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Activation of a visual pigment molecule to initiate phototrans-
duction requires a minimum energy, E,, that need not be wholly
derived from a photon, but may be supplemented by heat'.
Theory”® predicts that absorbance at very long wavelengths
declines with the fraction of molecules that have a sufficient
complement of thermal energy, and that E, is inversely related
to the wavelength of maximum absorbance (A,,,,) of the pigment.
Consistent with the first of these predictions, warming increases
relative visual sensitivity to long wavelengths*®. Here we measure
this effect in amphibian photoreceptors with different pigments
to estimate E, (refs 2, 5—7) and test experimentally the predictions
of an inverse relation between E, and \,,,.. For rods and ‘red’
cones in the adult frog retina, we find no significant difference in
E, between the two pigments involved, although their A, values
are very different. We also determined E, for the rhodopsin in toad
retinal rods—spectrally similar to frog rhodopsin but differing in
amino-acid sequence—and found that it was significantly higher.

In addition, we estimated E, for two pigments whose A,
difference was due only to a chromophore difference (A1 and
A2 pigment, in adult and larval frog cones). Here E, for A2 was
lower than for Al. Our results refute the idea of a necessary
relation between A\, and E,, but show that the Al — A2
chromophore substitution decreases E,.

Phototransduction is initiated when a molecule of visual pigment
absorbs a photon of sufficient energy to isomerize the chromo-
phore. Stiles® suggested that the energy barrier for pigment activa-
tion (E,) does not set a sharp minimum requirement on photon
energy (hc/N), because part of the total energy can be drawn from
appropriate vibrational modes of the molecule®. If this were not the
case, every visual pigment would have a limiting wavelength
N\, = hc/E, where absorbance (or visual sensitivity) drops precipi-
tously to zero, whereas all spectra in fact show a continuous, smooth
decline. When plotted on logarithmic ordinates against 1/A (thus
photon energy), the decline follows a straight line at the longest
wavelengths for as far as absorbance or sensitivity can be measured.
This is predicted on the basis of classical statistical physics, if the
probability that low-energy photons produce isomerizations is
proportional to the cumulative distribution of pigment molecules
on thermal energy levels greater than E, — hc/N. One corollary is
that absorbances/sensitivities at long wavelengths (A > \,) should
be relatively increased by warming, which has indeed been observed
in psychophysical®®, behavioural’ and electrophysiological”®
measurements. The theory permits calculation of E, from the size
of the temperature effect at any wavelength A > A,: the effect is
translated into equivalent photon energy via the local slope of the
sensitivity spectrum on a 1/N\ abscissa (see equation (1) in
Methods)*~".

We use this method to estimate E, for spectrally different and
spectrally similar visual pigments. The purpose is to test the idea of a
straightforward relation between spectral properties and E,, such
that—for example—red-sensitivity would imply a lower energy
barrier for activation than blue-sensitivity. This idea has influenced
thinking on the ecology of visual pigments for almost half a
century””™ but has been difficult to test experimentally. In
nature, the spectral properties of the visual pigment molecules are
‘tuned’ by at least two different molecular mechanisms: amino-acid
substitutions in the protein (opsin) part', acting on an evolutionary
timescale, or a change of the prosthetic group (the chromophore) in
one and the same opsin, effective on a physiological timescale'. In
vertebrates, the latter mechanism entails a switch between retinal-
dehyde (retinal Al) and 3-dehydroretinaldehyde (retinal A2), as
found in connection with (for example) seasonal or migratory
changes in fishes, and in amphibian metamorphosis''®. The
Al — A2 substitution red-shifts the pigment in a regular
manner”. As all known vertebrate visual-pigment spectra can be
described over the main absorption range by either of two universal
templates (A1 or A2) with \,,, as sole variable'®, a supposed relation
between spectral properties and the energy barrier for activation
may to a first approximation be treated as a relation between A,
and E,.

