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SUMMARY 

The structure of the retinal rod disc membrane and its modifications upon 
bleaching have been studied by X-ray diffraction. Three types of preparations are 
used: functioning isolated frog retina, isolated rods from frog retina, oriented by a 
magnetic field, and stacked discs from cattle retina. X-rays are detected by a position- 
sensitive linear counter. Diffraction spectra are obtained in 10-100 s. 

The electron density profile favors models where the rhodopsin molecule 
spans the whole thickness of  the membrane. Upon bleaching, a small increase of 
electron density appears instantly at the cytoplasmic edge of the membrane. In the 
intact retina this structural change is accompanied by disorder and slow swelling 
reactions which are not observed in the isolated rod outer segment. 

The diffraction signal arising from the protein distribution in the plane of the 
membrane has been reinvestigated carefully. Patterns identical to those of Blasie 
(Blasie (1969) J. Mol. Biol. 39, 407 and Blasie (1972) Biophys. J. 12, 191) can be 
obtained but these are shown to be dominated by artefacts. The actual signal is a 
single broad band around (55 A) - I ,  upon which bleaching has a negligible effect. No 
measurable displacement of rhodopsin in the thickness of the membrane occurs upon 
bleaching. 

Temperature effects on the protein distribution are found to be large only for 
disc membranes from cattle retina. In this material from a warm-blooded animal 
those effects are correlated with the occurrence, upon lowering the temperature, of a 
partial phase transition of the paraffin chains of the lipids. The position and the 
slope of the transition are not sensitive to bleaching. 

INTRODUCTION 

The vertebrate retinal rods, site of the primary events leading to visual excita- 
tion, present many features which make them a particularly suitable material for 
membrane studies: the cell has attained a high degree of segregation, concentrating 
in the outer segment the disc membranes with their unique function of light detection. 
The outer segment can be easily broken off from the retina, thus yielding large quanti- 
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ties of pure membranes of great biochemical simplicity: one protein species, rhodopsin, 
accounts for about 85 ~o of the membrane's total protein content [1]. The quasi- 
crystalline ordering of the disc membranes in the native cell make them very suitable 
for studies by X-ray diffraction. Such studies have been performed in vivo [2], on 
dissected functioning retina [3], on strips of retina [4-6], on stacked discs [7, 8] and 
on artificially reconstituted rhodopsin/lipid/water systems [9]. However, from this 
large amount of work no clear picture has yet resulted of the membrane structure 
and of its modification upon bleaching the rhodopsin. Conflicting models exist for 
the shape of rhodopsin and for its location with respect to the membrane bilayer 
[4, 5, 7, 8]. The only point of agreement seems to be that the rhodopsin molecules are 
dispersed in the plane of the membrane without any special ordering, i.e. as a two- 
dimensional liquid [4, 7, 10]. This is confirmed by spectroscopic measurements of the 
freedom of rotation [I1, 12], and the lateral diffusion [13, 14] of rhodopsin in the 
plane of the membrane. 

The reason to try the X-ray diffraction approach again was the introduction 
of  new improvements in the X-ray detection technique and in the material preparation. 
A new linear position-sensitive proportional counter allows a considerable shortening 
of the exposure times [15 ]. Measurable spectra are recorded in I 0-100 s instead of the 
hour required with film techniques. This allows one to work on better controlled 
preparations and to isolate instantaneous light-induced structural changes from subse- 
quent slow evolution or degradation. The first results obtained on isolated excitable 
retina have already been reported [3]. The work is extended here to isolated rods 
oriented by a magnetic field. This orientating effect has been observed [16] and ex- 
plained [17] some years ago. It results from the preexisting parallel alignment of the 
10 9 rhodopsin molecules within one rod. Such oriented preparations of isolated rods 
yield higher diffracted intensities than the intact retina. We are thus able to compare 
the changes obtained upon bleaching the isolated rods to those observed with the 
intact cells, and try to analyse which part of the photic response previously observed 
on the intact cells was specifically due to the outer segment, and which part resulted 
from the reaction of the whole cell. 

