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Abstract: Continued application of the model of a confined, tethered chromophore of rhodopsin employed earlier for the primary 
process of vision has led to a detailed mechanistic explanation for the thermal and photochemical processes of all intermediates 
in the visual cycle. In addition to the H.T.-n process, another volume-conserving process (B.P.-m,n) has been introduced for 
ground-state conformational changes in a confined medium. Specific molecular structures have been proposed for lumirhodopsin 
and metarhodopsin I and II. Explanations for the different chemical behaviors of the metarhodopsin intermediates of vertebrates 
and invertebrates and the primary process of retinochrome are offered. 

Through bioorganic reasoning and photochemical mechanistic 
considerations, Liu and Asato recently proposed a new mechanism 
for the photoisomerization of confined, tethered polyenes.2 They 
showed that the mechanism, which involves a concerted twist of 
two adjacent C-C bonds in a polyene system (known as H.T.-n: 
hula twist at center «; for details see drawings in previous pub
lications2"4 or Figure 2B), when applied to the primary process 
of vision led to the all-trans, 10-s-cis structure of the chromophore 
of bathorhodopsin, the primary photoproduct in the visual cycle. 
However, the subsequent dark intermediates in the visual cycle 
also suffer from the same difficulty as in the case of the primary 
photoproduct, bathorhodopsin, in that none of their specific 
molecular structures (conformational as well as configurational) 
have been characterized. In this paper we have extended the same 
thought processes expounded in the earlier papers on the photo
isomerization process2"4 to account for the dark reactions in the 
visual cycle. In the process, an explanation for the different 
chemical properties of the visual pigments of vertebrates and 
invertebrates and the unique photochemical behavior of retino
chrome in octopus emerged. 

Visual Cycles (Background) 
The visual pigments5 of vertebrates (e.g., Mammalia) and 

invertebrates (e.g., Cephalopod and Insecta) contain the identical 
11-ci's-retinyl chromophore.5 However, their visual cycles,6'7 

typified by the steps outlined in Figure 1, are not the same. Both 
cycles are initiated by light, giving a red-shifted primary product, 
bathorhodopsin, followed by its conversion to the dark interme
diates lumirhodopsin and metarhodopsin I. However, in verte
brates, the initially formed meta-I is unstable, leading to eventual 
dissociation of the pigment, while the invertebrate metarhodopsin 
is stable under physiological conditions. There are differences 
in the secondary photochemical processes of the intermediates. 
While the bathorhodopsins (B) and lumirhodopsins (L) revert in 
both cases to the corresponding rhodopsin, only the invertebrate 
metarhodopsin reverts completely back to rhodopsin. Regeneration 
of the 11-cis geometry of the chromophore for the two systems 
is also different. For the invertebrates, since the chromophore 
is never detached from the protein, regeneration involves a slow 
spontaneous reaction of its metarhodopsin. For vertebrates, the 

(1) Part 3: ref 4. 
(2) Liu, R. S. H.; Asato, A. E. Proc. Natl. Acad. Sci. U.S.A. 1985, 82, 

259-263. 
(3) Liu, R.!,. H.; Mead, D.; Asato, A. E. J. Am. Chem. Soc. 1985, 107, 

6609-6614. 
(4) Liu, R. S. H.; Browne, D. Ace. Chem. Res. 1986, 19, 42-48. 
(5) See, e.g.: Shichi, H. Biochemistry of Vision; Academic: New York, 

1983. 
(6) Shichida, Y.; Yoshizawa, T. Methods Enzymol. 1982, 88, 333-354. 
(7) Hamdorf, K. Handbook of Sensory Physiology; Autrum, H., Ed.; 

Springer-Verlag: New York, 1979; Vol. VII/6A, pp 146-224. 

regeneration procedure is more complex, involving not only de
tachment of the chromophore but also reversible diffusion to the 
epithelial layer in the reduced ester form.8 These facts can be 
accounted for by a sequence of molecular mechanistic processes 
as elaborated below. 

