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Glycerophospholipids (GPs) are subdivided into distinct 
classes based on the nature of the polar head group at the 
sn-3 position of the glycerol backbone; the head group can 
be either choline or ethanolamine and, to a lesser extent, 
inositol or serine (1, 2). The sn-1 or sn-2 positions in the GP 
species are typically occupied by fatty acids (diacyl) linked 
to the glycerol backbone by ester bonds. Hydrolysis at ei-
ther the sn-1 or sn-2 fatty acyl ester bond of phosphoglycer-
ides produces free fatty acids and lysophospholipids (3). 
Diversity is also introduced to this structure by having a 
single alkyl chain at the sn-1 position linked to the glycerol 
via an ether bond (Fig. 1).

Ether GP species differ from the more common diacyl 
subclass in having a straight chain fatty alcohol rather than 
a fatty acid at the sn-1 position (2). The fatty alcohols are 
mainly restricted to saturated C16 (C16:0) or saturated and 
mono-unsaturated C18 (C18:0, C18:1) (2). Among these, 
ether-bonded GPs, those bearing vinyl ether (-O-C=C-) at 
the sn-1 position, are called plasmalogens (supplemental 
Fig. S1) (4). At the sn-2 position, plasmalogens are en-
riched in long-chain polyunsaturated fatty acids, specifi-
cally DHA (C22:6, -3) or arachidonic acid (C20:4, -6) 
(2). DHA is more abundant in the outer segments of pho-
toreceptor cells than in any other mammalian cell mem-
brane; 22:6n-3 accounts for 34.2% of the fatty acid in 
phosphatidylethanolamine (PE), 19.5% of the fatty acid in 
phosphatidylcholine (PC), and 34.1% of the fatty acid  
in phosphatidylserine (5).
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The primary amine of PE in photoreceptor cell outer seg-
ments is notable for being subject to the reactivity of vitamin 
A aldehyde (all-trans-retinal or 11-cis-retinal) (6) that is essen-
tial to photon absorption by photoreceptor cells. The re-
sulting Schiff base adduct, N-retinylidene-PE (NRPE) (7), 
serves to chaperone reactive retinaldehyde until it is re-
duced to all-trans-retinol by NADPH-dependent retinol de-
hydrogenases (RDHs) (RDH8, RDH11, and RDH12) in the 
cytoplasm of photoreceptor cells. A portion of NRPE is 
aided in its delivery to RDH by the photoreceptor-specific 
ABCA4 in outer segments (8–11).

Under some conditions, not all of which have been clari-
fied, NRPE, instead of hydrolyzing to release PE, reacts 
nonenzymatically with a second molecule of retinaldehyde. 
The first step in this condensation reaction is a [1,6]-pro-
ton tautomerization generating a PE-retinyl enamine, 
which reacts with the second retinaldehyde. After aza-6-
electrocyclization and auto-oxidation of the dihydropyri-
dinium intermediate (dihydro-A2PE) (12), the fluorescent 
phosphatidyl-pyridinium bisretinoid, A2PE, is formed. 
A2PE is not a single compound; rather, it consists of a mix-
ture of retinaldehyde adducts having fatty acids of varying 
lengths and numbers of double bonds, stearic acid (18:0) 
and DHA (22:6) being two of these (13). These A2PE com-
pounds are the immediate precursors of A2E, a prominent 
and well-known pigment of retinal pigment epithelium 
(RPE) lipofuscin. A2E is generated from A2PE by phos-
phate hydrolysis and this cleavage can be mediated by 
phospholipase D (PLD): incubation of A2PE in the pres-
ence of PLD results in the appearance of A2E in chromato-
graphic profiles (14). Hydrolytic activity in lysosomes 
isolated from liver and RPE also release A2E from A2PE 
(15). Additionally, this activity can be inhibited by the PLD 
inhibitor, calphostin C, and by a protease inhibitor cocktail. 

After phosphate cleavage of A2PE, no further degradation 
of the molecule occurs.

Reactions of retinaldehyde with PE lead to the formation 
of not only A2PE but also other fluorophores that constitute 
a complex mixture of fluorescent bisretinoid compounds 
within the lipid bilayer of the photoreceptor outer segment. 
These other bisretinoid fluorophores include the phosphati-
dyl-dihydropyridine bisretinoid, A2-dihydropyridine-PE (A2-
DHP-PE), and both the all-trans-retinal dimer and the related 
PE conjugate, all-trans-retinal dimer-PE (14, 16–19). The no-
menclatures assigned to these compounds were designed to 
indicate both the structures and the formation from two reti-
naldehyde (vitamin A-aldehydes; A2) molecules. The struc-
tures of these bisretinoids have been demonstrated by MS 
and NMR spectroscopy together with biomimetic synthesis, 
and all of these compounds present with a head group from 
which two polyene hydrophobic arms extend, each serving as 
a chromophore exhibiting absorbance in the visible or UV 
range. Due to the continual turnover of outer segment mem-
brane combined with phagocytic clearance by adjacent RPE 
cells (20), these bisretinoid pigments do not accumulate in 
photoreceptor cells but, instead, are transferred to the RPE 
and become the lipofuscin of these cells. While these fluoro-
phores accumulate even in healthy eyes, deficiency in ABCA4 
due to gene mutation in humans and mice leads to elevated 
levels of both N-retinylidene-PE and the various bisretinoids 
(17, 21–23).

