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Abstract

By comparing the results from a hybrid quantum mechanics/molecular mechanics (QM/MM)
method (SORCI+Q//B3LYP/6-31G*:Amber) between the vertebrate (bovine) and invertebrate
(squid) visual pigments, the mechanism of molecular rearrangements, energy storage and origin of
the bathochromic shift accompanying the transformation of rhodopsin to bathorhodopsin have
been evaluated. The analysis reveals that, in the presence of an unrelaxed binding site,
bathorhodopsin was found to carry almost 27 kcal-mol~1 energy in both the visual pigments and
absorb (Amay) at 528 nm in bovine and 554 nm in squid. However, when the residues within 4.0A
radius of the retinal are relaxed during the isomerization event, almost ~16 kcal-mol™1 energy is
lost in squid compared to only ~8 kcal-mol™1 in bovine. Loss of larger amount of energy in squid
is attributed to the presence of a flexible binding site compared to a rigid binding site in bovine.
Structure of the squid bathorhodopsin is characterized by formation of a direct H-bond between
the Schiff base and Asn87.

Rhodopsin, the photoreceptor responsible for twilight vision in the vertebrate and
invertebrate species, belongs to the family of G-protein coupled receptors (GPCRs), the
largest family of cell surface receptors, with a known X-ray structure. It is composed of
seven-transmembrane (TM7) a-helices and contains the 11-cis-retinal chromophore attached
to the e-amino group of lysine residue through a protonated Schiff base (PSB11) linkage.
Excitation by the visible light initiates 11-cis to 11-trans isomerization leading to the
formation of bathorhodopsin.t

In bovine (vertebrate) rhodopsin, which absorbs at 498 nm (57.4 kcal-mol™1), its batho
intermediate was found to carry 35 + 2 kcal-mol~1 of energy and peak at ~535 nm.2—-4 The
energy stored is used to drive the protein through the visual cycle. Increased charge
separation between PSBT and counterion (Glu113) upon photoisomerization® and
conformational distortion of the strained photointermediate® have been proposed as the
major sources of energy storage; a 40 to 60% ratio of the two mechanisms has been
estimated based on semi-empirical calculations in the past.”

isekhar@emory .edu, morokuma@emory.edu.
Emory University, Atlanta, Georgia.
*Fukui Institute for Fundamental Chemistry, Kyoto University, Japan.

Supporting Information
Model building, cartesian coordinates of retinal models are available free of charge via the Internet at http://pubs.acs.org


http://pubs.acs.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sekharan and Morokuma Page 2

Gascon et al. used the ONIOM QM/MM-EE scheme at B3LYP/6-31G*:Amber//TDB3LYP
level of theory to predict a batho model that carries 34.1 kcal-mol~1 and absorbs at 485 nm.8
Andruniow et al. used the multiconfigurational quantum chemical (CASPT2//CASSCF/
6-31G*:Amber) treatment to predict a batho model that carries 26.0 kcal-mol~1 and absorbs
at 502 nm.? Both the calculations ruled out any dominant role for charge separation between
the PSBR and counterion in the energy storage process. Instead the former attributed 50% of
the energy to be stored in the form of electrostatic contribution,8 while the latter attributed
the same amount to conformational distortion,? thus supporting the conclusions originally
reached by Réhrig et al.10 Notice that, irrespective of the method used, the calculations did
not reproduce the red shift of ~45 nm that serves as the signature motif of bathorhodopsin.11

The X-ray structure of bovine bathorhodopsin became available around this time,12 allowing
a quantitative assessment of these factors using high-level quantum mechanical studies.
Schrieber et al. found an almost quantitative agreement with the spectra by calculating a red
shift of 36 nm (492—528 nm), but surprisingly only 16.3 kcal-mol~1 was accounted for in
that study.13 Khrenova et al. modeled the ground state reaction route from rho to batho and
calculated only 16.0 kcal-mol~1 and 4 nm red shift (515—519 nm).14 By using 9-demethyl
analogue, Sugihara et al. found Tyr191 and Tyr268 residues to stabilize the batho
geometry,1® while Sekharan et al. showed wat2a and wat2b to contribute a meager 2
kcal-mol~1 towards the energy storage process.18 Despite numerous efforts from many
researchers, theoretical prediction of a batho model that accounts for both the energy storage
and bathochromic shift has so far remained elusive.

