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ABSTRACT A modified structural model of rhodopsin is
presented. Seven (a-helical) segments of 24 largely hydropho-
bic amino acid residues are assembled with exobilayer con-
necting strands into an aligned set, using the sequences of
human red, green, and blue iodopsins (cone pigments) and
human and bovine rod rhodopsins. (Aligned set numbering is
used in this article.) The inner region of the heptahelical
hydrophobic domain includes one His-Glu (Asp) ion pair (red,
green rod) near the retinylidene moiety in addition to an
iminium ion Asp-99 pair. The negative charges posited in the
"point-charge model" to cause the shift of the retinylidene
iminium ion light absorption to longer wavelengths in the
protein ("opsin shift") are Asp-" (red, green rod), Glu-102
(red, green), and Glu-138 (rod). Blue iodopsin lacks both an
ion pair and a counter charge to the iminium ion in the inner
region, a fact that explains its absorption relative to rod
rhodopsin. The spectroscopic difference between rod rhodop-
sin and the red/green iodopsins is due to the influence of
Glu-102 in the latter. The red-green difference is due to the
net effect of seven OH groups around the chromophore, all
such groups being found within one helix turn of the retinyli-
dene location. The tryptophan, which rotates as the retinyli-
dene group isomerizes, may be Trp-142 or Trp-177. The
geometric change (the rhodopsin "photoswitch") resulting
from cis-trans isomerization in the first excited electronic state
(S), ultimately leads to RX (photoactivated rhodopsin, meta-
rhodopsin II) and changes the activity of exobilayer groups,
possibly causing dissociation of Lys-83 and Arg-85 from the
carboxylate groups at positions 263 and 265.

Visible light (400-700 nm) is converted into a neural signal in
animals via light absorption by rhodopsin (R) in retinal rod
cells (iodopsin in cone cells) (1, 2). The 11-cis-retinylidene
chromophore is converted to the 11-trans structure in the
first excited electronic state (Si), which then decays to
photorhodopsin (3). Photorhodopsin changes within 40 ps (3)
to bathorhodopsin, which is transformed via lumirhodopsin
and metarhodopsin I to metarhodopsin II. Metarhodopsin II
[the phototransformed protein, RX (4)] initiates processes
that temporarily decrease cyclic guanosine 3',5'-monophos-
phate (cGMP) within the cell (5, 6). The initial step is the
phototransformed rhodopsin (iodopsin)-promoted displace-
ment of guanosine diphosphate (GDP) by guanosine triphos-
phate (GTP) from the transducin [T; G-protein (5-7)] com-
plex with GDP. The flow of information to the nervous
system about a photon absorbed by a rod or cone may be
expressed in the steps, photon + R -- RX -* T-GTP -*
(- cGMP) (- signal to nervous system). A "point-
charge" model (a negative charge stabilizing the retinylidene

excited state more than the ground state) has been proposed
to explain the shift of the retinylidene iminium ion light
absorption to longer wavelengths in the protein ("opsin
shift") (8-11).
On the basis of the alignment of the amino acid sequences

of human rod rhodopsin and red, green, and blue iodopsins
(12), we are able to develop a modified structural model by
specifying charge-charge interactions (cf. refs. 13-16). With
this model, we can identify (i) the groups responsible for
spectroscopic differences between the rhodopsins and io-
dopsins (consistent with the general idea of the point-charge
model), (ii) the nature of the change in rhodopsin produced
by the S, cis-trans isomerization, and (iii) part of the
conformational change that produces RX, the catalyst for
the formation of T-GTP.

