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Abstract: The changes in the electronic excitation energy arising from molecular structural displacement
induced by external electric field (so-called vibrational polarization) are examined theoretically for the
protonated and neutral 11-cis retinal Schiff bases. It is shown that the magnitude of the field-induced
structural displacement is significantly large for the protonated species, so that the change in the electronic
excitation energy arising from this structural displacement is of the same order of magnitude as that arising
from the direct effect of electric field on the electronic wave function. These two effects contribute additively
to the field-induced spectral shift. The intensity-carrying mode (ICM) theory is employed to extract a single
vibrational mode (called primary infrared ICM) that is most important for the field-induced structural
displacement. A simple one-dimensional model is constructed, and the extent to which we can interpret
the field-induced spectral shift by such a model is examined. In the case of the neutral species, only a
small change in the electronic excitation energy is induced by external electric field, mainly because the
vibrational polarizability of this species is small. The meaning of these results in the spectral tuning of
visual pigments is discussed.

1. Introduction other words, the coupling between the electronic and vibrational
motions of the conjugated chain is significantly larger in the
protonated species than in the neutral species.

In another previous study, vibrational polarization of conju-
d gated z-electron systems has been examifedibrational
polarization is the contribution of the vibrational degrees of
freedom to the electric polarization of a given molecule. Within
the harmonic approximation and to the first order in external
electric field, the structural displacemé&talong a normal mode
SQp with vibrational angular frequenay, is expressed as

Retinal is bound in visual pigments as their chromophore by
forming a Schiff base with a lysine residue of the apoprotein.
Their functions are initiated by the absorption of light by the
chromophore. The conjugated chain is in the 11-cis form, an
the Schiff base is protonated in the initial state. -@mns
isomerizations of the conjugated chain and protonation/depro-
tonation of the Schiff base occur during the photoreactiofs.

In a previous study, vibrational spectroscopic properties of
protonated and neutral (unprotonated) conjugated Schiff base
have been examined theoreticdlll.has been shown that some 1

. . . k
of those properties are substantially different between the 50. = _Z_E (1)
protonated and neutral species. The most notable difference is 9Qp
that the infrared (IR) intensities of the so-called in-phasedC

stretching modeand the G=N stretching mode of the conju-  whereyu/Q, is the dipole derivative of the normal mode, and

gated chain are significantly enhanced upon protonatiét Ex is the external electric field. The dipole moment induced by
has been suggestithat this intensity enhancement is explained  this structural displacement is given as

by the motion of the positive charge going back and forth from

one end of the conjugated chain to the other occurring upon au,
the vibration along the €C and G=N stretching modes. In oy, = zgan (2)
P “p
* To whom correspondence should bt_e addyessed. 'Ifelepheﬁe:-_54-
238-4624. Fax:+81-54-237-3354. E-mail: torii@ed.shizuoka.ac.jp. Combining eqs 1 and 2, the vibrational polarizability is
(1) Wald, G.Nature 1968 219, 800. 19
(2) Khorana, H. GJ. Biol. Chem1992 267, 1. expressed as

(3) Nathans, JBiochemistryl992 31, 4923.

(4) Masuda, S.; Torii, H.; Tasumi, Ml. Phys. Chem1996 100, 15335. PR

(5) More precisely, this mode is mixed strongly with the-C single bond W) 1 ot oty
shrinking and also with the €N stretching to some extent. In this sense, Oy = ) —— 3)
it may be described as the skeletal bond alternation mode to indicate that D a)2 aQ 8Q
adjacent G=C, C—C, and G=N bonds stretch and contract alternately along p P P

the conjugated chain.

