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“Dabei findet man denn wohl den Kiinstler beneidenswert, der durch Nachbildung
und Nachahmung auf alle Weise jenen gro3en Intentionen sich mehr néhert, sie besser
begreift als der blo3 Beschauende und Denkende. Doch muf3 am Ende jeder tun, was
er vermag, und so spanne ich denn alle Segel meines Geistes auf, um diese Kiisten zu
umschiffen.”

“At this stage one naturally envies the artist, who, through reproducing and imitating
these great visions, comes closer to them in every way than the person who merely
looks and thinks. Still, after all, each can do only what lies in his power, and so I
spread all the sails of my spirit that I may circumnavigate these coasts.”

- Goethe, Italienische Reise -






Abstract

This thesis investigates the relation between three important functional properties of
visual pigments: 1) the absorbance spectrum, 2) the energy needed for activation and 3)
the thermal stability.

The study is based on measurement of spectral absorbance and spectral sensitivity in 10
visual pigments in rod and cone photoreceptor cells from the retinas of 6 vertebrate
species and on data from the literature. Absorbance spectra were recorded by single-cell
mictrospectrophotometry (MSP) and spectral sensitivities by electroretinogram recording
(ERG) across the isolated retina. For each pigment, measurements were conducted at two
or more temperatures in the range 040 °C. The photoactivation energies of the visual
pigments were determined from the temperature-dependence of spectral sensitivity in the
long-wavelength range. Thermal activation rates of rod and cone pigments were collected
from the literature.

One objective was to test the hypothesis that there is a strict coupling between the energy
needed for photoactivation (E,) and the wavelength of maximum absorbance (An,,) of
visual pigments. The greater goal was to clarify the relation between the energies required
for thermal and photic activation and thus explain the experimentally observed correlation
between A, and the rate of spontaneous, thermal activation of pigments.

The measurements showed that there is no necessary physical coupling between E, and
Amax- A strict inverse proportionality (E, o< 1/A,,) holds only in the simple case where
spectral tuning is achieved by a change of chromophore, with no change in the protein
(opsin) part of the pigment. On the other hand, a significant correlation between E, and
1/Amax was found in the full set of 12 visual pigments considered (including two
invertebrate pigments).

A new model for thermal activation is proposed, with a consequent dependence of the
activation rate on A, The crucial point is that the statistics of thermal activation is
determined by the presence of internal energy in a large number of vibrational modes of
the visual pigment molecule. The great discrepancy between photoactivation energies and
thermal activation energies as estimated in earlier work then disappears as an analytical
artifact. The main conclusion is that thermal and photic activation of visual pigments may
follow the same molecular route from a very early stage (isomerization of the
chromophore in the native conformation of rhodopsin). Furthermore, the model
accurately predicts the correlation between the wavelength of maximum absorbance and
the rate of thermal activation observed in the whole set of visual pigments studied.

Keywords: rhodopsin, photoreception, activation energy, thermal noise, spectral
sensitivity, absorbance, vision, retina
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1 Introduction

Light is potentially the most powerful source of information about the
environment available to an animal. It propagates faster than any other signal, it
has useful qualities such as wavelength distribution and pattern of polarisation,
and it is abundantly available at least in the daytime (except e.g. in the deepest
waters or caves). Thus, it is not surprising that vision has become the primary
sense especially in quickly moving animal species. The ability of visual systems
to cope effectively with the vast variety of natural light environments, differing
greatly both in light intensity and spectral composition, is quite astonishing. A
common example of the challenges solved by our own visual system is our ability
to see faint stars, which may be some 10 log units less intense than the scenery
viewed on a bright sunny day. To understand the capacity of vision to function
over such an enormous range of intensity and to find the absolute limits of visual
performance, we must start from the molecular mechanisms of the very first steps
in vision.

It has been known since the early discoveries by Boll (1876, 1877) and Kiihne
(1877, 1879) that a photosensitive substance, called a visual pigment or
rhodopsin, constitutes the interface between the physiological world of vision and
the physical world of light. George Wald and his co-workers showed that the
rhodopsin protein binds a vitamin A derivative (the chromophore) as a cofactor
(Wald, 1933, 1935), and that isomerization of the chromophore by a quantum of
light is the very first step in seeing (Wald, 1968). Since these early investigations,
visual pigments have been the subject of extensive study.

Novel approaches in biochemistry, molecular biology and biophysics, such as
gene-targeting techniques, fast laser spectroscopy and X-ray crystallography, have
provided a new level of understanding visual pigment structure and function.
Today rhodopsin is the best-studied member of a wide and important group of G-
protein-coupled receptor proteins (GPCRs) involved in many different cellular
signalling processes including chemoreceptors facing the outside world (olfaction
and taste) as well as internal hormone and neurotransmitter receptors. Compared
with other GPCRs, rhodopsin offers some unique experimental advantages, e.g.,
the possibility of extremely precise, synchronous activation by light and
subsequent monitoring of the activation process by spectroscopic methods.
Studies are facilitated by the high concentration of rhodopsin in specialized
regions of photoreceptor cells (in vertebrates, the rod or cone outer segment).
Electrophysiological recording of the light-sensitive circulating current of
photoreceptor cells can take advantage of the powerful natural amplification (the
phototransduction cascade) to study events originating in single rhodopsin
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molecules. Thus, studies on rhodopsin have also helped us to understand the
structure and function of GPCRs in general.

Visual pigments vary with respect to two key functional properties: spectral
sensitivity and thermal stability. Spectral sensitivity expresses the relative
probabilities for the pigment to be activated by electromagnetic radiation of
different wavelengths. This defines the limits to the visible band of
electromagnetic radiation, i.e., the wavelength range called “light”. Furthermore,
color vision results from the presence of at least two spectrally different visual
pigments in different photoreceptor types. In addition to their activation by light,
visual pigments can also be activated by their own thermal energy (Autrum, 1943;
Barlow, 1956). At least in their physiological expression, thermal activations of
the visual pigments are indistinguishable from activations by light (Baylor et al.,
1980). At the level of the light-sensitive circulating current in photoreceptor cells,
they cause a random light-like activity (the “dark light”) that constitutes an
irreducible intrinsic noise of the visual system and sets an ultimate limit to visual
sensitivity (Autrum, 1943; Barlow, 1956; Aho et al., 1988).

It is evident that spectral sensitivity and thermal stability, must both have been of
critical importance in the evolution of visual pigments. An ideal pigment should
be spectrally tuned for maximal quantum catch in a given light environment and
at the same time be as stable as possible. The objective of the present thesis is to
clarify the relationship between these two crucial properties.
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2 Visual pigments and their functional properties

2.1 General characteristics
2.1.1 Location and structure

In vertebrates, visual pigments are situated in the outer segment membranes of
two morphologically distinguished photoreceptor types, rods and cones. In rods,
visual pigments are packed in separate disc membranes of the outer segment. In
cones, visual pigments are embedded in the folded plasma membrane of the outer
segment. Rod and cone pigments have diverged to fulfill the different
requirements of twilight (scotopic) and day (photopic) vision (Schultze, 1866; for
review see Ebrey & Koutalos, 2001). The distinctions between rods and cones,
based on morphology on one hand and visual pigment identity on the other have
proved contradictory in some cases. For instance, it has been shown, that the same
pigment can be found both in a rod and a cone photoreceptor in the same retina
Ma et al., 2001).

All visual pigments possess a similar main structure consisting of two principal
units shown in Fig. 1. The backbone of the molecule is a large (~ 40 kDa)
apoprotein known as opsin, to which a small prosthetic group, termed the
chromophore, is attached covalently. Opsin consists of a single chain of ca. 340—
390 amino acids, the sequence of which varies between visual pigments. It is a
typical 7-TM receptor protein, where seven o-helical coils traverse the membrane
forming a pocket-like structure shown in panel A in Fig. 1. Inside this pocket, the
aldehyde terminus of the chromophore is attached to opsin at the lysine 296
residue in the centre of the seventh transmembrane helix via a protonated Schiff
base (PSB) linkage (Bownds, 1967; Ovchinnikov, 1982; Hargrave et al., 1983).
The positive charge of the Schiff base linkage is stabilized by a negatively
charged counterion, glutamate 113 (Zhukovsky & Oprian, 1989; Sakmar et al.,
1989; Nathans, 1990a). Thus, lysine 296 and glutamate 113 are highly conserved
amino acid residues, which have an important role in regulating the spectral
absorbance and stability of the opsin-bound chromophore.
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Fig. 1. (A) Stereoscopic ribbon drawing of rhodopsin parallel to the plane of the
membrane. Reprinted with permission from Palczewski et al. (2000). Copyright
2000 % (the original figure kindly provided by Dr. Palczewski). (B) The
chemicar structures of 11-cis and all-trans isomers of the vertebrate visual pigment
chromophores.
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The chromophore is the functional light-absorbing part of a visual pigment
molecule. In vertebrate visual pigments, two different chromophores have been
found, as shown in panel B in Fig. 1. The most common is 11-cis-retinal (Al
chromophore), which is the aldehyde of vitamin A1. Some amphibians, fishes and
reptiles have 11-cis-3,4-dehydroretinal (A2 chromophore), the aldehyde of
vitamin A2. The important structural difference between these two chromophores
is the addition of a double bond between the carbons at the positions 3 and 4 in
the PB-ionone-ring. The switch of the chromophore from Al to A2 has two
important functional effects: 1) the absorbance spectrum of the resulting pigment
is broader, and the absorbance spectrum is shifted towards longer wavelengths
(Dartnall & Lythgoe, 1965; Bridges, 1967; for review see Bridges, 1972) and 2)
the thermal stability of the pigment is lowered (Dartnall, 1955; Bridges, 1956,
1967; Williams & Milby, 1968; Donner et al., 1990).

The structure of visual pigment has been the subject of extensive study. The best-
examined pigment is bovine rhodopsin. This pigment was also the first one for
which the primary structure was deduced by direct amino acid sequencing
(Ovchinnikov et al., 1982; Hargrave et al., 1983) and later by cloning the cDNA
sequence (Nathans & Hogness, 1983). By the year 2000, the amino acid
sequences of more than 100 visual pigments had been deduced from DNA and
cDNA sequences (for reviews see Yokoyama & Yokoyama, 2000; Ebrey &
Koutalos, 2001). Among these are also the cDNA sequences of all the human
opsin genes (Nathans & Hogness, 1984; Nathans et al., 1986). The opsin of any
visual pigment can now be expressed in cultured cells. Thus, many functionally
important amino acids controlling the spectral properties of visual pigments have
been identified. In addition, these techniques have been of great importance in
studying the molecular basis of generic retinal diseases, such as retinis
pigmentosa. A recent breakthrough was the determination of the three-
dimensional structure of bovine rhodopsin by X-ray crystallography extending to
2.8 angstroms resolution (Palczewski et al., 2000). This study refined the
structural model of the seven transmembrane helices of opsin, which had first
been visualized in electron microscopic (Schertler et al., 1993) and cryo-electron
microscopic (Unger et al., 1997) studies on two-dimensional crystals of bovine
and frog rhodopsin, respectively. X-ray crystallography has offered the possibility
to identify those regions of opsin that interact directly with the chromophore. This
knowledge is of fundamental importance in the attempt to understand the relation
between rhodopsin structure and function.
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2.1.2 Classification of vertebrate visual pigments

Visual pigments originate from a common ancestor (for review see Goldsmith,
1990; Yokoyama, 1996). In spite of the relatively constant basic structure of
opsin, the visual pigments possess sufficient freedom for spectral tuning to match
their sensitivity to very different light environments as well as a large variation
e.g. in thermal stability and speed of regeneration after bleaching. As shown in
Fig. 2, vertebrate visual pigments are classified according to their chromophore
and opsin into different groups. Pigments with 11-cis-retinal as chromophore are
called rhodopsins or Al pigments, whereas pigments containing 11-cis-3,4-
dehydroretinal are called porphyropsins or A2 pigments. Molecular phylogeny,
based on the opsin gene sequence, groups vertebrate opsins into six families.
These are shown in panel B in Fig. 2 (for reviews see Yokoyama, 1996;
Yokoyama & Yokoyama, 2000).

A

11-cis -retinal (A1): rhodopsins

| CHROMOPHORE

11-cis -3,4-dehydroretinal (A2): porphyropsins

RH1 family

RH2 family

SWS2 family

SWS1 family

P-opsin family

MWS/LWS family

Fig. 2. Classification of vertebrate visual pigments. A) According to the
chromophore vertebrate pigments are classified into rhodopsins and porphy-
ropsins. B) According to the opsin sequence all vertebrate pigments fall into six
groups (for review see Yokoyama, 1996).
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In addition to the simple nomenclature presented above, there exists a wide
terminology of visual pigments in literature. The term rhodopsin, originally given
by Kiihne (1877, 1879), is often used as a general term to refer to all visual
pigments. Cones and their visual pigments are commonly named “blue-*, “green-*
and “red-sensitive” depending on the color appearance of light corresponding to
the wavelength of maximum absorption (Am.y). Vertebrate rods are called “green”
(Amax = ca. 430 nm) or “red” (Amax = ca. 500 nm) according to the color appear-
ance of the transmitted light. In this thesis, the aforementioned classification and
terminology of visual pigments is used. Other naming criteria can also be found
especially in older literature. For example, Wald et al. (1953) reserved the terms
rhodopsin and porphyropsin only for rod pigments and called the corresponding
cone pigments iodopsins and cyanopsins, respectively. (for review see Ebrey &
Koutalos, 2001)

2.1.3 Visual pigment function and signal transduction in vertebrate
photoreceptor cells

Activation

The first step in seeing occurs when the configuration of the chromophore is
changed by light. Absorption of a photon isomerises the chromophore from its
kinked 11-cis-configuration to a straight all-frans-configuration (Wald, 1968).
This triggers a series of conformation changes in the protein, as a result of which
rhodopsin reaches its activated form, called metarhodopsin II. Thus, the
information of photon absorption is transferred from the chromophore to the
cytoplasmic surface of rhodopsin. In the dark state, the 11-cis form of
chromophore acts as an inverse agonist stabilizing the protein in its inactive
conformation. As a result of isomerization, the chromophore becomes an agonist
and triggers the transition of the rhodopsin into its active form.

Phototransduction

Rhodopsin activation is followed by a biochemical cascade of reactions, by which
the information of the absorbed photon is amplified and transferred into an
electrical signal within the photoreceptor cell. This process is called phototrans-
duction. Phototransduction in vertebrate rods is one of the best-studied cellular
signaling pathways. The main stages of phototransduction after visual pigment
activation can be summarized as follows: The activated form of rhodopsin
(metarhodopsin II) activates multiple molecules of the photoreceptor G-protein
(transducin), each of which can activate one subunit of a phosphodiesterase
molecule. Each activated phosphodiesterase molecule catalyses the hydrolysis of
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multiple molecules of guanosine 3',5'-cyclic monophosphate (cGMP), the internal
messenger in the photoreceptor cells, to guanosine monophosphate (GMP). As the
concentration of cGMP drops, the cGMP-gated channels in photoreceptor outer
segment close leading to a decrease in the current flowing into the cell in darkness
(“dark current”) and thus to a hyperpolarization of the cell (for reviews see
Arshavsky et al., 2002; Burns & Lamb, 2003). Hyperpolarization causes a de-
crease in the synaptic release of glutamate, through which the information is
transferred to the next layer of neurons (bipolar and horizontal cells). Soon after
activation, metarhodopsin II as well as the activated forms of transducin and
phosphodiesterase are inactivated in a sequence of processes.

Summary of primary functional properties

The only light-sensitive mechanism in the whole visual pathway is the very first
step, the cis-trans isomerization of the chromophore. Later stages amplify the
signal and process the information about single-photon absorption events in both
the time and space domains. At these later stages, no direct information about the
light environment can be added: all the information is already present in the
spatio-temporal pattern of visual pigment activations in different photoreceptor
types. On the other hand, possible “false” events produced by thermal activations
of visual pigment molecules represent noise that is transmitted to the later stages
of visual information processing. Thus, the properties of the visual pigments set
ultimate limits to visual performance. It must be assumed that these properties
have been subject to strong selection pressures during evolution.

The most important functional requirements of visual pigments can be
summarized in the following way:

e High quantum efficiency of photoactivation. Quantum efficiency defines,
which fraction of the molecules that absorb a photon are activated.

e Optimized spectral sensitivity. In addition to quantum efficiency, the
effectiveness of photon utilization depends on the spectral sensitivity of the
pigment. To maximize the photon catch, the spectral sensitivity of the
pigment should be tuned to match the spectral composition of light
available.

e Fast activation and effective signal transduction. Fast activation of visual
pigment by light and effective signal transfer to the next stage of the
phototransduction cascade are necessary requirements for the fastness of
vision.

e Effective termination of rhodopsin activity and regeneration of the
native pigment. To avoid noise in the system and to recover sensitivity
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after intense light stimuli, the activated visual pigment has to be quickly
turned off and the native pigment regenerated. This is important for
temporal resolution and to preserve sensitivity under steady illumination.

e Low level of spontaneous activations. Especially in dim light, the rate of
spontaneous activations of visual pigments has to be minimized to improve
the signal-to-noise ratio of vision.

The first property, quantum efficiency, seems to have reached some functional
maximum during evolution to fulfill the requirements of effective photon
utilization. Dartnall (1968) originally showed that all visual pigments have a
rather constant quantum efficiency of photoactivation (ca. 0.67) over wide
wavelength and temperature domains. Thus, on the average two of three absorbed
photons activate the pigment. Compared with other photochemical reactions, this
is a very high quantum efficiency. In addition, the quantum efficiency of
rhodopsin is at least two times higher than that of a naked 11-cis-retinal
protonated Schiff base in solution (not complexed with opsin) (Freedman et al.,
1986), which shows that opsin has an important role in controlling the quantum
efficiency of visual pigments (for review see Birge, 1990).