Our primary goal required comparison between two pigments
differing significantly in A, owing to different opsins. For this we
studied the pigments of the main rod and cone populations in the

Table 1 Apparent activation energies for visual pigments in six amphibian photoreceptors

Source Chromophore Armax E, Number of Number of
(mm) (kcalmol™")t points retinas
Rana temporaria rod Al 502 457 = 0.4 18 3
Rana temporaria cone Al 562 455+ 0.4 20 4
Bufo bufo rod Al 502 49.2 £ 0.6 21 3
Rana temporaria juv. cone A2 629 (=)40.4 =1.6* 9 3
Xenopus laevis rod A2 528 412 £1.5* 20 6

Values of the apparent activation energy, E,, were estimated from equation (1). Statistical significances indicated for rods refer to a comparison with adult frog rods and for the cone A2 pigment to a
comparison with its A1 pair. The amino acid sequences of the rod opsins of Rana temporaria, Bufo bufo and Xenopus laevis are compared in ref. 20.

T Values are mean = s.e.m. Asterisk, P < 0.05; two asterisks, £ < 0.01.
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Figure 1 Measurement of spectral sensitivities of rods and cones in the isolated retina.
a, The protocol for determining spectral sensitivities, exemplified by recordings from
cones of the adult frog. Sequences of stimulation with five or seven flash intensities at a
reference wavelength (642 nm for cones) were interleaved with series of 3—20 dim
flashes at each of 3—5 different test wavelengths. Averaged dim-flash responses are
shown for 519, 533 and 553 nm. The timescale bar (1 s) refers to the kinetics of the
(arbitrarily spaced) responses. b, Response families (inset) recorded at the reference
wavelength were used for construction of log (flash intensity) — log (response amplitude)
functions (filled circles), described by a Michaelis curve (solid ling). Sensitivity at each test

adult frog retina, the ‘rhodopsin’ rods and the ‘red’ cones (Rana
temporaria, Al, N, = 502 and 562 nm, respectively)'®"". Second,
we wanted to compare two spectrally similar pigments with differ-
ent opsins, and for this purpose we included the ‘frog-like’ rho-
dopsin of the toad, Bufo bufo (Al, \,,, = 502 nm)'**. Third, to
compare two pigments differing in A, due to a chromophore
difference alone, we studied the A2 variant of the frog’s red-cone
pigment (N, = 629 nm), which occurs naturally in tadpoles'.
Spectra were determined from electrophysiologically recorded spectral
sensitivities of the respective photoreceptor cells (see Methods and
Fig. 1), which is the only way to measure the far red end with high
accuracy'®, and has the further advantage that results refer to the
functional visual pigment in reasonably natural conditions.

Figure 2a shows average spectral sensitivities of rods and red
cones recorded in retinas of adult frogs at 5.4 °C (‘cold’, denoted C)
and 25.0°C (‘warm, denoted W). In both photoreceptor types,
relative W sensitivities rise successively above C sensitivities at the
longest wavelengths. The sensitivity difference at each wavelength
beyond the divergence in the vicinity of 640 nm (on the wavenum-
ber scale, around (1.6-1.5) X 10°m ") yields one estimate of E,
(equation (1)). The mean * s.e.m. of the estimates is E, =
45.7 * 0.4kcalmol ' for rods and E, = 45.5 * 0.4kcalmol '
for cones. These s.e.m.s include not only the variability between
the point estimates, but also the uncertainty associated with the
relative positioning of C and W spectra on the ordinate. The 95%
confidence interval for the difference (E, —E,) is
0.2 = 1.8 kcal mol ™ '; that is, only with probability P < 0.05 may
E,. be more than 4.4% smaller than E,. The hypothesis that the red
shift from the rod to the red cone pigment is wholly due to lowered
activation energy requires E, = 1/\ ., implying that E,. be 10.7%
smaller than E,. This is rejected on the P < 0.0005 level.
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wavelength relative to the reference was determined from the required lateral shift of the
curve (dashed ling); here we show data for the response amplitude measured at 533 nm
(open circle). ¢, Isolation of the rod component of mixed responses from the dark-adapted
retina. The upper trace is a pure rod response, as obtained at shorter wavelengths (518 nm,
single record). The lower trace is a mixed rod/cone response as obtained at long wavelengths
(here 720 nm). The rod and cone components can be reliably separated by their kinetics, as
shown by the superimposed traces: one reproduces the upper 518-nm trace and the other is a
pure cone response to the same 720-nm flash intensity as for the mixed response, but
recorded 4 s after a rod-saturating blue pre-flash'®. Temperature, 25 °C.