Bathorhodopsin to Lumirhodopsin 

Lumirhodopsin is the first thermal intermediate from the 
primary photoproduct bathorhodopsin.9 Its photochemical be
havior is highly suggestive of its chromophoric structure. Many 
years ago it was reported10 that irradiation of L at -65 0C re
generated rhodopsin with concomitant formation of 9-cw-rhodopsin 
as a minor product.1' Being encapsulated by the protein, reactions 
of L continue to be limited by the restrictions of (1) limited space 
available for twisting of the polyene chromophore and (2) the 
chromophore being anchored at two ends through primary bonding 
with Lys-296 and secondary interaction of the trimethylcyclo-
hexenyl ring with the protein hydrophobic pocket. With the same 
reasons outlined for the primary process,2 it can be concluded that 
the photochemical behavior of lumi must also be H.T.-10 or l l . 2 

Since rhodopsin is regenerated, the chromophoric structure of L 
must be all-trans, 10-s-cis, i.e., the same as batho!2 Batho and lumi 
must then necessarily differ with respect to their protein envi
ronment. This is reasonable because the short period (~20 ps)12 

associated with the rapid primary photochemical process is not 
sufficient for conformational equilibration of the protein side chains 
near the relocated chromophore.2 Therefore, bathorhodopsin must 
be a "medium-unrelaxed" species. Only after a few nanoseconds, 
when reorganization of the protein side chains plus compensatory 
minor conformational readjustment of the chromophore are al
lowed to take place, is the more stable lumirhodopsin obtained.13 

We note that a role for protein relaxation in visual processes was 
proposed by Hubbard et al. in 1959.10 However, because it was 
invoked at a time before the detection of bathorhodopsin, un
derstandably such changes were thought to have taken place during 
the lumi to the meta transition. 

(8) Bridges, C. D. B. In The Retinoids; Sporn, M. B., Roberts, A. B„ 
Goodman, D. S., Eds.; Academic: New York, 1984; Vol. 2, pp 125-176. 

(9) Hypsorhodopsin, earlier considered a possible primary photoproduct, 
has recently been shown to be a two-photon product: Matuoka, S.; Shichida, 
Y.; Yoshizawa, T. Biochim. Biophys. Acta 1984, 765, 38-42. Therefore, it 
is not included in the visual cycle. 

(10) Hubbard, R.; Brown, P. K.; Kropf, A. Nature (London) 1959, 183, 
442-446. 

(11) Yoshizawa, T.; WaId, G. Nature (London) 1963, 197, 1279-1286. 
(12) (a) Busch, G. E.; Applebury, M. L.; Lamola, A. A.; Rentzepis, P. M. 

Proc. Natl. Acad. Sci. U.S.A. 1972, 69, 2802-2806. (b) Kobayashi, Y. FEBS 
Lett. 1979, 106, 313-316. 

(13) The earlier suggestion (ref 2) of the possible loss of the s-cis con
formation at the lumi stage is incompatible with the photochemical conversion 
of lumi to rhodopsin. 
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Figure 1. Visual cycles of vertebrate (bovine) and invertebrate (octopus) 
pigments.6,7 Subsequent to light absorption by the rhodopsin pigment 
(P), spontaneous transitions to bathorhodopsin (B), lumirhodopsin (L), 
and metarhodopsins (M-I, -II) are shown. Metarhodopsin-III is also 
known as pararhodopsin, which is believed to be that of random Schiff 
bases. In different invertebrates, metarhodopsin may exist in the acidic 
and/or the basic form (Ms, Mb).7 
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Figure 2. Three possible rotational processes in a five-carbon polyene 
fragment: (A) common one-bond rotational process; (B) hula-twist 
process (H.T.-n); (C) bicycle-pedaling process (B.P.-m,n). 

The blue-shift accompanying the B (543 nm) to L (500 nm) 
conversion must, therefore, be a consequence of altered protein 
perturbation of the chromophore, which should be substantial 
because of the considerable lateral displacement of the polyene 
chain during the photochemical process.2 This perturbation could 
be due to relocation of the counterion and/or the "second point 
charge".14 

Lumirhodopsin to Metarhodopsins: B.P.-m.n 
Metarhodopsin I (M-I) is still enclosed by the protein helices.15 

