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Abstract. Invertebrate retinas contain hexagonal arrays 
of microvilli that form the honeycomb structure of 
rhabdome photoreceptors. The largest and most crys- 
talline rhabdomes are found in the squid retina, and 
we have taken advantage of their unique properties to 
derive a model for the electron density distribution in 
microvillar membranes using low angle X-ray diffrac- 
tion combined with correlation averaging of electron 
microscope images. The model electron density map, 
calculated to a resolution of ~35/~,  shows an un- 
usually high protein content in the membranes. This 
may be associated with a dense meshwork of mem- 
brane junctions between neighboring microvilli as 
revealed by electron microscope image analysis. Mem- 
brane pair contacts are resolved as two or more strands 
of density crossing the membranes. The microvilli are 

also linked together by Y-shaped junctions at their 
three-way contacts. These two sorts of junctions link 
the membranes into a three-dimensional array and 
partition them into a mosaic of deformable and rigid 
domains. This arrangement maintains a remarkable de- 
gree of long-range order in squid rhabdomes, and may 
be responsible for the alignment of rhodopsin mole- 
cules. The structural order observed is necessary for 
these photoreceptors to achieve their high sensitivity to 
the plane of polarized light. Rhodopsin constitutes 
about one-half the microvillar protein. The remaining 
proteins, which can be divided into approximately 
equal detergent-soluble and insoluble fractions, could 
account for the composition of the new structures 
described. 

T 
HE photoreceptors in the squid retina possess a high 
degree of structural order at the cellular, subcellular, 
and molecular levels. They consist of microvilli, 

which are cylindrical extensions of the cell membrane, 
packed hexagonally into a honeycomb structure characteris- 
tic of invertebrate rhabdomes. The microvilli are 600 A in 
diameter and 1-~tm long, and they are stacked transversely 
in bundles 200-300-~tm high. The arrangement of retinula 
cells in the retina and of microvilli within the rhabdomes are 
shown in the diagram of Fig. 1. The microvillus membrane 
is the focus of an orderly series of attachments from the 
actin-containing cytoskeleton in the microvillar cytoplasm 
and from a network of membrane contacts between neigh- 
bors on the extracellular surface (18). The microvilli contain 
a predominant integral membrane protein, the visual pig- 
ment rhodopsin, in addition to 8-10 other prominent poly- 
peptides. 

Retinal photoreceptors absorb light and convert it into 
fluctuations of membrane potential, which are then transmit- 
ted via the optic nerve to the brain. The biochemical trans- 
duction mechanisms of these processes are conserved be- 
tween vertebrates and invertebrates, and homologies in 
rhodopsin primary structure have been found between Dro- 
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sophila and vertebrate rhodopsin (14). Photoexcited rhodop- 
sin molecules activate membrane-associated enzymes which 
in turn regulate the concentrations of cytoplasmic messenger 
substances. In the rod outer segment (ROS) ~ disk mem- 
brane of vertebrates, each rhodopsin molecule can activate 
many GTP-binding proteins while diffusing laterally in the 
plane of the membrane. These in turn activate the cyclic 
guanosine monophosphate (GMP) phosphodiesterase, lower- 
ing cyclic GMP, and hyperpolarizing the cell membrane 
(reviewed in 25). In contrast to ROS, which contain little 
cytoskeleton (17) and possess a freely diffusing rhodopsin, 
invertebrate photoreceptors in species with high polarization 
sensitivity (such as squid and crayfish) have a precisely or- 
ganized structure in which the rhodopsin chromophores are 
aligned parallel to the microvillar axis. Lattices of membrane 
particles have been observed in photoreceptor microvilli by 
freeze fracture electron microscopy and have been attributed 
to rhodopsin (3, 5). Although immobile, squid rhodopsin 
also activates a GTP-binding protein (20, 28, 31). This may 
mediate an increase in cyclic GMP (10, 19) and/or the hydrol- 
ysis of phosphatidylinositol bisphosphate (27, 32, 35), result- 
ing in depolarization of the retinula cell membrane. 

In this paper we describe ordered transmembrane and ex- 
tracellular structures which form two types of contact be- 

1. Abbreviation used in this paper: ROS, rod outer segment. 
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tween the microvilli. These structures were revealed by com- 
bining X-ray diffraction studies with real space correlation 
averaging of electron microscope images, By using dextrans 
in the fixation medium to manipulate the osmotic balance in 
the retina, details of membrane junctions are revealed and 
shown to be consistent with the X-ray patterns. The composi- 
tion of the structures described may be accounted for by a 
small number of nonrhodopsin polypeptides comprising 
one-half the microvillar protein. 

