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Retinol dehydrogenase 11 (RDH11) has been postulated to be anchored to membranes by means of its N-
terminal segment in retinal pigment epithelial (RPE) cells where it participates to the visual cycle. The analysis
of the primary sequence of RDH11 revealed that its N-terminal hydrophobic segment could be involved in the
anchoring of this enzyme to membranes. However, no information is yet available on the properties of this N-
terminal segment to support this role. The secondary structure and membrane binding of two N-terminal pep-
tides of RDH11 with different lengths have thus been investigated to provide this information. Online tools
allowed predicting anα-helical secondary structure for both peptides. Infrared spectroscopy and circular dichro-
ism have shown that the α-helix of the Long-peptide (35 amino acids) is longer and more rigid than that of the
Short-peptide (25 amino acids) regardless of the type of solvent. Langmuir monolayers have been used as a
model membrane to study lipid–peptide interactions. Values of maximum insertion pressure and synergy sug-
gested a preferential binding of the Long-peptide to lipids with a phosphoethanolamine polar head group,
which are abundant in the RPE. Furthermore, infrared spectroscopy in monolayers has shown that the α-
helical structure of the Long-peptide ismore stable in the presence of saturated phospholipidswhereas the struc-
ture of the Short-peptide is mainly disordered. Altogether, the present data demonstrate that the α-helical hy-
drophobic core of the N-terminal segment of RDH11 displays properties typical of transmembrane domains, in
agreement with its postulated role in the membrane anchoring of this protein.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Human retinol dehydrogenase 11 (EC1.1.1.315) (RDH11) is a 318
amino acid (~35 kDa) enzyme belonging to the short-chain dehydroge-
nases/reductases (SDR) family. It is found in different tissues such as
brain, testis and prostate where it was initially designated as PSDR1
[1]. It was also named RalR1 in reference to its retinal reductase activi-
ty [2]. During the retinoid visual cycle, this enzyme is partly responsible
for the conversion of 11-cis retinol into 11-cis retinal in the retinal pig-
ment epithelium (RPE) [2,3], whereas most of this activity is assumed
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by RDH5 [4]. Like other RDHs, its catalytic activity has been character-
ized in vitro [5]. It was shown that RDH11 can use both cis and trans sub-
strates, with NADP(H) as the preferred cofactor [2]. However, RDH11
has no steroid activity in contrast to other SDRs [6].

Several data suggest that RDH11 is associated with membranes [7].
Indeed, it has been shown that the residual 11-cis RDH activity in the
RDH5-/- mice, assigned to RDH11, is membrane-associated [8] which
was consistent with the subcellular location of this enzyme [7]. In addi-
tion, a hydropathy analysis of the primary sequence of RDH11 revealed
the presence of a hydrophobic segment in its N-terminal region (amino
acids 2 to 22) [7]. The putative membrane-anchoring role of this seg-
ment was studied with recombinant RDH11 produced in insect sf9
cells; the enzyme was shown to target microsomal membranes. The
analysis of the amino acid sequence of this N-terminal segment allowed
postulating that the arginine/lysine motif flanking this segment medi-
ates membrane-anchoring of RDH11 and prevents its translocation
across the membrane [7]. Nevertheless, structural information and
membrane binding characteristics of theN-terminal anchoring segment
of RDH11 are still lacking.

The aim of the present study was thus to gather information on the
secondary structure of the putative anchoring segment of RDH11 and its
preferential binding features toward phospholipids. In order to get
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insights on the particular region required to confer membrane anchor-
ing of RDH11, two peptideswith different lengths have been studied be-
cause typical transmembrane segments vary significantly from less than
15 up to 40 amino acids [9–12]. The hydrophobicity of their primary
structure has thus been analyzed and their secondary structure has
been predicted using the online tool I-TASSER [13,14]. The secondary
structure of these peptides has then been studied using circular dichro-
ism and infrared spectroscopy, which are commonly used to probe the
secondary structures of proteins and peptides [15–17]. Furthermore,
the membrane binding and secondary structure of these peptides
have been investigated using Langmuir monolayers as a model mem-
brane by performing surface pressure and infrared spectroscopic mea-
surements, respectively [14].

