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Structure of rhodopsin 

Abstract 

Two-dimensional crystals of rhodopsin were 

studied to determine the arrangement of the 

transmembrane alpha helices. A combination 

of electron cryo-microscopy, image processing 

and electron crystallography was used to 

extract amplitudes and phases from images, 

and a three-dimensional map to a resolution of 

7.5 A was calculated. Density peaks for all 

seven transmembrane helices were observed 

and the helix axes for all seven helices could 

be estimated. Near the intracellular side, 

which interacts with the G protein transducin, 

we observed three layers of helices arranged 

differently from bacteriorhodopsin. The 

arrangement opens up towards the 

extracellular side forming a cavity that serves 

as the binding pocket for the retinal. This 

cavity is dosed towards the intracellular side 

by the long and highly tilted helix 3, and must 

be dosed towards the extracellular side by the 

loop linking helices 4 and 5 that is linked by a 

disulphide bridge to the extracellular end of 

helix 3. 
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Rhodopsin as a model for G-protein-coupled 

receptors 

G-protein-coupled receptors (GPCRs) enable 
the primary reactions by which cells sense 
alterations in their external environment, and 
convey that information to the interior of the 
cell. To date more than 800 GPCRs have been 
cloned from a variety of species, from fungi to 
man. They all share some degree of sequence 
similarity and are likely to have a similar 
arrangement of their seven transmembrane 
helices. In the last 20 years more than a hundred 
new drugs have been registered that activate or 
antagonise GPCRs.1 

Rhodopsin, the dim-light photoreceptor 
molecule, is one of the best studied GPCRS.2•3 
Some unique properties make it a very good 
choice for structural investigations. The 
covalently bound II-cis retinal is an ideal 
reporter located in the centre of the molecule 
that gives rhodopsin an absorption spectrum 
characteristic for its conformation. In contrast to 
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most GPCRs, rhodopsin is present in very high 
concentrations in the rod outer segment of the 
photoreceptor cell. The l1-cis retinal is 
covalently bound via a protonated Schiff base to 
lysine 196 and this helps to keep the dark noise 
in the visual system down since it acts like a 
covalently bound antagonist keeping the 
photoreceptor in a non-signalling conformation. 
In addition, rhodopsin has a rigid extracellular 
domain that also might help to reduce dark 
noise. Rhodopsin is one of the most stable and 
detergent-tolerant GPCRs known and it can be 
isolated from retinas in large quantities, by 
lectin affinity chromatography, making it an 
ideal candidate for structural investigations. 

Electron crystallography of two-dimensional 

crystals of rhodopsin 

Comparison of electron crystallography with 

X-ray crystallography 

In principle NMR, X-ray crystallography or 
electron microscopy could be used to determine 
the structure of a membrane protein. However, 
so far no-one has been able to determine the 
structure of a membrane protein larger than 35 
kDa by solution NMR. Only solid-state NMR 
has some prospect to do so in the future. In 
contrast, several structures of membrane 
proteins have been solved to near-atomic 
resolution with X-ray crystallography.4.5 
Similarly with electron crystallography, the 
structures of several important membrane 
proteins were solved to a similar resolution.6•7 
In addition, quite a number of low-resolution 
structures of membrane proteins have been 
obtained using electron microscopy. 

The main differences between electron 
crystallography and X-ray crystallography are a 
much stronger interaction of electrons with 
matter and the possibility of using 
electromagnetic lenses to obtain images. 
Because of the strong interaction of electrons 
with matter, much smaller and thinner samples 
such as a large single protein complex,8 or a 
two-dimensional crystal consisting of a 
monolayer of protein molecules can be studied. 
However, this strong interaction also causes 
damage to the specimens and, therefore, cryo
techniques and low-dose strategies are essential 
for the imaging of beam-sensitive biological 
specimens. Using electron microscopy we 
cannot only record diffraction patterns and 
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measure amplitudes as with X-rays, but also record 
images from which we can extract phases as well as 
amplitudes by Fourier analysis. Furthermore, computer 
processing of images allows us to remove some of the 
disorder present in the crystal lattice. In this way we can 
obtain important structural information even from non
ideal two-dimensional crystals. 

