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ABSTRACT: Visual pigments in rod and cone photoreceptor
cells of vertebrate retinas are highly diversified photoreceptive
proteins that consist of a protein moiety opsin and a light-
absorbing chromophore 11-cis-retinal. There are four types of
cone visual pigments and a single type of rod visual pigment.
The reaction process of the rod visual pigment, rhodopsin, has
been extensively investigated, whereas there have been few
studies of cone visual pigments. Here we comprehensively
investigated the reaction processes of cone visual pigments on
a time scale of milliseconds to minutes, using flash photolysis
equipment optimized for cone visual pigment photochemistry.
We used chicken violet (L-group), chicken blue (M1-group), chicken green (M2-group), and monkey green (L-group) visual
pigments as representatives of the respective groups of the phylogenetic tree of cone pigments. The S, M1, and M2 pigments
showed the formation of a pH-dependent mixture of meta intermediates, similar to that formed from rhodopsin. Although
monkey green (L-group) also formed a mixture of meta intermediates, pH dependency of meta intermediates was not observed.
However, meta intermediates of monkey green became pH dependent when the chloride ion bound to the monkey green was
replaced with a nitrate ion. These results strongly suggest that rhodopsin and S, M1, and M2 cone visual pigments share a
molecular mechanism for activation, whereas the L-group pigment may have a special reaction mechanism involving the chloride-
binding site.

The visual transduction process in photoreceptor cells of
vertebrate retinas begins with photon absorption by visual

pigments. Visual pigments are retinal-based photoreceptive
proteins belonging to the family of G protein-coupled
receptors.1 Phylogenetic analyses indicate that visual pigments
are classified into four groups of cone visual pigments and a
single rod visual pigment group. Rod and cone visual pigments
possess molecular properties that correspond to their
physiological role as scotopic and photopic light receptors.1−3

The presence of multiple types of cone pigments with different
absorption maxima is the molecular basis of color discrim-
ination. To clarify the physiological roles of visual pigments,
comparative analyses of molecular properties among cone
visual pigments and that between rod and cone visual pigments
are necessary.
Phylogenetic classification of cone visual pigments is well

correlated to their absorption maxima, and they are referred to
as S (SWS1), M1(SWS2), M2 (Rh2), and L (LWS)-groups.4−7

The difference in absorption maximum among the three groups
of cone visual pigments, except for the L-group cone visual
pigments, is due to the differences in amino acid residues
situated near the retinal chromophore. On the other hand, L-
group cone visual pigments contain a chloride-binding site in
their protein moieties and binding of chloride causes a red-shift
of their absorption maxima. It has also been shown that nitrate
can replace the chloride and bind to the chloride-binding site.8

Moreover, UV−vis and FTIR spectroscopy studies have shown
that the nitrate bound form is more similar to the anion

unbound form than the chloride bound form.9−11 Mutational
analysis of human red and green pigments has identified the
amino acid residues responsible for the chloride binding as
histidine and lysine at position 181 and 184 (bovine rhodopsin
numbering system), respectively.12

The photochemical and subsequent thermal reactions of rod
visual pigment, rhodopsin, have been comprehensively studied,
resulting in precise identification of the state that activates G
protein. Namely, photon absorption causes cis−trans isomer-
ization of the retinal chromophore, which induces conforma-
tional changes of the protein moiety, resulting in the formation
of the G protein-activating state meta-II intermediate in
equilibrium with its precursor, meta-I intermediate.13 The
equilibrium shifts in response to environmental pH, and the
amounts of meta-I and -II intermediates increase in alkaline and
acidic conditions, respectively.14,15 Furthermore, recent studies
have demonstrated that meta-II intermediate consists of two
conformationally distinctive states: meta-IIa and meta-IIb
intermediates.16,17 Meta-I to meta-IIa conversion proceeds by
intramolecular proton transfer from the retinal Schiff base to its
counterion without proton exchange between the protein and
its outer environment. The conversion from the meta-IIa to
meta-IIb intermediate involves global conformational changes,
but it is spectrally silent. Subsequently, the conformation of
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meta-IIb is stabilized by proton uptake from the outer
environment to an amino acid residue (probably Glu134) in
the cytoplasmic region of rhodopsin from the outer environ-
ment.18,19 Therefore, the overall equilibrium among meta
intermediates is pH-dependent.
The photochemical and subsequent thermal reactions of

