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N-retinylidene-phosphatidylethanolamine (N-Ret-PE), the
Schiff-base conjugate formed through the reversible reaction of
retinal (Vitamin A-aldehyde) and phosphatidylethanolamine,
plays a crucial role in the visual cycle and visual pigment
photoregeneration. However, N-Ret-PE can react with another
molecule of retinal to form toxic di-retinoids if not removed
from photoreceptors through its transport across photore-
ceptor membranes by the ATP-binding-cassette transporter
ABCA4. Loss-of-function mutations in ABCA4 are known to
cause Stargardt disease (STGD1), an inherited retinal degen-
erative disease associated with the accumulation of fluorescent
di-retinoids and severe loss in vision. A larger assessment of
retinal-phospholipid Schiff-base conjugates in photoreceptors
is needed, along with further investigation of ABCA4 residues
important for N-Ret-PE binding. In this study we show that
N-Ret-PE formation is dependent on pH and phospholipid
content. When retinal is added to liposomes or photoreceptor
membranes, 40 to 60% is converted to N-Ret-PE at physiolog-
ical pH. Phosphatidylserine and taurine also react with retinal
to form N-retinylidene-phosphatidylserine and N-retinylidene-
taurine, respectively, but at significantly lower levels. N-reti-
nylidene-phosphatidylserine is not a substrate for ABCA4 and
reacts poorly with retinal to form di-retinoids. Additionally,
amino acid residues within the binding pocket of ABCA4 that
contribute to its interaction with N-Ret-PE were identified and
characterized using site-directed mutagenesis together with
functional and binding assays. Substitution of arginine residues
and hydrophobic residues with alanine or residues implicated
in STGD1 significantly reduced or eliminated substrate-
activated ATPase activity and substrate binding. Collectively,
this study provides important insight into conditions which
affect retinal-phospholipid Schiff-base formation and mecha-
nisms underlying the pathogenesis of STGD1.

Vertebrate vision is initiated when light converts the visual
chromophore 11-cis retinal to its all-trans isomer within the
photoreceptor G-protein-coupled receptors, rhodopsin, and
cone opsins. This results in a series of conformational transi-
tions leading to the Meta II state of the visual pigment,
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activation of the visual cascade, decrease in intracellular cGMP
level, closure of cyclic nucleotide-gated channels, and hyper-
polarization of the photoreceptor cell in a process known as
phototransduction (1, 2). Following photoexcitation, the
Schiff-base linkage between retinal and opsin undergoes hy-
drolysis and all-trans retinal (ATR) is released into photore-
ceptor outer segment disc membranes where it is either
reduced to all-trans retinol by retinol dehydrogenases such as
RDH8 as part of the visual cycle (3, 4) or reacts reversibly with
phosphatidylethanolamine (PE) to form the Schiff-base adduct,
N-retinylidiene-phosphatidylethanolamine (N-Ret-PE) as
illustrated in Figure 1A. N-Ret-PE plays a role in the photo-
regeneration of 11-cis retinal in blue light (5). However, N-Ret-
PE is also a reactive compound and therefore has to be
removed from photoreceptor outer segments to prevent
photoreceptor degeneration and a loss in vision. ABCA4, a
member of the ABC superfamily of membrane transporters
localized within the rim region of rod and cone photoreceptor
outer segment disc membranes (6, 7), facilitates the removal of
retinoids from photoreceptors by flipping N-Ret-PE from the
intradiscal to the cytoplasmic leaflet of disc membranes (8).
ATR produced through the reversible dissociation of N-Ret-PE
is then reduced to all-trans retinol by retinol dehydrogenases
for the synthesis of 11-cis retinal by the visual cycle and the
regeneration of the visual pigment. ABCA4 also transports the
11-cis isomer of N-Ret-PE in the same direction (9). This
together with a chemical isomerization reaction clears 11-cis
retinal from disc membranes that is not required for the
regeneration of visual pigments (10).

The importance of ABCA4 in the clearance of excess retinal
from photoreceptors is highlighted by the finding that loss-of-
function mutations in ABCA4 are known to cause Stargardt
disease (STGD1), a relatively common macular degeneration
characterized by the early loss in central vision, accumulation
of fluorescent lipofuscin deposits, and progressive degenera-
tion of photoreceptor and retinal pigment epithelial (RPE) cells
(11–14). In the absence of ABCA4 transport activity, N-Ret-PE
accumulates in disc membranes and reacts with another
molecule of retinal to form the pyridinium di-retinoid com-
pound A2-PE consisting of two molecules of retinal (vitamin A
aldehyde) and one molecule of PE (15). Upon phagocytosis of
photoreceptor outer segments, phosphatidic acid is removed
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Figure 1. Spectral characterization of all-trans retinal and N-retinylidene-phosphatidylethanolamine (N-Ret-PE). A, reversible reaction of all-trans
retinal (ATR) with phosphatidylethanolamine (PE) to form a mixture of nonprotonated and protonated N-Ret-PE. B, spectra of ATR in ethanol (λmax =
383 nm) and in aqueous buffer (acidified with TFA, 0.09 M Hepes Buffer pH 7.2, 0.9% CHAPS (w/v), 1.3% TFA (v/v)) (λmax = 385 nm). C, spectra of protonated
N-Ret-PE in methanol acidified with 0.1% TFA (λmax = 450 nm) and in aqueous buffer (acidified with TFA) as above (λmax = 435 nm). D, representative
spectra of ATR (20 μM) added to PC liposomes composed of 100% DOPC (57 μM) and PE/PC liposomes composed of 35% DOPE/65% DOPC (20 μM DOPE/
37 μM DOPC) after 5 min. Dotted blue lines indicate wavelengths (385 nm and 435 nm) used to determine the percentages of ATR and N-Ret-PE at the
endpoint. E, percentage of remaining ATR or N-Ret-PE formed over the sum of both determined after ATR was added to PC or PE/PC liposomes at 5 min,
30 min, or 60 min. Data represent mean ± S.D. (n = 3). CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate; DOPC, 1,2-dioleoyl-sn-
glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; PC, phosphatidylcholine; TFA, trifluoroacetic acid.

Retinal-phospholipids and their interaction with ABCA4
from A2-PE by phospholipase D to produce A2-E in RPE cells
where it accumulates with other di-retinoid compounds as
fluorescent lipofuscin deposits leading to RPE and photore-
ceptor degeneration and a loss in vision (16–18). STGD1 af-
fects as many as 1 in 6500 individuals and therefore is a
prominent target for therapeutic intervention (10, 19–21).

The human ABCA4 gene consisting of 50 exons encodes a
2273 amino acid membrane protein. This full-transporter is
organized as two nonequivalent tandem halves, with each half
containing a transmembrane domain (TMD) consisting of 6
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membrane spanning segments, a nucleotide binding domain
(NBD), and a large glycosylated exo-cytoplasmic domain
(ECD) between the first and second membrane spanning
segments of each TMD (22). Recently, the structures of
ABCA4 in various states have been determined by cryo-EM
(23–25). These studies have shown that the substrate-
binding site is accessible through lateral diffusion of N-Ret-
PE from the lumen leaflet of disc membranes. Binding of ATP
to the NBDs results in a large conformational change con-
verting substrate-bound ABCA4 from an open outward state
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to a closed state. This coincides with the collapse of the
substrate-binding site and the transport of N-Ret-PE to the
cytoplasmic leaflet of the disc membrane. Hydrolysis of ATP
within the NBDs resets ABCA4 to its open state allowing for
the binding and transport of another molecule of N-Ret-PE.

Although considerable progress has been made in defining
how retinoids are processed through the visual cycle and the
identification of di-retinoids formed in the absence of ABCA4
transport activity, the extent to which ATR reacts with PE and
other primary amine-containing compounds in photorecep-
tors to form their Schiff-base conjugates has not been sys-
tematically determined. Furthermore, our knowledge of key
amino acid residues which are critical for the binding of
N-Ret-PE to ABCA4 is incomplete.

