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Abstract: Efficient retinal photoisomerization, signal transduction, and amplification contribute to single-
photon electrical responses in vertebrates visual cells. However, spontaneous discrete electrical signals
arising in the dark, with identical intensity and time profiles as those generated by genuine single photons
(dark events), limit the potential capability of the rod visual system to discern single photons from thermal
noise. It is accepted that the light and the thermal activation of the rod photoreceptor rhodopsin (Rho)
triggers the light and the dark events, respectively. However the activation barrier for the dark events (80-110
kJ/mol) appears to be only half of the barrier for light-dependent activation of Rho (g180 kJ/mol). On the
basis of these observations, it has been postulated that both processes should follow different pathways,
but the molecular mechanism for the thermal activation process still remains an open question and subject
of debate. Here, performing infrared difference spectroscopy measurements, we found that the -OH group
of Thr118 from bovine Rho exhibits a slow but measurable hydrogen/deuterium exchange (HDX) under
native conditions. Given the location of Thr118 in the X-ray structures, isolated from the aqueous phase
and in steric contact with the buried retinal chromophore, we assume that a protein structural fluctuation
must drive the retinal binding pocket (RBP) transiently open. We characterized the kinetics (rate and
activation enthalpy) and thermodynamics (equilibrium constant and enthalpy) of this fluctuation from the
global analysis of the HDX of Thr118-OH as a function of the temperature and pH. In parallel, using HPLC
chromatography, we determined the kinetics of the thermal isomerization of the protonated 11-cis retinal
in solution, as a model for retinal thermal isomerization in an open RBP. Finally, we propose a quantitative
two-step model in which the dark activation of Rho is triggered by thermal isomerization of the retinal in a
transiently opened RBP, which accurately reproduced both the experimental activation barrier and the rate
of the dark events. We conclude that the absolute sensitivity threshold of our visual system is limited by
structural fluctuations of the chromophore binding pocket rather than in the chromophore itself.

Introduction

Vision is an extremely complex process, but it fundamentally
relies on the conversion of the external light into internal
electrical signals. In vertebrates, this phototransduction process
takes place in the outer segments of the visual cells, containing
rod and cone cells, each with different photoreceptors. Cone
cells are specialized in color vision under high photon fluxes,
while rod cells provide monochromatic vision under dim light
conditions.1,2

The rod photoreceptor, rhodopsin (Rho), is a membrane
protein belonging to the large family of G protein-coupled
receptors, but presenting some specific features:3 (i) it contains

an apoprotein (opsin) and a retinal chromophore covalently
bound to a lysine via a protonated Schiff base, PSB (Figure
1a); (ii) the 11-cis retinal acts both as a chromophore and a
very effective inverse agonist, locking the opsin in an inactive
state;4 (iii) light-induced cis-trans isomerization converts the
retinal into a powerful agonist, leading to a photoinduced
activation of Rho in milliseconds through several intermediate
states (Figure 1d).

As the result of effective molecular transduction/amplification
processes, the activation of a single Rho by a photon generates
a macroscopic and reproducible physiological electrical re-
sponse.1 This remarkable feat is rendered futile by spontaneous
electrical signals arising in the dark (dark events), indistinguish-
able in intensity and time-profile from the genuine single-photon
responses.1,5 The dark events in rod cells arise randomly, at a
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rate of ∼0.006 s-1 at 36 °C,6 with an apparent activation
enthalpy of 80-110 kJ/mol.7-9 The rate of the dark events is

similar to the rate of spontaneous perception of light in total
dark deduced from psychophysical experiments in humans1 and
behavioral studies in frogs.10 This similarity suggests that the
dark events set the ultimate threshold to trustfully detect dim
lights signals in a dark background, which accounts in humans
to the simultaneous absorption of near half a dozen of photons
in a small retina area.11

The physiological similarity of the dark and the single-photon
electrical responses, among other compelling evidence,12,13

points to the thermal cis-trans isomerization of the retinal as
the most conceivable source of the dark events. If so, it will
occur at a rate of ∼10-11 s-1 per Rho at 36 °C, corresponding
to a spontaneous 11-cis to all-trans retinal isomerization once
every ∼400 years,6 with an activation enthalpy of 80-110 kJ/
mol. Though otherwise solid, the assignment of the thermal cis-
trans isomerization of the retinal as source for the dark events
has been in serious discrepancy with the activation enthalpy
for the retinal photoisomerization in Rho, which involves at least
180 kJ/mol.12,14 To reconcile this notable discrepancy it has
been postulated that the thermal and the light isomerization of
the retinal in Rho follow different mechanisms,8 with an energy
barrier 2 times lower for the former. Still, the molecular nature
of the postulated low-energy retinal isomerization path, or even
its real existence, remains controversial.1,12,15,16

Recently available atomic structures of Rho17,18 increased our
perplexity about the extended barrier difference between the
light and the thermal isomerization of the retinal in Rho. The
crystal structures show the retinal binding pocket (RBP) tightly
encapsulating the retinal (Figure 1c) and inhibiting by steric
constraints changes of the retinal polyene chain even after
photoisomerization to all-trans in bathorhodopsin (Figure 1d,
Batho). This particular observation supports that for thermal
isomerization the retinal should be likewise forced to adopt a
highly distorted all-trans retinal fitting into the ground state RBP,
requiring an activation enthalpy of g180 kJ/mol as Batho
formation,2,12 and in painful disagreement with the barrier of
the dark events (Figure 1e). Additionally, applying transition
state theory, we should expect that the thermal formation of a
Batho-like all-trans retinal at 36 °C would occur only every
∼1010 years. This is 7 orders of magnitude too infrequent to
account for the actual rate of the dark events (Figure 1e).

