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ABSTRACT: Cone visual pigments responsible for color vision are
classified into four groups; among these, the L(LWS) group contains
the visual pigments having the most red-shifted λmax and a chloride-
binding site in their protein moiety. Binding of chloride results in the so-
called “chloride effect”, e.g., the red shift of λmax and the faster decay of
meta-I. These properties disappear upon replacement of chloride with
nitrate. Because the amino acid residue primary responsible for the
chloride effect is H197, we have replaced this residue with 19 other
amino acids to gain insights into the mechanism creating these
properties. Of the 19 single-site mutants, 13 were successfully expressed
and bound 11-cis-retinal to form pigments. Eleven of the 13 mutants exhibited a red shift of λmax upon chloride binding, and
histidine produced the most red-shifted λmax. We classified H197 mutants into three groups according to their properties. The
first group of mutants exhibited a chloride effect similar to that of the wild type, while the second group of mutants showed no
chloride effect. The third group of mutants exhibited a small shift in λmax and enhanced decay rates of meta-I upon chloride
binding. Furthermore, some of the mutants in this group showed meta-I decay faster than that of the wild type and
extraordinarily fast decays of meta-I even in the absence of chloride. Interestingly, amino acid residues in the third group of
mutants are characterized by their propensity to form β-sheets. These results suggest that the acquisition of H197 would be due
to the most red-shifted absorption maximum, resulting in fast formation of the active state.

Visual transduction in vertebrate photoreceptor cells begins
with the absorption of a photon by visual pigments,

retinal-based photoreceptive proteins belonging to the group of
G protein-coupled receptors.1−3 Phylogenetic analysis shows
that vertebrate visual pigments are classified into a rod visual
pigment (Rh group) and four cone visual pigments [S (SWS1),
M1 (SWS2), M2 (Rh2), and L (LWS) groups].4 The presence
of multiple cone visual pigments with different absorption
maxima is the molecular basis of color discrimination. We have
been investigating the molecular properties of visual pigments,
as differences in their molecular properties such as photo-
reactions and thermal stabilities can potentially affect the
photoresponses of photoreceptor cells having these pigments.
We first compared rod and cone visual pigments and revealed
that although photosensitivities of these pigments are not so
different, the formation and decay rates of the G protein
activating state meta-II are greatly different.2,5,6 Furthermore,
we conducted a comparative analysis of the photobleaching
processes of the four kinds of cone visual pigments.7 Detailed
analyses of the photoreaction of these pigments showed that S,
M1, and M2 group pigments exhibited a photobleaching
process that was very similar to that of rhodopsin, in contrast
with the L group cone visual pigment that exhibited a unique
reaction process. Although the L group pigment formed a
mixture of meta-I and meta-II similar to those of the other cone
visual pigments and rhodopsin, these intermediates formed
much faster. Moreover, the pH-dependent equilibrium between
meta-I and meta-II, characteristic of rhodopsin, could not be
observed in the L group, whereas the other cone pigments (S,

M1, and M2) exhibited a reaction similar to that of rhodopsin.
Finally, there was little indication of the formation of meta-III
in the L group. Therefore, cone pigments in the L group have a
reaction mechanism different from that of the other cone visual
pigments and rhodopsin.
It is well-known that cone pigments in the L group have a

chloride-binding site in their protein moiety,8−10 which
differentiates cone pigments in the L group from the other
visual pigments. We have previously shown that the molecular
properties characteristic of L group cone pigments can be
eliminated by replacement of chloride with nitrate.7 That is, the
characteristic reactions observed in cone pigments in the L
group can be attributed to the binding of chloride.
We used mfas green (Macaca fascicularis green cone visual

