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Abstract: To elucidate the origin of the opsin shift of bacteriorhodopsin (bR), a self-consistent reaction field
method combined with configuration interaction calculation is employed. In addition, the absorption maxima
of all-trans-retinal and its Schiff bases are measured in a variety of aprotic solvents. It is shown that the
calculation reproduces well the observed solvatochromic shifts. From regression analysis, we obtain an empirical
relationship between the absorption maximum of protonated retinal Schiff base and physical parameters of
solvent, including dielectric constant and refractive index. On the other hand, based on the crystal structure
of bR, we estimate the effective values of such parameters for the retinal-binding pocket. Combining these
results, it is shown that the opsin shifts of ggRand My1» can be quantitatively reproduced if the protein
matrix acts as a polarizable medium with a high refractive index. From decomposition analysis of the calculated
opsin shift, the contributions of (i) ring/chain coplanarization, (ii) separation of a counterion, and (iii) medium
effects of the protein are shown to be 2500, 1200, and 1000,amspectively. It is revealed that the effects

(i) and (ii) are independent of each other, but the effects (ii) and (iii) are significantly correlated. In a polarizable
medium, a shift induced by a counterion is almost canceled out by an opposite shift induced by medium
effects. In conclusion, the polarizable medium effects play a decisive role in the wavelength regulation of bR.

Introduction The opsin shift is considered to arise mainly from the
following three factors: elongation of theconjugated system
due to the ring/chain coplanarization, hereafter called mechanism
(1);#® m-electron delocalization due to weakening of the
interaction between PRSB and its counterion (mechanisni$2));
interaction of the chromophore with polar or polarizable residues
Nszo and Qo2 In the initial state bRss the chromophore in the protejn. Among them, the molecular detail of the third
retinal takesall-trans form and is bound to Lys216 residue via factor remains unclear, although much effort has been made to
protonated Schiff base linkage. The absorption maximum of identify the chromophoreprotein interactions directly respon-
bRsssis 568 nm, which is significantly red shifted in comparison sible for the opsin shift. There are two conceptual models for
with that of protonated retinylidene Schiff base (PRSB) this factor. One is the so-called external point charge model
measured in methanol solutiorn440 nm). In the M, state, (mechanism (3)) proposed by Nakanishi’s gréufhe other

the chromophore undergoedi-trans — 13-cis isomerization, model emphasizes the electronic polarization effect of aromatic
and loses its Schiff base proton. Being similar tos&Rthe residues (mechanism (4.

absorption maximum of > is red shifted with respect to the

corresponding solution data. Similar phenomena are also (3)van der Steen, R.; Biesheuvel, P. L.; Mathies, M. A.; Lugtenburg, J.
observed in visual pigments. Rhodopsin (Rh), the rod pigment J. Am. Chem. S0d.986 108, 6410. )

of vertebrate, contains the chromophoreclsretinal, which Lué‘t‘grb%r%?‘j'} l-?érzsfél dS’”J'_t;hMaSt'hi(g; F;érdA?;eg’,igf}n,A'ﬁ_Cé;gwé nilsi‘fy L
shows the absorption maximum &600 nm! Such protein- 1985 24, 6955.

induced bathochromic shifts are known as opsin shithe (5) Harbison, G. S.; Mulder, P. P. J.; Pardoen, H.; Lugtenburg, J.;
elucidation of its mechanism has been an interesting issue inH

Bacteriorhodopsin (bR) is a retinal-bound protein and func-
tions as a light-driven proton pump in the purple membrane of
Halobacterium salinariunt Illumination of the light-adapted
state bRgg initiates a sequential photoreaction cycle consisting
of the spectroscopically distinct intermediateg dLssg, Ma12,

(6) Wada, M.; Sakurai, M.; Inoue, Y.; Tamura, Y.; WatanabeJ.YAm.

erzfeld, J.; Griffin, R. G.J. Am. Chem. S0od.985 107, 4809.
photochemistry of retinal-bound proteins for these decades.
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The location of the external charge has been intensively
explored by a series of experiments using artificial pigments
reconstituted with dehydro- or dihydroretindis:-15 For bR,

a negatively charged or polar residue has been proposed to be

present near thé-ionone ring!?1® Such a residue would largely
delocalize ther-electrons of the chromophore, resulting in a
significant amount of red shift. This mechanism was partially
supported by experiments using model compounds which
possess charged groups covalently bound to retinal ft3él€
However, there is room for argument against mechanism (3).
First, this cannot account for the spectral shift of,p#°
Second, from the crystal structure at 3.5 A resolubauch
external charge(s) could not be identified. In addition, from a

series of mutagenetic studies, it was shown that any ionizable

residues do not contribute to the bathochromic shift observed
in the wild-type bR&! As for Rh, it has been also proposed

that a second (i.e., other than the counterion of PRSB) negative
charge is present near C12 and C14 of the chromophore (For

the numbering of carbon atoms, see Figur@ Ljter, results
from two-photon spectroscopy indicated that the chromophore-
binding site is electrically neutral, suggesting the absence of
the second negative charéfe.Thus, the importance of mech-
anism (3) is currently open to question.

According to mechanism (49,the occurrence of the batho-
chromic shift is explained as follows. The dipole moment of
PRSB in the lowesti—x* excited state is larger than that in
the ground staté&® The surrounding solvent molecules could
be electronically repolarized in response to the change in
electronic distribution of the solute molecule. Such a solvent
relaxation contributes to stabilizing the excited state, resulting
in a red shift. In proteins, aromatic amino residues (phenyla-
lanine, tyrosine and tryptophan) would play a role similar to
polarizable solvent&2* This mechanism is supported by the
fact that the absorption maximum of PRSB in ethanol shifts to
red-side by addition of phenol, indole, éfc.

In view of accumulated evidence, the whole opsin shift may
not be reproduced only by the single action of any one of the

(20) (a) Irving, C. S.; Byers, G. W.; Leermakers, P. A.Am. Chem.
Soc.1969 91, 2141. (b) Irving, C. S.; Byers, G. W.; Leermakers, P. A.
Biochemistry197Q 9, 858.

(11) Honig, B.; Greenberg, A. D.; Dinur, U.; Ebrey, T. Biochemistry
1976 15, 4593.

(12) (a) Nakanishi, K.; Balogh-Nair, V.; Arnaboldi, M.; Tsujimoto, K.;
Honig, B.J. Am. Chem. S0d.98Q 102 7945. (b) Motto, M. G.; Sheves,
M.; Tsujimoto, K.; Balogh-Nair, V.; Nakanishi, KI. Am. Chem. Sod98Q
102 7947.

(13) Mao, B.; Govindjee, R.; Ebrey, T.; Arnaboldi, M.; Balogh-Nair,
V.; Nakanishi, KBiochemistryl1981, 20, 428.

(14) Spudich, J. L.; McCain, D. A.; Nakanishi, K.; Okabe, M.; Shimizu,
N.; Rodman, H.; Honig, B.; Bogomolni, MBiophys. J.1986 49, 479.

(15) Koutalos, Y.; Ebrey, T. G.; Tsuda, M.; Odashima, K.; Lien, T.;
Park, M. H.; Shimizu, N.; Derguini, F.; Nakanishi, K.; Gilson, H. R.; Honig,
B. Biochemistry1989 28, 2732.

(16) Lugtenburg, J.; Muradin-Szweykowska, M.; Heeremans, C.; Par-
doen, J. A,; Griffin, R. G.; Smith, S. O.; Mathies, R. A.Am. Chem. Soc.
1986 108 3104.

(17) Sheves, M.; Nakanishi, K. Am. Chem. S0d.983 105, 4033.

(18) Derguini, F.; Caldwell, C. G.; Motto, M. G.; Balogh-Nair, v.;
Nakanishi, K.J. Am. Chem. S0d.983 105 646.

(19) Gat, Y.; Sheves, MPhotochem. Photobioll994 59, 371.

