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ABSTRACT: Eyes gather information, and color forms an extremely important component of the .
information, more so in the case of animals to forage and navigate within their immediate environment. By o ‘To

using the ONIOM (QM/MM) (ONIOM = our own N-layer integrated molecular orbital plus molecular m’\.
mechanics) method, we report a comprehensive theoretical analysis of the structure and molecular
mechanism of spectral tuning of monkey red- and green-sensitive visual pigments. We show that

R ol S

interaction of retinal with three hydroxyl-bearing amino acids near the f-ionone ring part of the retinal in

opsin, A164S, F261Y, and A269T, increases the electron delocalization, decreases the bond length alternation, and leads to
variation in the wavelength of maximal absorbance of the retinal in the red- and green-sensitive visual pigments. On the basis of
the analysis, we propose the “OH-site” rule for seeing red and green. This rule is also shown to account for the spectral shifts
obtained from hydroxyl-bearing amino acids near the Schiff base in different visual pigments: at site 292 (A292S, A292Y, and
A292T) in bovine and at site 111 (Y111) in squid opsins. Therefore, the OH-site rule is shown to be site-specific and not
pigment-specific and thus can be used for tracking spectral shifts in any visual pigment.

1. INTRODUCTION

Visual pigments found in the rod outer segments are called
rhodopsins, and those that are found in the cone outer
segments are called cone pigments. Rhodopsin mediates the
transformation of light into dim-light vision, and cone pigments
mediate the transformation of light into trichromatic color
vision (blue, green, and red) in humans and/or mammals.”
Irrespective of the difference in location and function, all visual
pigments contain 11-cis-retinal covalently bound to an opsin
apoprotein via a protonated Schiff base linkage (PSB11) as the
light-sensing chromophore.” One of the fundamental character-
istics used to distinguish different visual pigments from each
other is the wavelength of maximal absorption (4.,,). On the
basis of the wavelength of their peak light sensitivity, visual
pigments are classified into five subgroups: rhodopsin pigments
RH1 (~480-510 nm) and RH2 (~450—530 nm), short-
wavelength-sensitive pigments SWS1 (~360—440 nm) and
SWS2 (~400—450 nm), and middle/long-wavelength-sensitive
pigments (M/LWS, ~510—560 nm).®> Three visual pigments
each corresponding to a different A, mediate human color
vision: 414 nm for blue, 530 nm for green, and 552 or 557 nm
for red.* Most mammals have dichromatic color vision, but
hominoids and Old World monkeys have trichromatic vision
for it helps them to detect yellow and red fruits against dapped
foliage.” Although considerable progress has been made in
exploring the structure—function relationships responsible for
dim-light vision,® understanding color vision at a molecular
level has remained difficult to date due to the absence of X-ray
structures of cone pigments. In spite of the difficulties,
experimental mutagenesis studies have yielded valuable insights
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required for the identification of key molecular players
mediating color vision.

Yokoyama et al. compared the partial amino acid sequences
of red and green color pigments from five mammalian orders
and showed that green pigments evolved from their red-
sensitive ancestral pigments. The authors proposed the famous
“five-sites” rule for understanding the variance in A, of
different M/LWS pigments. However, they also realized the
possibility of existence of other spectral tuning mechanisms
outside the five-sites rule.” According to the five-sites rule,
amino acid changes at sites 164, 181, 261, 269, and 292 would
account for the S0 nm blue shift between the red (560 nm) and
green (~510—530 nm) visual pigments. Apparently, the amino
acid substitutions refer to replacement of SHYTA with the
AYFAS (S164A, H181Y, Y261F, T269A, A292S) composition.7
A simpler way to look at the rule is that substitution of serine
with alanine (S — A), histidine with tyrosine (H — Y), tyrosine
with phenylalanine (Y — F), threonine with alanine (T — A),
and alanine with serine (A — S) would lead to loss or gain of a
hydroxyl group by the visual pigment, which in turn may cause
the change in the observed A,