Therefore, reactions leading to or originating from it should 
continue to be controlled by protein-imposed restrictions: limited 
space and an anchored chromophore,2 regardless of possible minor 
readjustment of the tertiary structure of the protein. Of the three 
possible pathways for rotational isomerization (Figure 2) in order 
to remove the crowded s-cis conformation, the common one-bond 
rotational process (A) is prohibited on both counts of protein 
restriction. Both remaining processes are relatively volume 
conserving, and they involve minor reorientation of the termini 
as well.2 However, for the H.T.-« process (B) rotation of a formal 
single bond is accompanied by isomerization of a neighboring 
double bond,2 therefore forbidden for a ground-state reaction. On 
the other hand, the bicycle-pedaling process (C) involves si
multaneous rotation of two formal single bonds (a modified form 
of the Warshel bicycle-pedal model proposed for the primary 
photochemical process),16 which is allowed as a ground-state 
process. For clear labeling of the reaction centers in such a process, 
we propose the use of the term B.P.-m,/i (bicycle pedaling at bonds 
m and n). 

Results of application of B.P.-m,« processes to the molecular 
model of lumirhodopsin with an immobilized a-carbon of Lys-

(14) (a) Honig, B.; Dinur, U.; Nakanishi, K.; Balogh-Nair, V.; Gawinow-
icz, M. A.; Arnaboldi, M.; Motto, M. G. / . Am. Chem. Soc. 1979, 101, 
7084-7086. (b) Kakitani, H.; Kakitani, T.; Rodman, H.; Honig, B. Photo-
chem. Photobiol. 1985, 41, 471-479. 

(15) Abrahamson, W. E. Ace. Chem. Res. 1975, 8, 101-106. 
(16) Warshel, A. Nature (London) 1976, 260, 679-683. 

29617 and partially fixed cyclohexenyl ring2,18 are shown in Figure 
3. There are three successive steps of bicycle pedaling before 
the hindered s-cis conformation is transferred from the polyene 
chain to the butyl tether. The first B.P.-10,12 should be relatively 
fast because it involves rotation of two C-H bonds (C10-H and 
C11-H) out of the plane of the chromophore in a relatively open 
space in the middle of the seven trans membrane helices, which 
defines the binding site of opsin.2,19 However, the second 
B.P.-12,14 should be more sterically hindered because it involves 
the rotation of a bulkier methyl group bonded to C-13 in addition 
to the C14-H bond moving out of the plane of the chromophore. 
This in turn is followed by another rapid process of B.P.-14.16. 
Therefore, the detection of only two forms of metarhodopsin (M-I, 
M-II) is justifiable on kinetic grounds. The final B.P.-14,16 
process, while transferring the s-cis linkage to the butyl group, 
causes translocation of the iminium nitrogen, eventually giving 
an unprotonated imine in M-II. A likely consequence is the loss 
of much of the polar interactions of the nearby protein, leading 
to the suspected disruption of its tertiary structure.15 

Irradiation of meta-I at -65 °C was reported10 not to give 
rhodopsin.20 This chemical behavior, different from that of L,10 

is in agreement with the presence of a new chromophore structure 
in M-I. Meta-II is known to give a new pigment (photo-M) 
absorbing at 465 nm, which is stable at temperatures below -5 
0C.21 By the process of elimination, the 13-cis geometry was 
assigned.21 The change in regioselectivity of the photochemistry 
from isomerization at the central bonds of the chromophore in 
batho and lumi to the more terminal 13,14 bond in meta-II is in 
agreement with the current knowledge of the effect of the medium 
on the direction of photoisomerization of the a//-/ra/M-retinyl 
chromophore.17 For a free molecule, i.e., one without any protein 
restrictions, the major product is indeed expected to be the 13-cis 
isomer.2,22 

Invertebrate Visual Pigments: H.T.-12 

The principal difference between the vertebrate and the in
vertebrate metarhodopsin photocycles is probably the inability 
of the latter to undergo the volume-demanding B.P.-12,14 process, 
which can be viewed as a reflection of possible steric congestion 
in this region of the invertebrate binding site. In contrast, for the 
energetic photochemical process, the minor protein reorganization 
from batho to lumi and the facile lumi to meta process should 
not be very sensitive to the local protein structure; thus, the 
reactions between the early intermediates are unaffected in all 
cases. Indeed experimentally it is known that in invertebrates while 
meta-I can exist in either the acidic or the basic form23 (C, Figure 
3), there is no equivalent protein-enclosed meta-II. Recently, the 
protein sequence of the fruit fly (Drosophila) visual pigment has 
been identified.24 Its rhodopsin contains more polar amino acid 
residues in the portion of the protein comprising the binding site 

(17) Wang, J. K.; McDowell, J. H.; Hargrave, P. A. Biochemistry 1980, 
19, 5111-5117. 

