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ABSTRACT

The detergent sodium cholate at 2 mg/ml appears to maintain 

the conformational integrity of rhodopsin and provide a near native 

environment in which to study its structure and function. The lipid 

catalyzed dark isomerization of 11-cis retinal is a first-order process 

that depends on the concentration of a PE^-11-cis-retina1-PE^ complex0 

The half life for the reaction is slow enough that it should not alter 

the interpretation of rate constants calculated for the regeneration 

reaction of rhodopsin.



CHAPTER 1

INTRODUCTION

The visual process is mediated by the glycoprotein rhodopsin, 

which is located in the rod cells of the retina. Light has two effects 

on rhodopsin: 1) it causes the isomerization of the chromophore, 11-

cis retinal, to all-trans retinal and 2) it results in the cleavage 

of the covalent bond between the chromophore and the protein moiety, 

opsin. Daemon, Rotmans and Bonting (1974) have proposed a simple 

rhodopsin cycle (Figure 1) based on work concerning the recombination 

of 11-cis retinal and opsin to form rhodopsin.

i - •The Initial Step in the Photolysis of Rhodopsin

Following light absorption, several intermediates are produced 

before all-trans retinal is released from opsin. These have been identi

fied and characterized using low temperature spectroscopy. The initial 

step in the "bleaching" sequence is the only one that requires light; 

the others proceed in the dark by way of thermal processes. Several 

observations concerning the initial light induced step, which involves 

isomerization, were made by Rosenfeld, et al (1977). 1) The initial

step is photoreversible and the product is identical regardless of 

whether the reactant is rhodopsin (11-cis retinal) or isorhodopsin 

(9-cis retinal). Light absorption by the product results in formation 

of the original pigments. 2) The absorption maximum of bathorhodopsin.

1
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Rhodopsin
hv

Opsin + all-trans retinal

11-cis retinal

 ̂ Oxido- 
reductase

Retinol

Figure 1. Modified rhodopsin cycle proposed by Daemen, Rotmans, and 
Bonting (1974).



the product of the first step, is red shifted to 548 nm relative to 

rhodopsin = 498 nm) and is stable at liquid nitrogen temperature,

77°Ko 3) Resonance Raman studies show that bathorhodopsin has a pro-

tonated Schiff base linkage to all-trans retinal. The sequence of 

intermediates in the photolysis of rhodopsin is shown in Figure 2 

(Abrahamson, 1975).

The Photoreceptor Cell

Rhodopsin is located within the rod cells in the retina at the 

back of the eye. Figure 3 shows a diagram of a rod cell. The rod cell 

is elongated and cylindrical. It is divided into two parts that are 

joined by a narrow cilium. The inner segment of the rod cell contains 

the nucleus and mitochondria, where the metabolic processes are carried 

out. The base of the inner segment is associated with several types 

of nerve cells: the horizontal, bipolar, amarcrine and ganglion cells.

When light is absorbed by rhodopsin in the outer segment an electrical 

potential is generated in the plasma membrane. The impulse travels to 

the inner segment, is processed by the four types of nerve cells, and 

is conducted by the optic nerve to the brain.

The outer segment of the rod cell is a highly specialized or

ganelle that contains the visual pigment, rhodopsin. It is 1-2 pm in 

diameter and 10-20 ym long (Krebs and Kuhn, 1977) . Inside the outer 

plasma membrane, the outer segment contains a stack of 500-2000 flat-. ■ 

tened disc membrane vesicles. Each disc is about 150 A thick with 15- 

20 A of intradiscal space, so a single membrane is about 67 A thick
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hv

Regeneration

>  H-cis Rhodopsin x~430 nm 
\Z540

hx7 t =1n~9sec7S Hypsorhodopsin
' (all-trans, =450 nm'   max

Bathorhodopsin (all-trans, =548 nm)-----  max

>-140 °C, t^=10 ^ sec

Lumirhodopsin (X =497 nm)max

\rMetarhodof

“i

>-40 °C, t^=10  ̂ sec

sin I (X =478 nm) max

>-15 °C t^=10 3 sec

Metarhodopsin II (X =380 nm)max

Metarhodopsin III (X =465 nm)max

Acid NRO --
(X =440 nm) max

V
-3 °C 

pH > 7.7

H2 °

pH < 5.5
Basic NRO

=365 nm)max

All-trans Retinal + Opsin
(X =387 nm) max

Figure 2. The sequence of intermediates in the photolysis of verte
brate bovine rhodopsin (Abrahamson, 1975).

The t$ values are for T=27 °C, NOR=N-retinylidenopsin, 
reactions requiring light, — > dark, thermal 

reactions.
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Figure 3. Schematic representation of a vertebrate rod cell (Hubbell, 
1975).

In a normal rod cell there are 500-2000 discs. The volume of 
the intradiscal space has been greatly exaggerated in the 
drawing.



6(Hubbellr 1975). Approximately 1.67 x 10 molecules of rhodopsin are 

embedded in the membrane of each disc (Ostroy, 1977).

The rod outer segment disc membranes are composed (by dry weight) 

of 40-60% lipid, 37-60% protein and 3-4% carbohydrate (Krebs and Kuhn, 

1977; Bonting, et al., 1974; Daemen, 1973). The lipids are 80-85% phos

pholipids and phosphatidylcholine and phsophatidylethanolamine make 

up 70-80%'of the phospholipids, with smaller amounts of phosphatidy1- 

serine, sphingomyelin and phosphatidylinositol (O'Brien, et al., 1977; 

Abrahamson and Fager, 1973). Cholesterol makes up about 8% of the

lipids in the disc membranes (Bonting, et al., 1974). The fatty acid
■. * 

composition of the rod outer segment membranes is about 20%-16:0 (16

carbons and no carbon-carbon double bonds), 20%-18:0, 30%-22:6, and

20% other unsaturated fatty acids. The high percentage of unsaturated

fatty acid chains is unique among membranes (Abrahamson and Fager,

1973). Rhodopsin makes up about 93% of the protein in the rod outer

’segment (Makino, et al, 1977). Other proteins present in small amounts

include retinol dehydrogenase, an adenylate cyclase, a phosphodiesterase,

a Na+ r K+ activated ATPase,. and possibly a Ca++-Mg++activated ATPase

(Bonting, et al, 1974).
■ i

Rhodopsin

The rhodopsin molecule consists of the protein moiety opsin, 

of approximately 38,000 MW (Poo and Cone, 1973) and 300 amino acids, 

a covalently bound chromophore, 11-cis retinal, and two carbohydrate 

groups (Hargrave, 1977). Shichi, et al. (1969) and Heller (1968) calcu

lated from amino acid analysis studies that bovine rhodopsin contains



58% and 64% hydrophobic residues, respectively. The pi for rhodopsin 

is 6i0 due to 22 aspartic and 30 glutamic acid residues (Ebrey and Honig, 

1975). The secondary structure of rhodopsin is mostly a-helical and 

is presumed to be within the membrane (Shichi, 1973). This is based 

on circular dichroism (CD) studies that indicate 30% (Rafferty, et al.,

1977) and 60% (Rothschild, et al., 1976; Shichi, et al., 1969) a-helical 

and little or no g-structure. The 10 cysteine residues in rhodopsin 

are unusual in that six exist as sulfhydryls and only four form two 

disulfide bonds (Ebrey and Honig, 1975).

The chromophore of rhodopsin, 11-cis retinal, has been found 

by Raman studies to be bound to the protein at a lysine residue (Rimai, 

et al., 1970) by a protonated Schiff base linkage (Lewis, Abrahamson, 

and Eager, 1973). These studies show that the chromophore is probably

oriented in the plane of the rod disc. The mobile 7T electrons of 11-
> . • ■ '

cis retinal account for the absorbance shift from 376.5 nm when free

in ethanol to 498 nm when bound to opsin. The extinction coefficient
- 1 - 1for the 498 nm peak of rhodopsin is 40,600 M cm (Dartnall, 1968) . 

Figure 4 shows the structure of 11-cis retinal, the protonated Schiff, 

base linkage and all-trans retinal.

Hong and Hubbell (1973) used freeze fracture electron microscopy 

to observe rhodopsin particles with a diameter of 110 A embedded in 

digalactosyl diglyceride recombinant membranes. The size of the 

rhodopsin particles agrees with those observed in similar micrographs 

of native membranes (Branton and Deamer, 1972). The shape of the par

ticles is not spherical, but similar to that of an elongated cylinder.
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Figure 4. Structural formulas for 11-cis retinal, the protonated 11- 
cis retiny1idene group, and all-trans retinal (Abrahamson, 
1975) .



9

assymetrically placed in the membrane (Sardet, et al., 1976; Osborne, 

et al,, 1978).

The Orientation of Rhodopsin in the Disc Membrane 

Many studies have been carried out to determine the orientation 

of rhodopsin in the membrane, The model that is generally favored pro

poses that rhodopsin spans the membrane several times with its amino 

and carboxy termini on opposite sides of the membrane (Fung and Hubbell, 

1978)o Studies to date have been performed primarily on rhodopsin puri

fied in its native rod outer segment (ROS) with some studies on reconsti

tuted lipid vesicles and detergent solubilized rhodopsin.

Proteolytic digestion studies on rhodopsin in the disc membrane 

have been carried out with pronase (Bonting, et al., 1974; Van Bruegel, 

et al., 1975) and papain (Van Gruegel, et al., 1975; Fung and Hubbell,

1978). Both treatments produced a large peptide fragment of about

28,000 MW that still contains the chromophore binding site and the carbo

hydrate groups. Papain digestion initially produced a large fragment 

of 34,000 MW and a small one of 4,000 MW (Hubbell and Fung, 1978). The 

small fragment was assumed to be one of the terminal sequences. Since 

these studies were performed on native discs, it is assumed that all 

the rhodopsin molecules have the same orientation and that the proteases 

only attack portions of the protein exposed on the cytoplasmic side 

of the membrane,

Hargrave (1977) located the two carbohydrate groups near the 

amino terminus of the protein. He used several detergents including 

Ammonyx-LO and dodecyltrimethylammonium bromide (DTAB) to extract lipid
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free rhodopsin* After dansylation and tryptic digestion, a 16 amino 

acid fragment with the same sequence as the amino terminus was isolated» 

The two carbohydrate groups were attached to asparagine residues at 

positions 2 and 15.