RESULTS AND DISCUSSION
The aligned sequences [the bovine rod rhodopsin sequence
(14, 15, 17) has been added] are examined for hydrophobic
character. The bilayer thickness is taken as 36 A (24 amino
acids in an a-helix). Such segments can be selected without
difficulty by inspection of the aligned set; more formal
methods lead to essentially the same choice (14). The
N-terminal sequence carrying a known carbohydrate se-
quence (18, 19) is inside the disk (20, 21) (outside the cone);
an odd number of transmembrane segments puts the C-
terminal end in the cell cytoplasm, as found (22). The
cytoplasmic links will be examined below. A schematic
structure for the rhodopsins is presented in Fig. 1. Other
ungulate rhodopsins have amino acid sequences very similar
to that of bovine rhodopsin; in particular, ovine rhodopsin
has Asp-99, Glu-138, His-227, and Lys-312 (23). Even the
more distantly related Drosophila rhodopsins have the
equivalent of Asp-99 and Lys-312 [rho16: Asp-96, Lys-319
(24); rho8: Asp-103, Lys-326 (25, 26)].

Several features are immediately apparent in the model.
The retinylidene chain bound to Lys-312 (27, 28) is close to
the middle of the bilayer. A small number of charged groups
is found well within the bilayer. It is proposed that these
groups are functionally involved with the retinylidene group
located in the inner region of the helices. Ion pairing will
occur when possible for oppositely charged groups in a
moderately nonpolar environment. Four of five opsins have
a negatively charged group (Asp) at position 99, which is
therefore the counterion to the 312 iminium ion. (Both
Drosophila rhodopsins have homologous ion pairs, as noted
above.) The same four opsins have another ion pair, in
addition to 99--312+, in the center of the bilayer. The
additional ion pair in rod rhodopsins is composed 'of Glu-138
and His-227; in red-green iodopsins, the pair consists of

Abbreviations: RX, photoactivated rhodopsin; T, transducin.
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81 FFYHH 161 NNNNN 162 WFFF
80 KKRQQ 82 KKKKK 160 G6GSS 163 RRRRR
79 11LW 83 KKKKK 159 FFF111 164 FFFFF
78 1T11 84 LLLLL 158 PPPPP 165 DDSG6
77 AMW 85 RRRRR 157 KKKKK 166 AASEE
76 OM 86 1HHQ0 156 CCCCC 167 KKKNN
75 LLLLL 87 PPPPP_ 155 WIW_ 168 LLHHH

BILAYER 74 WM 88 LLLLL 154WWk 169A
731LLLL 89 HNNN 153 11W 170 1111
72 GGAFF 90 WM 152 WM 171 WlT1
71 NW4 91 11111 151 OM 172 66466
70 TLI 92 LLLLL 150 EEEEE 173 IIVW
69 FFPPP 93 UWLL 149 WFIl 174 ALA
68 WFFF 94 *14 148 SS 175 FFAFF
67 SS666 95 LLVLL 147 1ILLL 176 SSm
66 WIILL 96 AAMSA 146 IIFW 177 WJM

165 TIL 97 WFW 145 AAAW 178 11NW
64 WFII 98 W 144 LLLL 179 144t11
63 WVLL -99 OM 143 SSSSS 0180 SAG
62 FF[LL 100 LUfLL 142 IM 181 MILL
61 116Ff 101 ALFF 141 LLGLL 182 WGA
60 MttM -102 EEIIM 140 66IAA 183 4ACC
59 WFYY 103 TTCW 139 TTVII 184 TTSAA
58 WAA 104 WILF -138 IILEE 185 A1AA
57 SSA 105 11F66 137 66666 186 PPPPP
56 10QLL 106 ASGG 136 CCA66 187 PPPPP
55 1L1ttl 107 SSVFF 135 LLVLL 188 IIFLM

$54 lHYSS 108 WFM 134 SSTTT 189 FFFAV
53 YYFFF 109 IIPST 133 W6 190 66666
52 WIAQ0 110 SSiT 132 11LFF 191 OM
51 WM I111 IVFIL_ 131 WFFF_ 192 SSSSS