One of the limitations of the rule is that it is pigment-specific
and thus can only be applied to the M/LWS pigments. Because
all of the visual pigments contain the same PSBI1
chromophore,® any rule that helps us to understand the
mechanism of color vision should be applicable to all visual
pigments independent of their structural and/or functional
characteristics. However, to derive such a rule, one has to first
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decode the five-sites rule, for it already accounts for variation in
Amax Of the majority of the M/LWS pigments. In this paper, by
studying the structure and spectral tuning mechanism of
monkey red- and green-sensitive visual pigments, we present
the “OH-site” rule, which is shown to be site-specific and not
pigment-specific.

According to the OH-site rule, if an amino acid contains an
OH group and is present near the f-ionone ring part of the
retinal in opsin, it will stabilize the excited state relative to the
ground state of the retinal and will induce a red shift in the 4_,.
In contrast, if an amino acid contains an OH group and is
present near the Schiff base site, it will stabilize the ground state
relative to the excited state and will induce a blue shift in the
Amax In other words, interaction of retinal with dipolar residues
near the f-ionone ring will increase the electron delocalization
and decrease the bond length alternation (BLA), leading to red
shifts, whereas interaction of retinal with dipolar residues near
the Schiff base site will decrease the electron delocalization and
increase the BLA, leading to blue shifts. We demonstrate this
principle by using amino acid substitutions at sites 164, 261,
and 269 (A164S, F261Y, and A269T) in monkey M/LWS
pigments, at site 292 (A292S, A292T, and A292Y) in bovine
RHI pigment, and at site 111 (Y111) in squid RH1 pigment.
The findings allow us to prove that the OH-site rule is site-
specific and not pigment-specific.

2. COMPUTATIONAL DETAILS

Although bovine and more specifically monkey RHI1 pigments are
made up of equal numbers of amino acids (348 AA), they are not
identical.” Compared to the amino acid composition of bovine opsin,
22 AAs are different in monkey opsin (22 of 348), and they
correspond to the sites K16A, A26Y, M49V, L112A, V173F, M183L,
P194L, H195K, E196P, T198V, 1213T, L216M, L266V, G270S,
D282N, T297S, S298A, A299S, V300L, V318L, L3211, and T335A.
Compared to the monkey RH1 pigment, the red- and green-sensitive
pigments are larger in size by 16 amino acids. Therefore, the
counterion site E113 in RH1 pigment is equivalent to site E129 in M/
LWS pigments.” Throughout this paper, the amino acid numbering
will correspond to that of the RH1 pigment, rhodopsin. Both red- and
green-sensitive opsins are composed of 364 AAs and differ by only 15
AAs. Although the difference in AA sequence is large between the RH1
and M/LWS opsins, if we take the amino acids surrounding the retinal
binding site into consideration,'® the situation changes dramatically,
more so in the case of red-sensitive opsin. That is, within the binding
pocket, 15 AAs (1S of 27) differ between RH1 and red-sensitive opsins
and 12 AAs (12 of 27) differ between RH1 and green-sensitive opsins
(see Figure 1). Therefore, red- and green-sensitive opsins differ by
only three AAs at sites 164, 261, and 269 (see Figure 2), and the
situation appears to be the same as in human green- and red-sensitive
pigments.ll Between RH1 and M/LWS opsins, there are four identical
AA changes in helix I1I (sites A117V, T118S, G120C, and E122I), one
in helix IV at site A164S in red opsin, three in the E-II loop at sites
E181H, 1189P, and Y191V, four in helix V at sites M207L, F208M,
H211C, and F212C, two at sites F261Y and A269T in red-opsin, and
one in helix VII at site F293Y."?