Materials and Methods 

Living, active specimens of the small squid Alloteuthis  subula ta  were ob- 
tained from The Laboratory, Marine Biological Association (Plymouth, 
UK), and were kept in dim light or darkness in seawater tanks for 6 h-3 d 
before use. Fixation of the retinas was initiated within 1 min of decapitation. 
After removal of tentacles and beak, the anterior parts of the eyes were sliced 
off and the exposed retinas, attached to the intact optic lobes, were immersed 
in fixative at room temperature. All steps were performed in dim red light 
or darkness. 

X-ray Diffraction 
The composition of the fixation medium for the X-ray work was 15 % 
(wt/vol) sucrose, 475 mM NaC1, 10 mM KCI, 20 mM MgSO4, 10 mM 
EGTA, 25 mM 3-(N-morpholino)-propane sulfonic acid (MOPS) pH 7.4, 
2 % ghitaraldehyde. After 1 h of fixation at room temperature, retinas were 
stored at 0-4°C in the same medium. Glutaraldehyde fixation was necessary 
because this retinal tissue disintegrates within =1 h of dissection. 0.5-mm 
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thick strips of glutaraldehyde-fixed retina were sliced along the axes of the 
cellular lattice, as shown in Fig. 1. Correctly aligned slices were obtained 
as previously described (18), and exposed at 4°C in a Franks double mirror 
camera on a rotating anode generator (model GX-13; Marconi-Elliott Avionic 
Systems, Borehamx~ood, Hertshire, UK). The X-ray beam was perpendicu- 
lar to the long axis of the retinula cells. Patterns were recorded on CEA 
Reflex 25 X-ray film. 

Electron Microscopy 
After several hours of glutaraldehyde fixation (EM fixation buffer as for 
X-ray except that 15% sucrose was replaced by 5% sucrose and 5% dextran 
of mol wt 10,000 or 73,000), retinas were cut into oriented strips as above. 
These were washed in fixation buffer, omitting glutaraldehyde, and then os- 
mium fixed on ice for 30 min. The 0.5% OsO4 in buffer contained 5% dex- 
tran, 10% sucrose, and 1/2 the original salt and buffer concentrations. The 
slices were then washed in water, dehydrated in ethanol, and embedded in 
LR White resin (hard grade; London Resin Co., Basingsteke, UK). 
400-600-A thick sections (dark to medium gray interference color), cut on 
a microtome (C. Reicbert AG, Vienna, Austria) with a diamond knife, were 
supported on bare 700-mesh grids and stabilized with a thin carbon layer. 
Sections were stained with either aqueous uranyl acetate (15 min) and lead 
citrate (5 min), or with 5% phosphotungstic acid in ethylene glycol for 2 h 
at 50°C. Specimens were observed in a Philips 400T electron microscope 
at 80 kV and 36000 or 50000× magnification, and photographed on Ilford 
EM film. 

Image Analysis 
Micmgmphs were digitized with a 50- or 100-gm raster using a Scandig 
rotating drum microdensitometer coupled to a Datageneral Nova computer 
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F i g u r e  L Schematic diagram of  a slice of  squid retina ( c e n t e r )  with expanded areas showing the structure of  a retinula cell ( le f t )  and the 
arrangement of  photoreceptor membranes  in the rhabdomes ( r i g h t ) .  T h e  photoreceptor layer of  the retina ( cen t e r ,  v e r t i c a l  s t r i p e s )  faces 
the incoming light and the cut-away region shows the appearance of  the receptor mosaic in transverse section. In longitudinal section, the 
cells appear variable in width, depending on how the section plane intercepts the cellular mosaic. The retinula cells ( le f t )  are divided into 
two segments that are separated by a layer o f  screening pigment  granules. Although the photoreceptors face the interior of  the cephalopod 
camera eye, we refer to them as 'outer segments'  by analogy with vertebrate photoreceptor outer segments that face the outside of  the eye. 
Rh, rhabdome; N, nucleus; ON, optic nerve fiber. The ribbon-like outer segments weave together into a retinal mosaic with the microvilli 
running in two orthogonal directions ( r i g h t ) .  The diffraction axes of  these two zones are shown ( b o t t o m ,  r igh t ) .  EC, extracellular space; 
IC, intracellular space. 
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(Data General Corp., Southboro, MA). The best ordered areas of 512 × 
512 pixels, containing 100-200 microvilli, were extracted for analysis. Real 
space averages of 128 x 128 pixels were produced using the correlation 
averaging facility of the SEMPER-V system (9, 23) installed on the VAX 
11/750 computer of the Oxford Laboratory of Molecular Biophysics. The 
correlation averaging method (22) was applied as follows: (a) A small area 
(64 x 64 pixels) containing ~1 unit cell is extracted from the digitized 
micrograph. (b) A cross-correlation between the extracted area and the 
whole image is calculated. This gives a correlation peak at the position of 
every unit cell resembling the extracted one. (c) The positions and heights 
of the peaks are determined and an average is calculated for an area 128 x 
128 pixels centered at each peak above a specified height. (d) The resulting 
averaged area can then be used to derive a new set of correlation peaks, 
eliminating possible bias from the initial selection, and a new average is cal- 
culated. Images averaged by the Fourier technique of filtering the diffraction 
pattern, which assume a perfect lattice, are degraded by small distortions 
in the lattice while real space averaging corrects or eliminates distorted 
regions from the average. 

