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The structure of bacteriorhodopsin and its relevance to the visual opsins

and other seven-helix G-protein coupled receptors

By R. HEnxDERsON, F.R.S. aAND G. F. X. SCHERTLER

[Plate 1]
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cascades, including the B-adrenergic receptor as well as several others.
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diverged too far to have sequences that are detectably similar.

1. INTRODUCTION

In 1971, a purple protein from Halobacterium halobium was shown to contain the chromophore
retinal (Oesterhelt & Stoeckenius 1971). They named it bacteriorhodopsin (bR) because
retinal is also the chromophore in rhodopsin (Rh), the visual pigment in retinal rod cells. At
that time, many felt that the coining of the name bacteriorhodopsin was a poor choice because
it seemed very likely that the two proteins might turn out to be completely different in structure
and in function. At the time neither the function of bacteriorhodopsin, nor the mechanism of

rhodopsin was known.
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isomerized to all-trans retinal by light.
+ 1A=10""m= 10" nm.
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Bacteriorhodopsin is a light-driven hydrogen-ion pump whose structure is known to
about 6.0 At in three dimensions and 2.8 A in projection. It consists of seven
transmembrane helices surrounding the chromophore, retinal. Halorhodopsin is a
second member of the same family of membrane proteins, both of them from the cell
membrane of halobacteria. Halorhodopsin is a light-driven chloride-ion pump but
has very close homology to bacteriorhodopsin, especially around the retinal.

In contrast, the visual opsins that are responsible for the primary step in visual
transduction in all eukaryotes from Drosophila upwards, form a separate family with
no direct sequence homology to the bacteriorhodopsin family. The visual opsin
family now includes about 15 other receptor proteins, all of which activate G-protein

Despite the lack of clear relations at the level of amino acid sequence, there are
topographical similarities between the bacteriorhodopsin and the visual opsin
families in the nature and site of chromophore attachment, the number of
transmembrane helices and the positions of the amino and carboxyl termini in the
membrane. These suggest that if the two were at one time closely related, they have

Subsequent work showed that bacteriorhodopsin is a light-driven proton pump (Oesterhelt
& Stoeckenius 1973), whereas rhodopsin is a light-activated receptor moleeule that triggers a
guanine-nucleotide binding-protein (G-protein) cascade, involving the stimulation of a cyc-
GMP phosphodiesterase by the a-subunit of a G-protein complex (Stryer 1986; Koutalos &
Ebrey 1986). Thus, functionally, the two proteins seem to be completely different.

The conformation of the retinal has also turned out to be quite different. Bacteriorhodopsin
contains all-trans retinal in its light-adapted state, which is thought to isomerize to 13-cis retinal
during its photochemical cycle. Rhodopsin contains 11-cis retinal in the dark, which is
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However, as we will see, recent work on the structure of the polypeptide chains in each of
the proteins has shown greater similarity, each molecule containing seven trans-membrane
a-helices with covalent linkage to the retinal via a Schiff base to a lysine residue roughly in the
centre of the seventh helix. The amino- and carboxy-termini are also arranged with respect to
the cytoplasmic interior in the same way ; amino-terminus outside and carboxy-terminus inside.
This topographical similarity occurs despite considerable differences in the overall polypcpﬁde
length; 248 residues in bacteriorhodopsin and 348 in rhodopsin (Findlay 1986).

Very recent work on gene sequences of related proteins in each of the families is also
beginning to show that there may be a closer relation than their completely different functions
suggest (Findlay & Pappin 1986; Dohlman et al. 1987).

For example, in Halobacteria, three related proteins have been discovered (table 1, top).
Halorhodopsin (hR) (Blanck & Oesterhelt 1987) is a light-driven, chloride-ion pump with
approximately 31 9, sequence identity with bacteriorhodopsin. Slow or sensory rhodopsin (sR)
is a bacterial phototactic pigment with 26 9, sequence identity with bacteriorhodopsin (Blanck
et al. 1989). In addition, there is an ultra-violet photophobic pigment. Thus, in halobacteria,
there are several related proteins that have quite different functions. The rhodopsin family has
widened from the immediate family of other visual pigments with homology to rhodopsin (e.g.
the red, green and blue cone pigments) to include clearly but more distantly related receptors
for hormones, peptides and neurotransmitters (see table 1, bottom). Even olfactory receptors
may be related (Anholt 1987).