Recently, X-ray structure of the squid rhodopsin has become available!”18 and it has opened
the way for studying the primary event in vision in an invertebrate. Interestingly, most of the
earlier studies on invertebrate visual pigments have been performed on octopus rhodopsint?
and only few studies were performed on squid rhodopsin, which showed the batho
intermediate to peak at 550 nm, slightly red shifted than its vertebrate counterpart.2°

Since the mechanism of isomerization is an efficient, ultrafast and stereoselective reaction, it
is usually assumed that relaxation of the protein environment cannot occur within the
experimentally observed 200 fs time frame.2 Furthermore, it is generally agreed that
activation of rhodopsin by light and/or heat should follow the same molecular route?? and
that the isomerization coordinate is mainly coupled to the vibrational modes of the retinal 23
These assumptions lead to the exclusion of protein relaxation in the ensuing QM/MM
calculations of the primary event in visual?4 and archaeal rhodopsins.2®

In the present theoretical study, by taking the bovine and squid rhodopsin structures as
templates, we try to gain insights into the structural rearrangements, energy uptake and
change in electronic spectra during the cis-trans isomerisation process. We show that
geometry relaxation of protein environment in the vicinity of chromophore is essential for
evaluating the photoisomerization process and the accompanying spectral and energy
changes.

We have attempted to obtain the structure of bathorhodopsin from bovine and squid
rhodopsins using two sets of calculations that differ in the treatment of the binding site. To
begin with, the QM/MM optimized structures of wild-type bovine and squid rhodopsins are
taken from ref 26a: 260, We first generate the relaxed intermediate structures along the
ground-state minimum energy path (So-MEP), subject to the constraints of a fixed dihedral
angle ¢(C11=C12) about the isomerizing double bond. Geometry optimization is performed
at the ONIOM-EE (B3LYP/6-31G*:Amber) level of theory implemented in Gaussian032’
by incrementally rotating the C11=C12 dihedral angle from —17° in PSB11 (wild-type) to
—180°. The resulting chromophores are then relaxed without any constraints in the dihedral
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angle yielding PSBT-FP, which corresponds to the structure obtained in the presence of a
fixed protein (FP) environment and PSBT-4AR, which corresponds to the structure obtained
when the residues within 4.0 A radius (4AR) of any atom from the retinal are relaxed during
the isomerization event. Such an approach allows us to gain insights into the influence of
local environmental perturbations in the formation of bathorhodopsin. To obtain the
electronic spectra, ab initio multireference QM/MM calculations were performed on the
resulting structures using the spectroscopy oriented configuration interaction (SORCI+Q)28
method with 6-31G* basis using the ORCA 2.6.19 program.

In the absence of X-ray structure, the calculated geometric parameters of invertebrate
bathorhodopsin are also validated against that of its vertebrate counterpart resolved at 2.6 A
resolution (PDB:2G87).12 Average bond length alternation (BLA) of the C5-N moiety
(Figure 2), which is defined as the average of the bond lengths of single bonds minus that of
double bonds, is only slightly different for PSB11 in both the pigments. Irrespective of the
difference in the protein environments, the PSBT-FP geometry of bathorhodopsin contains a
distorted chromophore with BLA of 0.05 A. When the residues within 4.0 A radius are
relaxed, distortion of PSBT-4AR geometry increases and BLA decreases to 0.04 A in squid
but not in bovine, which indicates that significant perturbation of the local environment has
taken place in the invertebrate pigment (Figure 2, top).

In the case of bovine bathorhodopsin, compared to the X-ray structure, the calculated bond
angles differ by ~5° for the odd numbered carbon positions. Except for the terminal C15=N
bond, the dihedral angle deviations (Figure 2, bottom) of all the double bonds are strongly
twisted, from ~20° (C7=C8 bond), to almost 40° for (C9=C10 and C11=C12 bonds) in both
pigments consistent with the resonance Raman2? and NMR30 spectroscopic measurements.
Especially, a large twist (~20°) about the C13=C14 bond in bovine is found to be in good
agreement with the X-ray structure.12 A discrepancy is noted for the C12-C13 bond, which
is found to be twisted in the X-ray structure. All the single bonds remain almost planar in
good agreement with structures obtained from the related MEP calculations®° and molecular
dynamics simulations.10:31 It is generally agreed that twisting of the chromophore in bovine
rhodopsin is due to the presence of an H-bonding Glu113 counterion, which anchors the
proton at the SB terminal and induces stiffness into the retinal backbone.32-34 Structural
manifestation of the presence of a non-H-bond Glu180 counterion near the isomerizing
C11=C12 in squid rhodopsin is seen in the dihedral angle deviations from C11 to SBN™*
moiety.

