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Abstract: Photoreceptor membranes have a unique lipid composition. They contain a high level of
polyunsaturated fatty acids including the most unsaturated fatty acid in nature, docosahexaenoic
acid (22:6), and are enriched in phosphatidylethanolamines. The phospholipid composition and
cholesterol content of the subcellular components of photoreceptor outer segments enables to divide
photoreceptor membranes into three types: plasma membranes, young disc membranes, and old disc
membranes. A high degree of lipid unsaturation, extended exposure to intensive irradiation, and
high respiratory demands make these membranes sensitive to oxidative stress and lipid peroxidation.
Moreover, all-trans retinal (AtRAL), which is a photoreactive product of visual pigment bleaching,
accumulates transiently inside these membranes, where its concentration may reach a phototoxic
level. An elevated concentration of AtRAL leads to accelerated formation and accumulation of
bisretinoid condensation products such as A2E or AtRAL dimers. However, a possible structural
impact of these retinoids on the photoreceptor-membrane properties has not yet been studied. In
this work we focused just on this aspect. The changes induced by retinoids, although noticeable,
seem not to be significant enough to be physiologically relevant. This is, however, an positive
conclusion because it can be assumed that accumulation of AtRAL in photoreceptor membranes will
not affect the transduction of visual signals and will not disturb the interaction of proteins engaged
in this process.

Keywords: photoreceptor membrane; retinoids; liposomes; spin labels; electron paramagnetic
resonance

1. Introduction

Vertebrate photoreceptor membranes contain a high level of polyunsaturated fatty
acids (PUFAs) [1–3]. PUFAs amount to 27 up to 45% of total esterified fatty acids in
photoreceptor outer segments’ (POS) phospholipids, among which is the most unsatu-
rated fatty acid in nature, docosahexaenoic acid (22:6), amounting to 35% [1,2]. POS
membranes are also enriched in phosphatidylethanolamines, in which mainly PUFAs
are esterified [1,4]. The phospholipid composition and cholesterol content of subcellular
components of photoreceptor outer segments enable to divide photoreceptor membranes
into three types: plasma membranes (PM), young disc membranes (YDM), and old disc
membranes (ODM) [5–7]. A high degree of lipid unsaturation [4], extended exposure to
intensive irradiation [8,9], especially in the presence of endogenous sensitizers [10], and
high respiratory demands [11] make these membranes sensitive to oxidative stress and
lipid peroxidation [10].
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The visual pigments, rhodopsin (Rh) in rods and three types of pigments in three types
of human cones (S-, M-, and L-opsin), are also the main proteins present in the photorecep-
tor outer segments [12–15]. Such a high density of visual pigments, which reaches up to
20,000 molecules per µm2 of disc membrane in the case of Rh [16], allows effective absorp-
tion of light. Visual pigments belong to the family of opsins—transmembrane proteins with
a characteristic structure, to which the photosensitive chromophore 11-cis retinal (11cRAL)
is covalently bound via a protonated Schiff base bond [17]. 11cRAL, a vitamin A derivative,
is conserved throughout evolution as a very efficient chromophore in most vertebrate
visual pigments because of the high quantum yield of its isomerization reaction [18]. After
absorption of the incident photon, 11cRAL in the chromophore-binding pocket of opsin
isomerases into all-trans retinal (AtRAL) [18]. This ultrafast isomerization reaction is one
of the fastest in nature [19]. AtRAL formed in photoactivated rhodopsin dissociates from
the chromophore-binding site and is released into the photoreceptor plasma and disc mem-
branes after the visual pigment’s deactivation [20]. AtRAL diffuses passively or is trans-
ported by the ATP-binding cassette transporter (ABCR) to the plasmatic site of a photore-
ceptor disc membrane [20], where it is enzymatically reduced to all-trans retinol (AtROL)
by the NADPH-dependent all-trans-retinol dehydrogenase (RDH) [21]. The AtROL formed
in this reaction is then transported to retinal pigment epithelial cells (RPE) [22]. Because the
reduction of AtRAL to AtROL is quite slow, and therefore often considered as rate-limiting
step in the visual cycle [23], it may lead to temporary accumulation of AtRAL in POS
membranes. In special cases such as prolonged illumination leading to bleaching of almost
40% of the visual pigments or disturbances in its efficient transport, AtRAL released from
rhodopsin may reach very high concentrations of up to 3 mM in the outer retina [10,24].
Such a high level of AtRAL, due to its photoreactivity and relatively high quantum yield of
singlet oxygen photogeneration, may lead to retina photodamage [9,25,26]. Moreover, in-
creased concentration of AtRAL in POS may lead to formation and accumulation of AtRAL
conjugation products such as AtRAL dimer–phosphatidylethanolamine (AtRALdi–PE) or
all-trans retinal dimers alone (AtRAL dimers) [25,27]. Additionally, some reports clearly
suggest that both, AtRAL and its precursor 11cRAL, are substrates for bisretinoid formation
in POS [28]. For a long time, it was believed that formation of these products requires
light exposure to photoactivate rhodopsin, which then releases AtRAL. It has been shown,
however, that RPE65−/− mice, which cannot produce 11cRAL, do not accumulate one
of the well-known bisretinoids—A2E [29], a product of the reaction of two molecules of
retinal and phosphatidylethanolamine [30]. It seems that AtRAL staying in POS prefers
to bind to the phosphatidylethanolamine present in POS membranes forming an adduct
called N-retinylidene-phosphatidylethanolamine (NRPE) [31,32]. NRPE is transported
across photoreceptor disc membranes by the same transmembrane protein ABCR, enabling
AtRAL to be reduced to AtROL by the cytoplasmic RDH following the dissociation of
N-retinylidene-PE into retinal and PE [33]. Under some circumstances, which have not
been fully elucidated, NRPE reacts with a second molecule of AtRAL instead of hydrolyz-
ing to PE and AtRAL [32]. This reaction initiates a nonenzymatic synthetic pathway that
leads to the formation of fluorescent di-retinal compounds within the lipid bilayers of POS
including the abovementioned AtRALdi-PE, phosphatidylpyridinium bisretinoid (A2PE),
and phosphatidyl-dihydropyridine bisretinoid (A2-DHP-PE) [32].

One of the di-retinal compounds, the AtRAL dimer, although less phototoxic than
AtRAL alone [34,35], more easily undergoes photo-oxidation [36]. Products of its pho-
todegradation may lead to formation of glyoxal and methylglyoxal, which in turn may
cause irreversible modifications of retinal proteins [37]. It has also been shown that AtRAL
dimers, if accumulated at a high level, contribute to retinal pigment epithelium cell de-
generation [38]. It should also be remembered that the AtRAL dimer is a relatively large
molecule with a wedge-like structure [39]. Therefore, it occupies more space between lipid
molecules in the membrane and its possible structural impact on membrane properties
should be taken into account.



Membranes 2023, 13, 575 3 of 23

All-trans retinol, as mentioned above, is a secondary product of visual-pigment bleach-
ing, formed in the reaction of enzymatic reduction of AtRAL. In dark-adapted mice’s
eyes its concentration reaches 36.0 ± 11.8 pmol per eye [40], while in photoreceptor outer
segments its concentration has been assessed to reach 1.2 mM [41]. AtROL also appears
to be the main source of fluorescence in POS, with a slow increase in intensity observed
up to 40 min after rhodopsin deactivation [42]. Removing AtROL from POS is a rather
complicated process and largely depends on light and the level of transport proteins [43].

Possible consequences of the accumulation of AtRAL and its conjugates in POS have
been a subject of interest for several leading research groups in the world [24,32]. Their
long-term studies, however, have been focused on possible phototoxic effects of these
compounds on the function of photoreceptors and, especially, RPE cells. A potential
structural impact of AtRAL, which accumulates in POS at such high concentration, on POS
membrane properties, has not yet been studied.

In this work we focused just on this aspect. Biophysical properties of liposomes
with lipid compositions resembling the lipid compositions of three types of photoreceptor
membranes were studied employing electron paramagnetic resonance (EPR) spectroscopy
and spin labeling technique in the absence and in the presence of all-trans retinal and
other selected retinoids. Additionally, molecular dynamics (MD) simulations were used to
confirm selected retinoids’ localization within the membrane.