(20) Grigorieff, T.; Ceska, K.; Downing, K. H.; Baldwin, J. M
Henderson, RJ. Mol. Biol. 1996 259 393.

(21) Mogi, T.; Stern, L. J.; Marti, T.; Chao, B. H.; Khorana, H.®oc.
Natl. Acad. Sci. U.S.AL988 85, 4148.

(22) Birge, R. R.; Murray, L. P.; Pierce, B. M.; Akita, H.; Balogh-Nair,
V.; Findsen, L. A.; Nakanishi, KProc. Natl. Acad. Sci. U.S.A985 82,
4117.

(23) Mathies, R.; Stryer, LProc. Natl. Acad. Sci. U.S.A976 73, 2169.

(24) Suzuki, T.; Kito, Y.Photochem. Photobioll972 15, 275.

(25) (a) Kliger, D. S.; Milder, S. J.; Dratz, E. £hotochem. Photobiol.
1977, 25, 277. (b) Milder, S. J.; Kliger, D. 2hotochem. Photobiol 977,

25, 287.
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1 R: CH=0 (6s-cis)

2 R: C=N-Et (6s-cis)

3a R: C=N*H-Et (6s-cis)

3b R: C=N"H-Et-CH3CO," (6s-Cis)
4a R: C=N*H-Et (6s-trans)

4b R: C=N*H—E1.CH,CO,™ (65-trans)

SRR
6 8 10 12 14

5

A

5 SN
_ o
PSSR o~
N RN
“NH “NH
6: 6b
) N N
(o]
N o N P Y
d& N ’6-< dap ™ /O_
SNH SNH
6¢ 6d
O u
e o e
N, A, <
~N*H’b‘?.>}~ ~N+H, 6"‘
6e K 6f Q
P N R 7a R: CH=0 (6s-cis)

7b R: C=N*H-Et (6s-cis)
7¢ R: CH=0 (6s-trans)
7d R: C=N*H-Et (6s-trans)

8a R: CH=0
8b R: C=N*H-Et

Figure 1. Molecular structures ofill-trans-retinal and its related
compounds.

four mechanisms. More current view of the spectral tuning
mechanism stresses the necessity of concerted action of some
of them. There were several attempts to decompose the opsin
shift into a couple of contributions. Recently, Yan et*@l.
reported the results of experiments using 13,14-dihydro-
analogues. The use of these analogues allows one to exclude
the contribution of PRSB-counterion interaction (mechanism (2))
to the entire bathochromic shift. They concluded that mecha-
nisms (3) and/or (4) actually work in bR, and their net
contribution amounts to a red shift of 2030 tin On the other
hand, according to a report of Hu et #l..each of the
mechanisms (1) and (2) causes a red shift of about 2000.cm
They proposed that the cooperative action of the models (1)

(26) Yan, B.; Spudich, J. L.; Mazur, P.; Vunnam, S.; Dergini, F.;
Nakanishi, K.J. Biol. Chem.1995 270, 29668.

(27) Hu, J.; Griffin, R. G.; Herzfeld, JProc. Natl. Acad. Sci. U.S.A.
1994 91, 8880.
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and (2) causes an additional red shiftl000 cnt?), leading to and classical electrostatics, effective values of the medium

full reproduction of the observed opsin shift without requiring parameters are estimated for the retinal-binding pocket. By

mechanisms (3) and (4). combining these results, we can successfully reproduce the opsin
Therefore, the mechanism of the opsin shift is still contro- shifts of both bRsg and My Next, the calculated opsin shift

versial. For a comprehensive understanding of it, one mustis decomposed into the contributions of the above four mech-

accurately evaluate the individual contributions of<{4) and anisms. We will show that mechanism (4) plays a decisive role

their cooperative action. Among them, {4(8) have been well in the occurrence of the opsin shift. In addition, we will also

investigated from both experimental and theoretical view- refer to the spectral tuning mechanism in Rh.

points?8~30 However, the polarizable effect of the protein

environment, i.e., the mechanism (4), has not been quantitatively Theory

studied so far. o . We briefly describe the SCRF method used here (the details
~ Quantum chemical calculation is expected to provide a good gre described in ref 33). In this method, a solute molecule is
insight into the above problem if a sophisticated solvent model empedded in a cavity made in an infinitely extended dielectric
is available. Self-consistent reaction field polarizable continuum continuum. The charge distribution of the solute polarizes the

model (SCRF-PCM)*is a reliable approximation to implement  gjelectric, so that the reaction field is generated which acts back
dielectric solvent effects into molecular orbital calculation. on the solute molecule. The Hamiltonidh of the solute is

Raudino et af” applied a SCRFPCM to analysis of environ-  \yritten by

mental effects on a PRSB-counterion system. However, due

to methodological limitation in their SCRF model, that report H=H,+V Q)
dealt with only two limiting cases: (i) dielectric constant equals

the square of refractive index, and (i) refractive index equals whereHjy is the Hamiltonian of the solute molecuite vacuo

1. The cases (i) and (ii) correspond to the conditions under andV is the perturbation term representing the effect of the
which the relaxation of electronic polarization is infinitely fast reaction field. The electronic state of the solute molecule is
and slow, respectively, while the actual situation lies between determined by solving the following Schiimger equation
these two cases. In addition, they used a spherical cavity to

accommodate the PRSB-counterion system. The use of a cavity H|W= E|WO (2)
which does not fit a molecular shape might lead an error in

evaluating medium effects. Furthermore, the use of a cavity If we focus on the ground stat¥, the Helmholtz energy is
with a fixed shape and size could not allow one to correctly given by

follow effects of structural changes of the solute, including

changing location of the counterion. Ay = W o|Hol W TH 1,00 VWO
The evaluation of solvatochromic shifts of molecules is a
topical subject of theoretical chemistty. Recently, we have = Ey+ oA PoT saPo + Podistart
developed a new SCRHPCM theory, capable of calculating JpeaPo + Bed (3)
2stat 0 stal

medium effects with taking into account both orientational and
electronic polarization effects of solvefit.Namely, excitation
energy is given as a function of dielectric constant and refractive
index. This method can handle an arbitrarily shaped cavity,
because its formulation was based on the boundary elemen
method®* Its application to a merocyanine dye molecule
successfully reproduced the solvatochromic shift observed in the matrix is a function of the static dielectric constagt

i 3
variety of solvent$® Therefore, our method has overcome the. The matrixT qz:plays a role in mediating the interaction between

d|sady§1ntzafges of thlg prtehwous iolv.ent nﬁgel a”f’ hﬁr}tce 'Sthe initial electronic distribution of the solute molecule and the
promising for unraveling the mechanism ot the opsin Shilt. reaction field originated in itself. The roles &fst; Jostas and

In this study, our SCRFCI method is applied to the problem Bstat Can be interpreted in a similar way: interactions between

of opsin shift. It is ShOV.V“ that the calculation excgllently nuclei—electrons, electrorsuclei, and nucleinuclei, respec-
reproduces solvatochromic shifts observedditrans-retinal tively.34
and its Schiff bases. By regression analysis, we obtain an ;. excitation, the induced dipole of the solvent molecule

;emplrlcalb_equatlon t? greldlct_solvatochromldc S?'ﬁs .Of '.D%SB relaxes according to the change in electronic distribution of the
(())r ar': ar r|1trar|3q/ sedt 0 "; e%tnc_ cor]lsthant an rle ractive in fet))(ﬁ solute molecule, while the orientational dipole is frozen as it is
n the other hand, on the basis of the crystal structure o in the ground state. The relaxation of induced dipole arises

(28) For example, (a) Muthukumar, M.; Weimann, 1.Chem. Phys. from electronic polarization, which is closely related to the
Lett. 1978 53, 436. (b) Kakitani, H.; Kakitani, T.; Rodman, H.; Honig, B.  optical (high-frequency limit) dielectric consta@gy. (eopt IS