Model Calculations 

Using the image creation routines of the SEMPER system, model electron 
density maps were constructed with the desired membrane density profiles 
and microviUar shapes, and their diffraction patterns calculated by Fourier 
transformation. Positions of intensity maxima and minima were measured, 
and relative intensities compared by eye with the X-ray diffraction data. Our 
aim was to reproduce the envelope of major intensity maxima and minima 
in the X-ray patterns so as to find a structure that would account for the ob- 
served diffraction data. The microvillus cross section was modeled either 
as a circle or as a hexagon with rounded comers by joining together six seg- 
ments of arc (see Fig. 8). The electron density profile of the microvillar 
membrane was modeled as the sum of three Gaussian distributions, taking 
the experimentally determined profile of ROS disc membranes (2) as the 
starting shape (see Fig. 6). 

Exactly four unit cells of the model microvilli were extracted into a 256 
x 256 pixel file. For ease of computation, different sampling distances were 
used on the x- and y-axes, giving the 15% stretched hexagonal lattice seen 
in Fig. 8, a and b. This was to allow integral sampling of the hexagonal lat- 
tice by the rectilinear grid of pixels. Because the unit cell parameters coin- 
cide with sampling positions, the squared Fourier transform of this model 
file gives the sampled diffraction pattern directly (see Fig. 7). For a 
justification of this procedure see reference 21 (pp. 41--43). 

Microvillar Membrane Isolation and Detergent 
Fractionation 

Outer segments were detached from thawed squid retinas and microvillar 
membranes isolated by sucrose flotation as previously described (20) in 
0.4 M NaC1, 20 mM MgSO4, 10 mM EGTA, 20 mM MOPS pH 7.4. The 
microvillar membranes were washed in 30 mM NaCI, 2 mM MgSO4, 
20 mM MOPS pH 7.4, and the detergent extraction was done by gradually 
mixing the membrane suspension with an equal volume of 4 % (wt/vol) octyl 
glucoside in water. The detergent insoluble fraction was pelleted by cen- 
trifugation at 15,000 g in a 1.5-ml tube for 5 min. 10% polyacrylamide slab 
gels (12) were scanned in a densitometer (Joyce, Loebl and Co. Ltd., Gates- 
head, UK). 

Results 

X-ray Diffraction of Squid Retina 

Low angle X-ray diffraction patterns obtained f rom slices of  
glutaraldehyde-fixed retina are shown in Fig. 2. The  projec-  
tion in the beam direction contains two orthogonal  sets o f  
microvi l l i  oriented as in Fig. 1 (right). Scattering f rom the 
microvi l l i  viewed head-on is along the axes shown for the 
hexagonal array, while  those viewed f rom the side scatter 
mainly along the vertical  axis (Fig. 1, and see Fig. 2 of  refer- 
ence 18). The  discrete spots (Fig. 2 a) are due to hexagonal 
lattice diffraction with a 540-A unit cell  constant. Since the 
diffraction spots do not broaden with reciprocal  lattice spac- 
ing, the long-range order  is good.  Repeating structures along 
the axes o f  the microvi l l i  give rise to arcs at ( 90 /~ ) - '  and 
(53 A) -~ along the horizontal  axis o f  the pattern. Fig. 2 b is 
a more  intense exposure (due to the inverse-square depen- 
dence on sequence-to-f i lm distance),  showing the continuous 
scatter that coincides  with the lattice reflections and extends 
into additional diffuse features in the outer  part of  the pat- 
tern. The  six outer diffuse maxima,  outlined in one  sector, 

Figure 2. Low-angle X-ray 
diffraction patterns of gluta- 
raldehyde-fixed slices of squid 
retina. These patterns are the 
sum of diffraction from two or- 
thogonally oriented sets of 
microvilli whose diffraction 
axes are shown in Fig. 1 (right). 
(a) 40-h exposure at a speci- 
men-to-film distance of 23 cm. 
Diffraction peaks due to the 
540-/~ hexagonal lattice of 
microvilli (viewed as in Fig. 3 
a) and superimposed diffuse 
scatter make up the character- 
istic intensity distribution of 
the rhabdome structure. Ar- 
rowheads indicate diffraction 
arcs from longitudinal repeats 
(microvilli viewed as in Fig. 
3 b) of (90/~,)-' and (53 A) -l 
along the microvillar axes. (b) 
A 20-h exposure at 12-cm 