Because A2E is a substantial peak in RPE extracts and 
A2PE is present at relatively low or nondetectable levels, 
hydrolytic cleavage of A2PE with release of A2E and, pre-
sumably, phosphatic acid appears to occur as a facile reac-
tion. Conversely, the relative abundance of A2-DHP-PE 
(19) and all-trans-retinal dimer-PE (17) in mouse eyecups 
and human and bovine RPE, indicates that these bisreti-
noids are relatively refractory to cleavage. The same can  
be said for A2-glycerophosphoethanolamine (A2GPE), an 
ethanolamine ester of glycerophosphoric acid. 1H-NMR 
and 13C-NMR spectra of A2GPE confirmed the presence of 
the glycerol and phosphate moieties (24).

Our chromatographic and spectroscopic analyses of the 
fluorophores in human retina have revealed compounds 
that we have not previously identified. Notably, the fluores-
cent molecules that attract attention exhibit absorbances 
in both the UV and visible range. This is a signature feature 
of bisretinoids. Here, we report the structures, mechanisms 
of formation, and photooxidative properties of two newly 
recognized fluorophores.

MATERIALS AND METHODS

Animals and tissues
Purified bovine rod outer segments (ROSs) were purchased 

from InVision BioResources (Seattle, WA). Human donor eyes 
(age range 26–74 years, six eyes) were received within 24 h of 
death from the Eye-Bank for Sight Restoration (New York, NY). 
The study was in accordance with the Declaration of Helsinki with 
regard to the use of human tissue. Bovine ROSs and human RPE/
choroid and neural retina were homogenized in DPBS using a 

Fig.  1.  Molecular weight (MW) and UV-visible absorbance (nm) 
of alkyl ether lysoA2PE. The structure includes an ether-linked (-O-) 
saturated alkyl chain, either C16 or C18 at the sn-1 position. Positions 
on the GPE that are subject to hydrolysis by PLA2 and PLD are indi-
cated (pink arrows). Cleavage by PLA2 yields lysoA2PE. Cleavage by 
PLD yields A2E. Carbon numbers on the glycerol backbone are indi-
cated by 1, 2, and 3. Absorbance peaks at 440 and 340 nm can be 
assigned to the long and short arms of the molecule, respectively.
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tissue grinder in the presence of chloroform/methanol (1:1). 
Subsequently, the sample was extracted three times with addition 
of chloroform and centrifuged at 3,220 g for 10 min. After passing 
through a filter, the extract was concentrated by evaporation of 
solvent under argon gas and redissolved in ethanol. The sample 
was centrifuged at 21,130 g for 3 min and the supernatant was 
transferred to the ultra-performance (UP)LC autosampler and 
the supernatant was analyzed by UPLC.

UPLC-MS
MS was performed on a Waters Acquity UPLC system (Waters, 

Milford, MA) that was coupled online with a single quadrupole 
mass spectrometer (Waters SQD) and both photodiode array 
(PDA; Waters) and fluorescence (FLR; Waters) detectors. The 
mass spectrometer was equipped with ESI and the single quadru-
pole analyzer was set to operate in either full scan mode (ranging 
from m/z 150 to 2,000) or to scan a single mass unit (selected ion 
monitoring). For elution, a phenyl column (Waters ACQUITY 
UPLC® BEH phenyl; 1.7 m, 2.1 × 100 mm) was used with a mo-
bile phase of acetonitrile/water (1:1) and isopropanol/acetoni-
trile (9:1), both with 0.1% formic acid (UPLC condition a: 0–50 
min, 100–55% acetonitrile/water in isopropanol/acetonitrile; 
50–110 min, 55–35% acetonitrile/water in isopropanol/acetoni-
trile; flow rate of 0.2 ml/min), and an injection volume of 10 l. 
All bisretinods, including isoA2E, A2E, A2GPE, A2-DHP-PE, all-
trans-retinal dimer (atRALdi)-PE, A2PE, and lysoA2PE, were quan-
tified using UPLC chromatograms together with software (Waters 
Empower 3). Additionally, for analysis of synthetic chemicals, the 
same phenyl column was used with a mobile phase of water and 
acetonitrile/methanol (1:1), both with 0.1% formic acid (UPLC 
condition b: 0–1 min, 30% acetonitrile/methanol; 1–27 min, 98% 
acetonitrile/methanol and then the final condition was held for 3 
min; flow rate of 0.5 ml/min and an injection volume of 5 l).

Biomimetic synthesis
A2E, A2GPE, A2-DHP-PE, atRALdi-PE, and A2PE species were 

synthesized as previously described (16, 19, 24, 25). The lysoA2PE 
was synthesized by treating one equivalent of 1-O-octadecyl-2-hy-
droxy-sn-glycero-3-phosphoethanolamine (custom synthesis; Avanti 
Polar Lipids Inc., Alabaster, AL) with two equivalents of all-trans-ret-
inal in 0.1% trimethylamine containing chloroform/methanol 
(2:1) solution at 37°C in the dark for 3 days. The reaction mixture 
was dried under argon gas and redissolved and diluted in ethanol 
for UPLC analysis (UPLC condition a) as described above.

Spectroscopy
FLR spectra of alkenyl ether lysoA2PE (Table 1, compound 6) 

in indicated solvents were recorded in either a SpectraMaxM5 

reader (Molecular Devices Inc, Sunnyvale, CA) using a 384-well 
microplate (polystyrene, flat-bottom, well depth of 11.56 mm) or 
a Luminescene Spectrometer LS55 (PerkinElmer, Shelton, CT) 
using a quartz cuvette (10 mm path-length) (luminescence spec-
troscopy cells; PerkinElmer) as indicated. FLR was recorded at 
room temperature as relative FLR units from 500 to 800 nm in 1 
or 10 nm steps and using a bandpass slit of 6 nm and an excitation 
of 440 nm.

