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ABSTRACT: Most vertebrates have one type of rhodopsin and multiple types
of cone visual pigments with different absorption maxima in their retinas. The
spectral sensitivities of multiple cone visual pigments contribute to color
discrimination in these animals. Vertebrate cone visual pigments are classified
into four groups based on their amino acid sequences. Among these groups,
many pigments in the longer wavelength-sensitive group (L-group) have a
unique spectral tuning mechanism, that is, the red-shift of absorption maximum
induced by the binding of chloride to His181 of the protein moiety (chloride

A289S/A292S xmax Cl- effect

(nm) (nm)
H181Y Mouse green 511 1
Blind mole rat green 630 12
Guinea pig green 533 11
Monkey green 534 29
Monkey red 560 34
Chicken red 571 41

effect). However, a few pigments such as mouse green and guinea pig green

pigments in L-group have a tyrosine residue instead of a histidine at position 181. Interestingly, mouse green shows no chloride
effect, whereas guinea pig green shows a significant chloride effect. In the present site-directed mutational analysis, we revealed
that this difference in the chloride effect in rodent pigments is completely explained by the replacements of two residues at
positions 289 and 292. In addition, mutations at positions 181, 289, and 292 abolished 80% of the chloride effect in monkey red
and green. Further analysis with chimeras showed that the residual 20% of the chloride effect could be attributed to helical
interactions within the pigments. Thus, we concluded that these three amino acid residues are the main determinants of the

chloride-dependent spectral shift in L-group pigments.

In the retinas of most vertebrates, there are two types of
photoreceptor cells, rods and cones, which are responsible
for scotopic and photopic vision, respectively. Rods contain one
type of visual pigment, rhodopsin, whereas cones contain two
or more thes of cone visual pigments with different absorption
maxima."* Since the presence of multiple types of cone visual
pigments is one of the molecular bases for color discrimination,
investigating the spectral tuning mechanism of cone visual
pigments has been considered an important topic of vision
research. Like the rod visual pigment rhodopsin, cone visual
pigments consist of a protein moiety opsin and a chromophore
11-cis-retinal and are classified into four groups on the basis of
sequence similarities.> The absorption maximum of a visual
pigment is generally determined by the physicochemical
properties of amino acid residues surrounding the retinal
chromophore. However, L-group cone visual pigments can bind
to chloride within the protein moiety and shift the absorption
maximum to a longer wavelength.

The chloride-dependent spectral red-shift in L-group pig-
ments is referred to as the “chloride effect”, which was first
reported in gecko visual pigment as a representative sample by
Crescitelli.* A similar chloride effect was later reported in
chicken red pigment (iodopsin).>® Iodopsin exhibits an
absorption maximum at 571 nm in the presence of chloride,
but depletion of chloride from the sample solution or its
replacement with nitrate causes the absorption maximum to
shift to about 530 nm.” UV—vis and FTIR spectroscopic studies
of iodopsin showed that chloride and nitrate stabilize the
different conformations near the chromophore-binding site of
iodopsin, although these anions bind to the protein moiety
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competitively with each other.*” It should also be noted that
the anion-free form of iodopsin has a chromophore
conformation very similar to that of the nitrate-bound form.
Site-directed mutagenesis experiments of human red and green
pigments by Oprian’s group revealed that His181 and Lys184
(in the bovine rhodopsin amino acid numbering system)
contribute to the chloride binding and His181 is the primary
residue for the chloride effect.'® These residues are located in
the second extracellular loop (ECL2) and are well conserved
among L-group pigments.