specimen-to-film distance. The stronger exposure brings up the diffuse scatter in the outer part of the pattern. Arrowheads indicate diffuse 
maxima centered around (40/~)-~, one of which is circled. The intensity is stronger on the vertical axis of the pattern because the "side- 
ways-oriented ~ microvilli (as in Fig. 3 b) add vertically projected diffraction to the hexagonally symmetric diffraction from the head-on 
microvilli. Diffuse tails of intensity extend from the more central parts of the pattern to partially encircle the (40/~)-~ maxima. On one 
sector of the pattern, the triangular area and projecting diffuse tails are outlined, together with the (40/k)-~ maximum. 
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are centered at (40 A,)-~ and originate from the headgroup 
separation of  the phospholipid bilayer (34). They are diffuse 
spots rather than a diffuse ring because the microvilli are not 
circular in profile, but are rounded hexagons (this shape can 
be seen in Fig. 3, c and d). Note the diffuse extensions of 
the triangular regions that form a partial frame around the 
(40/~)-t maxima (Fig. 2 b). 

The use of  glutaraldehyde-fixed retina is unlikely to have 
altered the membrane bilayer profile: as long as the osmotic 
balance of  the fixative is correct, the effect of glutaraldehyde 

on the electron density profile is mainly to alter the gaps be- 
tween closely apposed membranes (1, 11). It is however likely 
to cause aggregation of cytoskeletal structures. 

Electron Microscopy and Image Analysis of  
the Microvillar Lattice 

Thin section electron micrographs of  squid photoreceptor 
microvilli reveal a highly ordered membrane array with less 
well-ordered cytoskeletal components in the microvillar 
cytoplasm (Fig. 3). This structure is found through most of 

Figure 3. Electron microscope sections and image analysis of photoreceptor microviUi fixed in the presence of sucrose. (a) Cross section 
of the 540-A lattice of closely apposed microvillar membranes, stained with phosphotungstic acid, which does not give bilayer staining 
of membranes but stains the cytoskeleton relatively strongly. (Inset) The computed diffraction pattern from an area of this section containing 
150 microvilli. (b) An adjacent area of longitudinally sectioned microviUi, stained with phosphotungstic acid, showing their full l-~tm 
length. They join the central column of retinula cell cytoplasm (righO through narrow necks of membrane. The arrowhead indicates a region 
of striations that appear to cross the membrane pair and extend into surface granularities. (c) A similar section stained with uranyl acetate 
and lead citrate showing the brayer structure of the membranes. (Inset) The computed diffraction pattern from 150 microvilli. In addition 
to the central hexagonal lattice diffraction, diffuse maxima centered around (55 /~)-~ arise from the bilayer staining. (d) A real space 
correlation average of 86 microvilli from c showing the dense stain in the membrane junctions and hints of a threefold structure in the 
interstices between microvilli. The cytoskeleton is disordered and is smoothed out by averaging. The lattice is distorted from true hexagonal 
symmetry during processing for embedding and sectioning. No symmetry assumptions are applied in this and Fig. 4. Bars, 0.2 txm. 

The Journal of Cell Biology, Volume 105, 1987 22 



the depth of the squid retinal photoreceptor layer with the ex- 
ception of a thin surface layer in which the microvilli are dis- 
ordered and appear to be undergoing degradation (data not 
shown). The cytoskeleton is strongly stained with phos- 
photungstic acid, which does not reveal the bilayer nature of 
membranes but appears to stain mainly protein components 
(Fig. 3, a and b). The diffraction pattern computed from this 
micrograph (Fig. 3 a, inset) resembles the X-ray patterns but 
lacks the bilayer maxima. Long sections of the microvilli 
(Fig. 3 b) show the filamentous core that is likely to be an 
aggregate of 2-3 actin filaments (4, 30) and a series of side- 
arms linking the filaments to the membranes. A surface gran- 
ularity with a periodicity of ~120/~ is discernible on the cy- 
toplasmic side of the membranes, and may represent sites of 
membrane-cytoskeleton attachment (see arrow, Fig. 3 b). 

Conventional section staining with uranyl acetate and lead 
citrate gives characteristic bilayer staining (Fig. 3 c). The 

computed diffraction pattern (inset) more closely resembles 
the X-ray pattern, including diffuse maxima centered around 
(55 /~)-~ (vs. [40 /~]-t for X-ray). In the correlation-aver- 
aged image of this section (Fig. 3 d),  a dense layer of staining 
along the membrane pair contact region is a prominent fea- 
ture. These membrane junctions are retained under a wide 
range of fixation conditions involving significant shape 
changes in the microvilli (data not shown). The microvilli are 
never seen detached from one another, except in the disor- 
dered surface layer mentioned above. The cytoskeletons are 
weakly stained and disordered, and they become smoothed 
out in the averaged image (Fig. 3 d). 