TABLE 1. SEVEN-HELIX PROTEIN FAMILIES

Bacteriorhodopsin family

halobacteria bacteriorhodopsin [proton Ovchinnikov et al. (1979)
pump]
halorhodopsin [chloride pump] Blanck & Oesterhelt (1987)
sensory rhodopsins I & II Blanck et al. (1989)
Rhodopsin family
mammalian B Adrenergic Dixon et al. (1986)
o Adrenergic Kobilka ez al. (1987)
Muscarinic acetylcholine Kubo et al. (1986)
5HT serotonin Julius et al. (1988)
Fargin et al.(1988)
D,-dopamine Bunzow et al. (1988)
substance K Masu et al. (1987)
MAS/angiotensin IIT Young et al. (1986)
Visual opsins, rod and cone Ovchinnikov et al. (1982)
Nathans et al. (1984, 1986)
Opioid receptors (not available)
Drosophila visual opsins O’Tousa et al. (1985)
Zuker et al. (1985)
yeast STE2 [o-mating factor receptor] Nakayama et al. (1985)
STE3 [4-mating factor receptor] Nakayama ef al. (1985)
Dictyostelium cAMP receptor Klein et al. (1988)

Thus, taken as a whole, the rhodopsin and bacteriorhodopsin families, though at the
moment related in two separate groups at the level of amino acid sequence, may well represent
an extremely favourable framework on which to build a membrane structure with many
variable functions. Further work will show how similar the various members of the family are.

[ 40 ]
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Ficure 1. Three-dimensional model of the structure of a single bacteriorhodopsin molecule at 6 A resolution. The
picture is a surface-shaded representation of the average density of three independently determined crystal
structures. (From Tsygannik & Baldwin (1987).)
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2. BACTERIORHODOPSIN

The structure of bR has been solved to 6 A resolution in three-dimensions (figure 1, plate
1); Tsygannik & Baldwin 198%) and 2.8 Ain projection (figure 2; Baldwin et al. 1988). The
structure is the same in three crystal forms. Figure 3 shows an outline of the projected structure
of the molecule in the native (Unwin & Henderson 1975), the orthorhombic (Michel ¢t al. 1980)
and the deoxycholate-treated form (Glaeser ¢t al. 1985).

FiGurk 2. Projection structure of purple membrane at 2.8 A resolution. (From Baldwin et al. (1988).)

The amino acid sequence (Ovchinnikov et al. 1979) of the protein can be arranged into
seven trans-membrane helical segments (figure 44), which must correspond to the seven rod-
shaped densities in the three-dimensional structure shown in figure 1. A tentative assignment
of sequence to structure has been made (Engelman ef al. 1980). Neutron diffraction has
determined the projected position and orientation of the retinal (Jubb et al. 1984; Heyn et al.
1988). Site-directed mutagenesis (Khorana 1988) has shown that many amino acids can be
changed with no effect on either the absorption spectrum or on proton pumping. However,
replacement of Asp85, Asp96 or Asp212 with asparagine (Mogi ef al. 1988) abolished proton
pumping completely or substantially. The changes of several other residues, particularly
tryptophans and tyrosines into phenylalanine (Mogi ¢t al. 1987) have substantial effects on the
absorption spectrum and are therefore most probably involved in the binding site for the
retinal. Khorana (1988) has summarized much of these data in a helical wheel model shown in
figure 5, where residues thought to interact with retinal are shown in bold ovals and the three
aspartic acids whose substitution affects proton pumping are shown shaded.

[ 41 ]
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Ficure 3. Projection maps (6 A) of the different crystal forms studied. An envelope is drawn round the bR
monomer in each structure. The trimers of bR molecules are packed more closely together in the DOC p3 (c)
form than in the native p3 (b) form because the shell of lipid molecules surrounding the trimer in the native
has been removed. In the orthorhombic p22,2, (a) form, no trimer is present.

3. OTHER HALOBACTERIAL PROTEINS RELATED TO BACTERIORHODOPSIN

In addition to bacteriorhodopsin, halobacteria have a light-driven chloride-ion pump,
halorhodopsin (hR), and two light sensing pigments, sensory rhodopsins I and IT (sRI and
sRII). The gene sequence of hR is shown in figure 44 (from Blanck & Oesterhelt 1987) where
it has been drawn with identical residues in identical positions to those for bR in figure 4a.