The intense and highly oriented diffraction from rods in the magnetic field 
was also used to reinvestigate carefully the equatorial diffraction pattern. This diffrac- 
tion originates from the molecular organisation in the plane of the membrane. Our 
results do not agree with the previous study and elaborate analysis of Blasie [7, 8, 18, 
19]. The origin of the discrepancy is determined. The study was extended to the rod 
discs of cattle retina, to observe temperature effects which are expected to be impor- 
tant in membranes of a warm-blooded animal. 

Only disc membrane structures and structural changes upon illumination are 
discussed here. Lattice changes and osmotic properties are presented in the next 
paper [20]. 

MATERIAL AND METHODS 

Three types of material were prepared: isolated frog (Rana esculenta) retina, 
isolated outer segments from frog retina oriented in a magnetic field, and discs from 
bovine rod outer segments stacked and oriented by ultracentrifugation. Various 
diffraction geometries were used. The detection was based on the use of the position- 
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sensitive counter, but the orientation and the overall diffraction pattern were checked 
with films, generally after the counter measurement had been completed. All opera- 
tions, unless specified, were carried out under dim red light. For bleaching and test 
illumination the light from a 30-watt tungsten lamp, set at 15 cm from the sample, 
was filtered through a cold filter. Diffraction measurements were performed in abso- 
lute darkness. The composition of the Ringer solution was (in mM): NaCI 101.8; 
KCI, 2.7; MgCI 2 2.1; CaC12 1.9; NaHCO3 2.0; NaH2PO 4 0.36; pH adjusted at 7.4. 

Apparatus 
The Copper K X-rays were produced by Eliott rotating anode generators, 

run at 35 kV, 28 mA with a 0.1 ~ 1 mm focus for the work on isolated retina, and 
run at 30 kV, 50 mA with a 0.2 >: 2 mm focus, otherwise. The generators have their 
cathode vertical and the front end window was used for linear beams, thus reducing 
the width of the object source to 10-20 microns. Linearly focused beams were prod- 
uced either by an horizontal gold plated mirror and filtered by a 0.02 mm thick Ni 
foil, or by a Ni plated mirror without filtering. For point focusing a mirror mono- 
chromator combination was used. 

For the orientation of  the rods we had checked that the magnetic field homo- 
geneity is of no importance, field gradients having no effect. The rod outer segment 
could then be oriented by a small (9 :< 20 × 28 cm) permanent magnet mounted directly 
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Fig. 1. Orientation of  frog rod outer segments in a magnetic fiel (Ad.) Horizontal field: the rods, 
sedimented by gravity, are symbolised by the short horizontal bars at the bot tom of  the cell. X-ray 
diffraction patterns are sketched as they would appear on films. PF indicates point  focusing and LF 
linear focusing. - -, X-ray beams; . . . . .  . lateral limits of  the counter entrance window. Hatching 
indicates diffuse scattering and bars sharp reflexions. The sharp 'meridional '  lamellar reflexions 
observed with point focus appear as a diffuse signal with a linear focus. (B) Vertical field and hori- 
zontal linear focusing; the peaks of  lamellar diffraction are sharp andsymmetrical  (see Fig. 3), andthe  
equatorial diffraction appears only as a smooth  background under the first orders of  lamellar diffrac- 
tion. 
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on the X-ray diffraction bench. The field, of  12800 Gauss, could be directed vertically 
or horizontally (Fig. 1). The position-sensitive linear detector [15, 21] has an active 
length of  60 mm, a width of  8 m m  and a quantum efficiency of  60 ~o with xenon- 
methane (90 ~/o-10 ~o) filling at atmospheric pressure. Linear resolution was 0.2 mm 
over the full length. The electronics were similar to those described earlier (3). The 
sample to detector distance varied between 15 and 28 cm depending on the measure- 
ment. These distances are longer than usual with films, and are chosen in order to 
optimise the use of  the position-sensitive detector. With a film, a high background is 
given by its chemical fog and the signal: noise ratio is higher the shorter the sample 
to film distance. One is limited only by the beam size. With a counter, however, there 
is no background, so the sample to counter distance can be increased to improve the 
resolution. There is no loss of  intensity as long as all the photons one is interested in 
fall within the limits of  the counter window. A vacuum chamber was inserted between 
the sample and the detector. For work with the linear focused beam, the counter 
was set vertically and its full width was used to maximise the counting rate. With the 
point-focused beam an adjustable slit fixed on the counter was set to a smaller width 
(2-3 mm), and the counter was set on a rotatable stand. Then by simply rotating 
the detector by 90 ° one could measure equatorial and axial diffraction with the same 
calibration. 