cone visual pigments have also been investigated, since the
isolation a L-group cone visual pigment, iodopsin (chicken red-
sensitive cone visual pigment), from chicken retinas.20,21 Since
then, several lines of evidence have shown that cone visual
pigments also form a G protein-activating meta-II intermediate,
through several thermolabile intermediates after the cis−trans
isomerization of the retinal chromophore.22−28 However, the
thermal reactions of cone visual pigments are significantly faster
than those of the rod visual pigment. Therefore, spectroscopic
studies on the cone pigments, especially the formation of meta-
II intermediate, have been greatly limited.
Here, we overcame the difficulty of studying cone visual

pigments by improving the signal-to-noise ratio of the
spectroscopic system used to measure their thermal reactions
and succeeded in analyzing the formation and decay kinetics of
the active states of cone visual pigments. The results clearly
showed that four kinds of cone visual pigments exhibit similar
but slightly different reaction processes. First, chicken violet
exhibits a reaction process similar to that of rhodopsin,
although the reactions proceed considerably faster than those
of rhodopsin. That is, meta-I intermediate of chicken violet
converts to a mixture of meta-I and meta-II intermediates,
followed by formation of meta-III intermediate that decom-
poses into all-trans-retinal and opsin. Second, meta-I
intermediates of chicken blue and chicken green convert to a
mixture of three intermediates, meta-I, -II, and -III, instead of a
mixture of two intermediates, meta-I and -II, and the mixture of
three intermediates then decays into all-trans-retinal and opsin.
These three cone visual pigments exhibit pH-dependent
formation of the intermediates similar to that of rhodopsin.
That is, meta-II favors acidic conditions. Third, the reaction of
the L-group cone visual pigment monkey green was different
from those of other cone pigments. Meta-I intermediate of
monkey green also converts to a mixture of meta-I and meta-II
intermediates. However, this process exhibited no pH depend-
ence. Because L-group pigments have a chloride-binding site
and chloride-binding effect (chloride effect) is diminished by
replacement of chloride with nitrate, as described above, we
tested the effect of anion replacement on kinetics and a pH
dependence of meta intermediates. Interestingly, a pH-
dependent shift of the relative amounts of meta-I and meta-II
intermediates became detectable when a chloride ion was
replaced with nitrate. On the basis of these results, similar and
differing properties among rhodopsin and four kinds of the
cone visual pigments examined are discussed.

■ MATERIALS AND METHODS
Sample Preparation. cDNAs encoding four kinds of cone

visual pigments (chicken violet, chicken blue, chicken green,
and monkey green (accession nos. M92039, M92037, M88178,
and AF158975)4,29,30 were tagged by the epitope sequence of
the antibovine rhodopsin monoclonal antibody Rho1D4
(ETSQVAPA) at the C-terminus and were inserted into
mammalian expression vector pCAG-GS. The cDNA of bovine
rhodopsin was also inserted into mammalian expression vector
pCAG-GS without tagging. The plasmid DNAs were trans-
fected into HEK293T cells by the calcium phosphate methods.

After incubation of the transfected cells for 2 days, they were
collected by centrifugation and suspended in buffer A (140 mM
NaCl, 3 mM MgCl2, 50 mM HEPES, pH 7.0 at 20 °C), and 11-
cis-retinal was added to the buffer (final retinal concentration 40
μM) to prepare the pigments. The following procedures were
carried out on ice under dim red light unless otherwise noted.
The pigments were extracted from the cells with buffer B
(0.75% CHAPS, 1 mg/mL PC, 140 mM NaCl, 3 mM MgCl2,
50 mM HEPES, pH 7.0 at 20 °C) and purified by
chromatography on a column with the antibovine rhodopsin
monoclonal antibody Rho1D4. The pH of the sample was
adjusted by addition of NaOH or HCl. For samples at pH
below 6.5, the sample was diluted with buffer containing 50
mM MES so that the buffer concentration was 25 mM HEPES
and 25 mM MES, but other ingredients (detergent, PC, and
salts) concentrations were the same as above.
To prepare nitrate bound form of monkey green, the

extraction and purification procedures described above were
performed using the buffers containing nitrate salts instead of
chloride salts and HNO3.

