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ABSTRACT: Ancestors of vertebrates used ultraviolet vision. Some descendants pre-
served ultraviolet vision, whereas some others replaced it with violet vision, and then, some
of avian lineages reinvented ultraviolet vision. Ultraviolet (absorption at ~360 nm) and
violet (410—440 nm) sensitivities of visual pigments are known to be affected by around
20 amino acid substitutions. The present quantum mechanical/molecular mechanical
calculations show that these substitutions modify a H-bond network formed by two waters
and sites 86, 90, 113, 114, 118, and 295, which determines the protonation state of Schiff
base linked 11-cis-retinal. A pigment is ultraviolet-sensitive when it is more stable with an
unprotonated retinal (SBR) form than with its protonated analogue (PSBR) and is violet-

sensitive when the PSBR form is more stable. These results establish for the first time the chemical basis of ultraviolet and violet

vision in vertebrates.

T he chromophore 11-cis-retinal in solution has a 4, of 440 nm
in its protonated form' and 365 nm in the unprotonated
form.” However, by interacting with various short wavelength-
sensitive type 1 (SWS1) opsins, the retmals achieve a diverse
range of A,,,,'s between 360 and 440 nm. Mutagene51s experi-
ments using E113Q_suggested that the chromophores of ultra—
violet and violet plgments are SBR and PSBR, respectively.*~
We have already verified® these experimental suggestions for the
mouse ultraviolet and human violet SWSI1 pigments by using a
hybrid quantum mechanical/molecular mechanical (QM/MM)
method in Our own N-layer Integrated molecular Orbital and
Molecular Mechanics (ONIOM) scheme,” which was developed
for calculating structural, energetic, and spectroscopic properties
of large molecules. ONIOM and analogues QM/MM methods
have proven useful in 1nvest1gat1ng s})ectral tuning mechanisms
of both rod and cone pigments."

Because of strong amino acid interactions, the analyses
based on contemporary pigments may misidentify amino acid
changes that cause 4, shlfts and thus may result in erroneous
spectral tuning mechanisms.”'® For example, it is known that the
Amax's of mouse (P359) and human (P414) can be interchanged
by seven amino acid changes; however, when these amino acid
changes are introduced into mouse (P359) individually, none of
the single mutations shifts the /'Lmax.l6 Amino acid interactions cause
serious problems not only in identifying functionally important
amino acid changes correctly but also for deriving the correct
molecular mechanism of spectral tuning. Fortunately, these
problems can be alleviated by genetically engineering “ancestral”

7,16,17

v ACS Publications ©2011 american chemical Society

pigments and introducing amino acid changes into them rather
than into contemporary pigments.”'® Even then, the experimental
results do not reveal how such amino acid changes actually cause
the Aoy shift. It is QM/MM calculations performed on ancestral
SWS1 pigments that can provide such critical information on the
structure—function relationships.

So far, the evolutionary changes of SWS1 pigments have been
experimentally studied along four lineages (Figure 1, panel a):
(1) pigment a to scabbard (P423) of scabbardﬁsh 19 (2) pigment d
to frog (P425) of African clawed frog,'” (3) pigment f to pigment g,*
and (4) pigment f to the ultraviolet pigments of budgerigar,
canary, and zebra ﬁnch The evolutlonary changes from pigment
h to human (P414),'® bovine (P438),” and elephant (P419)*°
have also been inferred by manipulating contemporary pigments.
All of these mutagenesis analyses suggest that the evolutionary
switches between ultraviolet and violet pigments have been
caused by 1—7 amino acid changes®" at a total of 12 sites in
transmembrane helices (TM) I—III (Figure 1, panel b).

Here we have investigated the chemical mechanism that is
responsible for the evolutionary switch between ultraviolet and
violet vision by performing ONIOM (QM/MM) calculations
on the modeled ultraviolet-sensitive pigment a, pigment d, pigment
f, pigment h (Figure 1, panel a), and their mutants. Therefore, this
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Figure 1. Evolutionary characteristics of SWS1 pigments. (a) An evolutionary tree of SWS1 pigments. Species considered are scabbardfish (Lepidopus
fitchi), lampfish (Stenobrachius leucopsarus), frog (Xenopus laevis), salamander (Ambystoma tigrinum), chameleon (Anolis carolinensis), gecko (Gekko
gekko), chicken (Gallus gallus), pigeon (Columba livia), budgerigar (Melopsittacus undulatus), canary (Serinus canaria), zebra finch (Taeniopygia guttata),
human (Homo sapiens), bovine (Bos taurus), mouse (Mus musculus), and elephant (Loxodonta africana). The numbers after P refer to experimental A,
values. (b) The 12 currently known critical amino acid sites in TM [—III of SWS1 pigments.*' The structure and amino acid site numbers are taken from
bovine rhodopsin (PDB code: 1U19).