pigment) as a representative member of the L group cone
pigments. The amino acid residues responsible for chloride
binding are H197 and K200, where H197 is the primary residue
responsible for the chloride effect.11 We replaced H197 in mfas
green with the other 19 amino acids and investigated changes in
the molecular properties of these single-site mutants. Pigments
were successfully obtained from 13 of the 19 single-site
mutants, and among the expressed mutants, 11 exhibited a red
shift of the absorption maximum upon chloride binding. The
mutant proteins could be categorized into three groups, based
on their molecular properties. One group exhibited molecular
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properties very similar to those of the wild type, although the
extent of the chloride effect is somewhat weaker. The second
group exhibited no chloride effect, suggesting that replacement
of the amino acid residue caused the loss of chloride binding.
The third group exhibited a small shift in absorption maxima
but an enhanced rate of decay of meta-I; some members in this
group showed meta-I decay that was faster than that of the wild
type. Additionally, these mutants also showed fast decay of
meta-I even in the nitrate-bound form. The mutants belonging
to the third group contain amino acid residues with a strong
propensity to form a β-sheet, according to Chou and Fasman.12

These results suggest that formation of active meta-II is
accompanied by the formation of β-sheet structure in the L
group visual pigments, and one of the roles of chloride binding
is to enhance β-sheet formation. On the basis of these results,
we will discuss the physiological significance of chloride binding
in the L group pigments.

■ MATERIALS AND METHODS
Preparation of the mfas Green WT and Its Mutants.

The wild-type (WT) and mutant pigments of mfas green were
expressed in HEK293 cells as previously reported.13−15 For
purification, the cDNAs of the pigments were tagged with the
monoclonal antibody Rho1D4 epitope sequence (ETSQVA-
PA).15 The cDNAs of site-directed mutant pigments were
constructed following the method used in a previous report.16

The cDNAs of wild-type and mutant pigments were fully
sequenced before being introduced into the expression
vector.17 To reconstitute photoreactive pigments, expressed
proteins were incubated with 11-cis-retinal for more than 3 h at
4 °C. The reconstituted pigments were extracted in buffer A
[0.75% (w/v) CHAPS, 0.8 mg/mL PC, 50 mM HEPES, 140
mM NaCl, and 2 mM MgCl2 (pH 6.5)], and pigments were
then purified with an antibody-conjugated column.18 Pigments
were washed and eluted with buffer A for the chloride-bound
measurements or buffer B [0.75% (w/v) CHAPS, 0.8 mg/mL
PC, 50 mM HEPES, 140 mM NaNO3, and 2 mM Mg(NO3)2
(pH 6.5)] for the chloride-unbound measurements.
Spectroscopy. The UV−vis absorption spectra were

recorded using two types of spectrophotometers. Absorption
spectra of the dark and completely bleached states of the
pigments were recorded with a Shimadzu UV-2400 spectro-
photometer. The time-resolved absorbance changes were
recorded by a CCD spectrophotometer described previously.19

This spectrophotometer can continuously record the spectra
(from 700 to 300 nm) with a wavelength resolution of 1.57 nm
in time intervals of 9.7 ms. The monitoring light is pulsed after
the first 1 s and hit the sample only when each spectrum was
measured. Rhodopsin bleaching in the sample caused by
monitoring light was ∼1.85% after 100 spectra recordings,
which is comparable to that observed in a commercial
spectrophotometer, such as a Shimadzu UV-2000 spectropho-
tometer. The sample temperature was regulated within 0.1 °C
by a temperature controller (Neslab RTE-111) that was
attached to the sample cell holder. The sample was incubated
for 30 min at 4 °C and then photoexcited with a >520 nm light
pulse (width of ∼170 μs, intensity of ∼0.7 mJ/1.8 mmϕ) from
a short ark flash generator (Nissin Electronic SA-200).
Excitation was performed 97 ms after the monitoring had
started. The spectral changes caused by the thermal reactions of
the intermediate were monitored at intervals of 9.7 ms to 1 s or
at suitable intervals until the reactions had nearly reached
saturation. The sample was exchanged after each measurement.

