with microdomains
in photoreceptor membranes, which are known to be enriched
with phospholipids with saturated fatty acyl chains (mainly
palmitic and stearic acids, such as in DPPC, DSPC, DPPE, and
DSPE).47

Given that very large differences have been observed between
the binding parameters of naRP2 in the presence of DSPC and
DDPC, infrared spectroscopic and ellipsometric measurements
have been performed using these phospholipids to explain the
influence of phospholipid saturation and unsaturation on
naRP2 membrane binding.

Secondary Structure of naRP2 in Monolayers. Infrared
spectroscopy is very useful for gaining molecular information
about the secondary structure and orientation of proteins
during their binding to phospholipid monolayers.27,36,78−81 The
spectrum of naRP2 in solution was thus compared to that in a
monolayer (Figure 4). To the best of our knowledge, those are
the first infrared spectra of RP2. Two components can be seen
in the amide I band of the PM-IRRAS spectrum of naRP2 in
the absence of a lipid monolayer. The strongest one is centered
at 1654 cm−1, which can been attributed to α-helices82,83 such
as those located in both the N- and C-terminal domains of this
protein (Figure S1 of the Supporting Information). In addition,

Figure 3. Synergy of naRP2 in the presence of different phospholipid monolayers: (A) DPPC, DSPC, DDPC, PDPC, SDPC, and total bovine rod
outer segment (ROS) lipids; (B) DPPE, DSPE, and DDPE; and (C) DPPS, DSPS, and DDPS.

Figure 4. Comparison between the infrared spectra of naRP2 in
solution and in monolayer. The spectrum of naRP2 in solution [5 mM
phosphate (pH 7.4) and 3 mM β-mercaptoethanol in H2O] measured
using the Golden Gate ATR accessory is compared to that of naRP2 in
the monolayer measured by PM-IRRAS using a subphase containing 5
mM phosphate (pH 7.4) and 100 mM NaCl in H2O at a surface
pressure of 12.6 mN/m.
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the shoulder at 1636 cm−1 can been assigned either to the β-
sheets of the C-terminal domain or to the β-helix of the N-
terminal domain of RP2 (Figure S1 of the Supporting
Information).2 Indeed, the amide I band of β-sheets is typically
located between 1630 and 1640 cm−1,60,62,64,65 whereas that of
the β-helix can be found between 1638 and 1644 cm−1.84 The
amide I band of the spectrum of naRP2 in solution is centered
at 1636 cm−1 (Figure 4), thus revealing the large contribution
of the β-helix and the β-sheet components of the structure of
RP2 to its amide I band (Figure S1 of the Supporting
Information). The width of this band also includes the
component corresponding to α-helices.2 In contrast, the
particular orientation of naRP2 in the monolayer in the
absence of lipids most likely allows the observation of its
secondary structure components from its amide I band.
Figure 5 shows the experimental and simulated PM-IRRAS

spectra of naRP2 in the presence of monolayers of DDPC and
DSPC. Figure 5A compares the spectrum of naRP2 in the
presence and absence of a monolayer of DDPC. It can be seen
that these two spectra are very similar. In the presence of
DDPC, the amide I band of naRP2 includes components at
1653 and 1635 cm−1, which correspond to the α-helical and β-
helical and β-sheet structural elements of this protein,
respectively, as described above (Figure 4). Therefore, the
naRP2 secondary structure and orientation remain unchanged
in the presence and absence of the DDPC monolayer.
PM-IRRAS spectra were more difficult to obtain in the

presence of a DSPC monolayer. Indeed, infrared spectra of
naRP2 in the presence of DSPC could be observed only when
the buffer was prepared with D2O. Figure S2 of the Supporting
Information shows PM-IRRAS spectra before and after the
injection of naRP2 into the H2O subphase of a monolayer of
DSPC. The three most intense bands in the spectrum of pure
DSPC have been attributed to the υCO ester stretching band
at 1735 cm−1, the δCH2 bending mode at 1469 cm−1, and the
υaPO mode at 1228 cm−1. The position of these bands
remains unchanged upon naRP2 binding except for the broad
negative infrared band in the 1700−1640 cm−1 region that has
been previously documented.85 In brief, the water absorption
band is centered at approximately 1640 cm−1, which
corresponds to the position at which the PM-IRRAS spectrum
changes abruptly showing a positive band followed immediately
by a negative band. This behavior is due to an abrupt variation
of the refractive index of the aqueous subphase in this
frequency range. The observation of a much more negative
band in the presence of naRP2 can be attributed to a large
perturbation of the refractive index of water in the vicinity of
the polar head of DSPC. No amide I band could be observed in
Figure S2 (Supporting Information) or when the spectrum of
the naRP2−DSPC monolayer is divided by that of the pure
DSPC monolayer. An amide I band of naRP2 could also not be
observed in the presence of a DPPC monolayer on a H2O
subphase (data not shown). Measurements were thus
attempted with a DSPC monolayer spread on a D2O buffer
subphase.
The PM-IRRAS spectrum of naRP2 injected underneath a