(6) Siebert, F.; Matele, W.Eur. J. Biochem1983 130, 565. ; B ; ;
(7) Lussier, L. S.; Sandorfy, C.; Le-Thanh, H.; Vocelle, Bhotochem. Because the IR Imens_lty of a_normal mOd_e IS_’ prc_>p_ort|onal to
Photobiol. 1987, 45, 801. the square of the magnitude of its dipole derivative, it is expected
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Vibrational Polarization and Opsin Shift

that the molecular structure is likely to be perturbed along
strongly IR-active modes by external electric field. The appear- |
ance of some strongly IR-active modes as “peculiar” Raman
bands in the Raman spectra of streptocyanine dyes observed in
solutiort®14 conforms to this expectation.

The opsin shift (the spectral shift of electronic absorption
maximum) of visual pigments has been extensively studied for
decades. A number of mechanisms have been proposed for the
opsin shift, including ring/chain coplanarizatiénléinteraction
between the Schiff base proton and its countetiof? effects
of charged or dipolar amino acid residues near the chromo-
phore29-23 and electronic polarization of aromatic residé&gs
In recent studied’28the critical role of the electric field arising
from dipolar residues in the spectral tuning of visual pigments
has been emphasized. The nature of the pretelimomophore
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Figure 1. Resonance structures for the conjugated chains of the (a)
protonated and (b) neutral 11-cis retinal Schiff bases. An approximate
direction of the longest molecular axis #éxis) is also shown.

>
()

: - ) i ) . freedom important for generation of IR intensities and for
interactions that are important for spectral tuning still remains |\ giecular structural changes induced by external electric
to be a fundamental issi. ~ field.303%In the present study, we examine some properties of
Because some of the normal modes of a protonated conju-the one-dimensional model (containing only one vibrational
gated Schiff base have strong IR intensities and the molecular yegree of freedom) constructed on the basis of this theory. The
structure is likely to be perturbed along those normal modes gytent to which we can interpret the field-induced spectral shift

by electric field, it is interesting to see how large is the effect ¢ ihe protonated retinal Schiff base by using such a simple
of such structural displacement in the spectral tuning of visual \,5del is examined.

pigments. In the present paper, we study this point theoretically
by employing ab initio molecular orbital (MO) and density
functional (DFT) methods. As a model of the chromophore in  tpe mjecular structure was first optimized for each species in the
visual pigments, we take the Schiff base of 11-cis retinal formed ground electronic state without applying electric field. The vibrational

with methylamine as well as its protonated species. We comparefrequencies and the dipole derivatives of normal modes were calculated
the results obtained for the protonated and neutral species tofor this optimized structure. Those calculations were performed by using

2. Computational Method

see the difference in the capability of spectral tuning between
the two species.

In many situations, introduction of a simple model is helpful
to get insight into the main mechanism of the phenomenon in

question. In the present case also, it is preferable to introduce

such a simple model for clear understanding of the field-induced
spectral shift. We have developed tinéensitycarrying mode
(ICM) picture to take a small number of vibrational degrees of

(8) Lussier, L. S.; Sandorfy, C.; Le-Thanh, H.; Vocelle, D.Phys. Chem.
1987, 91, 2282.
(9) Torii, H.; Furuya, K.; Tasumi, MJ. Phys. Chem. A998 102, 8422.

(10) Itis also called “nuclear relaxation” in a series of previous studies (ref 11
and references therein). However, any dynamical aspect is not involved in
it as far as the electric fiel&, is static.

(11) Bishop, D. M.Adv. Chem. Phys1998 104 1.

(12) Bishop, D. M.Rev. Mod. Phys199Q 62, 343.

(13) Furuya, K.; Inagaki, Y.; Torii, H.; Furukawa, Y.; Tasumi, M.Phys. Chem.

A 1998 102 8413.

(14) Furuya, K.; Torii, H.; Furukawa, Y.; Tasumi, M. Phys. Chem. 2000
104, 11203.

(15) Harbison, G. S.; Smith, S. O.; Pardoen, J. A.; Courtin, J. M. L.; Lugtenburg,
J.; Herzfeld, J.; Mathies, R. A,; Griffin, R. ®iochemistryl985 24, 6955.

