














likewise obeyed Poisson statistics over all cells
(Fig. 31) (18). These values gave an average spon-
taneous rate of 0.00031 s ' cell !, which is literally
at the lower limit of measurement. A previous es-
timate from salamander blue cones with indi-
rect noise analysis only limited the rate to <2 s~
cell ! (10), whereas an early report (36) on Bufo
green rods inexplicably gave a rate of 0.065 s '
cell”!, a value that is 200-fold higher than what
we report here (table S3). Correlating the rate
trend with A, we expect the mouse UV pig-
ment to be too quiet for noise measurement, as
appears to be the case (27).

From Table 1, the predicted rate ratio between
A and A, thodopsins, as well as that between A4
and A, red cone pigments, is either equal to or
within a factor of 2 of the measured ratios. On the
other hand, the predicted rate ratio between A,
rhodopsin and an A; cone pigment, whether red
or blue, underestimates the measured ratio by
about one order of magnitude. The simplest ex-
planation would be that the preexponential fac-
tor, 4, is actually an order of magnitude higher for
cone pigments, consistent with their more open
chromophore-binding pocket (37-39). After ad-
justing for this difference (table S4), the remaining
prediction/measurement discrepancy (~fivefold)
in the comparison between A, rhodopsin and A,
red cone pigment may stem from a measurement
uncertainty and/or minor differences in, for exam-
ple, m values across pigments. Overall, however,

Table 1. Comparison between theoretical predictions and measurements
of relative thermal-activation rate constants of visual pigments. For the-
oretical predictions, see text. For experimental measurements, Bufo red
rods and green rods were at 23°C (this study), Xenopus rods [wild type
(WT) and transgenics expressing human red cone pigment] were at 21° to
23°C (11), and mouse rods (WT and transgenics expressing human red
cone pigment) were at 37°C (14) and 29°C (this study) and were extrap-

the agreements are substantial. The comparison
between A, blue cone pigment (A, = 432 nm)
and A, red cone pigment (A, = 617 nm), which
have the largest A,ax Separation among non-UV
visual pigments and cover a ~10"-fold difference
in rate constants, gives a mere 15-fold discrepan-
cy between prediction and measurement. In con-
trast, the commonly used Boltzmann distribution
gave predictions drastically different from mea-
surements (fig. S8).

Our theory, developed to explain thermal acti-
vation of pigments, should also apply to photoacti-
vation at A, > A, where thermal energy contributes
to photoisomerization. Interestingly, with A; rho-
dopsin as an example, the spectral template (27)
over an experimentally validated 10-log-unit de-
scent at long wavelengths can be described by
our theory (/8), but requires a very small m value
varying between 1 and 4 (Fig. 4A; see similar
results for cone pigments in fig. S9). The large
difference in m value between photoisomeriza-
tion and thermal isomerization (nominally ~45,
see above) probably reflects different molecular
time windows in recruiting vibrational energy. In
photoexcitation, only a few vibrational modes
can be recruited, presumably due to instantaneous
Franck-Condon excitation (35). Thermal activa-
tion, on the other hand, has an open time window,
happening when, and only when, the requisite
energy is recruited from a large number of col-
laborative vibrational modes. With the high EJ

ing to our theory.
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(ground-state isomerization energy barrier), ther-
mal isomerization happens with an exceedingly
low probability, thus explaining the low rate con-
stants (Table 1).

The visual pigment with the longest Ay
known so far in nature is the A, red cone pigment
(Amax ~ 620 nm). Is there any physical or biological
reason why pigments with longer A, values are
evolutionarily disfavored? On the physical side,
Fig. 4B shows a hypothetical A; pigment template
with A, at 698 nm, the long-wavelength descent
of which matches predictions with m = 1 (the
Boltzmann limit) (/8). Superficially, no pigment
can have A, > 698 nm because no molecule,
however small, could have m < 1 (5). For ex-
ample, a pigment with a hypothetical A, of
1000 nm would give m < 1 (Fig. 4B). In reality,
however, m is a nominal number (see earlier);
thus, m < 1 is possible provided that one or more
vibrational modes contribute an energy less than
the nominal value of £7. Thus, at least in prin-
ciple, Apax > 698 nm s still physically possible.
How about biological considerations? In Fig.
4C, we extrapolate with our theory the measured
noise rate constants to hypothetical pigments
with A Values in the infrared. The rate constant
for cone pigments approaches an asymptote of
~1.1 x 107* 57" in the infrared, or 360 times
higher than that of the 620-nm A, red cone pig-
ment. If a pigment with such an asymptotic rate
constant were present in a salamander red cone

olated to 23°C, as described in (18) and fig. S4. This extrapolation is not
perfect because of margins of error in the measured thermal rates. This
issue, together with the approximations in cell dimensions (table S5) and
Amax determinations, may explain the order-of-magnitude discrepancy between
the rate constants for Bufo red rod and mouse rod (both with A;-rhodopsin)
at 23°C. In principle, the two values would be expected to be identical accord-

