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Rhodopsin has developed mechanisms to optimize its sensi-
tivity to light by suppressing dark noise and enhancing quantum
yield. We propose that an intramolecular hydrogen-bonding
network formed by �20 water molecules, the hydrophilic resi-
dues, and peptide backbones in the transmembrane region is
essential to restrain thermal isomerization, the source of dark
noise. We studied the thermal stability of rhodopsin at 55 °C
with single pointmutations (E181QandS186A) that perturb the
hydrogen-bonding network at the active site.We found that the
rate of thermal isomerization increased by 1–2 orders ofmagni-
tude in themutants. Our results illustrate the importance of the
intact hydrogen-bonding network for dim-light detection,
revealing the functional roles of water molecules in rhodopsin.
We also show that thermal isomerization of 11-cis-retinal in
solution can be catalyzed by wild-type opsin and that this cata-
lytic property is not affected by the mutations. We characterize
the catalytic effect and propose that it is due to steric interac-
tions in the retinal-binding site and increases quantum yield by
predetermining the trajectory of photoisomerization. Thus, our
studies reveal a balancing act between dark noise and quantum
yield, which have opposite effects on the thermal isomerization
rate. The acquisition of the hydrogen-bonding network and the
tuning of the steric interactions at the retinal-binding site are
two important factors in the development of dim-light vision.

Rhodopsin is a widely studied G protein-coupled receptor
responsible for generating visual signals in dim-light envi-
ronments (1–11). It is expressed in the disc membranes in
the outer segment of rod photoreceptor cells (1–3). It has a
seven-helical transmembrane structure and incorporates
the 11-cis-retinal chromophore via a protonated Schiff base
(SB)6 in the transmembrane region (3, 8, 9). Upon absorption
of a photon, the retinal chromophore isomerizes from the
11-cis- to all-trans-configuration to form the primary photo-
product bathorhodopsin (12, 13), which then evolves into a
number of photointermediates on various time scales (14, 15),

formingmetarhodopsin II (Meta II) in milliseconds. InMeta II,
the SB linkage becomes deprotonated, and the absorption
changes from the visible to the UV (380 nm) region. Subse-
quently, Meta II couples to the G protein transducin to induce
an exchange of GDP for GTP in the �-subunit of transducin
(16). The �-subunit dissociates from the ��-subunit and acti-
vates phosphodiesterase, which catalyzes hydrolysis of cGMP.
A decrease in the concentration of cGMP closes the sodium
channels of the rod photoreceptor cells and generates hyperpo-
larization for a visual signal.
We asked whatmolecular properties allow rhodopsin to gain

photosensitivity for dim-light vision; rhodopsin has the ability
to handle intensities of light spanning orders of magnitude and
yet the capacity to detect single photons (16, 17). These prop-
erties must be related to the optimization of amplification,
quantumyield, and dark noise level, three important criteria for
evaluating the sensitivity of any light detector, both man-made
and biological. First, amplification specifies the magnitude of
readout per photon detected. In the case of rhodopsin, one
photon can activate�102 copies of transducin, which each acti-
vate �102 copies of phosphodiesterase, blocking 107 Na� ions
from crossing the plasmamembrane (16). Because downstream
signaling amplification is not directly related to the properties
of rhodopsin, it is not the focus of this study. Second, quantum
yield denotes the fraction of photons being absorbed that can
successfully generate a signal. For rhodopsin, the quantumyield
is 65%, which is among the highest in photobiological systems
(18). Finally, dark noise is the rate of false-positive response
generated by a light detector in a completely dark environment.
The dark noise of rhodopsin is extremely low: one count in
every 420 years for a rhodopsinmolecule in primate rod cells at
36 °C (19). Baylor (16), Lagnado and Baylor (20), and Lamb (21)
demonstrated that the dark noise originates from the thermal
isomerization of 11-cis-retinal in rhodopsin, which generates
the same physiological response as photoisomerization.
To investigate themolecularmechanism that allows rhodop-

