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Abstract

Engineering squid rhodopsin with modified retinal analogues is essential for understanding the
conserved steric and electrostatic interaction networks that govern the architecture of the Schiff
base binding site. Depriving the retinal of its steric and electrostatic contacts affects the
positioning of the Schiff-base relative to the key residues Asn87, Tyr111, and Glu180.
Displacement of the W1 and W2 positions and the impact on the structural rearrangements near
the Schiff base binding region reiterates the need for the presence of internal water molecules and
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the accessibility of binding sites to them. Also, the dominant role of the Glu180 counterion in
inducing the S1/S2 state reversal for SBR is shown for the first time in squid rhodopsin.

Squid rhodopsin is an invertebrate α-helical Gq protein-coupled receptor (GPCR) that
consists of 448 amino acids. Its chromophore, the 11-cis-retinal, is bound to Lys305 as a
protonated Schiff base (PSBR).1 Recently, two X-ray crystal structures of squid rhodopsin
have been reported at 3.72 and 2.5 Å resolutions, and they showed Tyr111 and Asn87 to be
the prospective H-bonding partners for PSBR.1 Subsequent QM/MM evaluation of the
structure and spectral tuning mechanism in squid rhodopsin identified a negatively charged
Glu180 residue situated at 4.29 Å from SBN+ that acts as the non-H-bonded counterion to
the PSBR.3

Generally, the remarkable stability and spectral sensitivity of visual pigments is attributed to
specific bonded and non-bonded retinal–protein interactions.4 In the case of squid
rhodopsin, due to the absence of high-resolution X-ray, NMR, and long-range MD
simulation data, details of the retinal architecture, especially the positioning of the Schiff
base relative to the key residues Asn87, Tyr111, and Glu180, remain unclear. Therefore, in
order to examine this issue, in the present paper, the wildtype (WT) retinal is drawn out of
its comfort zone and replaced by demethyl (DM) and deprotonated Schiff base (SBR) retinal
analogues. In other words, (i) the methyl groups attached to C1, C5, C9 and C13 carbon
atoms and (ii) the hydrogen atom at the SB terminal of the 11-cis-retinal, are removed. In
the absence of experimental measurements of these retinal analogues, theoretical predictions
derived from this study may help in clarifying some of the uncertainties associated with the
structure of the active site in squid rhodopsin.

To begin with, the QM/MM-optimized structure of wildtype squid rhodopsin is prepared
starting from chain-A of the 2.5 Å X-ray structure. The details of the model building and
computational setup have been described elsewhere.3 In short, the overall charge of the
system after adding the missing hydrogen atoms is +1/0 due to PSB/SB linkage between 11-
cis-retinal and Lys305. The resulting coordinates are fully optimized with a hybrid QM/MM
(QM = B3LYP/6-31G*; MM = AMBER) method in ONIOM (Our own N-layer Integrated
molecular Orbital + molecular Mechanics) electronic embedding scheme implemented in
Gaussian03.5,6

The corresponding retinal analogue structures were prepared using the WS2 system setup of
ref 3 as a template (see Supporting Information). Herein, the wildtype PSBR (WT) was
replaced by demethyl (DM) and then by deprotonated SB chromophore in the presence of
the protonated (SBRcip) and deprotonated (SBRcidp) Glu180 counterion. The resulting
structures were then reoptimized without any constraints. The QM model part always
consists of the retinal plus side-chain N–H moiety of Lys305 along with a hydrogen link
atom at the QM/MM frontier region.

Ab initio multireference QM/MM calculations on the resulting structures were carried out
using the ORCA 2.6.19 program package.7 Spectroscopy oriented configuration interaction
(SORCI+Q) method was applied on top of three-root state-averaged complete active space
self-consistent field (CASSCF) wave functions to calculate the absorption and circular
dichroism (CD) spectra. The active space consisted of six electrons in six orbitals, and the
6-31G* basis set was used in all calculations. The first (S1) and second (S2) excited states
and oscillator and rotatory strengths were calculated for all of the structures discussed in this
study. We estimate the accuracy of this computational setup to be within ±15 nm, and the
setup has been shown to yield results in excellent agreement with experimental
measurements.3,8
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It looks like binding to the protein reduces the differences between the WT, DM, SBRcip,
and SBRcidp models significantly, making them all structurally alike (Figure 1 and Table 1).
However, a closer look reveals a different picture. Compared to the WT (Figure 1A),
removal of the bulky methyl substituents deprives the DM of its natural steric contacts and
thus causes a significant contraction of the retinal (Figure 1B). As a consequence, the length
of the chromophore conjugation (from C5 to SBN+) is drastically reduced from 10.61 Å in
WT to 10.23 Å in DM. In particular, the H-bonded network between SB and Asn87
involving a bridged water molecule (W1) is disrupted. This in turn causes Asn87 to draw
closer by almost 1.0 Å (from 3.93 Å in WT to 2.78 Å in DM) to form a strong H-bond with
SBN+. In contrast, contraction induces both Tyr 111 and Glu180 to move farther away by
0.06 Å (3.41 Å in WT to 3.47 Å in DM) and by 0.26 Å (4.29 Å in WT to 4.55 Å in DM).