The QM/MM-optimized structure of monkey RH1 pigment was
prepared using the previously published wild-type bovine RHI1
pigment as a template."* All QM/MM calculations in this study
were performed using the two-layer ONIOM (QM/MM) (ONIOM =
our own N-layer integrated molecular orbital plus molecular
mechanics) scheme,'> in which the QM part contains the full
PSB11 and the side-chain N—H moiety of Lys296 is treated at the
B3LYP/6-31G(d) level. The MM part contains the full opsin, depicted
as point charges using AMBER96 (348 residues in RH1 and 364
residues in M/LWS opsins) plus van der Waals interactions; the
interface between the QM and MM regions was treated by the
hydrogen link atom. The total energy of the system was obtained as

3/27
27 AA’s

around 11-cis-retinal

12/27 15/27

Figure 1. Schematic representation of the amino acid (AA) differences
around 11-cis-retinal that separate dim light (D/L) from red (R) and
green (G) visual pigments.
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Figure 2. (a) X-ray crystallographic structure of the chromophore-
binding site of bovine rhodopsin (Protein Data Bank entry 1U19"%),
which is viewed from the helix VI side. The upper and lower regions
correspond to the extracellular and cytoplasmic sides, respectively. The
retinal chromophore, which is bound to Lys296, is shown as a green
space-filling model. Side chains of the 27 amino acids around retinal
are shown by stick drawings, though some residues behind the retinal
are hidden. Ribbon drawings illustrate the secondary structures around
the retinal. Corresponding amino acids in monkey green and red
pigments are identical except for three amino acids highlighted in
orange. (b) Partial amino acid sequences of rhodopsin (bovine and
monkey), monkey green, and monkey red. The amino acids are
identical between bovine and monkey rhodopsins. The three amino
acids that differ in monkey green and red are highlighted in orange
columns. The residue numbers are based on the bovine rhodopsin
sequence. Reprinted with permission from ref 12. Copyright 2010
Wiley-VCH Verlag.

FEE, the energy in the electronic embedding (EE) scheme, in which the
QM/MM interaction is included in the QM calculation and therefore
the QM wave function is polarized by the MM point charges."
Throughout this study, we employed for geometry optimization the
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QM/MM-EE scheme, and the calculations are carried out using the
ONIOM method implemented in the Gaussian 09 program package.'®
To calculate the absorption and circular dichroism (CD) spectra in the
gas phase (QM) and in the protein (QM/MM) environments, ab
initio multireference QM/MM calculations on the resulting structures
at the s7pectroscopy-oriented configuration interaction SORCI+Q
method"” at the 6-31G(d) level was applied using the ORCA 2.6.19
program package'® on top of the three-root (6e, 60) complete active
space self-consistent field (CASSCF) wave functions.'® The vertical
excitation energies as well as oscillator and rotatory strengths to first
(S,) and second (S,) excited states were calculated for all of the
structures discussed in this study. Accuracy of this computational setup
is within +10 nm, and we showed previously that the present setuzp
yielded results in good agreement with experimental measurements.”’

3. RESULTS AND DISCUSSION

3.1. Chloride-Binding Site in M/LWS Pigments.
Molecular determinants underlying the evolution of red and
green color vision in mammals have been studied in the past.
However, the mechanism by which the amino acid changes
determine the spectral properties of red and green pigment
continues to remain unclear. This could be due to a lack of
proper understanding of the retinal binding sites in M/LWS
pigments that are characterized by the presence of a chloride
(CI") binding site. In the absence of X-ray structures,
identifying the possible location of the CI~ binding site and
understanding its role in the spectral tuning mechanism has
proved to be difficult.