2. Materials and methods

2.1. Materials

The deionizedwater used for the preparation of buffer solutionswas
highly purified with a Milli-Q water purification system from Millipore
(Billerica, MA, USA). This water had a resistivity of no less than 18.2
MΩ.cm and a surface tension of 72 ± 0.1 mN/m at room temperature.
All lipids used were purchased from Avanti Polar Lipids (Alabaster, AL,
USA): 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-
glycero-3-phosphoserine (DOPS), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE), 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine (DSPE), 1,2-didocosahexaenoyl-sn-glycero-3-
phosphoethanolamine (DDPE). These phospholipids were solubi-
lized in chloroform: methanol (9:1, v:v) to get a final concentration
of 0.2 mg/ml. To prevent oxidation, BHT was added to the unsaturat-
ed phospholipids at a final molar ratio of 1:200 (mole of BHT: mole of
phospholipids) and they were sealed under argon. BHT has been previ-
ously shown to have no effect on the isotherm of phospholipids [18].
Chloroform, hexafluoroisopropanol (HFIP), methanol (MeOH) and
Tris-HCl were from Laboratoire MAT (Québec, Canada). NaCl and β-
mercaptoethanol were from Sigma (St. Louis, MO, USA). All chemicals
were used as received. The Long- (VELMFPLLLLLLPFLLYMAAPQIRKM
LSSGVCTST, purity N93%; molecular mass: 3910.9 g/mol) and Short-
(VELMFPLLLLLLPFLYMAAPQIRK, purity N95%; molecular mass: 2943.8
g/mol) peptides corresponding to different lengths of the N-terminal
segment of RDH11 were synthesized by Peptides 2.0 (Chantilly,
VA, USA). The identity and purity of these peptides were confirmed
by a combined HPLC-MS analysis. Peptides were solubilized in
hexafluoroisopropanol or in methanol.

2.2. Methods

2.2.1. Hydrophobicity pattern and structural model of the Long- and
Short-peptides

The hydrophobicity of the N-terminal peptides of RDH11 has been
evaluated using the Heliquest online program [19] and values of mean
hydrophobicity bHN and mean hydrophobic moment bμHN were used
to produce the associated Eisenberg plot [20]. In addition, the 35 and
25 amino acids sequence corresponding, respectively, to the Long- and
Short-peptides of the N-terminal segment of RDH11 were uploaded
on the online server (http://heliquest.ipmc.cnrs.fr) to predict their
structure with the helical wheel module using a full length window
analysis. Moreover, a 3D-model of the structure of these peptides was
predicted with the I-TASSER server [13,21]. This algorithm allowed cre-
ating five ab initio structures. The selected 3D structure was the one
showing the highest confidence score (C-score).

2.2.2. Circular dichroism analyses of the Long- and Short-peptides
Circular dichroic spectrawere recordedwith a Jasco spectropolarim-

eter (Model J-815, Jasco, Easton, MD, USA) at room temperature. The
spectra have been measured at a peptide concentration of 150 μM in
HFIP and MeOH. For each spectrum, 10 scans were collected in the
far-UV range from 190 to 260 nm, using a 1 mm path length cuvette.
The solvent contribution was subtracted from the spectrum of the pep-
tide. The peptide concentration in mol/L has been calculated as follows:
protein concentration (g/L) x number of amino acids/molar mass. The
different spectra can thus be properly compared because the molar el-
lipticity takes into account the number of amino acids of each individual
peptide.

2.2.3. Infrared spectroscopy of the Long- and Short-peptides
Infrared spectra were recorded using a Nicolet Magna 850 FTIR

spectrometer (Thermo Scientific, Madison, WI, USA) equipped with
a liquid nitrogen cooled narrow-band mercury cadmium telluride
detector and a Golden Gate attenuated total reflection (ATR) acces-
sory. A drop of 50 μl of the Short- or Long-peptides (at a concentra-
tion of 150 μM) was deposited on the stage of the Golden Gate and
the spectrum was measured. The spectrum of the pure peptide was
obtained by subtracting that of the solvent. An infrared spectrum of
the peptide powder was also measured using the same setting. The
maximum of amide I band has been determined by performing the
analysis of the second derivative or by Fourier deconvolution of the
spectra. All spectra were treated using the Omnic software available
with the spectrometer.