2. Material and Methods
2.1. Chemicals and Lipids

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine
(PDHAPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-
2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine (PDHAPE), cholesterol (Ch), and
the spin labels 1,2-dipalmitoyl-sn-glycero-3-phospho(tempo)choline (T-PC) and 1-palmitoyl-
2-stearoyl-(n-doxyl)-sn-glycero-3-phosphocholine (n-PC, where n = 5, 7, 10, 12 or 16) were
purchased from Merck KGaA (Darmstadt, Germany)

Retinoids: all-trans retinal (AtRAL) and all-trans retinol (AtROL) were purchased
from Merck KGaA (Darmstadt, Germany). 11-cis retinal (11cRAL) was a generous gift from
Lisa A. Neuhold, Program Director for Retinal Cell Biology and Development of Novel
Therapies, National Eye Institute, NIH, USA. The chemical structures of the retinoids used
in this work are shown in Figure 1.
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2.2. All-Trans Retinal Dimer Synthesis

All-trans retinal dimer was synthesized and purified according to a previous report
by Verdegem et al. [44]. AtRAL (1000 mg, 3.52 mM) was dissolved in 8 mL of anhydrous
tetrahydrofuran (THF). NaH (60% dispersion in mineral oil) (162 mg, 4.04 mM) was
washed with dry pentane in the glovebox and added to the reaction mixture (reactions
carried out with neat 90% NaH gave 0% conversion). The mixture was stirred for 3 h at
room temperature in the dark and the reaction was terminated by dropwise addition of
a saturated ammonium chloride solution (NH4Cl). The mixture obtained was extracted
with diethyl ether (3 × 20 mL). The organic phase was washed with brine and dried with
anhydrous magnesium sulphate. The organic phase was evaporated under vacuum at
room temperature. The AtRAL dimer was purified using silica gel column chromatography
with n-hexane:Et2O (5:1). A total of 400 mg (41%) of the AtRAL dimer was yielded with
90% purity. The identity and purity of the AtRAL dimer was confirmed using 1H NMR
spectroscopy, UV-VIS absorbance, and RP-HPLC with monitoring at 430 nm. The AtRAL
dimer was lyophilized and stored at −80 ◦C under argon.

2.3. Preparation of Liposomes

According to the lipid composition of three types of membranes present in photorecep-
tor outer segments [5–7], liposomes with three different lipid compositions were prepared.

The plasma membrane model consisted of PC (DMPC, POPC) and PE (POPE, PDHAPE)
in a 5:1 molar ratio with a low concentration (5 mol%) of docosahexaenoic acid residues
esterified in PE. The cholesterol content was 40 mol%. Young disc model membranes
consisted of PC (DMPC, POPC, PDHAPC) and PE (POPE, PDHAPE) in a 1:1 molar ratio
with a high concentration (35 mol%) of docosahexaenoic acid residues esterified in both
phospholipids and 30 mol% Ch. Old disc model membranes consisted of PC (DMPC, POPC,
PDHAPC) and PE (POPE, PDHAPE) in a 1:1 molar ratio with a high concentration (35 mol%)
of docosahexaenoic acid residues esterified in both phospholipids, and a low concentration
of Ch, 5 mol%. Liposomes representing each type of photoreceptor membranes were
enriched with selected retinoids (AtRAL, AtROL, 11-cis RAL, or AtRAL dimers). Liposomes
not containing retinoids served as control samples. The lipid composition of the studied
model membranes is presented in Table 1.

Table 1. Lipid composition of studied model membranes resembling three types of membranes
naturally occurring in photoreceptor outer segments.

Plasma Membrane Young Disc Membrane Old Disc Membrane

PC:PE ratio
PUFA content

PC:PE, 5:1
PUFA 5 mol%

PC:PE, 1:1
PUFA 35 mol%

PC:PE, 1:1
PUFA 35 mol%

DMPC 2 mM 1 mM 1 mM

POPC 3 mM 1.5 mM 2.75 mM

(16:0)(22:6)PC - 1 mM 1. mM

(16:0)(22:6)PE 0.5 mM 2.5 mM 2.5 mM

POPE 0.5 mM 1 mM 2.25 mM

Cholesterol 4 mM 3 mM 0.5 mM

n-PC 0.1 mM 0.1 mM 0.1 mM

Retinoid 0 mM (control) or 1 mM 0 mM (control) or 1 mM 0 mM (control) or 1 mM

The liposomes were prepared using the following method. Briefly, chloroform solu-
tions of lipids (containing 5 µmol of total lipids), ethanol solutions of respective retinoids
(10 mol%, if applicable), and chloroform solutions of doxyl spin labels (1 mol%) were mixed,
the organic solvent was evaporated with a stream of nitrogen, and the lipid film on the
bottom of the test tube was additionally dried under reduced pressure (about 0.1 mm Hg)
for 2–3 h. A volume of 0.5 mL of a buffer (PBS—phosphate buffered saline) was added
to the dried film at a temperature well above the lipid phase transition temperature and
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vortexed vigorously. Then, the multilamellar liposome suspensions were subjected to
freeze–thawing procedures, and centrifuged at 14,000× g for 10 min at 4 ◦C. The resulting
pellet was then used for EPR measurements.

2.4. EPR Measurements

Due to their nitroxide-free radical moiety attached to the polar phosphatidylcholine
headgroup or to the 5th, 10th, or 16th carbon atom in the acyl chain, applied phospholipid
spin labels monitor different regions in the lipid bilayer. To get information about mem-
brane fluidity, the order parameter S and correlation times τ2B and τ2C were calculated
based on spin labels’ EPR spectra recorded at 310 K and 298 K. Representative EPR spectra
of 16-PC and 5-PC with marked key values for calculation of these parameters are presented
in Supplementary Material Figure S1.

In the case of n-PC, the S parameter reflects the segmental order parameter of the
hydrocarbon chain segment to which the nitroxide fragment is attached. This parameter is
a measure of the semi-cone angle Θc within which the wobbling motion of this segment is
confined [45]:

S = cos Θc (1 + cos Θc)/2

The S parameter can be calculated based on the spectral parameters for all n-PC spin
labels according to Marsh, 1981 [46]:

S = 0.5407 (T′II − T′⊥)/ao

ao = (T′II + 2T′⊥)/3

where 2T′II and 2T′⊥ are the distances between the outer and inner spectral extrema,
respectively, (Figure S1) and ao is an isotropic hyperfine interaction constant.

The nearly isotropic motion of 16-PC allows employment of another approach to the
interpretation of its spectra, namely use of the correlation times. They can be calculated
according to two slightly different formulas, giving τ2B and τ2C, respectively [47]:

τ2B = 6.51·10−10·∆H0

[(
h0

h−

) 1
2
−
(

h0

h+

) 1
2
]

s

τ2C = 6.51·10−10·∆H0

[(
h0

h−

)1/2
+

(
h0

h+

)1/2
− 2

]
s

where h0, h−, and h+ are the amplitudes of the respective spectral lines, and ∆H0 is a
linewidth of the central line (Figure S1). In the case of an isotropic movement, both times
are the same or very similar. The more anisotropic the motion, the greater the difference
between both times.

For polarity measurements, the z component of the hyperfine interaction tensor (2AZZ)
was obtained directly from the spectra of spin labels in frozen liposomes (134 K) as the
distance between the outermost extrema. We related the 2Azz values in the membrane to
those in the bulk solvent, by which the approximate dielectric constant ε at selected depths
in the membrane can be estimated [48]. In detail, this method is based on the dependence
of unpaired electron spin density at the nitrogen nucleus on solvent polarity. Polar solvents
tend to increase the unpaired electron spin density at the nitrogen atom and, therefore, to
affect the hyperfine interaction between the unpaired electron spin and the nitrogen nuclear
spin. The enhanced interaction can be observed as an increase in 2Azz. Measuring 2Azz
allows to distinguish between the motional and solvent effects on the spectrum because at
low temperatures no appreciable molecular motion is detected at a time scale of 10−7 s. We
have also shown in our old papers that the data obtained at low temperatures correlated
well with measurements of ion penetration into various parts of the membrane performed
at physiological temperatures [48,49].
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The EPR measurements were performed using a Bruker EMX spectrometer (Bruker,
BioSpin, Rheinstetten, Germany) equipped with a temperature control unit (EMX ER
4141 VT). The suspension of spin-labeled liposomes was placed in a gas-permeable capillary
(i.d. 0.7 mm) made of TPX and located inside the EPR Dewar insert in the resonant cavity of
the spectrometer. The sample was deoxygenated with nitrogen gas (about 10 min), which
was also used for temperature control.