Hydrolysis of bisretinoids with enzymatic and 
nonenzymatic incubation

To test PLD activity (300 units/ml PLD from Streptomyces chro-
mofuscus; Enzo Life Sciences, Framingdale, NY), alkenyl ether ly-
soA2PE (Table 1, compound 6) in DMSO (15 l) was added to 
485 l DPBS buffer (with CaCl2 and MgCl2; GIBCO-Invitrogen, 
Carlsbad, CA). To assay phospholipase A2 (PLA2) (300 units/ml 
PLA2 from porcine pancreas; Sigma-Aldrich, St. Louis, MO), alke-
nyl ether acylA2PE (Table 1, compound 7) in DMSO (15 l) was 
added to 485 l borax buffer (with 10 mM CaCl2, pH 9). The 
mixtures were incubated for 24 h at 37°C. For a nonenzymatic 
hydrolysis experiment, 1-(1Z-octadecenyl)-2-hydroxy-sn-glycero 
A2PE (Table 1, compound 6) was incubated in DPBS (containing 
2% DMSO) at pH 5 for 48 h at 37°C. After incubation, mixtures 
were extracted with chloroform, dried under argon, and analyzed 
by UPLC-MS (UPLC condition b) as described above.

Photooxidation of lysoA2PE
A2E, acyl lysoA2PE (Table 1, compound 5), and alkenyl ether 

lysoA2PE (Table 1, compound 6) (200 l, 100 M in DPBS at pH 
7; 2% DMSO) were irradiated (430 nm) for 0, 30, 60, and 120 s 
after which each sample was injected into the column (Waters 
BEH phenyl) for analysis by UPLC-MS (UPLC condition b) as de-
scribed above.

RESULTS

Analysis of unknown bisretinoids in human RPE extract by 
UPLC-PDA-FLR-MS

We analyzed whole chloroform/methanol extracts of 
human RPE/choroid (age range 26 to 74 years, six sam-
ples) by reverse-phase UPLC-FLR-MS with PDA detection 
at 430 nm. Peaks in the UPLC profile had retention times 
(Rts) assignable to the previously identified RPE bisreti-
noids: A2E and isoA2E, A2GPE, A2-DHP-PE, and atRALdi-
PE (13, 16, 23, 24) (Fig. 2A). In addition, two peaks (Rts: 68 
and 73 mins) reflecting slightly less polar compounds were 

TABLE  1.  List of A2PE species studied

Compound Identificationa Systematic Name Common Nameb Exact Mass (m/z) Retention Time (min)c

Compound 1 1-Hexadecyl-2-lyso-sn-glycero A2PE Alkyl ether lysoA2PE (O-16:0/0:0) 970.7 68a

Compound 2 1-Octadecyl-2-lyso-sn-glycero A2PE Alkyl ether lysoA2PE (O-18:0/0:0) 998.7 73a

Compound 3 1,2-Dihexadecanoyl-sn-glycero A2PE Diacyl A2PE,A2-DPPE(16:0/16:0) 1,222.9 93a

Compound 4 1-Octadecanoyl-2- (4Z,7Z,10Z,13Z,16Z, 
19Z-docosahexaenoyl)-sn-glycero A2PE

Diacyl A2PE [18:0/22:6  
(4Z,7Z,10Z,13Z,16Z,19Z)]

1,323.0 101a

Compound 5 1-Octadecanoyl-2-lyso-sn-glycero A2PE Acyl lysoA2PE (18:0/0:0) 1,012.7 19b

Compound 6 1-(1Z-octadecenyl)-2-hydroxy-sn-glycero A2PE Alkenyl ether lysoA2PE (P-18:0/0:0) 996.7 21b

Compound 7 1-(1Z-octadecenyl)-2-(9Z-octadecenoyl)-sn-
glycero A2PE

Alkenyl ether acyl A2PE  
[P-18:0/18:1(9Z)]

1,261.1 26b

a Compound identification denotes systematic and common name for quick indication.
b According to the LIPID MAPS system. GP abbreviations refer to species with one or two side-chains where the structures of the side chains are 

indicated within parentheses in the “headgroup(sn-1/sn-2)” format. Acyl chains are assumed by default. The “O-” prefix indicates the presence of an 
alkyl ether substituent; the “P-” prefix is used for the 1Z-alkenyl ether (plasmalogen) substituent.

c Nonitalic lowercase letters in this column denote UPLC conditions a and b as in Materials and Methods.
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observed. The presence of two maxima in the absorbance 
spectra, one in the UV range and the other in the short-
wavelength visible range, were suggestive of bisretinoid 
species (26) (Fig. 2A). Additionally, online FLR monitor-
ing (excitation 430 nm/emission 600 nm) showed that the 
two unknown peaks of interest were fluorescent com-
pounds (Fig. 2B). The m/z of these compounds were m/z 
970.7 (Fig. 2C, peak 6) and 998.7 (Fig. 2D, peak 7). Due to 
the absorbance maxima and molecular mass, we consid-
ered the possibility that these peaks represented species of 
A2PE, the retinaldehyde-PE adducts, having variable fatty 
acid content, that serve as precursors of A2E. Based on the 
molecular mass and Rt, we excluded the A2PE species, A2-
DPPE (Rt 93 min; m/z 1,222.9) (Table 1, compound 3), 
that is synthesized with DPPE (1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine) and all-trans-retinal as starting 
materials (Fig. 2E). From previous experience, we expected 
that detectable levels of A2PE would be quite low in human 
RPE extracts, a characteristic we have attributed to A2PE 
species being readily cleaved by PLD in RPE lysosomes 
(15). In bovine ROSs incubated with all-trans-retinal, A2-
DPPE was not the major peak; instead the major A2PE spe-
cies exhibited m/z 1,323.0 (supplemental Fig. S2).