Mathies et al. showed that anions close to the Schiff base
would stabilize the ground state more than the excited state and
induce strong blue shifts in the A,,,.>" Fager et al. showed that
the CI” binding site might protect the retinal from hydroxyl-
amine attack,”> and Klienschmidt et al. argued for the presence
of an anion binding site near the Schiff base end of retinal.** In
the absence of X-ray structures of rhodopsin at that time, it is
possible the site proposed by the authors may well correspond
to that of the E113 counterion. Apparently, Wang et al.
identified the location of the CI” binding site in M/LWS
pigments. They showed His181 and Lys184 to be positively
charged and strictly conserved in all LWS cone pigments and as
a result to serve as Cl~ binding sites.”* Hirano et al. suggested
that the CI” binding site interacts directly with the photo-
isomerized retinal (batho state) in chicken iodopsin.*’

All these arguments were taken into consideration, and a CI~
ion was introduced near the positively charged H181 and K184
residues. During the QM/MM geometry optimization, three
water molecules, including wat2a, which was originally H-
bonded to the E181 residue, move closer to the CI” binding
site and orient themselves toward the Cl™ ion (Figure 3). This
finding is in good agreement with the recent FTIR measure-
ments that showed the presence of at least three internal water
molecules near the CI~ binding site.”® Conserved water
molecules are known to play a crucial role in the functioning
of visual pigrnents.27 In the presence of H181, K184, and three
water molecules, it is possible that the CI™ ion is weakly
hydrated in M/LWS pigments. We suggest that the presence of
a weakly hydrated chloride binding site may mediate the
reaction process of monkey M/LWS pigment.”® Also, the
presence of positively charged histidine and/or lysine may well
serve as a common structural motif for identifying CI~ binding
sites in related photobiological systems.*”

3.2. Retinal Geometry in M/LWS Pigments. Although
the chromophore is the same, its geometry is found to be
slightly different in RH1 and M/LWS pigments. As one end of

Figure 3. Chloride binding site in the QM/MM-optimized structure of
monkey red- and green-sensitive visual pigments. Chloride ion is
shown in green, His181 and Lys184 are given in yellow, water
molecules are shown in blue, and retinal is shown in red.

the retinal tether is held fixed by the f-ionone ring and the
other end by the Schiff base lysine linkage (Figure 4), amino
acid replacements near the polyene chain can significantly alter
this architecture. To start with, the orientation of the f-ionone
ring relative to the polyene chain is altered in all three
pigments. Compared to the geometry of retinal in RH1 opsin,
the C6—C7 twist angle is reduced by 9° in MWS (from —45°
to —36°) and by 12° in LWS (from —45° to —33°) pigments.
As a result, the retinal relaxes, leading to a small displacement
of the f-ionone ring in M/LWS pigments. Residues Ile189 and
Met207 are close to the methyl groups attached to C16 and
C17 carbon atoms of the retinal, and it is possible that amino
acid substitutions at sites 189, 207, 211, and 261 may have
created the space required for the slight displacement of the -
ionone ring. At the other end of the retinal, the negative
pretwist of the isomerizing C11—C12 bond is reduced from
—18° in RH1 to —11° in M/LWS pigments. The decrease in
distortion leads to an increase in length of the retinal
conjugation (from CS to the SBN* moiety), from 11.26 A in
RHI to 11.69 A in MWS and to 11.82 A in LWS pigments. As a
consequence, the retinal is found to be lot more relaxed and
less distorted in the M/LWS pigments.

The QM/MM calculations also reveal a significant change in
the BLA of the retinal polyene chain in M/LWS pigments
(Figure 4B). In particular, the decrease in the C6—C7 and
C11-Cl12 twist angles is accompanied by a decrease and
increase of single and double bond lengths. In particular, the
effect of BLA is more pronounced near C13=C14—C15=N"
region (Figure 4B), which leads to a slight increase in the
retinal—counterion (SBN*---E113) distance in M/LWS pig-
ments. As a consequence, the BLA of retinal decreases from
0.064 A in RH1 to 0.055 A in MWS-green and to 0.051 A in
LWS-red pigments, in agreement with resonance Raman
spectral analysis that also argued for the decrease in BLA of
retinal in human green and red visual pigments.*® In the
absence of X-ray structures, the present QM/MM analysis will
serve as a good reference point for studying the retinal
architecture in M/LWS cone pigments.