In the present study we have used a spectrophotometric
approach to quantify the extent to which ATR reacts with PE
and other abundant primary amine-containing compounds to
form their Schiff-base conjugates in liposomes and photore-
ceptor disc membranes under various conditions. In addition to
PE, ATR was found to react with phosphatidylserine (PS) and
taurine, to form their respective Schiff-base adducts but at
significantly lower levels. N-retinylidene-phosphatidylserine (N-
Ret-PS) formed through the reversible reaction of ATR and PS is
not a substrate for ABCA4 and reacts poorly with ATR to form
fluorescent di-retinoids. We have also identified key amino acid
residues crucial for the binding of N-Ret-PE to ABCA4, several
of which have been genetically linked to STGD1.
Results

Spectrophotometric analysis of ATR and N-Ret-PE in
liposomes

ATR is known to react reversibly with the primary amine of
PE to form the Schiff-base adduct, N-Ret-PE (Fig. 1A) (26, 27).
The unprotonated form of N-Ret-PE has an UV-Visible
spectrum with a λmax = 365 nm in methanol (5) which
overlaps with that of ATR with a λmax = 383 nm in ethanol
(28) and λmax 385 nm in acidified aqueous buffer (Fig. 1B).
Under acidic conditions, the Schiff-base of N-Ret-PE is pro-
tonated (apparent pK 6.9 in liposomes (8)) resulting in a
marked spectral red shift with a λmax = 450 nm in methanol
and 435 nm in acidified aqueous buffer, for fully protonated N-
Ret-PE (Fig. 1C). Accordingly, under physiological pH, free
ATR is present together with protonated and unprotonated N-
Ret-PE in PE-containing liposomal samples. This makes it
difficult to directly measure the relative amounts of total N-
Ret-PE and ATR in such preparations. To get around this
problem, we rapidly added trifluoroacetic acid (TFA) to the
liposomes to convert N-Ret-PE to its protonated form and to
minimize the further formation of N-Ret-PE, while retaining
ATR in its unmodified state.

In initial studies, 20 μM ATR was added to liposomes
composed of 57 μM total phospholipid and containing either
only 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
referred to as phosphatidylcholine (PC) liposomes or a molar
mixture of 35% 1,2-dioleoyl-sn-glycero-3-phosphoeth
anolamine (DOPE) and 65% DOPC referred to as PE/PC
liposomes to mimic the high PE content found in photore-
ceptor disc membranes (29). After incubation at room tem-
perature (RT) for the indicated time, aliquots from the reaction
mixtures were removed and quickly mixed with TFA to
convert all N-Ret-PE to its protonated state and the spectrum
was recorded after solubilization in 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) detergent.
The amounts of total N-Ret-PE and ATR were determined
from the absorbances at 385 nm and 435 nm (Fig. 1D) as
described in detail in the Experimental Procedures.

When ATR was added to PC liposomes and incubated for
5 min, the UV-Visible spectrum still displayed a characteristic
spectrum of ATR with a λmax of 385 nm (Fig. 1D). In contrast,
the addition of ATR to PE/PC liposomes resulted in a signif-
icant spectral change within the first 5 min, indicating the
formation of a significant fraction of N-Ret-PE (40% on
average) and a corresponding decrease in ATR (Fig. 1, D and
E). A further increase in N-Ret-PE to 49% of total retinoids
occurred between 5 min and 30 min (Fig. E). A longer reaction
time of 60 min resulted in no further statistically significant
increase in N-Ret-PE (t test), indicating that equilibrium had
been reached within the first 30 min.
Effect of PE concentration and pH on N-Ret-PE formation

Figure 2A shows the effect of adding 20 μM ATR to lipo-
somes of varying phospholipid (PL) concentrations ranging
from 14 to 228 μM and consisting of either 35% DOPE and
65% DOPC (PE/PC liposomes) or 100% DOPC (PC lipo-
somes). A significant increase in the formation of N-Ret-PE
was observed with increasing PL concentration for PE/PC li-
posomes. When the PL concentration was 14 μM (PE con-
centration of 5 μM = 1/4 the concentration of ATR), N-Ret-PE
only accounted for 23% of total added retinoids for a 30 min
time period (Fig. 2A). This increased to 64% when the PL
concentration was increased to 228 μM (PE concentration of
80 μM, equaling 4 times the concentration of ATR). The in-
crease in N-Ret-PE with increasing PL concentration is
consistent with the increase in PE driving the equilibrium re-
action toward the formation of N-Ret-PE. In contrast, no
change in absorbance was observed when ATR was added to
increasing concentrations of PC liposomes.

Next, we examined the effect of increasing the percentage of
DOPE in PE/PC liposomes while maintaining the total PL and
ATR concentration constant at 57 μM and 20 μM, respectively
(Fig. 2B). As expected, a significant increase in N-Ret-PE for-
mation occurred with increasing PE content. At 5% PE, N-Ret-
PE formation was only 10% of the total retinoids, while at 45%
PE, N-Ret-PE accounted for as much as 60% of the retinoids.

As part of this study, we also examined the effect of pH on
the formation of N-Ret-PE in PE/PC liposomes for reaction
times of 5 min and 30 min (Fig. 2C). For the shorter reaction
time of 5 min, the fraction of N-Ret-PE at the end of the re-
action increased from 22% at pH 5 to 71% at pH 9. For a
30 min reaction time, N-Ret-PE formation increased from 46%
at pH 5 to 78% at pH 9. The increase in N-Ret-PE formation
with increasing pH is consistent with an increase in the
J. Biol. Chem. (2023) 299(5) 104614 3



Figure 2. Effect of phospholipids and pH on the formation of N-Ret-PE. A, increase in N-Ret-PE as a function of increasing phospholipid concentration.
ATR (20 μM) was added to PE/PC liposomes consisting of 35% DOPE and 65% DOPC or PC liposomes consisting of 100% DOPC with increasing total
phospholipid concentrations for 5 min and 30 min. B, increase in N-Ret-PE with increasing PE content in PE/PC liposomes. ATR (20 μM) was added to
liposomes containing increasing DOPE content and corresponding decrease in DOPC content while maintaining the total phospholipid concentration at
57 μM for a reaction time of 30 min. C, effect of pH on N-Ret-PE formation. ATR (20 μM) was added to 35% PE/65% PC liposomes (20 μM DOPE/37 μM DOPC)
or 100% PC liposomes (57 μM DOPC) at various pH values. Data represent mean ± S.D. (n = 3 for panels A and C, and n = 4 for panel B). ATR, all-trans retinal;
DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; N-Ret-PE, N-retinylidene-phosphatidylethanol-
amine; PC, phosphatidylcholine; PE, phosphatidylethanolamine.

Retinal-phospholipids and their interaction with ABCA4
unprotonated reactive form of PE at more basic pH which
drives the initial reaction between the primary amine of PE and
the aldehyde of ATR (apparent pK of PE = 9.6 (30)). The
reduced level of N-Ret-PE produced at 5 min compared to
30 min reaction time, particularly evident at the lower pH,
most likely reflects a slower formation of the Schiff-base at the
shorter time due to the low concentration of unprotonated PE.
In control reactions, no significant spectral change indicative
of N-Ret-PE formation was evident over this pH range when
ATR was added to PC liposomes for either reaction time.
Reaction of ATR with PS and taurine in liposomes

PS is another aminophospholipid present at relatively high
concentrations (12% of the PL) in photoreceptor disc mem-
branes (29). Figure 3A shows the spectral changes that occur
when ATR is added to liposomes containing 12% 1,2-dioleoyl-
sn-glycero-3-phosphoserine (DOPS) and 35% DOPS for
comparison with liposomes containing the same percentages
of DOPE. While the spectrum of liposome containing 12%
DOPS was somewhat similar to that of ATR (Figs. 3A and 1B),
a more noticeable shift was observed with 35% DOPS,
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indicative of the production of N-Ret-PS. However, the red-
shifts of spectra in DOPS-containing liposomes relative to
the spectrum of ATR were significantly smaller than those
resulting from the reaction of ATR with PE in DOPE-
containing liposomes at equivalent percentages.