Two experiments suggest that the amino terminus and carbohydrate 

groups are located on the intradiscal side of the membrane. Fung and 

Hubbell (1978) observed that reconstituted, but not native, discs bound 

to concanavalin A immobilized on Sepharose beads. Figure 5 shows the 

orientation difference for rhodopsin in native and reconstituted discs. 

Concanavalin A binds specifically to D-N-acetylglucoasmine and D-galactose 

residues on membrane surfaces (Metzler, 1977). In another experiment 

Rohlich (1976) observed native discs in electron micrographs that were 

labeled with internally bound concanavalin A-ferretin complexes. Al

though some of the discs in the preparation had been disrupted, and 

possibly inverted, none were labeled on the cytoplasmic side and the 

internally labeled discs appeared to be intact.

The most conclusive evidence that parts of rhodopsin are exposed

to the aqueous environment on both sides of the membrane comes from

a labeling experiment by Fung and Hubbell (1978) . They showed that 
125lactoperoxidase I labeled tyrosine and histidine residues of both 

native and inverted rhodopsin molecules in reconstituted vesicles. These 

experiments suggest that rhodopsin spans the disc membrane and, since 

the amino terminus has been located on the intradiscal side, the carboxy 

terminus must be the end that Hubbell and Fung located on the cyto

plasmic side. Hubbell and Fung (1978) presented a model for the
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n ative reconst itu ted

Figure 5. The orientation of rhodopsin molecules in native and re
constituted discs.
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organization of rhodopsin in the disc membrane using the results of 

the structural studies described here. See Figure 6.

The Movement of Rhodopsin Within the Disc Membrane 

The disc membrane in which rhodopsin is embedded has considerable 

fluidity due to the high percentage of unsaturated fatty acids and allows 

the rhodopsin molecules to rotate and diffuse within it. Rotational 

motion about an axis perpendicular to the plane of the membrane was 

measured using transient photodichroism (Cone, 1972). The relaxation 

time of 20 ysec indicates a highly fluid environment. Lateral movement 

of rhodopsin within the disc membrane was also measured (Poo and Cone, 

1974;- Leibman and Entine, 1974) . Using micro spectrophotometry one- 

half of a disc was bleached. Following bleaching the absorbance due 

to rhodopsin fell on the unbleached half and rose on the bleached half

until the entire disc had uniform absorbance. The t, for the diffusionf
was 23 ± 5 sec at 20°C and no diffusion from disc to disc was observed.

Light Induced Conformational Changes in Rhodopsin 

Some of the intermediate species produced following light absorp

tion by rhodopsin show conformational changes in the protein structure. 

These have been studied to gain information concerning the step that 

eventually initiates an electrical impulse in the plasma membrane. A

conformational change at the metarhodopfe fi I (A = 478 run) $  meta^max
rhodopsin II (Amax = 380 nm) step-*- & indicated by the large spectral 

shift and by the exposure of the chromophore binding site to solvent 

(Ostroy, 1977). Wald and Brown (1952) titrated bovine ROS with Ag+
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Figure 6. A model for the organization of rhodopsin in the disc 
membrane (Fung and Hubbell, 1975).
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to measure the number of accessible sulfhydryl groups before and after 

exposure to light- They measured two sulfhydryls in the dark and two 

more after exposure to light. The appearance of two additional sulf

hydryl groups indicates a conformational change in the protein during 

the photolysis reaction,

Hydrogen-tritium exchange studies, which are sensitive to protein 

conformational change, indicate that illumination Effects only a small 

number of slowly exchanging hydrogen atoms that are involved in hydrogen 

bonds in structured regions of the polypeptide chain (Downer and 

Englander, 1977), This method shows that no denatured protein segments 

exist in metarhodopsin II or opsin. This would be expected considering 

the ease of regeneration. The circular dichroism spectrum of rhodopsin 

in ROS in the 220 rim region indicates that the a-helical portion within 

the membrane is not greatly affected by illumination (Shichi, et al,, 

1969),

The Regeneration Reaction 

The regeneration reaction, opsin + 11-cis retinal ^  rhodopsin, 

has been studied in order to gain information regarding the photolysis 

reaction since all bonds that are broken during photolysis must be re

formed during regeneration. The two questions of interest regarding 

regeneration are: 1) how is all-trans retinal reisomerized to 11-cis

retinal and 2) what are the conditions required for regeneration? Al

though an isomerase was originally reported by Hubbard (1956) that iso- 

merized all-trans retinal to 11-cis retinal, it has never been isolated 

or characterized (Plante and Rabinovitch, 1972), Rabinovitch (1978)
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has used molecular orbital calculations to provide evidence for an iso

merization mechanism that involves an al1-trans-retina1-phosphotidy1- 

ethanolamine complex» The mechanism proposes that the complex, in which 

the phosphatidy 1 ethano 1 amine and all-trans retinal are bound by a pro- 

tonated Schiff base linkage, can isomerize to any of the geometric 

isomers of retinal upon light absorption» The molecular orbital calcu

lations show that 11-cis retinal is the most stable isomer with the 

polyene chain packed in a tight conformation and stabilized by the two 

negatively charged oxygen atoms of the phosphate moiety„ Following 

isomerization the 11-cis retinal is transferred to opsin in the regener

ation reactione

Henselman and Cusanovich (1976) have proposed a second-order 

regeneration reaction based on kinetic studies of rhodopsin solubilized 

in 2 mg/ml sodium cholate. In these experiments the regeneration reaction 

was studied in the presence of exogenous 11-cis retinal, In the second- 

order reaction step the aldehyde group of 11-cis retinal reacts with 

the protonated amino group of a lysine residue. Another group, possibly 

a histidine, acts as a general acid/general base and accepts a proton 

during this step (Henselman and Cusanovich, 1976). In the final de

hydration step, the general acid/general base group donates a proton 

and the protonated Schiff base linkage is formed. See Figure 7„

In order for rhodopsin to regenerate, opsin imist be maintained 

in its native conformation. In the ROS conformational stability is 

supplied by the phospholipids of the disc membrane. Removal of 20- 

30% of the disc membrane phospholipids results in loss of regenerability 

and readdition of phospholipids restores regenerability but shows no



m

$

■ M .

>-C —I/I

Opsin 11-cis Retinal

h.

h. y - c - n
M U

Intermediate

k*

HdO

Rhodopsin

Figure 7, Mechanism for the regeneration of rhodopsin from 11-cis retinal and opsin.

The group B: is postulated to be an amino acid side chain of opsin which 
acts as a general acid/general base during regenerationi
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specific phospholipid requirement (Shichi/ 1971) . Hong and Hubbell 

(1973) showed that lipid free rhodopsin in digitonin regenerated 80- 

90%o Although the structure of the digitonin-rhodopsin complex is 

unknown,. its structure does supply a rigid matrix for rhodopsin and 

opsino This is indicated by the paramagnetic resonance spectrum of 

a spin labeled phospholipid, (7,4)3-phosphatidylcholine, solubilized 

in digitonin (Hong and Hubbell, 1972)» Thus, phospholipids are not 

required for regeneration as long as detergent molecules are able to 

maintain rhodopsin, and especially opsin, in their native conformations.

Rhodopsin extracted with 20 mg/ml sodium cholate and purified 

with one ammonium sulfate fractionation contains 58 ± 7 phospholipid 

molecules per molecule of rhodopsin (Durel, 1980)* The protein is non- 

regenerable at this detergent concentration, yet it regenerates 90- 

100% if the detergent is diluted to 2 mg/ml sodium cholate (Henselman 

and Cusanovich, 1974)e Since the structure of sodium cholate is similar 

to digitonin, as opposed to detergents such as tetradecyltrimethylam- 

monium bromide (TTAB) and cetyltrimethylammonium fluoride (CTAF) , which 

are long carbon chain trimethy1ammonium salts, it was expected that 

this detergent maintains an environment similar to that provided by 

digitonin. Figure 8 shows the structures of sodium cholate and 

digitonin.

Purpose Statement

Detergent membrane model systems are a valuable tool for 

studying the structure and function of rhodopsin because they supply 

a well-defined and simplified environment for the protein. There are
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four criteria that are used to assess the conformational integrity of 

rhodopsin in detergent membrane systems (Hong and Hubbell, 1972). They 

include its absorbance spectrum, circular dichroism (CD) spectrum, its 

regenerability after bleaching, and the kinetics of the dark reactions 

that follow photon absorption. If studies of these criteria yield 

similar results for rhodopsin in a detergent system and in the ROS, 

then that detergent can be considered to be a good model system for 

studying the structure and function of rhodopsin.

The absorption spectrum of rhodopsin solubilized in detergents, 

including sodium cholate (peaks at 498 nm and 340 nm) remains intact 

unless the protein has been bleached or undergone substantial thermal 

denaturation. Moreover, the regenerability of rhodopsin in 2 mg/ml 

sodium cholate has also been established by Durel (1980), as discussed 

earlier.

The focus of the research in this thesis is the further charac

terization of rhodopsin solubilized in the detergent sodium cholate 

using circular dichroism.. The spectra of rhodopsin in 20 mg/ml sodium 

cholate (nonregenerable form) and 2 mg/ml sodium cholate (regenerable 

form) are compared with the CD spectra for rhodopsin in the ROS and 

other detergents. The effect of light on the spectra has been investi

gated and both the light and dark CD spectra are used to predict the 

conformational integrity of rhodopsin.