Thirty years since the first description of the dark events5

but despite some valuable contributions reviewed later in the
Discussion, the origin of the dark events and the thermal
activation of Rho remains still open. Here, we introduce a new
molecular model to explain the origin and properties of the dark
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Figure 1. Structure of bovine rhodopsin, with details of the Thr118
environment and the retinal binding pocket, together with Rho activation
reaction coordinate. (a) Structure of bovine Rho, PDB 1U19.70 11-cis Retinal
(in yellow) and Thr118 are highlighted. (b) Environment of Thr118 hydroxyl
and closer neighbors (distances in Å). (c) Frontal (top) and lateral (bottom)
close-up view of the RBP, formed by the amino acids within 4 Å from the
retinal. In the frontal view the residues masking the retinal have been
removed. The surface of the RBP corresponds to the solvent excluded
surface, clipped in half to show the 11-cis retinal in the RBP internal cavity.
(d) Enthalpy reaction coordinate of light-dependent Rho activation.2 Note
that photoisomerization occurs with negligible changes in the retinal shape
(Batho, PDB 2G87),71 and later with changes mostly restricted to the
�-ionone ring in Lumi (PDB 2HPY),72 formed from Batho via the BS
intermediate (not shown). The active state Meta II is formed via Meta I in
milliseconds (omitted in the plot). (e) Apparent enthalpy reaction coordinate
of Rho dark activation. Note the differences between the apparent activation
enthalpy of Rho activation in the dark deduced from the dark events
(continuous green line), and the expected value for a dark activation
involving the formation of a Batho-like intermediate (dashed green line).
Molecular drawings were performed with Ballview.73
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events, taking into account previously neglected protein dynam-
ics. We provide experimental evidence that rhodopsin’s structure
fluctuates under native conditions. More importantly, one of
these fluctuations has a magnitude large enough to allow the
hydrogen/deuterium exchange (HDX) of the Thr118 hydroxyl,
a group located in the RBP, and not accessible to the aqueous
phase (Figure 1a). Given the location of Thr118 and its
interactions with the retinal and other residues of the RBP
(Figure 1a-c), we hypothesize that the same fluctuation will
be able to transiently release the 11-cis retinal from some of
the tight conformational constraints imposed by the RBP, i.e.,
to open the RBP. We propose a quantitative model in which
the thermal activation of Rho originates from the thermal cis-
trans isomerization of the retinal in this transiently open RBP
(schematically shown in Figure 6). Once rhodopsin’s all-trans
agonist is formed thermally, the remaining parts of the activation
pathway of Rho will proceed in the dark and cause the dark
events in rod cells and the false perception of light in total
darkness.

Methods

Thermal Isomerization of n-Butylamine 11-cis Protonated
Schiff Base in Solution. UV irradiation of all-trans retinal in
acetonitrile, followed by HPLC purification, provided pure 11-cis
retinal.19 All subsequent manipulations were performed in darkness.
Excess of n-butylamine was added to the 11-cis retinal to form the
n-butylamine retinal Schiff base.20 Full and stable protonation of
the 11-cis retinal, PRSB, confirmed by UV-vis spectroscopy
(Figure S1 in Supporting Information), was accomplished by adding
125 µL of 11-cis RSB at 0.5 mM (in ethanol) and 100 µL of 5 M
HCl (in water) to 2.775 mL of ethanol. Newly formed 11-cis PRSB
in aqueous ethanol (3.2%) was rapidly incubated at 40, 50, 60, or
70 °C. Absence of hydrolysis of the PRSB during incubation in
the dark was confirmed with UV-vis spectroscopy (Figure S1).
Aliquots of 100 µL were periodically taken, and the PRSB was
hydrolyzed to form retinal oximes. HPLC analysis was performed
as described previously,19 injecting 10 µL of the retinal oximes in
hexane. The chromatograms were normalized by the total amount
of retinal, using the extinction coefficient of retinal oxime isomers
at 360 nm.19 Fractions (in %) of retinal isomers were calculated
from the relative areas of the peaks in the normalized chromato-
grams. Three independent experiments were performed for each
incubation temperature. The fractions of all-trans, 13-cis, and 9-cis
retinal isomers at different temperatures and times were globally
modeled as

considering an Eyring temperature dependence for kiso. The fraction
of 11-cis retinal was fitted as 100% minus the summed fractions
of all-trans, 13-cis, and 9-cis retinal.

Hydrogen/Deuterium Exchange (HDX) of Bovine Rho-
dopsin and Infrared Difference Spectra Collection. Crude rod
outer segments (ROS) were isolated and purified from the retinas
as described previously21 and resuspended in 2 mM phosphate
buffer (pH 7.5) or in 2 mM borate buffer (pH 8.5 and 9.5).
Approximately 40 µL of ROS, containing Rho at ∼2 mg/mL, was
dried on a BaF2 window, hydrated with the vapor phase of few
D2O drops placed next to the film, and closed with another window
separated by a rubber O-ring. The final attained hydration level

for each sample after 20-60 min of incubation time was ∼1.2 g
water/g protein (estimated from the IR absorbance spectrum as
described),22 well above the experimentally evaluated critical level
of hydration to obtain solution-like HDX rates (0.15 g water/g of
protein).23 In our experiments, the hydration threshold for solution-
like HDX rates was achieved fast enough (<1-2 min) for reliable
measurement of the level of H/D exchange of Thr118 after 20-60
min of incubation time. Even for groups with very fast HDX (e1
min), the estimated relative error in the observed level of HDX
than may arise from this hydration delay is e10% (for 20 min
incubation) and e4% (for 60 min incubation). After incubation for
a given temperature and time, the sample was rapidly placed into
an Oxford OptistatDN cryostat holder, mounted in a DIGILAB
FTS7000 FT-IR spectrometer, and cooled down to 77 K. The
photoinduced Rho to Batho conversion was archived by illumination
with 501 nm light for 2 min, while reconversion of Batho to Rho
was done by >610 nm illumination for 1 min. Between one and
three independent HDX experiments were performed for each
incubation temperature, time, and pH condition. Batho-Rho dif-
ference spectra were scaled using the chromophore bands at 1193
and 920 cm-1 and offset around 1900-1800 cm-1. The HDX of
Thr118 hydroxyl was monitored by the bands at 3487 (+) and 3464
(-) cm-1 and 2579 (+) and 2562 (-) cm-1, respectively. As a
reporter of the level of exchange we tested (i) the intensity
difference between the positive/negative bands, (ii) the absolutes
areas of the positive/negative bands, and (iii) the intensity differ-
ences of the positive/negative bands in second derivative spectra.
All methods gave very similar HDX curves, but the last method
gave lower data dispersion (probably related to the ability of the
second derivative to minimize baseline differences and enhance
narrow bands), and it was the one used in the subsequent
quantitative analysis.