Chloride ions are pumped into the cell by hR, whereas bR pumps protons out. The retinal
undergoes a similar photochemical cycle (Oesterhelt & Tittor 1989). There is a substantial
degree of sequence homology, but differences in the sequence must include those amino acid
residues responsible for the different function.

In particular, we can study the corresponding residues in helices C, F and G, which are
thought to surround the retinal, as shown in figure 5. Helix G contains Lys216, which forms
a Schiff base with the retinal in both bR and hR. Asp212, probably situated very close to the
Schiff base as it is precisely one turn of the helix down from Lys216, is also present in both bR
and hR. Similarly, the two tryptophans and Tyr185 in helix F are all present in the highly
conserved sequence W——YP——W (Oesterhelt & Tittor 1989). It can be seen from figure 5 that
these three bulky hydrophobic side chains must be virtually above one another, on one side of
helix F and that, because they are conserved, are likely to form part of the binding site for the
retinal. A likely arrangement would sandwich the retinal between the side chains of the two
tryptophans with Tyr185 alongside. Similar possible arrangements have been discussed
(Oesterhelt & Tittor 1989; Khorana 1988).

In helix C, however, the two aspartic acid residues (85 and 96), which are essential for
proton pumping (Mogi et al. 1988) in bR are replaced in hR by threonine and alanine
respectively. This is most satisfying as these two residues must be involved in the proton transfer
in bR, but would not be necessary for chloride ion transport in hR because Cl~ and H* have
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FIGURE 4. Schematic diagram showing an arrangement of the amino acid sequence of (a) bacteriorhodopsin

and (b) halorhodopsin in the form of seven transmembrane helices.

opposite charge, and chloride ions are present at much higher concentration than hydrogen

ions in the halobacterial environment.

It will be interesting to see how the sequence of the two sensory rhodopsins compares to bR

and hR.
[ 43 ]
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FiGure 5. A helical wheel model of bacteriorhodopsin showing the relations (a) between the aspartic acid mutations
affecting proton pumpting (shaded) and () the amino acids that are believed to interact with the chromophore
(bold ovals). (Reproduced from Khorana (1988) with permission.)

4. RHODOPSIN

As discussed in the introduction, there are similarities between bR and Rh in the number
of transmembrane helices, the topography of the polypeptide chain arrangement across the
lipid bilayer, and in the position of the lysine side chain at which retinal is attached. Figure 6
(from Hargrave et al. (1983)) presents a similar schematic diagram for the rhodopsin (Rh)
structure to those for bR and hR shown in figure 4. ,

Although there is no convincing relation at the sequence level between the bR family and
rhodopsin, these topographical similarities suggest that the polypeptide chain of the two
families may have the same fold. That is, in rhodopsin, the positions of the seven helices may
have the same relation to each other and to the retinal as suggested in figure 5 for bR.

At the present time, a comparison of amino sequences within the rhodopsin family may be
informative. Figure 7 (from Nathans ef al. 1986) shows comparisons of amino acid sequences
of the human rod and cone visual pigments. We note that, among the three more distantly
related pigments (blue and green cone pigments, and rod rhodopsin) the sequences of helices
C, F and G seem to be more conserved than the others. This would be consistent with these
helices forming the main part of the retinal binding pocket, and supporting the idea that the
helices might be arranged in the same way as in bR.

However, between the red and green pigments, there are only 15 amino acid changes, which
must cause the shift in their absorption maxima. Of these only seven are residues in helices C,
F or G. Of these seven residues, only three involve a change in polarity. The others involve a
change in the size of a hydrophobic residue. No tryptophans are involved. The three remaining
residues are changed from Phe to Tyr in helix G; Phe to Tyr and Ala to Thr in helix F, when
green pigment is changed to red pigment. These are shown underlined in figure 6. Thus one
or more of these three extra hydroxyl groups in helices F and G may be responsible for the
spectral shift of the green cone pigment to form the red cone pigment. Juxtaposition of the