Sample preparation 
The isolated retina preparation has already been reported [3]. At room temper- 

ature a Ringer-perfused retina kept its normal electrical response to light flashes for 
up to 6 h. 

Isolated rod outer segments. Retina f rom 2 to 3 dark-adapted frogs were dis- 
sected in Ringer solution. The outer segments were detached from the retina by gentle 
shaking with a spatula for 30 s. The liquid was filtered through gauze and deposited 
on top of 2 ~ (w/w) Ficoll in Ringer solution. A first centrifugation, 40 s at 150 × # 
sedimented pigment epithelium fragments and other fragments larger than the rods. 
The supernatant was transferred to another tube and the rods were sedimented for 
100 s at 200 x #; in some cases another centrifugation was made to remove the Ficoli. 
The final supernatant was removed except for 100/~1 of  solution in which the rods 
were resuspended. Controls by microscopic observation showed that the preparations 
were very pure in the outer segments, the greater part  of  them appearing intact, with 
a length of  40-50/~m. On a few of them a part  of  the inner segment remained attached 
through the connecting cilium. The isolated rods in suspension, transferred to the 
sample holder in the magnetic field, were in the X-ray beam within 10 min f rom their 
detachment from the retina. A microscope was set on the bench to check the orienta- 
tion directly in the sample holder. The rods aligned instantaneously in the field and 
kept their orientation even when the solution was stirred. In the vertical fieldconfig- 
uration, due to their orientation all of  the rods sedimented in less than 2 min to the 
bot tom of  the container, where they stacked as a brush. 90 ~ of  the liquid in the 
container could then be pumped out and another solution could be reinjected and 
mixed by stirring with the remaining 10 %o, thus creating an osmotic shock or any 
other desired change. This operation was performed in absolute darkness. In the 
horizontal field geometry the rods sedimented much slower, 5-10 min were necessary 
before stable counting rates were obtained; but if only relative intensities and positions 
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Fig. 2. X-ray diffraction film of oriented rods. The geometry is that of Fig. 1A with point focus. The 
"equatorial" diffraction is in the vertical direction to avoid interference with the parasitic scatter from 
the monochromator. Exposure 2 h, distance 15 cm. With longer exposure times a faint diffuse band is 
visible on the equator. The small arcing of the lamellar diffraction peaks is a check of the overall 
orientation of the sample. The angular spread is 32 ° (full width at half maximum). This spread is 
caused by irregular stacking of the rods at the bottom of the sample holder. When in diluted suspen- 
sion, the rods are aligned with the field direction. 

of  diffraction peaks were needed, measurements could be started earlier. The solution 
could not be changed in this container; the temperature was controllable to within 
1 °C between 6 °C and 35 °C. 