The relatively high expression yield of WT mfas green
allowed us to monitor the thermal reactions of chloride- and
nitrate-bound mfas greens from 9.7 ms to 1000 s, in which
decay of meta-I to a mixture of meta-I and meta-II and the
decay of the mixture were completed. However, in addition to
the inevitable baseline drift of the spectrophotometer for
prolonged monitoring, low expression yields of several mutants
prevented us from monitoring the reactions for more than 100
s. Thus, it was very difficult to obtain a set of spectral data that
included complete decay of the meta-I/meta-II mixture of the
mutants. Therefore, we subjected the data of spectral changes
obtained from 9.7 ms to 10 s to singular-value decomposition
(SVD) and global fitting analyses to obtain the b-spectra and
the decay time constant due to the reaction process from meta-
I to a mixture of meta-I and meta-II (see below).

Data Analysis. The spectral changes of intermediates were
analyzed by SVD and global fitting methods as previously
described, using Igor Pro (WaveMetrics Inc.).7,20 Briefly, the
difference spectra were arranged in matrix A so that its columns
and rows corresponded to wavelength and acquisition time.
The SVD decomposed A 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 on the basis of the number of
significant singular values and basis spectra in matrices U and V.

· · ≈ · ·U S V U S VT
n n n

T
(2)

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

fit as follows by least-squares fitting with a sum of single-
exponential functions.
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Matrix C contained coefficient values of exponential function
vectors exp(−ti/τj), where ti represents the acquisition time
corresponding to that of matrix A. The minimal number
needed to adequately fit Vn

T was chosen as the number of
exponential functions k. In this study, k equaled 1 and 2, which
correspond to the formation of the meta-I/meta-II mixture
from meta-I only and the formation and decay of the mixture,
respectively. On the basis of eqs 1−3, data matrix A can be
expressed as follows:

τ τ τ

≈ · · ·

− − −t t t

A U S C

[exp( / ), exp( / ), ..., exp( / ), 1]
n n
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T

1 2 (4)

The jth column of the product of matrices Un, Sn, and C is
the b-spectrum that denotes the spectral change in a single-
exponential decay with time constant τj. The (k + 1)th column
of the matrix is the b0 spectrum, which corresponds to the
bleached state. Figures 1−4 are shown with oppositely signed
b-spectra for easy comparison.

■ RESULTS
Figure 1 shows absorption spectra of chloride- and nitrate-
bound forms of mfas green, and spectral changes observed on
the millisecond time scale after irradiation of these pigments
with an orange light pulse. Absorption maxima of chloride- and
nitrate-bound forms were 534 and 505 nm, respectively (Figure
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1A). The difference in absorption maximum between chloride-
and nitrate-bound forms (29 nm) is typical for green pigments
such as human green (25 nm)11 and gecko green (31 nm)8 and
is smaller than those observed in red pigments such as chicken
and human reds (45 and 35 nm, respectively).10,11

As previously shown,7 irradiation of these pigments caused
the formation of meta-I and subsequent decays into mixtures of
meta-I and meta-II on the millisecond time scale. The spectral
changes during these conversions are shown in panels B and C
of Figure 1, as the difference spectra calculated by subtracting
the spectra measured 9.7 ms after the irradiation from the
spectra measured at selected times after the irradiation. These
spectral changes and those monitored at later times were then
analyzed by SVD and global fitting procedures, and two b-
spectra (b1 and b2) were calculated (insets of panels B and C of
Figure 1). Under our experimental conditions,7 the b1 spectrum
represents the conversion from meta-I to a mixture of meta-I
and meta-II, and it can therefore be regarded as the difference
spectrum between meta-I and meta-II. The b2 spectrum
contains the spectral components of the reverse reaction to
the original pigments from the mixture of meta-I and meta-II,
and the decomposition reaction of the mixture of meta-I and
meta-II to retinal and opsin. The time constants corresponding
to the b1 and b2 spectra were 108 ms (τ1) and 115 s (τ2) for the
chloride-bound form and 2.01 s (τ1) and 187 s (τ2) for the
nitrate-bound form, which were in good agreement with those
previously obtained.7 Figure 1D shows the superimposed
spectra after normalization of the respective b1 spectra obtained
from chloride- and nitrate-bound forms. Although these spectra
are similar to each other, the spectrum of meta-I in the
chloride-bound form is somewhat broader than that in the
nitrate-bound form. The absorption maximum of meta-I in the
chloride-bound form is ∼5 nm longer than that in the nitrate-
bound form. The fact that meta-I of the chloride-bound form
exhibits a spectral shape and maximum different from those of
the nitrate-bound form indicates that the chloride is still bound
to the protein moiety of meta-I and perturbs its spectrum.
We next tested the effect of different amino acids at the