Specimens for high-resolution electron microscopy: 

single particles, helical arrangements and 

two-dimensional crystals 

Why do we need a two-dimensional crystal to obtain a 
structure from rhodopsin by electron crystallography? 
Electron microscopy in combination with single particle 
image processing is able to give us structures from 
proteins and protein complexes of more than 300 kDa 
since the signal obtained from a low-dose image of a 
large particle is strong enough to determine the 
orientation of the particle on a micrograph.s After 
alignment, images from thousands of particles are 
averaged and a three-dimensional reconstruction of the 
protein structure is calculated. However, the molecular 
weight of rhodopsin and other GPCRs is too low for this 
approach. With present imaging techniques an image of 
a single rhodopsin molecule does not contain enough 
information for the alignment that is essential for 
averaging. 

We therefore need a large regular and rigid aggregate 
to obtain structural information for a medium-sized 
protein of 30-200 kDa. Helical arrangements have been 
successfully used to obtain the structure of the nicotinic 
acetylcholine receptor9 and of the Ca-ATPase of the 
sarcoplasmic reticulum.1o 

Quite a few membrane protein structures were 
obtained from two-dimensional crystals, in which the 
membrane protein is arranged in a regular array that can 
be described by two lattice vectors: a and b. These two
dimensional cystals are held together by protein-protein, 
lipid-lipid and lipid-protein interactions. 

Image processing 

The low dose of electrons used to take electron 
micrographs of biological samples means that the image 
taken from a single molecule without averaging is noisy. 
Only the average of many well-aligned images gives us 
structural detail. Therefore, the aim of image processing 
is to achieve the best possible alignment before 
averaging. In this way image processing can improve the 
signal-to-noise ratio. 11 

In an image of a non-ideal two-dimensional crystal 
there are two major sources of distortions. One is the 
disorder in the crystal, which can be induced partially by 
the supporting carbon film and partially by the 
mechanical stress induced by the shrinkage during 
freezing. The second source of distortions is the imaging 
system of the electron microscope itself. With image 
processing both types of image distortion can be 
corrected for. A small reference area of the best part of 

the crystal is used to find distortion vectors for every part 
of the crystal that are then used to correct the image. In 
the corrected image all unit cells are more accurately 
aligned and therefore we can obtain an improved signal
to-noise ratio for amplitudes and phases after the Fourier 
analysis. In this way we can extract higher-resolution 
data from non-ideal two-dimensional crystals. 

Preparation of two-dimensional rhodopsin crystals 

Crystallisation of membrane proteins 

In some rare cases membrane proteins form crystals in 
the cell membrane. Purple membrane is an example of a 
natural two-dimensional crystal, whereas halorhodopsin 
and gap junctions form crystalline arrays in the cell when 
they are overexpressed to a very high level. Since the 
density of the membrane is increased because of the high 
concentration of the protein in a two-dimensional crystal, 
density gradients can be used to obtain a purified 
crystalline sample. However, most membrane proteins 
do not form crystals spontaneously in the membrane. In 
this case the membrane must be solubilised in a buffer 
containing detergent and the protein must be purified by 
chromatography or density centrifugation in the 
presence of detergent. 

Reconstitution experiments with lipids 

Most chromatography steps are only partially 
deli pi dating; affinity steps or density gradients in 
particular, do not remove lipid efficiently. Therefore two
dimensional crystals can sometimes be obtained by 
removing the detergent without adding any additional 
lipid. After several chromatography steps, often fewer 
than 5 lipids per molecule are associated with the protein 
and additional lipid has to be added before the detergent 
is removed by dialysis or by adsorption to biobeads. The 
aim of a reconstitution experiment is to form a large 
single membrane with enough protein incorporated so 
that crystallisation is inducedY 

Crystal induction by selective extraction of membranes 

From the rod outer segments in the retina we can isolate 
the disc membranes using Ficoll density flotation. These 
photoreceptor membranes are unique in that they 
contain a very high concentration of rhodopsin and 
about 70 lipids per protein,13 but the protein is still 
highly mobile in this lipid bilayer that contains many 
multiple unsaturated fatty acid side-chains. Corless and 
co-workersl4 discovered that Tween detergents induce 
the formation of two-dimensional crystals of frog 
rhodopsin in the disc membranes. We were able to 
improve the reproducibility and crystal quality by 
optimising the Tween-to-protein ratio, the pH and the 
buffer composition. A further improvement was made by 
combining different Tween detergents. IS 
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Section oA 

(A) (8) 