The best check of orientation is provided by the diffraction patterns: Fig. 2 
shows a film obtained with point focus and horizontal field (geometry 1A). This 
geometry, with the so-called "equatorial" diffraction recorded vertically was chosen 
when studying diffuse equatorial scattering, to avoid the contamination by parasitic 
scatter from the monochromator  always present in the horizontal direction. Linear 
horizontal focus and vertical field (Fig. 1B) was the best geometry to study the lamel- 
lar reflexions. The counting rate was very high in this configuration, and the very 
existence of  sharp symmetrical diffraction peaks was in itself a proof of the orientation. 
Linear horizontal focus with horizontal rod alignment (Fig. 1A) gave a strong equa- 
torial signal. But with this geometry both the lamellar and the equatorial signals 
appeared as diffuse bands. If  the orientation is not perfect the very intense lamellar 
diffraction may interfere with the equatorial signal. One should, therefore, be very 
careful when interpreting these data. 

Stacked discs. Retina were dissected from dark-adapted cattle eyes. The 
rods were isolated by sucrose flotation, disrupted by an hypotonic shock and purified 
on a continuous sucrose gradient [9]. Repeated washings in distilled water were 
found necessary to obtain truly isolated discs. The discs tend to remain assembled 
in piles which do not align properly when stacked by centrifugation. 

Two methods were used to prepare samples for diffraction; the first one was 
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according to Blasie [7]: a cylindrical lucite container (2 mm high, 6 mm diameter), 
closed at one end by a Mylar window, was fitted in a Spinco SW50 bucket. The disc 
suspensions were centrifuged for various times at more than 150 000 x 9. The container 
was then removed from the tube and sealed by another Mylar window, keeping an 
excess of  water above the membrane pellet. It was set in a temperature-controlled 
holder and aligned so as to have the X-ray beam parallel to the sedimentation axis. 
This geometry did not provide any check on the sample orientation, even if a point- 
focused beam was used instead of the linearly focused beam. With perfectly oriented 
samples, only equatorial diffraction should be observed, but if the sample is only 
partially oriented, even with point focus, contamination of  the stronger lamellar 
diffraction appears in the equatorial plane with the same cylindrical symmetry as the 
true equatorial diffraction. 

Alternatively the samples were sedimented onto a mica strip 1 × 10 mm accord- 
ing to the method described by Dupont  and Coll (22). After overnight centrifugation 
at 200 000 x # the membrane pellet was transferred to an airtight holder and set in a 
point focus beam with the sedimentation axis perpendicular to the beam. This geo- 
metry, equivalent to the geometry (IA) for the aligned rods, provided an internal 
check on the orientation. The water content of the sample could be reduced by letting 
the sample dry in the cold for short times. 

RESULTS AND DISCUSSIONS 

Lamellar d(ff'raction 
(1) Structure of the disc membrane in the dark-adapted rods. With isolated retina 

and isolated rods oriented in a magnetic field, the relative peak intensities of the lamel- 
lar diffraction patterns were very similar. For the isolated retina the counter sets an 
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Fig. 3. X-ray diffraction spectrum of oriented rods. This spectrum was obtained with the counter 
in the geometry of Fig. 1B. Distance 25 cm. The lattice is 300 A. Counting time 10 s. With this count- 
ing time the lattice variations are already measurable with a relative accuracy of the order of 0.5 %. 
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Fig. 4. Effect of  bleaching on the lamellar diffraction in the isolated retina. (A) Densitometer tracing 
of  a film placed in front of  the counter, shown for comparison. Dark-adapted retina. Sample to film 
distance 28 cm. The lattice is 295 •. (B) Spectra taken with the counter: --,  dark-adapted retina; 
- - -, 5 min after bleaching; . . . . . .  100 min after bleaching. In the very first minutes after bleaching, 
the broadening of  the peaks is too large to allow reliable intensity measurements. The broadening 
is still visible on higher orders after 5 min. Intensity changes are clear for orders 2and 3. After 100 min, 
the lattice has changed, the peaks are as sharp as in the dark-adapted retina and the intensitychanges 
seem to have reversed. 

instrumental limit to the sharpness of the peaks (Fig. 4). For the latter preparation, 
higher counting rates are obtained but the peaks are somewhat broader. 