Fixation of the retinas in the presence of high molecular 
mass (70 but not 40 kD) dextrans reveals fine substructure 
of the intermembrane contacts not previously visible (Fig. 4 
a). However the microvilli are irregularly swollen and too 
disordered for image analysis. They are shortened and wid- 

Figure 4. Electron microscope sections 
and image averaging of retinas fixed in 
the presence of high molecular weight 
dextran. (a) Swollen and disordered 
microvilli fixed in dextran-containing 
solutions and stained with phosphotung- 
stic acid. Fine striations are visible be- 
tween the apposed membranes, indi- 
cating the preservation of membrane 
substructure. The appearance of two- 
and three-stranded structures is indi- 
cated by the upper and lower arrowhead, 
respectively. (b and c) Phosphotungstic 
acid and uranyl-lead-stained sections of 
microviUi fixed in solutions containing 
both sucrose and dextran. They are less 
swollen and the lattice order is sufficient 
for real space image averaging. (d and e) 
Correlation averages of b and c, respec- 
tively. The phosphotungstic acid average 
of 256 microvilli (d), sampled at inter- 
vals of 22 /~ (by scanning the micro- 
graph at 100 gm on the densitometer), 
shows a prominent Y-shaped feature at 
the threefold contacts between microvilli 
and the twofold junction sometimes ap- 
pears to be resolved into two strands 
(e.g., top and right of central microvil- 
lus). (e) The uranyl acetate-lead citrate- 
stained section contains finer details and 
was sampled at 16/k (by interpolation of 
a 50-1xm densitometer scan). The aver- 
age of 155 microvilli also reveals the 
threefold structure, and the twofold 
junctions appear to traverse both bRay- 
ers. The cytoskeleton is smeared out in 
these averages to a faint diffuse blob at 
the center of each microvillus. Bars, 
0.2 ~tm. 
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Figure 5. Schematic representation of the junctions at twofold and 
threefold positions between microvilli. The averages in Fig. 4, d 
and e, suggest that the junctions are transmembrane densities. 

ened, but despite these shape changes the membrane junc- 
tions are retained, presumably by rearrangement of com- 
ponents in the plane of the membrane. Combining high 
molecular weight dextrans with sucrose yields narrower and 
more uniform microvilli (Fig. 4, b and c). In this case the 
images are less distinct but new features can be resolved by 
correlation averaging. Averaged images of such phospho- 
tungstic acid-stained sections show distinct three-way junc- 
tions at the threefold positions and resolve the membrane 
pair contacts into two principal strands of density (Fig. 4 d). 
A schematic representation of the two- and threefold junc- 
tions is given in Fig. 5. They are also seen in the uranyMead- 
stained sections (Fig. 4 e). As above, the cytoskeleton is 
weak and disordered and gets smeared out in the averaged 
image, while the membrane junction regions are relatively 
well-ordered and appear more distinct in the averaged image. 
The structure in the presence of high molecular weight dex- 
tran also differs in the longitudinal repeats seen by X-ray 
diffraction (data not shown). The 90-A axial repeat is re- 
placed by 72- and 65-/~ repeats, while the 53-/~ axial reflec- 
tion, tentatively attributed to rhodopsin (18), is unchanged. 

Disorder in the MicroviUar Lattice. X-ray diffraction pat- 
terns from squid photoreceptors contain a mixture of discrete 
spots from the hexagonal lattice and diffuse features from 
disordered structures. In the image transforms, as well as in 
the X-ray patterns, the Bragg spots fade rapidly but do not 
broaden with reciprocal lattice spacing and the distribution 
of diffuse scattering in the outer part of the pattern is a 
smooth continuation of the Bragg intensities. This can be ex- 
plained by reference to the original images. The lattice direc- 
tions are preserved over long distances but the microvilli are 
locally variable in shape and size. This means that the long 
range order is good but the short range order is poor. In other 
words, wider microviUi tend to be neighbored by narrower 
ones. The continuous diffraction is thus produced by scatter- 
ing from oriented membrane pairs with variable positions in 
the unit cell. The adjoining membranes act as a unit since 
they are firmly bound together by the twofold junctions but 
other parts of the membrane are deformable. Thus the Bragg 
and diffuse scattering intensity distributions are similar be- 

cause they arise from the same objects, correlated in space 
at low resolution (near the center of the diffraction pattern, 
corresponding to large spacings in the structure) to give the 
Bragg spots and uncorrelated at higher resolution (towards 
the periphery of the diffraction pattern, corresponding to 
finer details in the structure) to give the diffuse scattering. 
Real space correlation averaging (see Materials and Meth- 
ods) incorporates this higher resolution information while 
Fourier filtering techniques do not. 