Taurine is another primary amine-containing compound
present at high concentrations in vertebrate retina (31). Pre-
vious studies have shown that N-retinylidene-taurine conju-
gates are present in the retina extracts as analyzed by HPLC
although at very low levels (32, 33). To determine if ATR re-
acts with taurine in model PC liposomes, we measured the
UV-Visible spectra of ATR in the presence and absence of
50 mM taurine. As shown in Figure 3B, an exceedingly small
spectral change was observed upon the addition of ATR to PC
liposomes in the presence of taurine.

The percentage of N-retinal-Schiff base conjugates formed
in the presence of 20 μM ATR is compared for PS, PE, and
taurine in Figure 3C. The amount of N-Ret-PS formed from
the reaction of ATR and PS is lower than that for N-Ret-PE
formation. At physiologically relevant PL contents (35% PE
and 12%PS as found in photoreceptor disc membranes (29)), a
5.7-fold increase of N-Ret-PE compared with N-Ret-PS was



Figure 3. Characterization of N-Retinal-Schiff base conjugates. A, UV-Visible spectra of ATR/N-retinal-phospholipid-Schiff-base conjugate mixtures. ATR
(20 μM) was added to liposomes consisting of 12% DOPE/88% DOPC, 12% DOPS/88% DOPC, 35% DOPE/65% DOPC, or 35% DOPS/65% DOPC (total
phospholipid 228 μM) for 30 min. B, UV-Visible spectra of ATR/N-Retinal-Taurine Schiff-base conjugate mixture. ATR (20 μM) was added to PC liposomes
composed of 100% DOPC (57 μM) with or without 50 mM taurine for 30 min. C, quantification of N-Ret-Schiff-base conjugates. The percentage of N-Ret-
Schiff-base conjugates was quantified as described in the Experimental Procedures section. Data represent mean ± S.D. (n = 3 or 4 as indicated). ATR, all-
trans retinal; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOPS, 1,2-dioleoyl-sn-glycero-3-
phosphoserine; PC, phosphatidylcholine.

Retinal-phospholipids and their interaction with ABCA4
observed in these model liposomes. Even when the amount of
PS was increased to 35%, the amount of N-Ret-PS formed was
significantly lower than the amount of N-Ret-PE formed at
35% PE. The Schiff-base conjugate formed through the reac-
tion of ATR with 50 mM taurine was very low and marginally
above control samples in the absence of taurine.
N-retinylidene-phospholipids in photoreceptor membranes

The formation of Schiff-base conjugates was measured in
isolated bovine photoreceptor rod outer segment (ROS)
membranes. For these studies, ROS membranes were illumi-
nated with intense light in the presence of hydroxylamine
(bleached) after determining the endogenous concentration of
rhodopsin in the dark state (unbleached). Hydroxylamine re-
acts with ATR released after photoexcitation of rhodopsin to
form the retinyloxime that is unreactive to PLs, thereby
eliminating endogenous ATR in ROS. Exogeneous ATR
equivalent to the amount of dark-state rhodopsin was
subsequently added and the reaction was allowed to proceed
for 5 and 30 min. The UV-Visible spectra were then recorded
after the addition of TFA and CHAPS detergent. Figure 4A
shows representative spectra of (1) unbleached, detergent-
solubilized ROS membranes used to determine the concen-
tration of rhodopsin; (2) bleached ROS (illuminated in the
presence of hydroxylamine) followed by the addition of
CHAPS and TFA; (3) bleached ROS supplemented with ATR
and incubated at RT for 5 min; and (4) for 30 min (both with
the addition of TFA and CHAPS). The spectra for the mem-
branes treated with ATR for 5 and 30 min reflected the
presence of external ATR and its Schiff-base conjugate(s), N-
retinylidene-phospholipid (N-Ret-PL), which is most obvious
in the difference spectra of the bleached ROS before and after
the treatment of ATR (spectrum (3) or (4) minus spectrum (2),
as shown in Figure 4B). From the different absorbances at
385 nm and 435 nm in the spectra of bleached ROS before and
after the supplementation of exogenous ATR, we estimated
that the ATR Schiff-base conjugate(s) formed, primarily
J. Biol. Chem. (2023) 299(5) 104614 5



Figure 4. Formation and quantification of N-Ret-Phospholipid conjugates in rod outer segment (ROS) membranes. A, representative UV-Visible
spectra: (1) Dark-state (unbleached) ROS membranes solubilized in detergent; (2) ROS membranes illuminated with intense light in the presence of hy-
droxylamine (bleached), followed by the addition of detergent and TFA; (3, 4) Bleached ROS membranes supplemented with external ATR equivalent to
100% of dark-state rhodopsin and incubated at RT for 5 min or 30 min respectively, followed by the addition of TFA and detergent. Dotted blue lines indicate
the wavelengths used to determine the concentration of dark-state rhodopsin (500 nm) and the percentage of ATR and N-Ret-PL at the endpoint (385 nm
and 435 nm). B, differential spectra between bleached ROS as indicated in (2) in panel A and bleached ROS after the addition of ATR as indicated in (3) or (4)
in panel A. C, percentage of N-Ret-PL, primarily N-Ret-PE, formed in bleached ROS membranes supplemented with external ATR. ROS membranes illu-
minated in the presence of hydroxylamine were supplemented with external ATR equivalent to 100%, 50%, or 25% of the concentration of dark-state
rhodopsin and the percentage of N-Ret-PL was determined after 5 min and 30 min reaction time. Data represent mean ± S.D. (n = 3). ATR, all-trans
retinal; N-Ret-PE, N-retinylidene-phosphatidylethanolamine; N-Ret-PL, N-retinylidene-phospholipid; TFA, trifluoroacetic acid.
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N-Ret-PE, accounted for 69 to 71% of the total external reti-
noids (ATR Schiff-base conjugate(s) and remaining ATR) at
the indicated times (Fig. 4C) in the absence of reduction of
ATR by retinol dehydrogenases (absence of NADPH cofactor).
Similar percentages (61%–65%) were observed when the
equivalent of 50% or 25% of ATR relative to the initial
rhodopsin concentration was applied to bleached ROS
membranes.
N-Ret-PS is not a substrate for ABCA4

Previously, we showed that the ATPase activity of ABCA4 is
activated by N-Ret-PE when ATR is added to ABCA4 in the
presence of PE (34, 35). This correlates with the transport of
N-Ret-PE from the intradiscal to the cytoplasmic leaflet of disc
membranes (8). Since ATR reacts with PS to form N-Ret-PS,
we investigated if N-Ret-PS can also serve as a substrate for
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ABCA4. For these studies, we determined the ATPase activity
of ABCA4 in the presence of PS with or without ATR using
immunoaffinity-purified WT ABCA4. The ATPase activities of
ABCA4 in the presence of PE (positive control) and PC
(negative control) were measured in parallel. As shown in
Figure 5A, the addition of ATR to detergent-solubilized
ABCA4 in the presence of PE resulted in over a 2-fold in-
crease in ATPase activity, as previously reported (34, 36). In
contrast, ATR added to detergent-solubilized ABCA4 in the
presence of PS or PC failed to stimulate the ATPase activity of
ABCA4.