DSPC monolayer into a D2O buffer subphase can be seen in
Figure 5B. A single component of the amide I band can be
distinguished at 1633 cm−1, which corresponds to the position
attributed to the β-sheets of RP2 together with a contribution
of its β-helix. No clear shoulder corresponding to the α-helices
can be seen in this spectrum, although the width of this amide I
band likely includes this component. The position of the

antisymmetric COO− shoulder at 1576 cm−1 in D2O can be
attributed to the presence of the large number of aspartates and
glutamates in RP2.61,86 The difficulty in measuring a spectrum
of naRP2 in the presence of DSPC compared to that in the
presence of DDPC may reveal differences between the
interaction of this protein with these phospholipid monolayers.
This is consistent with the large differences observed between
the values of MIP and synergy of naRP2 in the presence of
DSPC and DDPC. These differences could be explained by
changes either in the orientation or in the extent of penetration
of naRP2 in these lipid monolayers. Simulations of the infrared

Figure 5. Comparison between the PM-IRRAS spectra of naRP2 in
the absence and presence of DDPC and DSPC monolayers using a
subphase containing 5 mM phosphate (pH 7.4) and 100 mM NaCl.
(A) PM-IRRAS spectra of naRP2 alone and after binding to a DDPC
monolayer in H2O. (B) Experimental and simulated PM-IRRAS
spectrum of naRP2 on a DSPC monolayer in D2O. (C) Experimental
and simulated PM-IRRAS spectrum of naRP2 in the presence of
DDPC in H2O (see panel A). The spectra were measured at surface
pressures of 21.3 and 21.5 mN/m for DDPC and DSPC, respectively.

Biochemistry Article

DOI: 10.1021/bi501517r
Biochemistry 2015, 54, 2560−2570

2565

http://dx.doi.org/10.1021/bi501517r


spectra and ellipsometric measurements have allowed clar-
ification of these issues.
Estimation of the Orientation of naRP2 in Monolayers

from the Simulation of the PM-IRRAS Spectra. It has
previously been shown that it is possible to estimate the
orientation of a protein upon comparison of experimental and
simulated PM-IRRAS spectra.87−89 The simulated spectrum
showing the best agreement with the experimental spectrum of
naRP2 in the presence of a DDPC monolayer on a H2O
subphase is shown in Figure 5C. It can indeed be seen that
there is a very large overlap between the simulated and
experimental spectra. The two components of the amide I band
are located at almost the same position (1651 and 1634 cm−1

compared to 1653 and 1635 cm−1 for the simulated and the
experimental spectra, respectively). The intensity of the amide
II band of the simulated spectrum is slightly larger than that of
the experimental spectrum, but their integrated intensity is very
similar. Moreover, the amide II band of the simulated and
experimental spectra is centered at nearly the same position
(1539 and 1542 cm−1, respectively). This simulated spectrum
has been obtained using an orientation of 60° of the β-helix
with respect to the normal, which allowed us to propose a
specific orientation for naRP2 in our experiments (see a
representation of this orientation of naRP2 in Figure 6B). This
proposed orientation also takes into account an optimal
orientation of the α-helices and β-sheets of the C-terminus of
naRP2 (Figure S1 of the Supporting Information). Indeed, the
orientation of these structural components must be close to
parallel to the surface to obtain a large PM-IRRAS signal such
as that observed in our experiments (Figure 5C).89,90 This
angle of 60° of the β-helix of naRP2 is close to the magic angle
of 54.7°. Therefore, a distribution of different orientations of