Although most members in L-group exhibit the chloride
effect, some pigments such as mouse green show no chloride
effect.'’ Mouse green has an absorption maximum at 511 nm,
and depletion of chloride or its replacement with nitrate causes
no shift of the absorption maximum. Loss of chloride effect in
mouse green has been attributed to the presence of a tyrosine
residue instead of a histidine at position 181."" However, it was
reported that rodent blind mole rat (Spalax ehrenbergi) has an
L-group pigment which contains tyrosine at position 181 but
shows 12 nm chloride effect.'* This indicates that replacement
of histidine with tyrosine at position 181 is not the sole cause of
loss of the chloride effect in mouse green. Recently, we
performed a comprehensive mutational analysis of position 181
in crab-eating macaque (Macaca fascicularis; mfas) green and
found that H181Y mutant of the pigment retained a small but
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significant chloride effect (11 nm)." In the present study, we
first explored an L-group pigment other than that of blind mole
rat, which has a tyrosine at position 181 and exhibited a
chloride-dependent spectral red-shift. We found that the L-
group pigment from guinea pig fulfills the criteria. We then
searched for amino acid residues which are conserved in L-
group pigments of blind mole rat and guinea pig but not in that
of mouse green and identified the amino acid residues at
positions 289 and 292 responsible for the chloride effect. In
addition, we confirmed that replacements at these two residues
reciprocally convert the absorption maxima and the chloride
effects of guinea pig and mouse pigments. Furthermore, we
found that about 80% of the chloride-dependent red-shift
disappeared by introducing triple mutations into positions 181,
289, and 292 of mfas green and red. On the other hand,
chimerical analysis between mfas green and mouse green
showed that residual 20% of the chloride effect could be
attributed to the difference in helical arrangements rather than
specific amino acids. Based on these results, the molecular
mechanism of the chloride effect in L-group cone visual
pigments is discussed.

B MATERIALS AND METHODS

Preparation of Wild-Type and Mutant Pigments. The
cDNAs of mouse green (NCBI accession number; AF011389),
guinea pig green (AF132042), and mfas red and green
(AF158968 and AF158975) were tagged by the epitope
sequence (ETSQVAPA) of the antibovine rhodopsin mono-
clonal antibody RholD4 at the C-terminus and were inserted
into the mammalian expression vector, pcDLSRa296'* or
pcDNA3.1 (Life Technologies). Site-directed mutants were
prepared by using the QuikChange kit (Agilent Technologies)
according to the manufacturer’s instructions. The plasmid
DNAs were transfected into HEK293T cells by the calcium
phosphate method. After incubation of the transfected cells for
2 days, they were collected by centrifugation and were
incubated with 11-cis-retinal for more than 3 h at 4 °C to
reconstitute the pigments. The pigments were extracted with
0.75% CHAPS and 1 mg/mL phosphatidylcholine containing
50 mM HEPES (pH 6.5), 140 mM NaCl or NaNO;, and 3 mM
MgCl, or Mg(NO;), and were purified with RholD4-
conjugated agarose. All procedures were performed under
dim red light.

Absorption Maxima of Pigments. Absorption spectra
were recorded at 0 °C with a Shimadzu UV-2400
spectrophotometer. The pigments were irradiated with light
through a glass cutoff filter (VYS2, Toshiba) for over 1 min.
Difference spectra were calculated from the spectra recorded
before and after irradiation in the presence of 2.5 mM
hydroxylamine, and the absorption maxima of the pigments in
the dark state were estimated based on the difference spectra.

B RESULTS

Reciprocal Conversion of Chloride Effect between
Mouse Green and Guinea Pig Green. Figure 1 shows the
absorption spectra of chloride- and nitrate-bound forms of
mouse green and guinea pig green. As previously reported,'!
mouse green had absorption maxima at 511 and 510 nm in the
presence of chloride and nitrate, respectively, indicating that
mouse green shows little chloride effect. On the other hand,
guinea pig green had absorption maxima at 524 and 512 nm in
the presence of chloride and nitrate, respectively. Thus, guinea
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Figure 1. Comparison of the absorption maxima of mouse green and
guinea pig green in the presence of chloride or nitrate. Difference
absorption spectra were obtained in mouse green (a), guinea pig green
(b), and guinea pig green S164A/A269T mutant (c). Red and green
spectra were measured under chloride and nitrate saturated conditions,
respectively.

pig green shows a significant chloride effect. It has been
revealed that amino acid residues situated at three positions,
164, 261 and 269, contribute to the spectral tuning of L-group
pigments.'>'® Mouse green has amino acid residues Ala, Tyr,
and Thr at these positions, whereas guinea pig green has Ser,
Tyr, and Ala (Figure S1). Thus, we replaced amino acid
residues of guinea pig green at positions 164 and 269 with
those of mouse green. This mutant (S164A/A269T) of guinea
pig green exhibited absorption maxima at 533 and 522 nm in
the presence of chloride and nitrate, respectively (Figure 1c).
The chloride effect in this mutant is identical with that in wild-
type guinea pig green within our experimental error (Table 1).
Hereafter, we refer to this mutant as GP green.