UPLC profiles of tissue extracts from human neural 
retina and bovine ROSs

In samples of human neural retina and bovine ROSs, the 
peaks exhibiting m/z 970.7 and m/z 998.7 (peaks 6 and 7, 
respectively; Fig. 2C, D) were not detected (Fig. 3). Instead, 

as shown in Fig. 3, two peaks with similar Rts (Rts 68.5 and 
73.2 mins) were observed. Due to their single maximum 
absorbance (max) at 440 nm (Fig. 3B, C), we suspected 
that these peaks could be isomers of NRPE. On-line UPLC-
MS indicated m/z values of 1,058 (Rt 73.2 mins) consistent 
with NRPE bearing stearic acid (C18:0) and DHA (C22:6 
-3) at the sn-1 and -2 positions with the linkage to GPE 
being an ester (m/z values are not shown in Fig. 3) (13). 
This assignment was supported by the detection of diacyl 
A2PE (m/z 1,323.0, Rt 101 min) (Table 1, compound 4) 
attributable to GPE with stearic acid and DHA in hydro-
phobic extracts from human neural retina and bovine ROS 
(Fig. 3B, C). The presence of the latter diacyl A2PE species 
(13) was not surprising because DHA and stearic acid are 
abundant fatty acids from vertebrate ROS membrane (5).

Analysis of biosynthetic reaction mixtures
Ester-linked PEs and vinyl ether-linked PEs (the latter 

are commonly called plasmalogen) are the major sources 
of phospholipids in human outer segments of retina (27). 
Based on the molecular mass and Rts, we speculated that 
the two unknown peaks were A2PE species that bear a sin-
gle saturated fatty acid chain (either C16:0 or C18:0) at 
the sn-1 position on glycerophosphoethanolamine (GPE) 
through an ether-linkage (Fig. 1). These ether-linked sin-
gle alkyl chain A2PE species are here referred to as alkyl 
ether lysoA2PE (Table 1, compounds 1 and 2). In an at-
tempt to identify peak 7 (m/z 998.7; Fig. 2) that was de-
tected in human RPE, we incubated a custom-synthesized 
alkyl ether, lysoGPE(O-18:0/0:0), with all-trans-retinal at a 
1:2 ratio. After incubation, the reaction mixture was ana-
lyzed by online UPLC-PDA-MS. The peak eluting from 
the synthetic mixture at 73.5 min presented with the same 
Rt (73.5 mins), UV-visible absorbance maxima (max 340, 
440 nm), and m/z 998.7 (peak 7, Fig. 4) as the peak that 
we detected in human RPE using the same analytic protocol 
(Fig. 2).

Fig.  2.  UPLC profile of an extract of human RPE [donor age 74, 
1 eye (A–D)]. A: Chromatogram with monitoring at 430 nm absor-
bance (UPLC condition a). Top insets: UV-visible absorbance spec-
tra of isoA2E, A2E, A2GPE, A2-DHP-PE, atRALdi-PE, and unknown 
A2PE species. The chromatogram represents analysis of six eyes. B: 
FLR monitoring at an excitation of 430 nm and emission of 600 nm. 
C, D: Selected ion chromatogram at m/z 970.7 and 998.7 with Rts 
corresponding to peaks 6 and 7 in A. E: UPLC chromatogram (430 
nm monitoring) detecting a synthetic product derived from a mix-
ture of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) 
incubated with all-trans-retinal. Insets: Mass spectrum (left) and UV-
visible absorbance spectrum (right) corresponding to indicated 
peak (A2-DPPE m/z 1,222.9) (arrow).

Fig.  3.  UPLC chromatograms and monitoring at 430 nm (UPLC 
condition a). A: Human RPE. The UPLC injectant was hydrophobic 
extract of RPE/choroid (age 74 years, one eye). IsoA2E, A2E, 
A2GPE, A2-DHP-PE, atRALdi-PE, and two unknown peaks were de-
tected. B: Human neural retina (NR) (35 years, one eye). C: Bovine 
ROSs (one eye). NRPE species: 440 nm; Rt 73–75 min (B, C). Peak 
7 (Rt, 73 min in A). D: A2PE species detected in B and C exhibit m/z 
1,323.0, consistent with stearic acid (C18:0) and DHA (C22:6) at-
tached by ester linkages to GPE. b, c: Chromatogram (430 nm ab-
sorbance monitoring) expanded between Rts 85 and 105 min. 
A2PE peaks in the chromatogram and their corresponding UV ab-
sorbance spectra are shown.
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A question that surrounded the ostensible ether-bearing 
lysoA2PE was whether the position of the single alkyl chain 
was either at sn-1 or sn-2 on the glycerol backbone of GPE. 
Thus, to clarify this issue, we used a series of analogs as 
starting materials in a synthetic mixture with 2 molecules of 
all-trans-retinal and analyzed a series of A2PE species by 
UPLC-PDA-MS.