primary chloride-binding site at position 197. Of the 19
possible single-site mutants, 13 were successfully expressed and
formed pigments by binding 11-cis-retinal. These mutants were
also prepared in the presence of chloride or nitrate and
subjected to similar spectroscopic analyses (Figures 2−4 and
Table 1). Eleven of the 13 mutants exhibited varying red shifts
of absorption maxima upon chloride binding. The original
histidine exhibited the most red-shifted λmax of all the expressed
pigments. Close inspection of the data revealed that the H197
mutants could be categorized into the following three groups.
The first group (group 1 in Table 1) contains mutants that

exhibit a chloride effect similar to that of WT. This group
contains M, N, K, Q, A, and L mutants. As shown in Figure 2,
these mutants had an absorption maximum at ∼500 nm in the
presence of nitrate (Figure 2B), but the absorption maximum
shifted to a longer wavelength in the presence of chloride
(Figure 2A). The extents of the shifts of absorption maxima
were, however, not as prominent compared to that of the WT.
Interestingly, the absorption maximum of meta-I of each
mutant showed no anion dependency (Figure 2C−H),
although its absorption maximum ranged between 478 and
485 nm. Additionally, the relative rate constants of the
conversion from meta-I to meta-II were as small as that of
WT in the presence of nitrate (Figure 2J) and became larger in
the presence of chloride like that of the WT (Figure 2I). There

Figure 1. Effect of chloride on the absorption spectrum and reaction
processes of mfas green. (A) Absorption spectra of chloride-bound
(black) and nitrate-bound (red) mfas green before and after irradiation
with >500 nm light for 5 min at 4 °C in the presence of 5 mM
hydroxylamine (pH 7.0). These spectra were recorded using a
Shimadzu UV-2400 spectrophotometer. The inset shows difference
spectra of chloride-bound (black) and nitrate-bound (red) mfas green,
where difference absorbances at the maxima were normalized. (B and
C) Series of difference spectra of chloride-bound (B) and nitrate-
bound (C) mfas green after irradiation with >520 nm light at 4 °C.
These spectra were calculated by subtracting the spectra at 9.7 ms
from those taken 19.4, 29.1, 67.9, 155, 446, and 892 ms after the
irradiation (curves 1−6, respectively). The spectra were measured with
the CCD spectrophotometer. The insets show b-spectra that are
calculated by SVD analysis of the spectral data shown in the main
panel, followed by global fitting. Details are described in the text. (D)
b1 spectra of chloride-bound (black) and nitrate-bound (red) mfas
green, where absorbances at the negative difference maxima are
normalized. They are identical to the b1 spectra shown in the insets of
panels B and C except for the vertical scale.
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was no correlation between the shifts in absorption maxima and
changes in rate constants.
The second group (group 2 in Table 1) contains D and G

mutants, which showed no chloride effect (Figure 3). That is,
absorption maxima of these mutants and their meta-I forms
showed no difference between chloride and nitrate preparations
(Figure 3A−D). The relative rate constants from meta-I to
meta-II also showed no change (Figure 3E,F). These mutants,
therefore, seem not to bind chloride or nitrate.
The third group (group 3 in Table 1) contains Y, T, F, V,

and I mutants (Figure 4). These mutants showed wavelength
shifts of absorption maxima upon chloride binding similar to
those of group 1 mutants, although the shifts were not as
prominent as that of WT (Figure 4A). The salient feature of
these mutants is the elevated rate constant of meta-I decay.
These mutants exhibited relative rate constants of meta-I decay
5−35 times faster than that of WT in the nitrate-bound form
(Figure 4I and Table 1). Remarkably, some of the mutants in
this group showed an increase in the relative rate constant over