2.2.4. Determination of themaximum insertion pressure and synergy of the
Long- and Short-peptides upon monolayer binding

Measurement of the binding of the Short- and Long-peptides onto
different lipid monolayers was performed using a Kibron DeltaPi-4
microtensiometer and a multiwell glass plate (Kibron Inc., Helsinki,
Finland). The optimal peptide concentration to reach surface satura-
tion has been determined by performing measurements of the in-
crease in surface pressure at different peptide concentrations in the
absence of a phospholipid monolayer. The surface saturation for
the Short- and Long-peptides has been reached at a concentration
of 1.25 μM (data not shown). Phospholipids were slowly spread
using a Hamilton microsyringe (Reno, NV, USA) at the surface of
the monolayer buffer (50 mM Tris HCl, 150 mM NaCl and 5 mM β-
mercaptoethanol (pH 7.4)) poured in a 500 μL trough of the
multiwell glass plate until the desired surface pressure was reached.
The waiting time period for the spreading solvent evaporation and
for the film to reach equilibrium varied with the type of lipid, the
spreading volume, the initial surface pressure, and the lipid concen-
tration [22]. Then, 5 μL of peptide in MeOHwas injected into the sub-
phase underneath the phospholipid monolayer to reach a final
concentration of 1.25 μM. Methanolic solutions of the peptides
were used because this solvent is highly miscible with water and
does not perturb the surface pressure measurements. Measurements
were performed at different initial surface pressures (Πi) until the
equilibrium surface pressure (Πe) was reached. This allowed calcu-
lation of the surface pressure increase (ΔΠ) using ΔΠ = Πe − Πi.
The plot of ΔΠ as a function of Πi allowed determining the MIP
(maximum insertion pressure) by extrapolating the regression of
the curve to the x-axis [22]. The values of MIP can be used to compare
the extent of peptide binding onto lipid monolayers [18,22–24]. Syn-
ergy is calculated by adding 1 to the slope of the plot of ΔΠ as a func-
tion ofΠi [18]. The calculation of the uncertainty of the values of MIP
and synergy were performed as previously described [22] and by
using a dedicated online tool: http://www.crchudequebec.ulaval.
ca/BindingParametersCalculator.

2.2.5. Monitoring of the secondary structure of the Long- and Short-
peptides in monolayers by infrared spectroscopy

Polarization modulation infrared reflexion absorption spectroscopy
(PM-IRRAS) was performed as described previously [25–28]. Briefly,
PM-IRRAS combines Fourier transform mid-IR reflection spectroscopy
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(FT-IR)with rapid polarizationmodulation of the incident beam [29,30].
To remove the isotropic contributions from bulkwater andwater vapor
as well as experimental drifts and to get rid of the dependence on the
Bessel function, the spectrumof the peptide in the presence or in the ab-
sence of the phospholipid monolayer was respectively divided by that
of the lipid or of the buffer to produce the resulting normalized PM-
IRRAS spectrum. Each PM-IRRAS spectrum was the result of the
coaddition of 800 scans at a resolution of 8 cm−1. In these experiments,
the monolayer buffer (see Section 2.2.4) was poured in a 8 mL Teflon
trough. Phospholipids were then slowly spread at the surface of the
buffer until the desired surface pressure was reached (~10 mN/m).
After a waiting period of ~30 min, 80 μL of the peptide in methanol
was injected into the subphase to reach a final concentration of
1.25 μM. Surface pressure was monitored with a NIMA tensiometer
(Coventry, UK) during the measurement of the infrared spectra at an
equilibrium surface pressure of ~20-25 mN/m depending on the initial
surface pressure and the type of phospholipid.
Fig. 1. Eisenberg plot of the RDH11 peptides obtained form the Heliquest generated data.
The Long- and Short-peptides are located in the transmembrane region (TM).
3. Results

3.1. Analysis of the primary sequence of the Long- and Short-peptides

The amino acid sequence of the Long- and Short-peptides is pre-
sented in Table 1. The initial methionine produced by the starting
codon does not appear in these sequences because it is normally
cleaved in vivo by the N-terminal methionine excision machinery
[31,32]. The larger values of mean hydrophobic moment bμHN and
mean hydrophobicity bHN for the Short-peptide suggest that it is
more hydrophobic than the Long-peptide (Table 1). Moreover, the
projection of their amino acid sequence in the helical wheel repre-
sentation (Supplementary Figure S1A and B) strongly suggests that
they are not amphipathic peptides. In fact, it can be seen that the
Short-peptide contains a larger proportion of hydrophobic amino
acids (21/25, 84%; Table 1 and Supplementary Figure S1B) than the
Long-peptide (24/35, 69%; Table 1 and Supplementary Figure S1A).
However, it can be seen that both peptides include an extremely hy-
drophobic core from amino acids Val2 to Pro22, on the basis of the
analysis reported on the Uniprot website (accession #Q8TC12) as
well as that performed using the Heliquest server (Supplementary
Figure S1C). Moreover, as shown in Table 1 and Supplementary
Figure S1A, the presence of a glycine and several additional polar
amino acids, such as serine, threonine and glutamine, likely in-
creases the hydrophilic character of the Long-peptide compared to
the short one, which is consistent with the hydrophobicity values.
The highly hydrophobic core (Val2–Pro22) likely corresponds to
the segment of the peptide located within the hydrophobic layer of
the membrane. Our prediction model of this hydrophobic core as
an α-helical structure (see inset of Fig. 2) allowed us to estimate its
length to ~26 Å using PyMOL which fits well with that of the mem-
brane hydrophobic layer lying in the range of 20-30 Å [33,34]. More-
over, the values of the hydrophobic moment bμHN and the mean
hydrophobicity bHN allowed locating these peptides in the trans-
membrane region on the Eisenberg plot (Fig. 1). In fact, peptides
Table 1
Primary structure and hydrophobicity pattern of the Long- and Short-peptides. The posi-
tion and the amino acid sequence of the peptides refer to the N-terminal segment of hu-
man RDH11. bHN and bμHN respectively correspond to the mean hydrophobicity and
the mean hydrophobic moment. They were obtained using the Heliquest online server.
Underlined amino acids correspond to the potential transmembrane domain of RDH11.
They have been identified on the Uniprot website (V2-P22; accession #Q8TC12).