(16) van der Steen, R.; Biesheuvel, P. L.; Mathies, R. A.; Lugtenbudg An.
Chem. Soc1986 108 6410.

(17) Blatz, P. E.; Mohler, J. H.; Navangul, H. Biochemistryl972 11, 848.

(18) Blatz, P. E.; Mohler, J. HBiochemistryl972 11, 3240.

(19) Sakmar, T. P.; Franke, R. R.; Khorana, HR®oc. Natl. Acad. Sci. U.S.A.
1991 88, 3079.

(20) Kropf, A.; Hubbard, RAnn. N.Y. Acad. SclL958 74, 266.

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

(22) Nakanishi, K.; Balogh-Nair, V.; Arnaboldi, M.; Tsujimoto, K.; Honig, B.
J. Am. Chem. S0d.98Q 102 7945.

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

(24) Irving, C. S.; Byers, G. W.; Leermakers, P.Biochemistryl97Q 9, 858.

(25) Hays, T. R.; Lin, S. H.; Eyring, HProc. Natl. Acad. Sci. U.S.A98Q 77,
6314.

(26) Houjou, H.; Inoue, Y.; Sakurai, Ml. Am. Chem. Sod.998 120, 4459.

(27) Lin, S. W.; Kochendoerfer, G. G.; Carroll, K. S.; Wang, D.; Mathies, R.
A.; Sakmar, T. PJ. Biol. Chem.1998 273 24583.

(28) Kochendoerfer, G. G.; Lin, S. W.; Sakmar, T. P.; Mathies, RT&nds
Biochem. Sci1999 24, 300.

(29) Vought, B. W.; Dukkipatti, A.; Max, M.; Knox, B. E.; Birge, R. R.
Biochemistryl999 38, 11287.

Becke's three-parameter hybrid DFT metfodith the Lee-Yang—
Parr correlation function& (B3LYP) and the 6-31G* basis set. (As
supplementary calculations, some of the quantities appearing in this
paper were also obtained at the Hartré®ck (HF) level with the
6-31G* basis set.) We can then calculate the structural displacement
for a given electric field on the basis of eq 1. Electric field was applied
in the direction of the longest molecular axis (hereafter denoted as
axis) shown in Figure 1. Electronic excitation energies were calculated
at the configuration interaction singles (CIS) I¢af ab initio MO
method with the 6-31G* basis set in the following three ways: (1) for
displaced structures with the corresponding electric field applied
(denoted as “F D), (2) for displaced structures without applying
electric field (denoted as “D only”), and (3) with electric field applied
on the structure optimized in the ground electronic state (denoted as
“F only”). In the “D only” calculation, the extent of molecular structural
displacement is represented by the electric field that induces the
displacement, but the electric field is not applied in the actual MO
calculation so that the direct effect of electric field on the electronic
wave function is removed. In this way, we can examine separately the
effect of molecular structural displacement and the direct effect of
electric field on the electronic wave function.

The ab initio MO and DFT calculations were performed by using
the Gaussian 98 prograthThe calculations of displaced structures

(30) Torii, H.; Ueno, Y.; Sakamoto, A.; Tasumi, M. Phys. Chem. A999
103 5557.

(31) (a) Torii, H.Nonlinear Opt.200Q 26, 123. (b) Torii, H.J. Comput. Chem.
2002 23, 997.

(32) Becke, A. DJ. Chem. Phys1993 98, 5648.