The research to be reported has also focused on the dark iso

merization of 11-cis retinal to all-trans and 13-cis retinal, as . 

reported by Groenendijk, et al. (1980). This reaction is of interest
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because of its possible effect on the kinetic studies done by Henselman 

and Cusanovich (1976) on the regeneration of rhodopsin in 2 mg/ml sodium 

chelate. The kinetics of the dark isomerization reaction have been 

studied in ROS and sodium cholate extracted rhodopsin and compared to 

the results of Gronendijk, et al.(1980).



CHAPTER 2

MATERIALS AND METHODS 

Materials

Frozen bovine retinas were purchased from Hormel Company (Austin, 

MN) and stored at -80°C prior to use. Cholic acid was purchased from 

Sigma Chemical Company (St. Louis, MO). One hundred grams of crude 

cholic acid were dissolved in 2 liters of hot 100% ethanol. About 2 

grams of Norite were added after the crystals had dissolved. The mixture 

was filtered through Whatman #1 filter paper and recrystallized for 

2 weeks at 4°C. The crystals were then filtered through Whatman #42 

filter paper and recrystallized two more times without adding Norite 

for one week each. After the third recrystallization the crystals were 

filtered (Whatman #42) and converted to sodium cholate by titrating 

with 0.1N NaOH. The titration was complete when all the crystals had 

dissolved (around pH 8.0). The sodium cholate was then lyophilized 

to dryness. Crystalline 11-cis retinal was a gift from Hoffman-La Roche, 

Inc. (Nutley, NJ) and was used as received. Dithiothreitol (DTT) and 

3-nicotinamide adenine dinucleotide phosphate (NADPH) were purchased 

from Sigma and used as received. Plates used for thin layer chromato

graphy were purchased from EM Reagents (Elmsford, NY). They were pre

coated silica gel 60, cat. #5538, with a layer thickness of 0.2 mm and 

were backed with aluminum. All other chemicals used were.of reagent
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grade quality. All procedures involving rhodopsin were performed under 

dim red light using a Kodak Safelight Filter, 1A.

Methods

Preparation of Rod Outer Segments

Rod outer segments were prepared according to the procedure 

of Henselman and Cusanovich (1974)„ The procedure involves a series 

of alternate flotations and pelletings using 1,02 M sucrose and 0,067 

M phosphate buffer with 1 mM DTT, respectively. During the flotation 

steps sucrose was added to the pellets and the preparation was homog

enized at high speed to separate the rod outer segments (ROS) from the 

rest of the retina. Following this series, the homogenate was incubated 

for 30 minutes each with 21 yl of 34 mg/ml 11-cis retinal and 0.5 ml 

of 13 mg/ml NADPH, according to Bonting, et al (1974), to obtain a 

maximum yield of rhodopsin. The purified ROS were then lyophilized 

to dryness and stored at -80°C. The procedure yields about 100 mg of 

ROS from 100 retinas. See Figure 9 for a detailed description of this 

procedure.

Extraction of Rhodopsin from the Rod 
Rod Outer Segments

Approximately 50 mg of ROS were extracted with 5 mis of 20 mg/ml 

sodium cholate in 100 mM potassium phosphate buffer, pH 7.0, 1 mM DTT.

The extraction mixture was homogenized in a glass and teflon homogenizer 

at medium speed for 4 passes. It was then incubated for 1 hour at room 

temperature and centrifuged at 25 K r.p.m. for 30 minutes. The sodium 

cholate solubilized rhodopsin will be in the supernatant. The extraction
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Discard
pellet
r ~ —

Discard 
super
natant ; 
drain 
tubes 
well

Discard
pellets

Step 1
Defrost retinas, grind, add 100 mis 1.38 M sucrose in 67 mM 
phosphate buffer, pH 6.5, 1 mM DTT; centrifuge for 15 minutes 
at 4.5 K r.p.m. in four polyethylene tubes; loosen while 
material on tube sides with rubber policeman; pour into 
250 ml beaker ......

Step 2
Add an equal volume of buffer (100 mis) and stir; centrifuge 
for 20 .minutes at 17 K r.p.m. in six polyethylene tubes

Step 3 V
First Homogenization Step: Add about 15 mis of 1.02 M sucrose
to pellet in first tube; stir, leaving dark material at bot
tom; transfer to next tube and continue; rinse tubes with more 
1.02 M sucrose; homogenize four passes at high speed and 
transfer to two polyethylene tubes; centrifuge for 45 minutes 
at 17 K r.p.m.; remove white material on tube sides but not 
white ring around pellet; pour off supernatant

Step 4
Repeat step 2; 
instead of six

add about 75 mis of buffer; use four tubes

-IStep 5
Discard Second Homogenization Step: Repeat step 3
supernatant
$ Step 6

Discard Repeat step 2 again; add about 30 mis buffer; use four tubes
pellets instead of six
i  -- — --------4Step 7 V

Discard Third. Homogenization Step: Repeat step 3
supernatant

Figure 9. Isolation of rod outer segment membranes from bovine retinas.



Figure 9— -Continued

Step 8 v
Discard Pour supernatant into polyethylene bottle (do not add any
pellets buffer) ; add 21 ul of 34 mg/ml 11-cis retinal ifi dioxane;

incubate for 30 minutes in the dark at room temperature; add 
about 30 mis of buffer; centrifuge for 30 minutes at 17 K 
r.p.m.

| '
Step 9

Discard Wash pellets with 10 mis of distilled water; transfer to one
super- tube; wash empty tubes with about 10 mis distilled water; add
natant to pellets; centrifuge for 15 minutes at 17 K r.p.m. using

water as a balance
r ~ — - — —  ~Step 10

Discard Add 20 mis of distilled water; stir, rinse spatula; centri-
super- fuge for 20 minutes at 17 K r.p.m. using water as a balance
natant

Step 11 V
Discard Transfer pellet, with as little water as possible, to a
super- 250 ml round bottom flask for lyophilization
natant

I
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yield is about 25-40% and further extraction of the pelleted ROS yields 

no more solubilized rhodopsin. The solubilized product was stored at 

- 2 0 ° C •

Ammonium Sulfate Precipitation

The crude sodium cholate extracted rhodopsin was purified by 

increasing the ammonium sulfate concentration in steps until the rhod

opsin precipitated. The ammonium sulfate concentrations used were 25%, 

30%, 35%, 40% and 45%. After adding the salt the mixture was stirred 

until the crystals had dissolved. The mixture was allowed to incubate 

at 4°C for 10 minutes and centrifuged at 25 K r.p.m. for 30 minutes.

The pellet was checked for rhodopsin (red color). If none was present 

the ammonium sulfate concentration was raised to the next step. When 

the rhodopsin pelleted, at 40 or 45% ammonium sulfate, it was taken 

up in 20 mg/ml sodium cholate, 100 mM potassium phosphate, pH 7.0, 1 

mM DTT. The purified rhodopsin was then desalted by dialyzing against 

100 mis of 20 mg/ml sodium cholate in 100 mM phosphate buffer,: pH 7.0,

1 mM DTT. Four or five buffer changes were made over a period of 15 

hours with more frequent changes being made at the beginning.

The purity of the samples was determined by measuring the ab

sorbance spectrum of rhodopsin (Figure 10). The absorbance spectrum 

has three peaks; the protein peak due to aromatic amino acid side chains 

at 278 nm, the 3-peak at 340 nm and the a-peak at 498 nm are due to 

the chromophore, 11-cis retinal. The ratio of the absorbance of the 

278 nm peak to that of the 498 nm peak (A278^A498^ is the criterion



Figure 10. Absorption spectrum of sodium cholate extracted rhodopsin.
The a-peak.‘.-is Vat 498 nm; the 3-peak is at 340 nm; and the 
protein peak is at 278 nm.
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for purity. In crude extracted samples the ratio is 2.7-3.3, while 

purified samples have ratios of 1.7-2.6.

Circular Dichroism Experiment

The rhodopsin samples used in this experiment were prepared 

by the procedure described earlier and purified using one ammonium sul

fate precipitation. Circular dichroism (CD) spectra were determined 

for rhodopsin in 20 mg/ml sodium cholate (nonregenerable form) and 2 

mg/ml sodium cholate (regenerable form) . The samples to be used at 

2 mg/ml sodium cholate were stored at 20 mg/ml and diluted just prior 

to use. The rhodopsin concentrations were 7.88 yM and 15.4 yM for the 

experiments in 2 and 20 mg/ml sodium cholate, respectively. For each 

sample, absorbance spectra were recorded before and after the CD spectrum 

in the dark. After bleaching the sample with a microscope illuminator 

for 15 minutes, absorbance and CD spectra were recorded again. No more 

than 15% of the rhodopsin in the sample was bleached while taking the 

CD spectrum. The absorbance spectra were taken on a Cary 118 spectro

photometer and the CD spectra on a Cary 60 spectrophotometer with a

6001 CD attachment. The CD data are presented in molecular ellipticity,
2[6], with units degrees cm /decimole. [6] was calculated from the 

equation

[0] = 6° Jyi/IOLC (1)

where 6° is the measured ellipticity in degrees, M is the molecular 

weight in,grams/mole, L is the path length of the sample cell in cm,
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3and C is the concentration in grams/cm «, For the experiments to be 

reported L was 1 cm and M and for rhodopsin were 40,000„

Circular Dichroism of Regenerated Rhodopsin

The CD spectrum of a purified rhodopsin sample in 2 mg/ml sodium 

cholate was determined as described in the preceding section. After 

the bleached spectrum was taken the sample was regenerated by adding

1 Til of 5 mg/ml 11-cis retinal in the dark and incubating at room tem

perature for 15 minutes. The excess 11-cis retinal was removed by adding
22 ]il of 0.1 M NH OH and waiting 5 minutes. A regenerated absorbance 

and CD spectrum were then taken. The sample was bleached again with

a microscope illuminator for 15 minutes and final bleached spectra were 

taken.