Table 1. Relative Energies (AE) and Calculated Absorption Wavelengths (1) of SWS1 Pigments and the Corresponding
Experimental A,,,,, and Al

QM/MM experiment
pigment mutation AE (kcal - mol !)* A (nm) A (nm)” Amax (nm) Ao (nm)®

a 6.2 417 0 361 0
5.6 410 -7 360 -1

d-7m" —5.6 475 58 421 60

f 3.8 422 S 360 -1
f —-03 4431 26 393 32
S86C 2.5 425 8 366 S

S90C 3.6 413 —4 360 —1

S86C/S90C 3.1 422 S 360 -1

h 8.3 425 8 359 -2
F86S/L116V -2.5 480 63 419 58

F86Y —2.4 482 65 424° 63

h-7m° —3.1 480 63 411 50

“ AE was evaluated by subtracting the ground-state energy of a pigment with SBR from that of a pigment with PSBR. Positive (or negative) values
indicate that pigments with SBR (or PSBR) are more stable than those with PSBR (or SBR). * AL and Al of a pigment are its A and Ay relative to
those of pigment a. © d-7m and h-7m correspond to pi§ment dwith F86M/V911/T93P/V109A/E113D/L116V/S118T * and pigment h with F46T /F49L/
TS2F/F86L/T93P/A114G/S118T," respectively. ¢ The 4 of pigment f' is calculated by averaging the values of the pigments with PSBR (4 = 469 nm)
and SBR (4 = 417 nm). “ Experiment was performed on mouse UV pigment rather than pigment h, both having 4, of 359 nm.

theoretical study covers all vertebrate evolution pathways
currently known.

In order to assess if the Schiff base (SB) nitrogen linked to
11-cis-retinal is protonated or deprotonated, we evaluated the
ground-state energy of each pigment with SBR subtracted from
that with PSBR (AE). The results (Table 1) show that the ultraviolet
pigments (40 = 359—366 nm) have AE = E(SBR) — E(PSBR) of
2.5—8.3 kcal-mol ' and thus are more stable with SBR than with
PSBR, whereas the violet pigments (A, = 411—421 nm) have the
opposite relationship (AE = —5.6 to —2.4 kcal-mol ). We also

find that pigment f' (pigment f with four mutations F49V/F86S/
L116V/S118A) with an intermediate A, of 393 nm has a
AE of —0.3 kcal-mol .

To demonstrate the effects of the three distinct sets of AE
values on the absorption spectra of SWS1 pigments, we show
in vitro spectra of three representative SWSI pigments with
various wavelengths (Supplementary Figure 1). Pigment a (AE =
6.2 kcal-mol ') and human (P414), which is equivalent to
pigment h with the seven mutations (AE = —3.1 keal-mol 1),
have absorption spectra with single 4,,,,'s of 360 and 414 nm,
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Figure 2. The H-bond network of SWS1 pigments around site 114 that
significantly affect the distance (d, ) between SB nitrogen and its Glu113
counterion (a) in pigment a, (b) in pigment f' (pigment f with F49V/
F86S/L116V/S118A), and (c) in pigment h with F46T/F49L/TS2F/
F86L/T93P/A114G/S118T. Only the energetically more stable pig-
ment analogue (SBR or PSBR) is shown. The numbers around SB
nitrogen and carboxylic oxygen of Glu113 are the H-bond length (in A)
between them (black in SBR and blue PSBR analogues). (d) Schematic
representation of the functionally important H-bond network of SWS1
pigments around 11-cis-retinal. Only polar groups of the amino acids are
shown. H-bonds shown with broken lines are not present in all pigments
and depend on the type of amino acids involved.

respectively. However, pigment f' generates a major peak at
393 nm and a shoulder at 410 nm as a result of the overlapped
signals from its SBR and PSBR analogues that are roughly equally
stable or have similar proportions (Supplementary Figure 2b).
This explains the ori§in of minor peaks found previously in some
SWS1 pigrnents.”’l 7