(33) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(34) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, M. RPhys.
Chem.1992 96, 135.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
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Table 1. Field-Induced Displacement and the Displacement along Table 2. Total IR Intensities (in km mol~1) in Specified Frequency
the Primary IR Intensity-Carrying Mode in the Conjugated Regions Calculated for the Protonated and Neutral 11-cis Retinal
s-Electron System of the Protonated and Neutral 11-cis Retinal Schiff Bases?
Schiff Bases? -
frequency region protonated neutral
protonated neutral ~2000 ot 872 1094
field-induced displacement along field-induced 2000-500 cntt 12581 1059
coordinate  displacement/au  primary IR ICM/10~%au  ratio/10~3  displacement/au <500 cnTt 97 54
:22159524) ;gg ‘28133 %55%75 1'28_16 aCalculated at the B3LYP/6-31G* level.
r(C14~=Cu3) —7.75 —3.50 0.451 —1.48
r(C13—Ci2) 8.93 3.85 0.432 1.02 neutral
r(Ci17=C1) —7.47 -3.75 0.502 —0.95
r(C11—C1o) 8.18 3.57 0.436 1.25 %
r(C1=Co) —7.50 —3.50 0.467 -1.19 N
r(Co—Cs) 8.00 2.86 0.357 0.66 g
r(Cg=Cy) —5.69 —2.85 0.502 —0.40 5
r(C7—Ce) 7.65 2.28 0.297 1.48 c
r(Ce=Cs) —4.68 —2.22 0.474 —0.53 %
a Calculated at the B3LYP/6-31G* level. X
and vibrational polarizabilities based on eqs3lLas well as the 274 protonated
calculations based on the ICM theory described in section 3B were ' T T T T T
carried out with our original programs on an XP1000 workstation in 4 2 0 2 4 6
our laboratory. External Electric Field / 107 au

3. Results Figure 2. Calculated changes in the electronic excitation energies of the
’ protonated and neutral 11-cis retinal Schiff bases induced by external electric

A. Field-Induced Displacement of Molecular Structure field. Long dashed Iines,_only structural _displacement is tak_en_into account
. . o . (“D only™); dot—dashed lines, only the direct effect of electric field on the
and Changes in the Electronic Excitation Energy-The field- electronic wave function is taken into account (“F only”); solid lines, both
induced structural displacement in the conjugated chain calcu- of these effects are fully taken into account (#D”). The dotted lines
lated for the protonated and neutral species, expresséRAs are the results obtained by using the ICM picture described in section 3B.
Ex with
" au?” which is nearly 1 order of magnitude larger than that of
1 aRq oy the neutral species (35 au). This enhanced vibrational polariz-
OR, = Z z (4) ability of the protonated species arises from the significantly
an P o, 29Qp 9Qy large dipole derivatives of the normal modes in the 26800
cm1 region, especially the so-called=C stretching modes in
whereRy is theqth internal coordinate, is shown in atomic units  the 1606-1500 cnt? region and the €C stretching modes in
on the second and fifth columns in Table 1. It is clearly seen the 1306-1200 cntt region. As shown in Table 2, the total IR
that the extent Of bond altel’nation iS enhanced (|n the Senseintensity, Wh|Ch |S proportiona' to the sum Of the Squares of
that the CG=C and G=N bonds shrink and the €C bonds  the dipole derivatives, of the protonated species is 1 order of
Stl'etCh) by the electric field in thé-x direction. This result is magn|tude |arger than that of the neutral Species in this
most easily understood by inspecting the resonance structuregrequency region. The difference between the two species is
of the conjugated chain, which are shown in Figur® The not so large in the other frequency regions.
system is stabilized under the electric field in thg direction The changes in the electronic excitation energies (of the
when it is polarized in the same direction. As shown in Figure |owest strongly allowed transition) induced by external electric
1, such a polarization is induced when the resonance structurefie|d are shown in Figure 2. Because the CIS method (including
on the left-hand side has a larger weight than the other. Becauseynly singly excited configurations) is used for the excited
this resonance structure has a “normal” bond-alternation patternejectronic state, the electronic excitation energies (calculated
in the conjugated chain, the electric field in thec direction 35 the CIS-HF energy differences) are calculated to be a little
gives rise to enhancement of the extent of bond alternation. Ontog |arge. However, it is expected that tickangesin the
the contrary, the extent of bond alternation is reduced by electric gjectronic excitation energies are obtained in reasonable ac-
field in the —x direction, because the weight of the resonance cyracy, considering that the lowest strongly allowed excited
structure on the right-hand side (with the reversed bond- states of conjugated-electron systems are dominated in general
alternation pattern in the conjugated chain) becomes larger. py the contribution of therz* singly excited wave function.
The magnitude of the field-induced structural displacement | the case of the protonated species, the electronic excitation
of the protonated species is significantly larger than that of the energy increases noticeably by the electric field in the
neutral species because the vibrational polarizability is larger girection. From the results of the “D only” and “F only”
for the former. Thexx component of the vibrational polariz-  cajculations (shown in a long dashed line and a-dttshed
ability () of the protonated species is calculated to be 213