Fig. 1. The seven helices in the rhodopsin structure. (A) Structure of frog rhodopsin obtained by electron cryo-microscopyJ9 Two views of a solid 
model of the rhodopsin map are shown: viewed from helix 2 towards helix 6 (above) and viewed from helix 6 towards helix 3 (below). The model was 
constructed from 33 contour sections 2 A apart. The cytoplasmic side is at the top and the intradiscal or extracellular side is at the bottom. The 
central sections of the seven transmembrane helices are marked with lines starting at section +12 A at the top and ending at section -8 A. The 
corresponding sections are shown in (B). The peaks representing the seven helices are interpreted according to the sequence assignment17 to the 
projection map of rhodopsin.16 Adapted from Unger et al.19 (B) Three slices through the best part of the density map of rhodopsin are shown.19 In 
each of these sections peaks can be seen for each of the seven transmembrane helices. The section closer to the cytoplasmic side is at z - +12 A from 
the centre and the last section at z = -8 A from the centre of the map. The least tilted helices 4, 6 and 7 are coloured grey and the most tilted in four 
different colours. The grid spacing is 10 A with lines parallel to the a and b axes ( +b is horizontal to the right and +a points towards the bottom of 
the figure). Adapted from Unger et al.19 



The arrangement of alpha-helices in the membrane 

Direct evidence for the arrangement of the seven alpha
helices was obtained from a 9 A projection map of bovine 
rhodopsin.16 Structural constraints obtained from a 
comparison of G-protein-coupled-receptor sequences 
were used to assign the seven hydrophobic stretches in 
the sequence to features in the projection mapY A low
resolution three-dimensional structure of bovine 
rhodopsin 18 and two projection structures of frog 
rhodopsin 15 confirmed the position of the three least 
tilted helices 4, 6 and 7. A more elongated peak of density 
for helix 5 indicated that it is tilted or bent.1S,18 Helices l, 

2 and 3 were not resolved. 
The extraction of frog rod cell membranes with 

Tween-80 resulted in the formation of two-dimensional 
crystals with p2 symmetry.1S The crystals were better 
ordered than two-dimensional crystals that had been 
obtained previously by reconstitution of detergent
purified bovine rhodopsin in synthetic lipids.16 The 
three-dimensional map had an effective resolution of 7.5 

o 0 

I 19 A in the membrane plane and 16.5 A norma to it. 
A single rhodopsin molecule in this map has planar 

dimensions of 28 A X 39 A. The molecule appears 64 A 
high at the chosen contour level of Fig. 1A, but because of 
the low vertical resolution this is only an approximation. 
In contoured cross-sections taken parallel to the 
membrane plane the clearest features are close to the 
middle of the membrane. The central sections of the 
seven transmembrane helices are marked in Fig. 1A with 
lines starting at section + 12 A and ending at section 
-8 A. This part of the map is contained within the 
hydrophobic core of the bilayer. 

The density peaks representing the seven helices have 
been interpreted according to the previous assignment of 
sequence segmene7 to the projection map of bovine 
rhodopsin.16 The centres of the peaks on section + 12 A 
and section -8 A (Fig. lB) were used to calculate tilt 
angles for seven transmembrane helices. These tilt 
angles, which ignore possible helix curvature or kinks 
but give an indication of the tilt direction for each helix, 
are shown in Table 1. The density assigned to helix 3 has 
an inclination of 30 A and is the most tilted of the helices. 
Helix 3 is buried inside the molecule. Its central position 
results in extensive contact with helices 2, 4, 5 and 6 on 
the intracellular side and with 2, 4 and 7 towards the 
intradiscal side. Helix 3 closes the binding pocket of the 
retinal towards the cytoplasmic side and it holds the 
vertical helices 4, 6 and 7 apart in the part of the structure 
that is closer to the intracellular surface. Currently, it is 
not possibly to establish the precise starting and end 
points of the helices because of the limited vertical 
resolution. Accordingly the density that continues on the 
path of helix 3 might either represent a continuation of 
helix 3 outside the hydrophobic core of the bilayer or be 
part of the third intracellular loop connecting helices 5 
and 6. Additional density observed towards the 
intradiscal end of helix 3 could be part of the loop 
connecting helices 4 and 5. This loop must reach between 

the extracellular ends of the helices to form the 
disulphide bond (C110-C187)2o at the extracellular end 
of helix 3. 

The density assigned to helix 4 is the least tilted 
feature and appears to be the shortest helix in the 
structure. It is separated from helices 6 and 7 by helices 2 
and 3. This produces a three-layered arrangement of the 
helices in the intracellular half of the molecule which 
interacts with transducin. 