Analysis of the HDX of Thr118 Hydroxyl. The fraction of
HDX of Thr118-OH as a function of time will be monoexponential
at a given temperature and pH:

where A0 and A∞ represent here the intensities of the Thr118
hydroxyl bands at zero and at total exchange. A microscopic two-
state model was used to model the HDX of Thr118 hydroxyl (see
Scheme 1). Given this model, the rate constant of HDX, kex, will
depend on temperature and pH as:24-26

where kop and kcl are the rate constants of a protein fluctuation
making the hydrogen competent for HDX, from where HDX occurs
with a chemical rate constant kch. In contrast to the habitual practice
of equaling kch to the rate constant of HDX found in random coil
polypeptides, krc, we allowed kch to take any value between krc and
krc/20, i.e., kch ) krc × q, where q is the HDX attenuation factor in
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f(t, T) ) (A0 - A∞) × exp(-t × kiso(T)) + A∞ (1)

Scheme 1

close(H) {\}
kop

kcl

open(H)98
kch

open(D)

f(t, T, pH) ) (A0 - A∞) × exp(-kex(T, pH) × t) + A∞
(2)

kex(T, pH) )
kop(T) × kch(T, pH)

kop(T) + kcl(T) + kch(T, pH)
(3)
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the open conformation. All rate constants were considered to be
temperature-dependent (following an Eyring behavior), whereas krc

was also considered to be pH-dependent (see below). The experi-
mental HDX data as a function of the temperature, pH, and
incubation time were globally analyzed combining eqs 2 and 3 (see
below). Once A0 and A∞ were estimated, semiexperimental values
for kex were directly obtained solving eq 2 using the experimental
data as f.

HDX of Threonine Hydroxyl in Random Coil Polypep-
tides. The pH dependence of HDX in random-coil polypeptides,
krc, is known to follow the expression24,27

where ka and kb are rate constants for specific acid and base catalysis
for hydrogen exchange (HX), k0 is the rate constant of direct HX
with water, and Kw is the ionization constant of water. The values
of k0, ka, and kb depend on temperature, on the chemical nature of
the considered group, and to a lesser extent also on steric and
inductive effects from neighbor groups,28 or on isotope effects.29

Herein we assumed that after substitution of H2O to D2O, the pD
remains equal to the initial pH ([H+] ≈ [D+]), but we did take care
of the Kw differences between H2O and D2O, i.e., [OH-] * [OD-].29

We made the reasonable assumption that the pH in a hydrated film
is equivalent to the pH of the corresponding solution.30 For Thr-
OH, the pH dependence of krc is characterized at 4 °C by log(ka/s)
≈ 7.8 and log(kb/s) ≈ 8.1 (direct water catalysis is ineffective),
obtained by fitting data from Liepinsh et al.31 to eq 4. At pH > 7
the temperature dependence of krc for Thr hydroxyl will be given
by the sum of the activation enthalpy of kb and the enthalpic
component of Kw (∼60 kJ/mol).29 For acetyl-Thr-OCH3 their sum
is ∼70 kJ/mol at pH g 7,32 similar to the activation enthalpy found
for the base catalyzed HX of the amide hydrogen,28 and the Trp
indole hydrogen.33 ∆Hch

q was considered to be 60-75 kJ/mol in
the analysis performed in this work, allowing for some variation
from the value found in the model compound.

Bayesian Inference. An account of Bayesian inference can be
found elsewhere.34 Briefly, the probability of the parameters vector,
a, conditioned to the data vector, d, and some prior information, I,
is given by

where M is the number of parameters. The probability of the data
given the model parameters was described by a normal distribution:

where N is the total number of experimental data points, y is the
predicted data vector given parameters a, and σd is the standard
deviation of the errors in the data. For the analysis of the HDX of
Thr118 hydroxyl the number of data points was 88. The prior
probability of the parameters in eq 5 was set to uniform for A0 and
A∞; uniform but positive constrained for ∆Hop

q and ∆Hcl
q; uniform

in logarithmic scale for kop and kcl; uniformly distributed between
60-75 kJ/mol and zero elsewhere for ∆Hch

q; and uniformly
distributed in logarithmic scale between 1 and 1/20 and zero
elesewhere for q. The value of σd was taken as constant and
estimated from the residuals of the best fit taking into account the
approximate number of degrees of freedom lost. For the analysis
of the thermal isomerization of the retinal in solution the number
of data points was 308, although only 231 were truly independent
due to the normalization. In the fit, the total fraction of all-trans,
13-cis, and 9-cis retinal was restricted, so their sum was always
equal or lower than 100%. The prior probability of the parameters
was set to uniform between 0 and 100% for A0 and A∞ (zero
outside); uniform but positive constrained for ∆Hiso

q; and uniform
in logarithmic scale for kiso. The value of σd was considered to be
different for each incubation time and temperature, and it was
estimated from the variance of the replicated experiments. In both
cases, we sampled from eq 5 using the Metropolis-Hastings
method, a well-known Markov Chain Monte Carlo sampling
algorithm.34 From the obtained samples we computed histograms
approximating the probability distribution of each parameter
conditioned to the data and the prior information used. Briefly, a
next vector of parameters, anext, was randomly generated from the
current ones, acurr, as anext ) acurr + ε, where ε is a vector of size
M with normally distributed random values. When Pr〈anext|d,I〉/
Pr〈anext|d,I〉g r, where r was a randomly generated number between
0 and 1, anext was accepted and added to the list of sampled values.
Otherwise, anext was rejected, and acurr was added to the list without
update. The standard deviations used to generate ε elements were
adjusted to approximately one-third of the probability standard
deviation expected for each parameter (rejection rate of ∼95%),
and 106 samples were drawn. No significant variations in the
obtained probability distributions were observed when the sampling
process was repeated for three different times, confirming ergodic
sampling. All calculations were implemented in homemade routines
for Matlab version 7 (The Math Works, Natick, MA).

Results and Discussion

Thermal Isomerization of the Protonated 11-cis Retinal in
Solution. Comparing the differences and similarities of the
thermal isomerization of the retinal in solution and in Rho could
provide a key to understand the nature of the low-energy path
for Rho dark activation. Thermal isomerization of free 11-cis
retinal in different solvents was previously reported using
UV-vis spectroscopy,35 but so far to the best of our knowledge
there are no reports on the thermal isomerization of the authentic
chromophore present in Rho: a 11-cis retinal forming a
protonated Schiff Base with a lysine, the 11-cis PRSB.2

Therefore, we first characterized the thermal isomerization
of a protonated n-butylamine 11-cis retinal Schiff base dissolved
in aqueous ethanol, the simplest chemical model of a free 11-
cis PRSB. The isomeric state of the retinal in the dark was
monitored at different temperatures over the time. This was
accomplished by HPLC chromatography (Figure 2a), allowing
more accurate quantitative evaluation of all isomeric fractions
of the retinal than by using UV-vis spectroscopy (Figure S1).
At time zero, the fraction of 11-cis retinal was higher than 99%
(Figure 2b, left). As the incubation time in the dark increased,
the fraction of 11-cis decreased concomitantly with the forma-
tion of all-trans retinal (Figure 2b) and to a lesser extent with
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75–86.
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17, 87–92.
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Algorithms; Cambridge University Press: Cambridge, 2003. (35) Hubbard, R. J. Biol. Chem. 1966, 241, 1814–1818.