The other requirements listed above have different priorities for rod and cone
pigments. According to the current view, rod visual pigments diverged from cone
pigments in the course of evolution to meet the requirements of scotopic vision
(Yokoyama & Yokoyama, 2000). In rods, a high sensitivity and a low level of
intrinsic noise are very important characteristics, because visual information is
limited by the sparseness of photons in dim light. Rod pigments are, indeed,
thermally extremely stable molecules; at room temperature each of them is
activated on average only once in ca. 3000 years (Baylor ef al., 1980). The high
stability of rod pigments has made it possible to pack a large number of them into
each rod photoreceptor without incurring an unacceptable noise level. A typical
rod contains about 10°~10° rhodopsin molecules depending on photoreceptor size.
The high density of thermally stable visual pigments allows rods to operate as
efficient single photon detectors in dim light (Hecht et al., 1942; van der Velden,
1946; Barlow, 1956; Sakitt, 1972; Baylor ef al., 1979; Aho et al., 1987; Rieke &
Baylor, 1998; Rieke, 2000). In cones, the visual pigments are tuned according to
the needs of a photopic light environment, where the number of photons available
is not a limiting factor in general. In bright light, the speed of vision and ability to
adapt over a wide intensity range are more important characteristics than high
sensitivity. Thus, the inactivation, regeneration and modulatory steps of
phototransduction are much faster and the rate of spontaneous activations of
visual pigments is on average 4 log units higher in cones than in rods (Barlow,
1958; Baylor et al., 1984; Schnapf et al., 1990; Donner, 1992; Ricke & Baylor,
2000; Sampath & Baylor, 2002; V).
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Visual pigment evolution can be thought as an optimization problem, where the
key characteristics are listed above. In order to understand this optimization it is
important to know to what extent these characteristics can be tuned separately and
in what ways they are coupled. One can ask, for example, how scotopic vision is
optimized. Because the quantum efficiency appears to be a practically constant
property of visual pigments, the interesting question from the point of view of
maximizing visual sensitivity in a given light environment is the relation between
spectral sensitivity and thermal stability. Both of these properties can be tuned
over a wide range in visual pigments. If there is a physical coupling between
spectral sensitivity and thermal stability of visual pigments, then this is a limiting
condition that has to be taken into account in order to understand how the best
signal-to-noise ratio can be achieved in visual pigment evolution. The speed of
pigment regeneration, on the other hand, is not particularly important for vision in
very dim light. A more detailed discussion about the thermal stability and the
spectral sensitivity of visual pigments is presented in sections 2.2.3 and 2.3,
respectively. The coupling between these two quantities will be discussed in
sections 5.3 and 6.3.

2.2 Activation of visual pigments
2.2.1 General aspects

Visual pigments can be activated by light and by heat. The former process is
called photoactivation, whereas the latter is called spontaneous or thermal
activation. Rod pigments combine an extremely fast photoisomerization process
with a very low probability of thermal isomerization. To understand this fortunate
design, both activation mechanisms have to be profoundly understood. The
mechanism of photoactivation is quite well understood based on studies on a few
model pigments, especially bovine rhodopsin. On the other hand, the reaction
mechanism that generates spontaneous activations is still unclear. Several models
have been proposed for the molecular mechanism of thermal activation of
rhodopsin (see below), but none of them explains satisfactorily the experimental
data available. Contrary to the photoactivation process, which can be
experimentally triggered by brief pulses of light and elucidated at submolecular
resolution with fast spectroscopic methods, spontaneous activations are difficult to
study. The stochastic occurrence of spontaneous pigment activations does not
allow the same elegant approaches as applied in the case of photoactivation.
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The current knowledge of photoactivation and its mechanism is summarized in
section 2.2.2. Thermal activations of visual pigments and the prevailing
hypothesis of their molecular mechanisms are discussed in section 2.2.3.

2.2.2 Activation by light

In photoactivation, absorption of a photon triggers the initial event of vision, the
cis-trans isomerizations of the chromophore inside the opsin (Wald, 1968). This
reaction is one of the fastest photochemical reactions ever studied (Schoenlein et
al., 1991). Cis-trans isomerizations is complete in only 200 fs, as revealed by
novel ultrafast spectroscopic methods wusing laser pulses delivered on
femtosecond-scale (Schoenlein et al., 1991; Wang et al., 1994). The cis-trans
isomerization of the chromophore is followed by the formation of a sequence of
spontaneous transient states in the chromophore-(all-frans-retinyldine)-opsin
complex, which have been characterized by their different absorption properties.
The sequence of transient states leads within milliseconds from the initial photon
absorption to an equilibrium between metarhodopsin I (MI) and metarhodopsin 11
(MII), the active form of rhodopsin. This equilibrium is the final phase of the
activation process, which is followed by the dissociation of MII via
metarhodopsin III (MIIl) to free all-trans-retinal and opsin. The kinetics and
energetics of cis-trans isomerization and the following sequence of transient states
of the photolysis of vertebrate visual pigments are summarized in Fig. 3.
Invertebrate visual pigments differ from vertebrate pigments in the later
intermediates of the visual pigment photolysis (Nakagawa et al., 1999), but this is
beyond the scope of the present thesis (for review see Shichida & Imai, 1998).

The energy barrier for the cis-trans isomerization of the chromophore has to be
passed for photoactivation to occur. In general photochemistry, the minimum
energy needed for the electronic excitation of a molecule from its ground state to
the Ist electronically excited state is called the photoactivation energy (£,). As
shown in Fig. 3, excitation of rhodopsin from the ground state (Sy) to the Ist
electronically excited state (S;) happens as a result of photon absorption. The
delocalized m-electrons along the conjugated chain of the chromophore are the
electrons involved in electronic excitation. According to the Franck-Condon
principle, the electronic excitation can be presented as a vertical line from the
ground-state potential energy surface to the potential surface of the first
electronically excited state, because the time needed for electronic excitation is
much shorter than the nuclear vibration period. The excited state relaxes to the
ground-state surface forming the primary transient photoproduct, photorhodopsin,
first discovered in low temperature spectrophotometry and laser photolysis studies
(Shichida et al., 1984; Yoshizawa et al., 1984). Of course, relaxation can also lead

26



back to the ground state of rhodopsin, but the high quantum efficiency of
photoactivation (0.67) (Dartnall, 1968) shows that relaxation towards photo-
rhodopsin is favoured.

cis-trans G-protein-dependent
isomerization EPE equilibria
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Fig. 3. A schematic two-dimensional drawing of the ground- and excited-state
enthalpy surfaces of the photoactivation pathway of bovine rhodopsin and its
intermediates. The enthalpies and activation enthalpies of bovine rhodopsin and its
intermediates are based on calorimetric and kinetic experiments (Cooper, 1979;
Imai et al., 1994; Cooper & Converse, 1976; Cooper, 1981; for review see Shichida
& Imai, 1998). The vertical energy difference between the ground state (Sy) and the
1st electronically excited state (S1) is based only on the absorption maximum (500
nm) of bovine rhodopsin (Cooper, 1979). The figure is reprinted with minor
modifications from Okada et al. 2001, Copyright (2001), with permission from
Elsevier.

With the aid of femtosecond transient absorption spectroscopy, resonance Raman
spectroscopy, and fluorescence measurements, it has been possible to study both
the ground- and the excited-state dynamics and energetics. The data provided by
these methods have been used for theoretical calculations of the excited-state
potential energy surface. On the basis of these studies, the following conclusions
have been drawn: 1) the chromophore tunnels from the excited state to the
photoproduct ground state at ca. 50—60 femtoseconds after the photon absorption
(Kakitani et al., 1998; Mathies, 1999). 2) The isomerization is as fast as the period
of torsional vibrations of the chromophore (Loppnow & Mathies, 1988; Wang et
al., 1994). 3) The ground-to-excited state energy gap at the surface crossing
region is approximated to be only ca. 6 kcal/mol based on modeling of bovine
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rhodopsin (Mathies, 1999). 4) The chromophore leaves the excited state at ca. 46
kcal/mol above the ground state according to the general rhodopsin model based
mostly on studies on bovine rhodopsin (Mathies, 1999). Activation energies of
visual pigments have also been estimated by photocalorimetry, bleaching studies
as well as by measuring the temperature effects in the long-wavelength domain of
the absorption spectrum. The last-mentioned is the method applied in this thesis.
The results for activation energies of visual pigments obtained by these different
methods are compared in General discussion (at the end of section 6.1).

Photorhodopsin relaxes via bathorhodopsin and lumirhodopsin to reach an
equilibrium between MI and MII (for review see Shichida & Imai, 1998). The
formation of MII, the active form of rhodopsin, is accompanied by deprotonation
of the Schiff base linkage (Arnis & Hofmann, 1993) and a large hypsochromic
shift (blue shift, Adn.x = 100 nm) in the absorption maximum (for review see
Shichida & Imai, 1998). MII dissociates to all-frans-retinal and free opsin via
MIIIL. Bathorhodopsin (Yoshizawa & Kito, 1958), lumirhodopsin (Hubbard et al.,
1959) and MI-II (Matthews et al, 1963) can be trapped by experiments
performed at very low temperature. Thus, these intermediates were distinguished
by spectroscopy much before laser techniques allowed the discovery of photorho-
dopsin (Shichida et al., 1984) and some other intermediates in between these
classical ones (Hug et al., 1990; Thorgeirsson et al., 1993; Tachibanaki et al.,
1998). Later studies have also shown that two different forms of MII exist (Arnis
& Hofmann, 1993; Szundi et al., 1998). In addition to spectroscopic classification
of batho-, lumi- and MI and II, the enthalpies of these intermediates compared
with ground-state rhodopsin have been estimated by photocalorimetry (Cooper,
1979, 1981). The enthalpies are summarized in Fig. 3.

The free energy changes (AG) of the reaction steps in photoactivation can be used
to assess the spontaneity of the reactions. For a reaction occurring at constant
absolute temperature (7):

AG = AH - TAS, (1)

where according to a common notation, AH is the enthalpy change of the reaction
and AS is the entropy change of the reaction.

In photoactivation, photon energy is the primary source for the chemical free
energy needed for all the later steps of the activation process. Cooper (1979)
showed that bathorhodopsin has 35 kcal/mol higher enthalpy than the ground state
of thodopsin. Thus, most of the photon energy is stored by switching the opsin-
bound chromophore into its trans-configuration. All steps after the initial photo-
activation take place spontaneously indicating that the chemical free energy is
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decreasing (AG < 0) in each reaction step. Although the enthalpy change is
positive (AH > () as MI is converted to MII (see Fig. 3), this process is still
spontaneous, indicating lowering of the total free energy. Therefore, there has to
be an increase in the entropy (AS > 0) and thus the disorder of the protein must
increase within the MII formation.

Thermodynamics does not, however, offer any information about the absolute rate
of reactions. The kinetics of a reaction sets limits to the structural changes, which
are possible within the limited time of the reaction. It is intuitively easy to
understand that large conformation changes need time to occur. This reasoning
can be applied to the analysis of the photoactivation reaction of visual pigments.
The light-induced isomerization of the chromophore is complete within only
200 fs after photon absorption (Schoenlein et al., 1991; Wang et al., 1994). Up to
this point the reaction is too fast to involve any significant structural changes in
opsin (for review see Filipek et al., 2003). The cis-trans isomerization is believed
to happen by a fast torsion around the Schiff-base side of the C11=C12 double
bond of the opsin-bound chromophore (Okada et al., 2001). During the formation
of later intermediates, the chromophore-opsin interactions play a more important
role leading to larger conformation changes in the opsin part of the molecular
complex. Especially, the transition from MI to MII is accompanied by a large
change in opsin conformation. Site-directed mutagenesis and spin-label
experiments with controlled modifications in the opsin structure have helped to
resolve structural changes during the later steps of photoactivation. In these
studies, many functionally important regions of rhodopsin have been found and
the movement of opsin helices during photoactivation monitored (for review see
Filipek et al., 2003). These conformation changes finally transfer the information
of the photon absorption from the core of the protein into its surface region.

2.2.3 Spontaneous activation
General characteristics

The notion that spontaneous activations occur in visual pigments dates back to the
1940’s. Originally, Autrum (1943) proposed that thermal activations of visual
pigments set an ultimate limit to visual sensitivity. Soon after this, Hecht et al.
(1942) argued on the basis of psychophysical experiments that the absorption of
as few as 5-7 quanta is sufficient for the perception of light. Their photometric
estimate of quantum catch was later proved to be too low, however, and the
statistics of detection in their experiments could no longer be explained only by
quantal fluctuations in the number of photon absorptions (cf. Barlow, 1977;
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Donner, 1992). Horace Barlow (1956) gave a theoretical explanation. He argued
that “photon-like” thermal activations of visual pigment molecules provided an
explanation for why the variability of light detection is larger than would result
from Poisson fluctuations of the number of light quanta absorbed. He also
estimated the upper limit of this internal noise component based on the absolute
sensitivity of human scotopic vision obtained from psychophysical measurements.

The first direct experimental evidence for spontaneous activations of visual
pigments in vertebrate photoreceptors came when Baylor ef al. (1980) showed by
suction pipette recording from single toad rods that spontaneous discrete events in
the light-sensitive current of the photoreceptor occurred in total darkness. In
addition to the discrete events, a continuous noise component was present. The
discrete “bumps” (discrete noise) were indistinguishable from photon-triggered
events in both amplitude and waveform. It is now generally accepted that the
discrete events in the dark current are generated by thermal activations of visual
pigment molecules. Because both single-photon events and spontaneous events
have similar amplitude and kinetics, it is assumed that they are generated via
similar amplification stages. Thus, the only reasonable assumption is that they are
generated at the first step of phototransduction, which is the activation of a visual
pigment molecule. Contrary to discrete noise, continuous noise in the dark current
appears to be generated by spontaneous activations of phosphodiesterase
molecules (Rieke & Baylor, 1996).

The first recordings by Baylor ef al. (1980) have been followed by many studies
in which the rates of spontaneous activations have been estimated not only from
rods of several species but also from some cones (see Tables 1 and 2 in paper V
for references). As suggested by early psychophysical experiments (Barlow,
1958), the rate of spontaneous events is much higher in cones than in rods.
Because of this high rate, discrete events are superimposed. Their amplitude is
also small because of the low gain in cone phototransduction. Thus, single
discrete events cannot be distinguished in the dark current of cones. The rate of
discrete events in cones can, however, be estimated from the power spectra of
noise recordings and the estimated amplitude of the single-photon response. Noise
recordings from cones have also shown that the dominant noise component can
vary depending on the cone type. Rieke & Baylor (2000) showed on salamander
cones that the main noise component of long-wavelength-sensitive (L) cones is
discrete noise, whereas the main noise component of short-wavelength-sensitive
(S) cones is continuous noise.

The most important functional consequence to be expected from spontaneous

activations is that they set an absolute limit on visual sensitivity in dim light
(Autrum, 1943; Barlow, 1956). This idea has received strong experimental
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support from Aho et al. (1988, 1993), who measured the behavioural sensitivity of
common toads and frogs at different temperatures. The measured absolute visual
sensitivity of dark-adapted toads was about that allowed by known rates of
spontaneous activations. The same was true of the most sensitive retinal ganglion
cells (the output stage of the retina). Moreover, sensitivity dropped with
increasing temperature as would be expected based on the increased rate of
thermal isomerizations as measured in toad rods (Baylor et al., 1980). The
extremely rare occurrence of spontaneous events in rods and their role as the
limiting factor of visual sensitivity at least in some cases suggest that evolution
has minimized the rate of thermal isomerizations of rhodopsin (for further
discussion, see Barlow, 1988).

The temperature dependence of spontaneous activations and the Arrhenius
equation

The frequency of discrete events depends on temperature. Thermal events become
more frequent at higher temperatures, the rise being quite similar in the vertebrate
pigments studied so far (ca. 3—4 fold per 10 °C) (Baylor et al., 1980; Matthews,
1984; Sampath & Baylor, 2002). Although there is a large difference between the
absolute rate of discrete events measured in rods and that in cones, the
temperature dependence of discrete events appears to be fairly similar in both
photoreceptor types.

Baylor et al. (1980) used Arrhenius analysis to characterize the temperature
dependence of the rate of spontaneous activations in the rods of the cane toad
(Bufo marinus). This approach has also been used in the subsequent studies where
the temperature dependence of the rate of spontaneous activations has been
studied in the green rods of the cane toad (Matthews, 1984) and the long-
wavelength-sensitive cones of the tiger salamander (Sampath & Baylor, 2002).
The expression proposed by Arrhenius is the most common way to describe the
temperature dependence of the rate constant of a chemical reaction:

Ea.B

k= ABei RT )

where k is the molecular rate constant (in this case the frequency of thermal
isomerizations), Ag is the Arrhenius pre-exponential factor, F,p is the apparent
Arrhenius activation energy of the reaction, R is the gas constant and 7 is the
absolute temperature. According to this relation, the temperature dependence of
the reaction comes mostly from the exponential term (exp(—£,5/RT)), although 4p
may have a weak temperature dependence. The subscript ‘B’ is used in the pre-
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exponential factor (4g) as well as in the Arrhenius activation energy (E,p) to
emphasize that the Arrhenius model is based on Boltzmann statistics.

The apparent activation energy can be easily read from the experimental data
determined by plotting In £ (or log k) against 1/T:

E
Ink =1InA, - R; 3)

The graphical representation of this formula (logarithmic & vs. 1/T) is called an
Arrhenius plot (see Fig. 4). The intercept of the straight line of the Arrhenius plot
is In Ag and the slope is —F,s/R. A reaction that gives a straight line in this
representation is said to show Arrhenius-type behaviour. The rate constants of
discrete dark events demonstrate, within experimental error, Arrhenius-type
behaviour.

slope=-E__/R

In k

1/T

Fig. 4. Arrhenius-plot representing the logarithmic rate of the reaction (In k) as a
function of the inverse absolute temperature (1/T).

The Arrhenius equation can be regarded as an empirical formula, valid for a
number of chemical reactions. The equation is based on a simple physical picture
of gaseous collision reactions. Arrhenius’ original idea was that the strong temper-
ature dependence of gaseous collision reactions could be explained if only a small
fraction of collisions caused the reaction. He thought that the rate of a gaseous
collision reaction would be proportional to the number of molecules with high
translational energy. Because the number of such molecules can be estimated by
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the Boltzmann distribution, the rate of the reaction should be proportional to
exp(—E.p/RT). This reasoning led Arrhenius to the idea that the reaction rate of
simple gaseous collision reactions is governed by equation 2 (for further details,
see e.g. Mortimer, 1993). Although the Arrhenius theory was originally developed
for molecular collisions in gases, it has been used to characterize many other
chemical reactions. The so-called transition-state theory or activated complex
theory connects the apparent activation energy (£, ) of the Arrhenius equation to
the thermodynamic quantities of the reaction. According to this theory, the
reaction mechanism can be presented in the following way (Moore, 1962):

A+B<« [AB]I — products,

where A and B are reactants and [AB]i 1S a transition state (or an activated
complex) of the reaction with high energy content. The rate of the reaction is then
proportional to the concentration of the transition state: k o< [AB]*. The apparent
activation energy (E,p) is the height of the energy barrier on the potential energy
surface between the transition state and the reactants (see Fig. 5). The number of
activated-complex molecules is proportional to exp(—E,p/RT). Thus, the
Arrhenius equation gives the reaction rate in the transition-state theory. In
addition, the apparent activation energy (E, ) has a physical interpretation as the
energy barrier on the potential energy surface of the reaction, which has to be
passed during the reaction.