Helix 5 is not so well resolved. We see helix 5 as a 
tilted feature (23°) sloping from the bottom of helix 4. As 
helix 5 ascends towards the intracellular side it appears 
to merge with helix 3 roughly 16 A above the middle of 
the lipid bilayer. 

Helix 6 is oriented nearly perpendicular to the 
membrane plane in the cytoplasmic half of the molecule. 
However, helix 6 appears bent towards helix 5 closer to 
the intradiscal side. This bend allows helix 6 to maintain 
contact with helix 5 and prevents the interior from 
becoming exposed to the lipid bilayer. 

Helix 7 is assigned to a feature in the map oriented 
almost perpendicular to the plane of the membrane. It is 
close to helix 3 in the centre of the molecule above the 
probable region where the retinal is likely to be attached. 
Near the intradiscal side close to the Schiff base helix 7 
appears to be disorted. 

Comparison of rhodopsin with bacteriorhodopsin 

Bacteriorhodopsin is a light-driven proton pump found 
in salt-loving archaebacteria. Like rhodopsin it is a seven 
transmembrane helix protein. It has an all-trans retinal 
bound via a protonated Schiff base to the E-amino group 
of lysine (K261) in helix 7. There is no significant 

Table 1. Estimate of the axes of the seven he/ices in rhodopsin 

Orientation Position 

Theta Phi Xo Y,0 
Helix (deg) (deg) (A) (A) 

1 28.4 141.0 -2.16 7.52 
2 27.2 82.2 -6.24 15.08 
3 29.6 50.7 -1.92 23.92 
4 3.8 116.6 -7.04 30.08 
5 22.7 -11.0 5.08 34.56 
6 7.4 -90.0 10.40 23.16 
7 13.4 -165.4 6.36 15.32 

The axes are determined from the coordinates of the observed 
peaks on z-sections -8 A and +12 A of the rhodopsin map.19 

The crystallographic b axis is horizontal in Fig. 1B, and the c axis 
is perpendicular to the plane of the membrane, with +c (+Z) 
pointing towards the intracellular side. Since the crystallo
graphiC axes are not orthogonal, coordinates are referred to 
orthogonal axes X and Y, where Y is parallel to b and X is 
perpendicular to band c. Theta is the angle between the helix 
and the direction of the + Z axis; Phi is the angle around the + Z 
axis measured from the direction of the + Z axis; a positive phi 
angle indicates a right-handed rotation about +Z (i.e. positive 
phi towards + Y, negative phi towards - Y). xo, yo are the co
ordinates in angstroms, along the X, Y axes, at which the helix 
axis intersects section z = O. Adapted from Unger et al .19 
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Fig. 2. The arrangement of alpha helices in rhodopsin and bacter
iorhodopsin. A ribbon diagram of rhodopsin was drawn using the 
coordinates from a recently published alpha-carbon template for the 
transmembrane helices in the rhodopsin family of G-protein-coupled 
receptors.21 A similar diagram for bacteriorhodopsin was drawn with 
the coordinates from the bacteriorhodopsin structure.37 The diagrams 
illustrate the different arrangements of helices in bacteriorhodopsin and 
rhodopsin. 

sequence similarity detectable between the two retinal 
proteins. The structure of bacteriorhodopsin has been 
determined by electron crystallography to near-atomic 
resolution.6 Ribbon diagrams of rhodopSin and 
bacteriorhodopsin illustrate the different arrangements 
of helices in the two molecules (Fig. 2). 
Bacteriorhodopsin consists of three helices nearly 
perpendicular to the membrane plane (helices 2, 3 and 4) 
arranged parallel to a row of tilted helices (helices 1, 7, 6 
and 5). In rhodopsin a band of tilted helices (helices 1, 2, 
3 and 5) runs through the middle of the molecule with 
two nearly perpendicular helices on one side (helices 7, 
6) and one helix on the other side (helix 4). Angles 
between pairs of helices have been calculated from the 
helix axes and they are compared in Table 2. The 
significantly different angles between pairs of helices 2'3, 
3'4, 5'6, 7'1, 2'7 and 3'6 are indicative of the different 
packing of helices in rhodopsin and bacteriorhodopsin. 
They are independent of the overall orientation of either 
molecule in the membrane. Therefore mammalian 
rhodopsin appears to be a better model for G-protein-

coupled receptors than archaebacterial 
bacteriorhodopsin. 