sin to achieve high quantum yield and low dark noise, we exam-
ined the thermal properties of rhodopsin. First, we hypothe-
sized that quantum yield is associated with the stereochemistry
of the retinal-binding site. As early as 1958, Hubbard observed
that the rate of isomerization of 11-cis-retinal added externally
to the aqueous solution is faster in the presence of opsin, reveal-
ing that opsin can catalyze the retinal isomerization (22). How-
ever, the catalytic activity of opsin has not been explicitly dis-
cussed, and its mechanism has remained obscure. The crystal
structures of rhodopsin show that the interactions between the
chromophore and the compact binding site result in distortion
of the ethylenic chain of the 11-cis-retinal chromophore in the
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binding pocket (9, 10). This distortion has been postulated to
guide the trajectory of photoisomerization of 11-cis-retinal in
rhodopsin (23) such that the relaxation from the excited state to
the ground state can effectively lead to formation of the primary
photoproduct, bathorhodopsin, and subsequently Meta II for
transducin activation. We aimed to link the steric interactions
in the retinal-binding site to the ability of opsin to catalyze cis-
to-trans-isomerization of retinal to explain the high quantum
yield of rhodopsin.
Next, because dark noise originates from thermal isomeriza-

tion of 11-cis-retinal, to understand how rhodopsin achieves
low dark noise, we need to understand how rhodopsin prevents
thermal isomerization. Our investigation was inspired by pre-
vious observations. First, Li et al. (9) and Okada et al. (10)
reported the crystal structures of rhodopsin, which include
water molecules in the transmembrane region of rhodopsin.
Palczewski and co-workers (24–26) further studied the distri-
bution of transmembrane water and found conserved contacts
between these water molecules and microdomains, which are
important in receptor activation. These water molecules
participate in an extensive hydrogen-bonding network span-
ning the entire rhodopsin molecule from the extracellular side
through the transmembrane region to the cytoplasmic side.
This network has been postulated to be important for stabiliz-
ing the dark state of rhodopsin (6, 27, 28). Second, Janz et al. (29,
30) reported that a perturbation to the H-bonding network by
mutations at the active site leads to an increase in the rate of
thermal decay of rhodopsin, which is defined by a decrease in
the 500 nm absorption of rhodopsin. They attributed the ther-
mal decay to the hydrolysis of the SB. Around the same time,
Del Valle et al. (31) detected thermal cis,trans-isomerization of
retinal using HPLC and proposed that thermal decay was the
result of isomerization caused by protein denaturation.
In fact, we previously demonstrated that thermal decay con-

sists of both hydrolysis of the SB in dark-state rhodopsin and
thermal isomerization of 11-cis-retinal (32). We compared the
thermal properties ofWTbovine rhodopsin inH2O andD2O at
59 °C because H-bonds are stronger in D2O compared with
H2O (32).We found that the rates of thermal processes become
2–3 times slower in D2O than in H2O, suggesting that the rate-
determining steps of both hydrolysis and isomerization involve
breaking H-bonds.
In this study, we extended our investigation of the thermal

properties of rhodopsin by disrupting the H-bonding network
in the retinal active site of rhodopsin using two point muta-
tions, E181QandS186A (Fig. 1). For the first time,wemeasured
the rate of thermal isomerization and SB hydrolysis simultane-
ously using rhodopsin mutants, which is expected to provide a
more complete mechanistic understanding of the thermal
decay process of rhodopsin. We also report the first detailed
description of opsin-catalyzed thermal isomerization of 11-cis-
retinal. We interpret the results in the context of the roles of
both the steric interactions at the active site and theH-bonding
network in optimizing the quantum yield and dark noise of
rhodopsin, which exert opposing effects that are necessary to
modulate photosensitivity. The results give insight into the
mechanism of the molecular evolution of vision.

