
Light absorbed by the visual pigment rhodopsin leads

to isomerization of its chromophore group, 11-cis-reti-

nal, to all-trans-retinal. During photolysis, after forma-

tion of metarhodopsin II, hydrolysis of the aldimine bond

of the Schiff base leads to release of all-trans-retinal

(ATR) from the protein part of the molecule—opsin [1].

Then it is reduced to all-trans-retinol by retinol dehydro-

genase and transferred from rod outer segments into reti-

nal pigment epithelial cells by retinol-binding proteins.

But under conditions of abundant illumination free ATR

is likely to accumulate in the photoreceptor membrane

and interact with phosphatidylethanolamine. In this case

it can be transported from the photoreceptor membrane

in the form of retinylidene-phosphatidylethanolamine by

ATP-binding cassette transporter (ABCR) [1-3].

In several degenerative retinal pathologies, e.g.

Stargardt’s disease, ABCR is defective and ATR is accu-

mulated in the photoreceptor membrane [4-6].

ATR is an effective natural photosensitizer [7-9]. It

can induce oxidation of proteins and lipids in the pho-

toreceptor membrane through the mechanism of photo-

sensitized oxidation, thus causing damage to rhodopsin

and interphotoreceptor retinol-binding protein [10-14],

as well as membrane protein ABCR responsible for trans-

fer of ATR onto the cytoplasmic surface of the disc [15].

It is known that ATR in photoreceptor membrane is

able to interact with amino groups of phos-

phatidylethanolamine leading to formation of N-retinyl-

idene-phosphatidylethanolamine (NR-PE) and N-bis-

retinylidene-phosphatidylethanolamine (A2-PE) [16].

These compounds are the precursors of a toxic fluo-

rophore of lipofuscin granules, N-bis-retinylidene-

ethanolamine (A2E), that decreases retinal pigment

epithelial cell resistance to damage by blue light [16-19]. It

is also known that ATR can form nonspecific covalent and

noncovalent complexes with opsin/rhodopsin, leading to

formation of so-called rhodopsin pseudoproducts [20-24].

Moreover, it has been shown that ATR also interacts with

accessible amino groups of rhodopsin located on the

hydrophilic cytoplasmic surface of the photoreceptor disk,

leading to the formation of a fluorophore, A2-rhodopsin

[25], which has each of its three lysine residues in the

cytoplasmic domain of opsin connected with two ATR

molecules through a pyridine ring. Recently one more

product of interaction of phosphatidylethanolamine with

two ATR molecules—all-trans-retinal-dimer-phos-

phatidylethanolamine (ATR-dimer-PE)—was found [26].

Phototoxic properties of products formed via inter-

action of ATR with rhodopsin and phosphatidyl-
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ethanolamine in the photoreceptor membrane have been

studied insufficiently [27, 28]. There are no data on the

influence of these products on one of the main natural

properties of rhodopsin—its ability to regenerate in the

presence of exogenous 11-cis-retinal. However, complete

or impaired rhodopsin regeneration is the most adequate

physiological test to reveal damage to the rhodopsin mol-

ecule.

MATERIALS AND METHODS

Chemicals. Sucrose, urea, Tris, diethylenetri-

aminopentaacetic acid (DTPA), p-toluenesulfonyl fluo-

ride, dithiothreitol (DTT), dimethylsulfoxide (DMSO),

all-trans-retinal, hexane, ethyl acetate, acetonitrile,

water, and trifluoroacetic acid were from Sigma (USA);

Hepes was from Serva (Germany). 11-cis-Retinal was

kindly provided by Dr. A. A. Khodonov (N. M. Emanuel

Institute of Biochemical Physics, Russian Academy of

Sciences).

Preparation of suspension of rod outer segments. Rod

outer segments (ROS) were obtained from fresh dark-

adapted (within 6 h after animal slaughter) retinas of

bovine eyes according to the modified method of prepar-

ative centrifugation in sucrose density gradient [29].