The retinal binding site in rhodopsin 

The 11-cis retinal binds via a Schiff base linkage to the 
E-amino group of a lysine residue K296 in helix 7. The 
normal counter-ion for the protonated Schiff base is a 

glutamic acid residue E113 in helix 3 and the interaction 
might be mediated by a water molecule?l Inspection of 
the rhodopSin structure shows that the helices are closely 
packed on the intracellular side of the molecule. The 
tilted helices 2 and 3 pack between the more 
perpendicular helices 4, 6 and 7, forming a three-layered 
structure (Fig. IB, section +12 A). The arrangement 
opens up towards the extracellular side forming a cavity 
that serves as the binding pocket for the retinal. 22,23 It is 
formed by helices 3, 4, 5, 6 and 7 (Fig. 1, section -8 A). 
This cavity is closed towards the intracellular side by the 
long and highly tilted helix 3, and must be closed 
towards the extracellular side by the loop linking helices 
4 and 5 which is linked by a disulphide (C11O-C187) to 
the extracellular end of helix 3.20 The retinal binding site 
is closer to the extracellular side of the molecule. The 
retinal chromophore lies at an angle of about 16° to the 
plane of the membrane.24 The retinal is more likely to 
point towards the intracellular side from the Schiff base. 
This places the IHonon ring of the retinal close to the 
conserved tryptophan W265 and the retinal polyene 
chain would be close to glycine G121 in helix 3.22,23 

The intracellular G-protein binding region 

Less density is observed on the cytoplaSmic side in 
comparison with the extracellular side, suggesting that 
the cytoplasmic loops are more loosely packed than the 

Table 2. Angles between pairs of helices of rhodopsin and 
bacteriorhodopsin 

Rhodopsin Bacteriorhodopsin 
omega omega 

Helix pair (deg) (deg) 

7'1 22.9 8.2 

1'2 26.5 27.0 

2'3 15.0 5.6 

3'4 -28.2 -10.1 

4'5 25.2 20.3 

5'6 22.4 7.7 
6'7 13.5 12.8 

2'7 34.4 21.2 

3'6 35.6 18.2 

The angles between helix pairs were computed to compare the 
arrangements of helices in the seven helix retinal proteins 
rhodopsin and bacteriorhodopsin. Omega is the angle between 
the pair of helix axes specified. The omega angles are compared 
with those for the helix axes in bacteriorhodopsin, computed 
from the data of Havelka et al.36 The significantly different 
angles for 7'1, 2'3, 3'4, 5'6, 2'7 and 3'6 are indicative of the 
different packing of the helices in rhodopsin and bacteria
rhodopsin. Positive angles indicate a left-handed relationship 
and negative numbers a right-handed relationship . 



extracellular loops. The furthest extension of density on 
the cytoplasmic side is that corresponding to helix 6. 
Evidence to support this comes from site-directed EPR 
measurements?5 Portions of the third cytoplasmic loop 
have been functionally implicated in interactions with 
transducin/6 arrestin27 and rhodopsin kinase?R-30 
However, large segments of the second and third 
cytoplasmic loops can be deleted without affecting the 
ground state structure of the protein, as reflected by its 
ability to bind retinal.31 

The helix arrangement close to the cytoplasmic 
surface of rhodopsin is significantly more compact near 
the extracellular surface (compare section + 12 A. with 
section -8 A.). The formation of photoactivated 
rhodopsin (metarhodopsin II) was shown to be 
associated with the movement of helices?2-34 If this 
movement expands the cytoplasmic surface area, it 
would be consistent with the observation that formation 
of metarhodopsin II occurs with an increase in the overall 
volume of rhodopsin35 and provides a newly available 
binding site for transducin?6 

Conclusions 

The arrangement of the alpha-helices in rhodopsin has 
been determined by low-dose electron cryomicroscopy. 
The structure of rhodopsin is similar to that of 
bacteriorhodopsin around the retinal binding pocket, 
which is closer to the extracellular side of the molecule. 
However, near the intracellular side, which interacts 
with the G-protein transducin, we observed three layers 
of helices arranged differently from bacteriorhodopsin. 
This arrangement changes after photoactivation and is 
thought to provide the G-protein binding site. 
Movements of helices are thought to transmit changes 
caused by the isomerisation of 11-cis retinal in the retinal 
binding pocket to the intracellular surface of the 
rhodopsin molecule. This conformational change triggers 
the visual cascade. Recently, we have obtained better
ordered crystals of rhodopsin, and with improved image 
processing methods we hope to obtain higher-resolution 
structures of rhodopsin and a structure of the 
photoactivated state, metarhodopsin II. 
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