EXPERIMENTAL PROCEDURES

Preparation of Rhodopsin—Recombinant DNA constructs of
WT, E181Q, and S186A opsins in the pACMV-tetO vector (33)
were transfected into HEK293T cells using LipofectamineTM.
Stable cell lines were created by selecting for transfected cells
using the antibiotic Geneticin (300 �g/ml) for 2 weeks (34).
Opsin expression was induced with tetracycline (2 �g/ml) and
sodium butyrate (5 mM). After 48 h, the cells were harvested,
and rhodopsin was regenerated with 5 �M 11-cis-retinal over-
night at 4 °C in the dark. All procedures involving the regener-
ated rhodopsin were conducted under dim red light.
Membranes were detergent-solubilized in 50 mM Tris, 100

mMNaCl, 1 mM CaCl2, 1% (w/v) n-dodecyl-�-D-maltoside, and
0.1mMPMSF (pH6.8) for 4 h at 4 °C. Solubilized rhodopsinwas
purified as described previously by immunobinding to anti-
rhodopsin C terminus antibody 1D4 coupled to Sepharose
beads (34–36). The beads were washed three times with 50mM

Tris, 100mMNaCl, and 0.1% n-dodecyl-�-D-maltoside (pH 6.8)
and three times with Buffer A (50 mM sodium phosphate and
0.1% n-dodecyl-�-D-maltoside (pH 6.5)). Rhodopsin was eluted
in Buffer A containing 1D5 peptide (TETSQVAPA) for com-
petitive binding to the antibody. The samples were then con-
centrated to �20 �M in Buffer A.
Thermal Decay—UV-visible spectroscopy was used to mon-

itor thermal decay as described (32). All measurements were
made in the dark on a UV-visible spectrophotometer (Shi-
madzu UV-2450). The temperature of the samples was main-
tained by a circulating water bath and wasmonitored by a ther-
mocouple placed at the cuvette holder. Buffer A at a volume of
2.7 ml was equilibrated at 55 °C. At t � 0, a solution of rhodop-
sin (20 �M) at a volume of 0.3 ml was added. Control experi-

FIGURE 1. Structure of the 11-cis-retinal chromophore in the binding
pocket of rhodopsin (Protein Data Bank code 1GZM): Glu-181 within
hydrogen-bonding distance to Tyr-192, Tyr-268, and a water molecule
and Ser-186 near the protonated SB counterion complex and within
hydrogen-bonding distance to two water molecules.
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ments suggested that it took�2 s for themixture to reach 55 °C.
UV-visible spectra were taken at various time points, and �12
samples (200 �l each) were removed from the cuvette between
the acquisition of the spectra. Each sample was immediately
frozen in a glass vial precooled by dry ice and stored on ice to
quench any thermal process. These samples were divided
equally into two parts for measuring the rates of thermal
isomerization and hydrolysis of the SB (32).
Thermal Isomerization—The rate of thermal isomerization

was obtained by analyzing the isomeric forms of retinal
extracted from the samples taken at various time points during
the thermal decay experiments. The procedure of the extrac-
tion and HPLC analysis has been described previously (32, 37).
The retinal extracted in the form of retinal oxime in hexane
from each sample was injected into a Beckman analytical silica
column (25 cm � 4.6 mm (inner diameter), 5-�m particle size)
connected to the HPLC system (Beckman Coulter System
Gold�) and detected using UV absorption at 360 nm and a
mobile phase of hexane supplemented with 8% diethyl ether
and 0.33% ethanol.
Hydrolysis of the SB of Rhodopsin—The second part of the

samples taken at various time points during the thermal decay
experiments was used to measure the rate of hydrolysis of the
SB (37–40). To each 100-�l samplewas added 4�l of 1MHCl to
denature the protein. Retinal covalently linked to the opsin pro-
tein via the protonated SB absorbs at 440 nm, whereas free
retinal in aqueous solution as a result of hydrolysis of the SB
absorbs at 380 nm. Hence, the absorbance at 440 nm of the
samples after acidic denaturation reveals the extent of SB
hydrolysis. The pH of the solution was measured after the
experiments and confirmed to be 1–2.
Opsin-catalyzed Thermal Isomerization—The opsin protein

was obtained by photobleaching the purified rhodopsin sam-
ples. Buffer A (2.7 ml) was equilibrated in the UV-visible spec-
trometer at 55 °C. A 0.3-ml concentrated rhodopsin solution
(10 �M) was added. The sample was photobleached using a
30-watt fiber optic illuminator at a wavelength of �495 nm to
trigger photoisomerization leading to formation of Meta II,
which was allowed to decay for 10 min to release all-trans-
retinal, yielding opsin protein. Then, aUV-visible spectrumwas
taken, and a 100-�l sample was taken as a control for the HPLC
analysis to confirm that all 11-cis-retinal was converted to all-
trans-retinal. Subsequently, 11-cis-retinal solution was added
to a final concentration of 1�Mat t� 0.UV-visible spectrawere
taken to monitor whether rhodopsin regeneration occurred,
and at least 10 aliquots (100 �l each) were sampled at various
time points for retinal extraction and HPLC analyses to mea-
sure the rate of thermal isomerization catalyzed by opsin.
Binding of Retinal into the Active Site of Opsin—The effect of