Preparation of all-trans-retinal modified substances—

A2-rhodopsin and products of interaction with phos-

phatidylethanolamine. A mixture of A2-rhodopsin and

A2-PE products was obtained according to the procedure

from [25]. To remove membrane-bound proteins, ROS

were suspended in 5.0 M urea in 10 mM Tris, pH 7.5, and

incubated for 60 min at 4°C. Then ROS were pelleted by

centrifugation (100,000g, 60 min). After that, the ROS

were resuspended in Hepes buffer (10 mM Hepes, 50 µM

DTPA, 100 µM p-toluenesulfonyl fluoride, and 1 mM

DTT, pH 7.0). ATR was dissolved in DMSO to final con-

centration of 7 mM. Rhodopsin and phosphatidylethan-

olamine were modification via incubation of ROS sus-

pension with 2- and 10-fold molar excess of ATR (i.e.

there were two or 10 molecules of ATR per rhodopsin

molecule) in the darkness for 3 days at 37°C. ROS sus-

pension incubated with DMSO under the same condi-

tions with no ATR added was used as a control.

Rhodopsin regeneration. Degree of degeneration of

rhodopsin native properties was revealed upon estimation

of its ability to regenerate after bleaching of a ROS sus-

pension with visible light and subsequent addition of

exogenous 11-cis-retinal. In turn, rhodopsin regeneration

in the photoreceptor membrane was estimated by restora-

tion of absorption band at 500 nm of the initial spectrum.

Rhodopsin regeneration was performed according to

[30].

Five-fold molar excess of 11-cis-retinal in ethanol

(the final concentration of ethanol in sample was below

2%) was added to rhodopsin bleached with visible light

(400-700 nm during different periods of time: 15, 60, and

120 min) (bleaching parameters are described in detail

below). After incubation of ROS suspension with 11-cis-

retinal for 15 min, absorption spectra were recorded.

Then hydroxylamine solution with final concentration of

20 mM was added to ROS suspension. Hydroxylamine

was added to remove 11-cis-retinal excess by converting it

to retinal-oxime. Then the ROS suspension was bleached

with visible light for 5 min. After each step—bleaching

and subsequent incubation in the darkness in presence of

exogenous 11-cis-retinal—absorption spectra were

recorded. Degree of regeneration was estimated accord-

ing to the equation from [30]:

(А500 (regen.)–А500 (irrad. with NH2ОН))
% regeneration = 

__________________________________
× 100% .

(А500 (dark)–А500 (irrad. with NH2ОН))

Sample irradiation. Samples were irradiated using a

KGM incandescent lamp (HalMe) with the emission

spectrum of visible light in the range 400-700 nm. For

irradiation in spectral range 500-700 nm, filter OS11 was

used. Surface density of light energy reaching the sample

was 2.8 W/m2 for visible light (400-700 nm) and 2 W/m2

for green light (500-700 nm). The power of light energy

beam was determined by a Spectra Physics (USA) pho-

tometer, model 407A.

Spectral changes. A UV-1700 spectrophotometer

and RF-5301 PC spectrofluorometer (both from

Shimadzu, Japan) were used for recording spectra. For

spectrophotometric studies, rhodopsin concentration was

0.357 mg/ml. For fluorometric measurements, the sam-

ple was 4 times diluted so that its optical density was 0.09.

High performance liquid chromatography (HPLC).

Analysis was performed on Knauer chromatography

instruments (Germany).

Extraction of retinal isomers from rhodopsin and their

analysis by normal-phase HPLC. Retinal isomers were

extracted according to [31]. One milliliter of formalde-

hyde was added to 2 ml of sample, mixed, and incubated

for 2 min at 30°C. After addition of 1.5 ml of methylene

chloride, the mixture was intensively shaken and incubat-

ed for 10 min. Finally, 1.5 ml of hexane was added, shak-

en, and then centrifuged (680g, 10 min). After centrifuga-

tion, the upper layer containing methylene chloride,

hexane, and free retinal isomers was collected and con-

centrated under the vacuum of an water-jet pump. All

operations were performed under dim red light. HPLC

analysis was performed using IBM Silica column, 5 µm,

250 × 4.5 mm (IBM Instruments Inc, USA), eluent – 5%

ethyl acetate in n-hexane, flow rate – 1.5 ml/min, spec-

trophotometric detection at 365 nm.