Results from the spectrally similar rods of toad and frog are
compared in Fig. 2b. When the two C spectra, as well as the shorter-
wavelength limbs of the two W spectra, are optimally matched, the
W data for toad at long wavelengths are seen to lie systematically
above those for frog. This suggests that toad rhodopsin has a higher
activation energy, and indeed the mean estimates differ significantly
(P < 0.01; see Table 1). To summarize, two pigments with the same
Amax may have different E,, and two pigments wiht similar E, may
have substantially different A,,,. Equal activation energy appears to
be neither a necessary nor a sufficient condition for equal Apy.

We show spectra of red cones of Rana tadpoles with about 40%
A2 in Fig. 3. It may be seen that the temperature effect is much
weaker than in Fig. 2. With the given proportion of A2, more than
90% of the threshold response at wavelengths A > 700 nm is due to
excitations in A2 molecules. Estimation of E, based on these
wavelengths gave 40.4 = 1.6 kcalmol ™' for frog cone opsin with
chromophore A2, clearly different from the value for its A1 counter-
part (P < 0.05). However, the A2 estimate should properly be
regarded as an upper bound (see Methods), and the true difference
could in fact be greater. For comparison, we studied a spectrally
similar A2 pigment in the red cones of adult clawed toad (Xenopus
laevis, data not shown), finding hints of a temperature effect only
from 752nm (suggesting that E, < 39kcalmol~'). A third A2
pigment studied, the 528-nm porphyropsin of Xenopus rods (the
pair of an Al rhodopsin at ~502 nm), also gave a low E, estimate
(41.2 = 1.6 kcal mol '), supporting the notion of a generic differ-
ence between A2- and Al-based pigments.

The results are summarized in Table 1. The activation energies for
Al pigments are in broad agreement with estimates from photo-
calorimetry on bovine rhodopsin (45—-48 kcal mol™; ref. 21) as well
as from bleaching studies on frog and bovine rhodopsin extracts,
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Figure 2 Effect of temperature on sensitivity spectra. a, Spectral sensitivities of rods and
‘red’ cones in the adult frog retina at 5.4 °C (‘cold’, C) and 25 °C (‘warm’, W). Symbols:
circles, rod-C; squares, rod-W; crosses, cone-C; plus signs, cone-W. The rod spectra
show averages from 3 retinas, the cone spectra averages from 4 retinas. Straight lines
have been drawn in the long-wavelength region for visual guidance; regression
coefficients calculated over the interval 638—752 nm are (x10"°m) 17.1 (rod-C), 15.8
(rod-W), 16.1 (cone-C) and 14.5 (cone-W). b, Comparison of spectral sensitivities of frog
and toad rods. Frog data (circles and squares) are reproduced from a. Toad data
(averages from 3 retinas) are marked by plus signs (C) and crosses (W). Linear regression
coefficients calculated for the toad data over the interval 638—752 nm are

17.1 X 107%m (6.9°C) and 15.9 X 10~®m (25.8 °C) (lines not shown).

whether purely thermal (44 kcal mol™; ref. 22) or involving combi-
nations of light and heat (44—48.5 kcal mol™}; ref. 1). Lower E, in A2
pigments is expected a priori from the extra C=C bond in the =-
electron system of 3-dehydroretinal, and holds as a qualitative rule
for pigments in solution®.

The thermal-energy contribution to visual excitation is function-
ally important in two respects. First, as shown above, it expands the
range of long-wavelength light available for vision. Our results
suggest that thermal extension of the spectrum at the red end can be
achieved in two ways: either by decreasing the activation energy (as
by Al — A2 substitution), or by increasing the capacity to recruit
thermal energy (vibrational modes) towards chromophore
isomerization®. Second, it implies that pigments may be activated
even in the absence of photons. This will cause an intrinsic back-
ground ‘light’ of randomly occurring quantal excitations (‘dark
events’), which (as they are identical to those due to photons)
constitute a type of noise that must necessarily degrade the detect-
ability of real light**”. Improving red-sensitivity by increasing the
thermal-energy contribution (regardless by which means) is likely
to increase the susceptibility to purely thermal activation. Noise
reduction has been proposed to explain the widespread occurrence
of visual pigments (or spectral sensitivities) that are blue-shifted
relative to the ambient illumination®”, including the Purkinje shift
from photopic (daylight) vision to relatively short-wavelength-
sensitive scotopic (night) vision’. In rods, a general correlation
between red-sensitivity and high rates of dark events has been
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Figure 3 Spectral sensitivities of frog tadpole ‘red’ cones (circles, 7.9 °C; squares, 24 °C).
Averages from 3 retinas. The local slope between the last two points (720—752 nm) is
16.8 X 107 %m,

experimentally demonstrated'™'; this evidence mainly rests on
spectral variation associated with chromophore differences. In
cones, which offer a wider range of opsin-based spectral variation,
the ‘dark’ noise power of single red cones’®”, as well as the
variability of light detection by the dark-adapted human L +M
cone systemzs, are consistent with high rates of dark events.
(Quantal excitations in cones are too small to be directly recorded.)