Acyl lysoA2PE, which contains heptadecanoic acid (C17:0) 
attached at either the sn-1 or sn-2 through an ester linkage, 
was calculated to have an exact molecular mass of 998.70 
corresponding to a chemical formula of C62H97NO7P

+. 
Acyl lysoA2PE(17:0/0:0) eluted 2–3 min earlier and, fur-
thermore, the other acyl lysoA2PE(0:0/17:0) eluted 3–4 
min earlier than alkyl ether lysoA2PE (data not shown). 
Because an additional common source of GPE is alkenyl 
ether GPE (plasmalogen), we synthesized alkenyl ether ly-
soA2PE (C63H99NO6P

+, m/z 996.7) (Table 1, compound 6) 
bearing the latter plasmalogen and analyzed by the same 
method. The chromatographic Rts of the alkenyl ether 
lysoA2PE(P-18:0/0:0) (supplemental Fig. S1; Table 1, com-
pound 6) and alkyl ether lysoA2PE(O-18:0/0:0) (Fig. 1; 
Table 1, compound 2) were identical at 73.4 min, but the 
alkyl ether lysoA2PE could be easily distinguished by a 2 Da 
difference when the corresponding mass spectra were com-
pared. Using our UPLC elution protocol (UPLC condition 
a), we were able to discriminate between the positions of 
single fatty acid chains based on Rt. From the comparison 
of biosynthetic experiments, the new A2PE constituents 
corresponded to alkyl ether lysoA2PE (Fig. 1; Table 1, com-
pound 2). Thermodynamically, 1-acyl-2-lyso compounds 
are more stable than 1-lyso-2-acyl compounds (28). Thus, 
these experiments provided corroboration for the finding 
that an alkyl ether lysoA2PE (Fig. 4) was detected in hu-
man RPE.

Enzymatic hydrolysis of alkenyl ether lysoA2PE and A2PE 
by PLD and PLA2

PLD catalyzes the cleavage of the phosphodiester bond of 
GPs, thereby generating phosphatidic acid and a free etha-
nolamine (29, 30). In the case of diacyl A2PE species, PLD-
mediated cleavage produces phosphatidic acid and A2E (Fig. 
1, supplemental Fig. S1). To demonstrate PLD-activity on ly-
soA2PE, we incubated alkenyl ether lysoA2PE(P-18:0/0:0) 
(Table 1, compound 6) with the enzyme. The chromatogram 
produced from the PLD-incubated mixture, as shown in Fig. 
5B, revealed a peak at 7 min that was attributable to A2E (Fig. 
1, supplemental Fig. S1) on the basis of UV/visible absor-
bance maxima (max 337, 440 nm) and a mass value (m/z 
592.5).

PLA2 hydrolyzed the sn-2 fatty acyl ester bond of phos-
phoglycerides, producing free fatty acids and lysophospho-
lipids (Fig. 1, supplemental Fig. S1). Because we detected 
lysoA2PE in human RPE, but not in neural retina (Fig. 3A, 
B), one possible explanation is that the A2PE species un-
dergo hydrolysis by PLA2 in human RPE. Therefore, to test 
for PLA2 activity, plasmalogen-type A2PE {alkenyl ether 
acylA2PE[P-18:0/18:1(9Z)], m/z 1,261.0} (Table 1, com-
pound 7) was employed. The structure of the latter com-
pound contains, as in our novel alkyl ether lysoA2PE, an 
ether bond at the sn-1 site and an ester linkage at the sn-2 
position. The latter is a target for PLA2-mediated cleavage. 
After incubation with PLA2, the hydrolyzed product, alke-
nyl ether lysoA2PE, having m/z 996.7 and absorbance max-
ima at 337 and 443 nm, appeared as a peak at 21 min in the 
UPLC chromatogram (Fig. 6A, B).

Nonenzymatic cleavage of alkenyl ether lysoAP2E under 
acidic conditions

We have shown previously that diacyl A2PE (A2-
DPPE) synthesized by reacting diacyl GPE (DPPE) with 

Fig.  4.  Chromatographic separation by UPLC-ESI-MS with moni-
toring at 430 nm (UPLC condition a). A: Human RPE/choroid 
(same chromatogram as in Fig. 2A). B: A synthetic sample derived 
from the incubation of alkyl ether lysoGPE(O-18:0/0:0) with all-
trans-retinal. Peak 7 corresponds to the equivalent peaks in A and 
Fig. 2A. Peak 7 in the human RPE sample elutes at the same Rt as 
the synthetic alkyl ether lysoA2PE(O-18:0/0:0) (m/z 998.7) in B. In-
sets top and bottom: UV-visible absorbance and mass spectra corre-
sponding to indicated peaks (arrows)

Fig.  5.  Hydrolysis of alkenyl ether lysoA2PE(P-18:0/0:0) (m/z 
996.7) by PLD generates A2E (m/z 592.5). A: Alkenyl ether lysoA2PE 
before incubation. B: Detection of alkenyl ether lysoA2PE and A2E 
after incubation with PLD. Starting material and cleavage products 
were detected by UPLC-ESI-MS and monitoring at 430 nm (UPLC 
condition b). Insets: UV-visible absorbance and mass spectrum of 
the indicated compounds. PLD cleaves at the phosphodiester bond 
in alkenyl ether lysoA2PE to release A2E.
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all-trans-retinal, is stable at acidic conditions (pH 5.5 
–6.0) (14). The conversion rate was only approximately 
0.01% of the A2PE sample maintained at neutral pH 
(14). However, taking into account that among phos-
pholipids, plasmalogens are a subclass that are major 
constituents of human photoreceptor outer segments, 
together with the acid sensitivity of the vinyl ether link-
age (at sn-1 position) (4), one cannot exclude the pos-
sibility that plasmalogen type A2PE would be able to 
undergo hydrolysis by acidic environments in the RPE 
lysosome. Thus, we chose alkenyl ether lysoA2PE 
(P-18:0/0:0) (m/z 996.7) (Table 1, compound 6) as a 
plasmalogen-type A2PE and 2-lyso bisretinoid, which 
could conceivably exist in lysosomes, and tested for acid 
hydrolysis. As shown in Fig. 7B, we confirmed that hy-
drolytic cleavage of plasmalogen-type A2PE occurs when 
incubated for 2 days in phosphate buffer at pH 5. Inter-
estingly, as a result of hydrolysis, A2GPE (Fig. 1, supple-
mental Fig. S1) was generated (Fig. 7B), presumably by 
cleavage between oxygen and the olefinic carbon of al-
kenyl ether lysoA2PE (31). The identification of A2GPE 
was corroborated by comparison to synthetic A2GPE on 
the basis of Rt, absorbance maxima (max 333, 434), and 
mass (m/z 746.5) (Fig. 7B).