It is possible that N-Ret-PS binds to ABCA4 but does not
activate its ATPase activity. To determine if N-Ret-PS stably
interacts with ABCA4, we employed a radiolabeling assay pre-
viously used to confirm the binding of N-Ret-PE to ABCA4 in
the absence of ATP and its release by the addition of nucleotide
(37). In this assay, [3H]-labeled ATR was added to ABCA4



Figure 5. Interaction of N-Ret-PL conjugates with ABCA4 and fluorescence emission spectra from prolonged reaction of ATR in PC, PE/PC, or PS/PC
liposomes. A, the ATPase activity of ABCA4 in the presence of DOPE, DOPS, or DOPC was measured in the absence (-ATR) and presence (+ATR) of 40 μM
ATR used to generate N-Ret-PL conjugates. Data represent the mean ± S.D. for two independent experiments relative to the ATPase activity in the presence
of DOPE and the absence of ATR. B, binding of N-Ret-PE or N-Ret-PS to ABCA4. Data displayed as a ratio of counts (dpm) for the binding of N-Ret-PE or N-
Ret-PS in the absence of ATP to the binding in the presence of ATP for 3 independent experiments. C, representative fluorescence emission spectra from the
reaction of ATR with liposomes composed of PE, PS, and PC. ATR (200 μM) was added to liposomes (228 μM total phospholipid) consisting of 100% DOPC,
35% DOPE/65% DOPC, 35% DOPS/65% DOPC, 12% DOPS/88% DOPC, and incubated at RT for 6 days. The fluorescence emission spectra were recorded
15 min after the addition of ATR on Day 0, and on Day 6. The excitation wavelength was set at 439 nm. Three spectra of each condition were recorded and a
representative spectrum from each condition is shown. ATR, all-trans retinal; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine; DOPS, 1,2-dioleoyl-sn-glycero-3-phosphoserine; N-Ret-PL, N-retinylidene-phospholipid; PS, phosphatidylserine; PC,
phosphatidylcholine; PE, phosphatidylethanolamine.
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immobilized on an immunoaffinitymatrix in a buffer containing
PS to generate the Schiff-base conjugate or PE as a positive
control. After a 30min incubation, samples were further treated
with or without 2mMATP.As shown in Figure 5B, there was no
significant difference between the DOPS-treated samples in the
presence or absence of ATP (the ratio of binding was close to 1).
In contrast, significant binding ofN-Ret-PEwas observed for the
DOPE-treated samples in the absence of ATP that was largely
abolished by the addition of ATP, reflected by the high ratio of
binding, as previously reported (37). Taken together, these
studies indicate that N-Ret-PS, unlike N-Ret-PE, does not serve
as a substrate for ABCA4.
ATR reacts with N-Ret-PE and N-Ret-PS to form fluorescence
compounds

N-Ret-PE slowly reacts with the trans or cis isomers of retinal
in photoreceptor membranes to produce the fluorescent com-
pound A2-PE, the precursor of A2-E (9, 38, 16). A broad fluo-
rescence emission spectrum with a λmax of�580 nm similar to
that reported forA2-E (39) was obtainedwhen 200 μMATRwas
added to PE/PC liposomes containing 35% DOPE for 6 days at
RT (Fig. 5C). In contrast, much weaker fluorescence intensity
was produced when ATR was added to PS/PC liposomes con-
taining 12% or 35% DOPS for the same time period. Only a
minimal fluorescence signal presumably due to ATR and/or N-
Ret-PL was observed on day 0 or when 100% PC liposomes was
treated with ATR for 6 days.
Functional analysis of amino acid residues within the
N-Ret-PE–binding site of ABCA4

Recent structural studies have shown that N-Ret-PE is
wedged between TMD1, TMD2, and ECD1 of ABCA4 in its
substrate-bound state (Fig. 6A) (23, 24). Two arginine residues
(R653 and R587) form polar interactions with the negatively
charged phosphate group of N-Ret-PE and the aromatic resi-
dues W339 and Y345 extending from ECD1 stabilize substrate
binding via their interaction with the hydrophobic retinal
group of N-Ret-PE (Fig. 6, B and C). In addition to these
residues, two other aromatic residues (Y340 and F348)
extending off the ECD1 and aliphatic residues, L1674, L1815,
J. Biol. Chem. (2023) 299(5) 104614 7



Figure 6. Schematic of the N-Ret-PE binding site of ABCA4. A, the structure of ABCA4 in its substrate-binding state showing ABCA4 as cartoon and bound
N-Ret-PE as yellow spheres. The N-half of ABCA4 is shown inmarine blue and the C-half in orange. B, N-Ret-PE binding site within the structure of ABCA4 in its
substrate-bound state. Key polar, aromatic, and aliphatic side chains that come in close contact with N-Ret-PE are shown as sticks. N-Ret-PE substrate is
shown as green sticks. C, schematic showing the binding site of N-Ret-PE; R1 and R2, fatty acyl chains; ECD, exo-cytoplasmic domain; N-Ret-PE, N-reti-
nylidene-phosphatidylethanolamine; NBD, nucleotide-binding domain; RD, regulatory domai; TM, transmembrane segment; TMD, transmembrane
domainn. (PDB 7M1P).
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I1812 within transmembrane segments TM8 and TM11 also
come in close contact with the retinoid group of N-Ret-PE. In
order to determine the importance of these residues, we
generated a series of mutants in which these residues were
individually replaced with alanine or an amino acid implicated
in STGD1. The effect of these variants on protein expression
and basal and ATR-stimulated ATPase activities of ABCA4
and, in several cases, N-Ret-PE binding was investigated.

The expression profile of the ABCA4 variants is shown in
representative western blots in Figure 7A and quantified in
Figure 7B. All variants (Y340A, I1812A, L1815A, R587K,
F348A, L1674A, Y340D) expressed at or close to WT levels,
with the exception of the I1812N variant associated with
STGD1 (40). This variant showed no detectable expression
indicating that the protein was highly unstable.

The effect of these mutations on the basal and substrate-
activated ATPase activity of ABCA4 was determined. For
these studies, the variants were first isolated from HEK293T
cell extracts by immunoaffinity chromatography and their
purity confirmed on Coomassie blue stained SDS gels
(Fig. 7C). The ATPase activity was then measured in the
absence and presence of 40 μM ATR at similar protein con-
centrations. As shown in Figure 7D, the basal ATPase activity
of all the variants was similar (70–100%) to that of WT
ABCA4. Addition of ATR resulted in a 2-fold increase in ac-
tivity for WT ABCA4 as previously reported (36, 41). The
ATR-stimulated activity of the mutants varied, with the
STGD1 mutants, Y340D and R587K, showing no significant
substrate-activated activity. Although the activity of the
alanine substitutions within the N-Ret-PE binding site (Y340A,
F348A, L1674A, I1812A, L1815A) was activated by ATR, the
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ATR-activated activity in most cases was lower than that of
WT ABCA4 (p-values for Y340A = 0.0110, F348A = 0.0844,
L1674A = 0.0546, I1812A = 0.0396, L1815A = 0.0395, R587K =
0.0032, Y340D = 0.0086, two-tailed, paired t test, compared to
the (+) ATR activity of WT ABCA4 in the corresponding
experiments, n = 3).

To determine if the reduction in substrate-activated ATPase
activity was due to the loss in substrate binding, we deter-
mined the extent to which N-Ret-PE bound to ABCA4 in the
absence and presence of ATP. As previously shown, N-Ret-PE
bound to ABCA4 in the absence of ATP. This binding was
largely abolished in the presence of 2 mM ATP (Fig. 7E). Two
ABCA4 variants, Y340D and R587K, showed no significant
substrate binding in the absence or presence of ATP. The
F348A variant, on the other hand, showed only a modest
decrease in N-Ret-PE binding in the absence of ATP consistent
with the substrate-activated ATPase activity measurements.

Discussion
Retinal, arguably the most important molecule in vision, is a

highly reactive compound due to the potential of its aldehyde
to react with primary amines to form Schiff-base conjugates. In
photoreceptors, free retinal reversibly reacts with PE and other
abundant primary amines, but the extent to which this occurs
had not been previously studied, despite the fact that this in-
formation is crucial for understanding how retinal is processed
as part of the visual system and the design and development of
drug-based treatments for many retinal degenerative diseases
including STGD1 (21, 42, 43).