3.3. Retinal Binding Pocket in M/LWS Pigments.
Although the same set of structural elements is retained in all
three pigments, residues constituting the five-sites rule are
found to undergo a slight displacement in M/LWS pigments
(Figure 4C). The most prominent change is seen in the vicinity
of C11 and C12 atoms due to the substitution of Glu with His
at site 181. In the presence of HI81, hydrogen bonds
connecting Glul81, wat2a, and backbone atoms of S186 in
the EII loop in RH1 opsin'® are broken, and the displaced
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Figure 4. (A) Overlay of the QM/MM-optimized retinal geometries in
RH1 (gray), MWS (green), and LWS (red) opsins. Dihedral angles of
the C5—C6 and C11—C12 double bonds of the retinal are also given.
(B) Bond lengths along the retinal polyene chain are plotted, and the
corresponding BLA values, which are defined as the averages of the
bond lengths of single bonds minus those of double bonds (CS to the
SBN* moiety) are given in parentheses. (C) Overlay of the retinal
binding sites in RHI (gray), in MWS (green), and in LWS (red)
pigments and some key residues responsible for spectral tuning, 113,
181, 164, 261, 269, and 292.

wat2a moves toward the new chloride binding site involving
H181 and K184. In rhodopsin, the closest atom to the retinal
isomerizing region is the peptide oxygen of C187 in the EII
loop.*" It is suggested that the peptide oxygen of C187 assists in
the large dislocation of the C12 atom by repulsive interaction
during photoisomerization.”> Because the peptide contact

between C187 and G188 and the disulfide bond between
C187 and C110 are found to remain intact in M/LWS
pigments, it is possible that C187 also assists in the
isomerization of retinal in M/LWS pigments. In RH1 pigment
the retinal polyene chain is held close to helices III and VI. Due
to the amino acid substitutions in helix III (A117V, T118S,
G120C) and in helix V (M207L, F208M, H211C, F212C), the
stiffness in the polyene chain is released and the pocket
becomes wider. This could be one of the reasons for the
presence of several internal water molecules in M/LWS
pigments.26 Residue W26S in helix VI is highly conserved in
all three pigments and continues to remain in van der Waals
contact with the f-ionone ring of retinal."®

3.4. Variance in the Wavelength of Maximal
Absorbance. The molecular basis of variations in the 4, of
cone photopigments has been widely studied in the past. Neitz
et al. compared the amino acid sequences of eight New World
monkeys and concluded that three amino acid substitutions at
positions 164, 261, and 269 produce the ~30 nm difference
(from 530 to 562 nm) underlying the human red—green color
vision.>> Yokoyama et al. studied the convergent evolution of
red- and green like visual pigments in blind cave fish and found
the involvement of these three residues for spectral tuning.**
Henderson et al. also argued in favor of these experimental
findings by comparing the structure of rhodopsin and color
pigments with that of bacteriorhodopsin.’®> Merbs et al.
identified a role for hydroxyl-bearing amino acids in color
vision.*® Chan et al. introduced hydroxyl-bearing amino acids at
these three sites in rhodopsin and showed that they indeed
cause red shifts.”’

Asenjo et al. performed an extensive mutagenesis study and
found that, in addition to these three sites, amino acid
susbtitutions at four more sites, 116, 230, 233, and 309, are
involved in spectral tuning.*® According to this finding, seven
amino acid changes are required for converting green-sensitive
pigment to red-sensitive pigment. By using the parsimony and
Bayersian methods, Yokoyama et al. challenged this finding and
showed ancestors of Old World and New World monkeys to be
only red-sensitive as they lacked the green gene.”*” Therefore,
amino acid substitutions should be introduced in the ancestral
pigment, and only three and not seven amino acid changes
should mediate color vision.

