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Photoenergetics of octopus rhodopsin

Convergent evolution of biological photon counters?
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Abstract. The enthalpy changes associated with each
of the major steps in the photoconversion of octopus
rhodopsin have been measured by direct photo-
calorimetry. Formation of the primary photoproduct
(bathorhodopsin) involves energy uptake of about
130 kJ/mol, corresponding to storage of over 50% of
the exciting photon energy, and is comparable to the
energy * storage previously observed in bovine
rhodopsin. Subsequent intermediates involve the
step-wise dissipation of this energy to give the
physiological end-product (acid metarhodopsin) at a
level only slightly above the parent rhodopsin. No
significant differences in energetics are observed
between rhodopsin in microvilli membrane suspen-
sions or detergent dispersions. Use of different
buffer systems in the calorimetric experiments
shows that conversion of rhodopsin to acid meta-
rhodopsin involves no light-induced protonation
change, whereas alkali metarhodopsin photoproduc-
tion occurs with the release of one proton per
molecule and an additional enthalpy increase of
about 50 kJ/mol. Van’t Hoff analysis of the effect of
temperature on the reversible metarhodopsin equi-
librium gives an enthalpy for the acid — alkali
transition consistent with this calorimetric result,
and the proton release is confirmed by direct obser-
vation of light-induced pH changes. Acid-base titra-
tion of metarhodopsin yields an apparent pK of 9.5
for this transition, though the pH profile deviates
slightly from ideal titration behaviour. We suggest
that a high energy primary photoproduct is an
obligatory feature of efficient biological photo-
detectors, as opposed to photon energy transducers.
and that the similarity at this stage between
cephalopod and vertebrate rhodopsins represents
either convergent evolution at the molecular level or
strong conservation of a crucial functional character-
istic.
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Introduction

Previous measurements of the light-induced energy
changes in vertebrate visual pigment rhodopsin have
highlighted various features of the primary photo-
reception process (Cooper and Converse 1976;
Cooper 1979a,b, 1981, 1982). Particularly inter-
esting was the unexpectedly high energy of the first
photoproduct (bathorhodopsin) of bovine rhodop-
sin, corresponding to an energy storage of some
145 kJ/mol (35 kcal/mol), or more than 60% of the
exciting photon energy (Cooper 1979b). This initial-
ly surprising result has since been confirmed by
other techniques (Boucher and Leblanc 1985; R. R.
Birge, personal communication), and reconciled
theoretically (Birge and Hubbard 1980: Warshel and
Barboy 1982), but contrasts sharply with the rela-
tively low primary energy storage in the super-
ficially similar, light-energy transducing system,
bacteriorhodopsin (Birge and Cooper 1983). With
hindsight, however, such high energy storage can be
seen to convey distinct advantages to any photon
detection system by providing a fast and efficient
light-activated process whilst, at the same time, sup-
pressing the thermally activated noise (Cooper
1979b, 1981). Consequently, it is of interest to see
whether this, and other features of the bleaching
energetics, are common to the primary photorecep-
tor macromolecules of other unrelated, or distantly
related species. We report here on direct measure-
ments of light-induced processes in octopus rhodopsin
under various conditions, together with related
observations on proton ionization and temperature
effects.