The electron density profile of the disc membranes is obtained by Fourier 
synthesis from the amplitudes of the lamellar diffraction peaks, provided the correct 
phase is known for each reflexion. The phases were selected using the same procedure 
as Blaurock and Wilkins [10] and Corless [23], that is swelling experiments which 
change the lattice with, hopefully, little change to the disc structure. The electron 
density profile obtained (Fig. 6) is similar to that proposed by these authors but with 
a small assymetry toward the outer side of  the membrane. The disagreement with the 
profile proposed by Worthington [24] is due more to a difference in the analysis than 
to differences in the data. Our electron density profile resembled that obtained with 
pure lipid bilayers. However, even without a knowledge of the absolute electron 
density scale one can notice a difference: the whole pattern is shifted upward with 
respect to the water level. The two high density peaks are larger than the low density 
dip at the center, the opposite being true for lipid bilayers [25]. The proteins, which 
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Kinet ics  o f  the diffraction intensi ty changes  upon  bleaching,  observed on isolated ou te r  
segments .  The  ratio o f  intensit ies o f  two diffraction peaks  is plot ted against  t ime.  The  origin o f  the 
t ime scale is the  t ime o f  separa t ion  o f  the  rods f rom the retina. Ar row indicates the  ins tant  o f  i l lumina-  
tion. The  change is comple ted  in less t h a n  30 s. 

account for more than half of the membrane weight, must cause this upward shift. 
The fact that the profile is nearly symmetrical suggests that the protein mass is distrib- 
uted through the whole thickness of  the membrane. The persistence of  a pronounced 
dip at the center indicates that the protein is not concentrated there, but does not 
exclude the possibility that it could span the whole thickness of  the membrane. 

(2) Effect of total bleaching. On the isolated retina [3], total bleaching induced 
disorder and osmotic reactions which could partially mask the structural changes 
(Fig. 4). If  the light intensity was such as to bleach the retina totally in less than 20 s, 
reliable diffraction measurements were not feasible during the first minutes, due to a 
broadening of  the peaks. It was checked that this was not due to a heating of the ret ina 
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Fig. 6. Electron densi ty  profile o f  a rod  disc, ob ta ined  f rom the lamellar  diffraction spect rum.  10 
orders  have been included in the  calculat ion with the  fo l lowing set o f  phase  signs: q- --  4- -t- + --  --  
--  q- 4 - . - - ,  Da rk  a d a p t e d ; - - - ,  bleached; . . . . . .  difference spect rum,  enlarged fivefold. The  
main  change is observed a round  75 A f rom the disc center, at the  cytoplasmic edge o f  the  disc 
membrane .  A smaller ,  and  unexpla ined  change is also seen in the  middle o f  the cytoplasmic  region. 
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It was, therefore, difficult to ascertain whether all of  the intensity changes measured 
later were instantaneous or were due to the subsequent slow lattice evolution. 

With isolated rods, the broadening upon bleaching was less important, some- 
times hardly noticeable, and the lattice remained stable after bleaching [20]. Accurate 
intensity measurements could be made within 30 s of  bleaching. The intensity changes 
were instantaneous and stable (Fig. 5). For orders 2, 3, and 4 they were identical to 
those observed with intact retina, but in addition changes for orders 6, 7 and 9, not 
observable on the intact retina, appeared clearly with the isolated rods. The effect 
of  those intensity changes on the electron density profile is not very spectacular (Fig. 
6). Qualitatively we confirm the finding of Corless [23], which is an outward displace- 
ment of high electron density to the cytoplasmic side of the membrane, but the effect 
we find is smaller. The change is a maximum at the very edge of the membrane. I f  
it is due to a structural modification of the rhodopsin molecules, it must occur in a 
part that extends into the aqueous phase. Rhodopsin is known to by phosphorylated 
upon bleaching with possibly up to 4 phosphorus sites per molecule [26]. This could 
be sufficient to account for the observed change. However, the phosphorylation is a 
dark reaction after bleaching with kinetics slower than those we observed. Within 
1 h after bleaching, no evolution or reversion of  the intensity changes could be detect- 
ed with the isolated rods, in opposition to what is observed in the intact cell. A general 
slow decrease of  all the diffraction peaks is observed with the isolated rods as if the 
material were slowly degrading. Bleached, isolated rods seemed far less stable than 
dark-adapted ones. 