In bovine rhodopsin, position of the Glu113 counterion remains almost unperturbed during
the isomerization process, indicating a strong H-bonding strength for the SB.3° In contrast,
when the binding site is relaxed, distance between the SB and counterion (Glu180) in squid
rhodopsin increases by 0.41 A (4.29 A to 4.70 A). Increase in charge-separation by ~0.4 A
can be compared to the experimentally determined distance between the SB and the
counterion (Glu113) in bovine bathorhodopsin, which increases by ~0.45 A, from 3.45 to
3.88 A (chain A) or 3.28 to 3.74 A (chain B), respectively.12 Also, Asn87 is drawn closer by
almost 1.0 A (from 3.93 A to 2.96 A) to form a strong H-bond with SB and Tyr111 by 0.16
A (from 3.41 A to 3.25 A). This observation strongly argues against the popular notion that
the protein structure remains frozen during the isomerization event and that the X-ray
structure of bathorhodopsin should correspond to the relaxed protein geometry in the
vicinity of the chromophore.

Perusal of Figure 3 reveals that one end of the retinal tether is held fixed by the p-ionone
ring in the hydrophobic cleft of the binding site and the other end is bound to the protein via
the SB-lysine linkage. As a consequence the C11=C12 bond undergoes a clockwise rotation
from —17° in PSB11 to —136°/—145° in PSBT-FP geometry and to —141°/—156° in
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PSBT-4AR geometry of bovine/squid bathorhodopsins. Experimental evidence for the
distorted 11-trans-geometry is seen in the hydrogen out-of-plane (HOOP) wagging modes at
C11 and C12 positions8 as the chromophore adopts a corkscrew-like structure with a right-
hand screw sense.13 As a result, the cis link is shifted from C11=C12 bond in rhodopsin to
C15=N bond in bathorhodopsin as originally proposed by Warshel3” and recently validated
by molecular dynamics simulations.38 Therefore, irrespective of the change in position of
the counterion, the chromophore should undergo isomerization via the “bicycle-pedal
motion’” in both the visual pigments.

Comparison of the optimized geometries in vacuo shows the PSB11 to be less stable than
the trans-isomer by 5.64 kcal-mol™2, as a consequence of steric crowding around the cis-
configurated C11=C12 bond. However, results from the QM/MM calculation of the visual
pigment reveal a different picture. Perusal of the QM and MM energies (see the Supporting
Information) show that, PSBT suffers significantly more destabilization that raises its energy
and reverses the stability above that of the cis-isomer. As a consequence, PSBT-FP model of
squid bathorhodopsin was found to carry 27.60 kcal-mol~1 energy out of which, 14.03
kcal-mol~1 or 51% of the energy is stored in the form of conformational distortion of the
chromophore and the remaining 13.57 kcal-mol~1 (49%) of energy stems from the
electrostatic and polarization effect of the fixed protein environment. Similarly, the PSBT-
FP model of bovine bathorhodopsin stores almost the same amount of energy (26.10
kcal-mol~1) out of which, 19.78 kcal-mol~1 (75%) is attributed to conformational distortion
and only 6.32 kcal-mol™ (25%) is due to the electrostatic and polarization effect. The
calculated value of 26.10 kcal-mol™1 is in excellent agreement with the Arrhenius activation
energy?3 of ~25 kcal-mol~1 and also with the photocalorimetric measurements?3 of 35 + 2
kcal-mol~1 for bovine rhodopsin.