The basic chemistry and photochemistry of visual
pigments have been reviewed by Knowles and Dart-
nall (1977) and Fein and Szuts (1982). Cephalopod
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rhodopsins, like their vertebrate counterparts, are
membrane-bound proteins containing the 11-cis
retinal chromophore covalently linked via a Schiff
base to a lysine side chain. During the photoreac-
tion, and probably very early on, this polyene
chromophore isomerizes to an all-trans configura-
tion, and the process involves a series of spectrally
distinct intermediates which can be stabilized at low
temperatures (Tsuda etal. 1980) or detected by
rapid kinetic techniques (Tsuda 1979). In the case of
octopus rhodopsin (absorbance max. 472 nm) irra-
diation with visible light initiates rapid formation of
a red-shifted intermediate (bathorhodopsin, ca.
540 nm). This is stable in the dark at liquid nitrogen
temperature but, on warming above — 170 °C, the
spectrum shifts to lumirhodopsin (ca. 485 nm).
Further warming above —30°C produces acid
metarhodopsin (514 nm), which is the final photo-
product under physiological conditions. This last
step may involve another intermediate, meso-
rhodopsin, spectrally similar to lumirhodopsin and
appearing above about —100°C (Tsuda 1979;
Kusumi et al. 1983). Acid metarhodopsin is revers-
ibly transformed to alkali metarhodopsin (376 nm)
at high pH. These later stages of the photoprocess
are markedly different from the vertebrate system
where, at the analogous metarhodopsin stage, the
blue-shifted pigment (metall) is produced by
lowering the pH, and where, in addition in a series
of subsequent steps, spontaneous hydrolysis of the
Schiff base and release of the retinal moiety occurs.
No such hydrolysis occurs in the cephalopod sys-
tems, and the stable photoproduct (acid meta)
readily reverts to the original rhodopsin on irradia-
tion at the appropriate wavelength. This photo-
reversal probably contributes to physiological pig-
ment regeneration in vivo (Hamdorf 1979).

Materials and methods

Dark-adapted microvilli membranes, isolated in
Sapporo from freshly obtained eyes of the edible
octopus (species: Paroctopus defleini, local name:
Mizudako) by the method of Tsuda (1979), were
frozen and shipped to Glasgow over solid carbon
dioxide where they were stored at —70 °C until use.
Samples for photocalorimetry were prepared by
sedimentation of the membranes at 38,000 g, 5°C,
washing and re-suspending in the appropriate aque-
ous buffer or detergent mixture. All manipulations
were in the dark or under dim red light, unless
otherwise specified, and samples for low-tempera-
ture studies also contained glycerol in proportion
2 : 1, by volume. Detergent-extracted rhodopsin solu-
tions were clarified by further centrifugation after

extraction. Buffer concentrations were normally
0.1M, with 0.3M NaCl added to maintain ionic
strength. Buffers used include: borate, phosphate,
Tris, ethylene diamine, imidazole and n-butylamine,
pH 7.0 or 9.5-10.2, as appropriate.

The sucrose lauryl ester detergent, L-1690, was a
kind gift of the Ryoto Co. Ltd. (Tokyo). All other
reagents were of analytical, or equivalent grade, and
glass-distilled water was used throughout.

Energy measurements were performed in the
purpose-built photocalorimeter described previously
(Cooper 1979b, 1982). Briefly, this consists of a sen-
sitive 1sothermal microcalorimeter, functional from
liquid nitrogen to ambient temperatures, equipped
with fibre-optics light guides for sample irradiation
by monochromatic light from a stabilized Xe-arc
source. The configuration is such that all light
entering the sample vessel is absorbed either by the
sample or by the container walls, so that the calo-
rimeter measures the energy of the incident light
plus any light-induced energy changes. The proce-
dure adopted here was to irradiate the sample
repeatedly with identical 2—4 min bursts of light
(usually 460 nm) and to integrate the total energy in
each pulse, until a photostationary state in the
sample was reached. Thus the later pulses give the
total irradiation energy which, by subtraction, allows
estimation of the photochemically related energy
changes in the earlier irradiation phases. In this way
each sample, after complete photoreaction, acts as
its own reference or control. This procedure differs
slightly from previous work (Cooper 1982) where
total irradiation energies were measured separately
or compensated by irradiation of an inert reference.
The present method was found to be more satisfac-
tory in this instance and eliminates possible uncer-
tainties due to mismatch of sample and reference
cells and fibre optics. The major source of calori-
metric error is baseline drift due to slow thermal
fluctuations, and the effect was minimised by careful
least-squares fitting of pre- and post-irradiation
baselines to a quadratic function. Calorimetric ex-
periments showing excessive baseline curvature or
displacement were rejected. After each experiment
the sample was withdrawn from the calorimeter,
warmed to room temperature, and the total extent of
photoreaction (as metarhodopsin) was estimated
spectrophotometrically  (Pye-Unicam  SP-1800).
Molar extinction coefficients at the appropriate
wavelengths were taken from Tsuda etal. (1982).
For measurements of spectral changes in membrane
suspensions, the sample cuvette was placed at the
secondary (scattering) cell position adjacent to the
face of the photomultiplier, and the reference cell
was oriented with the ground-glass faces in the light
path to compensate for scattering. Photoconversion



to the metarhodopsin stage was studied at 5° or
20 °C by immersing the calorimeter in a precision
circulating water bath.