Equatorial diffraction 
The diffraction observed in the equatorial direction is representative of  the 

molecular organisation in the plane of the membrane. Two distinct ranges of recip- 
rocal distances are of interest, the large angle range around (4A)- i, which corresponds 
to the correlation distances between the paraffin chains of  the lipids, and the small 
angle range, between (25 A) -1 and (100A) -1, corresponding to electron density 
fluctuations of the order of the protein size and of interprotein distances. 

(1) Phase transition in the lipid paraffin chains. Paraffin chains of the lipids can 
take two configurations: at physiological temperatures the chains are usually dis- 
ordered and the paraffin region behaves as a two-dimensional liquid. At lower temper- 
atures the chains may become rigidly ordered. In X-ray diffraction the liquid state is 
characterised by a broad band around (4.5 A)-~ and the rigid state by a sharp line 
at (4.15 A) -1. The phase transition is slow, smooth and never complete in lipid/ 
protein/water systems and membranes [15 ]. The hydrophobic interaction of membrane 
proteins with lipids creates additional disorder and hinders the lipid lateral diffu- 
sion, hence the formation of  ordered lipid regions. Since the protein lipid interaction 
is a limiting factor in the process, a change in the hydrophobic interaction of rhodop- 
sin upon bleaching might act upon the temperature or slope of the transition. For 
this study we have used stacked discs from bovine retina because in warm-blooded 
animal membranes some rigidification may occur above 0 °C, whereas this is not 
expected in membranes from frogs. 

A smooth phase transition is observed, starting below 20 °C. It involves, 
above our lower limit of  5 °C, only a small part of the lipids (Fig. 7). We have not 
tried to quantify the extent of rigidification, being only interested in an eventual 
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Fig. 7. Phase transition of the paraffin chains of the lipids in cattle disc membranes. The vertical 
scale is proportional to the intensity of the (4.15 A) - 1 reflexion characteristic of ordered rigid paraffin 
chains. Even at 5 °C, this peak amounts only to a small part of the paraffin chains. 

variation of  the phenomenon upon the bleaching of rhodopsin, and no variation was 
observed. This implies that there is no major  change in the protein lipid interaction 
upon bleaching. It could be that the method is not sensitive enough, but our results 
correlate well with the very small changes observed by the spin label technique upon 
bleaching for the ordering of  the paraffin chains [27, 28]. 

(2) Protein distribution in the plane of the membrane. The small angle equato- 
rial diffraction originating f rom the protein is also influenced by the lipid behavior: 
any lipid segregation also implies a correlated segregation of the proteins, which can be 
seen by freeze-etching electron microscopy [29]. We wanted to verify this effect and 
also to check previous contradictory X-ray diffraction results [7, 10]. Blasie and his 
collaborators [7, 8, 18, 19] have given an elaborate analysis of  their results, with 
precise conclusions as to the shape of rhodopsin, its distribution in the plane of the 
membrane and its location on the external side. A few remarks may be made on this 
type of  analysis. (a) I f  the distances between the protein molecules are of  the same 
order of magnitude as their size, which seems 1he case here, shape diffusion by the 
molecule and interparticle correlations both contribute to the diffraction in the same 
range. There is no way to distinguish between the two contributions unless one could vary 
the protein concentration. I t  is only by arbitrarily assuming a shape for the molecule 
that one might try to calculate a distribution. "l-he temperature dependence of the 
diffraction pattern, however, may be attributed entirely to changes in the distribution 
by assuming the shape of the protein to be insensitive to temperature. (b) The equato- 
rial diffraction is related only to the projection of the protein molecule onto the plane 
of  the membrane. Since rhodopsin molecules are free to rotate only around an axis 
perpendicular to the membrane [11, 30, 31] there is no information as to the extension 
of  the molecule in the direction perpendicular to the membrane.  (c) In a quantitative 
analysis one should not neglect the phosphate region of  the lipids which has an electron 
density very different from that of  water and of the paraffin region. "Ihere is no ex- 
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perimental information about the relative contribution of the different components 
to the diffraction. 