2.5. Statistical Analysis

Statistical analysis was performed using Sigma Plot 12.5 software (Alfasoft, Göte-
borg, Sweden). Analyzed data were obtained from three to four (in the case of all-trans
retinol) independent measurements performed on new liposome batches. Statistically
significant, marked with * or **, were the results for which the p-level was p < 0.05 and
p < 0.02, respectively.

2.6. Molecular Dynamics Simulation

The four model systems used in this study consisted of 250 POPC, 16 selected retinoids,
and 15,000 water molecules. A fifth system, without retinoid molecules, was used as a
reference. In addition, sodium and chloride ions were added in physiologically relevant
concentrations (0.15 M). The models of retinoid molecules were built using the Pymol
program [50]. To diversify the location preference of AtRAL, 11cRAL, and AtRAL dimer
molecules, eight retinoid molecules were placed in the hydrocarbon chain region of phos-
pholipids, parallel to the POPC molecules: four retinoid molecules with the carbonyl group
facing into the core of the membrane and four molecules with these groups facing into the
water phase. The other eight were placed at the lipid–water interface, perpendicular to the
normal orientation of the membrane surface. The CHARMM-GUI server [51] was used to
build the bilayer system. For lipids and ions CHARMM36 parameters [52], for retinoids
CHARMM/CGenFF parameters [53], and for water TIP3P parameters [54] were used. The
particle mesh Ewald (PME) method [55] was used for computing Coulomb interactions.
The non-bonded interactions were cut off at 12 Å. The 3D periodic boundary conditions
with minimum image convention were used. All CH, CO, and OH bonds were constrained
during simulations using the LINCS algorithm allowing the time step to be extended to 2 fs.
Simulations were carried out under isothermal (310.15 K = 37 ◦C, which is above the main
phase-transition temperature for a pure POPC bilayer (−5 ◦C) [56]) and isobaric (1 atm)
conditions. The temperature was controlled independently for the solute and solvent
using a Nosé–Hoover thermostat [57,58]. The pressure was controlled semi–isotropically
using the Parrinello–Rahman method [59]. All four model systems were MD-simulated
for 1 µs. After the first 300 ns of the simulation, all retinoid molecules had penetrated into
the membrane. Therefore, the final 700 ns fragments of the MD trajectories were used for
calculation of the average values. The orientational order (fluctuation) of POPC acyl chains
was calculated using the molecular order parameter Smol. Smol for the nth segment of an
acyl chain is defined through Smol = 0.5 · (3cos (θn) − 1), where θn is the instantaneous
angle between the nth segmental vector (i.e., the (Cn − 1, Cn + 1) vector linking n − 1 and
n + 1 carbon (C) atoms in the acyl chain) and the normal bilayer with corrections for double
bonds [60,61]. The errors in average values of hydrogen bonds are standard deviation
estimates, and errors in average values of Smol are standard errors calculated over 7 blocks,
with each being a 100 ns fragment of trajectory.

3. Results and Discuss

In this work we studied the impact of selected retinoids: 11-cis retinal, all-trans retinal,
all-trans retinol, and all-trans retinal dimers on biophysical properties of photoreceptor
membranes in a model system. The cholesterol content and PC:PE ratio in the three types
of liposomes used in these measurements resembled the lipid composition of three types
of membranes naturally occurring in photoreceptor outer segments [62]. The impact of
retinoids introduced into the studied model membranes at a concentration of 10 mol% with
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respect to lipids was investigated in terms of biophysical properties of these membranes,
such as polarity, fluidity, and lipid order. Phosphatidylcholine ((18:0)(16:0)PC) with a
nitroxyl radical moiety attached to the PC headgroup or selected carbon atoms in the
stearyl chain introduced into studied liposomes at a concentration of 1 mol% enabled to
employ EPR spectroscopy for this research.

The EPR spectra of nitroxyl labels introduced into the liposomes modeling PM, YDM,
and ODM in the presence and in the absence (control) of selected retinoids were acquired
at three different temperatures: physiological temperature (310 K), 293 K, and 134 K. The
spectra of 5-, 10-, and 16-PC spin labels recorded in all types of studied model membranes
at 310 K in the presence of AtRAL, 11cRAL, AtROL, and AtRAL dimers are shown in
Figure 2. It can be seen that retinoids only slightly modified the EPR spectral parameters
of nitroxyl radicals. However, the most different spectra compared to the control were
acquired in the presence of 11cRAL and AtRAL dimers (Figure 2). This is probably due to
the size and spatial orientation of these two molecules in the lipid bilayer. All the obtained
results were divided and described in respect to the type of studied model membranes.
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Figure 2. Representative EPR spectra of 5-PC, 10-PC, and 16-PC nitroxyl labels introduced into
liposomes modeling photoreceptor plasma membranes (A), young disc membranes (B), and old disc
membranes (C,D). Spectra acquired in liposomes without retinoids (A–D, control, black lines) and in
the same type of model membrane liposomes containing 10 mol% of all-trans retinal (A, orange line),
11-cis retinal (B, blue line), all-trans retinol (C, green line), and all-trans retinal dimers (D, red line).
Spectra were acquired at 310 K in the absence of oxygen.

3.1. Plasma Membrane

The plasma membrane (PM) of photoreceptors contains two to three times more phos-
phatidylcholine than phosphatidylethanolamine [63,64], a high concentration of cholesterol,
and a very low amount of polyunsaturated fatty acids [63,65].

As mentioned above, EPR spectra of nitroxyl radicals in all studied model membranes
in the presence of retinoids were slightly modified (Figure 2). Small changes in EPR spectra
were also observed at lower temperatures. The results of measurements performed at 134
K enabled to determine the local polarity at different depths of the studied membranes [48]
and to plot the polarity profiles across the membranes in the absence and in the presence
of different retinoids (Figures 3, 5 and 7). The polarity profiles of the model PM with-
out retinoids (Figure 3, full symbols) correspond very well to our previously published
data [66].
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Introduction of 11cRAL and AtROL into the PM model significantly reduced mem-
brane polarity, especially in the region close to its surface (Figure 3A,C). The observed effect
was statistically significant (Table S2) and persisted up to the depth of the 10th carbon atom
in the lipid bilayer. The presence of AtRAL in turn induced only an insignificant decrease
in polarity (Figure 3B) from the membrane surface to the 10th carbon atom and a slight
increase in polarity in the center of the membrane. Statistical calculations showed that only
the change inside the lipid bilayer was significant (Table S2).

The decrease in membrane polarity induced by 11cRAL is very interesting. The
11cRAL molecule has one carbonyl group, which cannot participate in the formation of a
hydrogen bond itself, although it can be its acceptor [67]. 11cRAL can therefore penetrate
deeper into the membrane between lipid molecules, with the carbonyl group directed
towards the surface of the membrane, but far enough from the area of active formation of
hydrogen bonds. It can induce effective “closure” of polar lipid heads above each 11cRAL
molecule while reducing the possibility of penetration of the upper areas of the membrane
by water molecules [68]. The location and orientation of the functional groups of various
molecules determine their ability to form hydrogen bonds with adjacent lipid and water
molecules and thus determine the hydration state of the membrane surface. The existence
of two differently oriented carbonyl groups has been observed in lipid monolayers on
water, with the amount of “free” carbonyl groups, i.e., groups not forming hydrogen bonds,
increasing with lipid density [69]. A similar effect may occur in membranes to which an
additional pool of lipids (in this case retinoids) has been introduced. It can be expected that
some 11cRAL molecules stay in the area of active hydrogen-bond formation and some go
deeper toward the hydrophobic center of the membrane. The results of our MD simulation
(see below) seem to confirm these two possible locations of 11cRAL.