naRP2 around an angle of 60° cannot be excluded. Never-
theless, the large difference between the shape of the PM-
IRRAS spectrum and that in solution (Figure 4) suggests a
specific orientation of naRP2 in the monolayer. The same
orientation has been obtained upon performance of the
simulation of the spectrum of naRP2 in the presence of a
DSPC monolayer on a D2O subphase. As shown in Figure 5B,
there is good agreement between the simulated and
experimental amide I′ band of naRP2. The maximum of the
amide I′ band of both spectra is observed at 1633 cm−1. The
only discrepancy between these two spectra lies in the
difference in intensity in the region related to the absorption
of individual amino acids, which is difficult to properly simulate.
However, one can wonder how the very different spectra shown
in panels B and C of Figure 5 can result in the same orientation
of naRP2. A detailed analysis of the behavior of the individual
structural components of naRP2 in the presence of H2O and
D2O allowed us to provide an explanation for this observation.
Indeed, one of the parameters responsible for the spectral
differences observed in the presence of a H2O and D2O
subphase is the presence of a large random coil secondary
structure component in RP2. Indeed, RP2 contains 32%
random coil, which results in a large amide I band intensity in
H2O. In the presence of H2O, the maximum of the amide I
band corresponding to a random coiled structure is centered
almost exactly between that of α- and β-helices (Table 1). The
α- and β-helical components of the amide I band can thus be
observed because the baseline produced by the random coiled
structure is equivalent in this range of frequencies. However, in
the presence of D2O, the position of the amide I band
corresponding to random coils undergoes a much larger shift to
lower wavenumbers than in the case of the α- and β-helical

Figure 6. Ellipsometric isotherms of naRP2 binding in the absence and presence of (A) a DDPC monolayer and (B) a DSPC monolayer using a
subphase containing 5 mM phosphate (pH 7.4) and 100 mM NaCl. The phospholipid monolayers were equilibrated at 5 mN/m prior to protein
injection. The surface pressures at equilibrium were 21.7 and 21.3 mN/m for DDPC and DSPC, respectively. (C) Illustration of the orientation of
naRP2 on the basis of the simulated PM-IRRAS spectra and extent of its insertion in the presence of a DDPC monolayer. (D) Illustration of the
orientation and extent of insertion of naRP2 in the presence of a DSPC monolayer.
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structures or the β-sheets (Table 1). The maximum of this band
then approaches that of the β-helix, which leads to an intense
band at an intermediary wavenumber (1633 cm−1) and to a
rather large bandwidth, which likely includes the α-helical
structure component.
The simulated PM-IRRAS spectra shown in panels B and C

of Figure 5 thus allowed us to propose that naRP2 has the same
orientation upon binding saturated (DSPC) or polyunsaturated
(DDPC) phospholipid monolayers. This result does not
therefore permit an explanation of the large differences
observed between the binding parameters of naRP2 in the
presence of these two phospholipids. Ellipsometric measure-
ments have thus been performed to evaluate whether
differences can be observed between the extent of penetration
of the saturated or polyunsaturated phospholipid monolayer by
naRP2.
Estimation of the Extent of Penetration of naRP2 in

Saturated and Polyunsaturated Phospholipid Mono-
layers from Ellipsometric Measurements. The ellipso-
metric signal depends on both the refractive index and the
thickness of the monolayer.91 However, it can be assumed that
it depends solely on monolayer thickness. Indeed, the
measurement of an ellipsometric angle indicates that the
interfacial layer has induced a phase change in the polarized
light. In the case of a sufficiently dense film, the refractive index
of this film is independent of the film thickness. Consequently,
the observed phase change of such a dense film is proportional
to the film thickness, as described previously for RPE65.92 We
thus assumed that pure naRP2 and the mixed naRP2−DDPC
or naRP2−DSPC films have reached such a sufficiently high
film density close to the end of their respective ellipsometric
isotherm (or when equilibrium has been reached).
The evolution of the ellipsometric angle δ as a function of