Dark Isomerization of 11-cis Retinal

Crystalline 11-cis retinal was dissolved in dioxane. Its purity 

was determined by thin layer chromatography. All-trans retinal in dioxane 

was used as a standard. The solvent used was hexane:ether (4:1) and 

the R^ values for 11-cis and all-trans retinal are 0.55 and 0.32, re

spectively (Nelson, 1970).

Isomerization of 11-cis retinal to all-trans retinal in the 

dark in the presence of ROS was measured by observing the decrease in < 

absorbance due to 11-cis retinal at 375 nm. The reaction was monitored 

for 2 hours in the dark at 15-minute intervals, the sample was then 

bleached for 30 minutes and the absorbance of 375 nm was measured again. 

The ROS were prepared from bovine retinas and diluted in lOOmM potassium 

phosphate buffer, pH 7.0. An appropriate amount of 11-cis retinal was
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added to the RQS in buffer to start the reaction. Since the extinction 

coefficient of 11-cis retinal in phosphate buffer was not known, the 

concentration of a stock solution of 11-cis retinal in dioxane was de

termined before each experiment by diluting a known volume into 100%
- 1 - 1ethanol ^ = 24,900 M cm ) and measuring the absorbance spectrum.

To show that the 11-cis retinal was isomerizing in the dark 

to all-trans retinal, four samples of ROS (5.25 yM rhodopsin) and 41.8 

yM 11-cisretinal in deionized water were incubated for 24 hours in the 

dark at room temperature. Two of these samples were exposed to light 

for 30 minutes following the dark incubation. A control sample con

taining 290 yM 11-cis retinal in 100 mM phosphate, pH 7.0, was incubated 

in the dark for 24 hours at room temperature to determine whether any 

11-cis retinal isomerized to all-trans retinal in the - dark in the absence 

of phosphatidylethanolamine and rhodopsin. Two more control samples 

containing 41.8 yM 11-cis retinal in deionized water were prepared in 

the dark to determine the initial percentage of 11-cis retinal. All 

seven samples were lyophilized to dryness, taken up in 100 yl of hexane 

and spotted on thin layer chromatography plates. The all-trans, 11- 

cis and 13-Tcis retinal spots were removed from the plate, and each one 

was dissolved in 1.0 ml hexame. The concentration of retinal in each 

spot was calculated from its absorbance spectrum using Beer's Law, and

average concentrations were calculated for the duplicate samples. The
- 1 - 1extinction coefficients in hexane are 47,564.5 M cm for all-trans

- 1 - 1  - 1 - 1  retinal, 26,355.2 M cm for 11-cis retinal and 38,968.5 M cm for

13-cis retinal (Brown and Wald, 1956).
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The isomerization reaction was monitored at several different 

11-cis retinal (2»5-45 yM) and rhodopsin (0.3-4 yM) concentrations to 

determine the reaction order and rate constant. The reaction was moni

tored at.four temperaturesf 200C, 25°Cf 30°Cf and 37°C. A Forma 

Scientific heated and refrigerated bath and circulator, model 2095, 

was used to keep the cuvettes at the correct temperature. The effect 

of 1 mM DTT in the phosphate buffer on the isomerization rate was also 

measured. The effect of using 5 mM HEPES buffer (N-2-hydroxyethyl- 

piperazine-N'-2-ethylenesulfonic acid), pH 7.0, instead of phosphate 

buffer was also measured. The rate of siomerization of 11-cis retinal 

was also measured in the presence of crude sodium cholate extracted 

rhodopsin at 2 mg/ml sodium cholate and in the presence of purified 

sodium cholate extracted rhodopsin after one ammonium sulfate precipi

tation at 2 mg/ml sodium cholate.



CHAPTER 3

RESULTS AND DISCUSSION

The Circular Dichroism of Sodium 
Choiate Solubilized Rhodopsin

In this experiment the circular dichroism (CD) spectra of rhod

opsin solubilized in 2 and 20 mg/ml sodium cholate were measured. These 

spectra were compared to the CD spectra of rhodopsin in the ROS and 

other detergents reported by Rafferty, et al. (1977), and Stubbs, et 

al. (1976) o The results of Rafferty, et al., show that the conforma

tional integrity of various forms of rhodopsin can be determined from 

their spectrum. The" ability of rhodopsin to regenerate after exposure 

to light (opsin + 11-cis retinal X  rhodopsin) is an indicator of confor

mational integrity. The purpose of this experiment was to determine 

whether the CD spectra of regenerable rhodopsin in 2 mg/ml sodium cholate 

support the results of Rafferty, et al., and to further characterize 

sodium cholate as a model system in which to study rhodopsin.

The rhodopsin samples used in this experiment were solubilized 

in 20 mg/ml sodium cholate and purified with one ammonium sulfate frac

tionation. The A278^A498 rat^os were 2.23 and 2.62 for the rhodopsin 
samples in 2 and 20 mg/ml sodium cholate, respectively. Figure 11 shows 

the absorbance spectra taken before the CE experiment from which the 

ratios were calculated. Also shown are the absorbance spectra taken 

after the dark CD spectra and after bleaching the samples. The 
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Figure 11a. Absorbance spectra of purified rhodopsin in 2 mg/ml sodium 
cholate, 100 mM phosphate buffer, pH 7.0, ImM DTT.

Spectra were taken during Circular Dichroism Experiment.
(----- ) dark spectrum taken before dark CD spectrum; (----- )
dark spectrum taken after dark CD spectrum (about 10% of the
rhodopsin was bleached during the CE spectrum); (•--- )
bleached spectrum.
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Figure lib. Absorbance spectra of purified rhodopsin in 20 mg/ml sodium cholate, 100 mM
phosphate buffer, pH 7.0, 1 mM DTT.
The 278 nm peaks for both dark spectra are reduced by one-half to fit on the graph. £



absorbance spectrum of unbleached bovine rhodopsin has peaks at 498 

nm and 340 run which are due to the chromophore, 11-qis retinal. In 

the ultra-violet (UV) region of the spectrum there is a peak at 278 

nm due to the aromatic amino acid side chains of the protein. When 

rhodopsin is bleached to form opsin and all-trans retinal the 498 nm 

and 340 nm absorbances are lost and a peak due to all-trans retinal 

appears at 360 nm. The concentration of rhodopsin samples was calcu

lated from Beer's Law using the absorbance of the 498 nm peak and the
-1 -1extinction coefficient, 8^^^, 40,000 M cm . The rhodopsin concentra

tions were 7.88 yM and 15.4 yM for the 2 and 20 mg/ml sodium etiolate 

samples, respectively. The absorbance spectra show that the rhodopsin 

was only bleached 10-15% during the dark CD spectrum.

Figure 12 shows the visible (300-600nm) CD spectra of rhodopsin 

solubilized in 2 and 20 mg/ml sodium cholate. The spectra are charac

terized by an a-peak at about 500 nm and a g-peak at about 340 nm due 

to the chromophore, 11-cis retinal. A comparison of the two sodium 

cholate concentrations shows that the molecular elliptic itie s of the 

3-peaks are similar, but the molecular elliptieity of the a-peak is 

much larger for the 2 mg/ml sample than the 20 mg/ml sample. The ratio 

of the molecular ellipticities of the a-peak to the 3-peak is an indi

cator of the regenerability of rhodopsin. If the ratio is greater than 

1.0 then the rhodopsin is regenerable. If it is less than 1.0 the rhod

opsin is nonregenerable. At 2 mg/ml sodium cholate rhodopsin is re

generable and the a /3 ratio is 1.36. The other regenerable forms of 

rhodopsin (ROS and digitonin) also have a/3  ratios greater than 1.0
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:e 12. Visible CD spectrum of rhodopsin and opsin.

A. (---- ) rhodopsin in 2 mg/ml sodium cholate; (----) opsin.
Buffer was 100 mM phosphate, pH 7.0, 1 mM DTT. B. (---- )
rhodopsin in 20 mg/ml sodium cholate; (----) opsin.



(Rafferty, et alo, 1977)» At 20 mg/ml sodium cholate rhodopsin does 

not regenerate and the.a/3  ratio is 0o48. The other nonregenerable 

forms of rhodopsin (CTAF and emulphogene) also have a /3 ratios of less 

than leO. Table 1 shows the a/3  ratios for various forms of rhodopsin. 

Rhodopsin in 2 and 20 mg/mlsodium cholate has CD spectra that fit this 

regenerability test and correspond well to the data of Rafferty, et 

al., for other regenerable and nonregenerable forms of rhodopsin.

The a/3 ratio for rhodopsin solubilized in 50 mM octyl glucoside 

(Stubbs, et al., 1976) is 0.37, which suggests nonregenerability. How

ever, Stubbs, et al., report that rhodopsin will regenerate in 30 mM 

octyl glucoside. Since they report no CD data at this detergent con

centration, no conclusions can be drawn, although it is possible that 

the CD spectrum at 30 mM octyl glucoside would have an a/3 ratio greater 

than 1.0.

Figure 13 shows the near ultra-violet CUV) (250-300 nm) CD

spectra of rhodopsin in 2 and 20 mg/ml sodium cholate. In this region

the conformational integrity of rhodopsin is indicated by an insensiti- .. 

vity of the spectrum to light. Rafferty, et al., reported that the

regenerable forms of rhodopsin, such as RIS and digitonin, had similar

near UV CD spectra and were nearly insensitive to light. Nonregenerable 

forms of rhodopsin, such as cetyltrimethy1ammonium fluoride (CTAF) and 

emulphogene, have CD spectra that are sensitive to light. Their un

bleached spectra have a positive peak at about 280 nm that is absent 

from the spectra of the regenerable forms. This peak is light sensitive 

and disappears after bleaching. Rhodopsin in 20 mg/ml sodium cholate
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Table. 1.