27 IIEW 28 FFFPP 50 RRVPP 112 WJYY 130 66666 193 RRRRR
26 SSEYY 29 TTYFF 49 PPPEE 113 tNTT 129 EEEEE 194 YYFYY
25 SSEFF 30 YYLSS 48 114 OOSSS 128 LLLLL 195 W1111
24 00SNN 31 TTFNN 47 IILL 115 WCLL 127 WVAN 196 PPPPP
23 TrnPP 32 NN4KA 46 HHKYY 116 SYNNH 126 CCCCC 197 HHEEE
22 SSK66 33 SM 45 YYYYY 117 66666 125 MG66 198 66666
21 DDREE 34 11166 44 N1400 118 YYYYY 124 PPHTT 199 LLLL1
20 EEIIU 35 SSSW 43 PPPPP 119 FFFFF 123 HHRPP 200 KKQQQ
19 YY GG 36 11Sw 42 6G6YA 120 VW 122 66666 201 TTCCC
18 SS N1 37 RRVRR 41 EEDEE 121 LLFFF 202 SSSSS
17 DD0 t 38 666SS 40 FFUFF 203 CCCCC
16 g0 39 PPPPP 204 66666
15 PP 205 PPPII
14 NH
13 RR I Itl
12 66 2 AA
1I M 3 00
10 LL 4 00
9 RR SUW
8 0Q 7 LL 6 SS

340 KKK66 367 N
339 KK6CC 341 WAKK 366 P

255 EEEEE 256 SSSSS 338 66CCC 342 DDMt 365 6
254 KKQQQ 257 EEMA 337 FFVIL 343 DDTPP 364 A
253 00000 258 SSTT 336 LINT 344 66DLL 363 PPOPP
252 Q0000 259 Tll 335 GOMK 345 SSEE6 362 SSTAA
251 KKAA 260 QQQQQ 334 LL1LV 346 EESDO 361 WSW
250 P 261 KKKKK 333 111tl 347 LLDDD 360 SSSQQ
249 IWA 262 332 CCCCC 348 SSTEE 359 SSVSS
248 AEE 263 EEEEE 331 NNA1N 349 SSCAA 358 WMT
247 RRKLK 264 KKRKK 330 RR0RR 350 ASSS 357 SSSEE
246 IILW 265 EEEEE 329 FFFFF 351 SSSAT 356 SSLM
245 ATT 266 WMP 328 00000 352 KKQTT 355 WEKK
244 LLRFF 267 n1sn1 327 RRKKK 353 TTKW 354 EETSS
243 WLLW__ 268 RRRRR_ 326 NNNNN
242 WLLL 269 IVttt1 325 fMf1
241 00000 270 WWVYV 324 FFFWI
240 LLTG6 271 VW11 323 WCII
239 YYYYY 272 WJII 322 YYM
238 CCSCC 273 Mt tt 321 11111
237 LLFFf 274 IWW 320 WIW
236 ttCFF 275 FLGII 319 PPPPP
235 11111 276 AASPA 318 NNNN
234 lILlV 0277 YFFFF 317 YYYYY

0233 ASSI! 278 CCCLL 316 lIllV
232 1LLUL 279 VFVII 315 TC7A
231 PPPPP 280 CCCCC 314 AAS
1230 ITJII 281 IM 313 SSSST
229 11111 282 6GWL *312 KKKKK
228 CCFFF 283 PPPPP 311 AM

*227 CCCWI 284 YYYYY 310 FfFFF
226 TTFW 0285 TAAAA @309 YFFFF
225 WIW 286 FfAS6 308 MA
224 IIFFF 287 FFFW 307 PPPPP
223 LLtL 288 306 LL111
222 WFYY 289 CCWFF 305 AAM
221 IWII 290 FFYYY 304 AAM1
220 MM 291 AM111 303 ItLFF
219 YYYff_ 292 AAVFF_ 302 LLRII
218 SSSSS 293 A4TT 301 PPLPP
217 OOEEE 294 "HHH 300 HHD66
216 WSNN 295 PPROG 299 FFLFF
215 661$ 296 6ONG6 298 AP6HD
214 PPWT 297 YYHSS
213 YYK6E
212 SSTPE
211 SS6KH
210 66VLP
209 SSm
208 FFYYY
207 WWYY