Transition state

Reactants

FREE ENERGY

Products

REACTION COORDINATE

Fig. 5. Free energy diagram for a reaction according to the transition-state theory.
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Transition-state theory has also been applied to the analysis of the rate of the
spontaneous activations of visual pigments. Furthermore, the Gibbs free energy of
activation, the enthalpy of activation and the entropy of activation for discrete
events have been estimated based on the transition-state theory (Baylor et al.,
1980; Matthews, 1984; Sampath & Baylor, 2002). In general, the estimates for the
apparent activation energies and the activation enthalpies for thermal
isomerizations of different visual pigments are only about half of those estimated
for the photoactivation process of visual pigments (Lythgoe & Quilliam, 1938; St.
George, 1952; Srebro, 1966; Cooper, 1979; Barlow et al., 1993; Mathies, 1999;
Birge & Vought, 2000; I-1V). Because of this evident discrepancy between the
energetics of thermal activation and photoactivation, it has been generally
believed that these processes follow different molecular mechanisms (Barlow et
al., 1993; Birge & Barlow, 1995). Different hypotheses about the possible
mechanism of thermal activation are discussed later in this section.

The rate of thermal bleaching has earlier been studied on extracted visual
pigments in solution (Lythgoe & Quilliam, 1938; St. George, 1952; Hubbard,
1958a; Williams & Milby, 1968). The apparent Arrhenius activation energy (E, )
estimates deduced from these studies range between 44—100 kcal/mol. However,
many of these studies used high temperatures well beyond the physiological
temperature range (up to ca. 70 °C). Hubbard (1958b) has shown that under these
conditions, thermal bleaching can proceed via denaturation of opsin. Thus, the
high apparent activation energy estimates obtained in some of these studies
probably represent a totally different process, which is not related to
photoactivation or thermal activation of visual pigments, but rather to
denaturation of protein. The apparent activation energy of thermal isomerizations
of 11-cis-retinal in different organic solutions (22.4-26.2 kcal/mol) (Hubbard et
al., 1965; Hubbard, 1966) is, however, comparable to the values obtained for the
apparent activation energy of the spontaneous activations determined in living rod
photoreceptors by Baylor et al. (1980). Since the studies of 11-cis-retinal in
organic solutions do not involve opsin, the results can not be distorted by the
denaturation of protein. On the other hand, other authors (Birge & Vought, 2000)
have argued that the apparent Arrhenius activation energy of 11-cis-retinal may
not be related to that of intact rhodopsin. They have pointed out that naked 11-cis-
retinal in solution may behave differently from the protein-bound chromophore
which is the protonated Schiff base of 11-cis-retinal.

Theory of thermal unimolecular reactions with many degrees of freedom
So far, the kinetics of spontaneous activations of visual pigments has been studied

only in the light of the Arrhenius theory (Baylor et al., 1980; Matthews, 1984;
Sampath & Baylor, 2002). The conclusion that there is a large discrepancy
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between the photoactivation and thermal activation energies is based on the
assumption that Arrhenius analysis gives correct estimates of the latter. One of the
principal goals of this thesis is to question the validity of this assumption by
questioning the strict physical interpretation of the apparent Arrhenius activation
energy of the spontaneous activations of visual pigments (see paper V). To
resolve the discrepancy between the apparent Arrhenius activation energies and
the photoactivation energies of visual pigments, I suggest another approach to the
analysis of the rates of spontaneous activations. This approach is based on the
Hinshelwood theory of thermal unimolecular reactions (Hinshelwood, 1933;
Moore, 1962; Steinfeld et al., 1999). The main points of this theory are
summarized below.

According to Hinshelwood (1933), the activation energy of a unimolecular
reaction can be considerably larger than predicted by the Arrhenius theory. The
reason for this is that in the simple collision theory on which the Arrhenius
analysis is based, it is assumed that the critical energy needed for activation comes
only from the two translational degrees of freedom of the colliding particles.
However, additional energy is also stored in the internal degrees of freedom of
molecules, which include primarily the vibrational modes. According to
Hinshelwood, the simple exponential term of Arrhenius equation (exp(—E,s/R7))
should be replaced by one that takes into account the internal degrees of freedom
involved in the activation process. Thus, the reaction rate in the case of
unimolecular reactions involving many internal degrees of freedom is, instead of
equation 2, given by the following modified equation (Hinshelwood, 1933):

1 E

l}'1—1 E ln—Z

2 2
: ( a’“j + : I ( a’“j +..+1], 4)
L1\ RT La_o )\ RT
2 2

— _Ea.II /RT
k=4,-e .

where £ is the molecular rate constant, Ay is the pre-exponential factor, £,y is the
activation energy of the thermal reaction called the apparent Hinshelwood
activation energy in this thesis, R is the gas constant, 7 is the absolute temperature
and n is the number of “square terms” in which the energy can be acquired.
Translational and rotational energy both have one square term per degree of
freedom (1/2 mv* or 1/2 Ia?, respectively) and vibrational energy has one square
term for d(inetic energy (1/2 mv*) and one square term for potential energy
(1/2 1®)." There are 3 N — 6 vibrations in the molecule, where N is the number of

'm = mass, v = velocity, @= angular velocity, /=moment of inertia, K= the spring constant of the

oscillator, x = coordinate
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atoms in the molecule. Thus, the upper limit for the square terms of energy
coming from the vibrational energy of the atoms can be easily estimated:
n<2x(3 N-6)=6N-12 (cf. Moore, 1962). In equation 4, different notations
for the pre-exponential factor and the energy barrier are used than in equation 2 to
emphasize that these factors get different values than the corresponding terms in
the Arrhenius equation with the same value of £.

Because E,y is large compared to R7 in most chemical reactions, only the first
term of the series in equation 4 need to be considered. Thus, equation 4 can be
simplified into the following form (see Hinshelwood, 1933, p. 24):

ln—l
2

e " (E, /RT)

) Q)
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The application of the Hinshelwood theory to spontaneous activations is presented
in paper V and in the Results and Conclusions sections of this thesis. At this point,
it should be noted that equation 5 is a generalized form of the Arrhenius equation:
the Arrhenius equation is obtained with » = 2 comprising the translational degrees
of freedom of the two colliding particles. The importance of equation 5, however,
lies in the fact that the same empirical data of the temperature dependence of the
rate of spontaneous activations can be used to derive a considerably higher
activation energy in the case of the Hinshelwood model than in the case of the
Arrhenius theory. By taking the logarithm of equations 2 and 5 and differentiating
with respect to temperature, the difference between the apparent Hinshelwood
activation energy (£, n) and the apparent Arrhenius activation energy (£, ) can be
obtained (St. George, 1952; V):

k=4,

Ey—E,,=(n/2=1)-RT  ,withn>2. (6)

Thus, the Hinshelwood theory offers a natural and a priori plausible way to test
the hypothesis proposed in paper V, whether the temperature dependence of
spontaneous activations could be explained with the same or closely related
energetics, which is found for the photoactivation reaction. This would be
possible, if the number of square terms taking part in thermal-isomerization
reactions (n) is large enough to explain the discrepancy between the apparent
Arrhenius energy estimates (£, g) and the photoactivation energy estimates (£,) of
visual pigments.
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Models for molecular mechanisms of spontaneous activations

The molecular mechanism of spontaneous activations is not understood. This is
especially due to the serious discrepancy between the thermodynamic parameters
of photoactivation and those deduced from the apparent activation energy for
spontaneous activations of rhodopsin. The apparent Arrhenius activation energy
(20-25 kcal/mol) (Baylor et al., 1980; Matthews, 1984; Sampath & Baylor, 2002)
is lower even than the enthalpy difference between bathorhodopsin and the
ground state of rhodopsin (35 kcal/mol) (Cooper, 1979) and the difference
compared with the photoactivation energy estimates (E,) is of course much larger
(see Fig. 3). The photoactivation energy estimates are typically in the range (40—
50 kcal/mol) (Lythgoe & Quilliam, 1938; St. George, 1952; Srebro, 1966; Cooper,
1979; Barlow et al., 1993; Mathies, 1999; Birge & Vought, 2000; I-1V). Thus, it
has been proposed that thermal activation and the photon-driven process follow
different molecular routes. In the following, I shall discuss the requirements for a
good model for thermal activations and present some models put forward in the
literature.

There are two experimentally observed relations that should be explained by any
good physical model for spontaneous activations:

1) The model should explain the temperature dependence of the rate of
spontaneous activations as well as its absolute value. As discussed earlier
in this section, the rate of spontaneous activations depends strongly on
temperature. Any serious physical model for spontaneous activations
should explain this temperature dependence.

2) The model should also explain the experimentally observed correlation
between An.x and the absolute rate of spontaneous events. It is observed
that shifts of An.x towards longer wavelengths are, on average, associated
with increased rates of spontaneous events both in rods and in cones
(Donner et al., 1990; Firsov & Govardovskii, 1990; Rieke & Baylor, 2000;
V). It is reasonable to assume that this correlation says something
important about to the molecular mechanism underlying the spontaneous
events. Since the rate of spontaneous activations sets an absolute limit to
the sensitivity in dim light as discussed in section 2.2.3, it can be expected
that evolution should have minimized the rate of spontaneous activations
to some limit set by the physical border conditions governing the
generation of these events. A good model for thermal isomerizations
should elucidate these physical border conditions.
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Before this thesis two kinds of models had been proposed to account for the
molecular mechanism of spontaneous activations:

Model I: Single-barrier model. Horace Barlow (1957), in an attempt to account
for the ubiquitous but paradoxical “Purkinje shift” in spectral sensitivity (see
below), proposed the first model for thermal activation mechanism. The physical
basis of his model was Stiles’ (1948) idea that the photoactivation of the visual
pigment requires a certain minimum energy, which need not be totally delivered
by a photon but may be supplemented by heat (vibrational modes of the
molecule). Barlow made two simplifying assumptions. Firstly, he assumed that a
photon whose wavelength corresponds to the peak sensitivity of the absorbance
spectrum  (Amax) provides exactly the minimum energy needed for visual pigment
activation (E, = hc/Amax). Secondly, his model assumed the same energy barrier
for both thermal and photon-triggered activations of visual pigments. Barlow used
the Boltzmann distribution (see equation 2) to predict the rate of thermal
isomerizations based on the above assumptions (k < exp(—hc/k7 Amax)). Thus, his
model predicted a strict physical coupling between the three important quantities
of a visual pigment molecule: the wavelength of maximum absorbance (Apax), the
rate of thermal isomerizations (k) and the minimum energy needed for
photoactivation of the visual pigment molecule (£,). According to the model,
shifting Ama.x towards longer wavelengths would inevitably increase the rate of
spontaneous activations as shown by the above expression for k. This original
model proposed by Horace Barlow is referred to as the HB hypothesis in this
thesis.

At this point it should be noted that for Barlow’s purpose it would be sufficient to
assume only that photoactivation energy is inversely proportional to the
wavelength of peak absorbance (E, o< 1/Amax). This general form will be referred
as Stiles-Lewis-Barlow (SLB) hypothesis in this thesis to distinguish it from the
HB hypothesis (see paper IV). There are two main differences between the
definitions of the HB and the SLB hypothesis as defined here: Firstly, in the SLB
hypothesis photoactivation energy (E,) is assumed to be a constant fraction of the
value predicted by the original HB hypothesis (E, = A X hc/Amax). Secondly, the
SLB hypothesis is used to refer only to the coupling between photoactivation
energy and the wavelength of peak absorbance (Am.x). Contrary to the HB
hypothesis, no assumption is made about the barrier for thermal activation.
Although these definitions are not widely used in literature, they are utilized in
this thesis technically to clarify the different levels of coupling assumed between
the physical properties of visual pigments in different models.
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The original HB hypothesis (Barlow, 1957) is a single-barrier model, which
fulfills qualitatively requirement 2 of the list above: it predicts the correlation
between An.x and the rate of spontancous events (k). Although there was no direct
experimental evidence of the thermal isomerizations of visual pigments, Barlow
explained Purkinje shift with the aid of his model. Purkinje shift known in humans
and many other species is the phenomenon, where the spectral sensitivity of
vision is shifted towards the blue end of the spectrum at low levels of illumination
(Hecht & Williams, 1922; Wald, 1945; Hough & Ruddock, 1969). In humans this
happens as the cone-driven photopic vision is shifted in dim light to rod-driven
scotopic vision. Because the spectral irradiance of moonlight is shifted towards
longer wavelengths compared to sunlight, the Purkinje shift seems to go to a
wrong direction. Barlow cleverly pointed out that Purkinje shift could be
explained if shifting the Ay.x of the visual pigment towards longer wavelengths
increases thermal noise.

Later, as the apparent Arrhenius activation energy (E,p) was deduced from the
temperature dependence of the rate of spontaneous events, the discrepancy
between £, and the photoactivation energy estimates (£,) seemed to ruin the HB
hypothesis and all analogous single-barrier models. Clearly, requirement 1 was
contradicted. In addition, as shown in paper V, the empirical correlation between
log k& and 1/Amax is much shallower than predicted by the HB hypothesis.
However, until the model presented in paper V, it has been the only physical
hypothesis to predict at least qualitatively the correlation between the position of
the peak of the absorbance spectrum (Am.) and the frequency of spontaneous
events (k).

Model II: Different molecular routes for thermal and photic activation. The
discrepancy between the apparent Arrhenius activation energy (£,p) and the
photoactivation energy (£,) can be explained by assuming that thermal activations
follow a different molecular route with a low-energy barrier. Barlow ef al. (1993)
and Birge & Barlow (1995) proposed a model based on the idea that the thermal
and the photic activation of visual pigments follow different molecular routes.
They argued that spontaneous events could arise from a small subpopulation of
rhodopsin with a deprotonated Schiff base linkage between the chromophore and
lysine 296 in the protein. This will be referred to as the Birge-Barlow (BB)
hypothesis in this thesis (cf. Burns & Baylor, 2001). The BB hypothesis is based
on molecular modeling as well as on observations of thermal isomerization rates
of Limulus photoreceptors. This work (Barlow et al., 1993; Birge & Barlow,
1995) predicts for the deprotonation-isomerization reaction an activation energy
that is consistent with the apparent Arrhenius activation energies found for
thermal isomerizations (Baylor et al., 1980; Barlow et al., 1993). On the other
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hand, the BB hypothesis predicts that the rate of thermal isomerizations should
depend strongly on pH. Intracellular alkalization should increase the proportion of
molecules with deprotonated Schiff base, and hence the rate of thermal
isomerizations. Consistent with their hypothesis, Barlow et al. (1993) observed in
Limulus photoreceptors that a pH change caused a change in the rate of thermal
events in the predicted direction.

However, later studies on vertebrate photoreceptors have shown that pH does not
affect the rate of thermal isomerizations either in rods (Firsov et al., 2002) or in
cones (Sampath & Baylor, 2002). Furthermore, the pH dependence observed on
Limulus photoreceptors by Barlow et al. (1993) was much stronger than predicted
by the BB hypothesis (Barlow et al., 1993; Birge & Barlow, 1995). It follows
from the BB hypothesis that changes in the external and in the internal pH should
affect the noise level in the same direction. Thus, the observation that external and
internal pH changes affect the noise level in opposite directions in Limulus
(Corson & Fein, 1980) is also contradictory to the BB hypothesis. In the light of
these experimental observations, it appears that this model is inadequate to
explain the mechanism of thermal events (for review see Burns & Baylor, 2001).

In general, models assuming different activation energies for thermally induced
and photon-induced isomerizations are tempting, because the ground-state
potential energy surface of rhodopsin could potentially offer a huge number of
different molecular routes. It is possible to assume that the ground-state surface is
like a maze, where one or several unlikely or restricted routes can lead through
low-energy barriers to the active state of rhodopsin (Kakitani, 1999). The
discrepancy between the thermal activation energy estimates and the
photoactivation energy estimates could be explained by the existence of these
low-energy routes. The rareness of spontaneous events would be explained by the
difficulty to find the right complex route through the whole maze. However, an
exact hypothesis of the route and the modeled shape of the potential energy
surface along the route would be required for a serious hypothesis belonging to
this model family. Moreover, if no coupling between photoactivation energy and
thermal barrier exists, there is no evident reason, why thermal noise should
correlate with A, Thus, the requirement 2 in the list above seems a priori diffi-
cult for this model family.
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2.3 Spectral absorbance and spectral sensitivity of visual
pigments

2.3.1 General characteristics
Absorbance spectra and spectral sensitivity curves

The absorbance spectra of visual pigments determine the wavelength range of
electromagnetic radiation available for vision. This conclusion was originally
drawn based on the close similarity between the absorbance spectrum of
rhodopsin in solution and the relative sensitivity of the dark-adapted eye at
different wavelengths determined by psychophysical measurements (Hecht &
Williams, 1922; Wald, 1945; cf. Stiles, 1948). The similarity between the scotopic
spectral sensitivity of the dark-adapted eye and the absorbance spectrum of
rhodopsin depends on the constant quantum efficiency of photoactivation over a
wide wavelength domain (Dartnall, 1968). Thus, the only wavelength-selective
mechanism is the absorbance spectrum of the visual pigment, which determines
the spectral sensitivity of a photoreceptor containing the pigment. This same
reasoning is the basis for the principle of univariance according to which the
information about the wavelength of a photon is lost in vision as soon as the
photon is absorbed (Naka & Rushton, 1966).