Circular Dichroism Data for Sonicated ROS 
and Detergent: Solubilized Rhodopsin

Rhodopsin Source
X max.(nm) 

a/3

Molecular Ellipticity 
2.in deg cm /decimole 

X  10~4 (a/3)

a
3

(ellipticity)

Sonicated ROS3* 499/342 ■ 6.80/3.30 2.06

Emulphogene8, 483/337 2.67/6.48 0.41

CTAFa 483/337 2.58/6.53 0.40

Octyl glucoside^3 M 8 3 A 3 4 0 2.43/6.47 0.37

Digitonina 494/339 4.76/4.45 1.10

Na Cholate 2 mg/ml 500-502.5/337..5 7.75/5.68 1.36

Na Cholate 20 mg/ml 490/335 2.65/5.53 0.48

aData from Rafferty et al. (1977).

^The data of Stubbs et al. (1976) was taken from the figures and re
calculated in terms of molecular ellipticity»
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Same conditions as in Figure 12.
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is also nonregenerable and has a near UV CD spectrum similar to the 

other nonregenerable detergent forms of rhodopsin„.

When unbleached rhodopsin in 20 mg/ml sodium cholate is diluted 

to 2 mg/ml sodium cholate the a/3 ratio of the CD peaks changes from 

0.48 to 1.36. If the detergent concentration is diluted after bleaching 

the a/3 ratio does not increase. This suggests that the perturbations 

of the chromophore binding site in rhodopsin by 20 mg/ml sodium cholate 

are not irreversible. The perturbations of the chromophore binding 

site in opsin are irreversible and prevent regeneration.

The Circular Dichroism of Regenerated Rhodopsin 
in 2 mg/ml Sodium Cholate

The purpose of this experiment is to determine whether re

generated rhodopsin in 2 mg/ml sodium cholate retains its conformational 

integrity. The rhodopsin sample used in this experiment was extracted 

with 20 mg/ml sodium cholate and purified with one ammonium sulfate 

fractionation. The initial rhodopsin concentration was 18.5 TJM and 

the ^278^498 rat^° was 2.34. The absorbance spectra taken before and 
after the CD spectrum inthe dark, after bleaching and after regeneration, 

are shown in Figure 14. The rhodopsin concentration calculated from 

the regenerated spectrum shows that the regeneration was 60% complete.

A rhodopsin concentration of 11.1 yM (60% of the initial concentration) 

was used when calculating the molecular ellipticity values for the re

generated CD spectrum. The visible region CD spectra for this experi

ment are shown in Figure 15. Before bleaching the a/3 ratio was 1.73 

and after regeneration it was 1.40. In both spectra the 3“Pea^s
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Figure 14. Absorbance spectra of purified rhodopsin in 2 mg/ml sodium 
cholate, 100 mM phosphate buffer, pH 7.0, 1 mM DTT.



Figure 14. Absorbance spectra of purified rhodopsin in 2 mg/ml 
sodium cholate, 100. mM phosphate buffer, pH 7.0,
1 mM DTT o

Spectra taken during the regeneration CD experiment.
(--- — ) dark spectrum taken before dark CD spectrum;

dark spectrum taken after dark CD spectrum 
(about 10% of rhodopsin was bleached during the CD 
spectrum; bleached spectrum; (••«»«) regenerated
spectrum. The absorbance of the 278 nm peak in the 
initial dark spectrum is reduced by one-half so that 
it will fit on the figure»
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340 nm have about the same molecular ellipticity, but the a-peak in 

the regenerated spectrum is slightly smaller than before bleaching,

A decrease in the a-peak was also seen when comparing the regenerable 

and nonregenerable CD spectra. However, the change in the regenerated 

material is much smaller and the a/3 ratio is still greater than 1,0, 

Thus, the regenerated rhodopsin in 2 mg/ml sodium cholate has maintained 

its conformational integrity.

The conclusions drawn here are supported by the observation 

that changing the detergent concentration of sodium cholate solubilized 

rhodopsin from 20 to 2 mg/ml also changes the nature of the protein- 

detergent complex. At 20 mg/ml sodium cholate the complex is a micelle 

(apparant molecular weight 475,000) which at 2 mg/ml, it is a large 

aggregate (apparent molecular weight 5 x 10 ) (Durel, .1980) .

In summary, rhodopsin solubilized in 2 mg/ml sodium cholate 

has a conformation similar to rhodopsin in ROS. The regenerability 

of various forms of rhodopsin can be predicted by the a/3 ratio of the 

CD peaks in the visible region and by the effect of bleaching on the 

UV region of the spectrum. Sodium cholate at 2 mg/ml appears to provide 

a purified, near native environment in which to study the structure 

and function of rhodopsin.

' '
The bark Isomerization of 11-cis Retinal

The dark isomerization of 11-cis retinal was first reported 

by Groenendijk, et al., in 1980. They found that the isomerization 

reaction required the presence of phosphatidy1ethano1amine (PE) but 

not rhodopsin. Their reaction mixture included 0.10 mM 11-cis retinal.
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and 0„02 mM rhodopsin in ROS in 60 mM phosphate buffer, pH 7o2. After 

2 hours in the dark at 37°C, about 50% of the retinal had been degraded 

and the remaining retinal was 72% all-trans retinal and 13% 13-cis 

retinal with only 15% 11-cis retinal remaininge They presented the 

following mechanism for the isomerization reaction.

ki
11-cis retinal + PEn X  ll-cis-retinal-PEn (a)

-  —

k2
11-cis-retinal-PE^ + PE0 J all-trans-retinal-PE0 + PEh (b) 

  1 2 . —  2 1
k-2

k3
all-trans-retinal-PE^ all-trans retinal + PE0 (c)

k-3

Groenendijk, et al», provided evidence that the second step in the 

mechanism, where isomerization takes place, requires a second PE mole

cule. The orientation of the ll-cis-retinal-PE^ complex is such that 

the close approach of the phosphate group to the G-ll atom prevents 

isomerization because of steric hindrance. The second PE molecule \v 

allows isomerization because of steric hindrance. The second PE mole

cule allows isomerization to take place, possibly by using its amino 

group as a nucleophile, to attack the Schiff base linkage between the 

PEn and 11-cis retinal at the C-15 atom. After isomerization takesi , ■ —  . ; ■ ....
place the all-trans-retinal-PE^ complex is hydrolyzed to form all-trans 

retinal and PE„.
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The isomerization reaction was of interest to us because of

our studies of the kinetics of regeneration of rhodopsin which used 

11-cis retinal in the dark. Thus any substantial change in the 11- 

cis retinal concentration due to the lipid catalyzed isomerization would 

alter the 11-cis retinal concentration and affect the interpretation 

of kinetic and equilibrium studies. The proposed mechanism for the 

regeneration reaction is

Thus, it was important to reproduce the results of Groenendijk, et al., 

and determine the kinetics of the lipid catalyzed isomerization reaction 

in order to determine whether it could affect the results of the re

generation kinetics experiments. The isomerization reaction was studied 

in 100 mM phosphate buffer, pH 7.0, at 20°C since this temperature was 

used in the regeneration experiments. The effect of using 5 mM HEPES 

(N-2-hydroxyethylpiperazine-N1-2-ethylenesulfonic acid) buffer, pH 7.0, 

instead of phosphate buffer, was also investigated since Matsumoto, 

et al. (1978), reported a different rate constant, k^, for the regenera

tion reaction in this buffer. The isomerization reaction was also 

studied using different forms of rhodopsin (ROS and crude and purified 

sodium oholate extracted rhodopsin) to determine how the detergent 

affected the isomerization kinetics. The temperature dependence of 

the isomerization rate constant was measured and the thermodynamic para-

opsin + 11-cis retinal
k

intermediate -> rhodopsin
1
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The dark isomerization of 11-cis retinal was monitored by ob

serving changes in the absorbance spectrum of 11-cis retinal with time. 

The absorbance spectra of 11-cis and all-trans retinal in 100 mM phos

phate buffer, pH 7.0, are shown in Figure 16. The absorbance spectrum 

of 11-cis retinal has a major peak at 375 nm, a subsidiary band at 280 

run and a "cis peak11 at 252 nm. The absorbance spectrum of all-trans 

retinal has a major peak at 360 nm. It also has a subsidiary band at 

280 nm that absorbs more strongly than the 280 nm band of 11-cis retinal, 

but the all-trans retinal spectrum does not have a "cis peak" at 252 nm.

The extinction coefficient of the 375 nm peak of 11-cis retinal
- 1 - 1in phosphate buffer is about 21,400 m cm and the extinction co

efficient of the 360 nm peak of all-trans retinal in phosphate buffer 
-1 -1is about 10,300 M cm . These extinction coefficients have not been 

reported in phosphate buffer and were calculated from the absorbance 

spectra in phosphate buffer using Beer's Law. The 11-cis and all-trans 

retinal concentrations were claculated from their absorbance spectra 

in hexane, where their extinction coefficients are known (Brown and 

Wal, 1956). Since the extinction coefficient of all-trans retinal is 

smaller than ll^cis retinal a decrease in absorbance with time should 

be observed at 375 nm during the isomerization reaction. Figure 17 

shows an example of the absorbance spectra measured during a dark iso

merization experiment with 35 ]iM 11-cis retinal in the presence of 4 |iM 

hhodopsin as ROS in 100 mM phosphate buffer in the sample cuvette. The 

reference cuvette contained 4 ]M rhodopsin as ROS in 100 mM phosphate 

buffer to cancel out the absorbance due to rhodopsin. As expected,
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Figure 16. Absorbance spectra of 11-cis and all-trans retinal in 100 mM 
phosphate buffer, pH 7.0.
(---- ) 11-cis retinal; (---- ) all-trans retinal. The con
centration of both retinals is 44 uM.
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Figure 17. The dark isomerization of 11-cis retinal to 13-cis and 
all-trans retinal.



Figure 17.. The dark isomerization of 11-cis.retinal to 13-cis.and 
all-trans retinal.