Cell/piament Amax E? forr Predicted Measured rate Measured
P19 (nm) (kcal mol™) £ rate-constant ratio constant (s™) rate-constant ratio
Bufo red rod/ 6 _12
A, Bufo rhodopsin 500 48.03 3.65 x 10 i 4.18 x 10 1
Xenopus rod/ 5 4.6 " 8.9
A, Xenopus rhodopsin 521 46.10 1.67 x 10 3.70 x 10~
Transgenic mouse rod/ 557 43.12 1.52 x 107 4.14 x 10°®
A; human red cone pigment 1 1
Transgenic Xenopus rod/ N 16 S 16
A, human red cone pigment 617 38.93 2.44 x 10 6.70 x 10
Mouse rod/ —6 -11
A, mouse rhodopsin 500 48.03 3.65 x 10 i 6.64 x 10 i
Transgenic mouse rod/ i 42 e 623
A, human red cone pigment 557 43.12 1.52 x 10 4.14 x 10
Xenopus rod/ 5 11
A, Xenopus rhodopsin 521 46.10 1.67 x 10 i 3.70 x 10 1
Transgenic Xenopus rod/ 3 146 - 18,000
A, human red cone pigment 617 38.93 2.44 x 10 6.70 x 10
Bufo green rod/ 9 _14
A, Bufo blue cone pigment 432 55.59 5.17 x 10 i 9.39 x 10 i
Bufo red rod/ 500 48.03 3.65 x 10 706 418 x 1072 =

A; Bufo rhodopsin
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Fig. 4. Predictions from
our theory. (A and B) 0 mex
Predictions of spectral
descent at wavelengths
longer than A.. (A) Spec-
tral descent for A; rho-
dopsin (Amax = 500 nm)
template matches pre-
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with m = 1 through 9.
(B) Spectral template for
hypothetical A; pigment
with Anax = 698 nm has
a long-wavelength de-
scent matching predic-
tions throughout with
m = 1, whereas that
with Amax = 1000 nm 102
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overshadowed by the red template) are predictions with m = 1. (C and D) Pigment noise prediction and its
impact on photosensitivity. (C) Predicted thermal-noise rate constant as a function of A, (data from Table 1).
Black circles, rhodopsins; red squares, cone pigments. Curves are A x fozr at 23°C, m = 45, with A = 7.19 x
107 s for rhodopsins and 1.88 x 10~* s for cone pigments. (D) Effect of thermal activity on
photosensitivity. The solid curve denotes the Weber-Fechner relation describing the reduction in flash
sensitivity by background light, Sg/SP = I,/ + Ig), where S and SP are flash sensitivities in background light
of intensity /g and in darkness, respectively. The background intensity (/,) that reduces the sensitivity in
darkness by half is 1200 isomerizations per second for salamander red cones (10), used here as a
reference. The asymptotic thermal-noise rate for cone pigments from (C) is 29,700 s~*, which would
reduce light sensitivity of salamander red cones by 26-fold. In this estimate, we have ignored the relatively
low ~200 s™* noise rate intrinsic to the salamander red cone.

[with ~2.7 x 10° pigment molecules (39)], the
noise rate would be 29,700 s~ cell !, which
would reduce the cell’s already low sensitivity by
another 26-fold, according to its adaptation be-
havior to background light (Fig. 4D) (/0). Fur-
thermore, the standard deviation of the background
noise would increase by (360)" = 19-fold. Such
signaling detriments are undesirable. Perhaps
for this reason, the viper pit organ detects in-
frared radiation with a heat-sensing ion channel
rather than a visual pigment (40). For a short-
wavelength—sensitive pigment, although its noise
literally disappears at Ay,a < 400 nm (Fig. 4C),
nonspecific light absorption by proteins, peak-
ing at ~280 nm, becomes a limiting factor. These
considerations probably explain, at least partially,
why the Ay, values of native visual pigments
are confined to the narrow bandwidth of ~360
to 620 nm, limiting color vision accordingly.
In summary, our work strongly suggests that
thermal activation of visual pigments, like photo-
isomerization, involves a canonical isomerization
reaction. If not for the discrepancy between the
electrophysiological and photochemical measure-
ments on rthodopsin, the inadequacy of Boltzmann
statistics (i.e., involving only one vibrational mode)
for understanding the thermal behavior of pigments
would not have been obvious (for example, with-
in a limited temperature range, Eq. 1 also gives
an almost linear relation in an Arrhenius plot, as
Boltzmann statistics does; see fig S5). Because

10 JUNE 2011

all biological molecules, like visual pigments,
are polyatomic and thus have many vibrational
modes, our success here hopefully will stimu-
late the same approach to other biomolecules.
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