In general, accurate evaluation of the vertical absorption
wavelengths (4s) with presently available QM methods is a very
challenging problem although the evaluation of spectral shifts is
relatively easy.”> Consistent with previous findings, As of pigments
with SBR (410—425 nm), PSBR (475—482 nm), and roughly
equal proportions of SBR and PSBR (443 nm) evaluated by
the presently applied excited-state calculation method (TD-
B3LYP) are consistently S0—60 nm higher than the correspond-
ing experimental 4,,,,'s of ~360, 411—424, and 393 nm,
respectively.'” However, the deviation of the A of any pigment
from that of pigment a (A1) and the corresponding experimental
result (Al are very close to each other, indicating that stability

order of PSBR and SBR analogues controls 4,,,,'s of the SWS1
pigments (Table 1).

To search for the key structural changes that determine the
relative stabilities of SBR and PSBR in various SWS1 pigments,
we first compared the molecular structures of ancestral ultraviolet-
sensitive pigments a—f and h along with those of three distantly
related mutants: (1) pigment f' (equivalent to pigment g), (2)
pigment h with F46T/F49L/TS2F/F86L/T93P/A114G/S118T
(equivalent to human (P414)), and (3) pigment d with F86M/
V911/T93P/V109A/E113D/L116V/S118T (equivalent to frog
(P425)). The results show that pigments a—f and h have a
H-bond between backbone O atom of Al114 and side chain
OH moiety of S118, and their chromophore-counterion H-bond
distances (d,) between site 113 and the SB nitrogen are 1.99 A
(e.g., Figure 2, panel a). In their mutant pigments, cleavage of the
H-bond between sites 114 and 118 (or reduction of its strength)
decreases the d, values. For example, in pigment ', Ala118 side
chain moves significantly away from Alal14 and d, reduces to
1.79 A (Figure 2, panel b). In the pigment h mutant, Thr118
moves away from Gly114 and decreases d, to ~1.80 A (Figure 2,
panel c¢); similar structural changes occur in the pigment d mutant
as well.

To evaluate the effects of these structural changes on the
relative stabilities of SBR and PSBR in SWS1 pigments, we
calculated two quantities: (1) the difference between AE of a
particular pigment and its ancestral pigment (OE) and (2)
individual contributions to OE values obtained by turning off
the charges of some specific amino acids. The latter quantity
appears to be a function of the modified H-bond distances d; —d;
(Figure 2, panel d): the d, distance between Schiff base nitrogen
and Glull3 referred to as OE;;3,1144113 the d, distance
between site 90 and Glull3 (0Egg,w1), and the dj distance
between site 86 and W2 (OEgg_w-). The results show that the OE
generated during the evolution of pigment f' from pigment f
is —4.1kcal-mol ™ ". This is fully explained by OE;13 4 1144115 (d1)
(Table 2). Similarly, the OE values between pigment d and
frog (P425) and between pigment h and human (P414) are
~ —11 kecal-mol™!, which are also explained fully by the
corresponding OF; 341144118 (d1) (Table 2).

The Apay's of elephant (P419) and bovine (P438) seem to have
evolved from pigment h mainly by F86S/L116V and F86Y,
respectively. In these transitions, no amino acid change at site
118 is directly involved, but the OE values of ~ —11 kcal - mol '
generated can be explained mostly by OE i3 114115 (d1)
(Table 2). In fact, OF 3, 114+115 (d1) either switches the SBR
and PSBR in SWS1 pigments directly or makes the changes more
susceptible to the changes in d, and d3. The latter case can be
seen in the two consecutive evolutionary steps from pigment f to
pigment f' and from pigment f' to pigment f' with S86C/S90C,"*
where the total OE of —0.7 kcal - mol " is explained by combining
all 0Ey1341144118 (d1), OEgsiwa (d3), and OEgq v (d2)
(Table 2). However, if only the second evolutionary step is
considered, its OE of 3.4 kcal-mol ' is explained only by
OEgs w> (d3) and OEgy w1 (d,); essentially the same arguments
hold between pigment ' and its single mutants. These results
show that the change in d, is required before the PSBR of pigment
f' eventually switches to SBR.