Extraction of retinal derivatives from rhodopsin and

their analysis by reverse-phase HPLC. Extraction was

performed according to the Folch method [32]. Four mil-

liliters of chloroform–methanol mixture (2 : 1 v/v) was
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added to 1 ml of sample and intensively vortexed (Vortex,

Elmi) for 2 min. Then 1 ml of water was added to the

sample, stirred, and incubated for 2 min at room temper-

ature. After that sample was centrifuged (680g, 10 min),

and the chloroform lower fraction containing fat-soluble

substances was collected and concentrated under vacuum

of water-jet pump. All operations were performed under

dim red light. Retinal derivatives and isomers were ana-

lyzed on Diasfer-110-C18 column, 5 µm, 240 × 4 mm

(Biochemmack, Russia). Acetonitrile gradient (84-

100%) against 0.05% TFA in water (16-0%): 84-90% for

5 min, 88% for 8 min, and 100% for 30 min (flow rate,

1 ml/min) was used for retinal derivatives analysis.

Products were detected at 430 nm.

RESULTS

Preparation and identification of rhodopsin and lipids

modified with all-trans-retinal in photoreceptor membrane

of rod outer segments. Absorption spectra. A2-rhodopsin

and A2-PE (rhodopsin and phosphatidylethanolamine

modified with all-trans-retinal, respectively) products

were prepared according to the method described in [25]

without changes.

Absorption spectra of this mixture registered in the

present work were identical to those presented in the

abovementioned paper [25] (Fig. 1). Figure 1 shows that

absorption spectrum of the initial dark suspension of ROS

had a maximum at 500 nm, which is specific to the

absorption spectrum of a native rhodopsin (Fig. 1, spec-

trum 1). Incubation of ROS suspension for 3 days at 37°C

in darkness without exogenous ATR did not lead to any

substantial alteration of spectral properties of rhodopsin

(spectrum not shown). 

Addition of 10-fold molar excess of ATR to the sus-

pension led to the appearance of an absorption band with

maximum at 380 nm characteristic of retinal, making the

absorption spectrum of the ROS suspension with maxi-

mum around 500 nm almost invisible (Fig. 1, spectrum 2,

registered immediately after addition of 10-fold excess of

ATR).

Subsequent incubation of the ROS suspension in the

presence of 10-fold excess of ATR for 3 days at 37°C in

the darkness led to significant alteration of its spectral

properties (Fig. 1, spectrum 3). It is noticeable that the

absorption maximum of ATR at 380 nm present in spec-

trum 2 disappeared. Instead, two well-distinguished

shoulders with maxima at 320-340 and 440-460 nm were

observed. This indicates that new products spectrally dif-

ferent from free ATR were formed during the incubation.

Since this absorption spectrum is analogous to that

observed in work [25] under the same experimental con-

ditions, it most probably belongs to the same products

determined in the mentioned work, namely A2-PE and

A2-rhodopsin. 

Fluorescence spectra. It is known that numerous

products (for example, A2-PE and A2E) modified with

all-trans-retinal have characteristic fluorescence [16, 27].

Therefore, since the absorption spectrum of products

formed via incubation of ROS in the presence of exoge-

nous ATR has maxima at 340 and 440 nm, we considered

it expedient to perform fluorescence analysis exciting

them with light of 320 and 460 nm.

Figure 2 shows fluorescence spectra of a ROS sus-

pension containing dark non-irradiated rhodopsin

(before and after incubation without exogenous ATR), as

well as ROS suspension before and after incubation with

10-fold excess of ATR for 3 days at 37°C.

It is clearly seen from the fluorescence spectra (Figs.

2a and 2b, spectra 1 and 1′), that the incubation of ROS

suspension for 3 days in the thermostat at 37°C in the

absence of exogenous ATR did not lead to any alterations

of spectral properties of control samples, as was found for

the absorption spectra (Fig. 1). This indicates that

rhodopsin and its lipid environment in the photoreceptor

membrane were stable even during prolonged incubation

at rather high temperature.

Treatment of ROS suspension with 10-fold excess of

ATR led to a significant alteration of fluorescence spectra

both immediately after its addition (Fig. 2b, spectrum 2),

and especially after incubation of the sample for 3 days at

37°C (Fig. 2a, spectrum 2′, and Fig. 2b, spectra 2 and 2′).