However, removal of the SB proton causes the retinal to expand, resulting in the sharp
increase of the length of conjugation from 10.61 Å in WT to 10.84 Å in SBRcip (Figure 1C)
and to 10.83 Å in SBRcidp (Figure 1D). Even though W1 is also displaced in this case, due
to the loss of positive charge on the SB terminal, the effect of expansion has only a
negligible effect on the distance of Asn87, which decreases from 3.93 Å in WT to 3.84 Å in
SBRcip and to 3.79 Å in SBRcidp, and on the distance of Tyr111, which increases from 3.41
Å in WT to 3.47 Å in SBRcip and to 3.51 Å in SBRcidp. However, as expected, the loss of
the SB proton repels Glu180 from the retinal by 0.26 Å, irrespective of its protonation state
(4.29 Å in WT to 4.55 Å in both SBRcip and SBRcidp).

Geometric parameters of the QM/MM-optimized WT, DM, and SBR models show
significant single/double bond length alternation (BLA) along the retinal backbone (Figure
2, bottom). In both WT and DM cases, BLA reduction starts to set in from C8 and extends
up to the SB terminal, regardless of whether they pertain to formal single or double bonds.
Compared to the WT, the average double bond lengths decrease by ~0.017 Å, and the
average single bond lengths increase by ~0.025 Å in SBR. The calculated average BLA
evaluates to ~0.07 Å for both WT and DM and ~0.10 Å for both SBR models.

In the case of DM, the smallest bond angles (Figure 2, middle) at C9 and C13 become
larger, which indicates the absence of spacious methyl substituents at those positions.
Removal of the SB proton (SBRcip and SBRcidp) causes the bond angles near the
photoisomerization region to widen by ~2°. Also, it does not seem to affect the orientation
of the β-ionone ring toward the polyene chain. However, loss of methyl groups reduces the
C6–C7 twist angle (Figure 2, top) by 4° (−45° in WT; −41 ° in DM).

The C11–C12 double bond has been shown to be almost planar in vacuo.9,10 Therefore, the
origin of both the sign and magnitude of the negative pretwist (− 17°) should arise from the
protein environment. However, this property is often attributed to the specific nonbonded
steric interaction between C13-methyl and C10-hydrogen atoms in the protein. Surprisingly,
the present QM/MM calculations rule out this effect as in the absence of methyl groups, the
twist angle increases by ~2° (from −17° in WT to −19° in DM). Despite this finding, one
cannot rule out the possibility of the involvement of steric interaction between C13-methyl
and C10-hydrogen in accelerating the photoisomerization pathway.11 On the contrary,
removal of the SB proton (SBRcip and SBRcidp) reduces the C11 – C12 twist angle by 10°.
Therefore, half of the negative pretwist on the WT should arise from the weak BLA due to
localization of the positive charge at the SB terminal.8,12

The calculated excited-state properties of the QM/MM-optimized structures of squid
rhodopsin are given in Table 2. In the gas phase, the WT, DM, SBRcip, and SBRcidp models
absorb at 604,3 577, 326, and 333 nm. Inclusion of the electrostatic and polarization effects
from the protein shifts the S1 absorbance to 490,3,13,14 471, 314, and 313 nm, respectively.
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To disentangle the origin of this blue shift, the charges of Asn87, Tyr 111, and Glu180 near
the SB binding site are turned off, one at a time (see Table 2). The results indicate that
Asn87 contributes 20 nm in the WT and 33 nm in DM. This increase in the spectral shift is
attributed to the 1.15 Å decrease in the distance of Asn87 to SBN+ in DM. In contrast, a
slight increase of 0.06 Å in the position of Tyr111 causes a decrease of 4 nm (11 nm in WT
to 7 nm in DM). However, turning off the charges of the counterion (Glu180) induces a
significant spectral shift of 101 nm (490 to 591 nm) in WT and 80 nm (471 to 551 nm) in
DM. Therefore, the retinal–protein interaction causes an increase in the excitation energy
and thus blue shifts the absorbance from gas phase by ~100 nm, an aspect also seen in the
studies of bovine rhodopsin.3,8,15,16