Low-temperature data for formation of the
earlier photoproducts (batho- and lumirhodopsin,
—195° and — 115°C, respectively) were obtained
by suspension of the calorimetric unit over liquid
nitrogen in a stainless-steel dewar vessel, fitted with
an automatic cryogenic level controller (Edwards).
Some measurements were also attempted at about
—65°C as the calorimeter warmed up in this sys-
tem, in order to trap the meso-intermediate. Photo-
reversal in the calorimeter from batho- or acid
metarhodopsins was studied by first irradiating the
sample at 460 nm to generate the appropriate photo-
stationary state, followed by periodic irradiation/
energy integration at 550 nm (batho-) or 540 nm
(meta-), as described above.

The effects of pH and temperature on the
octopus metarhodopsin equilibrium were studied in
a Pye-Unicam SP-1800 spectrophotometer fitted
with a thermostatted cell compartment. Sample tem-
peratures were measured directly in the cuvette with
a calibrated thermocouple thermometer (Comark).

Light-induced pH changes in un-buffered octo-
pus rhodopsin membrane samples were observed
using a combination glass electrode and Radiometer
pH meter, connected to a sensitive linear recorder.
The samples were stirred in a transparent, thermo-
statted vessel and flushed with nitrogen or argon gas
throughout the experiment. Monochromatic light
from a stabilized 200 W Hg-Xe arc source fitted
with a calibrated variable interference filter (Oriel
Scientific Co.) was used for irradiation, and the
system was calibrated using standardised HCI or
NaOH solutions.

Results

By judicious choice of calorimetric temperature and
sample pH we have been able to halt the photolytic
sequence of octopus rhodopsin at each of the major
intermediate stages and measure the nett enthalpy
change in each case. All photoreactions in the
forward direction, starting from rhodopsin, are
clearly endothermic as exemplified in Fig. 1A, C i.e.
the initial irradiation steps give a lower integrated
calorimetric energy response compared to later irra-
diations of the photostationary state. (In most ex-
periments the photoreaction was essentially com-
plete within the first two irradiation periods.) In
contrast, photoreversal to the parent rhodopsin is
exothermic (Fig. 1 B,D). The relative enthalpies of
the different intermediates under various conditions
are given in Table 1, and compared to the equivalent
bovine intermediates in Fig. 2. By far the greatest
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Table 1. Calorimetric enthalpies of formation of octopus
rhodopsin photoproducts

Rhodopsin — Temperature A4H (S.D.) Condi-
[°C] [kJ/mol} tions

Bathorhodopsin ~195 130.5 (8.4) 2

Lumirhodopsin —115 53.3(5.2) a

Mesorhodopsin —65 ~ 18 (~10) a

Acid meta. 5 17.4 (7.8) b
5-20 19.6 (7.0) ¢

Alkali meta. 5-20 68.9 (4.1) d

2 10% detergent, 0.1 M phosphate, pH 7; 2: 1 glycerol. 460 nm
irradiation

® 10% detergent, 0.1 M buffers, pH7. 0.3 M NaCl. 460 nm
irradiation

¢ Membrane suspension, 0.1 M buffers, pH7, 0.3 M NaCl
460 nm irradiation

4 Membrane suspension, 0.1M buffers, pH9.5-10.2, 0.3 M
NaCl. Corrected for buffer ionization. 540 nm irradiation
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Fig. 1A—D. Examples of photocalorimetric data showing
energy uptake on bleaching and release on photoreversal.
Each point is the integrated heat energy detected during suc-
cessive, identical 2 minute irradiations of an approprate
sample. A Rhodopsin — Acid metarhodopsin (at 20 °C,
460 nm); B Acid meta — Rhodopsin (5 °C, 540 nm); C Rho-
dopsin — Bathorhodopsin (—195°C, 460 nm); D Batho -
Rhodopsin (—195°C, 540 nm). Note the diffetent energy
scales indicated by the arrows. The amounts of rhodopsin
photoreacting 1n these examples were in the range 10-30
nmoles. The lines are intended solely to guide the eye