(18) Liu, R. S. H.; Asato, A. E.; Denny, M.; Mead, D. J. Am. Chem. Soc. 
1984, 106, 8298-8300. 

(19) Hargrave, P. A.; McDowell, J. H.; Curtis, D. R.; Wang, J. K.; 
Juszczak, E.; Fong, S.-L.; Rao, J. K. M.; Argos, P. Biophys. Struct. Mech. 
1983, 9, 235-244. 

(20) At room temperature, the photochemistry of meta-1 is quite complex: 
Baker, B. N.; Williams, T. P. Vision Res. 1971, 11, 449-458. 

(21) Matthews, R. G.; Hubbard, R.; Brown, P. K.; WaId, G. J. Gen. 
Physiol. 1963, 47, 215-240. 

(22) (a) Liu, R. S. H.; Asato, A. E.; Denny, M. J. Am. Chem. Soc. 1983, 
105, 4829-4830. (b) Liu, R. S. H.; Asato, A. E. Tetrahedron 1984, 40, 
1931-1969. 

(23) (a) OTousa, J. E.; Baehr, W.; Martin, R. L.; Hirsh, J.; Pak, W. L.; 
Applebury, M. L. Cell (Cambridge, Mass.) 1985, 40, 839-850. (b) Zuker, 
C. S.; Cowman, A. F.; Rubin, G. M. Cell (Cambridge, Mass.) 1985, 40, 
851-858. 

(24) We are grateful for the suggestion of a reviewer that the different 
photochemical properties of the acidic and basic metarhodopsins suggest that 
the invertebrate pigment intermediates are more complex than indicated in 
Figure 1: Naito, T.; Nashima-Hayama, K.; Ohtsu, K.; Kito, Y. Vision Res. 
1981, 21, 935-941. In this paper we believe the use of the simplified scheme 
is justified because the major point of mechanistic concern here is the absence 
of a protein disrupted meta-II and subsequent intermediates in invertebrates. 
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V h-=£ V 3 B.P.-14,16 

Figure 3. Molecular processes of the dark intermediates in the visual cycle as revealed by an anchored, tethered molecular model. Lumirhodopsin 
(A; 10-s-cis) is anchored at the a-carbon (taped to the surface) and the trimethylcyclohexenyl ring (passed through a fixed cylinder).34 The B.P.-10,12 
process produces the 12-s-cis structure B that is believed to be that of metarhodopsin-I. The slow B.P.-12,14 process is followed by a rapid B.P.-14,16 
process. Thus, B effectively "skips" the 14-s-cis structure C and proceeds to the 16-s-cis structure. The latter, after the loss of the iminium proton 
and the disruption of the tertiary protein structure, is metarhodopsin II. Application of the H.T.-12 process to structure B regenerates rhodopsin (E). 

than those of the vertebrates.19,25 This structural difference could 
be the origin of the compactness of the binding site of the in
vertebrates. 

Irradiation of the restricted 12-s-cis,all-trans chromophore (B) 
should again result in a H.T.-M process.2 The location of the s-cis 
linkage limits the centers of reaction to carbon-12 or -13. How
ever, H.T.-13 would require relocation of a bulkier methyl group. 
Hence, H.T.-12 is expected to be competitively favored, giving 
the observed7 1 l-cis,12-s-trans structure (Figure 3E), the stable 
form of rhodopsin. 

The conclusions derived from deductive reasonings presented 
above and earlier2 allow us to describe the visual cycle for ver
tebrates (Figure 2) in more structural details as shown in Figure 
4. 