krc(pH) ) k0 + ka[H
+] + kb[OH-] ) k0 + ka10-pH +

kbKw10pH (4)

Pr〈a|d, I〉 ∝ Pr〈d|a, I〉 ∏
i)1

M

Pr〈ai|I〉 (5)

Pr〈d|a, I〉 ∝ exp(-1
2 ∑

j)1

N (dj - yj(a)

σd
)2) ) exp(-�2(a)

2 )
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the formation of 13-cis and 9-cis retinal (see Supporting
Information, Figure S2). Global Bayesian analysis of the
fractions of retinal isomers (Figure 2b, continuous lines)
provided probability distributions for the activation enthalpies
and the rate constant of 11-cis to all-trans thermal isomerization
of the PRSB (Figure 2c). The activation enthalpy was estimated
to be 94 ( 3 kJ/mol, with a rate constant at 40 °C of ∼10-5 s-1

(Figure 2c). Although not directly relevant to the present study,
the estimated kinetic values for the 11-cis to 13-cis and 9-cis
thermal isomerization were also estimated and are shown in
Supporting Information, Figure S2.

Unexpectedly, the estimated energy barrier for the isomer-
ization of free 11-cis to all-trans PRSB was ∼94 kJ/mol, which
is well in the range of the energy barrier for 11-cis to all-trans
retinal thermal isomerization in Rho deduced from the dark
events, 80-110 kJ/mol.7-9 However, the estimated rate of all-
trans thermal isomerization for the free retinal, ∼10-5 s-1,
appeared one million-fold accelerated in solution in respect to
Rho, ∼10-11 s-1.6 Therefore, the intrinsic propensity of the 11-
cis retinal to isomerize to all-trans is ∼106 times reduced in
Rho, although the temperature dependence of the thermal
isomerization (i.e., activation enthalpy) seems mostly unaffected
by the opsin. These observations suggest that the thermal
isomerization of the 11-cis PRSB in Rho may occur in a solvent-
like environment, where the 11-cis PRSB is transiently free of
most steric constraints imposed by the opsin.

Hydrogen/Deuterium Exchange of Rhodopsin Thr118
Hydroxyl. To address experimentally whether a protein fluctua-
tion could transiently open the RBP and release thereby steric
constraints to the retinal, we performed hydrogen/deuterium
exchange (HDX) experiments on bovine Rho in the native rods
outer segments. Fluctuations in soluble proteins have been
successfully detected and characterized under native conditions
by HDX. In proteins, the HDX of a labile hydrogen (mostly
those bonded to N and O atoms) occurs through transient high-
energy structural fluctuations, separating H-bonded groups and

allowing water penetration.26,36 The potential power of HDX
in characterizing protein fluctuations has been successfully
explored for soluble proteins, where the HDX of individual
aminoacidscanbecustomarilyresolvedbyNMRspectroscopy.26,37

Although much less explored, due to numerous experimental
difficulties, similar principles seem applicable for the HDX in
membrane polypeptides38 and proteins.39 Advances in NMR
have made it possible to extend (HDX) experiments to larger
macromolecules in solution.40 Recently, NMR was used to
measure semiquantitatively the level of HDX of individual
amide hydrogens in some �-barrel membrane proteins,41,42

although these experiments were performed in detergent mi-
celles. For membrane proteins reconstituted in lipids, HDX has
been resolved only to the level of secondary structure motives43

and to amino acid segments39,44 by infrared (IR) spectroscopy
and mass spectrometry, respectively. Here, using IR difference
spectroscopy we report a novel HDX approach, to the best of
our knowledge making it possible for the first time to character-
ize quantitatively the HDX for a single amino acid of a
membrane protein in its native lipid environment.

In the Batho minus Rho IR difference spectrum obtained by
illumination at 77 K an intense positive/negative peak pair
appears at 3487 (Batho) and 3462 (Rho) cm-1 (Figure 3a),

(36) Milne, J. S.; Mayne, L.; Roder, H.; Wand, A. J.; Englander, S. W.
Protein Sci. 1998, 7, 739–745.

(37) Bai, Y.; Sosnick, T. R.; Mayne, L.; Englander, S. W. Science 1995,
269, 192–197.

(38) Henry, G. D.; Sykes, B. D. Biochemistry 1990, 29, 6303–6313.
(39) Busenlehner, L. S.; Salomonsson, L.; Brzezinski, P.; Armstrong, R. N.

Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 15398–15403.
(40) Fernández, C.; Wider, G. Curr. Opin. Struct. Biol. 2003, 13, 570–

580.
(41) Hiller, S.; Garces, R. G.; Malia, T. J.; Orekhov, V. Y.; Colombini,

M.; Wagner, G. Science 2008, 321, 1206–1210.
(42) Catoire, L. J.; Zoonens, M.; van Heijenoort, C.; Giusti, F.; Guittet,

E.; Popot, J. L. Eur. Biophys. J. 2010, 39, 623–630.
(43) Dave, N.; Lórenz-Fonfrı́a, V. A.; Villaverde, J.; Lemonnier, R.;

Leblanc, G.; Padrós, E. J. Biol. Chem. 2002, 277, 3380–3387.
(44) Joh, N. H.; Min, A.; Faham, S.; Whitelegge, J. P.; Yang, D.; Woods,

V. L.; Bowie, J. U. Nature 2008, 453, 1266–1270.

Figure 2. Thermal isomerization of the protonated n-butylamine 11-cis retinal Schiff base in aqueous ethanol. (a) HPLC chromatograms of the retinal
oximes, resolving the population of PRSB isomers and how 11-cis retinal thermally isomerizes with the incubation time in the dark at several temperatures
(for clarity only one replicate experiment is shown). (b) Experimental fractions (in %) of the 11-cis and all-trans retinal isomers as a function of time and
temperature (filled circles, all three replicate experiments are shown), and best global fits (continuous lines). (c) Probability histograms of the kinetic parameters
characterizing the thermal isomerization of the protonated 11-cis retinal in solution to all-trans at 40 °C, obtained from the global analysis of the data in
panel b.
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unequivocally assigned to the O-H stretching vibration of
Thr118.45 This vibrational signature allows probing selectively
the level of HDX of Thr118 after different incubation conditions,
as shown below. Thr118 is a conserved amino acid in all visual
rhodopsins of the RH1 family, including bovine rhodopsin.46