206 DDDDD

FIG. 1. A linearized structure of human red, green, and blue iodopsins (cone pigments) and human and bovine rhodopsins (rod pigments)
showing the distribution of the protein between the membrane bilayer and the aqueous compartment of the rod disk (cone invagination). The
interior of the disk (corresponds to the cell exterior in a cone) is at the bottom of the figure, together with the N-terminal residue of the opsin.
The single-letter code for amino acids is used for clarity. Aligned sequences are shown using the homology numbering based on red-green
iodopsins. To obtain the position in the rhodopsin sequence, subtract 16 (19 for the blue iodopsin). No skips are required for the alignment.
Membrane bilayer segments of 24 amino acids (36 A) are chosen on the basis of regions of hydrophobicity in the aligned sequences. Seven
segments are found, a result that agrees with more formal methods of choosing hydrophobic segments. It is assumed that these segments occur
as a-helices (numbered 1-7). The Lys-312, known to carry the retinylidene moiety as an iminium ion, is located in the middle of helix 7 and
is common to all known opsins. The second charged group common to 4 of the 5 opsins is Asp-99, which must be the counterion to the iminium
ion. The next most salient feature is the Glu-138 found in the rhodopsins. At the same level in both rhodopsins is His-227, which thus is a good
choice as the counterion (in protonated form) to Glu-138. In place of this ion pair, we find Glu-102 at a location appropriate for pairing (weakly)
with His-54. No counterion is found for the iminium ion in blue iodopsin. Amino acids with OH groups with an influence on the spectroscopic
properties of the rhodopsins are marked with a solid rectangle.

Glu-102 and His-54. The Glu-102-His-54 separation is be-
tween 7 and 9.5 A, depending on conformation. Although the
charge-charge separation is a bit large for an ion pair, the
choice of His-54 is validated by the occurrence of Lys at the

homologous positions in both Drosophila rhodopsins, even
though there is no identifiable intrabilayer counterion in the
latter. The partners in the ion pairs may fluctuate; certain
charged groups may not have partners. Given the angle of
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18° between the chromophore transition moment and the
bilayer plane (29), the retinylidene moiety should be located
not far from the amino acid side chains at positions 102, 138,
and 227.
The bilayer helices are numbered 1 to 7 from the N-

terminal end of the protein. By assuming that ion pairing
occurs in a hydrogen-bonded arrangement within the cavity
containing the retinylidene chain, we are able to orient
bilayer helices 3 and 5 and 1 and 2 with respect to one
another. Asp-99 must be directed in the general direction of
the chromophore since it is one helix turn above Glu-102. By
packing the helices around the 11-cis-retinylidene imine, we
arrive at the central bilayer region structure depicted in Fig.
2. The orientations of helices 1, 3, and 5 are different from
those chosen on the basis of hydrophobicity (16). The
arrangement in Fig. 2 is only approximate, arbitrarily coun-
terclockwise in helix order and schematic, since the overall
structure of rhodopsin is not known. Bacteriorhodopsin, for
which both fine and overall structural details are established
(30-33), and rhodopsin may be similar, but the similarity
hypothesis cannot be applied without further information in
view of the rather different functions of the two proteins.