We note, however, that our estimates of E, for A1-based pigments
(Table 1) are more than twice those obtained from the temperature
dependence of dark-event rates in toad rhodopsin rods”. This is
consistent with the idea that purely thermal activation occurs by a
different molecular route than does activation by photons, even
when the latter depends on support from thermal energy®. O

Methods

Preparation and recording

Mass photoresponses of rods and cones were recorded as electroretinogram potentials
across the isolated retina, superfused and illuminated from the receptor side. Synaptic
transmission was blocked by aspartate. Spectral sensitivities were measured with inter-
ference filters (Schott DIL or Melles Griot) selected from a complement of 29 individually
calibrated filters with peak transmissions covering the range 397—802 nm (in most cases,
however, the lamp output and spectral sensitivities of the cells restricted the useful
wavelength range to <752 nm). In each experiment at least two spectra were recorded, one
(‘C’) usually at a temperature in the interval 5-8 °C and one (‘W) usually at 25-27 °C; the
order of W and C was varied between experiments. Temperature was monitored with a
thermistor in the bath close to the retina. After dissection and after each temperature
change, the retina was allowed to adapt for at least 1 h before recording began. The
protocol is shown in Fig. 1. At each wavelength, responses to 3—20 nominally identical 20-
ms flashes of dim light were averaged. Possible changes in saturating response amplitude
during the experiment were corrected for by linear interpolation between interleaved
intensity-response functions recorded with a reference wavelength. Cone responses were
isolated either by selective suppression of rods with steady background light (in two of
four frog cone experiments in Table 1), or, in the dark-adapted retina, by stimulation at a
fixed time after a strong blue pre-flash, while rods were still saturated but cones had
essentially recovered'” (two experiments). Rod responses were recorded in the dark-
adapted retina; cone contributions to responses to longer wavelengths were eliminated on
the basis of kinetics (Fig. 1c). Distortion by selective absorption in structures other than
visual pigment, waveguide properties of photoreceptors, and response contributions from
shorter-wavelength-sensitive cone and rod types can be ruled out in the wavelength range
used here (near and beyond the peak of rhodopsin rods and ‘red’ cones), and with the
present recording geometry'’. However, rhodopsin absorbance will affect the shape of
both rod and cone spectra, as a virtually full dark-adapted complement of rhodopsin was
present throughout all experiments. This will both broaden the peak of rod spectra
compared with dilute pigment (‘self-screening’ with optical density ~0.5)'*", and depress
apparent cone sensitivities on the short-wavelength side of the peak". But screening by
rhodopsin did not change during experiments, as there was no substantial pigment loss by
bleaching. In the ‘worst’ case (cone experiments with a continuous rod-depressing
background), the bleaching velocity was 1% per 30 min; the isolated retina is known to
possess a sufficient capacity for pigment regeneration to compensate for this completely
over at least 5 h. Screening is unimportant in the long-wavelength range, where rhodopsin
absorbance is low. See refs 19 and 30 for further technical details.

Analysis

At each wavelength, the log sensitivity (log S) difference compared with a reference
wavelength was determined. All differences were expressed relative to log peak sensitivity
(= 0) and these normalized values of logS for each wavelength were averaged across
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experiments for each photoreceptor type, C and W separately. The optimal relative
positioning along the log$ axis of the averaged C and W spectra for each photoreceptor
type was found by minimizing the sum of squares (SS) of the differences between C and
W points at ‘shorter’ wavelengths (below he/E,, determined by iteration). The least SS,
denoted SS,, provides directly a statistical measure of the ‘matching’ uncertainty
connected with the vertical alignment (see below). The sensitivity values of the averaged
spectra under the optimal match are denoted AlogS. The difference AlogS,,; — AlogS,;
recorded at each ‘long’ wavelength \; was converted into its photon energy equivalent
through the equation*~".