Some differences between the relative scotopic spectral sensitivity and the relative
absorbance spectra of rods arise due to following reasons. Firstly, absorption by
the other components of the eye attenuates light intensity especially in the short-
wavelength region. Secondly, the light has to travel axially through the oriented
layers of visual pigments in the waveguide formed by the photoreceptor outer
segment. The absorption of photons by the pigment layers attenuates the light
intensity as a function of the distance travelled. The latter effect, called “self-
screening”, tends to flatten the absorbance spectrum. If these differences are taken
into account, both the spectral absorbance (4) of visual pigments and the spectral
sensitivity (S) of photoreceptors or the whole visual system can be used for
studying the photoexcitation of visual pigments (cf. Cornwall et al., 1984).

The absorbance (A4) of visual pigments can be measured spectrophotometrically
from extracted visual pigments in solution. Since the advent of
microspectrophotometry, absorbance measurements have been performed also on
intact isolated photoreceptors (Hanaoka & Fujimoto, 1957; Brown, 1961;
Liebman & Entine, 1964; Marks et al., 1964; Brown & Wald, 1964; Harosi &
MacNichol, 1974; MacNichol, 1978; for reviews see Liebman, 1972; Bowmaker,
1984; Cornwall et al., 1984). On the other hand, the spectral sensitivity (S) of
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photoreceptors or the whole visual system can be measured either by
electrophysiological methods or by psychophysical methods. Spectral sensitivity
measurements are based on determining the intensity that generates a criterion
signal of constant size (“threshold”) at each wavelength. The methods used in this
thesis, absorbance measurements by microspectrophotometry in intact
photoreceptors and electrophysiological spectral sensitivity measurements by the
electroretinogram technique, are presented in the methods section (Chapter 4).
The exact mathematical formulation of the common definitions of absorbance (4)
and spectral sensitivity (S) are also found in the methods section.

The main bands of the absorbance spectra of visual pigments

Fig. 6 shows the general shape of a typical absorbance spectrum of rhodopsin.
The absorbance spectrum has several peaks called the o—band, the f—band, the
y-band etc. The o—band and the f—band correspond to the absorption of light by
the opsin-bound chromophore. Other bands, located at shorter wavelengths,
correspond to light absorption by the protein part. Thus, only the o— and B—bands
contribute directly to visual excitation. The primary interest lies on the o—band,
which arises from the electronic excitation of the opsin-bound chromophore from
the ground state (So) the first electronically excited state (S;) (Jurkowitz, 1959;
Loeb et al., 1959; Wald, 1959). The weaker f—band is not as well studied as the
o—band, mostly because of technical problems arising from its lower amplitude
and location in the UV region (e.g. light scattering problems).

Spectral tuning of visual pigments

The wavelength of maximum absorption (Amax) of the a—band of visual pigment
spectra varies between ca. 360 nm—630 nm (Shichida & Imai, 1998). The wide
range of Amax values indicates that the position of visual pigment spectra can be
rather freely shifted on the wavelength scale to match the varying photic
environments present on earth. This process is called spectral tuning. There are
three main mechanisms of spectral tuning of visual pigments: 1) changing the
amino acid composition of the opsin, 2) changing the chromophore and 3)
affecting the spectral properties of the chromophore by a specific chloride binding
site in the opsin. Each of these mechanisms is shortly reviewed below.

In mechanism #1, the absorption maximum (An.x) of the opsin-bound
chromophore is regulated by its interaction with the nearby amino acid residues of
opsin in the chromophore-binding pocket. These interactions can shift the
absorbance spectrum of the 11-cis-retinal protonated Schiff base (PSB) either
towards shorter wavelengths (hypsochromic shift) or towards longer wavelengths
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(bathochromic shift) from the position of the absorbance spectrum of PSB in
organic solution (440 nm) (Kito et al., 1968). In general, any shift of the PSB’s
spectrum from the reference value in solution by opsin-induced interactions is
called an “opsin shift” (Motto et al., 1980). In addition to mechanism #I,
mechanism #3 can also be used for the opsin shift. Mechanism #1 offers,
however, the latitude of the tunable range of wavelengths and is the main tuning
mechanism in visual pigment evolution. Point mutations in the amino acid
sequence of opsin offer the organisms a possibility to adapt the spectral
sensitivities of their visual pigments to different photic environments by natural
selection on an evolutionary time scale.
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Fig. 6. The absorption spectrum of purified extracted bovine rhodopsin in solution.
Reprinted with minor modifications from Hong et al. (1982), Copyright (1982), with
permission from Elsevier.
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There is no complete physical theory to explain the opsin shift based on the
tertiary structure of opsin. On the other hand, studies with site-directed
mutagenesis (Sakmar et al., 1989; Zhukovsky & Oprian, 1989; Nathans, 1990a;
Nathans, 1990b; Han et al., 1996a; Han et al., 1996b; Lin & Sakmar, 1996) have
shed light on mechanism #1 by revealing many important amino acid residues
affecting the absorption properties of opsin-bound chromophore (for review see
Sakmar et al., 2002). The key residue is the retinal counterion, glutamate 113 on
helix III, which alone explains most of the bathochromic opsin shift from 440 nm
to the Amax value of a typical rod visual pigment at around 500 nm (Sakmar et al.,
1989; Zhukovsky & Oprian, 1989; Nathans, 1990a). The problem in studies
involving site-directed mutagenesis is that the mutant pigments may be very
“unnatural”. Evolutionary genetic methods based on comparisons of the amino
acid sequences of closely related natural pigments have helped to find many
functionally important amino acid changes used in spectral tuning of natural
pigments (for review see Yokoyama & Yokoyama, 1996).

Although there is no complete physical model explaining the opsin shift based on
the molecular structure, it is generally known that it involves the opsin-induced
perturbation of retinal’s m-electrons. The most important mediators of this
perturbation are the dipolar amino acid residues located near the chromophore
(Kochendoerfer et al., 1999; Lin & Sakmar, 1999; Sakmar et al., 2002). This
perturbation modulates the chromophore’s ground-state (S¢) and excited-state (S;)
charge distributions and the energy gap between these states. Thus, mechanism #1
can affect both Ay.x and the minimum energy needed for photoactivation (E,). The
relation of the opsin effects on A, and E, is studied in papers I-IV of this thesis.

Mechanism #2 offers a simple way of spectral tuning. In vertebrates, it entails a
switch between the two possible chromophores: 11-cis-retinal (A1) and 11-cis-
3,4-dehydroretinal (A2). As discussed in section 2.1.1, the A1 — A2 chromo-
phore switch shifts Ay.x towards longer wavelengths in general (Dartnall &
Lythgoe, 1965; Bridges, 1967). Contrary to mutations in the amino acid sequence
of opsin, the chromophore switch allows spectral tuning on a physiological time
scale. It is used by many species of fish and amphibians to modulate spectral
sensitivity during their lifetime (Dartnall & Lythgoe, 1965; Bridges, 1965, 1972;
McFarland & Allen, 1977). For example, the common frog (Rana temporaria)
utilizes A2 chromophore while living in the reddish” fresh water environment at
its early tadpole stage. During metamorphosis it changes to Al (Reuter, 1969),
which is more efficient in catching photons above the water surface, an important
light environment for adult frogs. Mechanism #2 can also be utilized to tune the
absorbance spectra of visual pigments in different parts of the retina selectively.
For example, the adult bullfrog (Rana catesbeiana) has A1 chromophore in the
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ventral retina but may have even 81-89 % of A2 chromophore in the most dorsal
part of the retina (Reuter et al., 1971). This unusual spatial distribution of chromo-
phores is useful for living at the water surface, where the ventral retina looks into
the air and the dorsal retina under the water surface. The relation between the
effects on Anax and E, generated by mechanism #2 are studied in papers I, IIT and
IVv.

Mechanism #3 involves the binding of a chloride ion to a specific high-affinity
chloride-binding site on the opsin. The effect of the chloride ions on spectral
sensitivity was first found in the long-wavelength-sensitive pigment (Amax = 521
nm) of the Tokay gecko (Gekko gekko) (Crescitelli, 1977) and in the long-
wavelength-sensitive cone pigment of the chicken (Knowles, 1976, 1980; Fager &
Fager, 1979). Since these first observations, the chloride binding site has been
found in the opsins of most members of M/LWS (mid- and long-wavelength-
sensitive) pigment family (Novitskii et al., 1989; Kleinschmidt & Harosi, 1992)
including also human mid (M) and long-wavelength-sensitive (L) cone pigments
(Wang et al., 1993). The binding of chloride ion shifts A, towards longer
wavelengths and may have been a critical innovation in evolution to produce
long-wavelength-sensitive cone pigments. Chloride binding site has not been
found in other pigment families than M/LWS (Wang et al., 1993). So far all
known Al based visual pigments with A, greater than 510 nm use chloride-
binding for spectral tuning (Ebrey & Koutalos, 2001). Theoretically, mechanism
#3 could allow active tuning of spectral sensitivity by binding or releasing
chloride ions in its binding site on a physiological time scale. However, no
evidence for this has been found. Furthermore, an electrophysiological study of
LWS cones of goldfish (Zak et al., 2001) suggests that these cones lose their
phototransduction capacity in the absence of chloride ions.

Visual pigment templates

Dartnall (1953) discovered that the normalized o—bands of different visual
pigments can be described by a common template when plotted on a frequency
scale (4 vs. 1/A). Later, it was demonstrated that a broader template should be
used for A2 visual pigments (Bridges, 1967; Munz & Schwanzara, 1967). Ebrey
& Honig (1977) studied Al-based visual pigments with a wider range of Amax
values than Dartnall. They showed that, contrary to Dartnall’s original result, the
shape of the a—band gets systematically narrower on a frequency scale as Apax
shifts towards longer wavelengths. Many refined templates have been proposed
for visual pigments (Metzler & Harris, 1978; Dawis, 1981; Barlow, 1982;
Mansfield, 1985; MacNichol, Jr., 1986; Maximov, 1988; Partridge & DeGrip,
1991; Stavenga et al., 1993; Lamb, 1995; Palacios et al., 1996). Mansfield (1985)
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and MacNichol (1986) showed that shape-invariance holds to a high degree of
accuracy when spectra are plotted on a Ap./Ascale. The most recent and
comprehensive formulation is the one by Govardovskii et al. (2000). They used
Lamb’s (1995) template for the o—band of visual pigments as a basis and derived
separate parameter sets for Al- and A2-based visual pigments templates. They
showed that the shape of the o—band of all vertebrate visual pigments with Ap.x >
350 nm can be described by ecither of these templates with Ay, as the only
variable.

Generalized templates are useful for predicting the absorbance spectra of
pigments for which the An. values are known. They can also be used for
estimating the proportions of different visual pigments in mixtures of pigments
with known Ap.x. Similarly, the proportion of Al and A2 pigments can be
estimated as absorbance spectra are recorded from a photoreceptor containing a
mixture of Al- and A2-based pigments with the same opsin. However, visual
pigment templates have no strict physical interpretation. They are empirical
descriptions, which rely on curve fitting to the measured spectra.

2.3.2 Physical interpretation of visual pigment spectra
The physical formulation of the theory

Despite the wide knowledge of the structure and the mechanisms of spectral
tuning of visual pigments, no comprehensive physical theory exists for predicting
their absorbance spectra. Only for the long-wavelength part of the spectrum a
physical theory has been available since the 1940°s (Stiles, 1948; Lewis, 1955).
The theory predicts the shape and the temperature dependence of the long-
wavelength region of visual pigment spectra. In addition, this physical model
allows the estimation of the minimum energy needed for photoactivation of the
visual pigment (£,) (Stiles, 1948; Lewis, 1955; Srebro, 1966; I-IV).

The general ideas of Stiles’ theory are illustrated in Fig. 7 (reproduced with minor
modifications from paper IV). The top panels A—C show the situation at a low
temperature and the middle panels at a higher temperature. As shown in the
uppermost pair of panels A and B, a certain minimum energy (£,) is assumed to
be needed for the photoactivation of a visual pigment molecule. In addition, Stiles
(1948) proposed that £, need not be wholly derived from the photon energy but
may be supplemented by heat (the appropriate vibrational modes of the visual
pigment molecule). Thus, photons with energy less than the minimum energy
needed for photoactivation (hc/A < E,) can activate only those visual pigment
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molecules that possess sufficient supplementary energy in their internal
vibrational modes (Ethermai > Ea — he/A). Furthermore, Stiles assumed that visual
pigments are in thermal equilibrium and distributed among different vibrational
energy levels according to the Boltzmann distribution (see the two uppermost pair
of panels B in Fig. 7). Thus, the number of molecules at each individual energy
level (E;) should be proportional to the factor exp(—Ei/kT). As shown in the two
uppermost pair of panels C, these assumptions lead to the qualitative notion that
the absorbance spectrum of rhodopsin declines in the long-wavelength region
(A>hc/E,) in proportion to the visual pigment molecules with sufficient
vibrational energy. This qualitative idea is in agreement with experimental data
(Denton & Pirenne, 1954; Lewis, 1955; Srebro, 1966; Baylor ef al., 1984, 1987;
Lamb, 1995, I-IV), which indeed show the predicted type of decline of
absorbance spectra in the long-wavelength region (see Fig. 7, panel C). If only the
photon energy could contribute to visual pigment activation, the absorbance
spectrum should, contrary to experimental data, at all temperatures drop
precipitously to zero at the wavelength corresponding to the minimum energy
needed for photoactivation (A= hc/E,). In Stiles’ model, this will occur only at
absolute zero, where all visual pigment molecules are at the ground state (see
panels at the bottom of Fig. 7).
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Fig. 7. (facing page) lllustration of Stiles’ (1948) theory of temperature effects on
visual pigment spectra (modified from Fig. 1 in paper 1V). The top row of panels
represent a low temperature (Tiow), the middle row a higher temperature (Thigh)
and the bottom row the absolute zero (T = 0 K), where no thermal (vibrational)
energy is available. (A) Photons with energy less than the minimum energy
required for photoactivation (E3) can activate only those pigment molecules that
possess sufficient amount of thermal (vibrational) energy (Ethermal)- (B) The
distribution of rhodopsin molecules on vibrational levels depends on temperature:
higher energy levels become more populated at higher temperature. Stiles (1948)
assumed that different energy levels are populated according to the Boltzmann
distribution. Lewis (1955) pointed out that for a complex molecule like rhodopsin a
distribution derived by Hinshelwood (1933) has to be used. Both models predict
that the decline of log visual sensitivity vs. frequency (1/1) will follow a straight line
in the long-wavelength domain. (C) Logarithmic absorbance (A) or sensitivity (S)
plotted vs. 1/A. The slope of the final limb of the spectrum becomes shallower at
higher temperatures because of the increased proportion of molecules at higher
vibrational levels. The temperature effect starts at 1o where photon energy equals
the minimum energy required for photoactivation (Ephoton = Ea = hc/Ap). The model
is too simple to explain the shape of the visual pigment spectra in the short-
wavelength region: The model predicts constant spectral sensitivity or absorbance
(dashed line) in the short-wavelength region (1 < Ag) where photon energy is larger
than E;.

In order to deduce a quantitative, mathematical model for the long-wavelength
tail, Stiles (1948) made the following further assumptions:

1) The average absorption coefficient of a chromophore (&(A)) is at each
wavelength (A) proportional to the cumulative distribution of pigment
molecules on thermal energy levels (E;) greater than E, — hc/A. Denoting
this cumulative distribution by F, the above assumption gets the following
mathematical form:
a(A)=A-F, (7)
where A is a constant and
F= ze—Ei/kT’ (8)

i=j
where j is the lowest energy level for which he/A> E, — E;.
2) In order to replace equation 7 by an integral, Stiles assumed that there is a

great number of vibrational energy levels, which are close to each other.
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3) In order to integrate the formula obtained by assumption 2, Stiles assumed
that the separation between adjacent energy levels (AE = E;;— E;) is inde-
pendent of energy F;.

Using the above assumptions, Stiles obtained by direct integration the following
formulas for the average absorption coefficient of a chromophore (@(A4)):

@A) = C+—S . forhc/A<E,,
KT A

£ (€))
Ina(A)= C+ k;“ , forhc/A=FE,,

where C is a constant.

Because the absorbance (4) and the spectral sensitivity (S) of pure rhodopsin are
directly proportional to the absorbance -coefficient of the chromophore
group (A1), Stiles’ formula can be used to predict the relative shape of both
absorbance and sensitivity spectra. The top and middle panels C in Fig. 7 are
generalized representations illustrating spectral sensitivity curves at different
temperatures as predicted by Stiles’ model and plotted on logarithmic ordinates
against wavenumber (1/4).

The primary results predicted by Stiles’ model can be summarized as follows:

1) In the long-wavelength region (A > hc/E,), spectral sensitivity or
absorbance declines following a straight line with a constant slope (K =
dLog S/d(1/4) = hc log e¢/kT), when plotted on logarithmic ordinates (log S
or log 4) against wavenumber (1/4).

2) The slope (K) depends on temperature and becomes shallower at higher
temperatures as the higher vibrational levels of the molecule get more
densely populated (see panel B in Fig. 7): dK/d(1/T) = hc log e/k. The ratio
of the slopes in the long-wavelength domain at two different temperatures
(denoted “warm” and “cold”) is inversely proportional to the respective
temperatures: Kyarm/Kcold = Tcold/ Twarm-

3) The theory allows the estimation of the minimum energy needed for
photoactivation of a visual pigment molecule (£,). According to the
theory, E, corresponds to the wavelength (4g), where photon energy is just
equal to the minimum energy needed for photoactivation (£, = hc/Ap). At
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longer wavelengths (1 >4), temperature should affect spectral sensitivity.
Thus, the long-wavelength tails of spectra measured at different
temperatures should cross at Ay (see the middle panel C in Fig 7).

The precision of the above predictions will be discussed under separate
subheadings. The most valuable predictions for the purposes of the present thesis
are #2 and #3, which allow the estimation of the minimum energy needed for
photoactivation (E,).

Prediction #1: the shape of the visual pigment spectrum

Prediction #1 is qualitatively accurate. The final limb of all experimentally
determined visual pigment spectra follow approximately a straight line as plotted
on log sensitivity vs. frequency scale. Quantitatively, the final slopes of
experimentally determined visual pigment spectra are somewhat shallower than
predicted (70-90% of that predicted by Stiles’ theory) (Stiles, 1948; Lewis, 1955;
Lamb, 1995; see also Table 3 in the Results section). Thus, Stiles’ simple model
with its constant slope cannot predict accurately the absolute value of the final
slope of different visual pigments. This is evident, as the final slope is known to
depend on A so that short-wavelength-sensitive pigments have shallower final
slopes than long-wavelength-sensitive pigments (Ebrey & Honig, 1977). Thus, at
least one extra parameter depending on An.x is needed for a physical model
explaining accurately the final slope of different visual pigments.