To identify the amino acid residue(s) responsible for the
chloride effect, we searched for the residue(s) which are
conserved among blind mole rat green, GP green, and mfas
green but not in mouse green. Because chloride would be
present near the residue at position 181, we compared the
residues situated within 8 A of the residue at {oosition 181 based
on the 3D structure of bovine rhodopsin.'” We found that
mouse green has serine residues at positions 289 and 292,
whereas the other pigments have alanine residues at these
positions (Figure S1). Therefore, we investigated whether or
not mutations at these positions of mouse green would result in
the chloride-dependent spectral shift.

Figure 2a—d shows absorption spectra of wild-type and
mutants of mouse green. The characteristic shift of absorption
maximum was observed in single and double mutants. That is,
although the absorption maximum of S289A mutant was quite
similar to that of wild-type in the chloride-bound form, the

mutant showed about 8 nm blue-shift of absorption maximum
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Table 1. Absorption Maxima and Chloride Effects of Mouse
Green, Guinea Pig Green, and Mfas Red

in the nitrate-bound form. On the other hand, S292A mutant
showed a red-shift of absorption maximum in both the
chloride- and nitrate-bound forms, but the extent of red-shift
in the chloride-bound form was larger than that in the nitrate-
bound form, resulting in the chloride-dependent spectral shift
(~8 nm). The spectral shift of S292A is consistent with the
observation in a paper recently published.'® Absorption maxima
of the double mutant (S289A/S292A) were similar to those of
single mutant S292A in both the chloride- and nitrate-bound
forms but were slightly blue-shifted due to S289A mutation.

Figure 2e—h shows absorption spectra of wild-type and
mutants of GP green. We aligned the panels in Figure 2 to
show that the pigments in right and left panels have the same
amino acid residues at positions 289 and 292. These alignments
clearly indicated that the replacements at these two positions
have the same effects on the absorption maxima of both mouse
green and GP green. That is, the absorption maxima of the
chloride- and nitrate-bound forms are quite similar between
mouse green and GP green A289S/A292S mutant and between
mouse green S289A/S292A mutant and GP green (Table 1).
Therefore, the difference in chloride effect between mouse
green and GP green is due to the difference in amino acid
residues at positions 289 and 292.

Reciprocal Conversion of Chloride Effect between
Mouse Green and Mfas Red. The above results clearly
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Figure 2. Comparison of the absorption maxima of mouse green and GP green mutants in the presence of chloride or nitrate. Difference absorption
spectra were obtained in S289A (b), S292A (c), and S289A/S292A (d) of mouse green (a) and A289S/A292S (e), A292S (f), and A289S (g) of GP
green (h). Red and green spectra were measured under chloride and nitrate saturated conditions, respectively.
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Amax amax Almax amax amax Almax

(Cr)(nm) (NO3")(nm) (nm) (CF)(nm) (NOz")(nm) (nm)
m°”f,§$ree”@§ 511 5095 15 mfajvﬁee”ﬁ 534 505 29
m°‘2j§g‘)“fas@§ 531 5045 265 mfa;’g“g")“se@ 512 5105 15
m"‘gfgg‘f“@g 5145 505 95 mfaa/g“gc’)“sews 5275 513 145
Q‘gﬂf,?;g%g@g 528 5105 175 mfgjgff"@g 511 497 14

Figure 3. Comparison of the absorption maxima and chloride effects of chimeras between mouse green and mfas green. Absorption maximum was
estimated from difference absorption spectrum measured in the presence of chloride or nitrate.

showed that only two residues at positions 289 and 292 are
responsible for the differences in the absorption maximum and
the chloride effect between mouse green and GP green. We
then tried to identify amino acid residues that cause the
difference in the absorption maximum and the chloride effect
between mouse green and mfas red.

As shown in Figure S1, the residues at positions 289 and 292
as well as position 181 are different between mfas red and
mouse green. That is, mfas red has alanine residues at positions
289 and 292, similar to guinea pig green. Thus, we prepared a
series of single mutants and the triple mutants of mouse green
and mfas red and investigated their chloride effects. We also
prepared a series of double mutants of mouse green, each of
which has mutations at two out of three sites (Table 1).