However, the situation changes dramatically, more so in the case of squid rhodopsin when
the immediate environment is relaxed during the isomerization process. In other words,
PSBT-4AR model of squid bathorhodopsin stores only 11.08 kcal-mol~1 of energy out of
which, 1.99 kcal-mol~1 or 17% is stored in the form of geometric distortion and 9.08
kcal-mol™1 or 83% is retained via electrostatic and polarization effect. In contrast, the
PSBT-4AR model of bovine bathorhodopsin stores almost 19.45 kcal-mol™1 of energy out of
which, 15.58 kcal-mol™ or 80% is retained through geometric distortion and 3.87
kcal-mol™1 or 20% via electrostatic and polarization effect. Apparently, difference in the
loss of substantial amount of energy is attributed to the presence of flexible binding site in
squid (due to non-H-bonding Glu180 counterion) compared to a rigid binding site in bovine
rhodopsin (due to H-bonding Glu113 counterion).3°

Because Glu181 occupies the position corresponding to Glu180 counterion in squid, the
same set of MEP calculations were also performed in the presence of a charged Glu181
residue in bovine rhodopsin. Although Glu181 was postulated to be involved in the
counterion-switch mechanism,* we find no role for a charged Glu181 residue in the energy
storage process as long as the binding site remains unrelaxed, in agreement with the findings
from Tomasello et al.#1 In presence of a charged Glu181 residue in bovine rhodopsin the
energy stored is reduced by 3 kcal-mol~1, which indicates that Glu180 may have mediated
the energy storage process in squid bathorhodopsin (see the potential energy curve around
the ¢(C11=C12) bond in the Supporting Information). Therefore, we suggest that, for
optimum storage of the photonic energy required for driving the visual cycle, it is
advantageous for the protein environment to remain almost unrelaxed during the
photochemical event.

Now turning our attention to the UV/Vis spectral data and how they develop as a function of
the structural changes the chromophores undergo, we take a look at the SORCI+Q
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calculated ground- and the excited-state properties given in the Table 1. It has already been
shown that, both the 11-cis and 11-trans chromophores absorb at around 610 nm in vacuo
and the difference between the calculated A gy 0f PSB11 and the PSBT chromophores is
very small (~10 nm), probably too small to be detected experimentally.42-4°

In contrast, irrespective of the treatment of the binding site, geometric distortions
accumulated during the isomerization event decreases the BLA and shifts the A,y from
616/604 nm to the red, 635/657 nm in bovine and 649/677 nm in squid. This indicates that
origin of the bathochromic shift lies at geometric distortion of the PSBT chromophore.
Interaction of the chromophore with counterion induces a strong blue-shift of ~100 nm and
shifts the calculated Az Very close to the experimental values; 528/525 nm in bovine*46
and 554/543 nm in squid bathorhodopsins.2? Effect of the counterion is conceivable, as the
excited state charge density is shifted against the charge of the counterion. This shift is also
the reason for the change in the dipole moment of the S; state relative to the Sy state, which
is calculated to be ~12.0 D in good agreement with the experimental observations by
Mathies et al (12.0 + 2.0 D).4” Compared to the strong blue-shift of the counterion, the
spectral shifts from the neutral residues are negligible.*8 Especially, increase in oscillator
strength of the batho intermediate found in the experimental observations7a is also
reproduced in the QM/MM calculations.

Absolute sense of twist of the corkscrew-like structure of the bathorhodopsin chromophore
is evaluated by calculating the rotatory strengths of before and after isomerization. It is
shown that, out-of-plane distortion about the C11=C12 (negative) and C12—C13 (positive)
bonds impart a positive helicity on the rhodopsin chromophore, yielding a positive rotatory
strength (R) in both pigments.#® The calculated a-band and R-value of 495 nm and +0.21 au
for bovine and 490 nm and +0.32 au for squid agree both in sign and magnitude with the
experimental values.50 In bathorhodopsin, the band inverts in sign and magnitude with the
R-value of —0.83 au in bovine and —1.08 au in squid. Both the sign inversion and marked
increase in the spectral gap of ~30 nm in bovine and ~50 nm in squid are already seen in
their respective gas-phase spectra and are only slightly increased by their corresponding
protein environments. In particular, the small blue shift between the two rhodopsin pigments
is attributed to the increase in BLA, from ~0.06 A in bovine to ~0.07 A in squid,26:3% and
the small red shift between the bathorhodopsin pigments can be traced back to the decrease
in BLA from 0.05 A in bovine to 0.04 A in squid (see Figure 2).