Lewis (1955) refined Stiles’ theory by proposing that for a complex molecule with
several degrees of freedom the distribution proposed by Hinshelwood (1933)
should be used instead of the Boltzmann distribution (cf. section 2.2.3 on how the
Arrhenius rate constant for chemical reactions differs from that predicted for
thermal unimolecular reactions with many degrees of freedom). The fraction of
molecules with energy greater than £ is then given by:

m m—1
F=e . (£/KT) +(Ei/kT) +..+1y, (10)
m! (m—1)!

where (according to the notation of Lewis) the number of vibrational modes is
m+ 1.

To apply equation 10 to spectral sensitivities, Lewis replaced Ej in equation 10 by

the difference between photoactivation energy and photon energy
(E:=hc/Ay — he/A). Furthermore, he related F directly to spectral sensitivity at the
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corresponding wavelength (F = constant X S). Lewis also pointed out that the
series in equation 10 can be approximated by its first term in the long-wavelength
domain, where hc/Ag — he/A > mkT. Using this approximation, equation 10 can be
replaced by the following equation in the long-wavelength domain:

~E, /KT (Ei /kT)m

m!

F=e (11)

Equations 10 and 11 take into account the degrees of freedom of a complex
molecule in photoactivation just as equations 4 and 5 described in section 2.2.3 do
for the case of thermal activation. Both equations 10 and 11 and the exponential
terms of equations 4 and 5 (k/Ay) represent the fraction of molecules with energy
higher than a certain limit deduced from the Hinshelwood distribution. The
difference between these two expressions lies only in the notation used. In
equations 4 and 5, the energy limit is denoted by E, i as in equations 10 and 11 by
Ei. By denoting E, s = E;, m = 1/2 n — 1 and taking into account that equations 4
and 5 were deduced for the molar activation energy (R is used instead of k),
equations 10 and 11 and the exponential terms of equations 4 and 5, respectively,
become identical.

The refinement by Lewis (1955) to Stiles’ (1948) model leads to the following
prediction for the long-wavelength slope of the absorbance spectrum:

_dlogS _ hc-loge m-loge
a(1/ ) kT 11

A A

(12)

The effect of the term m is to make the slope shallower in the vicinity of Ay and
monotonically steeper towards longer wavelengths. At long wavelengths, Lewis’s
formula for the slope approaches Stiles’ prediction (hc log e/kT), the limiting
value for the final slope being (hc log e/kT — Ay m log ¢). With small values of m
Lewis’ prediction deviates only slightly from Stiles’ prediction at the long-
wavelength limit. For example, with m = 6, T=298 K and Ay = 586 nm, Lewis’s
formula gives a 7% shallower slope than Stiles’ formula as a limiting value in the
long-wavelength domain (for predictions on the temperature effects in the same
case, cf. Fig. 8). Both Lewis’ and Stiles’ formulas predict a straight line at the
long-wavelength limit of the spectrum plotted on Log S vs. 1/4 scale.

The advantage of Lewis’ formula is that it allows exact prediction of the shape of
the spectral sensitivity curve from long wavelengths down to Ay. On the other
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hand, Lewis’ formula contains an extra parameter (m) compared to Stiles’ simple
formula. Thus, the unambiguous estimation of both parameters Ay (or £,) and m is
a challenging task. An estimate for m that is independent of the other parameter £,
can, however, be obtained from the final slope of the log S vs. 1/4y curve (see
equation 12). Lewis found a good agreement with experimental data (human
scotopic spectral sensitivity) for m = 6.

It should be noted that both Stiles’ original prediction #1 about the shape of the
spectrum and the refined theory by Lewis are valid only in the long-wavelength
region of the visual pigment spectra, where 4 > Ay. The constant value predicted
by equation 9 for absorbance or spectral sensitivity in the short-wavelength region
(dashed lines in panel C in Fig. 7) disagrees with the shape of the experimentally
observed visual pigment spectra. Specifically, Stiles’ and Lewis’ theories do not
give any physical interpretation for the peak sensitivity (Amax) of visual pigment
Spectra.

Prediction #2: Temperature dependence of the long-wavelength slope

Stiles’ model predicts quite accurately the temperature dependence of the long-
wavelength slope. The predicted temperature effect in the long-wavelength
domain has been detected by psychophysical (de Vries, 1948) and
electrophysiological measurements of visual pigment spectra (Denton & Pirenne,
1954; Srebro, 1966; Lamb, 1984; I-III). In addition, studies on pigment extracts
have shown that the bleaching rate is temperature-dependent in the long-
wavelength domain (1 > Ay), increasing at higher temperatures as predicted by
Stiles” model (St. George, 1952). Both Stiles’ original model and Lewis’
modification predict the same temperature dependence of the long-wavelength
slope (0K/d(1/T) = hc log e/k ). Only in the close vicinity of Ay, Lewis’ model
predicts a weaker temperature dependence than Stiles’ original model. In this
region, equation 10 should be used instead of equation 11. The small difference
between Stiles’ and Lewis’ predictions for the temperature dependence of the
spectra is readily perceived if the difference between spectra at different
temperatures (“warm” and “cold”) is plotted for both models (see Fig. 8).
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Fig. 8. The difference spectra (4 = Log S,, — Log S;) are plotted for both Stiles’ and
Lewis’ models with the following parameter values: 1,=586 nm, m = 6 (in Lewis’
model), T, =282 K, Ty =302 K.

Temperature effects on pigment spectra have also been studied spectrophotometri-
cally in solutions. These studies include absorbance measurements of solutions
containing extracted visual pigments (Yoshizawa, 1972), pure retinal (Jurkowitz,
1959) as well as P-carotene (Loeb et al., 1959; Wald, 1959), which is the
precursor of retinal with a closely related molecular structure. Absorbance
measurements on extracted visual pigments in solution allow the use of a much
wider temperature range than psychophysical and electrophysiological recording
techniques. The more precipitous decline of the long-wavelength tail of the
spectra at low temperatures observed in these studies is in qualitative agreement
with the predictions of Stiles and Lewis. Measurements of absorbance spectra
cannot, however, offer accurate information about the final slope in the long-
wavelength domain, where the absolute absorbance is very low. Quantitative
comparisons between data and the slopes predicted by the theoretical models
require physiological or psychophysical sensitivity measurements. Yet, the study
of visual pigments in solution over wide temperature ranges offer other kinds of
interesting results, which can be interpreted with the aid of basic photochemistry
and the simple basic ideas of Stiles’ model (cf. Fig. 7).
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Fig. 9. Schematic energy diagrams of all-trans B-carotene at 10°C and at —193 °C.
Absorbance spectra are shown above the energy diagrams (10°C, red line; —193
°C, blue line). The distinct peaks in the cold spectrum correspond transitions from
the O vibrational level of the ground state to equally spaced vibrational levels of the
1st electronically excited state. The peaks in the absorbance spectrum become
broader and thus more superimposed at the high temperature as a result of
transitions from the higher vibrational levels of the ground state (dashed lines).
Reprinted by permission from (Wald, 1959) copyright (1959) Macmillan
Publishers Ltd.

Fig. 9 shows the absorbance spectra of [-carotene at —193 °C and +10 °C (Loeb
et al., 1959; Wald, 1959) and the energy diagrams constructed for the spectra by
Wald (1959). At —193 °C the absorbance spectrum shows five distinct peaks (the
fine structure of the spectrum). Most molecules are at the lowest vibrational level
of the ground state (level 0) at —193 °C and the peaks correspond to the transitions
from the ground-state level 0 to different vibrational levels (0,1,2,3) of the excited
state. The 0-0 transition corresponds to the minimum energy needed for
photoactivation (E,). The amplitudes of different peaks reflect the transition
probabilities. At the higher temperature, the distinct absorbance peaks became
wider and smoother as a result of electronic transitions starting from the higher
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vibrational levels of the ground state, which become more populated at the higher
temperatures. These transitions from the higher vibrational levels of the ground
state are illustrated by the vertical dashed lines in Fig. 9. This effect is the one
used to predict the long-wavelength tail of the rhodopsin spectrum on the basis of
Stiles’ model. With the aid of Fig. 9, it is easy to understand that Stiles’ and
Lewis’ models are applicable only at A > Ay, where the peak corresponding to the
transition to the excited-state level 0 dominates. At shorter wavelengths, peaks
corresponding to higher energy transitions are superimposed, and more complex
physical models would be needed to predict the temperature effects and the shape
of the spectrum.

The above results on B-carotenes can be used for understanding the temperature-
dependence of the spectrum of the closely related retinal. Contrary to the spectra
of B-carotenes at low temperatures, the absorbance spectrum of retinal is smooth
without any evident fine structure even at —193 °C (Jurkowitz, 1959). The low-
temperature spectra of retinal as well as extracted visual pigments are, however,
much narrower than spectra measured at room temperature reflecting the same
underlying physics as seen in the case of B-carotene.

Prediction #3: The estimation of the minimum energy needed for photoactivation

(E)

The procedure for estimating the minimum energy needed for photoactivation (£,)
from temperature effects on the long-wavelength region of the spectrum is
illustrated graphically in Fig. 8. The method is based on finding the limiting
wavelength (4o = hc/E,), where photon energy is equal to E,. According to Stiles’
and Lewis’ models, 4y can be found at the crossing point of the temperature-
independent and temperature-dependent areas of the spectrum. Based on
experimental data, A9 can be found by measuring temperature effects in both
temperature-dependent and temperature-independent domains and calculating the
difference spectra (4 = Log Sy — Log S;) shown in Fig. 8. Stiles’ (1948) model
gives the following equation for the long-wavelength (temperature-dependent)
part of the difference spectra:

hc-loge [ 1 1 I 1
A=LogS, —LogS, =——— | ——— || =—— | 13
: ) : : k (/10 /7’} [Tc ij ( )

Thus, the slope of the temperature-dependent part of the A-spectrum depends only
on the temperatures at which the original spectra are measured:
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A1/ A) k (14)

B(LogSw—LogSc)__hc-loge.( 11 J

By using the constant slope predicted by equation 14, a straight line can be fitted
to the data points of the A-spectrum and the crossing point (4g) between this line
and the horizontal one fitted to the temperature-independent domain can be found.

In the case of Lewis’ model, equation 13 should is replaced by a more complex
formula:

he Y (1 1 1
he-loge (1 1)1 1 {kTJ [ﬂo_ﬂ] ET
A:ﬁ.(_——j(———j+log T — . (15
k hc 1 1 1
— | == —t+..+1
k7. ) (4, A) m!

A A

For the same experimental data Lewis’ formula gives systematically higher
activation energy estimates than Stiles’ formula, because it takes into account the
curvature of the A-spectrum near Ay (see Fig. 8). This more accurate model
requires, however, independent estimation of the extra parameter m based on the
final slope of the spectrum (see equation 12). On the other hand, Stiles’ model
offers a simple graphical means of obtaining a lower limit for £, based only on the
A-spectrum. For a constant value of m, the difference between Stiles’ and Lewis’
E, estimates is constant. Thus, both models give the same estimates for the
differences in E, between different visual pigments, although the absolute values
given by Stiles’ formula are lower.

C w

Srebro (1966) derived the following equation for the minimum energy of
activation:

he he [—9logS/a(1/T)]
E,=—+—- L
“ & T [dlogS,/0(1/4)]

f .

(16)

where the subscript i refers to each “long-wavelength” data point (4i), where
spectral sensitivity data is measured. The derivatives [—8 logS/0(1/T )l and

[alog S./o(1/ l)l are also determined at the wavelength 4. For simplifications

used in calculations, the reader is referred to the Methods sections of papers I and
1L
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Equation 16 is based on Stiles’ model of the temperature dependence of the long-
wavelength slope, but takes into account the curvature of the spectrum as
proposed by Lewis (1955). Thus, Srebro’s formula offers a simple way of
estimating £, based on Stiles’ model refined by Lewis’ ideas. This simple formula
does not require explicit determination of the extra parameter m, but still takes
into account its effect on the spectrum. Furthermore, each pair of data points
(warm-cold) in the long-wavelength domain offers means of getting independent
estimates of E,. Because of these advantages, equation 16 has been used as the
primary basis for activation energy estimates in this thesis (I-III).
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3 Aims of the study

The purpose of this thesis was to elucidate the relation between three main
functional properties of vertebrate visual pigments: the position of the absorbance
spectrum, characterized by Apax, the minimum energy needed for photoactivation
(E,) and the rate of thermal isomerizations (k). The ultimate goal was to find a
physical model, which could 1) explain the discrepancy between the estimates of
the minimum energy needed for photoactivation (E,) and apparent Arrhenius
activation energy estimates (E,p) deduced from the temperature-dependence of
thermal isomerizations and 2) explain the experimentally found correlation
between An.x and thermal isomerization rates of visual pigments (Donner et al.,
1990; Firsov & Govardovskii, 1990; Fyhrquist, 1999; cf. Figs 2 and 3 in paper V).
The specific goals of papers [-V are summarized below.

Paper 1. The objective was to test experimentally the prediction of an inverse re-
lation between E, and An.x (SLB hypothesis) (Stiles, 1948; Lewis, 1955; Barlow,
1957). The minimum energy needed for photoactivation (£,) was estimated based
on temperature effects in the long-wavelength domain of both spectrally similar
and spectrally different visual pigments. The study included Al-based and A2-
based visual pigments. Spectral sensitivity was measured solely by the
electroretinogram (ERG) technique at two different temperatures in the
wavelength range 397752 nm.

Paper II. The objective was to test the accuracy of the physical models predicting
temperature effects on visual pigment spectra and to test the SLB hypothesis with
a refined method of E, estimation. For these purposes, temperature effects on
spectral properties of toad “red” and ‘“green” rods were studied by single-cell
microspectrophotometry (MSP) and, in the case of red rods, also by electroretino-
gram (ERG) recording. Temperature effects on An.x were characterized by
microspectrophotometry (MSP). Absorbance spectra recorded by MSP at different
temperatures were combined with spectral sensitivities recorded by ERG at the
same temperatures to remove a number of potential artifacts connected with the
use of ERG alone. The temperature dependence of the long-wavelength domain of
the composite MSP & ERG spectra were used to estimate the minimum energy
needed for the photoactivation (E,) of the red rod pigments of two closely related
toad species.

Paper III. The objective was to study the relation between A, and E, in A2-
based pigments. In addition, the effect of the chromophore switch on E, and Anax
was studied. For this purpose, temperature effects on three A2-based visual
pigments and one A1/A2 pigment pair with the same opsin were studied with the
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same methods as in paper II. The pigments studied allowed three pair-wise
comparisons to clucidate the relation between An.x and E,: 1) two pigments with
the same opsin but different chromophores, 2) two A2 pigments with similar Apay,
3) two A2 pigments with different Apx.

Paper IV. The objective was to study a possible correlation between the
minimum energy needed for photoactivation (E,) and 1/An. in the full
experimental material collected. The study was based on 12 different visual
pigments (the pigments from studies [-III plus two invertebrate A2 pigments).
The effects of the chromophore switch and opsin shift on A, and E, were studied
separately. An empirical relation between E, and 1/An.x was deduced and
compared with the prediction of the SLB hypothesis.

Paper V. The objective was to formulate a new hypothesis explaining the
discrepancy between the apparent Arrhenius activation energies (E,p) and the
photoactivation energies (E,) as well as the correlation between A, and thermal
isomerization rates. The model is based on the photoactivation energy estimates
deduced in papers I-IV and the literature data on the rates of thermal
isomerizations in vertebrate photoreceptors to which is applied the physical theory
of the rate of thermal unimolecular reactions.
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4 Materials and methods

4.1 A general note on experimental techniques

Two experimental techniques were used in this thesis. Absorbance spectra of
visual pigments were recorded by single-cell microspectrophotometry (MSP)
from the outer segments of isolated rods and cones (II-IV). The spectral
sensitivities of rod and cone photoreceptors were measured by electroretinogram
(ERG) recording of mass photoresponses across the isolated aspartate-superfused
retina (I-IV). Both techniques were used for characterizing the temperature effects
on spectral properties of visual pigments within the physiological temperature
range (0 °C-38 °C).

MSP and ERG techniques were used, because together they offer accurate
information of the spectral properties of visual pigments over a wide wavelength
range. With MSP, the absorbance spectra can be studied with high resolution in
the vicinity of the peak of the spectrum (Ama.). MSP allows the measurement of
the absorbance spectrum on most amphibian rod photoreceptors with reasonable
accuracy up to the long-wavelength point, where absorbance has dropped ca. 2
log units from its peak value. In this region, MSP is superior in accuracy
compared to any electrophysiology, including the ERG. On the other hand, ERG
as an electrophysiological method is superior in the long-wavelength domain.
Because of the biological amplification of single photoisomerizations (see section
2.1.3) and the summation of responses originating from thousands of
photoreceptors, the ERG technique allows very low variability and noise level in
the responses. The spectral range that can be studied by electrophysiology is
eventually limited only by the power of the light source. Thus, our ERG across the
isolated retina allowed the measurement of spectral sensitivity up to a long-
wavelength point, where spectral sensitivity had dropped even ca. 8 log units from
its peak value.

MSP and ERG techniques have several other advantages, which make them
suitable for this study: both of these techniques allow reliable and long-lasting
recordings in the physiological temperature range. In addition, MSP is a fast and
effective method for characterizing the absorbance spectra of single cells. MSP
would allow the extension of the temperature range also beyond the limits used in
this study. Contrary to the absorbance recordings on extracted visual pigments in
solution, MSP offers a possibility to study the pigments in their natural
environment inside the membranes of intact photoreceptor cells. The main
disadvantage of this method is that the light intensity is limited: The more light
that is used, the more visual pigments are bleached distorting the recorded
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spectrum. Thus, high-resolution spectra can be obtained only by using low light
intensity and by averaging recordings from a large number of cells.