The presence of 11cRAL in the PM-modeling liposomes probably also induces a slight
increase in the volume per lipid molecule. This is due to the cis conformation of one
(C11-C12) of the five unsaturated bonds in the 11cRAL structure (Figure 1), which bends
the polyene chain of the molecule [70] at an angle of about 160 degrees [71]. Analysis of
the non-planar spatial structure of the 11cRAL molecule shows that the three elements of
the molecule (separated by the C6-C7 bond and the C12-C13 bond) lie in different planes
relative to each other [72] increasing the space occupied by the molecule. Therefore, 11cRAL
takes up more space in a membrane and disturbs the packing of lipid chains. Such an effect
should be expected especially in the model membrane imitating the plasma membrane,
which is characterized by a high concentration of Ch and a low content of PUFAs [73].
Interactions between straight and elongated chains of esterified saturated fatty acids in
phosphatidylcholines, which are the main phospholipids building the PM, are stronger and
the chains are more tightly packed than the chains of unsaturated lipids. In addition, a high
content of Ch itself has an ordering effect on lipids and strengthens the interaction between
them [74]. Thus, the introduction of a molecule with a bent polyene chain terminated with
a ring additionally stabilized by the presence of methylene groups, into the layer of highly
ordered lipids, disturbs their tight packing. Results of measurements of the lipid order
parameter in the model of the PM, especially these obtained at 310 K, seem to confirm a
slight disordering effect induced by 11cRAL in this membrane (Figure 4A).

The values of the order parameter S were the same in the presence and in the ab-
sence of AtRAL in all investigated positions within the membrane (Figure 4B). The lack
of a significant effect of AtRAL on biophysical properties of the PM model membrane
may be a consequence of its rapid reaction with phosphatidylethanolamine, which is
present, although in a minor concentration, in this membrane. To investigate a possible
and expected interaction of studied retinoids with cholesterol and PE, simple experiments
were performed. In PM- and YDM-modeling liposomes, which contain large amounts of
Ch, spontaneous lipid sorting and membrane-domain formation are highly probable [75].
11cRAL, AtRAL, and AtROL were introduced into these types of liposomes, which were
then incubated with triton X-100 on ice. This procedure leads to a separation of Ch- and
saturated lipids-enriched domains (detergent-resistant membrane domains, DRM) and PUFA-
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enriched membrane domains (detergent-sensitive membrane domains, DSM) [76–78]. Lipids
(including retinoids) present in both domains were extracted using Folch’s method [79],
and the amount of each retinoid located in both domains was assessed using UV/vis
spectroscopy (Supplementary Material). Collected absorption spectra are presented in
Supplementary Material Figure S2. The results of this experiment indicate that in PM-
modeling liposomes 11cRAL localizes equally in both membrane domains (Figure S2A).
However, in YDM, in which the Ch concentration is similar to that PM but the PE concen-
tration is much higher, 11cRAL localizes mainly in the PUFA-enriched membrane domain.
Obviously, 11cRAL interacts with PE (which is mainly PUFA-esterified [80]) leading to for-
mation of their reaction product with a slightly different absorption spectrum (Figure S2B).
The observed effect is even stronger in the case of AtRAL (Figure S2C), as in this reaction
all-trans retinal is favored over its cis-isomers [81]. Carbonyl groups of AtRAL in the
presence of PE easily form Schiff bases with the amino groups of PE and such reaction
products, although unstable and disappearing after dilution (Figure S2C,D) preferentially
stay in DSM (Figure S2). In DSM enriched in unsaturated lipids, a possible disturbing effect
of the presence of retinoids is negligible. Spontaneous reactions of AtRAL with PE and the
presence of its product in discs membranes has been well known for decades [1]. It is worth
mentioning that AtRAL in liposomes containing various lipids, which spontaneously form
different lipid domains in the membrane, but lacking phosphatidylethanolamines, localizes
in DRM enriched in Ch and saturated lipids.
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All double bonds present in the polyene chain of AtROL are in trans conformation,
which makes it straight and elongated (Figure 1). On the other hand, the hydroxyl group of
AtROL, which is more polar than the carbonyl group present in 11cRAL and AtRAL, places
the AtROL molecule closer to the polar heads of membrane lipids [82]. A hydroxyl group
itself can form hydrogen bonds with water molecules present at the membrane surface [83].
Due to the hydrophobic ring, which is probably located at the depth corresponding to
the middle areas of esterified fatty acid chains in phospholipids, the effect of AtROL may
resemble the effect of cholesterol. Cholesterol also contains a hydroxyl group, which
anchors this molecule near the surface of the membrane and actively participates in the
formation of hydrogen bonds. On the other hand, the steroid system of Ch interacts
effectively with fatty acid residues, partially immobilizing them and causing an ordering
effect [84]. AtROL, although to a lesser extent, clearly increases the order of lipids at a
depth of the 10th carbon atom of fatty acid residues (Figure 4C). Consequently, it makes
this part of the membrane less susceptible to deformation and protects the deeper layers of
the membrane against penetration by water molecules.
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3.2. Young Disc Membranes

Young disc (YD) membranes are characterized by comparable contents of PC and
PE, as well as a high concentration of both PUFA-containing phospholipids and Ch. It
seems that such a lipid composition minimizes the structural effects of retinoids, which
were already rather weak in the PM model. Comparison of EPR spectra acquired in the
absence (control) and in the presence of 11cRAL at 310 K showed almost undetectable
differences between them (Figure 2B). The values of the 2AZZ parameter calculated from the
spectra recorded at a temperature of 134 K indicated that the effect of the retinoids on the
polarity of the YDM model was negligible, and the noted differences were not statistically
significant (Table S3). The plotted polarity profiles of YDM model in the absence and in
the presence of three studied retinoids clearly confirmed these observations (Figure 5).
Although the polarity of membranes containing 11cRAL and AtRAL in the region of the
polar heads was lower than in the case of the control (Figure 5A,B), no visible differences
existed in the deeper layers of the YDM model. It seems that due to the high content
of PUFAs in the membranes of young discs, the introduction of a molecule with a bent
polyene chain (11cRAL) or even a straight and elongated chain (AtRAL) is no longer of
great importance, compared to the changes induced by the high degree of unsaturation
of the lipids themselves [85]. The most significant, however, is the large amount of PE in
YDM, which, as already discussed above, reacts efficiently with both isomers of retinal and
determines the location of this reaction product in PUFA-enriched membrane domains. A
reversed effect, though very weak, was observed when AtROL was present in the YDM
model. In this case, the polarity slightly increased across the entire membrane (Figure 5C),
which indicates the key role of the hydroxyl group of AtROL, which actively participates in
the formation of hydrogen bonds and does not allow the AtROL molecule to enter deeper
into the membrane [82]. An increased amount of PE, whose polar heads occupy a much
smaller volume and adhere more closely to each other compared to phosphatidylcholines,
leads to a self-assembly of PE molecules with a cone shape in the bilayer [86]. AtROL,
which also localizes in DSM domains (Figure S2), enters between PE molecules pushing
them apart and increasing water penetration into the membrane.

Most of the PUFAs present in photoreceptor outer segments are represented by do-
cosahexaenoic acid (22:6,ω-3) with six double bonds in the cis conformation. This results
in a much lower lipid packing in YDM compared to the PM [87], even in the presence of
high concentrations of Ch. Thus, the addition of 11cRAL with its bent polyene chain to
the membranes imitating young discs does not induce a visible effect on the degree of
lipid packing (order parameter S) in the bilayer (Figure 6A). On the other hand, in case
of AtRAL, which is equipped with a straight polyene chain terminated with a carbonyl
group, a clear increase in lipid order parameter was noticeable (Figure 6B). It may be just
the effect of enhancing of cholesterol ordering effect in this membrane or a result of specific,
although unknown, orientation of the AtRAL–PE reaction product among lipid molecules.
This assumption is supported by the fact that AtROL, which obviously does not react with
PE, has a slightly reversed or no impact on lipid ordering in YDM.
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Figure 5. Polarity profiles across young disc membrane models (PC:PE, 1:1; Ch, 30 mol%; PUFAs,
35 mol%) containing 11-cis retinal (A), all-trans retinal (B), and all-trans retinol (C). The spectra were
acquired at 134 K. Upward changes in 2Azz indicate a decrease in polarity. Full symbols denote
control membranes and empty symbols membranes containing retinoids. Approximate locations of
the nitroxide moieties of spin labels are indicated by arrows.
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3.3. Old Disc Membranes

Although the membranes of old discs (OD) in photoreceptor outer segments contain a
comparable amount of PUFAs to that found in young discs, the concentration of Ch in these
membranes is much lower [73]. This unique lipid composition makes these membranes
very fluid and less ordered. Regeneration of rhodopsin in the OD membranes is much
slower [88]; thus, temporary accumulation of AtRAL is significantly higher and formation
of various condensation products (bisretinoids) is more probable. Therefore, the impact of
all-trans retinal dimers, products of AtRAL conjugation, was additionally studied in the
ODM model.