Thr118 is located in helix III of Rho (Figure 1a,b), and
constitutes part of the RBP (Figure 1c). Its side chain hydroxyl
is at H-bonding distance to the backbone oxygen of Gly114
and is in steric contact with the C9-methyl group of the retinal
(Figure 1b), an essential element for Rho activation.47 Moreover,
Thr118 is deeply embedded within the protein (Figure 1a) and
according to the X-ray crystal structures is inaccessible to
internal or bulk water molecules.17,18

Although apparently not fulfilling any of the well documented
requirements for HDX,36 we found that Thr118 becomes
deuterated when Rho was incubated in D2O. Its deuteration level
increases with the incubation temperature (Figure 3a,b and
Figure 4a,b) and incubation time (Figure 4a,b). While the peak
pair at 3487/3464 cm-1 decreases in intensity with increasing
incubation temperature (Figure 3a), a new peak pair appears at
2579/2562 cm-1, corresponding to the Thr118 O-D vibration
(Figure 3b). The persistence of Thr118 O-H peak pair at higher
incubation temperatures (or long incubation times) is due to
the presence of contaminating H2O along with D2O during the
HDX experiments, estimated to represent ∼30% of the total
amount of water in the sample from the IR absorbance spectrum
(not shown). This uncertainly was accounted for in the posterior

quantitative analysis by treating the 100% level of HDX as an
unknown. At this point, we should mention that any potential
contribution of thermally denatured Rho to the measured HDX
can be completely excluded by the functional Batho-Rho
difference spectrum by which HDX was probed. Accordingly,
the measured HDX corresponds selectively to the native and
photoactive ensemble of Rho molecules. The well reproduced
spectral changes in the protein and retinal fingerprint region
for all incubation temperatures further confirms that functional
Rho is probed in the Batho difference spectra (Figure 3c).

The substantial HDX of the Thr118 hydroxyl group implies
that under native conditions a protein fluctuation breaks the
H-bond of Thr118 with Gly114, separates Thr118 from the
retinal C9-methyl group and Try178 (Figure 1b), and allows a
transient penetration of water molecules into the Thr118 vicinity.
Unfortunately, the method used to probe selectively the HDX
of Thr118 is not readily transferable to other amino acid side
chain involved in the RBP of Rho, which do not have the same
clear-cut signature in the Batho difference spectra. However,
given the above-mentioned location of Thr118 (Figure 1a-c)
and the requirements of HDX, we argue that the fluctuation
making Thr118 competent for HDX will release at least some
of the structural constraints of the RBP on the 11-cis PRSB,
i.e., it will correspond to a loosening/opening of the RBP as
sensed by the retinal. This view is in line with recent MD
simulations reporting that fluctuations in the retinal conformation
correlate with fluctuations in Thr118.48 Therefore, we further
conducted a more detailed characterization of the HDX of
Thr118 hydroxyl.(45) Nagata, T.; Oura, T.; Terakita, A.; Kandori, H.; Shichida, Y. J. Phys.

Chem. A 2002, 106, 1969–1975.
(46) Ebrey, T.; Koutalos, Y. Prog. Retinal Eye. Res. 2001, 20, 49–94.
(47) Vogel, R.; Fan, G. B.; Sheves, M.; Siebert, F. Biochemistry 2000, 39,

8895–8908.
(48) Lau, P. W.; Grossfield, A.; Feller, S. E.; Pitman, M. C.; Brown, M. F.

J. Mol. Biol. 2007, 372, 906–917.

Figure 3. Hydrogen/deuterium exchange (HDX) of bovine rhodopsin. HDX
was monitored from the Batho-Rho IR difference spectra of ROS films
incubated in D2O for 20 min at different temperatures at pH 7.5. (a) The
O-H stretch difference band of Thr118 at 3487/3464 cm-1 in the Batho/
Rho spectra decreases in intensity with the incubation temperature, with
(b) a concomitant increase of the Thr118 O-D stretch at 2579/2562 cm-1.
(c) Batho-Rho difference spectra at different temperatures were scaled using
the chromophore bands at 1193 and 920 cm-1, to correct for any intensity
differences between the samples. The gray spectrum corresponds to a
difference spectrum taken at 25 °C, given as a visual reference.

Figure 4. Analysis of the HDX of the Thr118 hydroxyl. (a, b) Experimental
peak-to-peak intensities for (a) the Thr118 O-H stretching and (b) the
Thr118 O-D stretching bands versus temperature for two different
incubation times at pH 7.5 (open circles). (c, d) Rate constants of HDX,
kex, as a function of (c) incubation temperature (at pH 7.5) and (d) pH (at
313 K) (open circles). The error bars correspond to the standard error of
the mean. The HDX data were globally modeled with the HDX mechanism
for labile hydrogens in proteins (see Scheme 1 and eqs 2 and 3). The best
global fit is presented with continuous lines; the probability distributions
estimated for relevant parameters are given in Figure 5 and for nuisance
parameters in Figure S3 in Supporting Information.
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Quantitative Analysis of the HDX of Thr118 Hydroxyl. Figure
4a,b shows the peak-to-peak intensities of the Thr118-OH and
Thr118-OD bands as a function of temperature for two incuba-
tion times, and Figure 4c shows the corresponding semiexperi-
mental rate constants of HDX, kex (open circles), obtained as
described in Methods. Similar data were obtained as function
of the pH at fixed temperature (not shown), and the correspond-
ing kex are plotted in Figure 4d (open circles).

A thermodynamic and kinetic characterization of the fluctua-
tion making Thr118 competent for HDX requires a quantitative
analysis of the HDX data. Despite its conceptual simplicity, a
microscopic two-state model has been used successfully to
describe and interpret the HDX of individual hydrogens in
proteins under native conditions (see Scheme 1).24-26,49,50

In this model, HDX-incompetent closed (Closed) and HDX-
competent open (Open) conformations interconvert with rate
constants kop and kcl. HDX occurs only from the HDX-competent
open conformation, with a chemical rate constant kch. The value
of kch is essential for the analysis of the HDX data, but its value
is generally unknown and not easily measurable. To cope with
this problem, in the literature kch is systematically equaled to
the rate of HDX of polypeptides adopting a random coil
conformation, krc. This is done because the dependence of this
rate on the chemical group, temperature, and pH is not only
straightforward to measure but also fairly well understood and
predictable.24-26

Studying kex versus temperature at sufficiently high pH allows
the estimation of the kinetic parameters of the opening process
(kop and ∆Hop

q), a condition known as the Ex1 limit.25 At low
pH, the estimation of thermodynamic parameters (Kop and ∆Hop)
becomes possible, a condition known as the Ex2 limit.51 Hence,
global analysis of kex as a function of temperature and pH allows,
in principle, a full thermodynamic and dynamic characterization
of the fluctuation,25 although conditioned to the values assigned
to kch and its activation enthalpy, ∆Hch

q. However, this approach
is sustained in the practice of equaling kch and krc, a practice

that has been appropriately questioned.52 Indeed, it has been
reported that a hydrophobic environment and/or a partial solvent
accessibility in the open conformation can make kch 20-25 times
slower than krc.