Photochem. Photobioll985 41, 471. (c) Beppu, Y.; Kakitani, TPhoto- . f
chem. Photobiol1994 59, 660. (d) Tallent, J. R.; Hyde, E. W.; Findsen, nearly equal to the square of the refractive inaexin actual

whereEy and Py are the energy and electron density matrix of
the solute molecule in the ground state, respectivélya; Jistai
Jostas aNdBgrare matrixes whose elements depend only on the
tgeometry of the solute, the dielectric constant of the medium,
and the shape of the cavity. The subscript “stat” indicates that

L. A.; Fox, G. C.; Birge, R. RJ. Am. Chem. Sod.992 114, 1581. (d) solvents,eqtat iNVolves both contributions of orientational and
Gil(son), H.S.R; Honig,kB. H.J. Am. CEem. SOdr?% 110, 1943. electronic polarizations, and thereby their relaxation behavior
29) Han, M.; DeDecker, B. S.; Smith, S. Biophys. J1993 65, 899. ;
(30) (a) Han, M.; Smith, S. OBiochemistryl995 34, 1425. (b) Han, should be gxpressed by correcting the .eﬁ?dsmfor that .Of
M.; Smith, S. O.Biophys. Chem1995 56, 23. €op. The final expression for the excitation energy\ in
(31) See for review: Tomasi, J.; Perisico, ®hem. Re. 1994 94, 2027. solution is given by

(32) (a) Raudino, A.; Zuccarello, F.; Buemi, G.Chem. Soc., Faraday

Trans. 21983 79, 1759. (b) Zuccarello, F.; Raudino, A.; Buemi, G. _ 1
Mol. Struct. (THEOCHEM)L984 107, 215. AA=E —Ey+ T (P — P)TgaPo + (P — Po)Jigrar ™
(33) Houjou, H.; Sakurai, M.; Inoue, Y. Chem. Physl997, 107, 5652. ) _ _
(34) (a) Hoshi, H.; Sakurai, M.; Inoue, Y.; Cjoy R. J. Chem. Phys. PiTop(Pi = Po) + Joon(P = Pol} (4)

1987, 87, 1107. (b) Hoshi, H.; Sakurai, M.; Inoue, Y.; buR. J. Mol. ) .
Struct. (THEOCHEM)1988 180, 267. whereE; andP; are the energy and electron density matrix of
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the solute molecule in thigh excited state, respectively. The

subscript “opt” indicates that the matrix is a function .
To obtain an approximate value afA; in the framework of

single excitation configuration interaction (Cl), one needs to

modify the elements of the CI matrix for the vacuo state.
For the excited configuratiod; which is generated by the
transition from an occupied orbital, to an virtual orbitahyr,

one obtains the diagonal elements of the Cl matrix as follows

AAi(0) = (W, |H,|W, T+ 1/2|]pi|v |W,0- Ay

= 6r(estag - Ga(éstaQ - Jar+ ZKar+
AL AVALARIGY)

whereey(esta) is an orbital energy fotp, that depends 0Bgta;

and Jor and Ky are the Coulomb and exchange integrals,
respectively. (W;|V'|W;0s a state-dependent perturbation term

defined as
‘]pi|V'|IPiD= _stta(Pi - Po) - PoTsta{Pi - Po) +
‘]Zopl(Pi - Po) + PiTopt(Pi - Po) (6)

In analogy with eq 6, the off-diagonal elemem;|V'|¥;0
could be written by using the reaction field matrixésand

T.33 Finally, diagonalization of the modified CI matrix gives a

set of excitation energy.

Houjou et al.

05, 37 A

Figure 2. Molecular structure of the chromophore-counterion complex
(4b) taken from the crystal structure of BR.

For all the molecules excepgb, the geometrical parameters
were optimized with the PM3 methé&tpacked in the MOPAC
6.0 progrant® The resulting geometry @b was as follows:
the O—C—0, plane of the acetate is almost contained in the
conjugated plane of retinal, and the distances pfi9, O,—N,
and G-N are 2.7, 3.4, and 3.5 A, respectively,(® closer to
C14). Asfordaand5, the dihedral angle of C5C6—C7—C8
was fixed at 180, while 1—3 have skewectis-forms with
respect to the C6C7 bond. 4b is a model of the complex of
the chromophore retinal including the side chains of Lys216
and Asp85 residues, and their atomic coordinates were taken
from the crystal structure of PR deposited with the Protein

The expression of the excitation energy including solvent pata Bank® as 2BRD. Since the crystal structure lacks the
effects (eq 4) apparently consists of three portions: the term coordinates of hydrogen atoms, we added hydrogen atoms by
related to the solute molecule alone and two correction terms using LEaP module of the AMBER 4.1 progrd.Figure 2
related toestarandeop.  The reaction field potential changes as  ghows the structure d@b, where the @—C,—Oj, plane of the

a function off(e), where

1

.
+1 ()

fle) =<

This means that the values of the matrix elementsJioid,,
andT are functions off(e).
Therefore, it is expected that the absorption maximux

(given in energy unit) of the solute approximately follows the

two-dimensional linear equation dependingf(@a.) andf(eqpy:

Vmax = Af(estaD + Bf(eopt) +C (8)

where the coefficientd, B, andC are the parameters intrinsic

acetate group is almost perpendicular to the conjugated plane

(35) Stewart, J. J. Rl. Comput. Cheni989 10, 209.

(36) Stewart, J. J. P.; Frank, J. MOPAC Ver6.01; Seilar Research
Laboratory, U. S. Air Force Academy: Colorado Springs, CO 80840-6528,
1989.

(37) Pearlman, D. A.; Case, D. A.; Caldwel, J. W.; Ross, W. S.; Cheatham
Ill, T. E.; Ferguson, D. M.; Seibel, G. L.; ChandraSingh, U.; Weiner, P.
K.; Kollman, P. A. AMBER ver. 4.1; University of Calfornia, San Francisco,
1995.

(38) (a) Krough-Jespersen, K.; Ratner, MChem. Phys1976 65, 1305.

We adopted thg® value of —30 eV for oxygen according to (b) Faure, P.
J. J.; Chalvet, O.; Jaffe, H. H. Phys. Cheml98185, 473. (c) Rajzmann,
M.; Francois, P. QCPE 11979 382.

(39) Furuki, T.; Umeda, A.; Sakurai, M.; Inoue, Y.; JbuR.; Harata,
K. J. Comput. Cheml994 15, 90.

(40) Inoue, Y.; Tokife Y.; Chyyo, R.; Miyoshi, Y.J. Am. Chem. Soc.

to the given solute molecule, including its geometry and shape 1977, 99, 5592.

of the cavity.

Calculations

Modeling of Chromophores. The structure of molecules
examined here are shown in Figure dli-trans-6s-cisretinal
(1), all-trans-6s-cisretinylideneethylamine?), all-trans-6s-cis
retinylideneethylammonium catior84), all-trans-6s-cisreti-
nylideneethylammonium acetat8h, all-trans-6s-transreti-
nylideneethylammonium cation 44), all-trans-6s-trans
retinylideneethylammonium acetatébj, 13-<cis-6s-transreti-
nylideneethylamine), the model compounds of lds-6s-cis
retinylideneethylammonium acetata(-f), 13,14-dihydroall-
trans-6s-cisretinal  (7a), 13,14-dihydroall-trans-6s-cis
retinylideneethylammonium cation71§), 13,14-dihydroall-
trans-6s-transretinal (7c), 13,14-dihydroall-trans-6s-trans
retinylideneethylammonium catioid), 3,7,11-trimethyldodeca-
4,6,8,10-tetraenal 8@),
tetraenylideneethylammonium catiobj, and 11eis-6s-cis
retinylideneethylammonium acetat@) (

3,7,11-trimethyldodeca-4,6,8,10-

(41) Lange’s Handbook of Chemistryllith ed.; Dean, J. A. Ed,;
McGraw-Hill: New York, 1973.