Spectrophotometry. Absorption spectra of the samples
were recorded by a conventional spectrophotometer (Shimadzu
UV2450). Time-resolved absorption spectra were recorded
using two types of customized CCD spectrophotometers
(Hamamatsu Photonics Co., Ltd.). One was able to
continuously record the absorption spectra (360−616 nm)
with a wavelength resolution of 1.57 nm at time intervals of 9.7
ms, and the other was able to record the spectra (250−900 nm)
with a wavelength resolution of 0.353 nm at time intervals of
100 μs. The pigment solutions in buffer containing 0.75%
CHAPS, 1 mg/mL PC, 140 mM NaCl, 3 mM MgCl2, and 50
mM HEPES were used for samples at pH above 6.5, and those
in buffer containing 0.75% CHAPS, 1 mg/mL PC, 140 mM
NaCl, 3 mM MgCl2, 25 mM HEPES, and 25 mM MES were
used for samples at pH below 6.5. For measuring spectral
changes of the nitrate bound form of monkey green, samples
were prepared in buffer containing nitrate salts instead of
chloride salts. The sample temperature was kept at 0 ± 0.1 °C
by using a cell holder equipped with a Peltier device. The
sample was irradiated with light passing through a glass cutoff
filter (VL40, VY45, VY50, VY53; Toshiba Co., Ltd.) from a
flash lamp (∼10 μs; Nissin Electronic Co., Ltd.) 100 ms after
the measurement began.

Data Analysis. The spectral changes of intermediates were
analyzed by singular value decomposition (SVD) and global
fitting methods as previously described, using the Igor Pro
software program (WaveMetrics Inc.).31,32 Briefly, the differ-
ence spectra were arranged in matrix A so that its columns and
rows corresponded to wavelength and acquisition time. By SVD
calculation, A was decomposed into a product of a left singular
matrix U, a diagonal matrix containing singular values S, and a
transpose of a right singular matrix V as follows:

= × ×A U S VT (1)

The number of columns considered for the following
estimation was determined based on the number of significant
singular values and basis spectra in matrices U and V.

× × ≈ × ×U S V U S Vn n n
T T

(2)

Assuming all the reactions were first-order reaction, Vn
T was

fitted as follows by least-squares fitting:
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(3)

The matrix C contained coefficient values of exponential
function vectors exp(−ti/τj), where ti represents acquisition
time corresponding to that of the matrix A. On the basis of
formulas 1, 2, and 3, the data matrix A can be expressed as
follows:

τ τ τ

≈ × ×

× − − − −

A U S C

t t t(exp( / ), exp( / ), ..., exp( / ), 1)
n n

i i i n1 2 1
T

(4)

The jth column of the product of the matrices Un , Sn, and C is
the b-spectrum that denotes the spectral change in a single-
exponential decay with time constant τj. The nth column of the
matrix is the b0-spectrum that shows the constant spectrum in
bleached state. It should be noted that the opposite signed b-
spectra are shown in Figures 2, 3, 5, and 6 for easy comparison.

■ RESULTS

Absorption Spectra of Rhodopsin and Four Kinds of
Cone Visual Pigments. The phylogenetic tree of vertebrate
visual pigments clearly shows that vertebrate visual pigments
are classified into one group of rod visual pigment rhodopsin
and four groups of cone visual pigments.33,34 Thus, in the
present study, we selected one rhodopsin (bovine rhodopsin)
and four kinds of cone visual pigments (chicken violet, chicken
blue, chicken green, and monkey green) that belong to the
respective cone pigment groups. We have been trying to
express chicken red (iodopsin) in cultured cells since
identifying its sequence,35 but it is still very difficult to express
sufficient amounts of chicken red for spectroscopy. Therefore,
we selected monkey green as a model of L-group cone visual
pigments because the yield of monkey green was the best
among the L-group cone visual pigments that we have tried to
express (chicken red, monkey green, monkey red, human green,
and human red).
Figure 1 shows the absorption spectra of these pigments that

had been purified by immunoaffinity column chromatography
after expression in HEK293 cells and solubilization with a
CHAPS−PC mixture. The absorption maxima of bovine
rhodopsin, chicken violet, chicken blue, chicken green, and
monkey green were located at 500, 414, 454, 504, and 532 nm,
respectively. The average optical purities of our samples of
rhodopsin, chicken violet, chicken blue, chicken green, and
monkey green were 2.0, 2.8, 2.5, 4.3, and 7.3, respectively.
Thermal Reactions of Rod and Cone Visual Pigments