Initial 11-cis retinal concentration was 35 \M, 
rhodopsin as ROS concentration was 4 yM in 100 inM, 
phosphate buffer, pH 7.0. . The numbers on the curves 
indicate the time in minutes after the start of the 
reaction that the spectrum was taken. The last 
spectrum, labelled 60 It, was taken after the 
reaction mixture had been exposed to light for 60 
minutes. All other spectra were taken in the dark. 
The 375 nm peak (ll^cis retinal) decreased with time 
and shifted toward 360 nm (all-trans retinal).
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the absorbance at 375 nm decreased with time and the peak maximum 

shifted toward 360 nm. The subsidiary band at 280 nm increased and 

the "eis-peak" at 252 nm disappeared»

In order to show that the product of the isomerization reaction 

is really all-trans retinal, the products were separated using thin 

layer chromatography and analyzed. The order of the spots by decreasing 

Rf values is 13-cis, 11-cis and all-trans retinal (Kropf, et al., 1973). 

After separating the retinal products the spots were removed from the 

plate and dissolved in hexane. The retinal concentration in each spot 

was determined by measuring its absorbance spectrum in hexane. The 

details of this experiment are given in the methods section. A control 

experiment showed that 11-cis retinal diluted into distilled water to 

a concentration of 41.8 ]M and lyophilized and spotted without incu

bating was 84.7% 11-cis retinal, 11.0% all-trans retinal, and 4.3% 13- 

cis retinal. Another control experiment in which 290 ]M 11-cis retinal 

was incubated for 24 hours in the dark in the presence of 100 mM phos

phate buffer, pH 7.0, showed 86.9% 11-cis retinal and 13.1% all-trans 

retinal. These two control experiments indicate that no isomerization 

of 11-cis to all-trans retinal takes place in the dark in the absence 

of PE. Only about 10-15% of the total retinal added initially was re

covered in the spots in both of the control experiments. The samples 

that were isomerized in the dark for 24 hours in the presence of ROS 

(5.25 ]M rhodopsin, 41.8 ]M 11-cis retinal) were 22.8% 11-cis retinal, 

76.4% all-trans retinal, and 0.8% 13-cis retinal. In this case 15- 

20% of the total retinal was recovered in the three spots. Groenendijk,



et ale, observed 15% 11-cis retinal, 72% all-trans retinal, 13% 13- 

cis retinal and 50% total retinal recovery after 2 hours of isomeriza

tion in the dark» The longer reaction time, 24 hours compared to 2 

hours, most likely accounts for the lower recovery values. Thus, 11- 

cis retinal is being isomerized in the dark to all-trans retinal and 

13-cis retinal, to about the same extent that Groenendijk, et al., ob

served. When the reaction mixture was exposed to light for 30 minutes 

after 24 hours in the dark the retinal recovered was 74.7% 11-cis retinal, 

16.5% all-trans retinal, and 8.5% 13-cis retinal. However, the total 

recovery was only 3-5%. Thus, it appears that some of the original 

11-cis retinal that was isomerized to all-trans retinal in the dark 

was reisomerized to 11-cis retinal when exposed to light. This was 

expected according to the mechanism proposed by Rabinovitch (1978) in 

which all-trans retinal bound by a protonated Schiff base linkage to 

the amino group of a PE molecule is isomerized to 11-cis retinal when 

exposed to light. Table 2 summarizes the data reported for these ex

periments.

Low Recovery Values

The low recovery values for the retinal samples following the 

thin layer chromatography experiment are due to several factors. 

Groenendijk, et al., observed 50% loss of retinal following isomeriza

tion of 11-cis retinal in the dark for 24 hours. They observed that 

both the degradation and isomerization of retinal progressed with time 

and that no degradation occurred without isomerization. They suggest 

that an intermediate in isomerization process may decay to a species
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• The•Retinal.Products of the. Dark- Isomerization Experiments

Dark Cohtrol"Samples. (41.8 uM ll-cls retinal.in distilled"water)

Percent of Average
Initial Percent of Percent of

Sample [Retinal] Retinal Recovered Recovered
Retinal Product Number uM Recovered . Retinal . Retinal

11-cis retinal 1) 6.88 16.5 89.1 84.7
2) 2.43 5.8 80.2

13-cis retinal 1) 0 0 0 4.3
2) 0.26 0.6 8.6

all-trans retinal 1) 0.84 2.0 10.9 11.0
2) 0.34 0.8 11.2

Total 1) 18.5
2) 7.2

Control Samples'Kept in the Dark for 24. Hours (290 uM 11-cis retinal, 
100VmM.phosphate buffer, pH 7.0)

Percent of
Initial Percent of

[Retinal] Retinal Recovered
Retinal Product . uM Recovered Retinal

11-cis retinal 25.69 ■ 9.0 86.9

all-trans retinal 3.87 1.2 13.1

Total 10.2
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Table. 2— Continued

Samples Isomerized in the•Dark for 24 Hpurs and. Exposed to Light for 
30 Minutes [41 *8 uM ll^cis retinal,..5.25 uM rhodopsin in ROS in 

..distilled.water)

Percent of Average
. Initial .Percent of Percent of 

Sample iRetinal]: Retinal . Recovered Recovered 
: Retinal Product", Number". " uM. Recovered"" Retinal . ..Retinal

11-cis retinal i) 0.84 2.0 65.1 74.7
2) 1.14 2.7 84.4

13-cis retinal 1) 0.20 0.5 15.5 8.5
2) 0.02 0.1 1.5

all-trans retinal 1) 0.25 0.6 19.4 16.8
2) 0.19 0.4 14.1

Total 1) 3.1
2) 3.2

Samples Isomerized in Dark for 24 Hours (41.8 uM 11-cis retinal, 
5.25 uM rhodopsin. in ROS in distilled water)

Percent of
Initial Percent of

[Retinal] Retinal Recovered
Retinal Product uM Recovered ‘ Retinal

11-cis retinal 1.80 4.3 22.8

13-cis retinal 0.06 0.1 0.8

all-trans retinal 6.04 14.5 76.4

Total 18.9
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with an interrupted conjugated polyene system that no longer absorbs 

lighto Since low recovery values were also measured for control samples 

in the absence of PE, some retinal must have been lost due to the ex

perimental procedure. Steps susceptible to loss includes 1) removal 

of lyophilized retinal from vials, especially in the presence of ROS, 

where solubilization into the membrane has occurred; 2) several small 

spots with low R values were not removed from the TLC plate; 3) a light 

spot with a large Rf value that bleached rapidly in UV light, probably 

retinol, was not removed; and 4) yellow color that could not be removed 

from the silica gel with hexane. Thus, it appears that some retinal 

was lost during an alternate reaction mechanism that occurs along with 

isomerization in addition to loss due to the experimental procedure 

during the separation process.

The Dark Isomerization of 11-cis 
Retinal in the Presence of ROS

Having established the dark isomerization of 11-cis retinal 

and a method to measure it, the next step was to determine the reaction 

order and rate constant for the reaction. The mechanism proposed by 

Groenendijk, et al., predicts a second-order reaction that depends on 

the concentration of the 11-cis-retinal-PE^ complex and a second PE 

molecule. In the first set of experiments the rhodopsin (ROS) and PE 

concentrations in 100 mM phosphate buffer, pH 7.0, were held nearly 

constant (2.25-2.9 ]M rhodopsin) and the 11-cis retinal concentration 

was varied from 2.5-45 yM. In bovine ROS there are 8.8-98 moles of 

phospholipid per mole of rhodopsin (Adams, 1969) and 38.5% of the



phospholipids are PE (Anderson and Maude, 1970). Therefore, on the

average, 35.8 moles of PE per mole of rhodopsin were present. Thus,

the PE concentrations in this set of experiments were 80.5-103.8 yM.

The range of 11-cis retinal concentrations used gives a 2 fold to a

50 fold PE excess and ensures pseudo first-order conditions at the lower

11-cis retinal concentrations. The first-order rate constants were

calculated from the slopes of plots of the natural logarithm of the

absorbance at 375 run vs time. The rate constants were all similar and
-4 -1gave an average value of 1.80 ± 1.00 x 10 s , indicating a first- 

order reaction that is independent of the 11-cis retinal concentration. 

Figure 18 shows the normalized In AA vs time plots at. the various 11- 

cis retinal concentrations, and Table 3 gives the first-order rate con

stants calculated from the plots. The data plotted in all first-order 

kinetic plots is normalized so that the initial point is at 1.0 absorb

ance unit. All the reactions measured were at least 40% complete after 

2 hours. In some cases, the first-order plots became nonlinear after 

90 minutes, so the initial points were considered more strongly when 

drawing a straight line.

The control experiment (from plot (1) in Table 3) with 12 yM

11-cis retinal in 100 mM phosphate buffer, pH 7.0, shows a slight de

crease in absorbance with time and a shift in the maximum wavelength

to 385 nm. The "cis-peak" at 252 nm does not decrease as it does when
-5 -1ROS are present. The rate constant for the reaction is 8.9 x 10 2

The shift to a longer,wavelength and the persistence of the "cis-peak" 

suggest that the 11-cis retinal is not being isomerized to all-trans
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Table 3.

First-Order Rate. Constants for the Dark 
Isomerization of ll^cis Retinal at 20°C 

- - at • Various'- ITrcis • Retinal - Concentrations - •

Plot Number.. _ ■ • ■ • „ i (Fig. 18) Ill-cis,Retina!]-.uM. . .. , IRhodopsin] • • • • uM....k .x .10 . .. sec .....