Spectroscopic Parameters

Among the questions that must be addressed in terms of the
model are (i) the origin of the opsin shift and (ii) the origin of
the differences among iodopsins.
The model places groups and charges in specific locations

on the basis of which various types of interactions may be
estimated. Two serious difficulties stand in the way of an
exact calculation of electrostatic and other effects. First, the
amino acid side chains can exist in a number of different
local conformations that may interconvert by "single group
rotations" (34). The distances between charged groups then
cannot be exactly specified. Second, the dielectric constant
of the regions between the charges may vary in a complex
way from 2 to 78 (35-39). The electrostatic interaction
difference between the ground state and the excited state can
thus be estimated only roughly. The parameters used are
distances measured between charged atoms (NH') and the

FIG. 2. An approximate and schematic arrangement of the
critical groups in the central bilayer region of all of the iodopsins and
rhodopsins. Ion pairs in red-green iodopsins (His-54, Glu-102) and
rod rhodopsins (His-227, Glu-138) are used to orient the helices, the
net result being that the Glu and Asp carboxylate groups must be
located very close to the retinylidene moiety. The OH group of
Thr-230 is close to the cyclohexene double bond. Other OH groups
that differ in the red and green sequences are cited in the text and are

marked on the sequences in Fig. 1. The positions of the 83+, 85+,
263-, and 265- groups are shown schematically.

centers of complex groups (His/COO-), 0.5 as the excited
state charge, either 2 or 4 for the dielectric constant (de-
pending on proximity), and 10 in the case of His-54, for
which Ser-57 should influence the interaction. Charge-
charge interactions were calculated by Coulomb's law for
each pair of charges and the net stabilization (or destabili-
zation) was obtained for the ground and excited states.
Estimates for the model suggest that the stabilization of the
excited state (positive charge appearing near the Asp-99 and
Glu-138 in the rod) should be greater than the stabilization of
the ground state, 11-12 kcal/mol versus the 7.1 kcal/mol
found experimentally (1 cal = 4.18 J). These results are
consistent with the basic premises of the point-charge
model, albeit with a charge arrangement somewhat different
from that used in the model (8, 10).
The sensitivity of the rhodopsin (iodopsin) maximum to

microenvironment is borne out by a striking property of
retinylidene iminium systems: the shift of the absorption
maximum to longer wavelengths in the presence of excess
acid in solution. It is likely that the excess acid hydrogen
bonds to the anion associated with the positive ions and
diminishes ion pairing. Weaker ion pairing is equivalent to
deshielding the positive charges (40). The exact magnitude
for the "opsin shift" may be smaller than that just cited if the
6,7-bond proves to be s-trans as in the case of bacteriorho-
dopsin (refs. 10 and 41; cf. also refs. 42-44) but the 6-s-cis
form is currently favored for rhodopsin (45).
The spectroscopic shift between rod rhodopsins and red-

green iodopsins is here accounted for by the same mecha-
nism, but with a negative charge (Glu-102) closer to the
chromophore and a counterion that is farther away. A shift
of 16 kcal/mol is estimated (5-6 kcal/mol more than that for
the rod). The average of the measured red and green shifts is
13 kcal/mol. We ascribe the difference between red (565 nm)
and green (535 nm) iodopsins to hydroxyl groups in the
immediate vicinity (± 1 helix turn) of the retinylidene group.
Hydroxyl groups at the cyclohexene end of the chromo-
phoric moiety raise the transition energy (positive hydrogen
closer to the region in which positive charge appears in the
excited state), while those at the iminium should lower the
transition energy (net stabilization of the excited state in
a,/3-conjugated systems). Thr-230, Ser-233 (green), and Ser-
180 (red) destabilize the excited state (positive end of OH
dipole hydrogen-bonded to cyclohexene double bond; cf.
ref. 46). Thr-65, Tyr-277, Thr-285, and Tyr-309 (red) can
stabilize the excited state more than the ground state by
providing a polar environment for the iminium end of the
chromophore. It is striking that essentially all of the differ-
ences between red and green iodopsins with respect to
hydroxyl-bearing amino acids occur within the local interac-
tion region of the retinylidene group. (See the dot-marked
amino acids in Fig. 1.) Serine, threonine, and cysteine may
also stabilize hydrophobic a-helices (47); there are 26 such
groups in the iodopsin bilayer helices and 15 in the rhodopsin
bilayer helices. The sequence of the second red iodopsin
implied by the genetics of color matching (48, 49) would be
of great interest in connection with the present analysis.