after Photon Absorption. The left panels of Figure 2 show
the spectral changes measured in the time range of 10 ms to
about 1000 s after pigments were photoexcited at 0 °C. The
spectra shown in the right panels of Figure 2 are the b-spectra
and the residuals calculated by global fitting procedures after
singular value decomposition (SVD). The time constants of the
respective b-spectra are shown in Table 1. The number of b-
spectra represents the minimum number of reaction
components involved in the spectral change. Our estimates
show that photoirradiated rhodopsin comprises one reaction
component in this time region, while cone visual pigments
comprise two or three reactions components (Figure 2F−J).
The reaction of photoirradiated rhodopsin is the conversion

from meta-I to meta-II. We examined the reaction processes of
the respective cone visual pigments as follows.
We first examined the reaction process of chicken violet after

irradiation with >380 nm light pulse (Figure 2B,G). The first
process observed in the thermal reactions of photoirradiated
chicken violet in this time range was the decrease of visible
absorbance centered at about 450 nm with concurrent increase
in UV absorbance centered at 380 nm. This reaction can be
regarded as conversion of meta-I to meta-II of chicken violet,
forming a mixture of meta-I and meta-II similar to rhodopsin
reaction. The subsequent reaction was the conversion of this
mixture to an intermediate having absorption maximum at
about 420 nm, probably meta-III of chicken violet. Then, the
third reaction was the decay of meta-III of chicken violet into
retinal and opsin. The set of b-spectra obtained from the
photoirradiated chicken violet at 0 °C are compared with those
obtained from photoirradiated bovine rhodopsin at 20 °C in
Figure 3 and reveal that these two pigments exhibited similar
reactions, but the reactions of photoirradiated chicken violet
occurred at lower temperature than those of photoirradiated
bovine rhodopsin.36

Next, we examined the reaction processes of chicken blue
and chicken green (Figure 2C,D,H,I). These two pigments
exhibited two reaction components in the observed time range
after irradiation with >430 or >480 nm light pulse. The first
reactions were decreases of visible absorbance with concurrent
increases in UV absorbance, which were very similar to those
observed in rhodopsin and chicken violet. However, the second
reactions were similar in profile to the third reaction observed
in chicken violet. In other words, increases in visible absorbance
were not observed in the reaction processes of chicken blue and
green. These results suggest that formation of meta-III from a
mixture of meta-I and meta-II does not occur in a separate
manner in chicken blue or chicken green. Rather, in the

Figure 1. Absorption spectra of purified vertebrate visual pigments in
the dark state. (A) Bovine rhodopsin, (B) chicken violet, (C) chicken
blue, (D) chicken green, and (E) monkey green solubilized in buffer
containing 0.75% CHAPS, 1 mg/mL PC, 140 mM NaCl, 3 mM
MgCl2, 50 mM HEPES. All spectra were recorded at 0 °C. The
absorption maxima are indicated in the figures. Figure in (E) inset
shows absorption spectrum of monkey green in the wavelength region
from 450 to 650 nm.
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reaction processes of chicken blue and chicken green, meta-I
converts to a mixture of meta-I, meta-II, and meta-III, which
then decays into retinal and opsin. According to the shape of
the b2-spectra, meta-III of chicken blue has an absorption
maximum at wavelength longer than that of meta-I of chicken
blue, while meta-III of chicken violet and chicken green have
absorption maxima at wavelengths shorter than those of their
respective meta-I. The presence of a mixture of meta-I, meta-II,
and meta-III in the reaction process is also suggested in the pH-
dependent reaction of chicken blue and chicken green (see
below).
The reactions observed for L-group cone visual pigment

monkey green were different from those observed for
rhodopsin, chicken violet, chicken blue, and chicken green
(Figure 2E,J). The process in monkey green was composed of
two reactions. The first was detected as a decrease of visible
absorbance concurrent with an increase in UV absorbance and
can be regarded as a conversion from meta-I to a mixture of
meta-I and meta-II, which was similar to the first reaction of
chicken violet. In the second reaction, the product having
absorption maximum similar to that of meta-I converts to the
UV-absorbing product and a product having absorption
maximum longer than that of meta-I. It should be noted that
low-temperature spectroscopy of chicken red (iodopsin)
showed that most intermediates can convert back to the
original pigment via thermal reactions.32,37 Thus, it is likely that
the product having absorption maximum longer than that of
meta-I was the original monkey green that was formed from the
thermal reaction of intermediates. It is difficult to determine
from these data whether the product decaying in the second
process included meta-III.