Peptide Position Sequence bHN bμHN

Long 2-36 VELMFPLLLLLLPFLLYMAAPQIRKMLSSGVCTST 0.89 0.09
Short 2-26 VELMFPLLLLLLPFLLYMAAPQIRK 1.01 0.16
are generally considered as potential transmembrane segments
when their mean hydrophobicity bHN (Table 1) is larger than 0.75
[20].

3.2. Determination of the secondary structure of the Long- and Short-
peptides in solution

3.2.1. Circular dichroism analyses of the Long- and Short-peptides
Fig. 2 presents the circular dichroism spectra of the Short- and Long-

peptides. All spectra are showing a shape that is typical of α-helices
[35]. Indeed, the characteristic negative bands of α-helices can be ob-
served at ~208 and ~222 nm as well as a positive band at ~195 nm.
Given that the molar ellipticity takes into account the number of
amino acids of each individual peptide, the larger ellipticity of the
Long-peptide (Fig. 2) demonstrates that its α-helix is better structured
than that of the Short-peptide. The predicted secondary structure of
the Long- and Short-peptides using the I-TASSER server are schemati-
cally presented in the inset of Fig. 2. The α-helical prediction of these
peptides is in good agreement with the observation of dichroic spectra
that are typical ofα-helices. In addition, a shift of the spectra of the pep-
tides in HFIP to lowerwavelengths can also be observed,which suggests
a smaller α-helical content in this solvent. This observation was
Fig. 2. Circular dichroic spectra of the Long- and Short-peptides in different solvents: HFIP
(dashed line) andMeOH (solid line). Inset: 3D structuralmodel of RDH11peptides obtain-
ed using I-TASSER (the α-helical structural model of the Long- and Short-peptides is the
same color as that of the corresponding experimental curves).
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surprising in view of the known enhancing effect of this solvent on the
content ofα-helices [36,37]. It has been shown that circular dichroism is
accurate for α-helical structure predictions whereas infrared spectros-
copy performs better for β-sheet estimation [38]. Infrared spectroscopy
has thus been used to get additional information of the secondary struc-
ture of these peptides.

3.2.2. Infrared spectroscopy analyses of the Long- and Short-peptides
Infrared spectroscopy is well known to allow evaluating the second-

ary structure of peptides and proteins [17,39]. The amide I absorption
band between 1400 and 1800 cm−1 is associated mainly to the C = O
stretching vibration as well as minor contributions from the out-of-
phase C-N stretching vibration of the peptide bonds, which allow to
get secondary structure backbone information [17]. Fig. 3 presents the
infrared spectra of the Long- and Short-peptides in solution as well as
in powder. A variety of solvents were tested to solubilize peptides but
methanol and HFIP were the most appropriate ones. As shown in
Fig. 3A, the Long-peptide presents a characteristic spectrum of α-
helices with a symmetrical amide I band centered at 1653 and
1658 cm−1 when it is solubilized in HFIP and MeOH, respectively. It
has been shown that a maximum close to 1650 cm−1 indicates a long
and rigid α-helical structure. This position can shift up to 1662 cm−1