(37) For a shorter protonated conjugated Schiff baséNfingthylamino)-2,4-

Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, hexadienylium cation, Ci+CH=CH—CH=CH—-CH=NH*CHg], the value

M. A,; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; of ai‘Q calculated at the B3LYP/6-31G(2d,p) level is 34 au, which is

Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; almost the same as the value calculated at the MP2/6-31G(2d,p) level (33

Head-Gordon, M.; Replogle, E. S.; Pople, J. Baussian 98 Gaussian, au). It is therefore expected that calculations at the B3LYP level are

Inc.: Pittsburgh, PA, 1998. sufficient for calculating vibrational polarizabilities of this type of
(36) A similar figure is shown in ref 4 for a shorter chain. compound.
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line, respectively), it is recognized that the increase in the

electronic excitation energy originates both from the molecular

structural displacement induced by electric field and from the

direct effect of electric field on the electronic wave function,

andthese two effects are of the same order of magnitlie

other words, both of these effects are considered to be important

for the field-induced changes in the electronic excitation energy. (a)
As seen in the result of the “F D” calculation (shown in a

solid line), a larger change is obtained when both effects are

taken into account.

The increase in the electronic excitation energy arising from
the molecular structural displacement is rationalized by con-
sidering that the extent of bond alternation of the conjugated
chain is reduced at the optimized structure in the excited
electronic staté! especially in the central part of the chain. As (b)
described above, the structural displacement induced by the
electric field in the+x direction enhances the extent of bond
alternation. Therefore, the excited electronic state is destabilized
by such displacement, and hence the electronic excitation energy
increases. By contrast, the increase in the excitation energy due
to the direct effect of electric field is rationalized by considering
that the molecular dipole moment, which is almost parallel to
thex axis and oriented in the&x direction, is larger in the ground
electronic state than in the excited electronic st&#This is (c)
because the wave function in the excited electronic state has aFigure 3. Vibrational patterns of the IR ICMs calculated for the protonated
larger weight of the resonance structure on the right-hand &deéﬁog;z rgé'ﬂs;tsi\‘l’g“zfl%"f‘;‘eb(;)l?n‘il?rl',g;f‘%)'Rth'g'\l"R”}’ét’\%eg:r:aeﬁirt‘Ze t'ﬁégeSt
in Figure 1 than that in the ground electronic stétas a result, second largest dipole derivative (3.5 D Ramu ), and (c) the IR ICM
the ground electronic state is more stabilized by the electric generating the smallest dipole derivative (2.6 D&amu17?).
field in the +x direction than the excited electronic state, and
hence the electronic excitation energy increases. The explicit forms of the IR ICMs are obtained by diago-

In the case of the neutral species, external electric field Nalization of am x n matrix M defined a&
induces only a small change in the electronic excitation energy.
One reason for this is that the vibrational polarizability of this _ 3 e
species is smaller than that of the protonated species, and hence Mpq = L 55 ®)
a smaller structural displacement is induced by electric field, poa
as shown in Table 1. Another reason is the nonlinear behavior
of the electronic excitation energy due to the direct effect of

electric field on the electronic wave function, as shown in the that there are at most three nonzero eigenvalues for this matrix.