thermal incubation on the retinal-binding activity of opsin pro-
teins was investigated by measuring the entry of 11-cis-retinal
into the binding pocket. The intrinsic tryptophan fluorescence
at the binding site can be quenched by the presence of retinal
(40). The intrinsic fluorescence signal wasmeasured using exci-
tation/emission at 290/330 nm with input and output slit
widths of 5 nm. Buffer A (100 �l) was incubated in a Cary
Eclipse fluorometer (Varian, Inc.) at 55 °C. The signal wasmon-
itored upon the addition of a 100-�l solution of the rhodopsin

sample (2 �M). After 30 s, the rhodopsin sample was bleached
with light at a wavelength of �495 nm. The bleached sample
was kept in the spectrophotometer at 55 °C to allow hydrolysis
of the SB and release of all-trans-retinal to yield the opsin sam-
ples. After the bleached sample was incubated for �10 or 40
min, 2 �l of the concentrated 11-cis-retinal solution in ethanol
was added to a final concentration of either 1:1 or 1:10 opsin/
retinal. The decay of the fluorescence signal due to the entry of
11-cis-retinal into the active site was monitored.

RESULTS

Sample Preparation—UV-visible spectra of dark-state WT,
E181Q, and S186A rhodopsins were recorded at room temper-
ature following purification (supplemental Fig. 1). The peak at
280 nm corresponds to the absorption of opsin, whereas the
peak at 500 nm corresponds to rhodopsin. TheR values defined
as A280/A500 are 1.64 for WT, 1.90 for E181Q, and 1.88 for
S186A.
Thermal Decay—Fig. 2 (A–C) shows spectra taken at various

time points at 55 °C. Each spectrum was normalized to A280 to
account for solvent evaporation. The spectra show that A500
decreases, whereasA380 increases. The peak at 380 nm could be
due to 11-cis- or all-trans-retinal free in solution and/orMeta II
consisting of all-trans-retinal bound to opsin. Because rhodop-
sin is the only species that absorbs at 500 nm, the decrease in
A500 reveals the thermal decay of rhodopsin. The measured
A500 was normalized to the initial value, A500 (t � 0), and plot-
ted as a function of time (Fig. 2D). The half-lives are 70 � 2,
2.3� 0.1, and 0.9� 0.1min forWT, E181Q, and S186A, respec-
tively. Compared withWT, E181Q and S186A decay 30 and 78
times faster, respectively.
Thermal Isomerization—Retinal was extracted as retinal

oxime from the sample taken at various time points during the
thermal incubation and analyzed by HPLC to determine the
extent of thermal isomerization. A total of six isomers were
observed in the chromatograms, corresponding to 11-cis-15-
syn-, all-trans-15-syn-, 13-cis-15-syn-, 13-cis-15-anti-, 11-cis-
15-anti-, and all-trans-15-anti-retinal oxime (32, 37). Because
the areas of the peaks for the anti-species are small, only the
syn-peaks are shown in Fig. 2 (E–G). During the thermal decay
process, the amount of 11-cis-retinal decreases, whereas that of
all-trans-retinal increases. This result suggests that the thermal
11-cis- to all-trans-isomerization happens not only in WT, as
reported previously (32), but also in E181Q and S186A. To
determine the fraction of 11-cis-retinal at each time point, the
area of the 11-cis-peak was normalized to the sum of six peaks
and the corresponding extinction coefficients for each isomeric
form at 360 nm (37). The fraction of 11-cis-retinal was plotted
as a function of time (Fig. 2H). The half-lives of thermal isomer-
ization for WT, E181Q, and S186A are 88 � 10, 3.8 � 0.6, and
1.3 � 0.3 min, respectively. The rates for E181Q and S186A are
23 and 68 times faster than that for WT, respectively.
Hydrolysis of the SB—The rate of hydrolysis of the SB was