when the α-helix progressively unwinds [40,41]. This takes place, in
particular, in polar solvents such as water and methanol where the
end of the α-helix transiently unwinds as a result of hydrogen bonding
between the amide groups and the polar solvent. This phenomenon is
less favorable in hydrophobic solvents because they have much less af-
finity for the polar amide groups. The shift from 1653 in HFIP (hydro-
phobic solvent) to 1658 cm−1 in methanol (polar solvent) can thus be
explained by a partial unwinding of the end of the α-helix of the
Long-peptide in methanol. This observation of longer and more rigid
α-helices in HFIP is consistent with its well known effect in enhancing
α-helical structures [36,37] but this is inconsistent with the decrease
in ellipticity observed by circular dichroism in this solvent (Fig. 2,
Section 3.2.1). The predicted secondary structure (inset of Fig. 2) is in
good agreement with the helical content of the Long-peptide as well
as its high hydrophobicity (Table 1 and Supplementary Figure S1A).
Moreover, a long and rigid α-helical structure also exists in the Long-
peptide powder since a large spectral overlap is observed between its
amide I band and that in HFIP (Fig. 3A). The amide I band of the Short-
peptide in MeOH is centered at 1658 cm−1 whereas that in HFIP is
slightly wider and shifted to 1653 cm−1 (Fig. 3B). These data suggest
that this peptide also folds as an α-helix in these solvents although it
probably includes additional secondary structure components when
solubilized in HFIP on the basis of its larger amide I band width. In con-
trast, the amide I band of the Short-peptide powder is muchwider than
Fig. 3. Infrared spectra of the Long- (A) and Short-peptides (B). For each peptide, spectra were
have been normalized to facilitate their comparison.
those in MeOH and HFIP and thus likely contains random coil or disor-
dered structures (1642-1654 cm−1) or aggregated β-sheets (1620-
1625 cm−1) in addition to α-helices (for a review, see [17]). Taken to-
gether, these findings suggest that the Long-peptide forms a longer
and more rigid α-helix than that of the Short-peptide, in particular in
HFIP.

3.3. Binding of the Long- and Short-peptides to different lipid monolayers

Lipid monolayers are very useful model membranes to determine
the extent of binding of peptides and proteins [14,42,43]. Values of
MIP of peptides and proteins in the presence of different phospholipids
provide information on their affinity for particular lipids [18,22]. To per-
form these measurements, we have selected lipids that can be found in
the membranes where RDH11 is located. The phospholipid content of
RPE membranes in the macula or in the periphery is quite similar. It in-
cludes 67% phosphoethanolamine (PE), 20% phosphocholine (PC), 9%
phosphoinositol (PI) and 4% phosphoserine (PS) [44]. In addition, the
major fatty acyl chains found in phospholipids of the RPE are palmitoyl
(C16:0), stearoyl (C18:0), oleoyl (C18:1ω9) and docosahexaenoyl
(C22:6ω3) [44]. Given that phospholipids bearing oleoyl fatty acyl
chains are themost abundant ones in the RPE and that the phospholipid
found in largest amount is phosphoethanolamine, phospholipids bear-
ing palmitoyl (DPPE), stearoyl (DSPE), oleoyl (DOPE, DOPC and DOPS)
and docosahexaenoyl (DDPE) fatty acyl chains have thus been selected
to perform measurements of the monolayer binding of the N-terminal
peptides of RDH11. As presented in Fig. 4A, similar values of MIP have
been obtained for the Short- and the Long-peptides when individual
phospholipids are compared. Moreover, the values of MIP obtained
with all phospholipids are larger than the estimated membrane lateral
pressure of 30–35 mN/m [45], thus suggesting that both peptides can
bind membranes of RPE cells. It is interesting to first compare the MIP
values obtained when using phospholipids with the same fatty acyl
chain but with different polar head groups. MIP values of 44.4 ± 3.4,
37.8 ± 2.3 and 35.7 ± 2.3 mN/m have thus respectively been obtained
for the Long-peptide in the presence of DOPE, DOPC and DOPS (Fig. 3A).
Given that there is no significant difference between the MIP of the
Long- and Short-peptides in the presence of the zwitterionic DOPC
and the negatively charged DOPS, it can be postulated that the net
positive charge of these peptides is not involved in this binding pro-
cess. Similar values have been obtained for the Short-peptide. These
data are suggesting a slight preference of both peptides for DOPE.
Measurements were then performed with phosphoethanolamine
bearing different fatty acyl chains (16:0, 18:0 and 22:6) to assess
the effect of the physical state and polyunsaturation on peptide bind-
ing. Values of MIP of 37.9 ± 2.4, 47.5 ± 3.1 and 41.9 ± 2.7 mN/m
measured as powder (black dashed line) or in solution (HFIP, red; MeOH, green). Spectra