Figure 2 (spectrum 2) shows that the addition of exoge-

nous ATR to ROS suspension (without incubation) did

not lead to significant change of fluorescence spectrum

when the sample was excited near 460 nm. This indicates

that the modification of rhodopsin and phos-

phatidylethanolamine by all-trans-retinal did not occur

yet, and characteristic fluorescence of modified products

was absent.

Fig. 1. Absorption spectra of ROS suspension containing

rhodopsin: 1) dark ROS suspension (control); 2) dark ROS sus-

pension in presence of 10-fold excess of ATR (spectrum was

recorded immediately after addition of ATR excess to the suspen-

sion); 3) dark ROS suspension incubated with 10-fold excess of

ATR for 3 days in a thermostat at 37°C in the dark.
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However, sharp increase of fluorescence intensity

with maximum around 555 nm (Fig. 2a, spectrum 2′) was

observed after incubation of the sample. This indicates

the formation of new products upon incubation of the

ROS sample with exogenous ATR.

Excitation of samples with 320 nm light demonstrat-

ed that non-incubated samples emitted fluorescence

caused mainly by tryptophan residues in rhodopsin (Fig.

2b, spectra 1 and 1′).

Addition of exogenous ATR to the ROS suspension

(without subsequent incubation) substantially quenched

tryptophan fluorescence, and the shape of the spectra was

significantly altered (Fig. 2b, spectrum 2). After incuba-

tion for 3 days at 37°C a noticeable increase in the fluo-

rescence intensity of the sample was observed (Fig. 2b,

spectrum 2′). At the same time, the spectrum shape was

significantly altered as compared to the initial one.

Fluorescence maxima at 470 and 545 nm were observed.

Considering excitation spectra at 555 nm, the mix-

ture under investigation contains two fluorophores with

absorbance maxima near 320 and 460 nm (data not

shown).

Therefore, incubation of ROS suspension with 10-

fold excess of exogenous ATR led to the formation of new

products spectrally different from the initial ROS suspen-

sion containing rhodopsin without ATR.

Preparation and identification of products of all-

trans-retinal oxidation in the absence of ROS suspension.

It is possible to suggest that during prolonged incubation

of ROS suspension with exogenous ATR at sufficiently

high temperature (37°C) in medium containing oxygen,

ATR not only interacts with amino groups of rhodopsin

and phosphatidylethanolamine but also undergoes oxida-

tion and degradation. Therefore, experiments were per-

formed to study spectral properties of free ATR upon its

incubation under the same conditions, but in the absence

of ROS.

Absorption spectra. Figure 3 shows absorption spectra

of free all-trans-retinal (spectrum 1) and products of its

oxidation and degradation during incubation for 3 days at

37°C (spectrum 2). ATR initially dissolved in DMSO was

administered to the same buffer, and ROS discs were

resuspended in Hepes with necessary reagents (as

described in “Materials and Methods”), in the same

quantity as for the experiments with ROS discs.

The figure shows that products formed during the

incubation mainly absorbed in the region 280-380 nm,

and their spectral properties were different from those for

products of the interaction of ATR with rhodopsin and

phospholipid (absorption spectra of these products are

shown in Fig. 1, spectrum 3).

Fluorescence spectra. Fluorescence spectra of free

ATR (Fig. 4, spectrum 1) and products of its oxidation

and degradation (Fig. 4, spectrum 2) after the incubation

Fig. 2. Fluorescence spectra of ROS suspension containing rhodopsin with excitation at 460 nm (a) and 320 nm (b): 1, 1′) ROS suspension

without exogenous ATR used as a control before and after incubation, respectively; 2, 2′) ROS suspension in the presence of 10-fold excess

of ATR before and after incubation, respectively, with 10-fold excess of ATR for 3 days in a thermostat at 37°C in the dark.
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were recorded in the same buffer solution used previous-

ly for the absorbance spectra. The spectrum of free ATR

had a characteristic maximum at 467 nm. Comparison of

fluorescence spectra of products of ATR oxidation and

degradation (Fig. 4) with those of modified components

of the photoreceptor membrane (Fig. 2) in the region

400-600 nm demonstrates that they did not contribute to

the fluorescence of the latter in this spectral region.