time upon binding of naRP2 in the absence and presence of a
DDPC monolayer is presented in Figure 6A. In the absence of a
phospholipid monolayer, an ellipsometric angle of 10.1° is
obtained at equilibrium after naRP2 binding had proceeded for
3 h. The same experiments were performed in the presence of a
DDPC monolayer, which contributes to the ellipsometric signal
[δDDPC = 5.0° (see the dashed line in Figure 6A)]. Therefore,
the ellipsometric signal upon binding of naRP2 to the DDPC
monolayer starts at an ellipsometric angle δ of 5.0°. The
ellipsometric signal obtained at equilibrium upon binding of
naRP2 to the DDPC monolayer [11.9° + 5.0° = 16.9° (Figure
6A)] is slightly larger than the sum of the ellipsometric angle of
naRP2 in the absence of a lipid monolayer [10.1° (Figure 6A)]
and that of the pure DDPC monolayer (5.0°); i.e., 10.1° + 5.0°
= 15.1°, as described by δnaRP2−DDPC > δnaRP2 + δDDPC. This
observation thus suggests that the ellipsometric signal resulting
from naRP2 binding approximately corresponds to the mere
addition of the individual DDPC and naRP2 ellipsometric
angles and thus that naRP2 is juxtaposed underneath the
DDPC monolayer. naRP2 would thus weakly interact with the
DDPC monolayer without penetrating this monolayer. A
model depicting the proposed organization of the naRP2−
DDPC monolayer using the orientation of naRP2 estimated
from the simulated PM-IRRAS spectra is shown in Figure 6C.
Moreover, a delay of approximately 1 h can be observed prior
to the onset of the ellipsometric isotherm of naRP2 in the
presence of DDPC (Figure 6A). In addition, the kinetics of the
increase in the ellipsometric angle upon naRP2 binding in the
presence of the DDPC monolayer is much slower than that in
the absence of a lipid monolayer (Figure 6A) and that in the

presence of DSPC (Figure 6B), thereby suggesting that naRP2
binds the polyunsaturated DDPC monolayer with very low
affinity.
In contrast, naRP2 exhibits a completely different behavior in

the presence of the DSPC monolayer. Indeed, the sum of the
ellipsometric angle of naRP2 in the absence of a lipid
monolayer [10.1° (Figure 6B)] and of the pure DSPC
monolayer (δDSPC = 5.6°), i.e., 10.1° + 5.6° = 15.7°, is much
larger than the ellipsometric signal obtained at equilibrium
upon binding of naRP2 to the DSPC monolayer [5.6° + 5.9° =
11.5° (Figure 6B)], as described by δnaRP2 + δDSPC >
δnaRP2−DSPC. In fact, a much smaller ellipsometric angle of
approximately 5.9° is obtained for naRP2 at equilibrium, after
subtraction of the contribution of pure DSPC (δnaRP2 = 11.5° −
5.6°), compared to the value of 10.1° observed for naRP2 in the
absence of a lipid monolayer (Figures 6B). This significant
decrease in δ in the presence of DSPC suggests that naRP2
extensively penetrates this monolayer. A model of the
organization of naRP2 in the presence of the DSPC monolayer
is illustrated in Figure 6D. Furthermore, the much faster
kinetics of the increase in the ellipsometric angle upon naRP2
binding in the presence of DSPC (Figure 6B) compared to that
in the presence of DDPC (Figure 6A) suggests that a favorable
interaction takes place between this protein and the saturated
DSPC monolayer. The models shown in panels C and D of
Figure 6 propose that naRP2 penetrates deeply into the DSPC
monolayer with a high affinity whereas it remains at the surface
of the DDPC monolayer; this is consistent with the MIP and
synergy data obtained with these lipids (Figures 2A and 3A).

■ CONCLUSIONS

Biological membranes are very complex structures and
correspond to a multicomponent chemical milieu in which
species like proteins can be anchored. How this particular
environment can modulate protein binding is of great interest.
It is now well accepted that heterogeneities exist in
membranes.93,94 The importance of RP2 membrane binding
for its function has been demonstrated on the basis of
mutations that modify this interaction. This work highlights the
particularly high affinity of naRP2 for saturated phospholipids,
which are major components of lipid DRMs found in ROS
membranes. In fact, the DRMs were found to be dramatically
enriched in a phosphocholine mixture that is almost entirely
saturated.46 This affinity could be explained by the extensive
penetration of naRP2 into the saturated DSPC monolayer even
though a similar orientation of this protein was observed in the
presence of saturated or polyunsaturated phospholipid
monolayers. The role of RP2 acylation in its binding to
microdomains is thus unclear. In this regard, the models in
panels C and D of Figure 6 show that naRP2 is oriented with its
N-terminus facing the membrane, which could allow its acyl
groups to properly anchor the protein. One could also
speculate that these acyl groups could prevent the extensive
penetration of naRP2 in the presence of the DSPC monolayer.
Such an extensive penetration of naRP2 in microdomains might
then be responsible for the aberrant function of the nonacylated
protein. Studies with acylated RP2 are therefore currently in
progress to characterize its membrane binding and orientation
compared to those of naRP2. These data shall provide useful
information about the mechanism of action of this protein.
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É.D. held a joint scholarship from the Canadian Institutes for
Health Research (CIHR) and the E. A. Baker Foundation from
the Canadian National Institute for the Blind. Moreover, É.D.
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