The equatorial small angle diffraction was first measured on stacked discs 
from bovine retina, using the same method for sample preparation and the same 
geometry as Blasie, i.e. an X-ray beam parallel to the sedimentation axis. The patterns 
obtained were similar to that of Blasie with two smooth maxima around (80 ~ ) -1  
and (50 ,~)-~. Since this geometry does not provide any check on the orientation 
another geometry was used to check whether the pattern actually originated from 
equatorial diffraction. The sample, a slice of the previous one, or prepared according 
to the other method (see Methods) was set with its sedimentation axis perpendicular 
to a point focus X-ray beam. Even after overnight centrifugation, as long as one kept 
an excess of water over the pellet the ordering and the orientation were poor. In the 
meridional direction a broad intensity pattern which resembled the continuous 
Fourier transform of the disc profile, with maxima around (80 ~ ) - 1  and (50 
A) - ~ was observed. The arking of this meridional diffraction intercepted the equato- 
rial direction. It was only by removing the excess water and air drying until the water 
content was no more than 50 ~o w/w, that better orientation and sharp lamellar diffrac- 
tion were obtained. When strongly overexposing the meridional reflexions, a faint 
broad equatorial band around (55 ~ ) - 1  could be observed. We, therefore, interpret 
the pattern observed with the beam axis parallel to the sedimentation axis as due 
to the superposition of an equatorial signal at (55 A)-  1 and diffuse lamellar diffraction. 

For frog rods, the more reliable orientation procedure by a magnetic field 
allowed us to work on intact cells in suspension in Ringer. To obtain an accuracy of a 
few percent on the diffraction pattern, 5-10 min. were sufficient with a linearly 
focused beam (geometry 1 A) against 2-3 h with a point focus beam. But this last 
geometry provided the necessary controls of orientation. The pattern obtained with 
this material confirms our finding on the stacked discs from cattle retina: on a smooth 
decreasing curve only one broad band around (55 A) -  ~ can be seen. It follows from 
our preliminary discussion that the only information that we think can be reliably 
deduced from these data is the absence of crystalline order for the proteins in the 
plane of the membrane. 

Total bleaching did not produce very significant changes on the small angle 
diffraction, either for cattle stacked discs or for frog oriented rods. Local intensity 
changes were within 3 ~ .  Whenever a noticeable increase of intensity was observed 
upon bleaching, in the range from (100/k)-  1 to (30 ,~)- ~ checks indicated the appear- 
ance of an unoriented diffraction ring around (60/k)-  ~ probably due to lipids released 
from the membranes. With a linear focus, only an increase of intensity is seen in this 
range, and this may be misinterpreted as a change due to the proteins. 