energy uptake occurs in the very first step of the
photoreaction (Table 1), and corresponds to storage
of just over 50% of the exciting photon energy at the
rhodopsin absorbance maximum. This stored energy
can be released by photoreversal at longer wave-
lengths (Fig. 1). Photoproduction of subsequent
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Fig. 2. Comparison of the relative enthalpy levels of the various octopus rhodopsin photoproducts with the equivalent bovine
intermediates (from Cooper 1981). Subscripts denote the approximate absorbance maxima (nm) of each species. (R = rhodopsin,

B = batho-, L = lumi-, M = meta-)

intermediates involves significantly smaller enthalpy
changes (Table 1, Fig. 2). Accurate measurements of
the meso-intermediate at about —65°C were
thwarted by poor temperature stability of the photo-
calorimeter in this region, but tentative indications
are that the enthalpy increase is indistinguishable
from that of acid metarhodopsin (i.e. about + 18 kJ/
mol). Photoreversal of acid metarhodopsin to the
parent rhodopsin by irradiation at 540 nm is exo-
thermic, and of magnitude compatible with true
reversibility (Fig. 1). No evidence for formation of
the 9-cis pigment, isorhodopsin, during calorimetric
irradiations was found and, in any case, this would
not be expected to markedly affect the energetic
measurements (Cooper 1979a). All energies quoted
are averages of a series of experiments performed
with both microvilli membranes and detergent
solubilized rhodopsin (L-1690, 10% w/v) under vari-
ous buffer conditions, and no significant variations
were observed. In particular, the enthalpies of acid
metarhodopsin formation were independent of the
particular buffer species employed (Fig. 3), indicat-
ing that no change in the state of protonation of the
system is involved in this step (Cooper and Converse
1976). In contrast, formation of alkali metarhodop-
sin at pH > 9 depended markedly on the heat of
ionization of the buffer species (Fig. 3). This arises
because, in a well-buffered system, any hydrogen
ions displaced in the process are taken up by the
buffer species with consequent secondary heat
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Fig. 3. Effect of differing buffer ionization heats (4H)) on the
observed enthalpies of acid or alkali metarhodopsin forma-
tion. Buffers used include: borate, phosphate, T¥is, ethylene
diamine, imidazole and n-butylamine, all at 0.1 M concentra-
tion, pH 7.0 or 9.5-10.2, as appropriate. The error bars indi-
cate standard deviations of a series of determinations in each
buffer system

effects, and the calorimeter detects the sum of these
heat effects. A plot of the observed apparent en-
thalpies of alkali metarhodopsin formation versus
heat of buffer ionization, taken from the tabulation
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Fig. 4. A pH titration of octopus acid/alkaline metarhodopsin
dispersed in 2% (w/v) L-1690, 80 mM Tris or borate buffer as
appropriate. The solid line gives the theoretical behaviour for
simple titration of a single acidic group with pK 9.5, whereas
the dashed line is the best fit to the data with nominal pro-
tonation stoichiometry of 0.79. B Van’t Hoff plot of the tem-
perature dependence of the octopus metarhodopsin equilib-
rium. K =[acid meta}/{alkali meta}
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Fig. 5. Tracings of light-induced pH effects on un-buffered
suspensions of octopus microvilli membranes in 0.4 M NaCl at
6 °C. The dashed lines are linear extrapolations of pre- and
post-illumination drift
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by Christensen etal. (1976), is linear (Fig. 3) with
gradient 0.91 (+/—0.09). This is consistent with the
release of one proton per rhodopsin molecule during
photoconversion at high pH. Extrapolation to zero
buffer ionization heat gives + 68 (+/—4) kJ/mol for
alkali metarhodopsin formation in the absence of
buffer effects.