(42) The volume of the binding pocket defined in the text was calculated
as follows: (i) calculate the surface areg 6f the interlocking spheres
whose radii ar®® = 5 A, (ii) calculate the surface areg) of the interlocking
spheres whose radii are van der Waals ragiio{ each atom; (iii) the volume
of the region enclosed by these two interlocking spheres is estimated by
(1/3)(RS— rs).

(43) Bashold, B.; Gerwert, KJ. Mol. Biol. 1992 224, 473.

(44) According to ref 43, thelf, values of the ionizable residues in bR
were consistently reproduced on the assumption that the dielectric constant
of the protein interior was 4.0.

(45) Mogi, T.; Marti, T.; Khorana, H. Gl. Biol. Chem1989 264, 14197.

(46) Hisatomi, O.; Kayada, S.; Aoki, Y.; lwasa, T.; Tokunagayion
Res.1994 34, 3097.

(47) Nakayama, T.; Khorana, H. Q. Biol. Chem.1991, 266, 4269.

(48) (a) Abola, E. E.; Bernstein, F. C.; Koetzle, T. F.; Weng, J. Protein
Data Bank. InCrystallographic Databases-Information Content, Software
Systems, Scientific Applicatignsllen, F. H., Bergerhoff, G., Siebers, R.,
Eds.; Data Commission of the International Union of Crystallography:
Bonn/Cambridge/Chester, 1987; pp ¥IB2. (b) Bernstein, F. C.; Koetzle,

T. F.; Williams, G. J. B.; Meyer, E. F., Jr.; Brice, M. D.; Rodgers, J. R,;
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of retinal, and the @—N, Os>—N, and G—N distances are Table 1. List of the Aprotic Solvents Used for UWvis
3.7, 3.8, and 4.0 A, respectively. Measurements
6b—f are models of the chromophore of Rh. They are dielectric refractive
different from each other in spacial arrangement of the coun- __N°: solvent constant§) index @)
terion. The procedure of constructiig—f was as follows. 1 pentane 1.84 1.358
First, the geometries dfa and the acetate ion were separately 2 hexane 1.89 1.375
i ; _ ~7_ 3 heptane 1.92 1.388
optimized. Then, the dihedral angles of-©656—C7—C8 and p benzene pp 1501
C11-C12-C13-C14 of 6a were fixed at 45 and —140C, : )

- . 5 toluene 2.38 1.494
respectively?® Next, in 6b, one of the oxygen atoms of the 6 diethyl ether 4.34 1.350
carboxylate was placed at a distance of 3.0 A from C12soas 7 diisopropy! ether 3.88 1.366
to make an angle 3-C12—H12 of 6(°. Such an arrangement 8 tetrahydrofrane 7.58 1.405
of the counterion is similar to that assumed in Smith'’s repbrt. 1% l}ﬁ_cljloxatr]? 26-2012 114327%
In 6c, the counterion is placed near C14 in a fashion similarto 77 S aaceate 07 1356
6b. In 6d, the acetate is arranged so that-®G114—C14 and 12 2_butanone 185 1.376
0,—H12—-C12 make straight lines, with keeping distances of 13 dimethyl sulfoxide 45.8 1.477
0;—C14 and Q—C12 to be 3.0 A. In6e and6f, the acetate 14 acetonitrile _ 375 1.346
ion was placed so that the;©6C—0; plane coincides with the 15 dnm_g_thylformamlde 36.7 1.429
conjugated plane of retinal and that—M(N)—C(carbonyl) 16 pyridine . 12.3 1.523

. " . 17 carbontetrachloride 2.23 1.463
makes a straight line. The distance bet\_/veen N and C(c_arbonyl) 18 chloroform 481 1.446
for 6eand6f were 4.5 and 3.5 A, respectively. Farthe retinal 19 dichloromethane 8.90 1.424
moiety was at first optimized, and then acetate anion was added 20 1,2-dichloroethane 10.4 1.442

in the same way a6e

Computational Details. The computational scheme based photoactive compounds were handled in the dark. -Wié spectra
on the SCRF method described in the section of theory was were recorded on a Shimadzu UV-2100 spectrometer at room temper-
incorporated into the INDO/S molecular orbital progréfm, ature.
which can handle a single-excitation configuration interaction
(Cl). We took into account the configurations whose zeroth Results
order excitation energies were lower than 10 eV. This threshold  g)|.trans-Retinal and all-trans-RSB. To assess the reliability

was confirmed to be sufficient in reproducing the experimental 5f the SCRE method described above, we first compared the
absorption maxima of_ret_inal derivatives. For each molecule, -5icylated results fot and 2 with the corresponding experi-
the lowest z—x* excitation energy was regarded as the mental data. As described in the section of theory, the excitation
calculated absorption maximum. energy depends on the medium parametess; and eqp,

The medium surrounding a solute is characterized by two according to eq 8. Hereafter, the static dielectric constaqt
nonspecific parameters, i.e., static dielectric consta@ind is simply denoted as, and the optical dielectric constaagy
refractive indexn. The calculations of electronic transitions asn2. Then, eq 8 is rewritten as follows
were performed for several setscondn values. The values
of ¢ were taken to be 1.0, 2.0, 4.0, 8.0, and 40.0, and those of
n were to be 1.0, 1.2, 1.4, and 1.6.

Basically, the cavity in which the solute molecule was | gq 9, coefficientsA andB can be regarded as measures of
accommodated was prepared according to the following previ- sensitivity toe andn?, respectively, whileC is the extrapolated
ously reported proceduf€:(1) a van der Waals sphere was yajye of the excitation energy toward thevacuostate. The
placed at each atomic center of the solute molecule; (2) the first term involves both orientational and electronic polarization
surface of each sphere was divided into longitude-latitude grids effects of solvents, while the second term does only the
with a dividing angle of 18 (3) grid points placed in the  gjectronic effect. A way of assessing the accuracy of the
overlapping region of the van der Waals spheres were deleted.caicylation is to compare the values of these coefficients with
The van der Waals radii used are equal to the sum of solutehe corresponding experimental values.
and solvent van der Waals radii (H: 2.77A, C: 3.16A, N:  Figyre 3 shows the absorption maxima ai-trans-retinal
3.07A, O: 2.97A). Unfortunately, we found that such a simple measured in various solvents. The horizontal axis indicates
procedure often caused serious errors in the Cl energies. Thisegression values, obtained from minimum square fitting against
means that the accuracy of the excitation energy calculation eq 9. The optimum values @, B, andC are summarized in
more sensitively depends on the way of tessellation comparedrapje 2. There is good correlation between the observed and
with that of the ground-state energy calculation. Here, we added regression values. Thus, the solvatochromic shitilbfrans-
some modifications to the above procedure, especially for the retinal is well explained in terms of the continuum model, if
treatment of grids placed in the region where two van der Waals {he glectronic polarization effects of solvents are exactly taken
spheres are joining. The details of modification will be inio account. A few exceptions are, however, found for the
published elsewhere. results in chloroform and dichloromethane (solid circles), in
which some specific interactions might work. These data points
were excluded in the fitting calculation. The valuesfoénd

) L . . B are negative, indicating that the effects depending andn
All-trans-retinal andall-trans-retinylidenebutylamine (abbreviated both d shifts. It should b ted that the absolut |
asall-trans-RSB) were prepared according to a procedure described oth cause red shifts. "It shou € note atthe absolute value

elsewherd? Each compound was dissolved in each of the 20 aprotic Of B iS considerably larger than that &{ indicating that the
solvents listed in Table 1. Protonatedl-trans-retinal Schiff base  effect of electronic polarization of solvent more strongly affects
(abbreviated agill-trans-PRSB) was prepared by adding an excess the absorption maxima of the solute than does that of orienta-
amount of dichroloacetic acid to each solutionatiftrans-RSB. All tional polarization.