[ 44 ]
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Ficure 6. Sequence of bovine rod rhodopsin drawn as seven trans-membrane helices (from Hargrave et al. (1983)).
The three residues mentioned in the text that change their polarity between the red and green cone pigments
are shown underlined.
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FiGure 7. Pair-wise comparisons of human visual pigments showing amino acid identities (white) and differences
(black) : () blue vs rhodopsin; (b) green vs. rhodopson; (c) green vs. blue, (d) red vs. green. (From Nathans
et al. (1986).)
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partial negative charge on one of the hydroxyls with one of the double bonds in the retinal
would tend to cause a red-shift in the absorption maximum. Examination of helical wheel plots
like that shown in figure 5, suggest the tyrosine in helix G is too far from the retinal to affect
its spectrum directly (figure 8). The residues W—-Y in helix F of rhodopsin suggest a possible
homology with the conserved sequence W——YP——W in the bR family that would place the Ala
to Thr changed in helix F adjacent to the retinal ring. Thus, taking the speculation to its logical
end point, it may be that the threonine in the sequence W——PYT of the red pigment is directly
responsible for the red-shift in human colour vision. Similar but different speculations are
presented by Applebury & Hargrave (1987), and by Nathans et al. (1986). Further work by
using site-directed mutagenesis should determine the contributions of the different amino acid
side chains.

Ficure 8. Suggested positions for helices F and G relative to retinal in rhodopsin. Residues F293, F261 and A269
in the green cone pigment are changed to the more polar Y, Y and T, respectively, in the red cone pigment.
The numbering of amino acids is from the homologous bovine rhodopsin (Hargrave et al. 1983). The horizontal
black line represents the polyene chain and the thick bar represents the f-ionone ring of the retinylidene moiety

5. OTHER EUKARYOTIC PROTEINS RELATED TO RHODOPSIN

Rhodopsin represents one member of a family of receptors that transduce a signal across the
membrane and take part in the amplification of this signal by activating several trimeric
(o.B.y) guanine nucleotide binding proteins that in turn activate several effector molecules (in
the case of rhodopsin, cGMP-specific phosphodiesterase). A similar transduction and
amplification scheme holds for several amino acid derived hormones (adrenaline, acetylcholine,
dopamine, serotonin), neuropeptides (substance K, opioids) and the pheromone peptides a and
o from yeast. The target of the signalling cascade might be such different enzymes as adenylate
cyclase, cGMP-specific phosphodiesterase, phospholipase C or phospholipase 42. Some
potassium or calcium channels may also be the final target of similar signalling cascades. The
overall similarity within the family of membrane signal transduction pathways is well reflected
in the amino acid sequence homology of the receptor proteins. Figure 9 shows an example of
an alignment of the amino acid sequence of several representatives of this family of seven helix
receptors that regulate through coupling to guanine-nucleotide binding-proteins. The overall
homology between the B-adrenergic or muscarinic receptor and the visual pigments is low
(12-18 9,) but the homology in certain local regions is much higher (Dohlman et al. 1987). The
topographic similarity is reflected in seven stretches of 20-28 hydrophobic amino acids, which
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FiGuRE 9. Sequence alignment of a selection of seven-helix, G-protein coupled receptors, with homologous residues
boxed. The dopamine sequence has been added to the sequences examined by Julius et al. (1988). The labels
I-VII correspond to helices A-G.
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Ficure 10. Chemical structures of a few effector molecules for seven helix, G-protein coupled receptors;
(a) retinal; () acetylcholine; (¢) dopamine; (d) epinephrine.

might represent membrane-spanning helices. These regions contain several conserved prolines,
which might therefore be of structural relevance to the formation of the binding pocket of the
hormones. Several charged residues are also conserved in the putative membrane helix regions.
One of the negatively charged groups, for example in helix B, might serve as counter ion in the
process of hormone binding as acetylcholine, epinephrine and dopamine all contain a positively
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charged nitrogen atom possibly corresponding to the protonated Schiff base of the bound
retinal in the visual pigments (figure 10). In the case of the Dictyostelium receptor for the
negatively charged cAMP chemoattractant, helices B and G contain additional lysine and
histidine residues which might be involved in ligand binding. Some conserved residues on
the extracellular side correspond to the N-glycosylation sites. The conserved loops on the
cytoplasmic side might participate in the receptor G-protein interaction or in the
phosphorylation by a receptor-specific kinase that might be involved in turning off the signal
and in the adaptation (desensitization) of the receptor.
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F'IGURE 1. T'hree-dimensional model of the structure of a single bacteriorhodopsin molecule at 6 A resolution. The

picture is a surface-shaded representation of the average density of three independently determined crystal
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structures. (From 1'sygannik & Baldwin (1987).)



http://rstb.royalsocietypublishing.org/