The reversible acid/alkali metarhodopsin equi-
librium is both temperature and pH dependent —
high pH and high temperature both favouring alkali
metarhodopsin. The pH profile of the reaction,
observed at 20 °C on totally photoconverted octopus
rhodopsin dispersed in detergent buffer, is sigmoidal
with apparent pK 9.5 (Fig. 4A), and shows some
deviation from ideal titration behaviour (see discus-
sion). A Van’t Hoff plot of the effect of temperature
on this equilibrium, in 0.1 M borate buffer, is linear
(Fig. 4B) and gives a value of +56.5 (+/—3.5) kI/
mol for the acid — alkali metarhodopsin reaction,
after correction for the small temperature depen-
dence of the buffer pH, consistent with the calori-
metric enthalpy difference of about + 50 kJ/mol
(Table 1).

Direct observations of pH changes during il-
lumination (Fig. 5) show no change at low pH’s, but
a reproducible pH drop accompanying alkali meta-
rhodopsin formation at high pH, despite the appre-
ciable drift evident in these un-buffered samples.
Subsequent irradiations, after total photoconversion
of the rhodopsin, showed no such effects. The aver-
age proton release, from a series of determinations,
is 1.08 (+/—0.16) protons/thodopsin under these
conditions.

Discussion

Cephalopods are molluscs, very remote from verte-
brates in evolutionary terms. But despite this wide
phylogenetic separation, their visual systems display
striking convergence at the anatomical level (Packard
1966, 1972; Wells 1983) which may extend to the
biochemical level, bearing in mind the broad simi-
larities in the chemistry and photolytic sequences of
cephalopod and vertebrate rhodopsins (Knowles
and Dartnall 1977). Photoproducts of cephalopod
rhodopsins are, in addition, capable of activating
bovine photoreceptor phosphodiesterase and GTP-
binding protein (Ebrey etal. 1980; Saibil and
Michel-Villaz 1984). This basic similarity is now
seen to extend also to the molecular energetics of the
primary photoprocess (Fig.2). In particular, the
relatively high energy of octopus bathorhodopsin
parallels our previous observations on the similar
process in bovine rhodopsin (Cooper 1979b), and
suggests that photon energy storage in the primary
photoreaction is a common, if not obligatory feature



200

of all rhodopsins. One can easily see why this might
be the case. In visual photoreceptors, as in all
photon detectors, a primary requirement is opti-
misation of signal-to-noise ratio. If, as is generally
believed, the very first step in photoreception in-
volves rapid cis-trans photoisomerization of the
retinyl moiety, via the singlet excited state, to give
the meta-stable bathorhodopsin intermediate, then
any thermal (dark) isomerization would give rise to
spurious signals and thermal noise (Ashmore and
Falk 1977). Now, for free retinal in organic solvents
the relative energies of the cis-trans isomers are
quite similar, and the kinetic activation barriers are
sufficiently small that thermal isomerizations are
rapid at physiological temperatures (Hubbard et al.
1965) and would lead to severe background noise
problems in the retina. In typical laboratory devices,
such as photomultiplier tubes, one would normally
attempt to suppress this ‘dark current’ by cooling to
low temperatures. But this course of action is clearly
not convenient in a biological situation, and it would
seem that in the course of evolution an alternative
strategy has emerged: that is, to constrain the
chromophore in a specific protein matrix which,
among other things, makes isomerization an ener-
getically expensive process with high activation bar-
riers (Cooper 1979b; Birge 1981) and, thereby,
much less prone to spurious thermal excitation.
Whether this represents true convergent evolution at
the molecular mechanics level, or conservation of a
vital functional characteristic already present in
common ancestral photoreceptor proteins, remains
open to speculation. But the recently described
homologies in amino acid sequence between verte-
brate and insect rhodopsins indicate that these
proteins have a very ancient pedigree (O’Tousa
et al. 1985; Zuker et al. 1985).