Ve = Af(€) + Bf(n®) + C (9)

Experimental Section
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Figure 3. Correlation between the observed absorption maxima of Figure 5. Correlation between the calculated absorption maxima of

all-trans-retinal and their regression values based on eq 9. Numbers all-trans-retinal and their regression values based on eq 9.
respresent the solvents listed in Table 1. Solid symbols indicate the

data excluded from the regression analysis. 30.0
Table 2. Comparison between Experimetal and Calculated Results I
of Regression Analysis for the Absorption Maxima of -
all-trans-Retinal andall-trans-RSB g 200 L
coefficients (10° cm™?) = -
A B C g
all-trans-Retinal s
exptl -0.78 -10.35 30.5 =, 280 I
calcd —0.46 -9.13 29.2 g e)
all-trans-RSB > F
exptb ~0.29 —8.75 30.8 i 1 .
calcd -0.32 —4.68 29.7 27.0 S
13<is-RSB 27.0 28.0 29.0 30.0
calcd -0.19 -8.12 27.8 1

Vmax (fitted) / 103 cm™

2Based on eq 1@ Results forall-trans-retinylidenebutylamine. Figure 6. Correlation between the calculated absorption maxima of

all-trans-RSB and their regression values based on eq 9.

L 72 1 Regression analysis is also necessary for processing primary
T 280 10! 5 data from the calculation because usually these are scattering
§ L 12 14 due to numerical errors occurring in the solvent effect calcula-
i) 8 3 tion, especially in the numerical evaluation of the reaction field.
= [ 15 /09 In addition, the de_termination qf the coefficiers B,_andC
2 s L 5 19 allows one to obtain the theoretical value for an arbitrary set of
e 4 o * (9 O (e, n). Figures 5 and 6 show the results of regression analysis.
§ Dyt 20 As similar to the case of experiments, the calculated values of
> s w @18 the absorption maxima fdrand?2 are well fitted to eq 9. The
results from the calculations summarized in Table 2 fairly
270 Lo b L coincide with those from the experiment, which ensures us of
27.0 27.5 28.0

the reliability of the present SCRFCI method. For the sake
Vmax (fitted) / 103 em! of the subsequent discussion, in Table 2 the calculated results

Figure 4. Correlation between the observed absorption maxima of for 13<is-RSB () are also listed.

all-trans-RSB and their regression values based on eq 9. Numbers Protonated Schiff Bases. In contrast to the cases of retinal

represent the solvents listed in Table 1. Solid symbols indicate the dataand RSB, there are apparent deviations from eq 9 in most of

excluded from the regression analysis. theall-trans-PRSB solutions studied here. This may imply the

o occurrence of specific interactions between the solute and
The results foall-trans-RSB are shown in Figure 4 and also  solvent. As reported by Blatz et éy_,po|ar solvents such as

in Table 2. As shown in Figure 4, the experimental absorption alcohol and ether form hydrogen bond complexes with PRSB
maxima are in good agreement with their regression values. and hence they shield the electrostatic effect of a counterion. It
Thus, the solvatochromic shift dll-trans-RSB can be also  is known as “leveling effect”. The fitting calculation was thus
described by the continuum approximation. There are also aperformed for solutions of nonpolar and nonbasic solvent§, 1
few exceptions for the results in chroloform and pyridine. Table and 17. The resulting coefficients B, andC are summarized

2 shows that the- and n>-dependent shifts of the absorption in Table 3. As shown in Figure 7, the absorption maxima
maximum of RSB occurs in a way similar to those for retinal, observed for all the polar and basic solvents (solid circles) are
although the absolute values of the coefficieAtand B are blue shifted in comparison with the values predicted from the

smaller. regression equation. We do not make further analysis of them,
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Table 3. Results of Regression Analysis for the Absorption indicating the less accuracy of the data for PRSB. Namely,
Maxima of all-trans-PRSBs the experimental values may be less reliable, since the regression
coefficient$ (10° cm™?) analysis was performed with insufficient number of data points.
A B C The calculated value for3bis —5.53 x 10° cm™1, while the
" 347 357 240 experimentally obtaine® value forall-trans-PRSB is—3.57
g);p 041 590 509 x 10° cm~L. In this case, the calculated results moderately
3b ~0.09 —553 24.8 encouraging. However, to check the reliability of the calcula-
4a 0.50 -3.02 18.8 tions, further assessment would be needed.
4b —0.23 —6.58 211 The calculated values were compared with the results reported
; 5 . .
aBased on eq 1® Results forll-trans-retinylidenebutylammonium by Kllggr et al.7>* who measu.red the absprptlon mf';\XIma of
dichloroacetate. PRSB in phenol/ethanol solution. According to their results,
the amount of red shiftAv) of absorption maxima is in
240 5@ 5 o proportion to the concentration of phenol
- (]
~ a0 f 16 ©% Av = kK[phenol] (10)
o R T .11 10 77
m: F 13 Y 20 5 1 wherek is a constant and [phenol] is the concentration of phenol.
= 20 £ 14,5 4 3 In addition, it was interpreted that such a red-shift arises from
3 °® ® 17 the increase in polarizability of solvent with an increase in
é 210 - 19 phenol concentration. The polarizability of solvent was given
s f by
£ 200 | )
[ 3M [n“—1
[ o= > (11)
T /S T S I T 4N 0\n? + 1
190200 210 22'03 2_31'0 240 where N, is Avogadro’s number andt, M and d are the
Vmax (fitted) /107 cm polarizability (11.0x 10-24cm?), molecular weight and density

Figure 7. Correlation between the observed absorption maxima of Of phenol, respectively. From egs 7, 10 and 11, we can obtain
all-trans-PRSB and their regression values based on eq 9. Numbersthe following relationship between the amount of red shift and
represent the solvents listed in Table 1. Solid symbols indicate the datarefractive indexn.

excluded from the regression analysis.

3 2
because our main interest is to extract the solvatochromic shifts Av = k(47;N aa)f(n ) (12)
following the linear response theory described in the section of
theory. Comparing eq 12 with eq 9, we can see that the fak(df
The calculation was carried out for two types of PRS#- 471N corresponds to the coefficieBt From Figure 1 of ref
trans-6s-cisretinylideneethylammonium catior8€) and all- 13a,k is estimated to be 234 cthM~1. TheB value can be
trans-6s-cisretinylideneethylammonium aceta&bj (for detail, estimated to be-6.5 x 10° cm™1, which is very close to our

see the calculation section). The results are summarized incalculated result. Therefore, it is expected that the present
Table 3. The value oA for 3ais positive, suggesting that a  calculation can accurately predict the solvatochromic shifts of

blue shift occurs with an increase & while that for3b is PRSB as well as those of retinal and RSB.
negative. In both cases, the absorption maxima are less sensitive Details of the Counterion Effect. As already described, the
to the static dielectric constaat The values of coefficienB C value corresponds to the absorption maximaacua Quite

for 3aand3b both are relatively large negative values, indicating naturally, theC values obtained by this procedure well agree
that a significant amount of red shift is induced with an increase with the absorption maxima obtained fram vacuo SCF—CI

in n. In addition, theB value of3b is about twice larger than  calculations (data not shown). The difference in @ealues
that of 3a. The origin of the difference in thA andB values between3b and4b is 3.7 x 10° cm™1. This difference may
between3a and 3b is discussed later in the section of arise from two geometrical factors: difference in the location
“Cooperative action between counterion effect and polarizable of counterion and difference in the conformation about the-C6

medium effect”. C7 bond.
Table 3 also lists the values of coefficietsB, andC for To investigate which factor is responsible for such a spectral
the solvatochromic shifts afa and4b, both of which have & difference, we calculated the absorption maxima3eand4b

trans conformation about the C6C7 bond. TheA value for with changing the location of the counterion. A unit negative
the cationic speciestf) is positive, whereas that for a PRSB charge was placed on the extended line of theHNbond of

salt @b) is negative. TheB values for4a and 4b both are PRSB, instead of explicitly treating the counterion (these models
negative, but the latter is about twice larger than the former. are denoted a8b' and 4b'). According to an early work by
These relationships are quite similar to those found3and Blatz et al.8° the absorption maximum of PRSB red shifts with
3b, indicating that the tendency of the solvatochromic shift is increasing size of the counterion, namely in the orderof|
hardly influenced by the change of the ring/chain conformation. Br~ > CI~. And they indicated that the amount of red shift is