determined by measuring the UV-visible absorption of acid-
denatured thermal decay products (Fig. 2, I–K). At the earliest
time point (t � 2 min), the predominant peak is at 440 nm,
corresponding to retinal covalently attached to denatured
opsin via a protonated SB. At later time points, A440 decreases,
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whereasA380 increases, indicating that the SB is hydrolyzed and
the covalent linkage between retinal and opsin is broken. To
quantify the extent of hydrolysis of the SB, each absorption
spectrum was analyzed by plotting absorbance as a function of
frequency and fitting into a sum of twoGaussian functions cen-
tered at 380 and 440 nm. The fitted intensity for the 440 nm
peak was then plotted as a function of time (Fig. 2L). The half-
lives forWT, E181Q, and S186A are 73� 3, 2.6� 0.3, and 1.4�
0.5min, respectively. The rates for E181QandS186Aare 28 and
52 times faster than that for WT, respectively.
Opsin-catalyzed Thermal Isomerization—To study the cata-

lytic activity of opsin, defined as the ability of opsin to facilitate
thermal isomerization of 11-cis-retinal that is added externally
to the solution, the rate of thermal isomerization of 11-cis-ret-
inal in solution was determined in the absence and presence of
the WT, E181Q, or S186A opsin at a retinal/opsin ratio of 1:1.
Fig. 3 (A–D) shows the time dependence of the fraction of
11-cis-retinal in the sample. The half-lives of thermal isomer-
ization of free 11-cis-retinal were found to be 610 � 170 min in
the absence of opsin protein and 33� 2, 42� 3, and 29� 3min
in the presence of the WT, E181Q, and S186A opsins, respec-
tively. When monitored with UV-visible spectroscopy, no 500

nm pigment appeared during the assay (Fig. 4). These results
suggest that opsin catalyzes the 11-cis- to all-trans-isomeriza-
tion of retinal in solution without formation of the SB at 55 °C.
Furthermore, in contrast to the dramatic effect of the E181Q
and S186A mutations on the rate of thermal isomerization of
rhodopsin, the effect of these mutations on the catalytic rate
was much milder (Table 1).
Binding of Retinal to the Active Site of Opsin—After finding

that no SB formation occurs during catalytic isomerization, we
performed retinal binding experiments. Fig. 5 (A–C) shows the
time dependence of intrinsic tryptophan fluorescence. At t� 0,
the sample was buffer alone, and the fluorescence signal was
zero. At t � 30 s, the rhodopsin samples were added, which
accounts for the first rise of the signal from 0 to 0.2–0.3. Then,
the rhodopsin samples were bleached to form Meta II, and all-
trans-retinal leaks from the binding pocket. Thus, the fluores-
cence quenching by retinal in the binding pocket is removed
(39), and the signal increases gradually to a maximum at �5
min. At this point, opsin proteins are produced. Subsequently,
at t � 10 min (black curves) or 40 min (gray curves), 2 �l of
concentrated 11-cis-retinal was added to a final concentration
of 1:1 opsin/retinal. The addition of 11-cis-retinal triggers a

FIGURE 2. Kinetics of the thermal processes of rhodopsin at 55 °C. A–C, UV-visible spectra of the thermal decay of rhodopsin at various time points for WT,
E181Q, and S186A. The dark spectra of purified WT and mutant rhodopsins are included as t � 0 min. D, A500 as a function of time. E–G, HPLC chromatograms
of the retinal oxime extracts for WT, E181Q, and S186A. H, the fraction of 11-cis-retinal as a function of time. I–K, UV-visible spectra of acid-denatured WT, E181Q,
and S186A. L, A440 as a function of time.
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decay of the fluorescence signal, suggesting that 11-cis-retinal
enters the binding site and quenches the fluorescence. The
magnitude of the decay remains the same regardless of whether
11-cis-retinal is added at t � 10 or 40 min, suggesting that the
retinal-binding activity of opsin proteins does not change dur-
ing incubation in this time period at 55 °C. This also indicates
that an equilibrium exists between free and bound 11-cis-reti-
nal, which accounts for the partial occupancy of the binding
sites at a 1:1 opsin/retinal ratio.We repeated themeasurements
with a higher 11-cis-retinal concentration, 1:10 opsin/retinal.
The higher concentration of retinal shifts the equilibrium to the

bound state such that fluorescence signal drops to a larger
extent (Fig. 5D). Moreover, similar results are observed in WT
and the E181Q and S186A mutants, revealing that the binding
activity is preserved in the mutant opsins.