Model Calculations of the Electron Density Map 

In principle, X-ray diffraction gives a faithful picture of the 
electron density of a structure since it arises from hydrated, 
unstained specimens. However, its interpretation is indirect 
and we have sought a solution by model building. We have 
constructed electron density maps of the microvillar cross 
section using information from electron microscopy and 
chemical composition in order to reproduce the major inten- 
sity maxima and minima seen in the observed X-ray patterns. 
For ease of calculation, a perfect hexagonal lattice was as- 
sumed, but the lattice sampling was ignored when compar- 
ing intensity features in the models and data. To evaluate the 
models, the positions of major maxima and minima in the 
calculated intensities were compared with those in the ob- 
served patterns. The justification for treating Bragg and con- 
tinuous diffraction together is given in the previous section. 
The X-ray intensities were not corrected by a Lorentz factor 
for mosaic spread or the model intensities by a Debye-Waller 
factor for spatial disorder. Since these are both radial cor- 
rections that tend to cancel one another we did not consider 
this necessary for the semi-quantitative comparisons being 
made. 

The similarity between the X-ray patterns (Fig. 2) and the 
electron micrograph transform (Fig. 3 c inset) suggests that, 
to a first approximation, the real electron density distribution 
in the microvilli resembles that of the electron scattering 
stain. However the resemblance is less strong in the higher 
resolution (outer) region of the pattern, where the diffuse 
maxima are at different spacing in X-ray and EM, and the 
diffuse tails noted in the X-ray pattern (Fig. 2 b) are absent 
from the micmgraph transform. We therefore set out to con- 
strnct a physically and biochemicaily reasonable model for 
the electron density map that would fit the higher resolution 
X-ray intensities. We found that the diffraction pattern is es- 
sentially determined by the structure of the membrane pair. 

The microvillar membranes contain about equal amounts 
of rhodopsin and phospbolipid, as do ROS disc membranes, 
in addition to other proteins and cholesterol in the inver- 
tebrate system (15). One might therefore expect the experi- 
mentally determined electron density profile of the disc 
membrane to give a reasonable model. This profile is shown 
in Fig. 6, in relation to the pair of phospholipid bilayers it 
represents. As previously reported (18), the diffraction pat- 
tern of such models does not fit the data, but shows a very 
pronounced intensity minimum in a region where the X-ray 
intensity is strong (compare Fig. 7 a with Fig. 2). Finding 
a model to fit the data was greatly facilitated by the fact that 
the radial positions of the broad intensity minimum and the 
outer diffuse maxima (these are indicated on the diagram in 
Fig. 7 g) are largely determined by two parameters whose 
values can be independently optimized. These are intermem- 
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brane separation and the shape of the membrane electron 
density profile (expressed as the ratio of electron density in 
the headgroup peaks to that in the hydrophobic minimum). 
A less important parameter is the degree of flattening of the 
microvillus, which sharpens the outer diffuse maxima. This 
depends on the fixation conditions. Finally, an important pa- 
rameter is the headgroup peak separation but the value of this 
is determined by the distribution of phospholipid chain 
lengths. This distribution is very similar to that of disc mem- 
brane and a peak separation of 40-45 /~, is used in the 
models. Variations within this range do not significantly 
affect the model diffraction patterns. 

Membrane Profile and Pair Separation. The model 
diffraction patterns and corresponding profiles in Fig. 7, a-c, 
show the effect of varying the electron density profile of the 
microvillar membrane. The profile in Fig. 7 a corresponds 
to that of ROS disc membrane, while Fig. 7 b resembles the 
bilayer part of gap junction membrane (13). We found it 
necessary to fill in the hydrophobic trough still further (Fig. 
7 c) in order to fit the position of the observed X-ray intensity 
minimum ('~[60/~]-t). In Fig. 7, d-f, the center to center 
separation of the membrane pairs was varied from 65 to 
85 A. The best fit for the position of the outer diffuse X-ray 
maxima ([40 ~]-1) is a separation of 75 + 5 ,~. 

Density Variations in the Plane of the Membrane. The 
faint but distinctive streaks of X-ray intensity in the region 
of the (6, 2), (7, 2), and (8, 2) Bragg reflections (equivalent 
to the diffuse tails noted in Fig. 2 b) were never observed in 
electron micrograph transforms (Fig. 3) or in the basic 
model patterns (Fig. 7). We were unable to find a model 
whose diffraction pattern would reproduce the observed in- 
tensity in this region. We took the approach of increasing am- 
plitudes for the (6, 2), (7, 2) and symmetry-related reflections 
(assuming 6mm symmetry) in the best model pattern (Fig. 
7 e) in order to see what effect these intensities could have 
on the structure. There are four possible phase combinations 
that can be used to calculate the structure modified by the ad- 
dition of these two reflections. All four had the principal 
effect of causing variations in electron density around the pe- 
rimeter of the microvillus. Two of the phase combinations 
generated threefold junctions in the interstices similar to 
those observed by EM (Fig. 4). One of these, +(6, 2), -(7, 
2), gave a set of three transmembrane densities at the mem- 
brane pair contacts, and the other ( - ,  - )  gave two major 
transmembrane densities and two intermicrovillar densities. 
This was judged to be in best agreement with the averaged 
images (Fig. 4, d and e). The final model was arrived at by 
alternately smoothing out density variations in the microvil- 
lar cytoplasm to the solvent level and increasing the negative 
(6, 2) and (7, 2) amplitudes. The final electron density 
models and their diffraction patterns are shown for circular 
and hexagonal microvilli in Fig. 8. The electron density maps 
show the three-way junctions and 2-4 strands of density 
crossing the membrane pair contacts. The best fit to the X- 
ray patterns (Fig. 2) is the flattened model pattern in Fig. 8 d. 