Figure 2. Overview of absorbance changes of vertebrate visual
pigments after flash light irradiation. (A−E) The spectral changes of
photointermediates were calculated by subtracting the spectra of
unreacted residual pigments from the measured spectra at selected
times after the sample irradiation. Solid black curves show the
absorption spectra in the dark state. All the spectra were measured at 0
°C. (A) A set of absorption spectra of bovine rhodopsin at pH 7.1
measured 0.010, 0.10, 1.0, 11, 112, and 1107 s after irradiation (curves
1−6). (B) A set of absorption spectra of chicken violet at pH 7.1
measured 0.010, 0.10, 1.0, 11, 112, and 1107 s after irradiation (curves
1−6). (C) A set of absorption spectra of chicken blue at pH 7.0
measured 0.010, 0.10, 1.0, 11, 112, and 1107 s after irradiation (curves
1−6). (D) A set of absorption spectra of chicken green at pH 7.1
measured 0.0097, 0.097, 0.92, 13, 111, and 1184 s after irradiation
(curves 1−6). (E) A set of absorption spectra of monkey green in the
presence of chloride ion at pH 7.1 measured 0.010, 0.10, 1.0, 11, 112,
and 1107 s after irradiation (curves 1−6). (F−J) Absorbance changes
components were extracted by SVD and global fitting methods. Upper
panels show the calculated set of b-spectra, and lower panels show the
residuals calculated by simulating the experimental spectra with the set
of b-spectra and the corresponding time constants. The data of bovine
rhodopsin, chicken violet, chicken blue, chicken green, and monkey
green are shown in (F), (G), (H), (I), and (J), respectively.

Table 1. Time Constants Corresponding b-Spectra at
Neutral pH and pKa in Equilibrium State

time constants of b-spectra (s)

sample b1 b2 b3 pKa

bovine rhodopsin 0.79 6.9
chicken violet 0.34 15 1195 7.4
chicken blue 0.86 266 7.0
chicken green 1.5 65 7.5
monkey green (Cl−) 0.21 223 8.3
monkey green (NO3

−) 4.5 490 7.5

Figure 3. Similarity of the reaction processes of bovine rhodopsin and
chicken violet. A set of b-spectra were calculated based on the time-
resolved absorbance change data of (A) bovine rhodopsin at pH 5.9,
20 °C and (B) chicken violet at pH 7.1, 0 °C. The time constants were
0.067, 437, and 5131 s for the b1-, b2-, and b3-spectra of bovine
rhodopsin and 0.34, 15, and 1195 s for the b1-, b2-, and b3-spectra of
chicken violet, respectively.
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pH Dependence of the Spectral Changes of Rod and
Cone Visual Pigments after Light Irradiation. It is well-
known that the relative amounts of meta-I and meta-II in the
mixture produced from rhodopsin are the functions of
temperature and pH.38 In fact, the time profile of the 480
nm absorbance in the range from 10 ms to about 1000 s after
irradiation of rhodopsin depends on the sample pH (Figure
4A). In this range, the decrease of absorbance at 480 nm
represents the conversion from meta-I to a mixture of meta-I
and meta-II, and the subsequent unchanging region of
absorbance represents the establishment of equilibrium
between meta-I and meta-II. In Figure 4F, the absorbance at
480 nm in the range when equilibrium was established was
plotted as a function of the sample pH. The apparent pKa of the
equilibrium was estimated to be about 7, which is in good
agreement with that reported previously.15,38

The experimental data obtained for the four kinds of cone
visual pigments were also analyzed in a similar way, and the
results are shown in Figures 4B−E and 4G−J. The time
constants of the reactions at several pHs are listed in Table 2.
Chicken violet showed the formation of a mixture of meta-I and
meta-II, the decay of this mixture to meta-III, and subsequent
decomposition of meta-III into retinal and opsin in this time
range. Chicken blue and chicken green showed the formation
of a mixture of meta-I, meta-II, and meta-III and following
decomposition into retinal and opsin. Interestingly, these cone
visual pigments showed apparent pKas of 7.4, 7.0, and 7.5,
respectively, which are similar to that of rhodopsin (Table 1).
This suggests that these cone visual pigments and rhodopsin
utilize a similar molecular mechanism involving proton
translocation.
Chicken violet exhibited a pH-dependent profile similar to