Determination of the nature of modified products.

Isomeric composition of retinal and its derivatives in modi-

fied rhodopsin and lipids. Figure 5 shows the results of the

analysis of retinal isomeric composition by normal-phase

HPLC in extracts obtained from ROS suspension.

The chromatogram (Fig. 5a) demonstrates that 11-

cis- and all-trans-retinal content in the dark-adapted

rhodopsin was 90 and 5%, respectively (the remaining 5%

represents minor isomeric forms). After addition of 10-

fold molar excess of all-trans-retinal to ROS suspension

(without incubation) retinal isomer ratio sharply changes:

trans-isomer content becomes higher than that of cis-iso-

mer (approximate ratio 10 : 1) (Fig. 5b). After incubation

of ROS suspension with 10-fold molar excess of ATR for

3 days at 37°C, isomer ratio again changes significantly

and becomes virtually identical to the retinal isomer ratio

in the control, i.e. without ATR addition and incubation.

Namely, 11-cis- and all-trans-retinal content is equal to

90 and 5%, respectively (the remaining 5% represents

minor isomeric forms) (Fig. 5c).

This suggests that all the exogenous ATR added in

10-fold molar excess to ROS suspension was chemically

modified due to its interaction with amino groups of

rhodopsin and phosphatidylethanolamine during incuba-

tion for 3 days at 37°C.

To determine the nature of ATR modification prod-

ucts, analysis of retinal isomers and its derivatives was

performed by reverse-phase HPLC (Fig. 6).

HPLC analysis (Fig. 6, a and b) showed that new

additional peaks appeared in the chromatogram. Most

likely that they represent products of modification of

exogenous ATR formed due to its interaction with

rhodopsin and phosphatidylethanolamine in the photore-

ceptor membrane. The chromatograms show that at the

beginning (13 min) retinal isomers are eluted (Fig. 6, a

and b). These isomers are specific for dark ROS suspen-

sion with no exogenous ATR added. Then (23 min), ATR

derivatives formed during ATR incubation with ROS sus-

pension (3 days at 37°C) were eluted (Fig. 6a).

Analysis of products of free all-trans-retinal oxidation

and degradation. We performed the analysis of products of

free ATR oxidation and degradation formed as a result of

ATR incubation for 3 days at 37°C (with no ROS suspen-

sion added) (Fig. 6, c and d).

The analysis demonstrated that the retention time of

all these oxidized more polar products was less than that

of the ATR sample (Fig. 6d) (less than 13 min). ATR

modification products formed during its incubation with

ROS suspension appeared on the chromatogram later, at

approximately 23 min (Fig. 6a).

Therefore, based on chromatographic and spectral

analysis we concluded that ATR added to ROS suspen-

sion in 10-fold molar excess was completely and cova-

lently bound to amino groups of rhodopsin and phos-

phatidylethanolamine during the incubation of the mix-

ture for 3 days at 37°C [25]. In other words, the mixture of

products was formed, containing A2-rhodopsin, A2-PE,

and probably, ATR-dimer-PE [26].

Absence of peaks corresponding to products of oxi-

dation and degradation of free ATR on the chromatogram

Fig. 5. Analysis of retinal isomers by HPLC (normal-phase): a)

retinal isomers extracted from dark rhodopsin according to [20]

(control); b) retinal isomers extracted from dark rhodopsin with

10-fold excess of exogenous ATR; c) retinal isomers extracted after

incubation of ROS suspension containing rhodopsin for 3 days at

37°C in the presence of 10-fold molar excess of ATR. Detection at

365 nm. All chromatograms are normalized.
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indicates that its interaction with amino groups of

rhodopsin and phosphatidylethanolamine is more effec-

tive than its oxidation.

Influence of all-trans-retinal and its derivatives on

rhodopsin regeneration after its bleaching with visible light.

The main aim of the present work was to investigate the

native properties of all-trans-retinal-modified rhodopsin,

namely, its ability to regenerate after irradiation with vis-

ible light.