In addition to the abovementioned benefits, the ERG technique has the advantage
that photoreceptors in the intact retina are in their natural physiological
environment. The main disadvantage of the ERG technique is that the signal
contains several components even when the synaptic transmission to second-order
cells has been blocked by aspartate. Thus, the signal component generated by the
photoreceptor type under study has to be separated by special procedures (see
below). When several photoreceptor types with quite similar light sensitivities and
response kinetics are present in the same retina, this problem can severely limit
the usability of the ERG method. Another disadvantage of the ERG method is that
the shape of the spectral sensitivity curve is distorted in the short-wavelength
region (near An.x) due to so called “self-screening”. Essentially this phenomenon
implies that when the light is travelling through a high total pigment density, as
e.g. in the long outer segment of a rod, the absorption probability for photons in a
broad band around Am. 1S close to 100% and does not reflect of the actual
absorbance spectrum of a single pigment molecule.

Despite some disadvantages, the combination of MSP and ERG techniques
proved to be effective for the accurate study of temperature effects on spectral
properties of visual pigments. Alternative methods for studying spectral properties
of visual pigments could hardly have been successfully applied in the present
study with comparable effort. For example, the long-wavelength tail of the
spectral sensitivity curve could be determined also by e.g. psychophysical spectral
sensitivity measurements based on the threshold sensitivity of the whole animal at
different wavelengths of monochromatic light. Although behavioural thresholds
can be accurately measured in poikilothermic animals at different temperatures,
the invested effort for each spectral point is considerable (cf. Aho et al., 1993).
Psychophysical experiments, on the other hand, are limited to a narrower
temperature range than MSP and ERG recordings. Spectral sensitivity recordings
by the suction pipette technique would at the moment be the best alternative to the
ERG. Suction-pipette recordings allow the same temperature range and in a well-
polished system might reach an accuracy comparable to that attained in this thesis.

In this chapter the main aspects of the methods used in this thesis are summarized.

For a more detailed description of the methods, the reader is referred to the
original papers (see Table 1 for references of specific methods).
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Table 1. Specific methods of this thesis and their primary references.

Methods

References

Experimental procedures:
e ERG recordings
e MSP recordings

Analysis of absorbance & spectral sensitivity spectra:

e Extraction of porphyropsin spectra from mixed A1/A2
spectra

e ..« estimation

e (Construction of composite
MSP & ERG spectra

e [, estimation based solely on ERG data

e Refined method for E, estimation based on composite
ERG & MSP spectra

Statistical methods:
e Error estimates for £, and statistical testing of £, estimates

e The relation between E, and 1/Amax
e The relation between log & and 1/Amax

Methods used for constructing models based on E, estimates:

Papers I-11T"
Papers II, III°

Paper 111

Paper 11
Paper 11

Paper I
Paper 11

Papers I-1II

Paper IV
Paper V

aCf. Donner et al. (1988); Koskelainen et al. (1994); Pahlberg et al. (MS in preparation). °Cf,

Govardovskii et al. (2000).

4.2 Visual pigments, animals and preparations

Visual pigments

Table 2 lists all the visual pigments studied in this thesis. The experimental data
stem from MSP and ERG measurements performed on 11 different vertebrate
visual pigments in situ in photoreceptor cells. Recordings were in most cases
performed at two to four different temperatures as shown in table 2. All of the
vertebrate pigments studied belong to either amphibian or fish visual pigments. In
addition, two invertebrate pigments belonging to two closely related crustaceans
(Mysis relicta) were included in activation energy comparisons (paper IV). The
original spectral sensitivity data of these invertebrate pigments is presented in the

study by Pahlberg ef al. (manuscript in preparation).
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The following criteria were used when choosing the pigments for this study: 1)
Both Al- and A2-based visual pigments were included. Two A1/A2 pigment pairs
having the same opsin but different chromophores were selected particularly to
elucidate the effect of the chromophore switch on E,. 2) Both spectrally similar
visual pigments with nearly identical An.x values as well as pigments with
different An.x values were selected to study the variation of E, within single Amax
value as well as to find out the general relation between E, and An.x. Together the
Amax Values of the visual pigments studied cover the range 433—629 nm. 3) Well-
characterized model species allowing functional comparisons between Amax,
pigment structure and the rate of thermal isomerizations (k) were preferred. Thus,
pigments for which k£ and the amino acid sequence of the opsin were available
were regarded especially valuable for this study. The availability (A) or the
absence (N) of the literature data for the opsin sequence and k is shown in table 2
for each pigment studied. In addition to the main criteria 1-3, some other points
were taken into account as choosing the pigments: e.g. pigments were selected
with emphasis on the possibility to study them effectively by MSP and ERG
methods and pigments without polymorphism were often preferred to those with
reported polymorphism.

Table 2. (facing page) Visual pigments studied in this thesis are classified
according to the species, the photoreceptor type and the chromophore (Ch).
Tabulated values of the peak sensitivity (1nmax) are given within the accuracy of 1
nm. Estimates are based on the best-fitting Govardovskii et al. (2000) nomogram
fitted to the “room temperature” or “warm” (21-28 °C) absorbance spectra recorded
by MSP in this thesis (with the exceptions of Rana temporaria L-cone pigments,
see footnotes). Measurements performed by MSP and ERG techniques in this
thesis, their temperatures and references (Ref.) related to the recordings are
shown. The availability (A) or absence (N) of opsin sequence (Op) in the literature
is marked as well as that of the rate of thermal isomerizations (k). See footnotes for
references.
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Species & Ch | Aax Measurements Op | k
photoreceptor type (nm) MSP ERG Ref.
{9 {9
Rana catesbeiana
rod Al | 502" |8.5;28.5 8.5;28.5 |IILIV |A® | A°
(ventral retina)
rod A2 | 525 |8.5;21;28.5 8.5;28.5 | IILIV | A® | A°
(dorsal retina)
Rana temporaria
rod Al | 503" |7.0;28.0 54;250 |[LIV  |AY [N
L-cone Al | 562° - 54;250 | LIV N |N
L-cone A2 | 629" - 7.9;24.6 | 1 N |N
(tadpole)
Bufo bufo
rod Al | 503" | 8.5;28.5 8.5;285 | L1I Al | A®
Bufo marinus
“red” rod Al | 504" | 0;8.5;28.5;40 |8.5;28.5 |1l A_d A%‘
“green” rod Al | 433" | 0; 8.5;28.5; 40 - I Al | A
Xenopus laevis
rod A2 | 522° | 7.0;27.0 7.0;26.0 [ LIV | A* | Al
Carassius
carassius
rod A2 | 526 |8.5;28.5 8.5;28.5 | III N |N
L-cone A2 | 619 |21 5.0;15.0; | I N [N
25.0
Mysis relicta
Pojoviken Bay | A2 | 530™ | 21.0™ 7.0; )" |N |N
population 20.0"
Lake Pagjarvi | A2 | 553™ | 21.0™ 5.0; )" |N |N
population 18.0"

@For comparison, see Table 1 in Govardovskii et al. (2000), bKayada et al. (1995), about the

presence of single opsin in rhodopsin

and porphyropsin rods, see fong et al. (1985), “Donner

et al. (1990), dFyhrquist et al. (1998a), *Koskelainen et al. (1994), 'cf. Table 1 in paper 1. This
value is based on the prediction of the nomogram by Govardovskii et al. (2000) for the A2-
pigment pair of the corresponding A1 pigment (Koskelainen et al., 1994), *Fyhrquist et al.
1998b), Firsov et a{. (2002), hBaylor et al. §n1980), 'Hisatomi et al. (1999), 'Mafthews (1984),

Batni et al. (1996), Fyhrquist et al. (1999),

Jokela-Maéatta et al. (manuscript in preparation),

"The ERG recordings in this case are based on Pahlberg et al. (manuscript in preparation); for
E, estimates see also paper IV.

65




Animals and preparations

Animals were provided either by commercial suppliers or caught in the wild.
Most of them were kept at room temperature and 12h light / 12h dark regime, and
fed with appropriate food. The common frogs (Rana temporaria) and one portion
of the common toads (Bufo bufo) were kept unfed in hibernating conditions (at ca.
5 °C). Bullfrogs (Rana catesbeiana) were kept in special light and temperature
conditions favouring the formation of either A1 or A2 pigment (III; cf. Reuter et
al., 1971; Donner et al., 1990). For studying the porphyropsin L-cones of the
common frog (Rana temporaria), tadpoles at early developmental stages were
selected for the study. At this stage they have the maximal A2-pigment content in
the retina (I; cf. Reuter, 1969).

Animals were dark adapted for at least 12 hours at room temperature before the
experiment. At the beginning of the experiment, the animal was decapitated,
double-pithed and both eyes were removed under weak red light (4 > 680 nm).
The retina was isolated from the pigment epithelium in cooled (15 °C) Ringer
solution (for Ringer composition, see paper II). For ERG recordings, the whole
retina or a piece of it was used for recording. For MSP recordings, a small piece
of the retina was gently pulled into pieces in a drop of Ringer on a coverslip to
expose isolated cells or outer segments (see paper II for further details).

4.3 Single-cell microspectrophotometry (MSP) (lI-lil)
Principle

For about 40 years, single-cell microspectrophotometry has been a standard
technique for measuring the absorbance of photoreceptor outer segments
(Hanaoka & Fujimoto, 1957; Brown, 1961; Marks, 1963; Liebman & Entine,
1964; Brown & Wald, 1964; for review see Liebman, 1972; Bowmaker, 1984).
The basic idea of microspectrophotometry is very simple: a monochromatic beam
of light is passed through the photoreceptor outer segment and the intensity of the
transmitted light is measured at each wavelength. Thus, the principle is the same
as in standard spectrophotometry. Compared to standard spectrophotometry, the
additional challenges of microspectrophotometry are related to the small
dimensions of the cells as well as the limitations to the light intensity in the MSP
recordings, where bleaching of visual pigment by bright light has to be avoided.
Absorbance can be calculated based on the intensities of incident (/;) and
transmitted (/) light using the well-known Lambert-Beer law:

66



A(2) :log%:e(/l)cl, (17)

t
where A(A) is absorbance at certain wavelength A, € (1) is molar extinction
coefficient at the same wavelength, ¢ is concentration and / is the solution
thickness.

Equipment

computer

A
|| IRTVcamera

current-to-voltage

Eyepiece transducer
: Prism
— MP

<>

Moving :
heating/cooling (_ Mirror M2 X{ i

<>

Lamp housing

R
EB Objective v, S -
temperature _ < Sample The light path /,/"/ i \\~I£Ils®\/$

probe %pecimen holder -“Monochromatpr | N Lamp

'(\’ -
AN . Emtrange slit
5 Condenser AR et :
] SN ~ |
Background a7 N
temperature 7 light g « , -t
display Kndbs 2 Eiit slit -7
i
Polarizer =
Movable
filter
Glass
plate GP
Knobs 1

Mirror M1

Fig. 10. A schematic drawing of the instrument used for MSP recordings (modified
from Fig. 4 in Govardovskii, 1999).

The microspectrophotometer used in this study is illustrated in Fig. 10. It is a
single-beam, computer-controlled MSP device described in Govardovskii &
Zueva (2000). A halogen lamp serves as a light source. Spectral lights are
obtained by a monochromator, where a computer-controlled diffraction grating
was used for producing different wavelengths (see paper II). Light intensity was
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controlled by the width of the entrance and exit slits of the monochromator as well
as a movable, computer-controlled neutral density filter (O.D. ca. 1.0). A movable
polarizer in the light beam allowed the polarization of light with the e-vector in
the plane of the outer segment disks. The light beam was condensed on to the
sample that was placed in the temperature-controlled specimen holder attached in
the x-y plane of the microscope stage. The transmitted light could be directed by a
movable mirror either to the eyepiece of the microscope or conducted to the
photomultiplier during the spectral scan. Photomultiplier output was fed to the
computer memory via a current-to-voltage transducer and an A/D converter.

Recording protocol and purposes

The MSP recordings were performed with the beam oriented at right angles to the
long axis of the photoreceptor outer segment (OS), which was aligned parallel to
the slit as shown in Fig. 10. The width of the beam was adjusted normally to ca.
1/5-1/3 of the OS diameter. The wavelength range scanned was normally 350—
750 nm (scanning in ~ 1 nm steps with a speed of 250 nm/s). Optical densities
were calculated against corresponding baseline recordings, which were measured
separately for each cell in advance in the clear space near the cell. The wavelength
calibration of the MSP instrument was performed using a mercury lamp and a
standard neodymium glass, whose absorbance had been characterized by a
standard spectrophotometer (see paper II). The wavelength calibration was
checked regularly in each experiment by recording the absorbance spectrum of the
same neodymium glass.

In each experiment, the absorbance spectra of several cells (ca. 20100 depending
on the species) were recorded at each temperature studied (for temperatures, see
Table 2). For the final results, the spectra of several (ca. 3—6) experiments from
different retinas were averaged. Measurements were performed at low light
intensities resulting in less than ca. 1-2 % final bleaching of the visual pigment.
In addition, recordings were performed in most cases at two different light
intensities, which allowed the final spectra to be corrected for bleaching (cf.
Govardovskii et al., 2000).

In this study, MSP recordings were performed for three main purposes. Firstly,
absorbance spectra were recorded by MSP at the same temperatures, where ERG
recordings were performed in order to construct composite MSP & ERG spectra
in a wide wavelength range (II-IV). Secondly, MSP spectra were recorded at an
extended temperature range (0-38 °C) to study temperature effects on Amax (II).
Thirdly, MSP spectra were recorded at room temperature to allow the determi-
nation of A1/A2 ratio based on Govardovskii et al. (2000) nomogram (III).
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4.4 Electroretinogram recording (ERG) (I-1V)
Principle

Electrophysiological measurement of spectral sensitivity has a simple principle:
The light intensity (photons area” time™) needed to produce a signal corre-
sponding to a certain low-amplitude threshold is measured at each wavelength of
monochromatic light. The relative spectral sensitivity is defined as the normalized
inverse criterion intensity:

s:{%} , (18)

max

where /(1) in the light intensity at wavelength A that is needed to generate the
criterion signal corresponding to a certain threshold amplitude.

Because the quantum efficiency of rhodopsin is constant, the criterion signal
corresponds to the absorption of the same average number of photons, and thus
the conversion of the same average number of inactive thodopsin molecules to the
active state at each wavelength tested. Using this knowledge as a starting point,
the relation between the relative spectral sensitivity and the relative absorbance
can deduced by a fairly straightforward analysis (for details, see Alpern et al.,
1987; Stavenga et al., 2000):

10~
g 1-10

- 1_107A(j'max) i (19)

where 4(A) is the absorbance corresponding to the wavelength (A). In the ideal
case, where the light intensity in the photoreceptor waveguide is homogenous (no
“self-screening”), equation 19 can be simplified into the following form (cf.
equation 17 for definitions):

A(4) _ e(A)

ST A e

(20)
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70



Equipment and stimulation

The ERG setup is illustrated in Fig. 11. The retina was placed the distal (receptor)
side upward in the specimen holder and perfused and illuminated from the upper
(distal) side as shown in panel A. The mass receptor potential was recorded with
two Ag/AgCl sintered electrodes placed at the distal and proximal sides of the
retina. The DC signal was amplified (1000x) and led to the analog-to-digital (AD)
converter, where the signal was further amplified (10-100x). In earlier recordings
(I, II), an active 8-pole Bessel-type low-pass filter with cut-off frequency 20 Hz
for rods and 100 Hz for cones was used. In later recordings (III), digital filtering
was used. The temperature of the specimen holder was controlled by a small heat
exchanger located in the specimen holder. Temperature was measured by a
thermistor placed near the retina (for further details see paper II).

Panel B in Fig. 11 shows the stimulus system used for ERG recordings. The optic
bench of the stimulus system had two light channels: one for the stimulus light
and one for the background light. A halogen lamp (50 W) was used as a light
source for both channels. Computer-controlled shutters were used for producing
homogenous full-field flashes (normally 20 ms). The spectral composition of light
was controlled by a set of interference filters with transmission half-bandwidths of
ca. 10 nm. The transmission bands of the interference filters covered the
wavelength range of ca. 400-800 nm. Light intensity was controlled by neutral
density filters and neutral wedges in both the stimulus channel and the
background channel. Light intensity was calibrated regularly for each interference
filter by a calibrated photodiode. Stimulus and background light were combined
by a beam-splitter (BS) (see panel B). An optic cable (OC) led the light to the
specimen holder in the light-tight Faraday cage.

The ERG: isolation of responses from the photoreceptor type studied

In the electroretinogram (ERG) technique, the light-induced changes in field
potential across the retina are recorded. The voltage changes recorded by the ERG
technique are generated by the light-evoked changes in all the radial currents in
the resistive extracellular space of the retina. Even though synaptic transmission
was always blocked by aspartate (2 mM) in our recordings, the ERG signal may
still contain several components: photoreceptor responses of possibly more than
one photoreceptor type as well as glial (Miiller cell) responses. The aim in each
spectral sensitivity recording was as far as possible to isolate the signal generated
by the photoreceptor type studied. The following methods were applied to
separate the desired signal component (shown in boldface):
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Photoreceptor component. Glial (Miiller) cells respond to the changes in the
potassium concentration generated by the light-induced changes in the ion fluxes
of photorecetor cells. In part of the recordings, glial component was suppressed by
blocking the potassium channels of Miiller cells by Ba®>" added to Ringer solution
(cf. Bolnick et al., 1979; Donner & Hemild, 1985). Even though the glial
component could not be totally suppressed, it did not distort spectral sensitivity
recordings mainly because of its slower kinetics compared to the photoreceptor
responses.

Rod responses. Rod responses were separated from cone responses based on their
slower kinetics (see paper I: panel C in Fig. 1). When two types of rods (red and
green rods) were present in the same retina, the separation of the signal
components of the different rod types was based on the large separation of their
Amax Vvalues. In this case, the long-wavelength part of the spectrum is totally
dominated by red rods (see paper II). Thus, red-rod contribution was easy to
separate from green rods in the most interesting wavelength domain. On the other
hand, green-rod sensitivity could not be studied by the ERG technique in the long-
wavelength domain.