In this study we quantified the level of Schiff-base conju-
gates formed through the reversible reaction of ATR with PE,



Figure 7. Analysis of amino acid substitutions within the N-Ret-PE binding site of ABCA4. A, representative Western blots showing the expression
levels of ABCA4 variants. WT and mutant ABCA4 were expressed in HEK293T cells, solubilized in CHAPS detergent, and centrifuged to remove any non-
solubilized material. The supernatant was applied to an SDS-polyacrylamide gel. Western blots were labeled with anti-Ezrin antibody (for loading control)
and Rho 1D4 antibody (against the 9 amino acid 1D4 epitope tag engineered onto the C terminus of the ABCA4 proteins). B, quantification of the Western
Blots for the expression of ABCA4 variants. The expression levels were normalized to that of WT ABCA4. Data represent Mean ± S.D. (n = 3 for each variant,
n = 6 for WT). C, representative gel showing immunoaffinity purified WT and mutant ABCA4. The WT and mutant ABCA4 expressed in HEK293T cells were
purified on Rho 1D4 immunoaffinity columns. Samples eluted with the 1D4 peptide were subjected to SDS gel electrophoresis and stained with Coomassie
Blue. D, ATPase activity of affinity-purified WT and mutant ABCA4 in the absence and presence of 40 μM ATR normalized to the amount of purified protein.
The activity was expressed relative to the basal activity (-ATR) of WT ABCA4 and presented as mean ± S.D. Two-tailed, paired t tests were carried out on the
ATR-stimulated activity (+ATR) compared with the basal activity (-ATR) of the same protein for each ABCA4 mutant (n = 3) or WT (n = 6). The statistically
significant difference is based on a p-value of < 0.05. *p < 0.05, **p < 0.01. (p values for WT=0.0001, Y340A = 0.0124, F348A = 0.0142, L1674A = 0.0145,
I1812A = 0.0155, L1815A = 0.0010, Y340D = 0.3082, R587K = 0.4018) E, binding of N-Ret-PE to WT and ABCA4 variants in the absence and presence of 2 mM
ATP. Data expressed as a mean ± SD. ATR, all-trans retinal; N-Ret-PE, N-retinylidene-phosphatidylethanolamine.

Retinal-phospholipids and their interaction with ABCA4
PS, and taurine in liposomes and photoreceptor outer segment
disc membranes using a spectrophotometric approach. In
model PE/PC liposomes, N-Ret-PE levels increased with
increasing total PL concentration, PE content of the liposomes,
and pH consistent with mass-action and the nucleophilic
attack of the unprotonated form of PE on the aldehyde group
of ATR as the first step in the formation of the Schiff-base
conjugate. Under physiological conditions of pH, excess PL
over ATR, and 35% PE content of the liposomes (Fig. 3C) over
60% of the total ATR was converted to N-Ret-PE. ATR also
J. Biol. Chem. (2023) 299(5) 104614 9
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reacts with PS in PS/PC liposomes but to a lesser degree. In
liposomes consisting of 12% PS as found in photoreceptor
outer segment disc membranes, only about 11% of the ATR
was converted to N-Ret-PS (Fig. 3C). The combined reactions
of ATR with physiological levels of PE and PS would result in
�70% retinal-PL Schiff-base formation. This is comparable to
the range of values (61%-71%) when various amounts of ATR
(100%, 50%, and 25% the amount of rhodopsin) were added to
photoreceptor disc membranes devoid of endogenous ATR
and NADPH and ATP required for the activity of retinol de-
hydrogenases and ABCA4, respectively (Fig. 4). During prep-
aration of this article for submission, Hong et al. (44), using a
different approach, published a paper showing that as much as
40% of the free retinal added to ROS formed N-Ret-PE, in
broad agreement with our studies.

The higher reactivity of ATR toward PE relative to PS is not
only due to the higher content of PE in outer segment disc
membranes but also to the lower pK value for the primary
amine of PE than PS (30) resulting in a higher content of
reactive unprotonated amine for the reaction of ATR with PE
and possibly less steric hindrance. In contrast, ATR in PC
liposome preparations minimally reacts with taurine even at
50 mM taurine concentration. This is likely due to the fact that
taurine is a negatively-charged, polar molecule and accordingly
is effectively excluded from the membrane bilayer where
essentially all the ATR resides. The very low reactivity of
taurine with retinal in membranes observed in our study is
consistent with the low levels of the taurine Schiff-base con-
jugate detected in retinal extracts by HPLC (32).

A recent study has reported that N-Ret-PE can participate in
the regeneration of visual pigments in both mammalian rods
and cones by converting its all-trans-isomer to its 11-cis iso-
mer under blue light (5). This supplements 11-cis-retinal in
addition to the enzymatic visual cycle(s), specially in bright
light when the high demand of visual pigments may not be
fully satisfied by the visual cycle(s). That study also determined
that in a dark-adapted mouse retina, N-Ret-PE accounts for
�7% of total retinal pool (conjugated and nonconjugated) (5).
Our study shows that when ATR is added to either PE-
containing liposomes at physiological pH or photoreceptor
outer segment membrane preparations, N-Ret-PE accounts for
about half of total conjugated and nonconjugated retinal,
indicating a significantly higher amount of N-Ret-PE will form
in the light than in the dark. This finding reinforces the
contribution of N-Ret-PE for the photoregeneration of 11-cis-
retinal, especially under intense light condition, when the ATR
yield from the photobleaching of visual pigment is very high
and the formation of N-Ret-PE could increase accordingly.

Since N-Ret-PE itself is reactive, it together with all-trans
and excess 11-cis retinal has to be efficiently cleared from
photoreceptor outer segments to prevent the production of
toxic di-retinoids including A2-E that accumulate as fluores-
cent lipofuscin in the RPE cells of STGD1 patients and Abca4
KO and transgenic mice (45–47). This is achieved through the
ATP-dependent transport activity of ABCA4 that flips N-Ret-
PE from the intradiscal to the cytoplasmic leaflet of disc
membranes together with the reversible dissociation of
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N-Ret-PE into retinal and PE in the cytoplasmic leaflet of disc
membranes (8, 9). Retinal can then be reduced to retinol for
inclusion into the visual cycle(s) (3) and PE can redistribute
across the disc membrane by the scramblase activity of the G-
protein-coupled receptors, rhodopsin and cone opsins (48, 49)
to maintain the symmetrical distribution of PE across the disc
membrane (50). Although about 60% of ATR is converted to
N-Ret-PE following a full-bleach of rod photoreceptors, about
half likely resides in the intradiscal leaflet of disc membranes
where it can serve as a substrate for ABCA4 since the PE is
evenly distributed across disc membranes (50). Interestingly,
although ATR can react with PS to form N-Ret-PS, this Schiff-
base conjugate is not a substrate for ABCA4 (Fig. 5). A fraction
of N-Ret-PS will be sequestered within the intradiscal leaflet of
disc membranes. However, addition of ATR to liposomes
containing 12% PS results in only a weak increase in fluores-
cence characteristic of di-retinoid compounds even when the
PS content is increased to 35% of the PL. The low fluorescence
signal produced when ATR is added to liposomes containing
PS is primarily due to the lower amount of N-Ret-PS
formed, but also may reflect a lower reactivity on N-Ret-PS
with ATR, although this remains to be investigated. The low
amount of N-Ret-PS and its limited reaction with ATR
apparently does not necessitate a mechanism to transport N-
Ret-PS across membranes. Instead, it can be cleared over time
through the initial dissociation into retinal and PS within the
intradiscal leaflet of photoreceptor membranes and the
movement of retinal to the cytoplasmic leaflet by diffusion or
through the formation of N-Ret-PE and its active transport by
ABCA4.