To determine the variance in A, of the M/LWS pigments, it
is important to understand the difference in response between
the excited and ground states to the external perturbation from
the protein environment. Analyses of the data in Table 1 show
that the gas-phase PSB11 (QM-only) at the QM/MM-
optimized geometry absorbs at 619 nm in RHI1 and at 623
nm in M/LWS pigments. The counterion, Glull3, induces a
strong blue shift of ~120 nm in all three pigments and shifts
the A, from the gas-phase environment to the protein
environment.**™* The counterion also plays a critical role in
regulating the phototransduction of short-wavelength-sensitive
cone pigments.

In the presence of electrostatic and polarization effects, the
retinal absorbs at 493 nm in RH1, 521 nm in MWS, and 544
nm in LWS pigments. The red shift separating RH1 and M/
LWS pigments can be correlated to the increase in polarization
of the retinal by M/LWS pigments. This property is evident in
the calculated difference in dipole moment (Au) between the
ground (S,) and excited (S;) states of the retinal, which
increases from 12.1 D in RH1 to 12.9 D in MWS and to 13.2 D
in LWS pigments. The calculated oscillator strength ()
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Table 1. Calculated SORCI+Q First Vertical Excited-State
Absorption Wavelengths (4, nm), Oscillator (f) and
Rotatory (R) Strengths (au), and Differences in the Ground-
State (S,) and Excited-State (S,) Dipole Moments (Ag) of
the PSB11 Chromophore in the Gas-Phase (QM-Only) and
Protein (QM/MM) Environments of Monkey RH1 and
Monkey Green- and Red-Sensitive Visual Pigments at QM/
MM-Optimized Geometries”

first vertical excited-state (S, — S;) properties

gas phase protein
monkey visual
pigment A f A f R Ap exptl
RH1-dim light 619 12 493 1.4 0.10 12.1 498
MWS-green 623 13 521 15 0.32 12.9 530
LWS-red 623 1.4 544 L5 0.30 13.2 562
Turning Off Charges: From LWS-Red (544 nm) to MWS-Green (521 nm)
S164 $38 15 033 133
Y261 53§ LS 0.34 132
T269 538 LS 0.31 13.2
S164/Y261/T269 523 1.6 033 132
first vertical excited-state (S, — S;) properties
gas phase protein
bovine visual
pigment A f A f R Ap exptl
RH1-wild type 616 12 495 14 0.21 12.1 500
A2928 617 1.2 484 14 0.19 12.0 489
A292Y 624 12 486 14 0.15 12.2
A292T 622 1.2 481 14 0.17 12.1

“The experimental values for monkey RH1 and green- and red-
sensitive pigments are taken from ref 33, and values for bovine RH1
and A292S mutant pigments are taken from ref 52.

increases only slightly (from 1.4 to 1.5), but the rotatory
strength increases by 3-fold (from 0.1 to 0.3 au) in M/LWS
pigments. This finding correlates well with the experimental
low-temperature circular dichroism measurements of chicken
iodopsin (cone pigments), which also displayed an increase in
rotatory strength compared to chicken rhodopsin.** The
spectral red shifts of 28 nm (calculated) vs 32 nm
(experimental) separating RH1 and MWS-green pigments
and 21 nm (calculated) vs 30 nm (experimental) between
green and red pigments are also accounted for in the QM/MM
calculations.

To determine the origin of spectral shift, we turned off the
charges of the three hydroxyl-bearing amino acids in LWS
opsin, because as mentioned before, the MWS-green pigment
evolved from its red-sensitive LWS ancestral pigment. Some of
the earlier theoretical studies on color vision have overlooked
this fact,"™*® and as a result, neither the molecular basis of
spectral tuning nor the evolutionary mechanism of visual
pigments was elucidated in detail. By turning off charges, we
find S164, Y261, and T269 to contribute 6, 9, and 6 nm
individually and 21 nm cumulatively to the spectral shift. The
cumulative shift is additive and is in good agreement with the
experimental assignment of 6, 9, and 15 nm for S164A, Y261F,
and T269A mutants in human red and green pigments.*’
Although the CI” ion induces a blue shift of ~20 nm, the
overall effect of the chloride binding site (Cl, H181, and K184)
is a weak red shift of ~10 nm*”** and correlates well with the
chloride deopletion induced blue shift obtained in the gecko cone
pigments.’® The findings also support the argument that

secondary interactions involving the binding site residues are as
important as the first-order chromophore protein interactions
in mediating the wavelength maximum in cone pigments.”'