With the exception of the pigment f’ mutants, the d, distance is
shorter with PSBR than with SBR in violet-sensitive pigments,
whereas the reverse relation holds in ultraviolet-sensitive pigments
(Supplementary Table 1). Therefore, violet-sensitive pigments are
more stable with PSBR, whereas ultraviolet-sensitive pigments
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Table 2. Change in AE of a Mutant Pigment Relative to Its Ancestral Pigment (OE) and Individual Contributions OE; 3 1141118

(d1), 0Egg w1 (d2), and OEgg v (d3) in keal -mol

pigment mutation OE
a Phe86 deletion —0.4
b Phe86 deletion —9.4
b—a" Phe86 deletion —9.0
d d-7m —11.2
f f 41
f/s86C -13
f/s90C —04
£/586C/S90C —0.7
f $86C 2.8
$90C 39
$86C/S90C 3.4
h F86S/L116V —10.8
F86Y —10.7
h-7m —11.4

“The difference in the first two rows.

6E113+114+118 (dl)

OEoo w1 (da) OEsgs 4w (d3)

44 —15.8 10.6
0.6 —183 9.1
—3.8 =25 —-15
—11.3 0.4 0.8
—4.2 0.9 —LS
-39 12 0.5
—4.8 5.8 —2.4
—4.1 6.3 -3.3
0.3 0.3 2.0
—0.6 4.9 —0.9
0.1 5.4 —1.8
—12.8 2.3 —-3.1
—12.8 2.3 —3.1
—11.7 2.5 —32

are more stable with SBR. In pigment f’, the mutations do not
significantly affect the d; distance. However, when S90C is
introduced singly or with S86C into pigment f', the d, distance
increases; the increase is more pronounced with PSBR. Hence,
SBR analogues of S90C and S86C/S90C mutants of pigment f’
are more stable than the PSBR analogues. S86C mutation does
not affect the d, distance much, but it increases the d; distance
significantly. This increase is again more pronounced with PSBR,
and thus the SBR form is more stable.

The violet-sensitive scabbard (P423) evolved from pigment b
by the deletion of Phe86, but the same deletion in pigment a
increases the A, only to 380 nm." Pigment a with Phe86
deletion has a OF of —0.4 kcal-mol ', whereas pigment b with
Phe86 deletion has a O of —9.4 kcal-mol " (Table 2). Hence,
despite having the same ultraviolet sensitivities, only pigment b
responds to the deletion of Phe86 and increases its A, by
~60 nm. During the evolution from the pigment a to pigment b,
OE is —3.0 keal - mol *."* However, OE difference between their
Phe86-deletion analogues is —9.0 keal-mol !, which has the
largest contribution from the change in d}, and then, in d, and d;
(Table 2). Hence, ultraviolet-sensitive pigment a and pigment b
are structurally very different, especially around site 118."

Experimental analyses of contemporary and engineered an-
cestral pigments have shown that ultraviolet and violet sensitiv-
ities of SWSI pigments have been changed by various sets of
amino acid changes on many occasions. To elucidate the
molecular basis of spectral tuning in the SWS1 pigments, we
analyzed all currently known amino acid changes that have
generated not only ultraviolet and violet vision but also transi-
tional steps in terms of QM/MM calculations. Our QM/MM
analyses clearly show for the first time that the hydrogen-bond
network near the retinal modified by these amino acid changes
actually controls the stability order of SBR and PSBR analogues
of SWS1 pigments and their 4,,,,'s. The change in d; alone is
enough for the evolutionary switch between ultraviolet and violet
vision in many occasions. However, sometimes the changes in
d, and d; must be associated with it. This conclusion is based on
the amino acid changes in TM I—IIl. However, chimeric
pigments between ancestor d (P360) and frog (P425) reveal that
amino acid sites in TM IV—VII are also involved in the spectral

tuning in frog (P425 )."” For unknown reasons, the overall effect
of amino acid changes in TM IV—VII on the A, shift is
negligible, whereas the 4,,,, shift from ancestor d (P360) to frog
(P425) can be explained by seven amino acid substitutions in
T™ I-IIL"

In the near future, other critical amino acid changes will be
discovered and a more complete picture of amino acid interac-
tions will emerge. When these additional critical amino acid
changes in TM I—VII are found, the QM/MM method will need
to be applied to these critical amino acid changes as well, which
will allow fine-tuning of the SWS1 pigments’ H-bond network.
However, the results presented here are from various sets of
amino acid changes and 4,,,,,'s of SWS1 pigments and thus have a
broad application and general implications for understanding the
chemical mechanisms of ultraviolet and violet vision.