Figure 2. Effect of chloride on the absorption spectra of the dark state
and meta-I and formation of meta-II in group 1 mutants. (A and B)
Difference spectra of the chloride-bound (A) and nitrate-bound (B)
mutants before and after irradiation with >500 nm light at 4 °C in the
presence of 5 mM hydroxylamine (pH 7.0). The spectra of the
mutants are colored magenta (H197M), blue (H197N), green
(H197K), orange (H197Q), light blue (H197A), and ocher
(H197L). (C−H) b1 spectra of chloride-bound (black) and nitrate-
bound (red) mutants, where absorbances at the negative difference
maxima are normalized. Spectral measurements were taken at 4 °C:
(C) H197M, (D) H197N, (E) H197K, (F) H197Q, (G) H197A, and
(H) H197L. (I and J) Formation kinetics of meta-II in chloride-bound
(I) and nitrate-bound (J) forms of mutants at 4 °C. Kinetics of the
respective mutants are colored magenta (H197M), blue (H197N),
green (H197K), orange (H197Q), light blue (H197A), and ocher
(H197L). Kinetics of WT are shown as a dashed line.

Table 1. Spectroscopic Characterization of WT and His197
Mutants of mfas Green

λmax (nm) of
mfas green λmax (nm) of MI

relative rate
constanta

group sample Cl− NO3
− Cl− NO3

− Cl− NO3
−

1 WT 534 505 484 479 100 6
H197M 516 500 485 485 30 4
H197N 515 500 485 485 30 5
H197K 508 497 479 478 84 5
H197Q 507 500 484 485 51 2
H197A 506 500 479 479 36 4
H197L 505 500 484 485 26 3

2 H197D 489 489 484 482 10 11
H197G 489 489 479 479 7 7

3 H197Y 511 497 464 464 273 202
H197T 510 500 479 478 82 50
H197F 506 497 484 478 72 33
H197V 503 502 464 464 204 104
H197I 503 502 464 464 209 56

aThe relative rate constant of meta-I in each mutant is shown relative
to that in the chloride-bound WT form.

Figure 3. Effect of chloride on the absorption spectra of the dark state
and meta-I and formation of meta-II in group 2 mutants. (A and B)
Difference spectra of the mutants in the presence of chloride (A) and
nitrate (B) before and after irradiation with >500 nm light at 4 °C in
the presence of 5 mM hydroxylamine (pH 7.0). The spectra of the
mutants are colored magenta (H197D) and yellow (H197G). (C and
D) First b-spectra of mutants in the presence of chloride (C) and
nitrate (D), where absorbances at the negative difference maxima are
normalized: (C) H197D and (D) H197G. (E and F) Kinetics of
formation of meta-II mutants in the presence of chloride (E) and
nitrate (F). Kinetics of the respective mutants are colored magenta
(H197D) and yellow (H197G). Kinetics of WT are shown as a dashed
line.
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that of the WT in the chloride-bound form (Figure 4H and
Table 1).

■ DISCUSSION
We have investigated the role of H197 in the effect of chloride
on the L group pigment by characterizing a set of site-directed
mutants. Spectroscopic analyses of mutants showed that
mutants exhibited varying chloride effects, and therefore, the
histidine residue at position 197 is not essential for the chloride
effect. However, the mutants can be categorized into three
groups according to the type of chloride effect. Hereafter, we
discuss the effect of different amino acids at the primary
chloride-binding site.
Effect of Chloride on the Absorption Maximum of the