FLR emission spectra of alkenyl ether lysoA2PE
The emission spectra recorded for alkenyl ether lyso

A2PE(P-18:0/0:0) (Table 1, compound 6) in a variety of 
solvents resulted in either hyper/hypochromic changes 
and/or blue/red shifts in absorbance (Fig. 8). Plasmalo-
gen (alkenyl ether) type lysoA2PE (Table 1, compound 6) 
rather than alkyl ether lysoA2PE (Table 1, compound 2) 

was synthesized and used for this nonenzymatic assay be-
cause of the commercial availability of the former. We 
have previously studied A2GPE FLR emission spectra 
(430 nm excitation) in various solvents including chloro-
form, PBS, and methanol. Among the solvents, the most 
intense emission was recorded in chloroform, followed 
by PBS and methanol (24). Here, we observed that emis-
sion spectra generated with alkenyl ether lysoA2PE in 
chloroform, PBS, and DMSO were similar to that of 
A2GPE (Fig. 8B). Relative to PBS, a hypochromic change 
was observed when FLR emission of alkenyl ether ly-
soA2PE was measured in DMSO (excitation at 440 nm), 
whereas a hyperchromic difference occurred when the 
emission spectrum was recorded in the less polar chloro-
form (Fig. 8B).

Because alkenyl ether lysoA2PE contains an unsaturated 
fatty acid long chain (supplemental Fig. S1), we also re-
corded emission spectra in PBS with three different types 
of hydrophobic environments (Fig. 8A). In trialkyl-methyl-
ammonium chloride (TMAC) (1 mM in PBS, cationic), a 
positively charged detergent with which the cationic head 
group of alkenyl ether lysoA2PE would not associate, FLR 
emission was minimal (32). When also recorded in sodium 
dodecyl sulfate (SDS) (1 mM in PBS, anionic), a negatively 
charged surfactant, the emission intensity of alkenyl ether 
lysoA2PE was also lower than in PBS (with 2% DMSO) and 
it exhibited a hypsochromic (blue) shift relative to both 
TMAC and PBS. Interestingly, FLR measurement in dio-
leoylphosphatidylcholine (DOPC) (1 mM in PBS, neutral) 
revealed an appreciable hyperchromic increase (at least 
3-fold higher FLR intensity than that in PBS) and a slight 
blue shift compared with that in PBS. The latter results 
were consistent with previous studies of A2E in a DOPC 
milieu (24, 32).

Fig.  6.  Hydrolysis of alkenyl ether acylA2PE[P-18:0/18:1(9Z)] 
(m/z 1,261.0) by PLA2 yields alkenyl ether lysoA2PE(P-18:0/0:0) 
(m/z 996.7). A: A2PE before incubation. B: A2PE after incubation 
with PLA2. Starting material (alkenyl ether acylA2PE) and cleavage 
products were detected by UPLC-ESI-MS with monitoring at 430 
nm (UPLC condition b). Insets: UV-visible absorbance and mass 
spectra of the indicated compounds. PLA2 cleaves at the ester bond 
emanating from the sn-2 carbon in A2PE to release alkenyl ether 
lysoA2PE.

Fig.  7.  Hydrolysis of alkenyl ether lysoA2PE(P-18:0/0:0) (m/z 
996.7) by incubation at pH 5 in DPBS generates A2GPE (m/z 746.5). 
A: Alkenyl ether lysoA2PE before incubation. B:) Alkenyl ether ly-
soA2PE and A2GPE after incubation for 48 h at pH 5 in DPBS. Start-
ing material (alkenyl ether lysoA2PE) and acid hydrolyzed product 
(A2GPE) were detected by UPLC-ESI-MS with monitoring at 430 
nm (UPLC condition b). Insets: UV-visible absorbance and mass 
spectra of the indicated compounds.
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Photooxidation of lysoA2PE
We compared the propensity for alkenyl ether lyso

A2PE(P-18:0/0:0) (Table 1, compound 6) and A2E to un-
dergo photooxidation by measuring the oxidation-related 
consumption of these bisretinoids as a function of irradia-
tion time (Fig. 9). The rate of A2E photooxidation under 
430 nm exposure was greater than the photooxidative 
loss of alkenyl ether lysoA2PE. As a comparison, acyl ly-
soA2PE(18:0/0:0) (Table 1, compound 5) that bears an 
ester bond instead of alkenyl ether bond was also exam-
ined to explore resistance to oxidation in the presence of 
the vinyl ether bond. Interestingly, the photooxidation of 
alkenyl ether-containing lysoA2PE was slower when com-
pared with the ester-containing lysoA2PE. These results 
suggest a protective role of the vinyl ether in light-induced 
oxidation processes. We also tested photooxidation of alke-
nyl ether lysoA2PE(P-18:0/0:0) when introduced to an en-
vironment of polyunsaturated fatty acid (DHA in the form 
of 1 mM of 1,2-didocosahexaenoyl-sn-glycero-3-phospho-
choline), the latter being highly susceptible to light-medi-
ated oxidation (33). Reduced photooxidative degradation 
of the A2-chromophore was observed in the unsaturated 
fatty acid milieu.