Surprisingly, there is no counterion (no negative charge)
for the blue iodopsin iminium ion within the bilayer. The
absorption maximum for blue iodopsin (440 nm) corresponds
to that of a retinylidene iminium ion without charge stabili-
zation (no opsin shift). The 6,7-conformation is not known.
In the Drosophila rhodopsins, we estimate that the charges
[Asp-99, Lys-54, and Lys-172 (alignment number)] will
cause an opsin shift to 480 nm, not far from the value of 470
nm reported for rhol16 (50).

Linear dichroism measurements have suggested that an

indole moiety of a tryptophan residue rotates as the retinyl-
idene group reorients (51). Our model suggests that either
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Trp-142 (helix 3) or Trp-177 (helix 4) should be near the
cyclohexene ring of the retinylidene group.

Consequences of Rhodopsin/lodopsin Photoisomerization

The cis-trans isomerization in the rhodopsin S1 state occurs
within a restricted volume to yield bathorhodopsin, the close
contact between the chiral protein and the retinylidene group
being shown by circular dichroism (52). Taking into account
the direction of the seventh a-helix, an extended conforma-
tion for the Lys-312, the transition dipoles for light absorp-
tion of rhodopsin (=18° from the bilayer plane) and batho-
rhodopsin (00 from the plane), and the normal photoisom-
erization exhibited by a C9_11 restricted rhodopsin (53), we
arrive at the formulation shown in Fig. 3. The initial photo-
isomerization product is tentatively labeled photorhodopsin,
already noted as an intermediate that decays rapidly to
bathorhodopsin. The increase in the length of the conjugated
system is compensated by the decrease in lysine side-chain
extension. The motion (Fig. 3) close to the bicycle pedal
scheme (54, 55) is less related to a concerted twist (56, 57).
In our model, the iminium nitrogen would be located at a

position between helices 1 and 7 and at a level one helix turn
below the position at which Lys-312 joins helix 7. The
iminium nitrogen would move =4.5 A toward the cytoplas-
mic surface of the bilayer to a position closer to helix 1 and
at the level at which Lys-312 joins helix 7. The occurrence of
normal photoisomerization in the same C9_11 restricted
rhodopsin alluded to above has been interpreted as suggest-
ing a pathway different from that of natural rhodopsin (58).
We now take note of the genetically homologous positive

charges (Arg-85 and Lys-83) in the connecting link between
helices 1 and 2 and the negative charges (Glu-263 and
Glu-265) in the link between helices 5 and 6. Other G-protein
receptors, human and hamster,82-adrenergic receptors (Lys-
60, Arg-63) (59, 60) and muscarinic acetylcholine receptor
(Lys-51, Lys-57) (61) have considerable homology with
bovine opsin (62) and have charged groups in the helix
1-helix 2 cytoplasmic loop. Functional homology seems to
be more important than sequence homology in the case of
the nicotinic acetylcholine receptor (63) so we may infer that
such charge centers may be involved in the biochemical
function of rhodopsin-i.e., in the interaction ofRX with the
G-protein a-transducin. We believe that catalytically inac-
tive rhodopsin and iodopsin have a conformation in which
the 83,85-(+ )-pair interacts with the 263,265-( - )-pair. The

PHOTORHODOPSIN

RHODOPSIN

CHI t
-HELIX

7

INTRADISC
SURFACE

FIG. 3. A representation of the geometric change that occurs on

the photoisomerization of rhodopsin to photorhodopsin. Photorho-
dopsin forms bathorhodopsin within 40 ps. Given the stereochem-
istry of the a-helix and an extended lysine side chain, the iminium
ion will be found -1 helix turn below the point at which the lysine
side chain is attached to the helix. A bicycle pedal (see refs. 54 and
55) isomerization between C12 of the retinylidene chain and the
penultimate carbon of the lysine in the S, state converts the
cis-C11112 double bond to a trans double bond in the ground state
photorhodopsin, which forms by radiationless internal conversion.
The iminium ion is moved up -4.5 A to a position on the same level
as the Lys-312. The lower part of the figure is on the side of the
intradiscal surface (exterior of a cone cell).