We could not obtain the active protein of single mutant
Y181H of mouse green by our expression system, which is
consistent with the previous report.'’ The presence of different
amino acid residue(s) near the residue at position 181 may
hamper the stability of Y181H mutant in mouse green. We
searched for the amino acid residue(s) which are different
between mouse green and mfas red within 8 A from ECL2
(positions 177—190) based on the 3D structure of bovine
rhodopsin. We identified two positions, 195 and 276, where
mouse green has threonines and mfas red has serine and
alanine, respectively. Then we prepared Y181H/T195S and
Y181H/T276A mutants of mouse green and obtained their
absorption spectra. Both mutants were successfully expressed in
cultured cells and exhibited identical absorption maxima at 528
and 510 nm in the chloride- and nitrate-bound forms,
respectively. We also confirmed that single mutation at position
195 or 276 caused no change of the absorption spectra of
mouse green. The triple mutant (Y181H/S289A/S292A) of
mouse green had absorption maxima at 552 and 526 nm in the
chloride- and nitrate-bound forms, respectively. Therefore,
introduction of triple mutations at these positions caused a
large chloride effect (26 nm), although it is still smaller than the
chloride effect observed in mfas red (34 nm). The triple mutant
(H181Y/A289S/A292A) of mfas red exhibited absorption
maxima at 518 and 509 nm in the chloride- and nitrate-bound
forms, respectively. Thus, although the chloride effect was
greatly reduced by the triple mutations, a small but significant
chloride effect still remained. That is, the triple mutations in
mfas red were not able to completely reproduce the
spectroscopic properties of mouse green.

We further searched for the differences in amino acid
residues between mouse green and mfas red. Two more
residues were identified at positions 9 and 287 within 8 A from
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position 181, where mouse green has alanine and valine and
mfas red has serine and methionine, respectively (Figure S1).
We replaced these amino acids in mfas red but found that these
residues did not affect the absorption spectra or the chloride
effect of the pigment (data not shown). Taken together, these
results strongly suggest that only about 80% of the differences
of the absorption maximum and the chloride effect between
mouse green and mfas red can be reproduced by mutations at
positions within 8 A from the residue at position 181.

To account for the remaining 20% of the chloride effect, we
tried another approach; that is, we constructed chimeras
between L-group pigments. Because the purification and
characterization of the recombinant protein of mfas green
were easier than mfas red in our hands, we prepared chimeras
between mouse green and mfas green. We divided the
sequences of the pigments at position 169 or 199 (at the N-
or C-terminus of ECL2) and prepared four kinds of chimeras
(Figure 3). The chimera mouse/mfas(169) indicates that the
N-terminal side from position 169 of mouse green is fused with
the C-terminal side from position 170 of mfas green. We
compared the absorption maxima and the chloride effects of
mfas green wild-type, mouse green Y181H/T19SS mutant,
mouse/mfas(169), and mfas/mouse(199). Because there are
only two different amino acid residues in ECL2 between mouse
green and mfas green, the mouse green Y181H/T185S mutant
corresponds to the mouse green having ECL2 of mfas green.
Thus, all the four pigments described above share ECL2 of
mfas green. We first compared chloride effects of mouse/
mfas(169) and mfas green. The extent of the chloride effect of
mfas green wild-type (29.5 nm) is larger than that of mouse/
mfas(169) (26.5 nm), indicating that the chloride effect is
increased when the N-terminal side from position 169 is
replaced from mouse green to mfas green. On the other hand,
the extent of the chloride effect of mouse green Y181H/T195S
mutant (17.5 nm) is larger than that of mfas/mouse(199) (14.5
nm), indicating that the chloride effect is decreased when the
N-terminal side from position 169 is replaced from mouse
green to mfas green. The correlation between the sequence of
the N-terminal side from position 169 and the chloride effect is
dependent on the sequence of the C-terminal side from
position 200. These results indicated that there is some
interaction between the N-terminal side from position 169 and
the C-terminal side from position 200, which regulates the
extent of the chloride effect. A similar discrepancy was observed
also when we compared mouse green wild-type, mfas green
H181Y mutant, mfas/mouse(169), and mouse/mfas(199).
Therefore, the residual 20% difference in the chloride effect
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between mouse green and mfas green/red is due to the
interaction between multiple residues within the helical
domains rather than specific amino acid residues.

B DISCUSSION

In the present study, we identified the amino acid residues that
account for the difference in the chloride effect in rodent L-
group cone visual pigments and confirmed that the chloride
effect in primate L-group cone visual pigments is also mediated
by these residues. Mouse green shows no chloride effect,
whereas guinea pig green shows significant chloride effect,
despite these pigments sharing a tyrosine residue instead of a
histidine at position 181. These properties were completely
interconvertible with each other when the two residues at
position 289 and 292 were replaced. The triple mutations at
positions 181, 289, and 292 of mfas red greatly reduced the
extent of the chloride effect but did not fully eliminated it like
in mouse green. We showed that the residual difference comes
from the distinct helical arrangements of the pigments. In the
following, we discuss the molecular mechanism and the
molecular evolution of the chloride effect in L-group pigments.