_resFu_It of t;eTE_only ?alcule:)tmhn ((_1rawn_ ina detiashe(:]hr:e) The eigenvectors for the nonzero eigenvalues represent the IR
In Figure 2. 1his nonfinear behavior ongmates_ rom the arger |cms and are responsible for generating the whole dipole
electronic polarizability in the excited electronic state than in - 4 ivatives of the system. In general, each of these IR ICMs is
the ground electronic state. Because of this electronic polariz- equal to any single normal mod,e but is represented by a
ability, the excited electronic state is stabilized when sufficiently |inear combination of normal modes. 'I,'he mode represented by
Iarge_elegtnc f|e_ld is applle_d, vv_hetherthe electric field is in the e eigenvector of the largest eigenvalue is capiéichary IR
+x direction or in the—x direction. ICM, and the square root of this eigenvalue is equal to the
B. Intensity-Carrying Mode Picture. To extract a small  maximum magnitude of dipole derivative that can be generated
number of vibrational degrees of freedom important for mo- by one vibrational degree of freedom.
lecular structural Changes induced by external electric f|e|d, we In some cases, it is convenient to work in a smaller space of
use the ICM theory developed in our recent studi€d.This vibrational motions to calculate the IR ICMs. In the present
procedure is useful to construct a one-dimensional model study, we have eliminated the—& and N-H stretching
(containing only one vibrational degree of freedom) described motions before calculating the IR ICMs, because the skeletal
below in section 4B. vibrational motions of the conjugated chain are mostly respon-
sible for the vibrational polarization.
(38) The molecular dipole moment is calculated to be 14.9 D (at the B3LYP/ P i
6-31G* level) or 1%.8 D (at the HF/6-31G* level) in the ground electronic The vibrational pat.terns of the thre_e lR ICMs calculated for
state and 11.0 D in the excited electronic state (at the CIS/6-31G* level). the protonated species are shown in Figure 3. These modes
(39) Although the dipole moments observed in solution in ref 20 contain the R it ;
contribution of the counterion, ttafferencein the dipole moments between generate dipole denvatllves of the magnitude 16.8, 3.5, and 2.6
the ground and excited electronic states may be compared betweenD A~ amu/2 respectively. The sum of the squares of these
experiment and calculation. The observed valueAgf (12.0 D) is in

reasonable agreement with the value & calculated as a CISHF
difference (8.8 D). (40) Torii, H.; Tasumi, M.J. Chem. Physl992 97, 86.

wheren is the number of normal modes. On the basis of an
algebraic property of the IR intensity formulajt is proved

J. AM. CHEM. SOC. = VOL. 124, NO. 31, 2002 9275
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dipole derivatives is equal to the total IR intensity in the 2600 spectral tuning. However, this result is not inconsistent with
cm~1 region shown in Table 2 after appropriate conversion of the suggestion made receifi§?that the chromophores in some
units. These dipole derivatives are oriented in mutually or- UV-sensitive visual pigments may be deprotonated.
thogonal directiong® The primary IR ICM shown in Figure 3a In relation to this point, it should be noted that, when the
is mostly responsible for the vibrational polarization along the protonated retinal Schiff base is dissolved in polar solution, a
x axis. In the normal mode picture, this ICM may be expanded certain magnitude of electric field is expected to operate on the
mainly by strongly IR-active normal modes in the 26(D0 solute as the reaction field from the solvent. For example, if
cm~1 region. we assume a spherical cavity of radamisz 10 au (5 A) with

In Figure 3, the vibration along the bond-alternation mode is the dipole moment oft ~ 6 au (15 D, in thetx direction) at
seen only in the primary IR ICM. The displacement in the the center and the surrounding continuum of dielectric constant
conjugated chain along this primary IR ICM is shown in the €~ 10, we get the reaction field dE| ~ 5 x 1073 au in the
third column in Table 1 in atomic units. It is clearly seen that +xdirection. Although the protonated retinal Schiff base is not
this displacement is roughly proportional to the field-induced at all spherical (the reaction field is expected to decrease for an
displacement, which is shown in the second column. The ratios ellipsoidal cavity®4% and the surrounding medium is not
of the values in the second and third columns are shown in the dielectric continuum but has some molecular character, it is
fourth column. From this result, it may be reasonable to consider reasonable to expect that the reaction field of this order of
that the unit displacement along the primary IR ICM is magnitude is operating on the protonated retinal Schiff base in
equivalent to~4.5 x 1074 of the field-induced displacement.  polar solutions. As a result, the absorption spectrum is blue-