EPR spectra of nitroxyl labels in liposomes imitating the OD membrane containing
AtROL and AtRAL dimers acquired at 310 K are presented in Figure 2C,D, respectively.
None of the studied retinoids revealed a significant impact on the structural properties of the
ODM model; however, AtRAL dimers seemed to be the most efficient in inducing noticeable
changes in membrane polarity and lipid ordering. The calculated 2AZZ parameters for
all studied retinoids in OD model membranes are presented in Tables S1 and S4. The
polarity profiles across the ODM model in the absence and in the presence of all studied
retinoids indicated that after the introduction of 11cRAL there was a slight increase in
hydrophobicity in the region of the polar heads of the lipid bilayer (Figure 7A), but this
change was not statistically significant (Table S4). A reversed effect, i.e., a noticeable
increase in membrane polarity in this region was caused by AtRAL (Figure 7B) and AtROL
(Figure 7C), however to a lesser extent. High contents of PUFAs in this type of membrane
accompanied by low concentrations of Ch cause loose packing of lipid molecules. Therefore,
filling the space between lipid molecules with 11cRAL does not affect their interaction and
degree of their ordering (Figure 8A). In the case of AtRAL however, a small increase in
the lipid order parameter was observed (Figure 8B). This effect, observed already in YD
model membranes, was clearly weaker in the case of ODM. It results from a much lower
concentration of Ch, the impact of which seems to be strengthened by retinoids. A similar
effect, already discussed in analogy to Ch action in membranes, should be expected for
AtROL, but in this case detected differences in the S parameter in OD model membranes
were negligible.

AtRAL dimers significantly increased the polarity inside the OD model membranes
(Figure 7D). This molecule occupies a much bigger volume compared to the other retinoids
and, entering between mainly loosely packed lipid molecules, makes them squeeze together
to make enough room for it. The lipid order parameters determined at different depths
of OD model membranes in the presence of AtRAL dimers confirmed this observation. It
dramatically increased lipid ordering in OD model membranes between the 5th and 10th
carbon atom of fatty acids chains inside the membrane.
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Figure 7. Polarity profiles across old disc membrane models (PC:PE, 1:1; Ch, 5 mol%; PUFAs,
35 mol%) containing 11-cis retinal (A), all-trans retinal (B), all-trans retinol (C), and all-trans retinal
dimers (D). The spectra were acquired at 134 K. Upward changes in 2Azz indicate a decrease
in polarity. Full symbols denote control membranes and empty symbols membranes containing
retinoids. Approximate locations of the nitroxide moieties of spin labels are indicated by arrows.
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3.4. Correlation Times

Due to the nearly isotropic motion of 16-PC in the membrane, parameters of its EPR
spectra acquired at RT (293 K) and physiological temperature (310 K) may be used for
determination of the spin label rotational correlation times, τ2B and τ2C. The collected
results obtained for all studied types of model membranes in the absence and in the
presence of retinoids are presented in Figure 9. The τ2C correlation time was clearly longer
than the τ2B time in all membrane models. However, the most significant difference
between these times (up to 30%) occurred in the plasma membrane, while in the OD model
membrane the observed difference did not exceed 10%, especially in samples measured at
310 K. These results confirm the significant effect of cholesterol on the anisotropy (freedom
and direction) of possible movements of spin labels as well as the influence of Ch itself on
the effect exerted by retinoids. The presence of both AtRAL and AtROL increased diffusion
correlation times in all studied model membranes. However, in the case of AtRAL this
effect was more pronounced (Figure 9) and was consistent with the observed increase in
lipid ordering caused by AtRAL in the YDM model. Lipid mobility in the central region of
the bilayer (depth of the 16th carbon atom in the chain) in all studied membrane models
in the presence of 11cRAL was the same as in the control (Figure 9). This is because a
bent polyene chain of 11cRAL makes this molecule shorter than its analogue AtRAL, in
which all bonds are in the trans conformation. Although 11cRAL seemed to locate deeper
into the lipid bilayer, its presence had no noticeable impact on 16-PC label surroundings.
Significant impact, although only for the τ2C time, was observed in OD model membranes
in the presence of AtRAL dimers.

Summing up the obtained results, it seems that 11cRAL has very little effect on the
biophysical parameters of young and old disc model membranes, i.e., in these membranes
in which rhodopsin concentration is very high [89]. Although some structural changes
due to elevated 11cRAL concentrations were observed in the PM model, it should be
remembered that the concentration of 11cRAL in photoreceptor membranes never reaches
a level close to 1mM as used in these studies. 11cRAL is introduced into photoreceptors
to regenerate deactivated Rh, and this process seems to be quite well controlled [90].
Moreover, a mechanism exists in photoreceptor outer segments, which counteracts even
the temporary accumulation of 11cRAL [90]. Thus, the structural effect of 11cRAL, even
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if well pronounced in the PM model, is unlikely to have physiological significance. Most
important from a physiological point of view were studies concerning the role of AtRAL
on structural properties of model membranes, as this retinoid accumulates in significant
concentrations in POS membranes after Rh bleaching [24]. Our results clearly show that
changes induced in these membranes by AtRAL are rather insignificant and do not have an
impact on membrane function. The presence of AtRAL at a concentration reaching 10 mol%
of the total concentration of lipids has a minor effect on membrane fluidity and polarity,
properties which determine the rate of the first steps in the visual signal transduction
process in photoreceptors.
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3.5. Molecular Dynamic Simulation

All investigated retinoid molecules penetrated the membrane. Most molecules pen-
etrated within the first 1–10 ns of the simulation, with only a few molecules remaining
in the aqueous phase for the first 100–200 ns (Figures 10, 11 and 13). Z–coordinate plots
for the center of mass and selected atoms of 16 molecules of 11cRAL, AtRAL, and AtRAL
dimers used in MD simulations are presented in Supplementary Material Figures S4–S6.
Immediate entry of the molecules, placed in the water phase above the POPC membrane at
the start point of the simulation, into this membrane makes it difficult to pinpoint these
molecules (Figures S4–S6). Similarly, it is difficult to identify the retinoid molecules which
were placed, at the beginning of the simulation, inside the membrane with their carbonyl
groups directed to the interior of the membrane. Their rotation, directing the carbonyl
group towards the surface of the membrane, happened very fast (Figures S4–S6). During
the simulation, virtually every molecule repeatedly passed from one layer of the membrane
to another, with AtRAL molecules more often than AtRAL dimer ones, with the time
scale of the process being 5–40 ns. All investigated retinoid molecules were located in
the hydrophobic part of the membrane, with the retinoid carbonyl oxygen atoms at the
height of the POPC carbonyl oxygen atoms and facing towards the interphase. For further
analyses, the final 700 ns of the simulations, when all retinoid molecules were embedded
inside the membrane, were considered. The results of performed MD simulations clearly
indicated that in a simple POPC membrane, retinoid molecules locate close to the hy-
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drophobic interior of the lipid bilayer, and it is there that a significant effect of the presence
of retinoids should be expected. To confirm this observation experimentally, a series of
EPR measurements was performed in POPC liposomes containing nitroxyl radicals in the
absence and in the presence of AtRAL. Indeed, the results of this experiment showed that
AtRAL dramatically increased the hydrophobicity of the POPC membrane interior. The
polarity profile across the POPC membrane in the presence of AtRAL (Figure 12, open sym-
bols) additionally confirmed how important for retinoid impact on membrane properties
the other membrane components are, such as cholesterol and phosphatidylethanolamine.
These lipids seem to determine retinoid location and behavior in the lipid bilayer.
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were lower than the S values obtained using EPR, because the simulated membrane did 
not contain cholesterol. Nevertheless, the results obtained using both techniques agreed 
very well showing a slight stiffening effect of AtRAL and AtRAL dimers on membranes, 
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(B)—end, 1 µs. Water molecules are removed for clarity.