53,54

Our approach tries to avoid potential artifacts arising from
the practice of blindly equaling kch and krc by acknowledging
the possibility that the HDX of Thr118 in the open conformation
could be slower than observed in random coil polypeptides.
Therefore, we allowed kch to take any value from krc to krc/20
and ∆Hch

q to take any value between 60 and 75 kJ/mol (see
Methods). Then, we performed a global Bayesian analysis of
the HDX data, obtaining probability distributions for the
thermodynamic and kinetic parameters involved in the fluctua-
tion process making Thr118 hydroxyl HDX-competent (Figure
5). It should be stressed that the obtained probability distribu-
tions presented here take account of our lack of accurate
knowledge on the values of kch and ∆Hch

q, as well as on the
level of 0% and 100% HDX (Supporting Information, Figure
S3). They also take into account and provide correlations
between the estimated parameters, as shown in Supporting
Information (Figure S4). The best global fits, derived from the
parameters with higher probability given the data, are displayed
in Figure 4 (continuous lines), which reproduce the HDX data
within the experimental error. We should finally note that, except
from kcl, the estimated values were mostly independent of the
actual value assigned to kch and ∆Hch

q within a physically
reasonable range (see Figure S5 in Supporting Information).

Considering that the fluctuations that make Thr118 competent
for HDX correspond to an opening of the RBP, our analysis
shows that the transient opening of the RBP takes place every
∼30 min in average, closing back in less than 2 ms at 40 °C
(Figure 5b). This transient opening is characterized by a free
energy cost of ∼40 kJ/mol (equilibrium constant of ∼10-7),
with a nearly zero enthalpic contribution (Figure 5a). The
activation enthalpies for the opening and closing processes are

(49) Clarke, J.; Itzhaki, L. S. Curr. Opin. Struct. Biol. 1998, 8, 112–118.
(50) Bai, Y.; Englander, J. J.; Mayne, L.; Milne, J. S.; Englander, S. W.

Methods Enzymol. 1995, 259, 344–356.
(51) Bai, Y.; Milne, J. S.; Mayne, L.; Englander, S. W. Proteins 1994, 20,

4–14.

(52) Clarke, J.; Itzhaki, L. S.; Fersht, A. R. Trends. Biochem. Sci. 1997,
22, 284–287.

(53) Spyracopoulos, L.; O’Neil, J. D. J. J. Am. Chem. Soc. 1994, 116, 1395–
1402.

(54) Dempsey, C. E.; Butler, G. S. Biochemistry 1992, 31, 11973–11977.

Figure 5. Probability histograms for the (a) thermodynamic and (b) kinetic parameters of the fluctuation process making Thr118 competent for HDX,
obtained from the global Bayesian analysis of the experimental data in Figure 4. Note that from the eight parameters shown, only four of them are independent
(e.g., ∆Hop, Kop, ∆Hop

q, kop), and the other four parameters (e.g., ∆Sop, ∆Gop, ∆Hcl
q, kcl) are obtained from known relations with the formers.
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around 175 kJ/mol, although with a large uncertainly due to
their broad probability distributions (Figure 5b).

The estimated nearly zero enthalpic contribution for a
fluctuation presumably opening the RBP may be unexpected.
Given that water molecules are required to reach the vicinity
of Thr118 to catalyze its HDX (or more precisely hydroxyl ions),
it seems reasonable that some water molecules may enter in
contact with other residues of the RBP or even with the retinal.
These contacts could restore or effectively compensate the lost
opsin-retinal interactions in the open conformation, explaining
the low enthalpy change. The large negative entropy change
(Figure 5a) would be in line with the loss of freedom of water
molecules transferred from the bulk to the RBP vicinity.
Although it may seem that these fluctuations are too short-lived
(<2 ms) for bulk waters to penetrate to Thr118 (and to interact
with the open RBP), we should recall that in the structurally
homologous bacteriorhodopsin most internal waters exchange
with the bulk on the time-scale of microseconds or less,55 i.e.,
water molecules seem to be able to diffuse very quickly within
proteins whenever cavities are formed.

General Discussion

Model for the Dark Activation of Rhodopsin Based on
Protein Fluctuations. Figure 6 presents our model for the dark
activation process of Rho. According to this model, the effective
rate and activation enthalpy for retinal isomerization leading to
thermal Rho activation, and hence to the dark events, will
depend mainly on (i) the thermodynamic parameters of the
fluctuation opening the RBP (Kop and ∆Hop) and (ii) the kinetic
parameters of the thermal isomerization of the 11-cis PRSB in
the open RBP (kiso and ∆Hiso

q), as

where the approximations in eqs 7 and 8 consider that closing
the open RBP will be much faster than the retinal isomerization
in the open RBP: kcl . kiso (see Figure 2c and Figure 5b).

To estimate the parameters in the proposed model we applied
two experimental approaches: (i) characterization of the thermal
isomerization of the 11-cis PRSB to all-trans in aqueous ethanol
as a model for retinal isomerization in the open RBP and (ii)
characterization of a fluctuation affecting Thr118 environment
by means of HDX, which we take as the experimental indication
of a transient opening of the RBP. The apparent enthalpic barrier
for retinal isomerization and Rho activation in the dark predicted
by our model is 95 ( 16 kJ/mol using eq 7 and the
experimentally derived parameters (see Figure 6b and Table 1).
This predicted barrier quantitatively agrees with the experimental
apparent enthalpic barrier of the dark events found in vertebrates
(toads), 82 ( 17 and 98 ( 14 kJ/mol,7,9 and in invertebrates
(limulus), 108 ( 33 kJ/mol.8 Moreover, the effective rate
constant for the thermal cis-trans retinal isomerization predicted
by eq 7 is ∼10-12 s-1 at 36 °C (Table 1), in reasonable
agreement with the estimated frequency of ∼10-11 s-1 of the
dark events per Rho.6 Note that these estimates for the activation
enthalpy and for the rate constant of the dark activation of Rho

have been derived completely from the analysis of experimental
data, without any ad hoc adjustments.