As already mentioned, regeneration in vitro means

the restoration of the initial absorption spectrum of

rhodopsin with maximum at 500 nm after its bleaching

and subsequent addition of 11-cis-retinal.

Experiments were performed under different irradia-

tion conditions: i) irradiation with soft light in the range

500-700 nm where absorption of ATR covalently attached

to rhodopsin (A2-rhodopsin) and phosphatidylethan-

olamine (A2-PE) is virtually absent; ii) irradiation with

hard light (400-700 nm), covering the absorption region

of derivatives of all-trans-retinal with rhodopsin and

phosphatidylethanolamine from the photoreceptor mem-

brane.

Figure 7 shows histograms representing degree of

regeneration of native and rhodopsin modified with all-

trans-retinal under different irradiation conditions.

During soft irradiation (500-700 nm) photodamage in the

presence of both free ATR (sample before incubation)

and ATR bound with amino groups of rhodopsin and

phosphatidylethanolamine (sample after incubation for 3

days at 37°C) is rather light (Fig. 7a). Rhodopsin regener-

ation capacity in these samples is almost totally preserved

and remains very close to that of native visual pigment.

However, during irradiation with hard light (400-

700 nm), i.e. in the absorption region of rhodopsin and

phosphatidylethanolamine modified with all-trans-reti-

nal, a different picture was observed. Rhodopsin regener-

ation degree both before and after incubation (3 days at

37°C) with added ATR dropped sharply (Fig. 7b).

This indicates that it is in the blue region of the spec-

trum where derivatives of ATR with rhodopsin and phos-

phatidylethanolamine absorb light develops pronounced

photodamaging activity.

The table shows the resulting data on regeneration of

rhodopsin and its all-trans-retinal modification products

under different irradiation conditions and at different

concentrations of exogenous ATR.

Figure 7 and the table indicate that impairment of

the ability of rhodopsin to regenerate depends upon both

sample irradiation time and ATR amount added to the

ROS suspension. The longer the sample was irradiated

and the more ATR was added, to less extent then was

rhodopsin able to regenerate.

Blue light induced impairment of the ability of

rhodopsin to regenerate was caused both by free ATR (just

added to ROS suspension), and ATR bound to rhodopsin

and phosphatidylethanolamine (after 3 days incubation at

37°C). Free ATR has noticeably stronger photodamaging

effect on the rhodopsin molecule compared to bound reti-

nal in modified products—rhodopsin (A2-rhodopsin) and

phospholipid (A2-PE, N-bis-retinylidene-phosphatidyl-

ethanolamine; NR-PE, N-retinylidene-phosphatidyl-

ethanolamine) [23]. This suggests that photosensitizing

ability of free ATR is more pronounced because the oxida-

tion substrates themselves have chaperon-like effect.

Fig. 6. Analysis of retinal and its derivatives by HPLC (reverse-phase): a) chloroform–methanol extract of ROS suspension after incubation

with 10-fold excess of ATR at 37°C; b) chloroform–methanol extract of ROS suspension; c) ATR (control); d) ATR and products of its oxi-

dation. Detection at 430 nm. All chromatograms are normalized.
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DISCUSSION

The data accumulated to date on the mechanisms of

light damaging action on retina and pigment epithelium

indicates that excessive accumulation of ATR in the pho-

toreceptor membrane of rod external segment can be

considered as a risk factor aggravating the development of

degenerative retinal diseases. It was shown that not only

ATR per se but also products of its interaction with amino

groups of phosphatidylethanolamine and rhodopsin [27,

28] are capable of acting as photosensitizers for oxidation

of proteins and lipids in the photoreceptor membrane

[12-17]. In this regard, it is essentially important to inves-

tigate damaging action of light on functional properties of

rhodopsin in the photoreceptor membrane, and first of all

on its ability to regenerate after irradiation with visible

Fig. 7. Degree of regeneration for native rhodopsin and modified with all-trans-retinal under different irradiation conditions: a) after irradia-

tion with 500-700 nm light for 120 min; b) after irradiation at 400-700 nm for 120 min. Dark columns, samples in presence of free ATR (before

incubation); shaded columns, sample in presence of ATR derivatives (after incubation for 3 days at 37°C in the dark). Control, sample with-

out exogenous ATR; 2x-ATR, samples with 2-fold excess of exogenous ATR; 10x-ATR, samples with 10-fold excess of exogenous ATR.
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light in the presence of ATR excess. As known, damage

and/or impairment of native conformation of the protein

part of the rhodopsin molecule (apoprotein opsin) leads

to difficulties or total inability of 11-cis-retinal to incor-

porate into the chromophore center of opsin, i.e. to

restore dark conformation after bleaching.