1 12.0 . 0 0.89

2 2.5 2.75 2.10

3 5.0 2.90 1.00

4 10.0 2.80 3.10

5 15.0 ■ . 2.20 . 1.45

6 .16.4 3.75 1.02

7 25.0 . • 2.60 1.85

8 33.6 2.50 2.60

9 35.0 4.00 1.69

10 45.0 2.25 1.78

• ] 4k x 10 = 1.80ave
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retinal. Instead, the hydrophobic 11-cis retinal molecules may be under

going a slow time-dependent physical change to form micelles in the 

hydrophilic environment of the phosphate buffer and water. The absence 

of isomerization is further supported by the thin layer chromatography 

control experiments that show no isomerization of 11-cis retinal to 

all-trans retinal in the dark in the absence of PE and ROS. Since the 

rate constant for this physical change is.about half that observed in 

the presence of ROS, it was not possible to observe two biphasic first- 

order rate constants when the isomerization reaction was plotted. The 

physical change should not affect the kinetics of the isomerization 

reaction since the 11-cis retinal is probably solubilized within the 

membrane when ROS or sodium cholate solubilized rhodopsin are present.

If the physical process does take place, to some extent, in the presence 

of lipids and/or detergent molecules, the rate constants reported for 

the isomerization reaction will be maximum values and can be corrected 

by subtracting the slower rate constant due to the physical change.

Since the PE concentration was in excess of the 11-cis retinal 

concentration throughout the first set of experiments, another set was 

performed at nearly constant 11-cis retinal concentrations (15-16.5 yM) 

over a range of rhodopsin (0.3-2.2 yM) and PE concentrations (10.7- 

78.5 yM)o Under these conditions the ratio of the reactant concentra

tions goes from a 1.6 fold 11-cis retinal excess to a 5 fold PE excess. 

This will ensure that pseudo first-order conditions will not always 

exist and determine if the isomerization reaction depends on the con

centration of PE. The rate constants calculated from the first-order
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plots were again similar, although slightly smaller than before, with
-4-1an average value of 1.50 ± .0.10 x 10 s . See Figure 19 and Table 

4 for first-order plots and rate constants. Thus, the studies reported 

to this point establish that the isomerization reaction is first-order 

and does not depend on the concentration of 11-cis retinal or PE. If 

the reaction had been second-order, the rate constant would have changed 

when the 11-cis and/or PE concentrations were varied. Combining the 

results of Groenendijk, et al., with those reported, the following mech

anism can be proposed.

■ x
11-cis retinal + PE $ 11-cis-retinal-PE (a)

k-i

k2
11-cis-retinal-PE + PE„ ^  . PE^-11-cis-retinal-PE (b)

k-2

*3PE^-ll-cis-retinal-PE^ %  PE^-all-trans-retinal PE^ (c)
k-3

k4
PE^-all-trans-retinal-PE^ %  ' PE^-all-trans-retinal + PE^ (d)

k-4

' k5
PE^^all-trans-retinal + H^) J  PE^ + all-trans retinal (e)

2 2 k „ 2- 5
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Figure 19. First-order plots for the dark isomerization of 11-cis 
retinal at 20°C in the presence of 15-16.5 UM 11-cis 
retinal and 0.3-2.2 yM rhodopsin as ROS.

The numbers correspond to increasing rhodopsin concen
trations (see Table 4).
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First-Order Rate Constants for the Dark 
Isomerization of ll^cis Retinal at 20°C 

at Various-Rhodopsin- Concentrations• - -

Plot Number
. iFig. 19), til-cis.Retinal],uM... ,.iRhodopsin].uM ......  4 ... -I .k x 10..sec. .

0.30 1.60

0.58 1.46

2.20 : 1.45

. k x 104 = 1.50ave
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This mechanism requires the presence of an 11-cis retinal complex

with two moles of PE (PEn and PE_) which undergoes isomerization to1 2
all-trans retinal and then dissociates. Thus, if step (c) is rate 

limiting first-order kinetics will be observed. This mechanism assumes 

that the amino groups of the PE molecules are unprotonated and are able 

to form a Schiff base linkage with the aldehyde group of 11-cis retinal 

or, in the case of PE2, attack the Schiff base linkage of the complex 

in step (b). This is probable because the pka of 9.5 for the PE amino 

group free in solution is reduced to 7-7.5 at the membrane interphase.

It must also be assumed that the 11-cis retinal is solubilized within 

the membrane, which is probable because of its hydrophobic character, 

with an orientation such that attack by the PE amino group on the alde

hyde carbon is possible.

The half-life of 11-cis retinal can be calculated from the equa

tion 0.693 = ktx and is equal to 64.2 minutes. The rate constants for 

the regeneration reaction were calculated from the increase in absorb

ance due to rhodopsin at 498 nm over a period of only 4 minutes. The

large t, for the isomerization reaction ensures that only a small amount £
of 11-cis retinal will be isomerized in the dark during the regenera

tion reaction and its effect on the regeneration kinetics should be 

negligible.

The effect of dithiothreitol (DTT) on the dark isomerization 

of 11-cis retinal in the presence of ROS was also studied. DTT is 

usually added to the phosphate buffer when studying ROS and sodium cholate 

extracted rhodopsin to stabilize the protein by preventing oxidation



62

of sulfhydryl groups. When 1 mM DTT was added to the ROS preparation

before initiating the isomerization reaction (38 yM 11-cis retinal and

2 o25 yM rhodopsin, 20°C) the first-order fate constant was found to 
-4 -1be 1,53 x 10 s , Thus, DTT does not affect the kinetics of the iso

merization reaction.

The effect of HEPES buffer (N-2-hydroxyethylpiperazine-N1-2- 

ethylenesulfonic acid) on the kinetics of the isomerization reaction

was also of interest, Matsumoto, et al, (1978), reported a value of 
- 1-15600 M s for k^ of the regeneration reaction with sonicated ROS in

10 mM HEPES buffer, pH 7,0, This is much larger than the values of
- 1-1  - 1-1 690 M s and 660 M s reported by Henselman and Cusanovich (1976)

for k^ in sonicated ROS in 100 mM phosphate buffer, pH 7,0, When the

isomerization reaction was performed in 5 mM HEPES buffer, pH 7.0 with

15 yM 11-cis retinal and 2,0 yM rhodopsin as ROS at 20°C the first-
-4 -1order rate constant was 2,4 x 10 s .» Thus, HEPES has only a slight 

effect on the isomerization reaction.

The Dark Isomerization of 11-cis Retinal 
in the Presence of Sodium Cholate 
Extracted Rhodopsin

It was also of interest to study the kinetics of the isomeriza

tion reaction in the presence of sodium cholate solubilized rhodopsin, 

since this detergent is used to obtain a model system with which to

study rhodopsin. Crude sodium cholate extracted rhodopsin (A0_0/A.rto2/o 4yy
=3,18) in 2 mg/ml sodium cholate and rhodopsin purified with one

ammonium sulfate fractionation (A0 /A d = 2,18) in 2 mg/ml sodiumZJo 490

cholate were studied. The crude and purified sodium cholate extracted



' 63

forms of. rhodopsin have 83 ± 20 and 58 ± 7 moles of phospholipid per 

mole of rhodopsin, respectively (Durel, 1980) » In the purified sodium 

cholate extracted rhodopsin, 60% of the phospholipids are PE, so there 

are about 32 moles of PE per mole of rhodopsin (Durel, 1980), Because 

the extraction procedure preferentially removes other phospholipids, 

the percentage of PE increases from 38.5% in the ROB to 60% in the puri

fied sodium cholate extracted material. However, the PE to rhodopsin 

ratio is about the same for both forms. The percentage of PE in the 

crude sodium cholate extracted material was not reported, so the PE 

to rhodopsin ratio cannot be calculated, but it can be assumed to be 

about the same as that for the ROB and purified sodium cholate extracted 

forms of rhodopsin. See Table 5 for the phospholipid and PE per rhod

opsin ratios for the three preparations.

The dark isomerization experiments for both sodium cholate ex

tracted forms of rhodopsin were performed in 100 mM phosphate buffer, 

pH 7.0, 1 mM DTT and 2 mg/ml sodium cholate at 20°C. The rhodopsin 

(and PE) concentrations were held constant and the 11-cis retinal concent 

tration was varied. In the crude sodium cholate extracted rhodopsin 

experiments the rhodopsin concentrations were 2.5-3.5 ]M (PE concen

trations 80-112 ]M) and the 11-cis retinal concentrations ranged from*

3 to 32 yM. In the purified sodium cholate extracted rhodopsin ex

periments the rhodopsin concentrations were 1.43-2.65 yM (PE concentra

tions 45.8-84.8 yM) and the 11-cis retinal concentrations ranged from 

5 to 32 yM. For both the crude and purified sodium cholate extracted 

rhodopsin the rate constants were first-order with respect to the



64
Table So

Phospholipid Content of Various Forms of Rhodopsin

moles phospholipid percent PE moles PE
Rhodopsin mole rhodopsin total phospholipid mole rhodopsin

ROS ' 88-98 38.5 35.8

Crude Sodium Cholate 83±20 
Extracted Rhodopsin

— —- .

Purified Sodium 58±7
Choiate 

Extracted Rhodopsin

60.4 32 o 3
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PE^-Il-cis-retinal-PE^ concentration and independent of the 11-cis

retinal and PE concentrations. The average rate constants were
-4-1 -4 -12.33 ± 0.18 x 10 s and 3.51 ± 0.30 x 10 s for the crude and puri

fied sodium cholate extracted rhodopsin, respectively. Figures 20 and 

21 show the first-order plots of In A vs time for the crude and purified 

sodium cholate forms of rhodopsin, respectively, and Table 6 gives the 

first-order rate constants calculated from these plots. Thusf even 

though the PE to rhodopsin ratios are similar for all three forms of 

rhodopsin, ROS and crude and purified sodium cholate solubilized rhod

opsin, the altered environment provided by the detergent molecules has 

apparently increased the first-order rate constant. The increase may 

be due to an altered environment that favors isomerization of the 

PE^ll-cis-retinal-PE^ complex.