We explored to which extent the inherent ambiguities in the
HDX data analysis to characterize fluctuations in proteins may
question our results. As shown in Figure 7, our model can
satisfactorily reproduce the values of the dark events for a quite
reasonable interval of parameters used in the analysis of the
HDX data. Namely, our estimation of ∆Heff

q is in agreement
with the activation enthalpy of the dark events (Figure 7a-b),
independent of the values assumed for the chemical HDX of
Thr118 hydroxyl in the open conformation (kch and ∆Hch

q).
While our estimation of keff is fairly independent of the value
used for ∆Hch

q (Figure 7d), it is inversely related to the assumed
value for kch (Figure 7c). Actually, if kch was 100 times slower
than the rate constant of HDX in random coil poplypeptides,
krc (we assumed instead krc/20 e kch e krc), then our predicted
rate constant for retinal isomerization in Rho would be ∼10-11

s-1, in full agreement with the experimental rate constant of
the dark events. This observation suggests in turn that the
activity of water in the vicinity of Thr118 in the open HDX-
competent conformation could be 100 smaller than in solution.

Model of a Stepwise Mechanism for Rhodopsin Dark
Activation. According to the proposed model and the collected
experimental data, the thermal activation mechanism of Rho is
suggested to proceed as follows. (i) Once every ∼30 min on
average a thermal fluctuation in Rho structure will transiently

(55) Gottschalk, M.; Dencher, N. A.; Halle, B. J. Mol. Biol. 2001, 311,
605–621.

keff )
kopkiso

kop + kcl + kiso
≈ Kopkiso (7)

∆Heff
q ≈ ∆Hop + ∆Hiso

q (8)

Figure 6. Proposed two-step model for the thermal isomerization of the
11-cis retinal in rhodopsin (Rho), leading to light-independent activation
of Rho. (a) A protein fluctuation transiently “opens” the retinal binding
pocket (RBP) allowing for retinal isomerization free from opsin constraints
(solvent-like environment). Upon closure of the RBP, the isomerized all-
trans chromophore acts as an agonist, leading to activation of the receptor.
(b) Since the RBP closing process would be much faster than the retinal
isomerization in the solvent-like environment (kcl . kiso), the model reduces
to an apparent single step, and the effective activation enthalpy and rate
constant for Rho dark activation will depend only on ∆Hop, Kop, ∆Hiso

q,
and kiso values.
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open the RBP, releasing the tight constraints on the retinal
conformation and possibly allowing for the temporal presence
of water in the retinal vicinity. Only 1 out of ∼107 Rho
molecules will have an “open RBP” at a given instant. (ii) While
the RBP is transiently open, retinal cis-trans thermal isomer-
ization will be possible at the rate observed for the free retinal
in solution. (iii) In less than 2 ms the “open RBP” will return
to the most stable “closed RBP”, where retinal cis-trans
isomerization is effectively inhibited by a g180 kJ/mol barrier.
(iv) Retinal thermal isomerization will take place once every
∼108.5 openings of the RBP. In the case that such an opening
of the RBP leads to the thermal retinal isomerization, Rho will
sense the binding of all-trans retinal (an agonist) when returning
back to the more stable closed conformation (in less than 2 ms).
As a consequence, the reaction path leading to Rho activation
is triggered, and a dark event will be generated.

Dark Events in Cone Receptors. Sharing the same chro-
mophore molecule rod and cone receptors should display a
similar rate of dark events if, as generally assumed, the thermal
activation of photoreceptors is either controlled by the intrinsic
propensity of the chromophore for thermal isomerization,1,10,56

or by the barrier for light-activation.15 However, it is well
established that cone photoreceptors display 103-104 higher
rates of dark events than rod photoreceptors,13,57,58 while their

apparent activation enthalpies for dark events are nearly
coincident.59

Our model provides a plausible rationale for these observa-
tions. Given a fixed chromophore, the frequency of the dark
events will be determined by the equilibrium constant for
opening the RBP, and hence it will depend on the local stability
of the chromophore binding site to fluctuations (eq 7). The
higher rate of dark events in cones could be explained if the
stability of the RBP was 103-104 lower in cone than in rod
photoreceptors (Kop of 10-3-10-4 instead of 10-7). Although
not experimentally proven to our knowledge, a less tight and
stable RBP in cones than in rods is explicitly accepted by many
authors.59,60 On the other hand, our model predicts that the
apparent activation enthalpy of the dark events should be
primarily controlled by the barrier for the thermal isomerization
of the chromophore in “solution” (eq 8). Therefore, allowing
for some variability due to possible differences in ∆Hop among
photoreceptors, the activation barrier of the dark events should
be roughly similar in both cones and rods, in agreement with
experimental observation.59

Purkinje Shift and the Dark Events. The Purkinje shift
corresponds to the blue-shift of the maximum sensitivity of the
eye at low levels of ambient illumination. It occurs as a result
of the transition between the primary use of the photopic (cone-
based) to the scotopic (rod-based) vision, the latter being
systematically blue-shifted from the wavelength that would
maximize photon catch. It has been postulated that this blue-
shift would be adaptive by reducing the probability of Rho
thermal activation.61 This is indeed supported by the correlation
(R2 ) 0.59) between rod photoreceptors absorbance maxima,
λmax, and their rate of dark events: a 50 nm red-shift in λmax

generating in average a ∼10-fold increment in the rate of dark
events at ∼20 °C.15 A similar correlation is also observed for
cone photoreceptors.15

Although our model does not address directly the way that
blue-shifted photoreceptors could display lower noise levels, it
provides some means to explain it. Accordingly to our model,
the ratio between the rates of dark events for two photoreceptors
with λmax given by λ2 and λ2 will be given by

where we considered other terms besides ∆Hop to remain
constant. Accordingly to eq 9, we could explain a 10-fold
increase in the dark events at 20 °C from a 50 nm red-shift in
the chromophore λmax if this shift correlates in turn with a ∼5.6

(56) Barlow, H. B. Nature 1988, 334, 296–297.
(57) Sakurai, K.; Onishi, A.; Imai, H.; Chisaka, O.; Ueda, Y.; Usukura, J.;

Nakatani, K.; Shichida, Y. J. Gen. Physiol. 2007, 130, 21–40.

(58) Fu, Y.; Kefalov, V.; Luo, D. G.; Xue, T.; Yau, K. W. Nat. Neurosci.
2008, 11, 565–571.

(59) Sampath, A. P.; Baylor, D. A. Biophys. J. 2002, 83, 184–193.
(60) Osorio, D.; Nilsson, D. E. Curr. Biol. 2004, 14, R1051–1053.
(61) Barlow, H. B. Nature 1957, 179, 255–256.