The values of the order parameter (Smol) in POPC membrane alone and in the presence
of 11cRAL, AtRAL, or AtRAL dimers were also calculated, based on MD simulations
(Figure 14). The Smol parameter was calculated for palmitic acid chain esterified at the
sn1 position (Figure 14A) and for oleic acid chain esterified at the sn2 position (Figure 14B)
separately. In these chains all retinoids slightly increased the values of Smol, but the
effect was stronger for the saturated chain. The ordering effect was, however, clearly
more pronounced in the case of the AtRAL dimers. These results, performed on a simple
unsaturated membrane model consisting of POPC, confirm the experimental data obtained
from the EPR measurements, especially these performed on the ODM model (Figure 8D).
The noticeable increase in lipid ordering in the ODM model was induced by AtRAL
and, much stronger, by AtRAL dimers. In general, the Smol values obtained from MD
simulations were lower than the S values obtained using EPR, because the simulated
membrane did not contain cholesterol. Nevertheless, the results obtained using both
techniques agreed very well showing a slight stiffening effect of AtRAL and AtRAL dimers
on membranes, especially in their central part. An analysis of the number of hydrogen
bonds formed between retinoids and water molecules was also performed (Table 2). Only a
few hydrogen bonds with water were observed due to the location of the retinoid molecules
in the POPC hydrocarbon chain region. AtRAL dimer molecules formed a lower number of
hydrogen bonds, which may be due to the deeper localization of these molecules, resulting
in their reduced exposure to the aqueous environment. Analysis of the effect of the presence
of AtRAL and AtRAL dimer molecules on the number of hydrogen bonds between POPC
molecules and water confirmed the negligible influence of retinoid molecules on the lipid–
water interactions.

Table 2. Average number of hydrogen bonds between retinoid molecule (considering single atoms)
and POPC (considering oxygen atoms of phosphate (Op) and carbonyl groups (Oc)) and between
retinoid and water (RET-WATER). POPC: Op—phosphate group, Oc—carbonyl group. Only retinoid
molecules which are present in the membrane are considered.

POPC-WATER POPC Op-WATER POPC Oc-WATER RET-WATER

REF 7.07 ± 0.1 5.27 ± 0.07 1.8 ± 0.06 — — —

11-cis RAL 7.14 ± 0.1 5.32 ± 0.07 1.83 ± 0.06 0.41 ± 0.15

All-trans RAL 7.13 ± 0.1 5.31 ± 0.07 1.82 ± 0.06 0.63 ± 0.16

All-trans RAL DIMER 7.15 ± 0.1 5.32 ± 0.07 1.83 ± 0.06 0.41 ± 0.14
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4. Conclusions

MD simulations performed for 11cRAL, AtRAL, and AtRAL dimers in simple POPC
membranes indicate that the two former retinoids locate inside the membrane with the long
axes of their molecules laying parallelly to lipid molecules, while the latter one penetrates
even deeper into the membrane and localizes closer to the hydrophobic interior. All studied
retinoid molecules align themselves with a carbonyl group directed towards the surface of
the POPC membrane. Experiments performed in such simple POPC membranes containing
AtRAL confirm that the most significant changes induced by AtRAL appear inside the
lipid bilayer. However, in liposomes modeling three types of photoreceptor membranes,
retinoids’ impact on their biophysical properties are determined and limited by the presence
of cholesterol and phosphatidylethanolamine. Moreover, it seems that retinoids’ interaction
with PE is more significant and stronger than their interaction with cholesterol. AtRAL and
11cRAL, especially in disc membranes, in which the PC to PE ratio is 1:1, react with PE
leading to formation of a transient product via Schiff-base-type bonds.

The highly positive outcome of our study is that the temporary accumulation of all-
trans retinal in photoreceptor outer segment membranes of all types has no significant
impact of biophysical properties of these membranes. Their unique lipid composition, i.e.,
the presence of a high concentration of cholesterol in the case of PM and YD membranes,
especially a high level of PE in young and old disc membranes, prevents them from dramatic
changes which could be caused by retinoids, especially AtRAL, which accumulates there in
significant concentrations.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/membranes13060575/s1, Figure S1: Representative spec-
tra of 16-PC (A) and 5-PC (B) with marked key values for calculation of structural parameters;
Figure S2: Absorption spectra of Folch’s extracts of lipid domains: detergent resistant (DRM) and
detergent sensitive (DSM) membrane domains formed in liposomes modelling photoreceptor plasma
membrane and young discs membrane containing selected retinoids; Table S1: Values of 2Azz in
plasma membrane model in the absence and in the presence of selected retinoids; Table S2: Values
of 2Azz in young disc membrane model in the absence and in the presence of selected retinoids;
Table S3: Values of 2Azz in old disc membrane model in the absence and in the presence of selected
retinoids; Table S4: Values of 2Azz in old disc membrane model in the absence and in the presence of
all-trans retinal dimer; Figure S3: Structures of retinoids, location of which has been studied using
MD in POPC model membrane, with selected atoms marked; Figure S4: Z–coordinate plots for
the centre of mass (black line), oxygen (red) and carbon C3 (dark green) atoms of 16 molecules of
11-cis retinal. Dashed grey lines indicate the mean (from the entire simulation time) position of the
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P (phosphorus) atom of lipids. Figure S5: Z–coordinate plots for the center of mass (black line),
oxygen (red) and carbon C3 (dark green) atoms of 16 molecules of all-trans retinal. Dashed grey lines
indicate the mean (from the entire simulation time) position of the P (phosphorus) atom of lipids.
Figure S6: Z–coordinate plots for the center of mass (black line), oxygen (red), C5 (green) and C7 (dark
green) carbon atoms of 16 molecules of AtRAL dimer. Dashed grey lines indicate the mean (from the
entire simulation time) position of the P (phosphorus) atom of lipids. References [46,47,77–79,91] are
cited in the Supplementary Materials.

Author Contributions: Conceptualization: A.M.P., methodology: A.M.P., A.W.-B. and M.M.; val-
idation,: A.M.P., A.W.-B., M.M. and T.S.; formal analysis: S.R., A.M.P., A.W.-B., M.M., S.B., J.G.;
investigation, S.R., S.B., J.F., J.W., J.G.; resources, A.M.P., A.W.-B., M.M., J.F. and T.S.; writing—original
draft preparation, A.M.P., A.W.-B., M.M., J.G. and J.F.; writing—review and editing, A.M.P., A.W.-B.,
M.M.; supervision, A.M.P., A.W.-B., M.M. and T.S.; funding acquisition, A.M.P., J.F. and T.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Priority Research Area BioS (POB BioS) under the “Excellence
Initiative—Research University” program at the Jagiellonian University in Krakow (AMP, SR) and
National Science Centre, Poland (Grant no. 2018/31/N/NZ1/01639) (JF).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data created during implementation of this project will be deposited
and then available at Jagiellonian University Repository.

Acknowledgments: A.P. acknowledges the Priority Research Area BioS (POB BioS) under the “Excel-
lence Initiative—Research University” program at the Jagiellonian University in Krakow for financial
support of Sz.R.’s MSc thesis. J.F. would like to acknowledge the National Science Centre, Poland
for financial support (Grant no. 2018/31/N/NZ1/01639). T.S. thanks the Retinal Cell Biology and
Development of Novel Therapies, National Eye Institute/NIH, USA for providing 11-cis retinal.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Anderson, R.E.; Maude, M.B. Phospholipids of bovine outer segments. Biochemistry 1970, 9, 3624–3628. [CrossRef] [PubMed]
2. Borggreven, J.M.P.M.; Daemen, F.J.M.; Bonting, S.L. Biochemical aspects of the visual process: VI. The lipid composition of native

and hexane-extracted cattle rod outer segments. Biochim. Et Biophys. Acta (BBA) Lipids Lipid Metab. 1970, 202, 374–381. [CrossRef]
3. Terrasa, A.M.; Guajardo, M.H.; Marra, C.A.; Zapata, G. α-Tocopherol protects against oxidative damage to lipids of the rod outer

segments of the equine retina. Vet. J. 2009, 182, 463–468. [CrossRef] [PubMed]
4. Bazan, H.E.; Bazan, N.G.; Feeney-Burns, L.; Berman, E.R. Lipids in human lipofuscin-enriched subcellular fractions of two age

populations. Comparison with rod outer segments and neural retina. Investig. Ophthalmol. Vis. Sci. 1990, 31, 1433–1443.
5. Albert, A.D.; Young, J.E.; Paw, Z. Phospholipid fatty acyl spatial distribution in bovine rod outer segment disk membranes.