those of chicken blue and chicken green. However, there was a
clear difference between chicken violet and these other two
pigments when the first b-spectra were compared. Figure 5A,B
shows the b1-spectra calculated from the data obtained at pH
7.0, 7.5, and 8.0 of chicken violet and chicken green. For each
pigment, the magnitudes of the b-spectra were different, but the
b-spectra of chicken violet are superimposable when
normalized at the maxima, while those of chicken green were
not (Figure 4C,D). Superimposability of the b-spectra indicates
that the reaction involves two components, and the relative
amounts of these components depend on the pH of the sample.
However, if the reaction involves three or more components,
the shape of the b-spectrum depends on the pH of the sample.
Therefore, the first reaction of chicken violet consists of the
conversion from meta-I to meta-II, while that of chicken green
consists of the conversion from meta-I to meta-II and -III.
The L-group pigment monkey green also showed a decrease

of absorbance around 490 nm due to the decay of meta-I at an
early stage and exhibited constant absorbance at a later stage
(Figure 4E,J). However, the effect of pH on the time profile of
the absorbance at 490 nm was much smaller than that for the
other pigments. Thus, the equilibrium between meta-I and
meta-II has little pH dependence, although the mixture of
meta-I and meta-II is formed by irradiation of monkey green at
various pHs.
Chloride Effects on L-Group Cone Visual Pigments. It

is well-known that most L-group cone visual pigments have a
chloride-binding site in their protein moieties, whereas other
cone visual pigments do not.12,39 Therefore, we examined
whether or not chloride binding to L-group cone visual
pigments is the cause of their difference in reaction process

from the other cone visual pigments. For this purpose, we
prepared monkey green that had nitrate instead of chloride in
the chloride-binding site and measured the reaction process
after it was photoirradiated.
Figure 6 shows spectral changes observed for the nitrate-

bound monkey green after photoirradiation (Figure 6A), b-
spectra calculated by SVD analysis of the spectral changes
followed by global fitting (Figure 6B), pH-dependent time

Figure 4. Kinetic profiles and the pH dependence of meta-
intermediates. (A) The difference absorbances at 480 nm plotted
against the incubation time after flash light irradiation of purified
rhodopsin at pH 6.1, 7.1, and 8.0 (curves 1−3). They were simulated
by single-exponential curves. (B) The difference absorbances at 440
nm plotted against the incubation time after flash light irradiation of
purified chicken violet at pH 7.1, 7.5, 8.1, and 8.6 (curves 1−4). They
were simulated by a combination of three sequential single-exponential
curves. (C) The difference absorbances at 440 nm plotted against the
incubation time after flash light irradiation of purified chicken blue at
pH 6.2, 6.6, 7.0, and 8.0 (curves 1−4). They were simulated by a
combination of two sequential single-exponential curves. (D) The
difference absorbances at 490 nm plotted against the incubation time
after flash light irradiation of purified chicken green at pH 6.6, 7.1, 7.5,
and 8.3 (curves 1−4). They were simulated by a combination of two
sequential single-exponential curves. (E) The difference absorbances at
490 nm plotted against the incubation time after flash light irradiation
of purified monkey green with chloride ion at pH 6.0, 6.5, 7.1, 7.5, 8.0,
and 8.5 (curves 1−6, respectively). They were simulated by a
combination of two sequential single-exponential curves. (F−J) The
difference absorbances at 60, 8.6, 1.7, 2.1, and 3.2 s in panels A−E
plotted against the sample pH values, respectively. Solid lines are the
best-fitted curves calculated based on the Henderson−Hasselbalch
equation, and the pKas were estimated from these curves.
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profiles of absorbance at 470 nm (Figure 6C), and absorbance
at 470 nm in the equilibrium state (Figure 6D). The nitrate-
bound monkey green also underwent conversion of meta-I to a
mixture of meta-I and meta-II and its decay into all-trans-retinal
and opsin in addition to the conversion of the original pigment,
which had absorption maximum at a longer wavelength than
meta-I. From the pH-dependent changes of absorbance at 470
nm in the equilibrium state, the apparent pKa was estimated to
be 7.5. That is, by replacing chloride with nitrate, we also

observed a pH-dependent shift of the equilibrium for monkey
green.