Dark State. Because 11 mutants exhibited chloride-dependent
red shifts of the absorption maxima, we searched for a total of
544 descriptors of the physicochemical properties of natural
amino acids registered in AAindex21 to understand the
relationship between the extent of the red shift and the
physicochemical properties of amino acids. We found that the
polarities of amino acids (ΔG of transfer from vapor to

octanol) correlated well with the red shift of absorption maxima
[correlation coefficient of 0.71; p < 0.005 (Figure 5A)].22 It

should be noted that a weak but significant correlation
(correlation coefficient of 0.56) is seen even when the values
of H, D, and G are omitted. Thus, it is likely that chloride forms
a dipole with the residue at position 197 and interacts with the
chromophore. This is consistent with our previous results from
the UV−vis and FTIR spectroscopies of chloride-bound,
chloride-depleted (anion-free), and nitrate-bound iodopsins
(chicken red).23 Namely, we found that the chromophore
bands in the FTIR difference spectra were almost identical
among the three iodopsin forms, except for the CC ethylenic
vibrational band near 1500 cm−1, and concluded that chloride
acts as a dipole after forming a dipole with the nearby histidine.
It should be noted that these experiments using mfas green
clearly showed that the H197Y mutant exhibited a red-shifted
absorption maximum upon chloride binding. However, mouse
green that has a tyrosine at this position does not show the red
shift (both mfas green and mouse green have K200).24 These
results suggest that there is another amino acid residue(s)
involved in chloride binding that would account for the
differences between mfas green and mouse green.24,25

In contrast to the chloride-bound forms, nitrate-bound forms
show modest shifts of absorption maxima, indicating that
nitrate binding does not severely affect the electronic state of
the chromophore. This is interesting because we have already

Figure 4. Effect of chloride on the absorption spectra of the dark state
and meta-I and formation of meta-II in group 3 mutants. (A and B)
Difference spectra of the chloride-bound (A) and nitrate-bound (B)
mutants before and after irradiation with >500 nm light at 4 °C in the
presence of 5 mM hydroxylamine (pH 7.0). The spectra of the
mutants are colored orange (H197Y), purple (H197T), magenta
(H197F), ocher (H197V), and green (H197I). (C to G) First b-
spectra of chloride-bound (black) and nitrate-bound (red) mutants,
where absorbances at the negative difference maxima are normalized:
(C) H197Y, (D) H197T, (E) H197F, (F) H197V, and (G) H197I. (H
and I) Kinetics of formation of meta-II in chloride-bound (H) and
nitrate-bound (I) forms of mutants. Kinetics of the mutants are
colored orange (H197Y), purple (H197T), magenta (H197F), ocher
(H197V), and green (H197I). Kinetics of WT are shown as a dashed
line.

Figure 5. Relationship between spectral and thermal properties of
mfas green and physicochemical properties of the amino acid at
position 197. (A) Absorption maximum of the chloride-bound form of
each mutant plotted as a function of ΔG of transfer from vapor to
octanol. Characters in the figure show the points of the mutants. The
dashed line drawn through the points is a linear regression of data. A
correlation coefficient is given in the text. (B) Rate constant of decay
of meta-I of the nitrate-bound form of each mutant plotted as a
function of the normalized frequency of the C-terminus of the β-sheet
of the residue at position 197. Characters in the figure show the points
of the mutants. The dashed line drawn through the points is a linear
regression of data. A correlation coefficient is given in the text.
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demonstrated that nitrate and chloride compete for the same
binding site in iodopsin, by measuring the apparent dissociation
constant of chloride as a function of nitrate concentration in the
iodopsin sample.26 In addition, we demonstrated that nitrate-
bound iodopsin showed an FTIR spectrum identical with that
of anion-free iodopsin, suggesting that nitrate binding does not
perturb the chromophore.23 If the results obtained from
iodopsin can be applied to mfas green, the simplest explanation
is that the site to which nitrate binds is far from the
chromophore, and the anion-binding site would move toward
the chromophore upon chloride binding.23