According to the procedure by Fishkin et al. [25], we

developed a model system allowing investigation of pho-

tosensitized damage of rhodopsin in the photoreceptor

membrane of rod outer segment. Products of interaction

of the sensitizer, exogenous ATR added in a large excess,

with phosphatidylethanolamine and opsin, including

substances modified with both two or one ATR molecule

via interacting with amino groups of protein and/or lipid,

were obtained and identified by spectroscopy and HPLC

according to the protocol described.

Irradiation of this mixture of derivatives of all-trans-

retinal with soft light in the range 500-700 nm did not

lead to any significant difference in rhodopsin regenera-

tion degree compared to the native sample (with no ATR

added). Our results indicate that modification of three

lysine residues of opsin with all-trans-retinal per se does

not lead to deterioration the ability of the visual pigment

to regenerate. In other words, modification of these three

residues does not create steric hindrance for 11-cis-reti-

nal incorporation into the opsin chromophore center.

Irradiation of native photoreceptor membranes with

soft light immediately after the addition of ATR, i.e. not

yet modified with retinal, did not impair the ability of

rhodopsin to regenerate either (Fig. 7a). The absence of

photodamaging effect can be easily explained since nei-

ther all-trans-retinal products nor retinal per se absorb a

significant amount of light in the range 500-700 nm.

Entirely different results were obtained after irradiat-

ing samples with hard light in the range 400-700 nm.

Both free ATR and modified products absorb strongly

around 400 nm.

Figure 7b clearly shows the sharp drop of regenera-

tion degree both in native samples of the photoreceptor

membrane immediately after ATR addition and in sam-

ples containing modified products—A2-rhodopsin and

A2-PE. These results are in good agreement with modern

concepts on the mechanisms of damaging action of short

wavelength visible (violet-blue) light on retina photore-

ceptor cells [4].

It should be noted that free ATR reveals heavier pho-

todamaging influence on rhodopsin ability to regenerate

compared to retinal bound to rhodopsin and phospho-

lipid. Indeed, the degree of regeneration of visual pig-

ment where all the exogenous ATR was covalently bound

to the substrates—rhodopsin and phospholipid—was 1.5-

2 times higher compared to that of samples containing

free, non-bound ATR (Fig. 7b and the table). This can

probably be explained with a known phenomenon, that

free photosensitizer shows more pronounced phototoxic

properties than that bound to substrate [28, 33].

It is interesting that during the incubation of pho-

toreceptor membrane all the exogenous ATR was bound

to amino groups of phosphatidylethanolamine and

rhodopsin. We did not observe oxidized or degraded reti-

nal in the samples of our study. This can indicate that in

biological systems the reaction of retinal interaction with

amino groups of proteins and lipids is competitive to the

oxidation reaction of free retinal. This phenomenon is

likely to play an important role in prevention from photo-

toxic properties of free retinal [33]. For example, when

the rate of reduction of retinal to retinol by retinol dehy-

drogenase is not sufficient, retinal excess is converted to a

less toxic form in the photoreceptor membrane.

Nevertheless, despite the fact that ATR bound to amino

groups of proteins and lipids is less phototoxic compared

to free retinal, the effect of photosensitized damage to

rhodopsin molecules, namely the impairment of its main

physiological property—regeneration ability—is reason-

ably high (Fig. 7b and the table).

Therefore, the data obtained in the present work in

the model system suggest that in vivo excessive accumula-

tion of ATR in the photoreceptor membrane can be con-

sidered as a risk factor explaining the aggravating action

of light during the development of degenerative retinal

diseases, in particular during Stargardt’s disease and age-

related macular degeneration [34, 35].
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