DISCUSSION

Our understanding of the burden placed on the RPE 
cell by the formation of phototoxic retinaldehyde-adducts 
(6) depends on the identification and quantitation of the 
various bisretinoid species that constitute this family of flu-
orophores. Efforts to develop therapies for various forms of 
macular degeneration include approaches that would tar-
get bisretinoid synthesis (34–37); these efforts can be aided 
by improved understanding of the biosynthetic routes.

Initial isolation and structural elucidation of A2E and 
isoA2E in human RPE was followed by the identification of 

atRALdi, atRALdi-PE, A2-DHP-PE, and A2GPE (16, 19, 24, 
25, 38). These bisretinoids were characterized using spec-
troscopic techniques, quantitative HPLC-PDA analysis of 
the products of biomimetic synthesis, and quantitative 
analysis of these fluorophore species in photoreceptor cell 
outer segments and RPE (17, 18, 22, 23). All of these bis-
retinoids were isolated from human RPE (16, 17, 19, 24, 
25). Based on our findings, we also proposed biogenesis 
schemes for bisretinoid formation in retina (Fig. 10) (13, 
16, 26). We showed that, as a final step in the biosynthetic 
scheme, the precursor A2PE was efficiently processed by 
PLD-enzymatic hydrolysis to yield A2E. Accordingly, A2PE 
was shown not to be detectable in RPE cells (15). Until 
now, enzyme-mediated hydrolysis has been largely investi-
gated using PLD (14, 15). For instance A2E was shown to 
be released from several bisretinoid precursors, including 
A2-DPPE and A2GPE, by PLD-mediated activity (18, 24). 
Because A2GPE does not contain fatty acid chains at either 
the sn-1 or sn-2 ester linkage, those previous results indi-
cated that PLD-mediated hydrolysis at phosphodiester moi-
eties of GP constituents of A2PE is not affected by fatty acid 
chains attached to the glycerol backbone. Similarly, the 
release of A2E from lysoA2PE (Fig. 5) reveals that PLD also 
cleaves the phosphodiester bond within the A2PE species 
regardless of the type of linkage at sn-1 and -2 (ester or 
ether).

As discussed above, the formation of NRPE from retinal-
dehyde and PE is the first step in the formation of A2PE 
and A2E. Rearrangements, reaction with a second mole-
cule of retinaldehyde, and elimination of two hydrogens 
from the intermediate dihydropyridinium-A2PE yield 
A2PE (12, 13). Here, we have added to the biogenesis 
scheme by showing that PLA2 can also process 1-alkyl ether-
2-acyl-A2PE (i.e., an ether bond at the sn-1 site and an ester 
bond at the sn-2 site) by mediating cleavage at the ester 
bond positioned at the sn-2 site so as to produce lysoA2PE 
presenting with a single alkyl chain at the sn-1 position. 

Fig.  8.   FLR emission spectra of alkenyl ether 
lysoA2PE(P-18:0/0:0). A: Emission spectra of alkenyl 
ether lysoA2PE (100 M) in DOPC (1 mM), 2% 
DMSO in PBS, SDS (1 mM), trialkyl-methylammo-
nium chloride (TMAC; 1 mM), and 100% DMSO re-
corded from a 384-well microplate. FLR (relative FLR 
units, RFU) was recorded at an excitation of 440 nm. 
Emission maximum (nanometers) of each spectral 
profile is indicated. B: FLR emission spectra of alkenyl 
ether lysoA2PE in chloroform, 2% DMSO in PBS, and 
DMSO, recorded from a quartz cuvette.

Fig.  9.  Photooxidation of alkenyl ether lysoA2PE 
(P-18:0/0:0) (one cis double bond on the fatty acid 
chain), acyl lysoA2PE(18:0/0:0) (no double bond on 
the fatty acid chain), and A2E in PBS with 2% DMSO or 
1 mM 1,2-didocosahexaenoyl-sn-glycero-3-phosphocho-
line in PBS with 2% DMSO. Photooxidative loss is plot-
ted as normalized peak area and as a function of 
irradiation time.
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The unprecedented detection of the bisretinoid alkyl ether 
lysoA2PE, not in neural retina, but in human RPE (Fig. 3), 
indicates that the PLA2 activity likely resides in RPE (Fig. 
10). In addition, A2GPE formation by nonenzymatic hy-
drolysis of alkenyl type lysoA2PE in an acidic environment 
serves as a new mechanism contributing to the final pro-
cessing of bisretinoids (Fig. 7). Notwithstanding the evi-
dence that A2PE and lysoA2PE undergo hydrolysis by PLD, 
detection of GP bearing bisretinoids, such as A2GPE and 
lysoA2PE, suggests that other factors, such as competition 
among hydrolytic enzymes and/or conditions of the lyso-
somal micro-milieu, may modulate mechanisms responsi-
ble for hydrolysis. For instance, the latter factor may explain 
why some bisretinoids (e.g., A2PE) undergo facile cleavage 
to remove phosphatidic acid while others do not (e.g., A2-
DHP-PE). On the other hand, while we did not compare 
PLD efficiency toward each structure, we recognize that 
the enzyme might have different preferences for the link-
ages or fatty acids either at the sn-1 or sn-2 of the structures. 
Figure 10 presents a biosynthetic scheme that includes en-
zymatic hydrolyses (Fig. 10).