all-trans-PRSB has §-cis conformation about the C6C7 nearly proportional to t?. Here we also apply a similar
bond in solutiorf. In this regards3b is a better model for the  analysis to the calculated data 80’ and4b'.
solution state of PRSB thadb. There is a considerable In Figure 8 are the absorption maxima (filled symbols) of

difference in the A value between the experimental and 3b' and4b’ plotted against t?, whered is the distance between
calculated results. In comparison with the results for retinal theN atom and the charge. The absorption maxima are certainly
and RSB, the experimentalvalue for PRSB is extremely large,  proportional to 1d? and the slopesACcounteriod for 3b" and4b’
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Figure 8. Calculated absorption maxima of 6&s-all-transPRSB @)
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A2 respectively). These findings indicate that théependence 18.0
of the absorption maxima is hardly affected with the-@&7 17.0
conformation. Figure 8 also shows the plots of the absorption
maxima (open symbols) &b and4b against 1d?, whered is
the average value of the distance- and Q—N (dz, = 3.1
A for 3b, andds, = 3.8 A for 4b). As can be seen, the data
points for3b and4b are almost placed on the regression lines ] 6a * 6b
for 3b’ and4b’, respectively. This indicates that the blue-shift A 6c ° 6d
induced on going fron3a (4a) to 3b (4b) is dominated by the 6e - of
electrostatic interaction between PRSB and its counterion. In _. . . i,
Figure 8, the intercepts of the lines f8b' and4b' are distant FlguEe 9. Absorption maxima oba—f calculate_d under the condition

Y . of e = 4.0. (a) The data are plotted as a functiorf(af). (b) The data
by 2.5 x 10° cm (denot.ed .aSACcefm), which Shoyld are plotted as a function of & whered is the average value of the
correspond only to the contribution of the €67 conformation distances between the Schiff base nitrogen and the oxygen atoms of
change. This value almost agrees with the difference irCthe  carboxylate.
value betweeBaand4a (2.1 x 10°cm1). These facts indicate
that additivity is held between the shift induced by the and that the effects of the orientation and arrangement of the
counterion and that induced by a conformational change aboutcounterion are less important. With an increasenjnthe
the C6-C7 bond. Consequently, we can summarize the relation ghsorption maxima red shift, and the contribution of the
between then vacuo absorption maxima o8b (Csp) and4b quadratic component becomes remarkable. As a consequence,
(Cap) as follows whenn is 1.6, the difference in the absorption maxima among
6a—e is very small compared to the caserof= 1.0.

. 1 1
Cyp=Cy,— (_ > 2) X AC¢ounterion~ ACcs-co
(A (dgy) (13)  Discussion

where the second term originates from the difference in location  The Opsin Shift of Bacteriorhodopsin. The present cal-
of the counterion and the third term from the ring/chain culations showed that the absorption maxima of PRSBs are
coplanarization. They contribute to red shifts of X 20% and significantly red shifted with an increase in the polarizability
2.5 x 10® cm™1, respectively. of solvent. This suggests the possibility that the major part of
Using6a—f, we investigated the dependence of the absorption the opsin shift in bR is caused by the electronic polarization
maxima of PRSB on the spatial arrangement and orientation of effect of the protein matrix. On the basis of the crystal structure
a counterion. Figure 9(a) shows the calculated absorption of bR2% we can identify the amino acid residues around the
maxima of6a—f as a function of(n?) (e was fixed to be four). chromophore. Here, the chromophore-binding pocket is defined
Whenf(n?) = 0.0 (h = 1.0), the absorption maxima &a—f as a region made by interlocking spheres, with a radius of 5 A,
are ranging from 1% to 23 x 10° cm~%. With an increase in centered on each atom of the chromophore. In this region, we
n, the absorption maxima @&a—e appears to converge, but the found seven aromatic residues: Tyr83, Trp86, Trp138, Trp182,
data for6f keeps away from the others. Next, for eathhe Tyrl85, Trpl189, and Phe208 (Figure 10). The ratio of the
data are plotted againstdl/ whered is the average value of  number of these aromatic residues to that of the other residues
the distances ©-N and Q—N (Figure 9(b)). The curves in  in this region was 41%, in contrast to the ratio of only 14% for
this figure are drawn after the treatment of quadratic regressionthe whole protein. The assembly of these aromatic residues
for each set of the data. When= 1.0, the absorption maxima may act as a dielectric medium with a high refractive index.
almost change in proportion tod¥ This implies that the The effective refractive index of the binding pocket can be
distance between PRSB and the counterion is the most importanestimated with the aid of a theory of electrostatics. In general,
geometrical factor governing change of the absorption maximathe averaged refractive index for a mixed solvent can be
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Table 5. Comparison between Experimental and Calculated Opsin

Y83 w86 Shifts for bRes, Ma1o, and RRgg
Ymax iN hexane Vmax N protein opsin shiftAv
—1 —1 —1
K216 10 cm™? bR:103 cm?) (A0 cm™?)
68
W189 exptl 225 17.6 4.9
calcd 23.1 18.4 4.7
Ma12
yigs  WI82 exptl 28.1 24.3 38
F208 calcd 28.2 24.5 3.7
Rhsoo
W138 exptl 225 20.0 25

. calcd 23.1 20.5 2.6
Figure 10. The molecular structure of the chromophore and the

aromatic residues present within the chromophore-binding pocket. The

coordinates of the heavy atoms were taken from the crystal strétture obtained above. Here the value efwas taken to be 4.0,
deposited with the Protein Data Baffdlydrogen atoms were added according to recent studies using the PoissBoltzmann
in the way as described in the section of “Modeling of Chromophores”. g|actrostatic4344 Then. the absorption maximum @b in the

S . . O
Table 4. Polarizability and Density of Some Aromatic bR-mimic environment is evaluated to be 1&4.0° cm™*. As
Compounds a consequence, the opsin shift is evaluated to bex4.@ cm™1,
polarizability 470/10-2 c? density p/g cnr? in excellent agreement with the observed value.

Similarly, we also analyzed the spectral shift observed for

131.1 1 . ) X
Eﬁgﬁﬁ?b 128.7 8_22 M41_2. The chromophore _of M2 |s_unprotonated 13_-C|s retinal
indole! 187.2 0.60 Schiff base. The absorption maximaadiftrans-RSB in hexane

2 Density in the region of 5 A-vicinity of the chromophore (see text). was 'Faken as a reference. Then., the observed opsin shift for
b A model of the side chain of Phé A model of the side chain of Tyr. Maiis 3.8 10°cm*. In calculation 2 was used as a model
d A model of th eside chain of Trp. of all-trans-RSB andbs as a model of the chromophore of,M
As shown in Table 5, the calculated absorption maxim& of
estimated using the modified Lorentkorenz equation given  and5 are 28.2x 10° and 24.5x 10%cm, respectively. The
by resulting opsin shift is 3.7 10® cm™1, again in excellent
agreement with the observed value.