Effect of Chloride on the Absorption Maximum of
Meta-I. Absorption maxima of the resting state of mutants in
the chloride-bound forms differ by 45 nm, ranging from 489 to
534 nm, while those of meta-I differ by 20 nm, ranging from
464 to 484 nm. This indicates that the environment of the
chromophore changes during meta-I formation. More
importantly, most mutants exhibited absorption maxima of
meta-I that are insensitive to the replacement of the anion. The
exceptions were WT and H197F, but even in these pigments,
the difference between chloride- and nitrate-bound forms was
only 5 nm. These results, therefore, suggest that the
chromophore of meta-I is more distant from the anion-binding
site than that of the resting state.
Effect of Chloride on Meta-I Decay. Decay of meta-I of

chloride-bound mfas green was ∼20 times faster than that of
the nitrate-bound form, indicating that rapid decay of meta-I is
one of the effects of chloride binding. However, when histidine
at position 197 was replaced with the residues in group 3, meta-
I decay changed dramatically. That is, decay of meta-I in the
nitrate-bound preparation became 5−30 times faster than that
of WT and approached that in the chloride-bound preparation.
Additionally, three of the six group 3 mutants exhibited decay
of meta-I that was faster than that of WT in the chloride-bound
preparations. These mutants still have a chloride-binding site
and bind to chloride, as group 3 mutants showed red shifts of
absorption maxima when nitrate was replaced with chloride.
We found that among 544 descriptors of the physicochemical
properties of natural amino acids registered in AAindex,21 the
rate of meta-I decay correlated well with the frequencies of
amino acids that appear in β-sheets [correlation coefficient of
0.79; p < 0.005 (Figure 5B)].12 From the ΔΔG measurements
of amino acids, a strong correlation was suggested between
amino acids frequently present in β-sheets and β-sheet
stability,27 although some ambiguity still remained.28 According
to the three-dimensional structure of rhodopsin, H197 is
situated at the C-terminal site of sheet β-4, which forms an
antiparallel β-sheet with sheet β-3.29 Therefore, the presence of
amino acid residues predisposed to form a β-sheet at this
position could accelerate the conversion from meta-I to meta-
II. However, comparison of the three-dimensional structure of
metarhodopsin II with that of rhodopsin shows that the β-sheet
structure does not deviate greatly from the structure of
rhodopsin.30 Additionally, there are some indications that
metarhodopsin I has a structure very similar to that of
rhodopsin.31 Furthermore, mutational analysis of the amino
acid at position 181 (corresponding to position 197 in mfas
green) of bovine rhodopsin did not show a significant effect on
the absorption maximum.32 Thus, the amino acid residue at
position 197 (181) would be in different environments between
rhodopsin and the L group pigment. Structural knowledge of
the L group pigment is therefore required to improve our
understanding of the chloride effect.

■ CONCLUSION
The amino acid residue at position 197 acts as the Schiff base
counterion in invertebrate visual pigments and was replaced
with histidine after the acquisition of a new counterion at
position 113 during the course of molecular evolution of L
group cone visual pigments.33 The histidine at this position
serves as a part of the chloride-binding site and red shifts the
absorption maximum of visual pigments.11 In addition, recent
experiments showed that chloride binding accelerates meta-I
decay and increases the amount of the active state in the
mixture of the active state and its precursor.7 The study
presented here indicates that the polarity of the amino acid
situated at this position is important for the red shift of the
absorption maximum, and histidine produces the most red-
shifted absorption maximum. Additionally, the substitutions at
position 197 with residues with a strong propensity to form β-
sheet accelerate the formation of the active state as much as
that of the WT in the chloride-bound form. Although it is
difficult to reach conclusions from the finding of only one
residue that has a strong propensity to form β-sheet, the results
suggest some relationship between chloride binding and β-
sheet formation that accelerates conversion to the active state.
Therefore, the acquisition of histidine at the chloride-binding
site resulting in rapid formation of the active state may have
been an essential step for the emergence of vertebrate red-
sensitive cone visual pigments.
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λmax, absorption maximum; CCD, charge-coupled device; FTIR,
Fourier transform infrared; HEPES, N-(2-hydroxyethyl)-
piperazine-N′-2-ethanesulfonic acid; CHAPS, 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate; PC,
L-α-phosphatidylcholine from egg yolk; CHAPS/PC, buffer
solution that contains a mixture of CHAPS and PC; mfas, M.
fascicularis; WT, wild type.
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