Molecular Evolution of Mouse Green. Figure 4 shows
the phylogenetic relationship of L-group cone visual pigments

A289S 181 289 292

/A2923\ Mouse green Y s s
100
H181Y Rat green Y s s
\ [6° )

% Blind mole rat green Y A A
Guinea pig green Y A A
Macaque monkey red H A A
97—Macaque monkey green H A A
Chicken red H A A

Figure 4. Comparison of three residues based on phylogenetic
relationship of L-group pi§ments. The neighbor-joining tree was
constructed using MEGAS. * NCBI accession numbers of pigment
sequences are as follows: rat green, AF054246; blind mole rat green,
AF139726; chicken red, X57490.

including rodent ones. Because only a few members from
rodents, rabbits, and squirrels contain Tyr181 instead of His181
among L-group pigments,'"'**° we assumed that an ancestral
type of L-group pigments had a histidine at position 181. From
the phylogenetic tree, it is inferred that the mutations at
position 181 and at positions 289 and 292 occurred in a
stepwise fashion, which finally resulted in little chloride effect in
mouse green. Guinea pig green and blind mole rat green were
branched before the mutations at positions 289 and 292, which
resulted in a significant chloride effect in these pigments.
Although we do not know why mouse green evolved into a
pigment with little chloride effect, one possibility is that it may
have become blue-shifted to increase the color discrimination
ability in conjunction with the UV-sensitive cone visual
pigment.

Roles of Amino Acid Residues at Position 181, 289,
and 292 on the Chloride-Dependent Red-Shift. The
mutations at positions 181, 289, and 292 of mouse green
induced chloride-dependent spectral shifts in common and
resulted in respective characteristic spectral tuning properties.
Figure 5 shows the different effects of the replacements at these
residues on the spectral shift of absorption maxima. Y181H
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Figure S. Regulation of chloride effect in mouse green by three
residues. Red or green circles represent absorption maxima of mouse
green wild-type and mutants in the presence of chloride or nitrate,
respectively.

replacement red-shifted the absorption maximum in the
chloride-bound form but did not shift the absorbance of the
nitrate-bound form. In contrast, S289A replacement blue-
shifted the absorption maximum in the nitrate-bound form but
did not shift the absorbance of the chloride-bond form. S292A
replacement induced a red-shift in both the chloride- and
nitrate-bound forms. Previous studies suggested that the
nitrate-bound form exhibits absorption maximum similar to
that of anion-free form of the pigments.6’7 Thus, we compared
absorption characteristics of the nitrate-bound form of mouse
green and its mutants with those of bovine rhodopsin and its
mutants. The nitrate-bound form of mouse green showed no
shift of absorption maximum when tyrosine at position 181 was
replaced with histidine, which is the same as bovine
rhodopsin.** The spectral red-shift is similar between mouse
green and bovine rhodopsin when serine at position 292 was
replaced with alanine. However, the extent of red-shift in mouse
green (17 nm) is larger than that in bovine rhodopsin (10
nm)."" Additionally, mouse green showed spectral blue-shift
when serine at position 289 was replaced with alanine, but
bovine rhodopsin showed no shift of absorption maximum by
the similar replacement.”®> These results suggested that,
although the spatial proximity between the residue at position
181 and the retinal chromophore is similar between mouse
green and bovine rhodopsin, the residues at positions 289 and
292 are located closer to the retinal in mouse green than in
bovine rhodopsin. In other words, conformation of extracellular
region including ECL2 in mouse green is different from that in
bovine rhodopsin. In fact, we did not observe any spectral shift
when the amino acid residues responsible for the chloride effect
in L-group cone visual pigments were introduced to bovine
rhodopsin (Figure S2). Analysis of 3D structures of L-group
pigments in combination with the quantum mechanical
calculations will further our understanding of the molecular
mechanism underlying the chloride effect.

B ASSOCIATED CONTENT

© Supporting Information

The sequence alignment of bovine rhodopsin and L-group cone
visual pigments (Figure S1) and the absorption spectrum of
bovine rhodopsin mutant (E181H/T289A) (Figure S2). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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