Temperature effects on the small angle equatorial diffraction were small for 
the frog rods but larger for cattle rod discs. On the patterns obtained with the stacked 
discs, known to be contaminated by lamellar diffraction, important and reversible 
variations with temperature were observed (Fig. 8A). Having checked that the 
meridional diffraction was hardly affected by temperature, the variation may be 
interpreted as arising from the underlying true equatorial diffraction. Upon lowering 
the temperature there was as shift of the diffracted intensity as would be given by a 
shift of an underlying band at (57 A) -  1 toward larger angles. But the changes ,~ere 
not confined to this region and were also observed at smaller angles. With the 
detector and line focus geometry each measurement lasted only 5 min and the revers- 
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Fig. 8. Small angle equatorial scattering. (A) Pattern obtained with stacked discs of cattle retina 
centrifuged for 2 h at 150 000×# and kept with an excess of water. The beam axis was parallel 
to the centrifugation axis (geometry of Blasie et al. [7]). The two bumpsaround (80A)- 1 and (50 A)- 1 
originate from contamination by lamellar diffraction (see text). The arrow indicates the position 
of the underlying equatorial band; as it is observed at laboratory temperature with the point focus 
beam perpendicular to the sedimentation axis, and when the sample orientation is improved by 
reducing the water content. --, 5 °C; - - -, 40 °C. The changes are totally reversible for measurements 
not exceeding 10-15 min. Changes upon bleaching are negligible on this scale. (B) Pattern obtained 
at room temperature with oriented rods from frog retina. Diffraction geometry is that of Fig. 1A 
with point focus and vertical counter. The lower curve is obtained by subtracting the background 
measured with the sample cell filled with water. Changes upon bleaching are not visible on this scale, 
and temperature effects are also too small in comparison with the thickness of the line. 

ibility was always checked over  this period.  Over  longer  periods,  however ,  reproduc-  

ibility was not  perfect, but  the difference spec t rum for two successive measurements  at 
two given tempera tures  remained constant .  This agrees with our  in terpre ta t ion  that  

the spectra were con tamina ted  by long term artefacts, but  that  the short  t ime tempera-  
ture effects were most ly  due to the t rue equator ia l  diffraction. There  is a reduct ion  o f  

the corre la t ion distance between the proteins when lowering the temperature .  This 
must  be corre la ted with the existence in this mater ial  o f  a phase t ransi t ion for the 
lipids: the fo rmat ion  o f  ordered  patches o f  lipids implies a segregation o f  the pro-  

teins. 

CONCLUSIONS 

Wi th  our  improved  techniques,  the conclusions will be safer but  not  necessarily 

more  e labora te  than  previous ones. In some respects it even seems that  we have re- 
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gressed, by questioning previous work, particularly on the structural variations upon 
bleaching. 

Our electron density profile indicates only that rhodopsin is distributed through- 
out the entire thickness of  the membrane with only a slight assymetry toward the 
cytoplasmic side. The functional asymmetry of the membrane leads us to reject models 
where the rhodopsin molecules are distributed as two populations on both sides of  
the membrane. The model we prefer is the one where rhodopsin, an elongated protein, 
spans the whole thickness of  the membrane.  This is in agreement with the only 
published result bearing directly on the shape of rhodopsin [32] and evidence by 
freeze-etching techniques that the protein is deeply embedded in the lipid matrix of  
the membrane and that it remains anchored to the outer side when the membrane 
splits [33, 34]. Our model would, therefore, be similar to that proposed recently by 
Cone and Szuts [35], with a hydrophobic rod connecting two parts situated on both 
sides of  the membrane. 

Upon bleaching, changes in the lamellar diffraction indicate a smal! but defi- 
nite increase of  electron dense material at the cytoplasmic edge of the membrane,  
in agreement with the previous observation of Corless [23]. The kinetics of  appear- 
ance of this change seem too fast to attribute this effect to the phosphorylation of 
rhodopsin after bleaching. 

Our reinvestigations of  the diffraction arising from the protein distribution 
in the plane of the membrane leads to a serious questioning of Blasie's results and 
interpretation. We agree only on the fact that the proteins are dispersed in the plane 
without any regular ordering. The equatorial signal is a single broad band around 
(55 A ) -  ~, and bleaching has no measurable effect on it. There is, therefore, no evidence 
of  a displacement of  the rhodopsin molecule within the thickness of the disc 
membrane when it is bleached. 

Effects of  temperature on the protein distribution in the plane of the membrane 
are negligible for frog rods. For rod disc membrane f rom cattle, a warm-blooded 
animal, the lowering of temperature induces a partial phase transition of the lipids 
and a correlated segregation of  the proteins. 
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