Fig. 4.Maximum insertion pressure (MIP) of the Long- and Short-peptides obtained in presence of different unsaturated (DOPE, DOPC, DOPS, DDPE) and saturated (DPPE, DSPE) phos-
pholipid monolayers (A). Synergy values of the Long- (B) and Short-peptides (C)were determined in presence of the same phospholipids. Peptides are injected into the monolayer sub-
phase containing 50 mM Tris HCl, pH 7.4, 150 mM NaCl and 5 mM β-mercaptoethanol. The final concentration of the peptides in the subphase is 1.25 μM.
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have been obtained for the Long-peptide in the presence of DSPE,
DPPE and DDPE, respectively (Fig. 4A). Similar values have been ob-
tained for the Short-peptide. A slight preference of both peptides can
be observed for DPPE.

It has been established that the synergy is an additional useful bind-
ing parameter of proteins. For example, we have previously shown that
the determination of synergy allowed to highlight the particular affinity
of Retinis pigmentosa 2 for saturated phospholipids and recoverin for
polyunsaturated phospholipids [18]. In the present study, synergy
values of 0.38 ± 0.04, −0.02 ± 0.06, 0.01 ± 0.06, 0.1 ± 0.06, 0.32 ±
0.04 and 0.37 ± 0.04 have been obtained with the Long-peptide in the
presence of DOPE, DOPC, DOPS, DSPE, DPPE and DDPE, respectively
(Fig. 4B).We have previously shown that a positive synergy reveals a fa-
vorable binding whereas values of synergy close to zero suggest that
there is neither attraction nor repulsion between the peptide and the
monolayer [18,22]. Therefore, phosphoethanolamine highly favors
binding of the Long-peptide whatever the type of fatty acyl chain,
whereas DOPC and DOPS neither favor nor disfavor the binding of this
peptide. The situation is quite different with the Short-peptide. Indeed,
synergy values of 0.31 ± 0.04, 0.24 ± 0.05, 0.25 ± 0.06, 0.08 ± 0.06,
0.15 ± 0.05 and 0.25 ± 0.08 have been obtained for the Short-peptide
in the presence of DOPE, DOPC,DOPS, DSPE, DPPE andDDPE, respective-
ly (Fig. 4C). These data suggest that only the binding to DSPE is less fa-
vored compared to the other phospholipids.

3.4. Secondary structure of the Long- and Short-peptides upon binding to
phospholipid monolayers

Infrared spectra in the amide I region can be measured using PM-
IRRAS which provides information on the secondary structure of pep-
tides and proteins in monolayers [25,26,28]. Typical spectra obtained
with the Long- and Short-peptides in the absence and in the presence
of different phospholipid monolayers are presented in Figs. 5 and 6.
The amide I band of the Long-peptide in the absence of a phospholipid
monolayer is centered at 1655 cm−1, which is typical of α-helices,
whereas that of the Short-peptide is shifted to 1660 cm−1 (Fig. 5A)
and its bandwidth is muchwider than that of the Long-peptide. The po-
sition and thewidth of the amide I band of the Short-peptide respective-
ly suggest that its α-helix is shorter and includes more disordered
structures than that of the Long-peptide. PM-IRRAS spectra of the
Long-peptide in the presence of DOPE, DOPS and DOPC are shown in
Fig. 5B. These spectra can be more clearly compared with that of the
Long-peptide in the absence of a phospholipid monolayer in Fig. S2. It
can respectively be seen in Supplementary Figures S2A, B and C that
the width of the amide I band of the Long-peptide in the presence of
DOPE, DOPS and DOPC is wider than that in the absence of a phospho-
lipid monolayer. Although the shoulder observed at 1633 cm−1 in the
amide I band of the Long-peptide/DOPE monolayer can be assigned to
a β-sheet structural component, this phospholipid is the one, which
least perturbs the secondary structure of this peptide when compared
to DOPS and DOPC, on the basis of its smaller amide I bandwidth.More-
over, PM-IRRAS spectra of the Long-peptide in the absence and in the
presence of DPPE and DSPE are shown in Fig. 5C. The differences be-
tween these spectra and that of the Long-peptide are better appreciated
in Fig. S2D (DPPE) and S2E (DSPE). A slightly largerwidth of the amide I
band can be seen upon binding of the Long-peptide to the DPPE mono-
layer whereas a large overlap can be seen between the amide I band of
the Long-peptide in the absence and in the presence of the DSPEmono-
layer. The difference between these two bands in the 1700-1800 cm−1

region could likely be explained by an improper subtraction of the C =
O ester band of DSPE as a result of a significant perturbation of this
monolayer during peptide binding (this is also likely the case for the
DPPE monolayer in this range of frequency). The same spectroscopic
analyses have been performed with the Short-peptide even though its
secondary structure in the absence of a lipid monolayer (Fig. 5A) in-
cludes more disordered components than the Long-peptide (Fig. 6).
Given that a disordered peptide can become highly structured upon
monolayer binding [27], PM-IRRASmeasurements were also performed
with this peptide. However, as can be seen in Fig. 6A and B, thewidth of
the amide I band of the Short-peptide is larger in the presence of DOPE,