B METHODS

Ancestral Pigments. The amino acid sequences of ancestral
pigments used in our QM/MM calculations have been inferred pre-
viously by applying PAML ** to various ultraviolet and violet pigments in
awide range of vertebrates.”’ Specifically, pigment a, pigment d, pigment
f, and pigment h in our analyses correspond to pigment a, pigment b,
pigment f, and pigment g, respectively, in Shi and Yokoyama,* while
pigment b has been inferred in Tada et al.' (Supplementary Figure 3).

Modeling the Structures and QM/MM Calculations. The
initial coordinates of the amino acids, 11-cis-retinal, and water molecules
of each pigment were obtained by applying homology modeling
(Modeler 9v7, www.salilab.org/modeller) to bovine rhodopsin (PDB
code: 1U19). We followed standard protonation states for all amino acids with
the following exceptions: (1) histidines, all of which are at the surface,
are singly protonated. (2) Glul81 was taken neutral based on our
PROPKA pK, calculations (see the discussions in ref 8 and refs therein);
relative stabilities and A's of SBR and PSBR analogues appear irrespec-
tive of Glul81 protonation state, (3) disulfide bond between Cys110
and Cys187, (4) acetylated methionine is used at the N terminus.

After protonating the modeled structures, the geometries were fully
optimized at pure AMBER96 force field level (http://ambermd.org).
They were further reoptimized by hybrid QM/MM calculations in the
ONIOM electronic embedding scheme (QM = B3LYP/6-31G*; MM =
AMBER).”?* The QM portion includes 11-cis-retinal, Schiff base NH
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moiety, and Glull3 along with hydrogen link atoms. The general
ONIOM methodology and the protocols adopted in this study have
been described extensively elsewhere.*>'? In the following, we address
the aspects relevant only to the present study.

We first modeled the ancestral pigments with PSBR (Supplementary
Figure 4, panel a). We then gradually moved the hydrogen attached to
the SB nitrogen toward one of the carboxylic oxygens of Glull3
(or Asp113 for the frog pigment) and performed QM/MM geometry
optimization at each step by fixing only d;. When the hydrogen atom was
transferred to Glul13 (or Asp113), we fully optimized the structure at
the QM/MM level to obtain the pigment with SBR (forward scan)
(Supplementary Figure 4, panel b). We also performed an analogous
energy scan on the resulting SBR analogue of each pigment backward
and obtain exactly the same initial PSBR analogue. Therefore, PSBR and
SBR analogues of the pigments given in this study are connected to each
other via continuous energy paths. We introduced mutations on the QM/
MM-optimized structures of the PSBR analogues of the ancestral pigments
and performed extensive conformational searches for the mutated amino
acids and their neighboring water molecules. The results given belong to the
lowest energy conformers. Back mutations on the mutant pigments give
exactly the same structure for the initial ancestral pigments. Therefore, the
structural changes introduced by the mutations are reversible.

The individual contributions to OE were estimated by setting the
charges of each atom in amino acids or waters to zero. Not only the
charges of mutated and their neighboring amino acids or waters but also
those near retinal and Glul13 moiety were set to zero to reveal the extent
of their contributions to QM/MM energy difference. After finding the
contributing amino acids or waters, we measured the geometry para-
meters involved with those fragments to reveal which structural changes
are responsible for the OE energy separation. These analyses reveal that
only three H-bond lengths (d, d,, and ds; Figure 2, panel d), which are
already connected via a H-bond network, show notable differences between
ancestral and their mutant pigments, as given in Supplementary Table 1.
When the charges of the amino acids at sites 114 and 118 are set to zero, the
majority of the contribution to OE comes from the QM portion. This led us
to compare the geometry parameters of the QM portion in both PSBR and
SBR analogues of the ancestral and corresponding mutated pigments. The
most significant change in the QM portion with mutations at sites 114 or
118 is the H-bond distance between SB nitrogen and Glul113/Asp113, i, d;.
This means that sites 114 or 118 regulate the chromophore—counterion
distance d;. The linear combination of the inverse of d;—d; distances, i.c.,
electrostatic energies, correlates well with AE. Although only the changes in
the H-bond distances of d;—d; cause functional changes in the presently
available pigment and mutant sets, it is possible that other H-bond distances
of the given network may be modified by some other mutations and may
also contribute to functional changes. Although site 295 does not contribute
to AE, it is important for the stabilization of W2 through an H-bond. In the
presence of the pigments treated as AMBER charges, the vertical absorption
wavelength (1) of the retinal was evaluated at the QM = TD-B3LYP/6-
31G* level,”*” leading to TD-B3LYP/AMBER level.

B ASSOCIATED CONTENT
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