It has been reported that cultured human RPE cells con-
tain at least three different types of PLA2 (iPLA2-VIA, iPLA2-
VIB, and sPLA2) (39). Moreover, several types of PLA2 
(iPLA2-VIA, iPLA2-VIB, and ciPLA2-IVA) have been identi-
fied in normal human eyes by protein identification and, 
among them, iPLA2-VIA strongly involves the regulation of 
RPE phagocytosis of photoreceptor outer segments (40). 
Interestingly, protein expression of the iPLA2-VIA proteins 
using immunostaining of normal human eyes has revealed 
that staining intensity of the PLA2 in RPE is much stronger 
than in photoreceptor outer segments (40). These reports 
together with the present results demonstrating that ly-
soA2PE is present in human RPE are consistent with the 

possibility that A2PE derived from phagocytosed outer seg-
ment membrane can be hydrolyzed by PLA2 allowing 1-al-
kyl-2-lyso-sn-glycero A2PE to be detectable in RPE (Fig. 3A).

As with other bisretinoids, the FLR capability of lysoA2PE 
is provided by an extensive system of carbon-carbon double 
bonds within its retinaldehyde-derived chromophore. The 
FLR efficiency of bisretinoids is in turn influenced by the 
micro-environment (32) of the lysosomal organelles in 
which they are sequestered. The lysosomal milieu is likely 
heterogeneous due to the presence of polar and hydropho-
bic side-chains of proteins together with lipid. We previ-
ously proposed a model within which bisretinoids of RPE 
lipofuscin self-organize into microdomains that influence 
their photoreactivity and FLR efficiency (32). As we have 
previously reported for A2E and A2GPE, we found here 
that in hydrophobic solvents such as chloroform, FLR in-
tensity was greater than in the polar milieu of PBS. Simi-
larly, the FLR intensity of alkenyl ether lysoA2PE in 
hydrophobic environment of DOPC was greater than in 
SDS and PBS. A comparison between the emission intensity 
of A2E (32) versus alkenyl ether lysoA2PE in SDS suggests 
that, in this negatively charged surfactant (Fig. 8), A2E ex-
hibits greater FLR emission than alkenyl-ether-lysoA2PE. 
The structure of alkenyl etherlysoA2PE, including the satu-
rated hydrocarbon long chain and glycerol phosphate moi-
eties, is more complex than A2E. Due to the negative charge 
on the glycerol phosphate moiety, alkenyl ether lysoA2PE is 
likely to resist the tight packing required to form micelles 
with SDS in an aqueous milieu, while A2E, with its cationic 
polar head group, would readily associate with SDS. On the 
other hand, alkenyl ether lysoA2PE may be able to aggre-
gate in association with the hydrophobic retinaldehyde 
side-arms in aqueous conditions, thus conferring greater 
photooxidation under blue light radiation (Fig. 9).

Fig.  10.  Schematic summarizing bisretinoid produc-
tion in photoreceptor outer segments with processing 
in RPE. RAL, retinaldehyde.
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It has been assumed that bisretinoids, and A2E in par-
ticular, accumulate in lysosomes of RPE cells because they 
become trapped after protonation in the acidic environ-
ment of the lysosome, thereby inhibiting lysosomal en-
zymes (41, 42). However A2E is a quaternary pyridinium 
salt that does not deprotonate or reprotonate; the positive 
charge on the pyridinium nitrogen is neutralized by a 
counterion, probably chloride (25, 26, 43). The bisretinoid 
A2-DHP-PE presents with an uncharged dihydropyridine 
ring at its core, yet this bisretinoid still accumulates in RPE 
lipofuscin (19). Another bisretinoid that accumulates in 
lysosomes is the bisretinoid, all-trans-retinal dimer; this flu-
orophore presents with a noncharged cyclohexadiene ring 
(16, 17). All-trans-retinal dimer can also form a conjugate 
with PE (all-trans-retinal dimer-PE) via a Schiff base linkage 
that exhibits pH-dependent protonation (17), and as with 
unprotonated unconjugated all-trans-retinal dimer, all-
trans-retinal dimer-PE accumulates in RPE lysosomes (17). 
Moreover, as we have shown here, the final step in the for-
mation of A2E, A2GPE, and lysoA2PE, all of which are 
amassed in RPE lysosomes, depends on the activity of at 
least two hydrolytic enzymes, PLD and PLA2. Taken to-
gether, these findings indicate that inhibition of lysosomal 
activity is unlikely to be the reason why bisretinoids accu-
mulate. Reduced activity of lysosomal degradative enzymes, 
if it were to occur, would result in a generalized increase in 
protein/peptide accumulation as in lysosomal storage dis-
eases (44), but this is not observed (45). Moreover, it is 
worth noting that all healthy eyes accumulate bisretinoid 
beginning early in life.

To date, several bisretinoids of RPE lipofuscin have 
been isolated and characterized, and for all of these for-
mation involves the membrane phospholipid, PE. The bis-
retinoid composition of RPE lipofuscin has been analyzed 
in human, rat, mouse, and bovine eyes and, in all cases, 
the same pigments are observed, although the relative lev-
els of one bisretinoid to another can vary. In future experi-
ments, we will analyze and measure alkyl ether lysoA2PE in 
mutant mouse models to determine how the prevalence of 
this fluorophore species varies with age and retinal dis-
ease.
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