It is interesting to note that the invertebrate visual cycle exhibits 
features remarkably similar to that of bacteriorhodopsin (BR).5 

Recently, a similar mechanistic proposal was also introduced for 
the latter.3'4 A major difference is the absence of the proton-
pumping phenomenon in the invertebrate visual process, which 
could be due to a lack of involvement of its charged centers in 
the B.P.-10,12 process as opposed to the B.P.-14J6 process in BR.3 

Retinochrome: H.T.-12 
Retinochrome is a minor retinal-protein complex common in 

the Cephalopod. It has the unique photochemical property of being 
able to convert the all-trans chromophore to the hindered 11-cis 
geometry;26 thus, photochemically it is similar to the invertebrate 
metarhodopsin. Interestingly, its chromophore is known to be 
capable of exchanging with any excess unbound retinal. Therefore, 
effectively, retinochrome can function as a photocatalyst to convert 
all-trans-retina.1 to its hindered 11-cis isomer. This has been 
demonstrated by Hara and Hara during irradiation of retinal (pure 
all-trans or mixed with unhindered 9-cis and 13-cis isomers) in 

(25) (a) Nathans, J.; Hogness, D. S. Cell (Cambridge, Mass.) 1983, 34, 
807-814. (b) Nathans, J.; Hogness, D. S. Proc. Natl. Acad. Sci. U.S.A. 1984, 
81, 4851-4855. 

(26) Hara, T.; Hara, R. Methods Enzymol. 1982, 81, 827-833. 
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Figure 4. Chromophoric structures of the intermediates in the vertebrate 
visual cycle. For an invertebrate system, the process is terminated at 
metarhodopsin I (Figure 1). The arrows near the structures show the 
directions of secondary photochemical reactions. The chromophore is 
anchored at the two ends as indicated by the two circumscribing circles. 
At the meta-II stage and those after, such protein restrictions are no 
longer present. 

the presence of catalytic amounts of retinochrome with orange 
light.27 

On the basis of the above discussion we speculate that this 
photocatalytic property is a result of the presence of the 12-s-
cis,all-trans conformation in the chromophore of retinochrome. 

(27) (a) Hara, T.; Hara, R. Nature (London) 1973, 242, 38-43. (b) 
Ozaki, K.; Hara, R.; Hara, T.; Kakitani, T. Biophys. J. 1983, 44, 127-137. 
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As stated above, such a geometry when confined in the cavity of 
the binding site should preferentially undergo the H.T.-12 process, 
giving the 11-cis isomer. Presently, there is no direct evidence 
on the existence of such a conformation in retinochrome. However, 
in the Diels-Alder reaction, it is common knowledge that all-
trans-vitamin A reacts selectively in the 12-s-cis form.28 A similar 
selective reaction of aporetinochrome with all-trans-relinal would 
indeed lead to the proposed structure. 

Concluding Remarks 
On the basis of the above discussion and that presented pre

viously,2 it is apparent that all chemical transformations of the 
chromophores of vertebrate and invertebrate visual pigments 

(28) Robeson, C. D.; Calley, J. D.; Yeisler, J.; Stern, M. S.; Eddinger, C. 
C; Chechak, N. A. J. /. Am. Chem. Soc. 1955, 77, 4111-4119. 

The applicability of the concept of allostery1 to the ligand 
binding in hemoglobin (Hb) has been proven, to a first approx
imation, by a number of experimental data, particularly structural 
studies by X-ray crystallography2 and nuclear magnetic resonance 
(NMR) spectroscopy.3 However, detailed understanding of the 
control mechanism of ligand affinity in Hb may well be achieved 
only by analyzing the tertiary and quaternary structures and 
functional properties of the protein as a function of the degree 
of ligation. However, the physical and chemical characterizations 
of Hb species at intermediate states of ligation have been thus 
far elusive, owing to the difficulty in physically isolating such 
molecules. 

CoHb, in which ferrous porphyrin is replaced by cobaltous 
porphyrin, has been shown not only to possess homotropic and 
heterotropic behaviors similar to those of natural FeHb but also 
to acquire physical and chemical properties derived from the 
Co(II) ion.4 We had previously prepared symmetric Fe-Co 

(1) Monod, J.; Wyman, J.; Changeux, J. P. J. MoI. Biol. 1965, 12, 88. 
(2) (a) Perutz, M. F. Br. Med. Bull. 1976, 32, 195. (b) Perutz, M. F. 

Amu. Rev. Biochem. 1979, 48, 327. 
(3) (a) Ho, C; Fung, L. W.-M; Weichelman, K. J.; Pifat, G.; Johnson, 

M. E. In Erythrocyte Structure and Function; Brewer, G. J., Ed.; Liss: New 
York, 1975; pp 43-64. (b) Shulman, R. G.; Hopfield, J. J.; Ogawa, S. Q. Rev. 
Biophys. 1975, 8, 325. 

during the visual processes can be described by combinations of 
H.T.-H and B.P.-m,« processes. Not only has a complete rational 
picture linking many known but seemingly unrelated experimental 
results emerged but also the processes have led to proposals of 
molecular structures for all intermediates in the visual cycle. 