Cone responses. Cone responses were separated from rod responses by two
different techniques. 1) In the main pool of cone recordings, a double-flash
technique was used (see Fig.1 in paper III; cf. Koskelainen et al., 1994). In this
method, a rod-saturating conditioning flash was followed by a test flash at a time,
when cones had recovered but rods were still saturated. 2) In a few recordings (see
paper I), the cone responses were separated from the rod responses by selective
suppression of the rods with steady background light. Only the long-wavelength-
sensitive (L) cones were studied in this thesis. Their spectral sensitivity dominates
in the long-wavelength domain. The ERG-technique did not allow the isolation of
the signals from other cone types with A,y at shorter wavelengths.

Recording protocol and analysis

ERG recordings were performed on each retina at two or three different
temperatures in the physiological temperature range (see Table 2 for
temperatures). Recordings were performed on dark-adapted retinas. The recording
protocol for determining spectral sensitivity is best shown in Fig. 1 in paper I and
in Fig. 1 in paper II. As shown in these figures, spectral sensitivity at each test
wavelength was determined relative to a reference wavelength chosen quite near
the wavelength of maximum sensitivity. Response families at 4-7 different
intensities were recorded repeatedly at the reference wavelength. Between
consecutive response families at the reference wavelength, 3-20 dim-flash
responses were recorded and averaged at 3-5 different test wavelengths. A
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generalized Michaelis-function (intensity-response function) was fitted to the
response families at the reference wavelength. Relative spectral sensitivity at each
test wavelength was determined based on the lateral shift, which was needed to
shift the corresponding intensity-response function recorded at the reference
wavelength on intensity scale to match the averaged response at the test
wavelength. (for a detailed description, see methods sections in papers I and II).

4.5 General analysis (I-1V)

Absorbance spectra obtained by MSP and relative spectral sensitivities obtained
by ERG at different temperature were used for further analysis to obtain estimates
for Amax, to quantify the temperature effects on spectral sensitivity and to obtain
estimates for E,. Fig. 12 summarizes the main steps of the further analysis of
absorbance and spectral sensitivity data. The methods are exemplified in the case
of the common toad (Bufo bufo) red rod pigment. The methods summarized in
Fig. 12 are discussed below under separate boldface subtitles.

Amax estimation. The wavelength of the maximum absorbance (An.x) was
determined by fitting the visual pigment template of Govardovskii ez al. (2000) to
the absorbance spectra recorded by MSP. Only data recorded at room temperature
or at “warm” temperatures (27-28.5 °C) were used for template fitting, since
“cold” spectra are not perfectly well fitted by the nomogram (II). Therefore,
temperature effects on An.x were studied by fitting, instead of the nomogram, a
2nd-order polynomial to a narrow area around the peak (normalized 4 > 0.9). The
goodness of fit was estimated by the least-square criterion.

Analysis of the ”purity” of the spectrum and separation of mixed visual
pigment spectra. The Govardovskii et al. (2000) templates for Al and A2
pigments fitted to room-temperature or “warm” MSP spectra were used for
studying, whether two chromophores were present. The purpose was to verify that
the measured absorbance was due to a single chromophore (see paper II). Since
the A1—A2 substitution broadens the absorbance spectrum, the presence of even
a small fraction (ca. 1%) of the A2 chromophore could be detected by this method
(see paper II). In addition, linear combinations of the A1 and the A2 templates of
Govardovskii et al. (2000) were used to determine, which proportion of the
“mixed” absorbances was due to Al and A2 chromophores in porphyropsin rods
of the bullfrog (Rana catesbeiana). The information was needed for extracting the
pure A2 spectra from the mixed spectra at different temperatures (for a detailed
description of extracting the pure A2 spectra, see paper III).
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Combination of spectral sensitivity and absorbance spectra. ERG and MSP
data recorded at the same temperature were used to construct composite spectra,
which were accurate over a wide wavelength range. The spectra were glued
together in the region, where both techniques offer accurate data and “self-
screening” can be neglected for the present purpose. In this region of the
spectrum, equation 20 is valid within reasonable accuracy allowing the
combination of the two data sets. A detailed description of the anchoring of MSP
and ERG data is included in paper II. As shown in Fig. 12, the anchoring was
based on smoothing the MSP-data in the range of interest by a 2nd-order
polynomial. ERG data was anchored by least-square criterion to the 2nd-order
polynomial fitted to the MSP data.

Combination of “cold” and “warm” spectra. Spectra recorded at different
temperatures have to be positioned optimally relative to each other in order to
estimate the temperature effects on spectral sensitivity. When MSP data was
present, each composite spectrum was normalized according to the peak
sensitivity. Thus, the relative position of “cold” and “warm” spectra was
determined solely by the normalization of MSP spectra. On the other hand, in
some cases only ERG data was present (e.g. pigments studied in paper I). Then
the relative anchoring of “cold” and “warm” spectra was based solely on ERG-
data in the short-wavelength domain, where the physical models (Stiles, 1948;
Lewis, 1955) predict a temperature-independent domain. For further details about
the anchoring of “cold” and “warm” spectra in such cases, see paper I and paper
III (for the methods used for the L-cones of the crucian carp).

Final slope estimation. The long-wavelength tail of spectral sensitivity data (log-
normalized S vs. wavenumber) was characterized by the slope of the straight line
fitted to the region, where absorbance had dropped typically more than ca. 2-3
log units from the peak value. In general, weighted linear regression was used,
where each data point was weighted by 1/SEM?. For the most long-wavelength-
sensitive pigments (the L-cones of crucian carp and the A2-based L-cones of
common frog tadpoles) a bit looser criteria were applied (ca. 1.5 log units from
the peak value). The long-wavelength slopes were compared to the predictions of
Stiles’ (1948) model (see section 2.3.2 and papers II & I1I).
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Construction of A-spectra. Temperature effects on spectra were visualized by
plotting the difference between warm and cold spectra (4 = log Sy — log S.). These
A-spectra were constructed separately for the MSP and the ERG data and
anchored together by means of a least-square match (for further details about
anchoring, see paper II).

Estimation of the minimum energy needed for photoactivation (E,). The
minimum energy needed for photoactivation (£,) was estimated based on the
temperature effects in the long-wavelength domain. As discussed earlier in section
2.3.2, the estimation of £, was based on equation 16 (Srebro, 1966; I & II). The
method uses each pair of the data points (warm-cold) in the long-wavelength
region to obtain independent estimates for E,. In general, only data points for
which a clear temperature effect was detected (4 > ca. 0.1) were used for the
analysis. For a detailed description of E, estimation based on composite spectra,
the reader is referred to the Methods section of paper II.

In addition, A-spectra were used for getting the minimum estimate for £,. For this
purpose, a straight line with a slope predicted by Stiles’ model was fitted to the
long-wavelength (A > ca. 0.1.) data points (see section 2.3.2 and e.g. Fig. 3C in
paper II).

Statistical methods. Standard statistical methods were used to calculate the
standard error of means (SEMs) for each data point of the averaged absorbance
and spectral sensitivity spectra. The SEM estimates of the A4-spectra were
calculated using the variances and the number of the original data points
comprising cold and warm spectra. The SEMs of E, estimates take into account
two independent variance components. Firstly, the variance due to the vertical
matching of the spectra when constructing the composite spectrum (II-IV). In
paper I, where no MSP data was used this variance component is due to the
vertical matching of the cold and warm ERG spectra in the short-wavelength
domain. Secondly, the variance of individual point estimates of £, in the long-
wavelength domain was taken into account (for further details, see papers I & 1II).
Confidence limits and statistical significant testing of £, estimates were based on ¢
distribution and student’s #-test with the degrees of freedom according to the
variance estimates of the individual £, estimates (detailed description in papers I
& 1.
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4.6 Methods for models (IV, V)
The relation between E, and 1/Ayqx (IV)

In paper IV, E, estimates for all the visual pigments studied were plotted against
1/Amax. The slope of the best-fitting regression line was compared with the best-
fitting line predicted by the SLB hypothesis. Three different cases were studied:
1) E, estimates of all visual pigments pooled together, 2) £, estimates comprising
the chromophore switch in two A1/A2 pigment pairs and 3) E, estimates in seven
pigments having the same (A2) chromophore. In all cases, the weighting factor
1/SEM? of the E, estimates was used in the regression analysis. The error in Amax
values was negligible

Constructing the model for thermal activation of visual pigments (V)

In paper V, the discrepancy between the estimates of photoactivation energy (E,)
and the apparent Arrhenius activation energies (E,p) deduced from the
temperature dependence of the rate of thermal isomerizations was studied with the
aid of the Hinshelwood model (see section 2.2.3). The data of thermal
isomerization rates was obtained from the literature (see Tables 1 and 2 in paper
V) and corrected for the same temperature (21 °C). The aim was to test, whether
both the temperature-dependence of the rate of thermal isomerizations (k) as well
as the experimentally observed correlation between k and An.x (Donner et al.,
1990; Firsov & Govardovskii, 1990; Fyhrquist, 1999; cf. Figs 2 and 3 in paper V)
could be explained with approximately the same energy barrier for thermal
activation and photoactivation. The construction of the model presented in paper
V involves the following steps (1-5):

Hypothesis:

1) The energy barriers for thermal and photic activations are approximately
the same (E,y = E,), but different numbers of vibrational modes (n/2) are
involved in photic and thermal activation processes.

Assumptions:

2) The number of “square terms” (n) and thereby the number of vibrational
modes (n/2) involved in thermal activation needed to totally account for
the difference between the apparent Arrhenius activation energy (£, ) and
the apparent Hinshelwood activation energy (E,n) was estimated by
equation 6. Because it was assumed that E, 5 = E,, only E, and E,p were
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3)

needed for the estimation of . For this purpose, the difference between E,
and E, was calculated for the red rods of the cane toad (Bufo marinus),
where both £, 5 (Baylor et al., 1980) and E, (III) were available.

It was assumed that #» does not vary considerably between different visual
pigments.

Model testing:

4)

5)

The empirical relation between E, and 1/An.x deduced in paper IV was
used to see, whether the new model could explain the experimentally
observed relation between the rate of thermal isomerizations (k) and 1/Anyax
in both rod and cone visual pigments. The model was tested under the
simple assumption that the pre-exponential factor (4y) is constant within
the groups of rod and cone pigments, respectively (see equation 5).

The model was also tested by pair-wise comparison of the thermal
activation rates of the Al/A2 rod pigment pair of the bullfrog. The
prediction of the model for the relation between the activation rates was
calculated by equation 5 using the corresponding photoactivation energy
estimates (III). It was again assumed that the pre-exponential factor is
approximately the same for both pigments.
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5 Results

5.1 Temperature effects on spectral sensitivity (I-1V)
Temperature effects in the long-wavelength domain (I-1V)

The effect of temperature on spectral sensitivity was qualitatively similar in the
long-wavelength domain of all visual pigments studied in papers I-IV: the relative
sensitivity was higher at higher temperatures as predicted by Stiles (1948). For
visualization of the temperature effects on expanded scale (Log normalized § vs.
wavenumber), see Fig. 3 in paper II and Fig. 4 in paper IIl. As exemplified by
these figures, an approximately linear decline of log-normalized sensitivity vs.
wavenumber was found for all pigments and temperatures in the long-wavelength
domain. Table 3 summarizes the final slopes of “cold” and “warm” spectra plotted
on logarithmic ordinates against wavenumber for all vertebrate visual pigments
studied in papers I-1V.

As shown by the final column of Table 3, the ratio of “cold” and “warm” slopes
(Kc/Kw) 1s in excellent agreement with the prediction of Stiles’ (1948) model. On
the other hand, the absolute slopes are somewhat (ca. 10-30%) shallower than
predicted. The long-wavelength limbs of the spectra show also small but
systematic curvature towards longer wavelengths so that the data points at the
longest wavelengths fall systematically below the regression line (see Fig. 3 in
paper II and Fig. 4 in paper III). The shallower than predicted slope as well as the
small systematic curvature of the final limb of the spectra can be explained by
Lewis’ (1955) refinement to Stiles’ theory (for theoretical background, see section
2.3.2 and for further discussion section 6.1).
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Temperature effects in the short-wavelength domain (11, I11)

MSP recordings on rod pigments showed that temperature affects also the short-
wavelength domain of the spectra by shifting the wavelength of maximum
absorbance (Amax). It was shown in paper II on Bufo marinus rod pigments that
temperature effects on An,x differ in red and green rods. In all seven red rod
pigments studied, a small but systematic shift in Ay.x towards longer wavelengths
was detected, as temperature was lowered (II & III). The temperature effect on
Amax Of the red rods was quite satisfactorily described by a linear relation between
Amax and temperature, although a slight curvature in this relation was found (see
Fig. 6 in paper II). The average effect (Admax £ SEM) in the seven red-rod
pigments studied was —0.53 nm £ 0.07 nm per 10 °C rise in temperature. This
result is in good agreement with the absorbance measurements on extracted Al
and A2 pigments in solution interpolated to the same temperature range (St.
George, 1952; Yoshizawa & Horiuchi, 1969; Yoshizawa, 1972; see also Fig. 4 in
paper II).

The effect of temperature on the spectral absorbance of green rods was quite
different. No statistically significant dependence between A, and temperature
was found (see Fig. 6 in paper II). The Apax of Bufo marinus green rods remained
the same (432.6 nm) within the accuracy of 0.1 nm even in the extended
temperature range studied in paper II (0-38 °C). For a discussion on the possible
reasons underlying the differences in the short-wavelength temperature effects
between the green and the red rods, see Discussion section in paper II.

Table 3. (facing page) The final slopes (K = dLog S/d(1/1)) of vertebrate visual
pigment spectra measured in the present thesis at “cold”, ‘C’ and “warm”, ‘W’
temperatures (temperatures given in parentheses). The slopes were obtained as
described in th,(g Materials and methods section. Values for the coefficient of
determination (") of the regression analysis are listed in separate columns for
“‘cold” and “warm” temperatures. The ratios Kc/Kyw measure the size of the
temperature effect in the long-wavelength sensitivity. The final column gives the
predictions by Stiles’ (1948) model for K, Kw and the ratio Kc/Kw. The deviations
of the empirical values (in percents) from the prediction of Stiles’ model are given
in parenthesis.
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Species & K¢ r Ky r Kc/ Stiles’ predictions
photoreceptor type, | 10° m 10° m Ky | Ko/ Ky
chromophore Kc (10 m)
Kw (10° m)
Rana catesbeiana
rod (A1) 1.64 0.999 1.55 0.999 1.062 | K¢/ Kw=1.071 (-0.9 %)
(8.5°0) (28.5°C) Kc=2.219 (-26 %)
Kw=2.071 (-25 %)
rod (A2) 1.66 0.998 1.57 0.9995 | 1.054 | Kc/Kw=1.071(-1.5 %)
(8.5°0) (28.5°C) Kc=2.219 (-25 %)
Kw=2.071 (-24 %)
Rana temporaria
rod (Al) 1.71 0.998 1.58 0.9996 | 1.086 | K¢/ Kw=1.070 (+1.4 %)
(5.4°C) (25.0°C) Kc=2.243 (24 %)
Kw=2.096 (-25 %)
L-cone (Al) 1.68 0.999 1.55 0.9998 | 1.082 | K¢/ Kw=1.070 (+1.1 %)
(5.4°0) (25.0°C) Kc=2.243 (-25 %)
Kw=2.096 (-26 %)
L-cone 1.67 N 1.59 N 1.053 | K¢/ Kw=1.059 (-0.6 %)
(tadpole) (A2) (7.9 °C) (24.6 °C) Kc=2.223 (-25 %)
Kw=2.099 (-24 %)
Bufo bufo
rod (A1) 1.64 0.998 1.52 0.999 1.075 | K¢/ Kw=1.071 (+0.3 %)
(8.5°0) (28.5°C) Kc=2.219 (-26 %)
Kw=2.071 (-27 %)
Bufo marinus
“red” rod (A1) 1.68 0.999 1.57 0.9995 1.073 | K¢/ Kw=1.071 (+0.2 %)
(8.5°C) (28.5°C) Kc=2.219 (-24 %)
Kw=2.071 (-24 %)
Xenopus laevis
rod (A2) 1.62 0.998 1.52 0.9997 | 1.069 | K¢/ Kyw=1.068 (+0.1 %)
(7.0 °C) (26.0 °C) Kc=2.230 (-27 %)
Kw=2.089 (-27 %)
Carassius
carassius
rod (A2) 1.57 0.998 1.45 0.999 1.079 | K¢/ Kw=1.071 (+0.8 %)
(8.5°0) (28.5°C) Kc=2.219 (-29 %)
Kw=2.071 (-30 %)
L-cone (A2) 1.99 0.997 1.77 0.996 1.123 | K¢/ Kw=1.072 (+4.7 %)
(5.0°C) (25.0°C) Kc=2.246 (-11 %)

Kw =2.096 (-15 %)

The slope is based only on two data points giving the trivial result: #=1.
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5.2 Photoactivation energy estimates and their relation to
1/ Amax (I-1V)

Paper IV summarizes the results of E, estimates for the visual pigments studied.
The primary E, estimates, the corresponding SEMs and the minimum estimates
for E, obtained from A-spectra interpreted by Stiles’ model are listed in Table 4
with the corresponding An.x values of the pigments (for references of Amax values,
see Table 2). The primary E, estimates with their SEMs are plotted against 1/Aax

in Fig. 2 in paper IV and compared to the prediction of the Stiles-Lewis-Barlow
(SLB) relation.

Table 4. The primary estimates of the minimum energy needed for photoactivation
(E,) based on papers I-IV. The final column shows the minimum estimates for E,
obtained by fitting a straight line to the final limb of A-spectra with the slope
predicted by Stiles’ simple formula (see the Materials and methods section).