■ DISCUSSION
In the present study, we found that, like rhodopsin, cone visual
pigments convert to a mixture of meta intermediates upon
absorption of light, and the composition of the mixture is pH-
dependent. Although L-group pigment monkey green exhibited
no pH dependence, such dependence became detectable when
chloride was replaced with nitrate. In addition, we found that
the kinetics of the formation of meta-III are different among the
pigments. The formation of meta-III of chicken violet occurs
separately from the formation of meta-I and meta-II. This
process is faster but otherwise similar to the formation of meta-
III of rhodopsin. In contrast, meta-III of chicken blue and green
is formed together with meta-II.
In addition to the absence of a pH-dependent equilibrium

shift, the chloride-bound form of monkey green exhibits meta-I
decay more than 10 times faster than that of its nitrate-bound
form. It also forms the meta-I/meta-II mixture that contains a
larger amount of meta-II than that of the nitrate-bound form. It
would be easy to account for the absence of pH dependence, if
the chloride-bound form of monkey green would not produce a
meta-I/meta-II mixture but rather would undergo 100%
conversion from meta-I to meta-II. However, the relative
amounts of meta-I and -II of monkey green in the state at pH
7.1 were estimated to be 55 and 45%. Thus, the mechanism

Table 2. Sample pHs and Corresponding Time Constants
Estimated by Fitting the Data with Sum of Exponential
Functions

sample sample pH time constants (s)

bovine rhodopsin 6.1 1.3
7.1 0.97
8.0 0.28

chicken violet 7.1 0.4 14 1459
7.5 0.38 12 1387
8.1 0.32 8.8 1542
8.6 0.26 11 1559

chicken blue 6.2 0.15 107
6.6 0.11 170
7.0 0.88 282
8.0 0.067 232

chicken green 6.6 1.1 125
7.1 1.8 228
7.5 1.4 142
8.3 0.25 81

monkey green (Cl−) 6.0 0.11 176
6.5 0.13 107
7.1 0.18 637
7.5 0.17 809
8.0 0.15 466
8.5 0.88 184

monkey green (NO3
−) 6.5 3.3 362

7.1 4.7 411
7.6 5.3 1116
7.9 3.2 3288

Figure 5. Qualitative difference between the first components of the
absorbance changes of chicken green and violet. (A) A set of b1-
spectra of chicken violet calculated based on the spectra measured for
the sample at pH 7.1, 7.5, and 8.1 (curves 1−3). (B) A set of b1-
spectra of chicken green calculated based on the spectra measured for
the sample at pH 7.1, 7.5, and 8.3 (curves 1−3). (C, D) The b1-
spectra normalized to the value at the negative peaks taken as −1.0.
Curves 1′-3′ in panel C correspond to curves 1−3 in panel A, and the
positions of the negative peaks are 452, 455, and 460 nm, respectively.
Curves 1′-3′ in panel D correspond to curves 1−3 in panel B, and the
positions of the negative peaks are 499, 513, and 521 nm, respectively.

Figure 6. Effect of the replacement of the anion species by nitrate in
the monkey green sample. (A) A set of absorption spectra of monkey
green in the presence of nitrate ion at pH 7.1 measured at 0.010, 0.10,
1.0, 11, 112, and 1107 s after irradiation (curves 1−6). These spectra
were calculated by subtracting the spectra of unreacted residual
pigments from the measured spectra at selected times after the sample
irradiation. The solid black curve shows the absorption spectrum in
the dark state. The absorption maximum in the dark state is 498 nm.
(B) The b-spectra and the residuals calculated based on the spectral
data of monkey green with nitrate ion through SVD analysis and global
fitting. (C) The difference absorbances at 470 nm plotted against the
incubation time after flash light irradiation of purified monkey green
with nitrate ion at pH 6.5, 7.1, 7.6, and 7.9 (curves 1−4). They were
simulated by a combination of two sequential single-exponential
curves. (D) The difference absorbances at 11 s in panel C plotted
against the sample pH values. Solid line in the panel is the best-fitted
curve calculated based on the Henderson−Hasselbalch equation. The
pKa was estimated to be 7.5.
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accounting for the lack of pH dependence is not so simple. If
proton uptake from the environment is essential for the
formation of meta-II state in the chloride-bound form of
monkey green like that in rhodopsin, amounts of the meta-I
and meta-II in the mixture should be pH dependent, unless
there is a “protonated meta-I state” in the mixture. Thus, one of
the possibilities to account for the pH-independent formation
of meta-I/meta-II mixture in the chloride-bound form of
monkey green is the presence of the protonated meta-I state
that has absorption characteristics similar to that of meta-I but
has a proton acquired from the environment at the cytoplasmic
region of the protein. The other possibility is that the proton is
acquired from the environment upon binding of chloride in the
chloride-binding site, and this proton transfers to the
cytoplasmic region through hydrogen network system upon
formation of meta-II state. That is, no proton uptake from the
environment occurs in the conversion process of meta-I to
meta-II in the chloride-bound form of monkey green. In any
case, a more sophisticated experimental approach in combina-
tion with mutational analysis is required to solve this problem.
In this context, it should be noted that more sophisticated
analyses of the thermal reactions of rhodopsin intermediates
have been already performed, resulting in identification of the
substates of lumi, meta-I, and meta-II intermediates.18,31,40 In
contrast, experimental data obtained from cone visual pigments
still have relatively large noises that hinder detailed analyses of
the thermal reactions. Therefore, it will be our future research
to search for the experimental conditions under which cone
visual pigments are more stabilized and to optimize the
spectroscopic measurements for cone visual pigments.
There are only a few reports about the pH dependence of