Assuming this conversion ratio, we calculated electronic shifted (on the order of a few tenths of eV as expected from
excitation energies for structures displaced along the primary Figure 2) in polar solutions as compared to that of an isolated
IR ICM, with the corresponding electric field applied (“F molecule?> A similar situation is expected also in visual
D”) and without applying electric field (“D only”). The results ~ pigments, with the amino acid residues playing the role of
are shown in dotted lines in Figure 2. It is seen that they follow solvent molecules. However, the electric field on the protonated
rather faithfully the electronic excitation energies of field- retinal Schiff base will vary depending on the locations and
induced displaced structures calculated in the way described inthe orientations of the charged or polar residues arouffd it.
section 3A. This result indicates that the primary IR ICM Accordingly, the electronic absorption maximum will shift to
provides a good approximation to the field-induced structural the red or blue side as compared to that in polar solutions.
displacement! It has been discuss&dthat the short-wavelength visual

One merit of employing the ICM picture is that the ICMs pigments pose a particular challenge in the understanding of
may be treated, in contrast to the field-induced structural retinat-protein interactions, because many of the absorption
displacement itself, as genuine vibrational modes, because theyspectra are blue-shifted as compared to the protonated Schiff
are related to normal modes by an orthogonal transformation base in solution. As shown above, if there is sufficiently strong
and have the same dimension [(length{mass}?.31P There- electric field in the+x direction, the absorption spectrum will
fore, when we construct a few-dimensional model (e.g., a one- be blue-shifted because of the effect of molecular structural
dimensional model described below) on the basis of the ICM displacement and the direct effect of electric field on the
picture, the physical meaning of the vibrational coordinate(s) electronic wave function. This result will help understand the
employed in the model will be clear. retinal-protein interactions that are responsible for the spectral
tuning in visual pigments.

B. One-Dimensional Model.For a clear understanding of

A. Protonated State of Retinal Schiff Base in Relation to  the field-induced spectral shift, we examine some properties of
the Spectral Tuning of Visual Pigments.The above results  the one-dimensional model constructed on the basis of the ICM
clearly show that the electronic absorption maximum of the picture. The primary IR ICM is taken as the vibrational
protonated retinal Schiff base is more sensitive to the electric coordinate in the model.
field from the surrounding residues than the neutral one. This N this model, the structural displacement induced by electric
is because the two factors, that is, the effect of molecular field along thex axis is given as
structural displacement and the direct effect of electric field on
the electronic wave function, are working additively in the 58:1% (6)
protonated state. It may be said, therefore, that the protonated Ks S
state of the retinal Schiff base in visual pigments is suitable for

4. Discussion

whereS is the vibrational coordinate of the primary IR ICM,

(41) Because of the one-dimensional nature of the picture based on the primarygndks is the force constant for this coordinate. As noted above
IR ICM, the effects of mechanical and electrical anharmonicities may be !