DISCUSSION

LowDark Noise—We focused on the kinetics of thermal pro-
cesses of rhodopsin to investigate the molecular mechanism of
dim-light vision. A motivation of this study was to test the
hypothesis that an extensive H-bonding network in rhodopsin
is themechanism for stabilizing the dark-state structure to pre-

FIGURE 3. Kinetics of thermal isomerization of 11-cis-retinal free in solution in the absence (A) and presence of WT (B), E181Q (C), and S186A (D)
opsins.

FIGURE 4. UV-visible spectra of 11-cis-retinal in the presence of WT (A), E181Q (B), and S186A (C) opsin proteins. No 500 nm peak was observed over the
course of 5– 6 h.
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vent thermal isomerization; by lowering the rate of thermal
isomerization, the dark noise of rhodopsin can be reduced and
photosensitivity can be enhanced. We tested the hypothesis by
introducing the E181Q and S186A mutations to perturb the
H-bonding network at the retinal-binding site and investigated
the effect on the kinetics of thermal isomerization of 11-cis-
retinal in rhodopsin. The perturbations expedited thermal
isomerization by 1–2 orders of magnitude (Fig. 2 and Table 1).
These results suggest that an intact H-bonding network at the
active site is crucial for preventing thermal isomerization of
rhodopsin.

High Quantum Yield—We also investigated the catalytic
activity of opsin for thermal isomerization of 11-cis-retinal
added externally to solution. The results show that opsin cata-
lyzed thermal cis,trans-retinal isomerization without forma-
tion of a protonated SB between retinal and opsin. The rate of
thermal isomerization of 11-cis-retinal free in solution was
found to become �20 times faster in the presence of the WT
opsin proteins at 55 °C (Table 1).We also observed this catalytic
activity in the E181Q and S186A mutant opsins. We propose
that the catalytic activity of opsin originates from the steric
interactions between the chromophore and protein at the
active site. By constraining the degrees of freedom of 11-cis-
retinal, the binding pocket effectively predetermines the trajec-
tory of isomerization to all-trans-retinal (23), which likely
enhances the quantum yield of rhodopsin.
Effect of Mutations on Rhodopsin Versus Opsin—We ob-

served a drastic difference between the effects of the E181Q and
S186A mutations on the thermal isomerization of rhodopsin
and the isomerization of 11-cis-retinal free in solution catalyzed
by opsin proteins. We carried out the catalytic measurements
by replacing theWT opsin with the E181Q and S186Amutants
and found that the rate of catalytic isomerization changed
�50%, in contrast to the 1–2 orders ofmagnitude change in the
rate of thermal isomerization in dark-state rhodopsin. More-
over, the fluorescence experiments show that the E181Q and
S186A mutant opsins have similar binding activity for 11-cis-

FIGURE 5. Binding of 11-cis-retinal to the active site of opsin. A–C, intensity of intrinsic tryptophan fluorescence upon adding dark-state WT, E181Q, and
S186A mutant rhodopsins; bleaching the dark-state samples; and then adding 11-cis-retinal solution at a 1:1 opsin/retinal ratio at either 10 min (black curves)
or 40 min (gray curves). D, intensity of intrinsic tryptophan fluorescence upon adding WT rhodopsin, bleaching the dark-state samples, and then adding
11-cis-retinal solution at 1:1 or 1:10 opsin/retinal. a.u., arbitrary units.