he/\, = E, = he/\, + (he/T)[ — dlogS/a(1/T)]/[9logS/a(1/N)]; 1)

For the calculations, [ — dlogS/a(1/T)] = (AlogSy; — AlogS,)/(1/Tc — 1/Ty), T = T¢,
and [9logS/d(1/N)]; is the local slope of the C-spectrum at \;, taken as the mean of
(AlogSc; -1y — AlogSc;)/(1/N;—, — 1/N\,) and (AlogSc; — AlogSc.1))/(1/N; — 1/N;,,). (For
the largest N;, the slope from \;_; to \; was accepted as such.)

The statistical error of the estimate depends on two variance components. (1) Variance
connected with the overall vertical matching of C and W spectra was estimated by a
‘matching’ mean square si = A SS,/(m — 1). Here A,y is the largest value of the energy
conversion factor hc/[(1 — T/Ty)0logSc/d(1/N);] in that data set (corresponding to the
smallest local slope), SS,, is as defined earlier, and m is the number of (shorter-wavelength)
data point pairs used for the matching. (2) Variance between the point estimates of E,
under a fixed C-W match was estimated by a conventional ‘sample’ mean square
s, = SS,/(M — 1). Here, SS, is the sum of squares of the sample and M is sample size, that
is, the number of (longer-wavelength) data point pairs used for estimation. Since C-W
matching and E, estimation were based on non-overlapping data sets, the estimator of
total variance (denoted s3) is a sum of s and s}, weighted by their respective degrees of
freedom (df, = m — 1 and df, = M — 1). The total s.e.m. is = sz/|M. Confidence limits
and statistical significance testing were based on Student’s t-test with degrees of freedom
according to the appropriate variance measure in each case.

The validity of equation (1) depends on the existence of the true positive differences
AlogS,, — AlogS... Otherwise (for random, zero or negative differences) no definite values
for E, can be obtained, only an upper limit (E, < hc/N,). In the case of frog tadpole cones
only three wavelengths were available for estimation (Fig. 3), and there is the possibility
that the small differences observed reflect essentially random variation; hence, the
corresponding estimate in Table 1 should be regarded as an upper bound. In Xenopus red
cones, temperature effects were even less reliable.

For determining the A1/A2 ratio in A2-containing photoreceptors, a curve-fitting
program was used where given proportions of Al and A2 templates (recently tuned for
best fit to a large body of spectral data)'® are added together, while the A\, difference
within an A1-A2 pair is constrained to obey the Dartnall-Lythgoe relation". (Description
of the shape of our spectra with templates for absorbance of dilute pigment requires
rhodopsin screening be taken into account; see above.) In our adult Xenopus, we detected
no Al chromophore, while the Rana tadpoles were found to have approximately a 0.6/0.4
mixture of Al and A2. The program was also used to analyse the expected contribution of
the 562-nm A1l component to the sensitivity of these tadpole cones at different
wavelengths. Only the longest wavelengths, with less than 8% contribution from A1, were
used in determining E, for the A2 pigment.
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Biological membranes define the boundaries of the cellular
compartments in higher eukaryotes and are active in many
processes such as signal transduction and vesicular transport.
Although post-translational lipid modification of numerous pro-
teins in signal transduction is crucial for biological function’,
analysis of protein—protein interactions has mainly focused on
recombinant proteins in solution under defined in vitro condi-
tions. Here we present a new strategy for the synthesis of such
lipid-modified proteins. It involves the bacterial expression of a
carboxy-terminally truncated non-lipidated protein, the chemical
synthesis of differently lipidated peptides representing the
C terminus of the proteins, and their covalent coupling. Our
technique is demonstrated using Ras constructs, which exhibit
properties very similar to fully processed Ras, but can be pro-
duced in high yields and are open for selective modifications.
These constructs are operative in biophysical and cellular assay
systems, showing specific recognition of effectors by Ras lipopro-
teins inserted into the membrane surface of biosensors and
transforming activity of oncogenic variants after microinjection
into cultured cells.

Ras, a GTP-binding protein involved in signal transduction?, has
to undergo several post-translational lipid-modification steps as a
crucial prerequisite for biological activity’. The most important
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