N-Ret-PE is a highly amphipathic compound consisting of
the negatively charged phosphate group and polar Schiff-base
nitrogen flanked by the hydrophobic retinal moiety and the
fatty acyl chains of variable length and unsaturation. Structural
studies of ABCA4 in its substrate-bound state have shown that
the negatively charged phosphate forms ionic bonds with the
side chains of Arg653 (R653) from transmembrane segment 2
and Arg587 (R587) from ECD1 (23, 24). Arg587 also comes in
close contact with the Schiff-base nitrogen of N-Ret-PE such
that a hydrogen bond can further stabilize the interaction of
nonprotonated N-Ret-PE with ABCA4 (Fig. 6, B and C). A
previous study has shown that replacement of Arg653 with a
lysine residue (R653K) retains substrate binding and substrate-
activated ATPase activity of ABCA4, although the affinity of
ABCA4 for its substrate is reduced by 2-fold (41). In the
present study we examined the effect of replacing Arg587 with
a lysine residue since this variant (R587K) has been implicated
in STGD1 (51). The R587K variant displays a loss in substrate-
activated ATPase activity without significantly affecting the
expression or basal activity of ABCA4 as previously reported
for the R587A variant (23). The loss in substrate-activated
ATPase activity of the R587K variant correlates with the loss
of substrate binding as shown in binding experiments (Fig. 7E).
These results support genetic studies implicating this mutation
in a severe form of STGD1. Several aromatic side chains
extending from ECD1 come in close contact to the retinal
moiety of N-Ret-PE. Previous studies showed that Trp339
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(W339) and Tyr345 (Y345) residues are essential for the
substrate binding and functional activity of ABCA4 (23, 24).
We have extended this analysis to evaluate the role of two
other aromatic (Tyr340 and Phe348) and aliphatic (Leu1674,
Ile1812, and Leu1815) residues within the substrate-binding
site on the activity of ABCA4. Substitution of these residues
with alanine in most cases reduces but does not eliminate the
substrate-stimulated ATPase activity. Substrate-stimulated
activity and binding, however, are abolished for the Y340D
variant supporting genetic studies implicating this variant in
STGD1 (52). Evidently, an alanine substitution is sufficiently
hydrophobic to reduce, but not abolish, substrate binding,
whereas the negatively charged aspartic acid residue
completely eliminates this interaction. The I1812N disease-
associated variant is unusual in that the expression of this
variant is undetectable in HEK293T cells. In this case, the
replacement of the hydrophobic isoleucine residue with a
highly polar asparagine residue likely causes global misfolding
of the protein and rapid degradation by the quality control
system of the cell. This is in contrast to the I1812A which
shows WT-like expression and only a limited reduction in
substrate-activated ATPase activity. Taken together, these re-
sults indicate that all the aromatic and aliphatic residues as
well as the arginine residues within the substrate-binding site
contribute to the high-affinity interaction of N-Ret-PE with
ABCA4. Most disease-implicated ABCA4 variants harboring
mutations in the substrate binding pocket including W339G,
Y345C, R653C, Y340D, R587K, and I1812N are devoid of ac-
tivity and hence are predicted to result in an early-onset, severe
form of STGD1 (10).

In summary, our studies indicate that as much as 40 to 60%
of retinal reacts with PE to form N-Ret-PE, about half of which
is likely initially sequestered within the intradiscal leaflet of
photoreceptor membranes where it can serve as a substrate for
ABCA4. Retinal also reacts less efficiently with PS and taurine
to form their Schiff-base conjugates. N-Ret-PS is not a sub-
strate for ABCA4 and produces only a weak fluorescent signal
characteristic of di-retinoids when incubated with ATR for
6 days. Therefore, its clearance through a transport mecha-
nism is not required. Finally, N-Ret-PE interacts with ABCA4
through polar interactions with arginine side chains and
nonpolar interactions with multiple aromatic and aliphatic
side chains within the substrate-binding site. Disease-
associated missense mutations in these residues cause a
complete loss of substrate binding and function of ABCA4
either through a loss in protein expression as in the case of the
I1812N variant or a loss in substrate-stimulated ATPase ac-
tivity and substrate binding as shown in this study for the
Y340D and R587K variants linked to STGD1. As a result, these
mutations are predicted to cause an early onset and severe
form of STGD1.
Experimental procedures

Materials

ATR was purchased from Sigma-Aldrich, Inc; DOPE,
DOPS, DOPC, brain PC, and brain polar lipid (BPL) from
Avanti Polar Lipids and CHAPS detergent from Anatrace.
The Rho 1D4 antibody (53) was obtained from the University
of British Columbia https://ubc.flintbox.com/technologies/0f1
ef64b-fa5d-4a58-9003-3e01f6f672a6. The anti-Ezrin antibody
(rabbit polyclonal) was purchased from Abcam (Cat. No.
ab41672). The cDNA of human ABCA4 (NM_000350) con-
taining a 1D4 tag (TETSQVAPA) at the C terminus has been
described (54). Missense mutations were generated by PCR-
based site-directed mutagenesis as described (55), using
primers listed below. All DNA constructs were verified by
Sanger sequencing.

Mutagenesis Primers:
ABCA4 I1812A.
Forward: 50-CCTTCGCCTTGGAATTATTTGAGAAT

AACCGGACGC-30

Reverse: 50-CTCAAATAATTCCAAGGCGAAGGTAAT
AGCACTGC-30

ABCA4 I1812N.
Forward: 50-CCTTCAACTTGGAATTATTTGAGAATAA

CCGGACGC-30

Reverse: 50-CTCAAATAATTCCAAGTTGAAGGTAATA
GCACTGC-30

ABCA4 Y340A.
Forward: 50-CAACTGGGCTGAAGACAATAACTAT

AAGGCC-30

Reverse: 50-GTTATTGTCTTCAGCCCAGTTGAAGGA-
GAGC-30

ABCA4 L1815A.
Forward: 50-CTTGGAAGCATTTGAGAATAACC

GGACGCTG-30

Reverse: 50-CCGGTTATTCTCAAATGCTTCCAAGA
TGAAGG-30

ABCA4 F348A.
Forward: 50-CTATAAGGCCGCTCTGGGGATTGACT

CCACAAGG-30

Reverse: 50-CAATCCCCAGAGCGGCCTTATA
GTTATTGTC-30

ABCA4 L1674A.
Forward: 50-GATTACAGTGGCGACCACTTCAGTGG

ATGC-30

Reverse:
50GTGGTCGCCACTGTAATCTCTGAGAGCTGCTC-30

ABCA4 Y340D.
Forward: 50-CAACTGGGATGAAGACAATAACTAT

AAGGCC-30

Reverse: 50- GTCTTCATCCCAGTTGAAGGAGAGCAC-30

ABCA4 R587K.
Forward: 50- GATTAAAGACAAGTATTGGGATT

CTGGTCC-30

Reverse: 50- CCCAATACTTGTCTTTAATCTTATTGG-30
Liposome preparations

Stock solutions of DOPC, DOPE, and DOPS in chloroform
were stored at −30 �C under nitrogen gas. Liposomes were
made by adding the desired molar percentage of PLs to glass
tubes, drying down the PLs under a stream of nitrogen gas, and
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subsequently resuspending the PLs in 0.1 M Hepes buffer, pH
7.2, except for studies in which the pH was varied. The
resuspensions were vortexed vigorously for � 2 min, followed
by stirring for � 15 min. The suspension was then sonicated
with a probe-sonicator for � 15 s, followed by sonication in a
bath sonicator for 35 min. In some cases, Hepes buffer was
added to the liposomes to reach the targeted PL concentra-
tions. The liposomes were used on the same day (in most
cases) or stored at 4 �C for use the following day.
Formation and quantification of Schiff-base conjugates in
liposomes

For analysis of N-Ret-PE levels, typically, a stock solution of
6 to 12 mM ATR in ethanol was added to liposomes (57 μM or
indicated total PL concentration) consisting of 100% DOPC or
DOPE/DOPC or DOPS/DOPC mixtures with the indicated
molar percentage PLs under dim red light at RT to achieve a
final concentration of 20 μM ATR. The solutions were vor-
texed and subsequently incubated in the dark at RT for the
indicated times with intermittent mixing. At each time point,
aliquots of 600 μl per condition were removed and added to
glass tubes with 30 μl 30% (v/v) TFA. Subsequently, 60 μl of
10% CHAPS (w/v) was added with mixing and the UV-Visible
spectrum was recorded using a DeNovix DS-11+ Spectro-
photometer in a 10 mm cuvette. A solution of 600 μl 100%
DOPC liposome (pH 7.2, without ATR) + 30 μl 30% TFA +
60 μl 10% CHAPS was used to adjust the baseline. The per-
centages of ATR and retinal-Schiff base conjugates at the
endpoint were determined based on the absorbance at 385 nm
and 435 nm as described below.