Species & photoreceptor type, Amax E,+ SEM Minimum
chromophore (nm) (kcal/mol) estimate
for £,
(kcal/mol)

Rana catesbeiana

rod (A1) 502 46.5 + 0.8 (II) 45.2

rod (A2) 525 44.2 £ 0.9 (1I) 43.0
Rana temporaria

rod (A1) 503 45.7+0.4 (1) 443

L-cone (A1) 562 45.5+0.4 () 44 .4

L-cone (tadpole) (A2) 629 404 £ 1.6 (I) 38.9
Bufo bufo

rod (A1) 503 48.8 + 0.5 (IT) 47.1
Bufo marinus

“red” rod (A1) 504 44.3 + 0.6 (1) 43.4
Xenopus laevis

rod (A2) 522 433+ 1.3 (IV) 42.9
Carassius carassius

rod (A2) 526 42.3 £0.6 (1) 41.9

L-cone (A2) 619 38.3 £ 0.4 (1IT) 38.3
Mysis relicta

Pojoviken Bay population (A2) 530 478+1.8 44.8

Lake Pidjirvi population (A2) 553 415+0.7 40.4

"Activation energy estimates for Mysis relicta are based on Pahlberg et al. (MS in preparation).
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The following main results were obtained considering the relation between £, and
Amax based on studied in papers I-1V:

1)

2)

3)

The simple physical idea of the one-to-one inverse proportion between E,
and Amax (Ea = const. X (1/Amax), here termed SLB-relation) is not strictly
valid among either the Al or the A2 pigments studied. For example, two
pigments with approximately the same Am.x can have statistically
significantly different £, estimates (cf. e.g. the E, estimates of Bufo bufo
and Bufo marinus red rod pigments). On the other hand, pigments with
clearly different Am. can have approximately the same E, (cf. e.g. E,
estimates of Rana temporaria rod and L-cone pigments).

There is, however, a strong correlation between E, and 1/Apax (r2 =0.73),
which is not very different from the best-fitting SLB-relation: The
regression coefficient of the empirically found correlation was 84% of the
one predicted by the best-fitting SLB-relation for the 12 visual pigments
studied. The following empirical relation was found between E, and

1/ Amax:

E_ =7.10 kcal mol™ + 19800 nm kcal mol % (21)

max

The correlation between E, and 1/Am.x can be decomposed into chromo-
phore change and the effect of the opsin. For the chromophore change
(studied in two A1/A2 pigment pairs) the SLB relation was valid within
the experimental error. For the opsin shift in Ay, (studied within the group
of A2 pigments) the correlation was shallower than predicted by the SLB
relation: the regression coefficient was only 72% of the best SLB fit.

5.3 Model for thermal activation of visual pigments (V)

It was shown in paper V that the same temperature-dependence of the dark event
rates observed by Baylor ef al. (1980) for Bufo marinus rods can be explained by
a considerably higher activation energy (£, i) than the one predicted by the simple
Arrhenius theory (E,p), if the internal (vibrational) energy of rhodopsin is
involved. With ca. 39 vibrational modes (n/2) involved in thermal activation or
more accurately 79 “square terms” (n), the temperature-dependence of the dark
event rate observed by Baylor et al. (1980) can be explained even with the same
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energy barrier as estimated for photoactivation of Bufo marinus red rods in paper
I (see Fig. 1 in paper V).

In addition, the model predicted the relation between logarithmic thermal activa-
tion rates (log k) and 1/Amax for both rod and cone pigments in good agreement
with the experimental data available (see Figs 2 and 3 in paper V for rod and cone
results, respectively). The predictions for thermal activation rates were obtained
by the simplifying assumptions presented in the Materials and methods section: 1)
the same number of “square terms” (n = 79) was assumed for all pigments, 2)
approximately the same energy barrier was assumed for thermal activation and
photoactivation (£, u = E,), which was obtained from the empirical relation found
in paper IV (see equation 21) and 3) the pre-exponential factor (4y) was assumed
to be constant within the groups of rod and cone pigments respectively. The
accuracy of these simplifying assumptions is discussed in the original paper V and
in section 6.3.

The model was also tested by the pair-wise comparison of the experimentally
determined thermal activation rates of the A1/A2 pigment pair of the bullfrog
(Rana catesbeiana) with the prediction of the model. The experimentally
determined ratio kay/ka; = 10 (Donner et al., 1990) is in good agreement with the
prediction of the theory (kax/kai;= 7.6) proposed in paper V.

The following conclusions can be drawn from the results presented above (V): the
model fulfills both of the requirements listed in section 2.2.3 by explaining 1) the
temperature-dependence of thermal activation rates and 2) the correlation between
1/Amax and log k. The second prerequisite is fulfilled much better than in the
simple model predicted by Horace Barlow (HB), which also predicts the Amax-
dependence for k based on Arrhenius equation and thereby the Boltzmann
distribution. The An.x relation predicted by the HB hypothesis for & is, however,
far too steep (see Figs 2 & 3 in paper V). Furthermore, the model presented in
paper V questions the need for two different molecular routes for visual pigment
activation: a low-barrier route for thermal activation and a high-barrier route for
photoactivation.

It should also be noted that the model presented in paper V does not require that
the thermal barrier and the photoactivation energy are exactly the same. As shown
in paper V, a small energy “offset” (£, — E, ) between the photoactivation energy
and the energy barrier for thermal activation is allowable as long as the two are
coupled. It was also shown that a model based on the Boltzmann statistics such as
the HB model gives a correlation that is always too steep between 1/Amax and log &
even if the energy “offset” is allowed.
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6 General discussion

6.1 The validity of the physical models for spectral
sensitivity and photoactivation energy

We have used the spectral sensitivities of photoreceptors obtained by electro-
retinogram recording across the isolated retina and microspectrophotometric
measurements of absorbance in single photoreceptor outer segments to assess the
validity of the physical models used for estimation of the photoactivation energy
(E,) (Stiles, 1948; Lewis, 1955). As discussed earlier in section 2.3.2, the
underlying assumptions of these models are clear, plausible, and in good
agreement with our experimental data. According to these models: 1) a minimum
energy is needed for photoactivation and 2) thermal energy can contribute to
photon energy in the activation process. In the section below, the models and their
applicability for E, estimation are further discussed on the basis of the specific
results on spectral sensitivity and its temperature-dependence reported in papers
I-IV. The purpose is to analyze the limitations of the models and the effect of
these on E, estimates.

Firstly, one may criticize the models, because they give reasonable estimates of
the shape of the spectrum only in the long-wavelength domain. A physical theory
explaining the shape of the entire spectrum would, of course, be much better for
studying the relation between Ama.x and Ay (or E,). In the absence of such a theory,
however, Stiles’ and Lewis’ models are useful. They do not require any reference
t0 Amax- They deal only with the long-wavelength slope that appears as a
consequence of the fact that a minimum energy is needed for photoactivation and
this energy can be partly supplemented by heat. This long-wavelength part of the
spectrum starts at Ao (> Amax) and is all that is needed for E, estimation.

As shown in the Results section, the absolute slopes of the experimentally
determined spectra are shallower than predicted by Stiles’ model (see Table 3)
and show a small but systematic curvature towards longer wavelengths. This was
explained by the refinements of Lewis (1955), which are taken into account in the
formula (equation 16) used for E, estimation. Using the Ay values deduced from
the E, estimates both the slight curvature of the absolute slope (see equation 12) as
well as the experimentally observed temperature effects on spectral sensitivity in
the long-wavelength domain (see equation 15) are predicted if approximately 2—4
vibrational modes (1 < m < 3) are involved in photoactivation. This analysis also
suggests that the final slopes predicted by the models have not yet been reached at
the longest wavelengths studied here.
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In principle, differences in the temperature effects in the long-wavelength domain
could arise from differences in the numbers of vibrational modes (m+1) involved
in photoactivation of different pigments instead of differences in E,. As shown by
the above analysis, small differences in m cannot be excluded without more
accurate data of the curvature of the final slope of the measured spectra. However,
the variation of m within this range (1-3) could at most account for a variation in
E, estimates of AmRT =2 RT < ca. 1.2 kcal/mol in the temperature range studied.
Thus, the measured differences in £, values cannot by any means be totally
explained by differences in the number of vibrational modes involved in
photoactivation of different visual pigments. Above all, as long as m does not vary
between different pigments, the interspecies comparisons of photoactivation
energies remain essentially unaffected (II).

The accuracy of the E, estimates also depends on the assumption that the
temperature effects measured in the long-wavelength domain result wholly from
changes in the distribution of rhodopsin molecules on thermal energy levels. This
assumption is an approximation, which is not strictly valid. Firstly, the differences
in relative sensitivity in the long-wavelength domain between “warm” and “cold”
spectra depend on the relative positioning of the spectra in the short-wavelength
range, which the models assume to be temperature-independent. However,
temperature effects are also apparent in the short-wavelength region causing a
systematic error in E, of at most ca. 0.5 kcal/mol (II). This may indicate a
temperature effect on E, itself (see paper II). Secondly, some slight differences in
self-screening may affect the data even in the region, where MSP and ERG
spectra are glued together. The worst-case estimate for the ensuing error in £, in
our case is negligible however (< 0.1 kcal/mol) (II).

The range of E, estimates obtained in this thesis (38—49 kcal/mol, I-IV) is
comparable with the data available in the literature. As discussed earlier, previous
studies about the energetics of photoactivation are based only on a few model
pigments. Mathies (1999) estimated that the energy gap between the ground state
and the excited state is ca. 46 kcal/mol, as the retinal chromophore leaves the
excited state. Birge & Vought (2000) estimated the ground-state barrier of the
isomerization of the protein bound chromophore to be ca. 45 kcal/mol based on
photocalorimetric studies on bovine rhodopsin (Cooper, 1979; Schick et al.,
1987). Bleaching studies on frog and bovine rhodopsin extracts (Lythgoe &
Quilliam, 1938; St. George, 1952) give photoactivation energy estimates in the
range 44—49 kcal/mol.
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6.2 The relation between the wavelength of maximum
absorbance (4ax) and photoactivation energy (E,)

In papers -1V, it was shown that that there is no tight physical coupling between
E, and 1/Am.x , but still a general correlation between these two. In the case of the
chromophore switch, the correlation is in agreement with the one predicted by the
SLB relation (E, = const. X 1/Ayax). In the case of opsin shift, a shallower-than-
predicted correlation is found between E, and 1/Am.x. In the following section, the
physical interpretation of these results is discussed.

The result that £, and An.x can be tuned at least partly independently can be
interpreted with the aid of a schematic diagram representing the potential energy
surfaces for photoactivation (see Fig. 3). As a first approximation one may
consider a situation, where only the distance between the ground state and the 1st
electronically excited state is changed but the shapes of both of the potential
energy surfaces remain the same. Then one would predict that the minimum
energy needed for photoactivation (£,) would change by the same factor as the
energy corresponding to the most probable transition, and thereby Am... On the
other hand, if the change in the distance between the potential energy surfaces is
accompanied by changes in their shapes, it follows that £, and Ay, would change
at least partly independently. Thus, the results of paper IV could be interpreted in
the following way: 1) When the chromophore is switched, the shapes of the
energy surfaces remain mainly unchanged but the gap between the surfaces is
changed. 2) Opsin-induced changes in An.x and E, change the shapes of the
potential energy surfaces to a larger extent, allowing some degree of independent
tuning of E, and Amax.

Because the chromophore switch from Al to A2 seemed to follow the SLB
relation (I, III, IV), it can be seen as a simple physical operation, where the red-
shift of the An.x of the pigment is tightly coupled to the lowering of E,. To the
extent that the photoactivation energy and the energy barrier for thermal activation
are coupled, the chromophore switch would always entail a predictable increase in
the thermal noise. It should be noted, however, that the experimental data is based
only on two A1/A2 pairs studied (IV). It is a trivial truth that the examination of a
large number of A1/A2 pairs combined to different opsins could reveal deviations
from the SLB relation. It seems unlikely, however, that different opsins should
affect the E,-Amax relation of the chromophore switch very differently (IV).

The model presented in paper V helps to interpret the shallower than predicted
relation between E, and 1/Am.x observed when different opsins are compared (IV).
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Given that E, and A, can be tuned at least partly independently and assuming
that the energy barrier for thermal activation correlates with £, (V), one could
expect the E, values of the long-wavelength-sensitive pigments to be tuned as
high as possible by evolution (IV). This would flatten the relation between E, and
Amax compared with the simple SLB relation.

6.3 The relation between the wavelength of maximum
absorbance (Anax) and thermal activation rates of visual
pigments

The model presented in paper V offers an explanation for the large discrepancy
between the apparent Arrhenius activation energies and the photoactivation
energies of visual pigments. At the same time, it explains the experimentally
determined relation between thermal event rates (k) and the position of the peak
absorbance (Amax) of visual pigments. The model demonstrates that it is not
necessary to look for a low-barrier route for thermal activation process. However,
the model is based on a number of assumptions the accuracy of which has to be
discussed (see below) and also extended to further experimental tests.

The correlation between photoactivation energy and thermal activation energy

Although the model was tested under the simplest assumption that the minimum
energy needed for photoactivation is exactly the same as the energy barrier for
thermal activation, it works well also if a small “offset” is assumed between these
two energies. As emphasized in paper V, the only requirement is that these two
energies correlate. This assumption is in agreement with a recent estimate by
Mathies (1999) according to which the ground-to-excited state energy gap is only
ca. 56 kcal/mol as the retinal chromophore leaves the excited state. In can be
expected, that the extremely high speed of photoactivation requires the energy gap
between the ground-state and the excited-state energy surfaces to be small in the
direction of the activation coordinate (Mathies, 1999; cf. paper V).

Why should the thermal reaction and the photon-triggered reaction (after
relaxation to the ground-state surface) proceed along the same route on the
ground-state potential energy surface? This question cannot be fully answered
without precise modeling of both activation processes. At least theoretically, the
molecular route to metarhodopsin II could be very different for photic and thermal
activations. By entirely intuitive reasoning, one could, however, expect the two to
proceed along the same route. Maximizing the thermal stability of the molecule
would require high energy barriers for activation in all directions on the ground-
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state surface. In the direction of photoactivation, however, the high quantum
efficiency of photoactivation requires the ground-state potential energy surface to
be no higher than the excited-state surface. Since similar constrains to the height
of the ground-state potential energy barrier are not a priori to be expected in the
other directions of the ground-state potential energy surface, the lowest energy
barrier could be expected to be found in the direction of photoactivation reaction.
This teleological argument supports the idea that photic and thermal activation
should proceed along the same route (V).

The number of vibrational modes (n/2) involved in activation

The model presented in paper V is based on the theory of Hinshelwood (1933),
which predicts that the thermal energy involved in vibrational modes is involved
in the chemical reactions of complex molecules. The curvature of the final slopes
of spectral sensitivity data plotted as logarithmic sensitivity vs. wavenumber
suggests that vibrational energy is also involved in photic activation (Lewis,
1955). With respect to the number of vibrational modes involved, however, the
proposed model raises two important questions: First, is the total number of
vibrational modes (ca. 39) needed for thermal activation plausible? Second, why
is the number of vibrational modes different for photic and thermal activation
processes?

The first question can be addressed by relating the number of vibrational modes
needed for thermal activation to the total number available within the molecule.
As shown in paper V, there are ca. 141 vibrational modes in the 11-cis
retinaldehyde. Thus, there are more than enough vibrational modes already in the
chromophore part of the molecule, which means that the model does not require
the vibrational modes of the opsin part to be involved. If ca. 39 vibrations are
involved in thermal activation, this comprises less than one third of those
available in the chromophore. This is in good agreement with results obtained for
the thermal decomposition of some other organic molecules. For instance, for the
activation of cyclopropane, the theory of Hinshelwood suggest that one third of
the 21 vibrations are involved in activation (see Moore (1962, p. 282)).
Furthermore, Hinshelwood (1942, pp. 81-82) found that » = 45-50 for the decom-
position of azoisopropane and n = ca. 25 for azomethane, respectively (see also
St. George, 1952). It should also be noted that even less than 39 vibrations are
needed for rhodopsin if there is some “offset” between the minimum energy
needed for photoactivation and the energy barrier for thermal activation, as
discussed above. Moreover, it is known that there is energy transfer from the
opsin to the chromophore.
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The second question emerges from a comparison of the long-wavelength domain
of visual pigment spectra with the prediction of Lewis’ model. As discussed in
section 6.1, the spectral sensitivity data is in agreement with the idea that
approximately 2—4 vibrational modes are involved in the photoactivation process.
This number is much smaller than that obtained in paper V for thermal activation.
One possibility for the difference was suggested by St. George (1952): “As to the
portion of the molecule which is involved in activation, the increase in n towards
long wave lengths fits the idea that an increasingly larger part of the protein
comes into play as the thermal component of the activation becomes larger”.
Intuitively one could also assume that the process involving the absorption of the
photon in a very short time window can involve a different number of vibrational
modes than a purely thermal process. However, this whole question requires
further study.

The pre-exponential factor

As discussed in paper V, the rates of thermal isomerizations plotted on
logarithmic ordinates against 1/Am.x have approximately the same slopes for rods
and cones, but the difference in absolute values is ca. 4 log-units. This supports
the idea that the systematic variation arises from the Ap.x-dependence of the
energy barrier for thermal activation. The difference in absolute values between
rods and cones is accounted for by the pre-exponential factor in this model. What,
then, is the physical interpretation of the pre-exponential factor and why is it so
different in rods and cones? These questions are discussed in some detail in paper
V. The difference may arise from the more “closed” structure of the chromophore
pocket of rods compared to cones. Resolving this question must await more
accurate models of rod and cone opsins.
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7 Conclusions

1.

There is no strict physical coupling between the photoactivation energy
(E,) and the wavelength of maximum absorbance (Amax), €.g. of the type
E, = const. X 1/Ama (here termed the SLB relation). This is true for both
Al and A2 pigments.

. However, E, and 1/A,.x showed a significant correlation in the whole set

of pigments studied (+* = 0.73) and the regression line did not differ very
much from the best-fitting SLB relation.

For Amax shifts due to chromophore change (studied in two A1/A2 pigment
pairs) the SLB relation was valid within experimental error. For opsin-
dependent An.x shifts (studied within the group of A2 pigments) the
experimental relation was shallower than the SLB prediction.

All earlier estimates of thermal activation energies have been calculated
from data on the temperature-dependence of thermal activation rates
without observing that the energy is derived from a large number of
vibrational modes of the visual pigment molecule. Yet the statistics (thus
temperature-dependence) of thermal activation depends critically on the
number of modes involved.

A new model taking this into account is proposed. It is shown that the low
estimates for thermal activation energies hitherto accepted (20-25
kcal/mol) may only indicate the failure to do so in the Arrhenius model.

Given that energies for activation by light and by heat may in fact be quite
similar, the two processes may follow the same molecular route from a
very early stage. However, the numbers of vibrational modes contributing
to activation appear to be smaller in reactions involving photon absorption
than in purely thermal reactions.

The model, together with the general relation between E, and Amax
experimentally determined in the present work, correctly predicts the
empirical correlation between the rate of thermal activations and A,y for
rod as well as cone pigments.
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