Fig. 5. PM-IRRAS spectra of the Long- and Short-peptides in the absence a phospholipid monolayer (A) and of the Long-peptide in the presence of a monolayer of DOPE, DOPS and DOPC
(B), or of DSPE and DPPE (C). Spectra have been normalized to facilitate their comparison. 80 μL of peptides are injected into themonolayer subphase (see legend to Fig. 4) to reach a final
concentration of 1.25 μM.
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DOPS, DOPC, DPPE and DSPE than in the absence of a lipid monolayer.
Therefore, none of these phospholipids allowed improving the α-
helical structure of this peptide, which remained less structured than
the Long-peptide upon monolayer binding.

4. Discussion

The N-terminal segment of RDH11 was postulated to allow mem-
brane anchoring of this protein but no evidencewas available to support
this assertion. In this paper, the spectroscopic and monolayer binding
Fig. 6. PM-IRRAS spectra of the Short-peptide in the presence of amonolayer of DOPE, DOPS and
properties of a short and a long peptide from the N-terminal segment
of RDH11 have been characterized. One could have intuitively postulat-
ed that the short peptide would be more stable than the long one be-
cause of its much larger proportion in hydrophobic amino acids. The
present data have however shown that this assumption was wrong,
mainly from the measurements in monolayer. Indeed, we have found
that the α-helical structure of the long stretch of 21 hydrophobic
amino acids in theN-terminal segment of RDH11 (Table 1) aremore or-
dered when the sequence is extended to 35 amino acids by including
additional polar amino acids, such as in the Long-peptide. Therefore,
DOPC (A) or DSPE and DPPE (B) (see legend to Fig. 5 for additional experimental details).
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the comparison between the behavior of the 35- (Long-) and 25-amino
acid (Short-) peptides of the N-terminal segment of RDH11 was found
to be useful, showing that the additional polar amino acids of the
Long-peptide are likely important to provide stability to the α-helical
structure of the peptide. These issues are thus worth discussion.

4.1. Effect of solvents and of the adsorption of the pure Long- and
Short-peptides in monolayer on their structure

Identifying an appropriate solvent to solubilize hydrophobic pep-
tides, such as the Long- and Short-peptides of the N-terminal seg-
ment of RDH11, is a tricky and crucial task while avoiding their
aggregation and/or precipitation. Such solvents should also be com-
patible with analytical techniques such as circular dichroism and in-
frared spectroscopy [46]. They should also be miscible with aqueous
buffers to allow peptide injection into the monolayer subphase. We
were very surprised that the Short-peptide was soluble in the polar
solvent methanol because it is mainly composed of the long stretch
of 21 hydrophobic amino acids (Table 1). However, the charged
amino acids at the end of its C-terminus may allow explaining this
observation. The comparison of the spectroscopic properties of the
Long- and Short-peptides in powder and when solubilized in MeOH
or HFIP provides useful information. The spectra of the Long- and
Short-peptides in powder are very different (Fig. 3 and Supplemen-
tary Figure S3A). The width of the amide I band of the Short-
peptide includes a significant amount of aggregated β-sheets (com-
ponent at 1620 cm−1) in addition to α-helical (component at
1655 cm−1) structures. There is no evidence for the presence of
such aggregated species in the Long-peptide powder. Nonetheless,
although the Short-peptide includes aggregated components, it
was readily soluble in HFIP and more surprisingly in MeOH. In fact,
only slight differences can be seen between the spectra of the
Long- and Short-peptides in MeOH and in HFIP (Supplementary
Figure S3B and C), which allows to conclude that MeOH and HFIP sol-
ubilize the Short-peptide as efficiently as the Long-peptide and that
they have a very similar secondary structure in these two solvents.
As mentioned in Section 3.4, we have previously observed for the
C-terminal hydrophobic segment of lecithin retinol acyltransferase
(LRAT), that its structure was more ordered in monolayer than in
the solvent used to inject it into the subphase [27]. This is also true
for the Long- and Short-peptides of RDH11. Indeed, as can be seen
in Supplementary Figure S4A and B, the width of the amide I band
of the Long- and Short-peptides is thinner after their adsorption in
monolayers than in MeOH. It must be stressed that these data are
also showing for the first time that the N-terminal segment, which
presumably mediates RDH11 membrane anchoring to microsomal
RPE membranes, is structured as an α-helix.