2 - OL:
n"—-1 _ AN, _ P10 In summary, the opsin shifts of both kdgand M1, can be

2+ 2 3 4 V (14) explained by explicitly taking into account the polarizable
' medium effect of the aromatic residues surrounding the chro-
wherep;, o, and M are density (given in g c), polarizability, mophore. It is known that most of the aromatic residues

and molecular weight of the component Table 4 lists the appearing in the. retinal-binding pocket of bR are conserved
polarizabilities of benzene, phenol, and indole, which were across many retinal-bound protefts.For example, Phe261,
calculated from the data for atomic contribution to molar 1"P265, and Tyr269 in bovine rhodopsin correspond to Trp182,
refraction®! By utilizing our program, which can be used to Tyr185, and Trp189 in bR, respectively.In fact, site-directed
evaluate the surface area of a molecular caihe volume mutagenesis studies have shown that the replacement of these
of the chromophore-binding pocket was estimated to be 1300 residues causes a signific_ant amount of blue shift in both of _bR
A3, In this region, there are four Trp side chains (indole), two and Rh?>47 For example, in the W182F mutant of bR the main
Tyr side chains (phenol), and one Phe side chain (benzene)@bsorption band appears at 491 nm. Now we attempt to
Consequently, the densities of indole, phenol, and benzenec@lculate the opsin shift for Rh. For this purpose, compdaind
moieties are given by 0.60, 0.24, and 0.10 g&mespectively was seleqted as a model of the phromophore in Rh. Since there
(Table 4). The average refractive index for the chromophore- iS N0 available data for the tertiary structure of Rh, the values
binding pocket is thus determined to be 1.51. of the medium parameters were assumed to be the same as
To define the opsin shiftAv, we adopt the absorption determined for bR, namely= 4.0,n = 1.51. The results are
maximum ofall-trans-PRSB in hexane as a reference. Namely, Summarized in Table 5. As expected, the calculated opsin shift
AV = Vin hexane — Vin protein As described in the section of (2.6 x 10°cm™) is in good agreement with the observed value
“Results”, the absorption maxima of PRSB are interpreted in (2.5 x 10° cm™). The above results strongly suggest that the
terms of the continuum model only when nonpolar and nonbasic Polarizable medium effect, mechanism (4), is a common origin
solvents are used. In view of this, it is reasonable to choose Of the opsin shifts observed for retinal proteins.
hexane as the reference rather than methanol, which was often Decomposition of the Opsin Shift. We can decompose the
used in the previous studi@sJsing the observed values of 17.6  calculated opsin shift of bfgs (4.7 x 10° cm™) into at least
x 10 cm1 for bRseg and 22.5x 10° cm™1 for the reference, three kinds of contributions (Table 6). The first is the effect of
we can obtain 4.% 10° cm~! as the opsin shift (Table 5). For  6s-cis— 6s-transconformational change (mechanism (1)), and
theoretical evaluation of the opsin shiBt was used as a model the second is the weakening of the interaction of PRSB with
of all-trans-PRSB and4b as a model of the bR chromophore. its counterion in bR (mechanism (2)). These have already been
The calculated absorption maxima3if and4b are summarized  estimated in the derivation of eq 13: namely, mechanisms (1)
in Table 5. The absorption maxima (23<110° cm™1) for 3b and (2) cause red shifts of 26 10° and 1.2x 10 cm,
in hexane was obtained by substituting the values of the respectively. Then, the residual shift is x0L0° cm™1, which
coefficientsA, B, and C (given in Table 3) and the medium should be attributed to the polarizable medium effect of the
parameters for hexane € 1.89,n = 1.375) into eq 9. For protein (mechanism (4)). In what follows, we will compare
4b, we used the value of 1.51 as the refractive index of bR, as these results with available experimental data.
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Table 6. Results for Decomposition of the Opsin Shift
mechanism
®
(2) 2) point 4)

ring/chain counterion charge medium (1)+(2)° total
this work 25 1.2 1.0 4.7
Hu et al® ~2 ~2 0 0 ~1 ~5
Yan et al¢ 2.0 21y (21y 4.1

aEach contribution is given in 20cm™.  Concerted effect of
mechanisms (1) and (2)Taken from ref 279 Taken from ref 26.The
total contributions from mechanisms (3) and (4) is 2 10° cm™%.

Table 7. Calculated and Observed Absorption Maxima of
13,14-Dihydro-Retinal and Its Analogies

in methanol in protein

(€=33,n=1.327) (e=4,n=1.51) opsin shift

calcd exptt calcd exptt calcd expti
7a 36.8 34.6 35.5
7b 354 35.3
7c 32.3 32.3
7d 321 31.9 30.5 4.9 4.1
8a 32.1 32.6 32.0
8b 31.4 30.7 31.2 1.4 1.4

aGiven in 1¢ cm™. P Obtained by subtracting the absorption
maxima of the chromophor&d and8b) in protein from those of the
corresponding aldehyd@&g and8a) in methanol Taken from ref 26.

Hu et al?’ pointed out the importance of cooperative effect
of mechanisms (1) and (2). According to their experimental
results, the former causes a red shifte# x 10° cm™! and the
latter also does that of2 x 10° cm™! (Table 6). A unique
point of their hypothesis is that the combined action of (1) and
(2) generates an additional red shift efl x 10° cm™.
However, according to our results (Figure 8), such a phenom-
enon is not observed. In Hu’'s experiments, butylamine Schiff
base was used as€isPRSB, while aniline Schiff base as 6s-
transPRSB. Generally speaking, the use of models with
different imine structures may suffer from a potential disad-
vantage in investigating the spectral tuning mechanism, becaus
the absorption maximum of PRSB is very sensitive to a subtle
difference in the Schiff base-counterion distance. Due to more
bulkiness of the aniline group, the distance might be longer in
the aniline Schiff base than in the butylamine Schiff base. If
so, their observed data could be interpreted without considering
a synergy between the two effects.

13,14-Dihydro-retinal {a) is a better probe capable of
escaping from the counterion effects, because its conjugate
system is not linked to the Schiff base linkage. Considering
this fact, Yan et af8 evaluated the opsin shifts fata and its
analogue 8a) as the change in absorption maximum on going
from 7a (or 8a) in methanol to that in bR. Namely, in the
reference state the chromophore is aldehyde, not Schiff base
this point is different from the conventional definition of the
opsin shift. As shown in Table 7, the resulting opsin shifts for
7a and 8a were 4.1 and 1.4« 10° cm?, respectively. Our
calculated results, following Yan's definition, are 49 and
1.4 x 10° cm~1 for 7aand8a, respectively, in good agreement
with the observed values.

8ahass-transconformation about the C6C7 bond because
of lack of ionone ring, and thereby mechanism (1) does not
operate on binding to the protein. In addition, the absence of

(<]
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reason the calculated value is in better agreement with the
experimental value o8a than with that of7a. However, it
should be noted that the opsin shift f8a involves not only

the effect of the protein matrix but also the effect of the terminal
structure on the Schiff base side, even if the terminaNC
double bond is not linked directly to the conjugated system. To
examine the latter effect, we calculated the absorption maximum
of 8b in the methanol-like environment, namely= 32.7 and
n=1.327. As shown in Table 7, the structural conversion, on
going from aldehyde to Schiff base, causes a red shift 0&0.7
1¢® cm L. Thus, the net contribution of the protein matrix
occupying in the opsin shift fdBais estimated to be about 0.7

x 10 cm™L. This value is somewhat smaller than the value
(1.0 x 10® cm™Y) previously obtained from the analysis of the
opsin shift for the native pigment. This is quite a reasonable
result, considering the symmetric nature of the conjugated
system of8a. Namely, unlike PRSB, the conjugated system
of 8ahas no apparent dipole moment in the excited state, where
an excessive stabilization would not be induced by interaction
with solvent. Thus, the use @h or 8atends to underestimate
the polarizable effect of the protein matrix.

The calculated opsin shift fatais larger than that foBa by
3.5x 108 cm™L It is reasonable to say that the major part of
this difference arises from the coplanarization effect (mechanism
(1)). Infact, the 6s-cis> trans conversion frorib to 7d causes
a red shift of 3.3x 103cm~L. On the other hand, the difference
in the observed opsin shift betwe@a and 8a is 2.7 x 10®
cm™1, which is somewhat smaller than the calculated value. The
difference between the calculated and observed values would
be chiefly due to the occurrence in a steric interaction between
7a and the protein. The analysis of such a phenomenon is
beyond the scope of the present study.

The difference in the observed absorption maxima between
7a and 8a is 2.0 x 10°® cm™! in methanol, a value which
corresponds to the contribution of the ring/chain coplanarization.
By subtracting this contribution from the total opsin shift for
7a (4.1 x 1 cm™1), Yan et al. concluded that the net
contribution of the protein environment was a red shift of 2.1
x 10 cm™L. This value is significantly larger than the above
result (1.4x 10° cm™1) deduced from the opsin shift f@a
For more complete argument against such a difference, it is
necessary to obtain experimental data for the absorption maxima
of 7b—7d and8b and for the steric effect mentioned above.