Biochim. Et Biophys. Acta (BBA) Biomembr. 1998, 1368, 52–60. [CrossRef]
6. Boesze-Battaglia, K.; Albert, A.D. Phospholipid distribution among bovine rod outer segment plasma membrane and disk

membranes. Exp. Eye Res. 1992, 54, 821–823. [CrossRef]
7. Boesze-Battaglia, K.J.; Fliesler, S.J.; Albert, A.D. Relationship of cholesterol content to spatial distribution and age of disc

membranes in retinal rod outer segments. J. Biol. Chem. 1990, 265, 18867–18870. [CrossRef]
8. Seregard, J.S.; Algvere, P.V. Photochemical damage of the retina. Surv. Ophthalmol. 2006, 51, 461–481.
9. Rozanowska, M.; Sarna, T. Light-induced damage to the retina: Role of rhodopsin chromophore revisited. Photochem. Photobiol

2005, 81, 1305–1330. [CrossRef]
10. Boulton, M.; Rozanowska, M.; Rozanowski, B. Retinal photodamage. J. Photochem. Photobiol. B 2001, 64, 144–161. [CrossRef]
11. Damsgaard, C.; Country, M.W. The Opto-Respiratory Compromise: Balancing Oxygen Supply and Light Transmittance in the

Retina. Physiology 2022, 37, 101–113. [CrossRef] [PubMed]
12. Imamoto, Y.; Shichida, Y. Cone visual pigments. Biochim. Biophys. Acta 2014, 1837, 664–673. [CrossRef] [PubMed]
13. Papermaster, D.S.; Dreyer, W.J. Rhodopsin content in the outer segment membranes of bovine and frog retinal rods. Biochemistry

1974, 11, 2438–2444. [CrossRef] [PubMed]
14. Lamb, T.D.; Pugh, E.N. Dark adaptation and the retinoid cycle of vision. Prog. Retin. Eye Res. 2004, 23, 307–380. [CrossRef]
15. Fukagawa, T.; Takafuji, K.; Tachibanaki, S.; Kawamura, S. Purification of cone outer segment for proteomic analysis on its

membrane proteins in carp retina. PLoS ONE 2017, 12, e01739082017. [CrossRef]

https://doi.org/10.1021/bi00820a019
https://www.ncbi.nlm.nih.gov/pubmed/5509846
https://doi.org/10.1016/0005-2760(70)90201-8
https://doi.org/10.1016/j.tvjl.2008.08.008
https://www.ncbi.nlm.nih.gov/pubmed/18829353
https://doi.org/10.1016/S0005-2736(97)00200-9
https://doi.org/10.1016/0014-4835(92)90040-Y
https://doi.org/10.1016/S0021-9258(17)30594-X
https://doi.org/10.1562/2004-11-13-IR-371
https://doi.org/10.1016/S1011-1344(01)00227-5
https://doi.org/10.1152/physiol.00027.2021
https://www.ncbi.nlm.nih.gov/pubmed/34843655
https://doi.org/10.1016/j.bbabio.2013.08.009
https://www.ncbi.nlm.nih.gov/pubmed/24021171
https://doi.org/10.1021/bi00708a031
https://www.ncbi.nlm.nih.gov/pubmed/4545509
https://doi.org/10.1016/j.preteyeres.2004.03.001
https://doi.org/10.1371/journal.pone.0173908


Membranes 2023, 13, 575 21 of 23

16. Gunkel, M.; Schöneberg, J.; Alkhaldi, W.; Irsen, S.H.; Noé, F.; Kaupp, U.B.; Al-Amoudi, A. Higher-order architecture of rhodopsin
in intact photoreceptors and its implication for phototransduction kinetics. Structure 2015, 23, 628–638. [CrossRef]

17. Pajares, M.A.; Rando, R.R. The active-site environment of rhodopsin. J. Biol. Chem. 1989, 264, 6804–6809. [CrossRef]
18. Srinivasan, S.; Guixà-González, R.; Cordomí, A.; Garriga, P. Ligand Binding Mechanisms in Human Cone Visual Pigments. Trends

Biochem. Sci. 2019, 44, 629–639. [CrossRef]
19. Hayashi, S.; Tajkhorshid, E.; Schulten, K. Photochemical reaction dynamics of the primary event of vision studied by means of a

hybrid molecular simulation. Biophys. J. 2009, 96, 403–416. [CrossRef]
20. McBee, J.K.; Palczewski, K.; Baehr, W.; Pepperberg, D.R. Confronting Complexity: The Interlink of Phototransduction and

Retinoid Metabolism in the Vertebrate Retina. Prog. Retin. Eye Res. 2001, 20, 469–529.
21. Parker, R.O.; Crouch, R.K. Retinol dehydrogenases (RDHs) in the visual cycle. Exp. Eye Res. 2010, 91, 788–792. [CrossRef]
22. Zeng, S.; Zhang, T.; Madigan, M.C.; Fernando, N.; Aggio-Bruce, R.; Zhou, F.; Pierce, M.; Chen, Y.; Huang, L.; Natoli, R.; et al.

Interphotoreceptor Retinoid-Binding Protein (IRBP) in Retinal Health and Disease. Front. Cell. Neurosci. 2020, 14, 577935.
[PubMed]

23. Saari, J.C.; Garwin, G.G.; Van Hooser, J.P.; Palczewski, K. Reduction of all-trans-retinal limits regeneration of visual pigment in
mice. Vis. Res. 1998, 38, 1325–1333. [CrossRef]

24. Maeda, T.; Golczak, M.; Maeda, A. Retinal photodamage mediated by all-trans-retinal. Photochem. Photobiol. 2012, 88, 1309–1319.
[CrossRef]

25. Maeda, A.; Maeda, T.; Golczak, M.; Palczewski, K. Retinopathy in mice induced by disrupted all-trans-retinal clearance. J. Biol.
Chem. 2008, 283, 26684–26693. [CrossRef] [PubMed]

26. Rozanowska, M.; Handzel, K.; Boulton, M.E.; Rozanowski, B. Cytotoxicity of all-trans-retinal increases upon photodegradation.
Photochem. Photobiol. 2012, 88, 1362–1372. [CrossRef] [PubMed]

27. Fishkin, N.E.; Sparrow, J.R.; Allikmets, R.; Nakanishi, K. Isolation and characterization of a retinal pigment epithelial cell
fluorophore: An all-trans-retinal dimer conjugate. Proc. Natl. Acad. Sci. USA 2005, 102, 7091–7096. [CrossRef]

28. Adler, L.; Boyer, N.P.; Chen, C.; Ablonczy, Z.; Crouch, R.K.; Koutalos, Y. Chapter-Thirty-One-The 11-cis Retinal Origins of
Lipofuscin in the Retina. In Progress in Molecular Biology and Translational Science; Hejtmancik, J.F., Nickerson, J.M., Eds.; Academic
Press: Cambridge, MA, USA, 2015; pp. e1–e12.

29. Katz, M.L.; Redmond, T.M. Effect of Rpe65 Knockout on Accumulation of Lipofuscin Fluorophores in the Retinal Pigment
Epithelium. Investig. Ophthalmol. Vis. Sci. 2001, 42, 3023–3030.

30. Parish, C.A.; Hashimoto, M.; Nakanishi, K.; Dillon, J.; Sparrow, J. Isolation and one-step preparation of A2E and iso-A2E,
fluorophores from human retinal pigment epithelium. Proc. Natl. Acad. Sci. USA 1998, 95, 14609–14613. [CrossRef]

31. Mata, N.L.; Weng, J.; Travis, G. Biosynthesis of a major lipofuscin fluorophore in mice and humans with ABCR-mediated retinal
and macular degeneration. Proc. Natl. Acad. Sci. USA 2000, 97, 7154–7159. [CrossRef] [PubMed]

32. Sparrow, J.R.; Wu, Y.; Kim, C.Y.; Zhou, J. Phospholipid meets all-trans-retinal: The making of RPE bisretinoids. J. Lipid Res. 2010,
51, 247–261. [CrossRef] [PubMed]

33. Quazi, F.; Lenevich, S.; Molday, R. ABCA4 is an N-retinylidene-phosphatidylethanolamine and phosphatidylethanolamine
importer. Nat. Commun. 2012, 3, 925.