Table 1. Predicted versus Experimental Values for the Thermal Activation of Rhodopsina

retinal isomerization
in the open RBPb

transient opening of
the RBPc

thermal activation
of Rho (predicted)d

thermal activation
of Rho (experimental)e

∆Hiso
q τiso, h ∆Hop Kop τop, min ∆Heff

q keff, s-1 ∆Heff
q keff, s-1

94 ( 3 30 ( 3 1 ( 16 ∼10-7 39 ( 6 95 ( 16 ∼10-12 80-110 ∼10-11

a Enthalpies are given in kJ/mol. The equilibrium constant and the time constants are given at 40 °C, whereas rate constants are given at 37 °C.
Where reported, the confidence interval corresponds to ( 2 standard deviations. b Taken from the thermal isomerization of the protonated n-butylamine
11-cis retinal Schiff base in aqueous ethanol (Figure 2c). c Taken from the opening fluctuation making Thr118 hydroxyl competent for HDX (Figure 5).
d Computed from the model in Figure 6. e Taken from the literature.6-9

Figure 7. Predicted kinetic values for the thermal isomerization of the
retinal in Rho at 36 °C, (∆Heff

q and keff) as a function of the parameters
assigned to the chemical HDX of Thr118 hydroxyl in the open RBP (∆Hch

q

and kch). The mean of the probability distributions for ∆Hop and Kop as a
function of ∆Hch

q and kch values were computed (Supporting Information,
Figure S5) and used to calculate the predicted parameters for the thermal
isomerization of the retinal in Rho from eqs 7 and 8.

keff
λ2

keff
λ1

) exp(-∆Hop
λ2 - ∆Hop

λ1

RT ) (9)
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kJ/mol lower enthalpy for the RBP opening, i.e., with a loss of
interactions between the retinal and the opsin. A correlation
between the spectral tuning of the retinal by the opsin and the
energetics of their interactions could be possible, given the
calculation that a 11-cis PRSB devoid of all opsin interactions,
i.e., in Vacuo, red-shifts to 720 nm.62

Critical Assessment of Previous Models for the Thermal
Activation of Rhodopsin. Fourteen years after the first descrip-
tion of the dark noise in rod photoreceptors,5 Barlow et al.
proposed the first plausible explanation for its molecular origin.8

They hypothesized a two-step mechanism in which a transiently
deprotonated SB could reduce, according to their calculations,
the effective energy barrier for the cis-trans thermal isomer-
ization of the retinal in Rho. We must stress that these
calculations were performed before an atomic-resolution struc-
ture for Rho was available.17 Therefore, Barlow et al. were
forced to assume a specific retinal geometry for the 11-cis and
all-trans retinal in Rho, notably ignoring the surrounding opsin
residues that may contribute to the energy barriers for retinal
isomerization and SB deprotonation by steric clashes and
electrostatic effects. Nevertheless, this model was meritorious
in successfully reproducing for the first time both the activation
energy8 and the rate of the dark events.12 It also provided a
simple rationale, although never confirmed, of why cone are
noisier than rod photoreceptors: the pKa of the SB should be
3-4 units lower in the former.63 As a demerit, this model did
not address the biological significance of the Purkinje shift.
However, as a more important failure of this model we should
mention the prediction of a strong pH dependence of the rate
of the dark events,12,63 recently experimentally disproved in
rods64 and in cones.59 Actually, these recent findings make the
mechanism proposed by Barlow et al. highly implausible, at
least for vertebrate photoreceptors.

Soon after the validity of the Barlow model became seriously
questioned, Ala-Laurila et al. presented a new hypothesis.15 They
postulated that the previously reported 2-fold difference between
the thermal and light-activation barriers of Rho, suggesting that
both represent difference processes, was an analytical artifact
originating from the use of Bolzmann statistics to deduce energy
barriers from the temperature dependence of the rate constants.
Using Hinshelwood instead of Bolzmann statistics and assuming
∼40 modes involved in the activation state for retinal thermal
isomerization in Rho, they showed that the thermal barrier could
be brought into agreement with the light-activation barrier.15

Although somehow contrived by the ad hoc selection of the
number of modes involved in the active state, this hypothesis
had the unquestionable merit of giving a quantitative explanation
for the inversely correlation of the photoreceptors λmax with their
rate of dark events. As important demerits, we should mention
that the Ala-Laurila hypothesis did not address the rate of dark
events in Rho, which should be many orders of magnitudes
lower than observed if thermal and light isomerization of the
retinal follows the same path (see Introduction). Moreover,
the Ala-Laurila hypothesis did not account by itself for the
observation that cone photoreceptors are 103-104 times noisier
than rod photoreceptors, despite displaying rather similar barriers
for light activation. Finally, a recent attempt to test experimen-
tally the Ala-Laurila hypothesis for the dark events provided

contradictory results.65 The increase in the rate of the dark events
observed by shifting the λmax of a photoreceptor by changing
its chromophore was better accounted by Bolzmann than by
Hinshelwood statistics, which contradicts their initial assump-
tions.65

Recently, Bokkom et al. proposed that the dark events could
be the response of rhodopsin to the light emitted in the cells by
various redox chemical processes (biophotons).16 However, even
if biophotons had enough energy to activate rhodopsin, there is
not any experimental evidence that this activation could occur
with the frequency and temperature dependence observed for
the dark events.

Khrenova et al. using QM/MM calculations computed an
energy barrier for thermal isomerization of the retinal in
rhodopsin (from Rho to Batho) to be ∼92 kJ/mol.66 Is this
estimate was correct, it would mean that the dark events could
originate from the thermal formation of Batho, similarly as the
light formation of Batho causes the light events. However, the
same work estimated the energy difference between Rho and
Batho to be 67 kJ/mol,66 while current experimental estimates
all converge to values higher than 135 kJ/mol.67-69 This
discrepancy suggests that in their calculations Khrenova et al.
could be underestimating energy differences by a factor of 2,
which would return us back to an energy barrier for the thermal
formation of Batho of ∼180 kJ/mol.

Outlook

In the present work we have successfully characterized both
thermodynamically and kinetically a structural fluctuation in a
membrane protein under native conditions. This has been
accomplished for the first time to our knowledge, and it has
been possible by combining hydrogen/deuterium exchange,
difference IR spectroscopy, and global Bayesian analysis.
Moreover, this fluctuation has the relevance of affecting the
environment of a conserved residue in the rod photoreceptor
rhodopsin, which is located nearby its active center. Although
not strictly proven, we have provided reasonable evidence that
this fluctuation may play a central role in the thermal activation
of rhodopsin and be responsible for the spontaneous perception
of light in total darkness. The present results illustrate how high-
energy conformations in proteins, invisible for most structural
methods due to their transient nature and marginal steady-state
populations, may control key aspects of protein function and
misfunction.
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