In summary, the polarizable effect of the protein matrix

gactually works for the spectral tuning of bR. Its contribution

is not less than 1.& 10° cm™1 for the native chromophore.

Cooperative Action between Counterion Effect and Po-
larizable Medium Effect. As far as the protein matrix works
as a polarizable medium, the opsin shift is reproducible even
when an external charge is absent. This is understood from
the possibility that the medium behaves like a counterion or an
external charge. In the ground state, the positive charge of
PRSB is localized on theeCH=NH— moiety, and hence the
medium polarizes so as to maximally stabilize such a distribution
of positive charge. In other words, solvent molecules coop-
eratively behaves like a counterion of PRSB. Upon excitation,
the positive charge of PRSB is delocalized towarddtenone
ring, 2% immediately followed by the electronic part of polariza-
tion of the medium. Then, the polarizable medium acts as if it

such a bulky group has an advantage that there would be nowere a mobile counterion. The result from such an action is

significant steric interaction between the chromophore and the
protein in the binding state. As a result, the opsin shift&ar

is expected to more purely reflect the polarizable effect of the
protein matrix than that fofa. This seems to be the main

similar to that expected for the external charge proposed by
Nakanishi et al?

To provide a rigid physical basis for the above interpretation,
we examined the dependence of the energy levels of the ground
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-22419.0 -29472.0 coefficientsA, B, andC in eq 9 depend on the distanck
E () n=14 L (b))  n=14 regarded as a measure of the counterion effect, in their respective
-224200 |- By o oo ways. Now we attempt to find a functional form representing
5 b ‘\‘\N : the d-dependence of these coefficients, nam#(gh), B(d) and
L 24l E 294740 - C(d). For this purpose, it is sufficient to know how the
E,; om0 B 204750 E- absorption maximum of PRSB is influenced by the change of
2 Tt ¥ d for a given set of{, n). Such information is obtained from
B a0 B 294760 |- O—po—0 ¢ the data foa—f, which have different values. As shown in
s : Figure 9b, the absorption maxima@d—f well fit the quadratic
22440 0 L 11 20477000 L o 1 1 regression curve againstd?/ when the medium parameters are
02 04 06 08 10 02 04 06 08 10 specified. Thus, the following relationship should be satisfied
€
1© /@ X(d) = B + y(Ud) + a (15)
-22419.0 -29472.0
(©) e=4 whereX is A, B, or C, anda, 3, andy are constants. Although
-224200 -29473.0 it is not easy to determine the valuesaff, andy, we can
> 204210 294740 obtain the first-order gpproximation of eq 15 for gachﬁoB,
2 ' or C. For the coefficientC, we have already derived eq 13,
8 224220 20475.0 which clearly indicates that the leading term of the right-hand
2 side isy(1/d?). For the coefficienf, thed-dependence is nearly
M 04230 -29476.0 negligible, because th& value is hardly affected according to
whether PRSB has a counterion or not. Thus, the tisthe
224240 204770 L 10 1l leading term forA. Finally, to reproduce the quadratic nature
00 01 02 03 04 05 00 0.1 02 03 04 05 of curves shown in Figure 9b, the coefficidimust exhibit a
f(n2) f(n2) guadratic dependence ortid/ In other words, the leading term

for B is A(1/d?)2, which is qualitatively consistent with the fact
that theB value is most remarkably affected by the presence of
a counterion. These relationships are useful for understanding
the gross tendency of the concerted effect of counterion and
medium.

A phenomenological feature of the above concerted effect

Figure 11. Energies of the ground stat®,(d0) and ther—x* excited
state @, W) as a function of medium parameters. (a) and (c) ar&#or
(O, @), and (b) and (d) are faBb (O, W).

and lowestr—xa* excited states on the medium parameters. The

energies of these states 3 and those foBb are plotted as @ pecomes noticeable in media with high refractive indices. When
fun(;t|on off(e) (nis flxgd to be 1.4) in Figure 11a,b, where the |, — 1.4-1.6, the blue-shift induced by the counterion effect
excited-state energy is the sum of the ground-state energy and,q the red-shift induced by the medium effect are almost

the excitation energy obtained by the CI calculation. As for compensated for each other in the region of 6:0®5 of 142
3a (Figure 11a), the increase i lowers the energy of the (ie., d > 4.5). Therefore, the absorption maxima @d—e

ground state. This effect corresponds just to that of the har4ly depends on the location of their counterion in high-

counterion of PRSB. On the other hand, for the cas@®f  refracive index environments. According to our estimation
(see _Flgure 11b), the effect of the static dielectric constant is pysed on eq 14, the retinal-binding pocket of bR, probably of
less important, because the acetate anion already serves as gy, a5 well, satisfies this conditiorsb is similar to the active
counterion. In bot_h3a and 3b, the increase ire causes a center model of Rh proposed by Smith et@lwho attempted
lowering of the excited-state energy as well, but the amount of 1, getermine the spatial arrangement of a carboxylate group so
energy change is comparable to the solvation energy in the 4 14 reproduce the observed absorption maxima of this protein.
ground state. As a result, the slow relaxation of solvent, 14 gne's regret, the model was deduced from the calculation
depending on static dielectric constanthardly affects the  {hat did not involve the polarizable medium effect of the protein.
excitation energy in both cases 8& and3b. This supports g yse of the in vacuo calculation may be inappropriate for a
the fact that in the PRSBs studied here fhealues are much precise modeling of the protein.
smalle.r than the8 values. . ) The absorption maximum df keeps blue-shifted relative

In Figure 11c,d the electronic energies of the ground- and {4 those ofsa—e. This implies that its solvatochromic shift is
n—m* excited-states oBa and those of3b are plotted as @ gominated by the contribution a, namely the term propor-
function of f(n?) (¢ is fixed to be 4.0). As far as is kept tional to 162. Such an anomaly results from the fact that the

constant, the increase mexerts no apparent influence on the  gjstanced (3.5 A) of 6f is significantly shorter than those of
ground-state energy. On the other hand, in b&dahand 3b, the others.

the increase im causes a significant lowering of the excited-

state energy, resulting in a red shift. This is just due to the

external charge-like effect of the polarizable medium. In Concluding Remarks

addition, the excited-state energies3# and 3b are lowered

by 0.16 and 0.31 eV, respectively, with an increase fnrom The present study demonstrated that the SERFmethod

1.0to 1.6. This indicates that the polarizable medium operatesdeveloped by us is a powerful tool for interpreting the

more effectively for PRSB with a counterioBk) than for the solvatochromic shifts adll-trans-retinal, all-trans-RSB, andall-

cationic form Ba). This explains why théB value for3b is transPRSB. With the aid of this method, we succeeded in

larger than that foBa (Table 3). guantitatively reproducing the opsin shifts of gRand M2
According to the above analysis, the presence of counterion The calculation also revealed the contributions of all the

hardly affects the A value for PRSB, while it significantly —mechanisms which had been believed to cause the opsin shift:

increases the absolute value of B. These facts imply that thenamely, (1) ring/chain coplanarization, (2) weak interaction
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between PRSB and its counterion, (3) the external charge effect,solution of PRSB was chosen as the reference state to measure
and (4) the polarizable medium effect of the protein matrix. the opsin shift.

Although mechanism (4) has been accepted only as a conceptual

model, the present study provide a realistic picture on it.
Explicit treatment of mechanism (4) enables us to reproduce
not only the opsin shifts for bigs and M2 but also the data
for the artificial pigments and Rh. In conclusion, the aromatic
residues forming the retinal-binding pocket plays a decisive role
in causing the opsin shift. Finally, we must emphasize that such
an unambiguous conclusion comes from the fact that the hexanelA973941T
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