34. Gao, Z.; Liao, Y.; Chen, C.; Liao, C.; He, D.; Chen, J.; Ma, J.; Liu, Z.; Wu, Y. Conversion of all-trans-retinal into all-trans-retinal
dimer reflects an alternative metabolic/antidotal pathway of all-trans-retinal in the retina. J. Biol. Chem. 2018, 293, 14507–14519.
[CrossRef] [PubMed]

35. Li, J.; Zhang, Y.; Cai, X.; Xia, Q.; Chen, J.; Liao, Y.; Liu, Z.; Wu, Y. All-trans-retinal dimer formation alleviates the cytotoxicity of
all-trans-retinal in human retinal pigment epithelial cells. Toxicology 2016, 37, 41–48. [CrossRef]

36. Yoon, K.D.; Yamamoto, K.; Zhou, J.; Sparrow, J.R. Photo-products of retinal pigment epithelial bisretinoids react with cellular
thiols. Mol. Vis. 2011, 17, 1839–1849.

37. Yoon, K.D.; Yamamoto, K.; Ueda, K.; Zhou, J.; Sparrow, J.R. A Novel Source of Methylglyoxal and Glyoxal in Retina: Implications
for Age-Related Macular Degeneration. PLoS ONE 2012, 7, e413092012. [CrossRef] [PubMed]

38. Zhao, J.; Liao, Y.; Chen, J.; Dong, X.; Gao, Z.; Zhang, H.; Wu, X.; Liu, Z.; Wu, Y. Aberrant Buildup of All-Trans-Retinal Dimer, a
Nonpyridinium Bisretinoid Lipofuscin Fluorophore, Contributes to the Degeneration of the Retinal Pigment Epithelium. Investig.
Ophthalmol. Vis. Sci. 2017, 58, 1063–1075. [CrossRef]

39. Fishkin, N.; Pescitelli, G.; Sparrow, J.R.; Nakanishi, K.; Berova, N. Absolute configurational determination of an all-trans-retinal
dimer isolated from photoreceptor outer segments. Chirality 2004, 16, 637–641. [CrossRef]

40. Maeda, A.; Maeda, T.; Imanishi, Y.; Kuksa, V.; Alekseev, A.; Bronson, J.D.; Zhang, H.; Zhu, L.; Sun, W.; Saperstein, D.A.; et al. Role
of Photoreceptor-specific Retinol Dehydrogenase in the Retinoid Cycle in vivo. J. Biol. Chem. 2005, 280, 18822–18832. [CrossRef]
[PubMed]

41. Chen, C.; Kono, M.; Koutalos, Y. Photooxidation mediated by 11-cis and all-trans retinal in single isolated mouse rod photorecep-
tors. Photochem. Photobiol. Sci. 2020, 19, 1300–1307. [CrossRef]

42. Sharma, R.; Schwarz, C.; Hunter, J.J.; Palczewska, G.; Palczewski, K.; Williams, D.R. Formation and Clearance of All-Trans-Retinol
in Rods Investigated in the Living Primate Eye With Two-Photon Ophthalmoscopy. Investig. Ophthalmol. Vis. Sci. 2017, 58,
604–613. [CrossRef]

https://doi.org/10.1016/j.str.2015.01.015
https://doi.org/10.1016/S0021-9258(18)83501-3
https://doi.org/10.1016/j.tibs.2019.02.001
https://doi.org/10.1016/j.bpj.2008.09.049
https://doi.org/10.1016/j.exer.2010.08.013
https://www.ncbi.nlm.nih.gov/pubmed/33328889
https://doi.org/10.1016/S0042-6989(97)00198-3
https://doi.org/10.1111/j.1751-1097.2012.01143.x
https://doi.org/10.1074/jbc.M804505200
https://www.ncbi.nlm.nih.gov/pubmed/18658157
https://doi.org/10.1111/j.1751-1097.2012.01161.x
https://www.ncbi.nlm.nih.gov/pubmed/22515697
https://doi.org/10.1073/pnas.0501266102
https://doi.org/10.1073/pnas.95.25.14609
https://doi.org/10.1073/pnas.130110497
https://www.ncbi.nlm.nih.gov/pubmed/10852960
https://doi.org/10.1194/jlr.R000687
https://www.ncbi.nlm.nih.gov/pubmed/19666736
https://doi.org/10.1074/jbc.RA118.002447
https://www.ncbi.nlm.nih.gov/pubmed/30049796
https://doi.org/10.1016/j.tox.2016.10.005
https://doi.org/10.1371/journal.pone.0041309
https://www.ncbi.nlm.nih.gov/pubmed/22829938
https://doi.org/10.1167/iovs.16-20734
https://doi.org/10.1002/chir.20084
https://doi.org/10.1074/jbc.M501757200
https://www.ncbi.nlm.nih.gov/pubmed/15755727
https://doi.org/10.1039/d0pp00060d
https://doi.org/10.1167/iovs.16-20061


Membranes 2023, 13, 575 22 of 23

43. Chen, C.; Tsina, E.; Cornwall, M.C.; Crouch, R.K.; Vijayaraghavan, S.; Koutalos, Y. Reduction of all-trans retinal to all-trans retinol
in the outer segments of frog and mouse rod photoreceptors. Biophys. J. 2005, 88, 2278–2287. [CrossRef] [PubMed]

44. Verdegem, P.J.E.; Monnee, M.C.F.; Mulder, P.P.J.; Lugtenburg, J. Condensation of all-E-retinal. Tetrahedron. Lett. 1997, 38, 5355–5358.
[CrossRef]

45. Kusumi, A.; Pasenkiewicz-Gierula, M. Rotational diffusion of a steroid molecule in phosphatidylcholine membranes: Effects of
alkyl chain length, unsaturation, and cholesterol as studied by a spin-label method. Biochemistry 1988, 27, 4407–4415. [CrossRef]

46. Marsh, D. Electron Spin Resonance: Spin Labels. In Membrane Spectroscopy; Grell, E., Ed.; Springer: Berlin/Heidelberg, Germnay,
1981; pp. 51–142.

47. Berliner, L.J. Spin labeling in enzymology: Spin-labeled enzymes and proteins. In Methods in Enzymology; Academic Press:
Cambridge, MA, USA, 1978; pp. 418–480.

48. Subczynski, W.K.; Wisniewska, A.; Yin, J.J.; Hyde, J.S.; Kusumi, A. Hydrophobic barriers of lipid bilayer membranes formed by
reduction of water penetration by alkyl chain unsaturation and cholesterol. Biochemistry 1994, 33, 7670–7681. [CrossRef]

49. Wisniewska, A.; Subczynski, W.K. Effects of polar carotenoids on the shape of the hydrophobic barrier of phospholipid bilayers.
Biochim. Et Biophys. Acta (BBA) Biomembr. 1998, 1368, 235–246. [CrossRef]

50. DeLano, W.L. Pymol: An open source molecular graphics tool. CCP4 Newsl. Protein Crystallogr. 2002, 40, 82–92.
51. Jo, S.; Kim, T.; Iyer, V.G.; Im, W. Charmm-Gui: A web-based graphical user interface for CHARMM. J. Comput. Chem. 2008, 29,

1859–1865. [CrossRef]
52. Huang, J.; MacKerell, A.D., Jr. CHARMM36 all-atom additive protein force field: Validation based on comparison to NMR data.

J. Comput. Chem. 2013, 34, 2135–2145. [CrossRef] [PubMed]
53. Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.; Zhong, S.; Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov, I.; et al.

CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM all-atom additive biological
force fields. J. Comput. Chem. 2010, 31, 671–690. [CrossRef]

54. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926–935. [CrossRef]

55. Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A smooth particle mesh Ewald method. J. Chem.
Phys. 1995, 103, 8577–8593. [CrossRef]

56. Seelig, J.; Waespe-Sarcevic, N. Molecular order in cis and trans unsaturated phospholipid bilayers. Biochemistry 1978, 17, 3310–3315.
[CrossRef] [PubMed]

57. Nosé, S. A unified formulation of the constant temperature molecular dynamics methods. J. Chem. Phys. 1984, 81, 511–519.
[CrossRef]

58. Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A Gen. Phys. 1985, 31, 1695–1697. [CrossRef]
59. Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 1981, 52,

7182–7190. [CrossRef]
60. Markiewicz, M.; Pasenkiewicz-Gierula, M. Comparative Model Studies of Gastric Toxicity of Nonsteroidal Anti-Inflammatory

Drugs. Langmuir 2011, 27, 6950–6961. [CrossRef]
61. Pasenkiewicz-Gierula, M.; Róg, T.; Grochowski, J.; Serda, P.; Czarnecki, R.; Librowski, T.; Lochyński, S. Effects of a Carane
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