photointermediates of cone pigments. Vissers and his
colleagues showed that the meta-I/meta-II equilibrium
observed for L-group pigment human green is different from
that observed for rhodopsin; namely, the formation of meta-II
was observed even in alkaline pH.41 Our observations on the
chloride-bound form of monkey green were consistent with
that report. However, Liang and his colleagues showed that the
meta-I/meta-II equilibrium of L-group pigment gecko P521 is
altered by changing the pH of the sample, as observed for
rhodopsin.42 These differences in the pH-dependent profile
could be resolved by the detailed experiments performed using
uniform solution parameters, such as ionic strength, pH, and
detergent, for the extraction of the pigment.
The physiological role of meta-III intermediate is still

unknown even for rhodopsin. In previous reports, it was
speculated that meta-III works as storage of all-trans-retinal to
avoid the release of a large amount of all-trans-retinal to the cell
environment in bright light conditions.36,43 This hypothesis
appears to be consistent with the kinetic properties of meta-III
intermediate of rhodopsin, which is formed very slowly, and
those of chicken violet, which is formed separately from meta-
II. However, as shown in this study, meta-III of chicken blue
and green is formed concurrently with meta-II. This difference
in the kinetics of the formation and decay of meta-III should be
considered in assessing the physiological role of meta-III.
For bovine rhodopsin, it has been shown that the primary

proton acceptor from the outer environment is the glutamic
acid in the E/DRY triad (Glu134), which is highly conserved in
family 1 GPCRs.19,44 The deprotonated carboxyl group of
Glu134 forms a salt bridge with the guanidium group of
Arg135, which in turn forms salt bridges with the carboxyl
group of Glu247 and the hydroxyl group of Thr251.45−47 These

interactions form an ionic lock between helices III and VI and
stabilize the inactive conformation in the dark state.48,49 Upon
formation of the active state, the ionic lock is broken, and
protonation of Glu134 stabilizes the conformation of the active
state. These four residues are well conserved in the rhodopsin
group and the four cone pigment groups. Thus, the uptake by
Glu134 of a proton from the solution environment could be a
mechanism to stabilize the active state via the intramolecular
proton translocation. In contrast, it has been shown that the
active state of invertebrate rhodopsins such as squid rhodopsin
is acid meta-rhodopsin, which has a protonated retinylidene
Schiff base as its chromophore and forms under acidic
conditions.50 A vertebrate nonvisual pigment, parapinopsin,
exhibits a pH-dependent shift in the equilibrium of the meta-
intermediates quite similar to that of invertebrate rhodopsin,
although it is phylogenetically close to vertebrate visual
pigments.51,52 In these pigments, the Schiff base of meta-
intermediates is directly titrated by the solution environment of
near-neutral pH. Therefore, the pH-dependent shift between
meta-I and -II of vertebrate visual pigments is unique and was
acquired after branching of the vertebrate visual pigments from
parapinopsin in the course of molecular evolution. Thus, it is
very likely that amino acid residues conserved in the vertebrate
visual pigments but not in parapinopsins, such as Trp126 and
Pro180, made some contribution to the acquisition of this
mechanism. Future studies of the pH dependence of the meta-
intermediates in other vertebrate nonvisual pigments such as
pinopsin, VA opsin, and parietopsin will highlight the residues
accounting for the different molecular bases of the active state
formation between vertebrate and invertebrate rhodopsins.53

In summary, we have demonstrated that cone visual
pigments, except for the L-group pigment, form a meta-II
intermediates with similar mechanisms to that of rhodopsin.
The L-group pigment also forms meta-II intermediate with a
similar mechanism when chloride is replaced with nitrate.
These results suggested that various visual pigments in
vertebrates share a common molecular mechanism to activate
the G protein, while the L-group cone visual pigment
diversified.
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