Protein Composition of the Microvillar Membranes 

The microvillar polypeptide composition is shown in Fig. 9 
(M) and is resolved into detergent (octyl glucoside) soluble 
(S) and pellet (P) fractions. Densitometry of the gel lanes 
shows that '~50% of the total protein is rhodopsin. Part of 
the diffuse 45-kD rhodopsin band is composed of other pro- 
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Figure 6. The electron density profile of ROS disk membrane taken 
from the data of Chabre (2) and positioned at the spacing of the 
membrane pairs in squid photoreceptors. The peaks correspond to 
the phospholipid headgroups and the troughs to the hydrocarbon 
chain regions of the schematic bilayers shown below. 

tein, notably the ct-subunit of GTP-binding protein (20, 31). 
70 % of the total protein is detergent soluble with rhodopsin 
and the 47- and 190-kD components being the major glyco- 
proteins (unpublished observations). The 35-kD component 
is thought to be the 13-subunit of GTP-binding protein, based 
on antibody cross-reactivity studies (28). Of the remaining 
30% of detergent insoluble protein comprising four major 
polypeptides, only actin has been identified (18). 

Discussion 

Protein Content in the Bilayer 

The diffraction results imply a surprisingly high protein con- 
tent in the hydrophobic layer of the microvillar membrane, 
as well as a dense array of surface projections, some of which 
are likely to be extensions of transmembrane densities. The 
model calculations (Fig. 7, a-c) show that the X-ray pattern 
is extremely sensitive to the shape of the bilayer electron den- 
sity profile, which is itself very sensitive to the hydrophobic 
protein content. In the ROS disc membrane the rhodopsin 
content is ~50 %. About one-third of its amino acid residues 
project into the aqueous phases (Findlay, in reference 25), 
giving a hydrophobic protein content of '~40%. Increasing 
the hydrophobic protein content to 50%, the value estimated 
for gap junction membrane (13, 29) fills the central trough 
in the bilayer profile up to the water electron density level. 
However, the profile that best fits the observed X-ray pattern 
of squid photoreceptor membranes (Figs. 7 e and 8 b) is even 
more filled in than the gap junction profile. This implies a 
hydrophobic protein content somewhat greater than 50%. 

This might be achieved by a higher density of rhodopsin 
packing and/or a substantial amount of additional transmem- 
brane protein in squid photoreceptor membrane as compared 
with ROS disc membrane. Since the rhodopsin/lipid ratio is 
if anything slightly lower than that in ROS (15), a substantial 
part of the nonrhodopsin protein is required to penetrate 
through the bilayer to account for the electron density map. 
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Figure Z Model diffraction patterns and membrane pair electron density profiles. Models were constructed in which membranes of varying 
electron density profile and pair separation were assembled into the hexagonal array of microvilli. The microviUus cross section was a 
rounded hexagon as in Fig. 8 b. The highest resolution terms in the models corespond to 36-/k spacing. Diffraction patterns are shown 
for a series of six models, together with a linear electron density profile of the membrane pair. (a-c) Calculated diffraction patterns and 
membrane profiles for microvilli with a membrane pair separation of 75/~, and a variable membrane profile. (a) Profile based on a pair 
of ROS disc membranes. The experimentally determined profile shows a pair of electron dense phosphate headgroups, separated by 42/~, 
with a trough going bel.ow the solvent electron density level, at the center of the bilayer. The diffraction pattern shows a pronounced intensity 
minimum around (110 A) -~. (b) Profile based on the bilayer part of gap junction membrane. The central trough is at the solvent level, and 

I the diffraction intensity minimum has moved out to about (80/~)- .  (c) A very filled-in membrane profile resembling that of Halobac- 
terium purple membrane. The intensity minimum is around (60 ~k) -~. (d - f )  Profiles with a trough/peak ratio of 1:2 and variable mem- 

i brahe separation. (d) Membrane center-center distance of 65/~. The diffuse bilayer intensity maxima are centered at (36/~)-.  (e) Mem- 
I 1 brahe separation 75 A, bilayer maxima at (40/~)- .  ( f )  Membrane separation 85 A, bilayer maxima at (47 A) - .  (g) The scales and 

positions of the intensity features being modeled. 