4.2. Effect of lipid monolayers on the structure of the Long- and Short-
peptides and their preferential binding to phosphoethanolamine

We have previously observed that lipid monolayers improved the
order of the α-helical structure of the C-terminal anchoring segment
of LRAT [27]. This is however not entirely true for the N-terminal pep-
tide of RDH11. Indeed, as shown in Fig. 5B, the α-helical structure of
the Long-peptide becomes significantly disordered upon binding to
DOPC, DOPS and, to a lesser extent, to DOPE. However, its binding to
DPPE and, in particular to DSPE, leads to little perturbation of the struc-
ture of this peptide (Fig. 5C and Supplementary Figure S2D and E). This
might be related to the more rigid environment of the solid-condensed
state of DPPE andDSPE, compared to the liquid-expanded state of DOPC,
DOPS and DOPE, and also to the length of the fatty acyl chains of DSPE,
which likely allows stabilizing the Long-peptide. The amide I/amide II
(AI/AII) ratio from PM-IRRAS spectra have been shown to allow deter-
mining the orientation of α-helical peptides in monolayers on the
basis of simulated spectra [47]. An orientation of 50° and 60° has
respectively been calculated for AI/AII ratios of 1.5 and 3.2 with respect
to the normal of the monolayer. Therefore, the AI/AII ratio of 1.7 ob-
served for the Long-Peptide in the absence and in the presence of
DSPE (Supplementary Figure S2E) thus suggests an orientation of
this peptide between 50° and 60°. It has been previously shown
that the tilt angle of transmembrane α-helical hydrophobic peptides
was larger when the bilayer was thinner [48]. In other words, the α-
helical peptide accomodates its orientation to minimize the hydro-
phobic mismatch. Such a phenomenon likely also takes place in
monolayer as the size of the α-helical hydrophobic stretch of the
Long-peptide (26 Å) slightly extends the thickness of the DSPE
monolayer (24 Å [49]). In addition, the position of the charged
amino acids of the Long-peptide and, in particular Arg25, might be
also involved in the positioning of this peptide in membranes and
monolayers. Supplementary Figure S5 is showing a model of the
three-dimensional structure of the Long-peptide, which illustrates
the distribution of its hydrophobic/hydrophilic residues surface pat-
tern. It can be seen that a single residue is pointing out of the peptide,
i.e. the positively charged Arg25. This arginine may allow stabilizing
the anchoring of this peptide by electrostatic interactions with the
negatively charged phosphate groups of phospholipids, a phenome-
non previously designated as snorkeling [50].

Moreover, the Long-peptide is displaying a highly structuredα-helix
and a preferential interaction towards phosphoethanolamine. The
abundance of this phospholipid in both themacular (67.5%) and periph-
eral (67.4%) regions of the RPE may be related to this preference of the
N-terminal anchoring segment of RDH11 [44]. It has been postulated
thatmembrane anchoring of RDH11 is driven by its N-terminal segment
[7] whereas no acylation is required in contrast to some other visual
proteins such as rhodopsin [51], RPE65 [52] or RDH8 [53]. However,
one can not exclude the involvement of other residues or lipid binding
motifs of RDH11 in its membrane interaction. Indeed, given that the
substrate of RDH11 is highly hydrophobic, other regions of this protein
must also be involved to provide a proper membrane embedding and
orientation of the active site of this enzyme. Additional measurements
are thus under way to characterize the membrane binding of RDH11
as well as the truncated RDH11 (without its N-terminal segment),
which will provide additional information and shall allow to draw con-
clusions on the role of this segment in the activity and function of
RDH11, such as performedwith other proteins [54–56].We have for ex-
ample previously shown that a truncated LRAT, where its N- and C-
terminal transmembrane segments have been removed, was nonethe-
less showing a strong monolayer binding, most likely to allow mem-
brane embedding of its active site [27]. This might also be true for
truncated RDH11. Altogether, the present data demonstrate that adding
11 amino acids on the C-terminal side of the Short-peptide to produce
the Long-peptide has resulted in an increase of the stability of the hy-
drophobic core and of its α-helicity and that the properties of this seg-
ment are consistent with those of a transmembrane α-helix. The N-
terminal segment of RDH11 is thus likely involved in themembrane an-
choring of RDH11.
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