To estimate the percentage compositions of ATR or retinal-
Schiff base conjugate in each condition, spectra of ATR in
ethanol and aqueous buffer (0.09 M Hepes Buffer pH 7.2 : 0.9%
CHAPS (w/v) and 1.3% TFA, made by mixing the same ratio of
reagents for the final spectral measurement of the liposome
samples) or N-Ret-PE in methanol acidified with 0.1% TFA
and the same aqueous buffer were obtained (representative
spectra shown in Fig. 1). The λmax of ATR = 383 nm in
ethanol and 385 nm in the aqueous buffer. The λmax of
protonated N-Ret-PE = 450 nm in methanol with 0.1% TFA
and = 435 nm in the aqueous buffer. When the spectra of ATR
of the same concentration were measured in both ethanol and
the aqueous buffer, the molar extinction coefficient (ε) of ATR
at 385 nm in the aqueous buffer can be calculated using the
formula: ε0(385nm, aqueous) = AU(385nm, aqueous) x ε (383nm, ethanol)/
AU(383nm, ethanol), where ε (383nm, ethanol) = 42,880 M−1 cm−1

(28). In our hands, the ε
0
(385nm, aqueous) of ATR =

38,389 M−1 cm−1 (calculated from the means of AU(383nm,

ethanol) (n = 7) and AU(385nm, aqueous) (n = 7)). Similarly, the
ε
0
(435nm, aqueous) of protonated N-Ret-PE =AU(435nm, aqueous) x ε

(450nm, methanol/TFA)/AU(450nm, methanol/TFA), where ε (450nm,

methanol/TFA)= 31,300 M−1 cm−1 (27). The ε
0
(435nm, aqueous) of

protonated N-Ret-PE = 27,137 M−1 cm−1 (calculated from the
means of AU(450nm, methanol/TFA) (n = 6) and AU(435nm, aqueous)

(n = 7)). Moreover, in our aqueous buffer, the AU(435nm)/
AU(385nm) for ATR ≈ 0.2843 (mean from 7 spectra) and the
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AU(385nm)/AU(435nm) for protonated N-Ret-PE ≈ 0.4907 (mean
from 7 spectra). Assuming the absorbances of 385 nm and
435 nm in the final mixture were contributed by only ATR, or
ATR and N-Ret-PE (or the other Schiff bases), the AU(385nm)

from only ATR in the mixture was “a,” and the AU(435nm) from
only protonated N-Ret-PE (or the other Schiff bases) in the
mixture was “b”

a+0.4907b=AU(385nm/final) of the final mixture.
0.2843a+b=AU(435nm/final) of the final mixture.
Therefore, the final concentrations of ATR and N-Ret-PE

(or the other Schiff bases) could be estimated using the
following equations:

a¼AUð385nm=finalÞ−0:4907×AUð435nm=finalÞ
:0:8605

b¼AUð435nm=finalÞ−0:2843×AUð385nm=finalÞ
0:8605

Thus, with the ε0(385nm, aqueous) of ATR (38,389 M−1 cm−1) and
the ε

0
(435nm, aqueous) of protonated N-Ret-PE

(27,137 M−1 cm−1), the percentage composition of ATR or its
retinal-Schiff base conjugate at the endpoint could be
estimated based on the concentrations of each over the sum
of both, that is, ATR%= (a/38,389)/(a/38,389+b/27,137) x
100%, and N-Ret-PE (or the other Schiff- bases) %= (b/
27,137)/(a/38,389+b/27,137) x 100%. Due to the similarity in
the spectral characteristics of N-Ret-PE and N-Ret-PS (26),
and the undetermined spectral characteristics of N-Ret-
taurine, we used the same parameters of protonated N-Ret-
PE for their estimation.
Formation and quantification of Schiff-base conjugates in
bovine ROS

Bovine ROS were prepared from frozen-thawed bovine
retinas (WL Lawson) in the dark as described (56). In each
experiment, under dim red light, a sample of ROS was
defrosted on ice and placed in a TLA110 centrifuge tube
(Beckman Coulter, Canada). An aliquot of 2.6 to 3 ml of 0.1 M
Hepes Buffer (pH 7.2) (referred to as Hepes Buffer hereafter)
was added, mixed, and the suspension was centrifuged at
≥67,000g for 10 min at 4 �C. The supernatant was discarded
and the pellet was resuspended with �3.5 ml Hepes Buffer and
centrifuged again. The second supernatant was discarded and
the pellet was resuspended in Hepes Buffer of the same initial
volume of ROS aliquot. An aliquot of 100 to 130 μl was
removed and kept on ice in the dark for dark-state spectra
measurement. The remaining resuspension was transferred to
a 1.5 ml Eppendorf tube, with the addition of 30 μl of 1M
hydroxylamine (pH 7.2) and Hepes Buffer to a final volume of
1.5 ml. The mixture was incubated at RT for �40 min on a
rolling rack standing above ice, illuminated with a 150W in-
candescent light bulb at a distance of about 10 to 15 cm. A
translucent plastic panel was placed between the light bulb and
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the rolling rack to reduce the heat and to diffuse the light.
After bleaching, the mixture was transferred to a TLA 110 tube
and the tube was filled up with Hepes Buffer (�2 ml) and
centrifuged at 67,000g for 10 min at 4 �C. The pellet was
washed four times by resuspending in 3.5 ml of Hepes Buffer
and repeating the centrifugation. The final pellet was resus-
pended in Hepes Buffer of the same volume as the resus-
pension before the addition of hydroxylamine and bleaching.

Three to four aliquots of 30 μl each from the dark-state ROS
(before bleach) saved previously were mixed with 270 μl Hepes
Buffer and 30 μl 10% CHAPS to measure the dark-state
spectra. The rhodopsin concentration in the dark state was
then estimated based on the absorbances at 500 nm using the
molar extinction coefficient of 40,600 M−1 cm−1 (57). Subse-
quently, four aliquots of 30 μl each from the bleached ROS
were mixed with 270 μl Hepes Buffer, 30 μl 10% CHAPS, and
15 μl 10% TFA, to measure the “bleached” spectra. For the
remaining bleached ROS, ATR in ethanol was added to final
concentrations that matched the indicated percentages of
concentrations of rhodopsin in the dark state. The mixtures
were then incubated at RT in the dark, with intermittent
mixing. At 5 min and 30 min time points, three aliquots of
30 μl each per condition were taken, and mixed with 270 μl
Hepes Buffer and 15 μl 10% TFA that were preadded in glass
tubes. Thirty μl of 10% CHAPS was added prior to recording
the spectra. All the spectra were recorded using a DeNovix
DS-11+ Spectrophotometer in a 10 mm cuvette, with the
baseline set by a solution of 300 μl Hepes Buffer + 30 μl 10%
CHAPS + 15 μl 10% TFA. The percentage of N-Ret-PL over
the sum of itself and remaining ATR was estimated based on
the AU385nm and AU435nm as described above, with the cor-
responding absorbances in the “bleached” spectra subtracted
as the background.
Fluorescence measurements

PC liposomes consisting of 100% DOPC, PE/PC liposomes
consisting of 35% DOPE/65% DOPC, and PS/PC liposomes
consisting of either 12% DOPS/88% DOPC or 35% DOPS/
65% DOPC (total lipid concentration of 228 μM) were treated
with 200 μMATR. After about 15 min at RT, the fluorescence
emission spectra of aliquots of 200 μl each from these lipo-
somes were recorded after solubilization with 20 μl 10%
CHAPS (day 0). The 15-min incubation time was to allow the
formation of most ATR-Schiff base conjugates, thus the
fluorescence of which would be included as the background
of the emission spectra on Day 0. Therefore, the increases of
fluorescence from day 0 to day 6 would primarily reflect the
formation of di-retinoids, which is known to be a slow re-
action. The fluorescence emission spectrum of another
aliquot of each sample was recorded when the reaction
mixtures were maintained in the dark, with gently mixing at
RT for 6 days (day 6). For fluorescent measurements, an
excitation wavelength of 439 nm similar to the λmax for A2-E
(38) was used and the emission spectra was recorded from
470 nm to 750 nm on a Varian Cary Eclipse Fluorescence
Spectrophotometer. Three spectra of each condition were
recorded and a representative spectrum from each condition
was shown.