In conclusion, by taking the bovine and squid rhodopsin structures as templates, we have
tried to gain insights into the structural rearrangements, energy uptake and change in
electronic spectra during the cis-trans isomerisation process. The QM/MM calculated
models of bathorhodopsin explains the consequence of configurational change in the first
step of visual excitation and reproduces the main experimental observations in both the
vertebrate and invertebrate pigments. From the evidence gathered, it is proposed that, similar
to bovine rhodopsin, squid rhodopsin may also isomerize via the “bicycle-pedal motion”
pathway. Thus organisms everywhere may tend to gravitate towards common solution even
in an apparatus as intriguing as an eye.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Photoisomerization of the protonated Schiff base of 11-cis-retinal chromophore (PSB11) to
11-trans-retinal chromophore (PSBT). Also shown in the background are the PSB11 (black)
and PSBT (red) chromophores embedded into the seven-transmembrane (TM7) a-helices of
squid rhodopsin (yellow) and bathorhodopsin (green)
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Figure 2.

Dihedral angle deviation [deg]

Dihedral angle deviation [deg]
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SQUID

—e—PSB11 (0.07 A)
—— PSBT-FP (0.05 A)
—e— PSBT-4AR (0.04 A)

C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 N
Carbon atoms of the retinal backbone in Squid

BOVINE

—e—PSB11 (0.06 A)
—e—PSBT-FP (0.05 A)
—e— PSBT-4AR (0.05 A)
—e&— PSBT-X-ray

C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 N
Carbon atoms of the retinal backbone in Bovine

Dihedral angle deviations (top) along the conjugated carbon chain of the retinal backbone
atoms of bovine (bottom) and squid (top) rhodopsins. The deviations are from either cis (0°)
or the trans (180°) configuration. Refer text for abbreviations. Values in parentheses
indicate the bond length alternation of the chromophores discussed in this study. PSBT-X-
ray in blue refers to the 2.6 A X-ray structure of bovine bathorhodopsin (PDB code: 2G87)
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PSB11, PSBT-FP, PSBT-4AR

Figure 3.
Comparison of the QM/MM optimized structures of bovine and squid rhodopsin and

bathorhodopsins. Refer text for abbreviations

J Am Chem Soc. Author manuscript; available in PMC 2012 April 6.

Page 10



Page 11

Sekharan and Morokuma

L2l 2L0- 6ET €¥S 920- 62T 6¥9 dyy-19Sd
2et 801- ST ¥S§  LVI-  CTT L9 d4-19Sd
L'TT ¢e0+ VvI'T 06y  9T0+ €6'0 ¥09 17dsd
uisdopoyJoyreg pue uisdopoyy pinbs

6¢T €80- 09T G5 960- LET GE9  dyP-19Sd
L2l €80- €VT 829 860- TET LS99 d4-19Sd
T¢l 120+ OvT S6y 600+ 0OCT 919 119Sd
iy d } X d J Y

uisdopoyoyreg

pue uisdopoyy suinog

(NIN/NOD) utaioad

(euou-ND) eseyd sen d98d

senuadoud (°5+TS) a1e1S paliox3 [edlldeA 15414
*9TE-9/dATIED//O+1DHOS

‘apz BOUBJ3J8I WO

uaXe) ale WU 0SS = 19Sd ‘WU €61 = TT9Sd :pInbs pue (WU 7S = 19Sd ‘WU 905 = TTISd :8UIA0Q 10 SanjeA [eluswiiadx3 spuswuoiiaug (ININ/IND)
utsjold pue (suou-NQO) aseyd-seb ayy ur saioydowoyd Hyy-19Sd ‘d4-19Sd ‘TT9Sd 8yl 4o (1) suswow sjodip (Ts) reis panoxa pue (0s)-punoih
31 Ul aouaJalp pue ne ul syibuans (Y) Alolejod pue (}) J01e[[19so ‘wu ul () syrbusjanem uondiosge a1el1s PalIoxa [eILIBA 181} O+1DHOS pale|nojed ayL

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Am Chem Soc. Author manuscript; available in PMC 2012 April 6.