We also wish to emphasize that these thoughts should be viewed 
as tentative proposals derived from bioorganic mechanistic rea
soning assisted by the use of molecular models. It is hoped that 
the specifics of the conclusions will stimulate future definitive 
experimental or theoretical investigations in this area. Also, the 
current and related approaches2"4 emphasize the role of the protein, 
which clearly is a factor that cannot and should not be overlooked 
in the design of future corroborative experiments. 
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hybrid Hbs such as a(Co)2/3(Fe)2 and a(Fe)2/3(Co)2. Under an 
anaerobic carbon monoxide (CO) atmosphere, only the ferrous 
subunits in these molecules are ligated, but the cobaltous subunits 
remain unligated.4b Thus, it was possible to isolate the diligated 
species a(Co)2|3(Fe-CO)2 and a(Fe-CO)2/3(Co)2 and to charac
terize them by various spectroscopic, thermodynamic, and kinetic 
techniques.5 Recently, a cross-linking technique6 was utilized 
to prepare asymmetric valency hybrid FeHbs.7 We have applied 
this approach in the preparation of asymmetric Fe-Co hybrid Hbs 
containing three cobaltous porphyrins and one ferrous porphyrin. 
The reagent bis(3,5-dibromosalicyl) fumarate links the two /3 
subunits (Lys-|3182-Lys-/3282) across the 2,3-diphosphoglycerate 
binding site.6 Cross-linking between symmetric Fe-Co hybrid 
HbA and Co-substituted tetrameric HbC (/36 Glu-»Lys) enables 

(4) (a) Hoffman, B. M.; Petering, D. H. Proc. Natl. Acad. Sci. U.S.A. 
1970, 67, 637. (b) Yonetani, T.; Yamamoto, H.; Woodrow, G. V., Ill /. Biol. 
Chem. 1974, 249, 682. 

(5) (a) Ikeda-Saito, M.; Yamamoto, H.; Yonetani, T. J. Biol. Chem. 1977, 
252, 8639. (b) Ikeda-Saito, M.; Yonetani, T. J. MoI. Biol. 1980, 38, 845. (c) 
Inubushi, T.; Yonetani, T. Biochemistry 1983, 22, 1894. (d) Inubushi, T.; 
Ikeda-Saito, M.; Yonetani, T. Ibid. 1983, 22, 2904. (e) Hofrichter, J.; Henry, 
E. R.; Sommer, J. H.; Ikeda-Saito, M.; Yonetani, T.; Eaton, W. A. Ibid. 1985, 
24, 2667. 

(6) Walder, J. A.; Walder, R. Y.; Arnone, A. J. MoI. Biol. 1980,141, 195. 
(7) Miura, S.; Ho, C. Biochemistry 1982, 24, 6280. 

NMR Studies of Monoliganded Fe-Co Hybrid Hemoglobins: 
Their Quaternary Structure and Proximal Histidine 
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Abstract: Tricobalt-substituted Fe-Co hybrid hemoglobins have been synthesized by cross-linking symmetric Fe-Co hybrid 
HbA and Co-substituted mutant HbC (06 Glu-*Lys) with bis(3,5-dibromosalicyl) fumarate. Carbon monoxy derivatives 
of these molecules can serve as important models of monoliganded hemoglobins, the intermediate species produced in the first 
step of oxygen binding to hemoglobin. Acceptance of the first ligand in an a subunit gave essentially no change in the proximal 
histidine coordination in the remaining deoxy subunits and a small alteration of deoxy quaternary structure. However, when 
the first ligand was bound to a 0 subunit, significant change in the proximal histidine coordination and complete elimination 
of one hydrogen bond in the deoxy quaternary structure occurred. Such substantial differences in the structures of the two 
monoliganded hemoglobins obtained by NMR allow us to postulate the possible course of oxygen binding. Also, the observation 
of asynchronous decreases in the intensities of so-called "T-state" markers and the absence of concomitant increases in the 
so-called "R-state" marker indicate the existence of more than two quaternary structures for Hb and contradict the two-state 
allosteric theory. 
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