It is interesting to speculate why such energy
storage is not so dramatic in the photon energy
transducing bacteriorhodopsin of Halobacterium
halobium (Birge and Cooper 1983), which is a super-
ficially similar system based on photoisomerization
of protein-bound retinal (Stoeckenius 1980; Hender-
son 1977), but lacking any sequence homology with
true rhodopsins (Ovchinnikov 1982; Ovchinnikov
etal. 1982), and where efficient photon energy
storage might have been thought to be of prime im-
portance. In general terms the difference may lie in
that, whereas thermal processes in a photon detector
can totally mask the signal, similar processes in an
energy transducer contribute nothing to thermo-
dynamic energy balance at equilibrium. That is to
say: at thermodynamic equilibrium any energy
gained from thermal activation of the bacterio-
rhodopsin cycle in one direction is cancelled by
similar thermal processes in the reverse direction.

Only when the cycle is pumped preferentially in one
direction by specific, non-equilibrium effects such
as light-activated isomerization, does any nett
energy gain accrue. Thus, there is no strong evolu-
tionary pressure to suppress thermal processes,
unlike photodetector systems where spurious signals
due to thermal activation in one direction are not
cancelled by the equivalent reverse process. In this
context, Birge (1981) has argued alternatively that a
low ground-state, thermal barrier to isomerization in
bacteriorhodopsin is, indeed, required for rapid
completion of the photocycle in this system. These
two arguments are not necessarily mutually exclu-
sive.

The molecular mechanism of energy storage in
bathorhodopsins has not yet been established ex-
perimentally, but probably involves a combination
of stereochemical strain and electrostatic forces
arising from cis-trans isomerization of the retinal
molecule in the constrained protein milieu (Birge
and Hubbard 1980; Warshel and Barboy 1982). This
strain is presumably then liberated as the system
relaxes through lumi- and meso-intermediates to the
metarhodopsin stage where, in the case of cephalo-
pods, it stops.

All the experimental techniques employed here
give a consistent picture of the later photointer-
mediates. Formation of the physiological end prod-
uct, acid metarhodopsin, occurs without change in
protonation of the system. On the other hand, both
calorimetry and direct pH observations (Figs. 3
and 5) indicate the release of one proton during
alkali metarhodopsin formation. This suggests that
acid — alkali metarhodopsin is a simple proton
ionization process. pH titration data, however, do
show slight deviations from ideal acid-base equi-
librium (Fig. 4A), which can be parameterized in
terms of a notional protonation stoichiometry of
about 0.8. Similarly non-ideal titration behaviour,
with apparent proton stoichiometries of between 0.5
and 0.7, has been observed in the vertebrate meta-
rhodopsin system (Matthews et al. 1963; Abraham-
son and Fager 1973; Parkes and Liebman 1984), and
it is not clear whether this apparent fractional pro-
tonation is due to subtle ionic strength effects, com-
peting ionizable groups on the protein, or the
presence of un-resolved intermediates in the meta-
rhodopsin transition. Bearing in mind the spectral
changes involved in this transition, involving a blue-
shift typical of deprotonated retinyl Schiff bases, the
most likely site for this deprotonation step is the
imine nitrogen of the chromophoric Schiff base, and
this is confirmed by resonance Raman experiments
(Kitagawa and Tsuda 1980). The analogous meta I
— meta Il transition of vertebrate systems also in-
volves deprotonation of the Schiff base nitrogen



though, paradoxically, the overall reaction involves
the uptake of about one proton. Whereas the retinal-
opsin linkage in vertebrate metarhodopsins is sus-
ceptible to hydrolysis and to attack by hydrophillic
reagents such as hydroxylamine, the octopus meta-
rhodopsins are quite stable to hydrolysis and resis-
tant to hydroxylamine. This suggests that whatever
conformational changes are associated with the
bleaching, they do not expose the Schiff base link-
age to the solvent environment. The relatively high
pK for the octopus metarhodopsin equilibrium is
consistent with the imine group remaining buried in
a non-polar environment at this stage. The relatively
low energy of acid metarhodopsin, compared to the
parent rhodopsin, indicates that relatively little
strain is induced by cis-trans isomerization of the
retinal chromophore in the protein matrix, or that
different conformational states of roughly similar
energy exist in order to accommodate either retinyl
configuration. As a consequence there is little
driving force for Schiff base hydrolysis, in contrast
to the situation in the bovine sequence where the
higher metarhodopsin energies will tend to lead in
the direction of breakage of the imine linkage and
expulsion of the all-trans chromophore.
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