So, what is the mechanism by which these three hydroxyl-
bearing amino acids induce red shifts? Does it mean all sites
with hydroxyl-bearing amino acids induce a red shift? In other
words, will an increase in the number of hydroxyl-bearing
residues cause an increase in the A, of visual pigments? To
unravel the mechanism and to answer these questions on
theoretical grounds, we introduced the same set of hydroxyl-
bearing amino acids (serine, tyrosine, and threonine) into
bovine rhodopsin (RH1 pigment) at site 292. Note that site
292 is near the Schiff base region and is occupied by alanine in
bovine opsin. It is also one of the five sites found to be
consistently involved in the spectral tuning mechanisms of
many M/LWS pigments. Experimental studies have shown that
substitution of alanine with serine (A292S) induces a blue shift
of 11 nm in rhodopsin®* and 8 nm in blue cone visual
pigments.>® Furthermore, the A292S mutant yields a blue shift
of ~10—17 nm in the green-absorbing Drosophila pigment.>*
There are exceptions where the effect of A292S is negligible
and/or gets manifested only in the presence of other mutants.*®

By using the OH-site rule, we demonstrate that not only
serine, but also tyrosine and threonine at site 292 can cause
blue shifts. That is, replacement of A with S, Y, or T at site 292
(A292S, A292Y, A292T) will stabilize the ground state,
decrease the electron delocalization, and increase the BLA of
retinal, leading to blue shifts of 11, 9, and 14 nm in the A,
This principle can also be applied in the case of invertebrate
squid rhodopsin, where site 111 near the Schiff base region is
occupied by tyrosine (Y111) and induces a blue shift of 10
nm.*® Note that site 111 corresponds to site 113 in bovine
rhodopsin and is occupied by the primary counterion, E113.
Therefore, we suggest that interaction of retinal with dipolar
residues near the f-ionone ring site will (i) increase the
electron delocalization; (ii) decrease the BLA of the retinal, and
(iii) lead to a red shift in the A, whereas interaction of retinal
with dipolar residues near the Schiff base site will (i) decrease
the electron delocalization; (ii) increase the BLA of the retinal,
and (iii) lead to a blue shift in the A,

4. CONCLUSION

Visual pigment provides the decisive crossing point for
interaction between an organism and its environment. In the
case of vertebrates, visual pigments exhibit a remarkable level of
diversity, which reflects their adaptive reaction to various color
environments. On one hand, amino acid replacements are
known to play a crucial role in mediating the variance in the
Amax Of color pigments in vertebrates.”’ On the other hand,
defects in color vision are known to arise due to difference in
variation in the spectral positioning of the M/LWS pigments.*®
Notice that M/LWS pigments are present not only in animals
with red—green color vision, but also in those with red—green
color blindness.”® Therefore, a critical first step toward
understanding the origin of color blindness is to determine
the molecular basis of variance in the A, of red and green
pigments.

In this paper, we have presented a QM/MM analysis of the
structure and spectral tuning mechanism that determines the
variance in A, of monkey red- and green-sensitive visual
pigments. The analysis allows us to propose the OH-site rule,
where three hydroxyl-bearing amino acid substitutions, A164S,
F261Y, and A269T, are shown to account for the 30 nm
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spectral shift which separates the red- and green-sensitive visual
pigments. The rule is also shown to account for the spectral
shifts arising from OH sites in bovine and squid visual
pigments. Therefore, we suggest that the OH-site rule is site-
specific and not pigment-specific and thus can be applied to any
visual pigment.
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