The Temperature Dependence of the First- 
Order Rate Constant for the Isomerization 
of 11-cis Retinal in the Presence of ROS

The purpose of this set of experiments was to determine how 

the first-order rate constant for the dark isomerization of 11-cis 

retinal varied with respect to temperature. The first-order rate con

stant was calculated at 20, 25, 30 and 370C. In each case the 11-cis 

retinal concentration was 15 ]M and the rhodopsin (as ROS) concentration 

was 2.0-3.6 ]M (PE concentrations 71.6-128.9 yM) As the temperature

was increased the first-order rate constant increased. The average
—4 —I —4 —1rate constants were 1.80 ± 1.00 x 10 s , 3.44 ± 0.10 x 10 s ,

3.88 ± 0.08 x 10_4s-1, and 4.91 + 0.30 X 10~4s~1 at 20, 25, 30 and 37°C,

respectively. See Table 7 for a list of all reactant concentrations
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Figure 20. First-order plots for the dark isomerization of 11-cis 
retinal at 20°C in the presence of crude sodium cholate 
extracted rhodopsin.
11-cis retinal concentrations were 3-32 yM, rhodopsin con
centrations were 2.74-3.5 yM. Buffer was 100 mM phosphate, 
pH 7.0, 1 mM DTT, 2 mg/ml sodium cholate. The numbers 
correspond to increasing 11-cis retinal concentrations 
(see Table 6).
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Figure 21. First-order plots for the dark isomerization of 11-cis
retinal at 20° 0  h the presence of purified sodium cholate 
extracted rhodopsin.
H - cis retinal concentrations, 5—32 yM; rhodopsin concentra
tions, 1.43-2.64 yM; buffer, 100 mM phosphate, pH 7.0, 1 mm 
DTT, 2 mg/ml sodium cholate. Numbers correspond to in
creasing 11-cis retinal concentrations (see Table 6).
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Table 6*

First-Order Rate Constants for the Dark Isomerization of 11-cis 
Retinal at 20°C in the Presence of Crude and Purified Sodium 

Cholate Extracted Rhodopsin at Various 11-cis Retinal Concentrations

Plot Number [11-cis Retinal] uM [Rhodopsin] uM 4 -i k x 10 sec

Crude Sodium Cholate Extracted Rhodopsin (Figure 20):

1 3.0 3.50 2.45

2 16.5 2.50 2.16

3 22.0 2.74 2.18

4 32.0 2.74

k x ave

2.51 

lo4 =2.33

Purified Sodium Cholate Extracted Rhodopsin (Figure 21):

1 5.0 2.60 3.40

2 16.5 1.73 3.79

3 22.0 1.43 3.20

4 32.0 2.65

k x ave

3.66 

104 = 3.51
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Table 7.

First-Order Rate Constants for the Dark Isomerization of 11-cis 
Retinal in the Presence of ROB at Various Temperatures

Plot Number 
(Figure 22)

Temperature
°C

[11-cis Retinal] 
uM

[Rhodopsin]
uM

4  - i
k  x  10 sec 
k  x  10 sec

la 25 15 3.1 3.33
lb 25 15 2.0 4 3-54 

x  10 = 3.44k ave
2 a 30 15 3.0 3.96
2b 30 15 2.0 4 3.80 

x  10 = 3,88k .ave
3a
3b

37
37

15
15

3.6 4.61
2,0 5.20

k x 10 =4.91
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and rate constants. Figure 22 shows the first-order plots at the v c: 

various temperatures.

This data can be used to calculate Ah ^, As^, and Ag ^ for the 

isomerization reaction. The equation

in  ( W k BT) = (2)

expresses the relationship between k, T, and Ah ^ and As^ where k is

the first-order rate constant for the isomerization reaction that was

calculated for each temperature, T is temperature in degrees Kelvin,
-16kg is the Boltzmann constant equal to I.38 x 10 erg/°K, h is Planck's

-27constant equal to 6.6256 x 10 erg sec and R is the gas constant equal 

to 1.987 cal/mole °K. For analysis In (kh/kgT) was plotted against 

1/T with the slope equaling -Ah^/R. See Figure 23. The value of Ah ^

was found to be 10.93 Kcal/mole. Subsequently, As^ was calculated from

equation (2) at each temperature and the values were averaged to get

As^ equal to -38.16 cal/mole 0K. Ag^ was calculated from the equation

Ag^ = Ah^ - t As ^ at 298°K and found to be 22.30 Kcal/mole. The acti

vation energy, Ag ^, is equal to the energy difference between the reac

tant in the isomerization reaction, PE ~11-cis-retina1-PE_, and the2 .    1
transition state species which is in the process of being isomerized 

to PE^-all-trans-retinal-PE^. Contributions to the activation energy, 

which is required to form the transition state species, are made by 

Ah ,̂ the enthalpy of activation, and by As^, the entropy of activation. 

In this case the contributions of 10.93 Kcal/mole and 11.37 Kcal/mole 

at 298°K made by Ah ^ and t As ,̂ respectively, to Ag *̂ are nearly equal.
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Figure 22. First-order plot for the dark isomerization of 11-cis 
retinal in the presence of rhodopsin at ROS at various 
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at 37°C [see Table 7).
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CHAPTER 4

CONCLUSIONS

The purpose of the experiments presented here was to further 

characterize the detergent sodium cholate as a model system in which 

to study the structure and function of the visual pigment rhodopsin,

The circular diehroism of rhodopsin aolubilized in 2 and 20 mg/ml sodium 

cholate was used to predict the conformational integrity of rhodopsin.

The dark isomerization of 11-cis retinal in the presence of ROS and 

crude and purified sodium cholate solubilized rhodopsin was also studied. 

The kinetics of the lipid catalyzed isomerization reaction were calcu

lated and used to interpret the kinetic values reported for the re

generation reaction. The temperature dependence of the isomerization 

reaction was also studied and used to calculate the thermodynamic acti

vation parameters, AG^, Ah *̂ and Asf. The conclusions derived from these 

studies include:

1. The regenerability of various forms of rhodopsin can be 

predicted from their visible CD spectra. An a-peak (Amax = 498 nm) 

to $-peak (Amax = 340 nm) ratio greater than 1.0 indicates regenera

bility and maintenance of conformational integrity, while a ratio of 

less than 1.0 indicates nonregenerability and loss of conformational 

integrity. The a/3 ratio for regenerable rhodopsin solubilized in 

2 mg/ml sodium cholate is 1.36 and the ratio for nonregenerable rhod

opsin solubilized in 20 mg/ml sodium cholate is 0.48.

■
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2 o' The conformational integrity of rhodopsin can be predicted 

from the effect of light on its near UV CD spectrum. Nonregenerable 

forms of rhodopsin, including 20 mg/ml sodium cholate, have spectra 

with a 280 nm peak that disappears after the rhodopsin has been exposed 

to lighto Regenerable forms of rhodopsin, including 2 mg/ml sodium 

cholate, do not have a 280 nm peak and their spectra are insensitive 

to light.

3. The dark, lipid catalyzed isomerization of 11-cis retinal

is a first-order reaction that depends on the concentration of a

PE^-ll-cis-retinal-PE^ complex. The rate constant for the isomerization
-4-1in ROS at 20°C is 1.80 ± 1.00 x 10 s and the t, is 64.2 minutes.

i

The second-order rate constant for the regeneration reaction was cal

culated by incubating various concentrations of 11-cis retinal with 

opsin for 4 minutes. . Thus, the large t^ for the isomerization reaction 

should not result.in a significant decrease in the 11-cis retinal concen

tration during the regeneration experiments.

4. The isomerization reaction is first-order in the presence

of crude and purified 2 mg/ml sodium cholate solubilized rhodopsin at
-4-120°C and the rate constants are 2.33 ± 0.18 x 10 s and

-4 -i3.51 ± 0.30 x 10 s , respectively. The increased rate constants in 

the presence of sodium cholate indicate a more favorable environment 

for the PE2-11-cis-retinal-PE^ complex that facilitates isomerization.

5. The first-order rate constant for the isomerization reaction 

in ROS at 20°C is only slightly affected by adding 1 mM DTT to the
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—*4100 mM phosphate buffer, pH 7.0 (k = 1.53 x 10 s ), or by substituting

-4 -i5 mM HEPES buffer, pH 7 e0 (k = 2,4 x 10 s ) ,

6. After 24 hours in the dark in the presence of ROS at room 

temperature, 11-cis retinal isomerized to 76.4% all-trans retinal, 0.8% 

13-cis retinal and 22,8% li-cis retinal. After 30 minutes in the light 

following the 24-hour dark period the retinal was 16.8% all-trans retinal, 

8.5% 13-cis retinal and 74.7% 11-cis retinal. Thus, light has driven

the reisomerization of all-trans retinal to 11-cis retinal. A mechanism 

for this isomerization reaction was proposed by Rabinovitch in which 

a PE-all-trans retinal complex was the reactant.

7. The first-order rate constant for the dark isomerization

of 11-cis retinal in the presence of ROS is temperature dependent. The
—4 —1 —4 —1rate constants are 1.80 ± 1.00 x 10 s , 3.44 ± 0.10 x 10 s ,

3.88 ± 0.08 x 10~4s~1, and 4.91 ± 0.30 x 10~4s~1 at 20, 25, 30 and 37°C, 

respectively. The thermodynamic activation parameters for the isomeri

zation reaction, Aof, AH?, and As^, are 22.30 Kcal/mole at 298°K,

10.92 Kcal/mole and -38.16 cal/mole°K, respectively.

In summary, the detergent sodium cholate at 2 mg/ml appears 

to maintain the conformational integrity of rhodopsin and provide a 

near native environment in which to study its structure and function.

The lipid catalyzed dark isomerization of 11-cis retinal is a first- 

order process that depends on the concentration of a PE^-ll-cis- 

retinal-PE^ complex. The half-life for the reaction is slow enough 

that it should not alter the interpretation of rate constants calculated 

for the regeneration reaction of rhodopsin.
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