TABLE 1
Half-lives of thermal processes at 55 °C

�1⁄2

WT E181Q S186A

min
Thermal stability of rhodopsin
Thermal decay, A500 70 � 2 2.3 � 0.1 0.9 � 0.1
Thermal isomerization,
11-cis-retinal

88 � 10 3.8 � 0.6 1.3 � 0.3

Hydrolysis, A440 73 � 3 2.6 � 0.3 1.4 � 0.5
Catalytic property of opsin protein
Thermal isomerization of
11-cis-retinal in the presence
of opsin protein

33 � 2 42 � 3 29 � 3

Thermal isomerization of free
11-cis-retinal in solution

610 � 170
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retinal (without SB formation) compared with the WT opsin.
Hence, the E181Q and S186Amutations have amilder effect on
the active state and on the opsin protein than on dark-state
rhodopsin.
These results have two implications. First, the results lead to

the conclusion that the contribution to theH-bonding network
by Glu-181 and Ser-186 plays an important role in maintaining
the thermal stability of rhodopsin but a minor role in the cata-
lytic activity of opsin. This conclusion implies that theH-bond-
ing network is structurally and functionally important in the
dark-state rhodopsin but not in opsin and Meta II. Second, the
results suggest that the H-bonding network is likely coupled to
the electrostatic interactions between the protonated SB and
the Glu-113 counterion. This electrostatic interaction, absent
in both opsin and Meta II, can possibly act as a switch for the
H-bonding network. When the counterion Glu-113 interacts
with the positively charged protonated SB in the dark state of
rhodopsin, theH-bonding network, involving Ser-186 andGlu-
181, remains intact for stabilization of the dark state. On the
other hand, when the electrostatic interaction between the
counterion and the protonated SB is absent, the H-bonding
network can be effectively switched off. As another way of test-
ing this model, we measured the rate of thermal isomerization
of the dark-state rhodopsin mutant E113A, which eliminates
the dark-state counterion, resulting in a deprotonated SB at
neutral pH.We expected that the rate of thermal isomerization
of the E113A mutant would be very fast, lacking the restraint
provided by the H-bonding network. Indeed, we found that the
half-life for thermal isomerization is 1.7 � 0.6 min at 55 °C
(supplemental Fig. 2), in support of our hypothesis.
Mutagenesis Studies of Thermal Isomerization of Rhodop-

sin—This work supplements the previous studies performed by
Janz and Farrens (29) on the thermal stability of E181Q and
S186A mutants because we have considered an additional
process: thermal isomerization. Aside frommeasuring the rate
of SB hydrolysis using acid denaturation, we also measured the
rate of thermal isomerization by analyzing the retinal isomers
extracted from the thermal decay products of rhodopsin. We
argue that it is extremely important to investigate the effect of
mutations on the rate of thermal isomerization because ther-
mal isomerization of rhodopsin is the origin of dark noise and
thereby is correlated with the ability of rhodopsin to detect
photons in a dim-light environment. Although the way we
measured the rate of SB hydrolysis differed from the one used
by Janz and Farrens, our observations agree with their conclu-
sion that the E181Q and S186A mutations destabilize dark-
state rhodopsin and that the effect of E181Q is generally milder
than that of S186A. The different effect is likely due to their
different roles and energetics contributing to the H-bonding
network at the active site.
Molecular Mechanism of Dim-light Vision—We asked what

molecular properties account for the extraordinary photosen-
sitivity of rhodopsin.We nowpropose a balance of forces that is
critical for modulating both high quantum yield and low dark
noise in photoreceptor function. On the one hand, the stereo-
chemistry at the retinal-binding site increases quantumyield by
orienting 11-cis-retinal to isomerization. However, this im-
proved efficiency of rhodopsin’s photoresponse would lead to

an increase in the rate of thermal isomerization and thus an
increase in dark noise, jeopardizing the photosensitivity. To
lower the dark noise, an extensive H-bonding network has
developed and coupled with the formation of the protonated
SB. TheH-bonding network stabilizes the dark state of rhodop-
sin and lowers the dark noise for dim-light detection. It is con-
ceivable that both the optimization of steric interactions in the
binding pocket to enhance quantumyield and the acquisition of
theH-bonding network to lower the dark noise were important
milestones in the divergence from cone to rod pigments in the
evolution of dim-light vision. The application of our experi-
mental approach to other rhodopsinmutations and other visual
pigmentswill provide further insights into both the evolution of
visual pigments and themechanism of visual diseases, to which
rhodopsin is intimately connected.
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