Removal of the methyl groups induces a blue shift of 27 nm in the gas phase (604 to 577
nm) and 19 nm (490 to 471 nm) in the protein environment. The 27 nm spectral shift in the
gas phase correlates well with the 43 nm blue shift calculated at the CC2/def2-TZVPP level
using the MP2/TZVP molecular structure, 17 whereas removal of the SB proton induces a
blue shift of almost ~300 nm in the gas phase (from 604 to ~320 nm) and ~175 nm in
protein (from 490 to ~315 nm). Irrespective of the protonation state of the counterion, the
role of the protein environment on SBR is minimal as the 114 nm spectral shift (604 to 490
nm) in the WT is reduced to less than 10 nm (318 to 314 nm in SBRcip and 322 to 313 nm
SBRcidp).8

Generally, the electronic spectrum of the deprotonated SBR in proteins as well as that in
solutions is characterized by the peculiar excited-state (S1/S2) level ordering reversal.18,19

This property is of significant diagnostic value for characterizing the counterion
environment around the protein–bound retinal. In the case of squid rhodopsin, the calculated
state reversal in the protein compared to that in the gas phase is in good agreement with the
experimental findings.18 Surprisingly, when the charges of Glu180 is turned off, state
reversal does not occur, and S1 is above S2.

CD spectroscopy is a useful tool to distinguish between different retinal isomers.20 Turning
to the CD spectra of squid rhodopsin, the positive helicity for the retinal arises from the
negatively and positively twisted C11–C12 and C12–C13 bonds.3,21 The strong contribution
of methyl groups on the calculated rotatory strength (R) is evident as R is reduced from
+0.32 au in WT to +0.07 au in DM. Also, the chiral discrimination exerted by the
electrostatic influence of the protein environment on DM is evident as the sign of R changes
from −0.08 au in the gas phase to +0.07 au in protein. However, removal of the SB proton
does not seem to exert any significant effect on the magnitude of R.

Engineering squid rhodopsin with modified retinal analogues is essential for understanding
the conserved steric and electrostatic interaction networks that govern the architecture of the
Schiff base binding site. Depriving the retinal of its steric and electrostatic contacts affects
the positioning of the Schiff base relative to the key residues Asn87, Tyr111, and Glu180.
Although the use of the SBRcidp model is purely hypothetical, theoretical curiosity on
modeling such an active site allows us to study the dominant role of Glu180 in inducing the
S1/S2 state reversal in squid rhodopsin. Displacement of the W1 and W2 positions and its
impact on the structural rearrangements near the binding site reiterates the need for the
presence of internal water molecules and the accessibility of binding sites to them. Although
we recognize the individual role of methyl groups and theoretical evaluation of the origin of
the protonation state of Glu180 in squid compared to that of Glu181 in bovine rhodopsin to
be missing in this study, detailed calculations in this direction are in progress.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Optimized QM/MM geometries of (A) wildtype (WT) in red, (B) demethyl (DM) in black,
(C) deprotonated (SBRcip) in the presence of protonated counterion Glu180 in green, and
(D) deprotonated (SBRcidp) in the presence of deprotonated counterion Glu180 in cyan. Also
shown are the distances (black dashed lines) between SBN+ or the SBN atom to the OH
atom of Tyr111 (ochre), the OD1 atom of Asn87 (magenta), the OE2 atom of Glu180
(yellow), and the C5 atom of the retinal. Also shown are the two internal water molecules
W1 and W2 (blue circles) near the SB.
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Figure 2.
Comparison of the bond length alternation (bottom), bond angles (middle), and dihedral
angles (top) along the conjugated carbon chain of the optimized QM/MM wildtype PSBR
(red), demethyl PSBR (black), deprotonated SBRcip (green), and SBRcidp (blue) geometries.
The dihedral angle deviations are from either the cis (0°) or the trans (180°) configuration.
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Table 1

Comparison of Distances from the PSB Nitrogen Atom to the Side Chain Oxygen Atom of the Asn87, Tyr111,
and Glu180 Residues between the Optimized QM/MM Wildtype (WT), Demethyl (DM), and Deprotonated
(SBRcip, SBRcidp) Retinal Geometriesa

distance (Ǻ)

QM/MM-optimized structures

WT DM SBRcip SBRcidp

OH (Tyr111) ↔ N (PSBR) 3.41 3.47 3.49 3.51

OD1 (Asn87) ↔ N (PSBR) 3.93 2.78 3.84 3.79

OE2 (Glu180) ↔ N (PSBR) 4.29 4.55 4.55 4.55

C5 ↔ SBN+/SBN 10.61 10.23 10.84 10.83

A-DBL 1.365 1.359 1.348 1.347

A-SBL 1.432 1.427 1.454 1.457

BLA 0.067 0.068 0.106 0.100

a
A-DBL refers to the average double bond length. A-SBL refers to the average single bond length. BLA refers to the bond length alternation,

which is A-SBL minus A-DBL. Details of the geometric parameters are given in the Supporting Information.
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