fact that charge-preserving lysine modifications and 88%
lysine acetylation do not interfere with G-protein activation
(64) implies that (i) arginine is the key charged group and/or
(ii) an acetamido group can interact strongly enough to
maintain the pathway. The amino acid side chains found in
the 20 A separating the iminium ion from the cytoplasmic
surface (the upper side in Fig. 1) are highly nonpolar
(dielectric constant, -2). A change of almost 4 kcal/mol in
the interaction energy for the iminium ion with the 85-263
ion pair at the bilayer "surface" could be expected, corre-
sponding to a possible change of a factor of 1000 in stability
of the initial conformation of rhodopsin. The photoisomeri-
zation can then be regarded as the operational mechanism
for a "photoswitch."

Since the iminium ion is the only charge that moves within
the bilayer in the blue iodopsin, its role in initiating the
conformational changes that eventually produce catalyti-
cally active rhodopsin would seem to be essential. Although
direct electrostatic interaction is an obvious consequence of
the isomerization, other changes mediated through the helix
may also contribute to the operation of the opsin photo-
switch. The fact of photoregeneration of rhodopsin from
intermediates such as metarhodopsin (1) suggests that the
conformational changes are limited in extent and closely
linked to the geometric arrangement of the chromophore.
With a specific structure for rhodopsins (and iodopsins) in

hand and a physical picture for the photoswitch, we suggest
that metarhodopsin II might associate with transducin to
catalyze the removal of GDP. The assumption of a common
mechanism in all rhodopsins and iodopsins has been con-
firmed (65, 66), although cone transducin is different from
that in the rod (67). Positive pairs can be found on the helix
1-helix 2 link on the cytoplasmic side in all opsins and other
G-protein receptors. A pair of negatively charged groups
(Glu-263 and Glu-265) within the connecting link between
helices 5 and 6 could serve as counterions to positions 83 and
85. Their interaction would draw the connecting links to-
gether. A close association of T. unit of T with RX must
exist on the basis of the inhibition of activity on blocking one
of the Ta-thiol groups (68).

Absorption of a photon and operation of the photoswitch
would lead to a change in the stability of the 85,265 pair,
effectively freeing the 83,85-positive pair for interaction with
the negative charges of the GDP with the T-GDP complex.
Direct contact between the effector metarhodopsin II and
the GDP binding site may not be necessary (7). The activity
of acetylated rhodopsin in G-protein activation (64) might
depend on the partial positive charge on the nitrogen of the
NHCOCH3 group. A detailed scheme will be given else-
where.

Conclusions

Genetic homology, detailed knowledge about the photophy-
sics and chemistry of rhodopsin, and chemical logic have
been combined to yield a fairly detailed picture of certain
aspects of rhodopsin action. The occurrence of genes ho-
mologous to the opsin gene in a wide variety of species
(Archeobacteria, algae, invertebrates, vertebrates) (69) and
the importance of G-protein receptors [ref. 62; muscarinic
acetylcholine receptor (61), f2-adrenergic receptor (59, 60),
olfactory receptor (70)] emphasizes the significance of the
structure and function of these molecular systems to molec-
ular neurobiology.

The sequence data for the iodopsins were generously supplied in
advance of publication by Prof. J. Nathans (Department of Bio-
chemistry, Stanford University School of Medicine, Stanford, CA).
I am grateful to Prof. Paul A. Hargrave (Department of Ophthal-
mology, School of Medicine, University of Florida, Gainesville)
who gave detailed advice and criticism on many points, and for
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helpful comments from Prof. K. Yoshizawa and Dr. Y. Shichida,
Biophysics Department, Kyoto University, Kyoto, Japan.
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