Figure 8. Model electron density maps 
and diffraction patterns with added (6, 
2) and (7, 2) reflections, with phases 
( -  , - ) .  The 15% compression along 
the vertical axes of the models is due 
to the computation method, explained 
in Materials and Methods. It causes 
slight variations in different directions 
on the diffraction patterns. (a) Round 
and (b) hexagonal microvillus models 
with membrane profile and separation 
as in Fig. 7 e. (c and d) The corre- 
sponding diffraction patterns. The (6, 
2) and (7, 2) reflections are circled in 
c and correspond to the diffuse tails of 
intensity noted in Fig. 2 b, which are 
absent from all the model patterns in 
Fig. 7. Density variations resulting 
from the added reflections are the 
Y-shaped threefold junctions and 2-4 
strands of density crossing both mem- 
branes at the pair contacts. The highest 
resolution terms in the models cor- 
respond to a spacing of 36 .~. 

This conclusion is not affected by considerations of the cy- 
toskeletal and membrane junction structures. The cytoskele- 
ton is a weak and disordered feature that onl, y affects the very 
low resolution part of the pattern (~<1/540A-~). The density 
fluctuations associated with the membrane junctions are also 
relatively weak and do not affect the principal maxima and 
minima of diffracted intensity. Furthermore, uncertainty in 
the electron density level of the extracellular and cytoplasmic 
fluid is unlikely to account for overestimation of the hydro- 
phobic protein content as similar X-ray patterns have been 
recorded in sucrose concentrations ranging from 10-30% 
(wt/vol) (18, and unpublished data). 

Figure 9. SDS PAGE of the 
microvillar membrane and 
cytoskeleton proteins. (M) 
Total proteins in isolated 
photoreceptor microvilli; 
(R) rhodopsin (molecular 
mass 45 kD); (S) detergent 
soluble components; (P) 
detergent pellet. (A) actin. 
Molecular masses are in- 
terpolated from the migra- 
tion positions of the fol- 
lowing markers: myosin, 
205 kD; 13-galactosidase, 
116 kD; phosphorylase, 97 
kD; ovotransferrin; 77 kD; 
BSA, 67 kD; ovalbumin, 
45 kD; transducin a-sub- 
unit 39 kD; transducin 
l~-subunit, 35 kD. 

Surface and Transmembrane Structures 

Transmembrane links of the type reported here were first 
seen in sections of mosquito photoreceptors, although in a 
very disordered form (33), and threefold structures at the 
microvillar interstices in honeybee retina have also been ob- 
served (16). These structures repeat along the microviUar 
axis, with periodicities of 70-200/~, on the basis of  long sec- 
tions (Fig. 3 b) and the axial X-ray reflections (Fig. 2 and 
unpublished observations). Many rearrangements can take 
place during fixation. The microvilli are very variable in 
length and diameter and in axial repeat distances. Although 
the twofold junctions are always seen, the threefold struc- 
tures are only observed under favorable fixation conditions. 
The density of surface projections could approach the ex- 
pected rhodopsin separation distance of 50-60/~.  It is very 
unlikely, however, that the intermicrovillar contacts are com- 
posed of rhodopsin molecules because Drosophila mutants 
lacking rhodopsin can have a normal microvillar structure 
(24). Other polypeptides present in sufficient quantity to ac- 
count for these structures are the detergent soluble 47- and 
190-kD components, and the detergent insoluble proteins be- 
tween 90 and 145 kD (Fig. 9). 

Implications of the Structure for the Optical, 
Electrical, and Mechanical Properties of Rhabdomes 
The locally deformable network provides long range order 
in the microvillar array, ensuring the correct orientation of 
microvilli for absorption of light and the orthogonal packing 
necessary for polarization sensitivity over the surface of the 
retina. The high membrane protein content and the dense ar- 
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ray of microvillar surface projections must present a substan- 
tial barrier to rhodopsin mobility. This explains the long 
standing observations of high polarization sensitivity and 
dichroism that require a high degree of rhodopsin alignment 
in the plane of the microviUar membrane (6, 7, 26). 

The close apposition of microvillar membranes (75 /~ 
center-to-center of the membrane pairs) gives a high resis- 
tance to extracellular current flow through the rhabdome. 
The gap between adjacent membranes may be as little as 15 
A, as compared with 30/~ in gap junctions, which appear 
to have a thicker extracellular layer in EM sections (1). It has 
been suggested on the basis of response kinetics in fly rhab- 
domes that the light-activated sodium conductances are in 
the loop region formed by the necks of the microvilli (8). In 
the squid, this would appear to be the only region where 
there is an appreciable volume of extracellular space. To 
carry out its photoreceptor function, the microvillar array 
must provide the membrane matrix on which phototransduc- 
tion enzymes can diffuse and interact with rhodopsin and 
other proteins. The junctions at the two- and threefold posi- 
tions define ordered domains that may play a role in aligning 
the rhodopsin molecules. It will be of great interest to iden- 
tify and characterize the proteins involved in the membrane 
surface interactions that give these microvilli their unique 
structural and mechanical properties. 
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