Expression, purification, and functional characterization of
ABCA4 variants

The expression and purification of ABCA4 variants con-
taining a 1D4 tag was carried out as described (55, 58).
Briefly, HEK293T cells were transfected with plasmid DNA
(5 μg per 10 cm plate or 1 μg per well of 6-well plate) using
1 mg/ml PEI MAX (Polysciences) at a 3:1 ratio of PEI to
DNA. Cells were grown in a humidified incubator (5% CO2)
at 37 �C in Dulbecco’s modified Eagle’s medium supple-
mented with 8% bovine growth serum. Typically, cells were
harvested � 24 h posttransfection and either used the same
day (in most cases) or snap-frozen in liquid nitrogen and
stored at −70 �C.

For the ABCA4 variant expression test, cells were trans-
fected in 6-well plates and the cells from each well was
resuspended in 25 μl of Buffer A (25 mM Hepes, pH 7.4,
150 mM NaCl, 5 mM MgCl2, 10% glycerol, 1 mM DTT) with
protease inhibitor cocktail (PIC) (Calbiochem 539,134) and
solubilized by adding the resuspension slowly to 125 μl of a
buffer of Buffer A with 24 mM CHAPS, PIC, and Benzonase
nuclease (1:10,000) with stirring for 30 min at 4 �C.

For ABCA4 functional tests, cells were transfected in 10 cm
plates. The harvested cells were resuspended in 100 μl per
10 cm plate of Buffer A with PIC and solubilized by adding the
resuspension slowly to 0.5 ml per plate of Buffer A supple-
mented with 0.15 mg/ml BPL, 0.05 mg/ml DOPE, with 24 mM
CHAPS and PIC with stirring, and kept stirring for 30 min at 4
�C. Typically, 2 to 3 plates of cells per ABCA4 variant were
pooled in each experiment.

The solubilized cells for either test was then centrifuged at
67,000 to 72,000g for 12 min at 4 �C to remove nonsolubilized
material, the supernatants were either subjected to SDS-gel
electrophoresis and Western blotting to measure expression
levels or mixed with 80 to 90 μl of Rho1D4-Sepharose 2B af-
finity matrix per ABCA4 variant for 1 h at 4 �C for purification
(for the functional tests). In the latter case, the affinity matrix
was washed nine times in Buffer A containing 0.15 mg/ml BPL,
0.05 mg/ml DOPE, and10 mM CHAPS. The protein was
eluted two times with 56 to 66 μl each in the same buffer with
0.3 mg/ml 1D4 peptide at 18 �C for 30 min per time with
mixing. A fraction was analyzed on SDS gels stained with
Coomassie blue to determine the protein concentration using
bovine serum albumin as a standard.

In the experiments designed to measure the effect of PE, PC,
and PS individually on the activity of WT ABCA4, �0.19 g
pellets of suspension HEK 293T cells expressing WT ABCA4-
1D4 was resuspended in 570 μl Buffer A with PIC, and solu-
bilized by adding it slowly to 2.28 ml Buffer A with 0.1 mg/ml
brain PC, 25 mM CHAPS and PIC with stirring for 30 min at
4 �C. After centrifugation, the supernatants were incubated
with 240 μl of the Rho1D4 matrix for 1 h at 4 �C with mixing.
The mixture was then divided equally into three aliquots (for
J. Biol. Chem. (2023) 299(5) 104614 13
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testing three types of lipids), washed three times in Buffer A
containing 10 mM CHAPS and 0.1 mg/ml brain PC, followed
by washing six times in Buffer A containing 10 mM CHAPS
and 0.1 mg/ml of the corresponding lipid (DOPE/DOPC/
DOPS). The aliquots were then eluted two times with 70 μl of
0.5 mg/ml 1D4 peptide in the respective buffer for each type of
lipid at 18 �C for 30 min per time with mixing.

The functional activity of the purified WT ABCA4 and
ABCA4 variants was measured as described using the ADP-
Glo Kinase Assay protocol (Promega). Briefly, a 20 μl
ATPase reaction was performed by incubating 15 μl of
protein elution (typically containing �100–240 ng protein
for the cells on plate or �440–720 ng protein for the sus-
pension cells) with either 1 μl of 0.8 mM ATR or buffer for
15 min followed by the addition of 4 μl of 2.5 mM ultrapure
ATP. The reaction was carried out for 35 min at 37 �C. Each
reaction was done in triplicate. Five μl of each reaction was
then mixed with 5 μl of ADP-Glo reagent in a well of a 384
Corning white polystyrene plate and incubated at RT for 1 h.
Ten μl of kinase detection reagent was then added and the
reaction mixture was incubated at RT for �35 min. The
luminescence signal was detected using SoftMax Pro 5.4 on a
Molecular Device SpectraMax M3 Spectrometer (https://
www.moleculardevices.com/products/microplate-readers/
acquisition-and-analysis-software/softmax-pro-software).
Background control was carried out under the same condi-
tions except for the addition of the ADP-Glo reagent at zero
time (immediately following the addition of ATP). The
luminescence signals after background subtraction were
normalized to the purified protein amounts used in the assay
and presented relative to the level of WT ABCA4 in the
absence of ATR. Three independent experiments were car-
ried out for each ABCA4 variant unless otherwise indicated
and the data were expressed as the mean ± S.D.
N-Ret-PE and N-Ret-PS binding studies

The binding of N-Ret-PE to ABCA4 in the presence of
DOPE or DOPS was carried out as described (55). Briefly,
HEK293T cells expressing ABCA4-1D4 were solubilized in
Buffer A containing 18 mM CHAPS, 0.01 mg/ml DOPC and
PIC, and incubated for 20 min at RT with 20 μM of tritiated
ATR (500 dpm/pmol). For each PL, the sample was divided
into two aliquots. One was further incubated in Buffer A
containing 10 mM CHAPS and 0.1 mg/ml DOPE or DOPS
and the other was incubated in the same buffer but con-
taining 2 mM ATP. After 30 min, the samples were applied
to a Rho1D4 affinity column, washed six times with their
respective buffer, and the bound tritiated retinoid was
extracted in ethanol for measurement of radioactivity by
liquid scintillation counting and the column subsequently
treated with SDS to extract protein for Western blotting as
described (55). The binding of tritiated ATR to ABCA4
variants was carried out as above with the following modi-
fication as described (41). HEK293T cells expressing the
ABCA4 variants were solubilized in 18 mM CHAPS buffer
containing 0.19 mg/ml BPL and 0.033 mg/ml DOPE prior to
14 J. Biol. Chem. (2023) 299(5) 104614
immobilization on a Rho1D4-Sepharose matrix and extrac-
tion as described above.

Statistical analysis

Statistics were carried out using GraphPad Prism 9.0
(https://www.graphpad.com/features). n-values are for num-
ber of independent experiments. p-values are as indicated in
the text and legends.
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