easily examined. When we expand the potential energy asV, + (¥
ks + Me)fsS + ... — (Jul09SE — (Y2)(0%ux/dH)SFEx — ..., whereS

stands for the primary IR ICM, the structural displacement induced by

electric fieldE (along thex axis) is expressed a¥S = 0, + 0Sanh-m +

0Sinh-e, WheredS, = (1/kg)(dux/dS)Ex is the displacement obtained within
the harmonic approximation, and the second and the third terms are the

mechanical and electrical anharmonic corrections expresség,asm =
—(1)(fdke)(0S)? and 0Sin-e = (02u/0F)OSE. In the case of the
protonated 11-cis retinal Schiff base treated in the present styely4.20
x 1075 au,fs = 9.9 x 1078 au, du/dS= 8.15 x 1072 au, andd?u,/dS ?=
—2.0 x 104 au. Therefore, the values 68, 0Sinh-m, aNddSinn-e for Ex
= 5.0 x 103 au (a typical value in the present study) are estimateifSas
= 9.7 au,0Sir-m = —0.11 au, andSynr-e ~ —1075 au, indicating that
the harmonic approximation is reasonable.
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we havedu,/dS = 8.15 x 102 au (16.7 D Al amu?) as a
property of this ICM. The value dfs is calculated to be 4.20

x 1075 au (1.19 mdyn A! amul) by using the vibrational
pattern of this ICM and the force constant matrix obtained from

(42) Fasick, J. I.; Lee, N.; Oprian, D. Biochemistry1999 38, 11593.

(43) Myers, A. B.; Birge, R. RJ. Chem. Phys1981, 74, 3514.

(44) Ponder, M.; Mathies, R. Al. Phys. Chem1983 87, 5090.

(45) Honig, B.; Greenberg, A. D.; Dinur, U.; Ebrey, T. Biochemistryl976
15, 4593.

(46) Sun, H.; Macke, J. P.; NathansPR¥oc. Natl. Acad. Sci. U.S.A997, 94,
8860.
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the DFT calculation. From these values, we obtsfE, = 1.94 and explains about one-half of the structural difference described
x 10® au, which is in good agreement with the inverse of the in the previous paragraph. Because a few other normal modes
“conversion factor” mentioned above in section 3B (4304 also contribute to the primary IR ICM, the theoretical discussion

au). Therefore, it may be said that the field-induced structural described above seems to be consistent with this experimental
displacement is reasonably estimated from the dipole derivative result.
and the force constant of the primary IR ICM.

To obtain an estimate of the changes in the electronic 5 Summary

excitation energy induced by this structural displacement, we |, the present study, the changes in the electronic excitation
needdVeddS, whereVeg is the (vertical) electronic excitation  gnergy arising from molecular structural displacement induced
energy. We should therefore include the excited electronlg statep,, external electric field (vibrational polarization) have been
into the model in an appropriate way. In the two-state madel, gy amined for the protonated and neutral 11-cis retinal Schiff
where only two electronic states are taken into account, we have,qqg by using ab initio MO and DFT methods. The conclusions
0Ved0S = 2ksSmin, WhereSnin is the value ofSat the potential 5y he summarized as follows: (1) The magnitude of the field-
energy minimum on the ground electronic state. (In this case, j,q,ceq structural displacement of the protonated species is
the origin ofSis taken at the midpoint between the potential - gjonificantly larger than that of the neutral species. The bond-
energy minima of the two diabatic electronic states included in jyermation pattern (including the sign) of this structural
the model, which give rise to the ground and excited adiabatic yighacement is explained by the resonance structures of the
electronic states after electronic coupling.) Although it is hard conjugated chain shown in Figure 1. (2) The change in the
to estimate the value diwin straightforwardly, it is true that  giacyronic excitation energy arising from the field-induced

2Swin is on the same order of magnitude as the structural gy,cprq) displacement is of the same order of magnitude as

difference between the ground and excited (adiabatic) electronic, .« arising from the direct effect of electric field on the
states.

To have the value ofdl/eqddS) x (dS9E,) = 1.56 au as
obtained in the calculation described in section S, should
be 8.4 au [taking into account tha#iJ0E,) 1 ~ 4.5 x 10~* au
as obtained in section 3B alkg= 4.20 x 10~° au as obtained
above]. For this value d&myin, the displacements along internal
coordinates corresponding t&g, are ~0.03 A, considering
the values 0BRy/aSshown in the third column in Table 1. This

value is in the middle of the CISBSLYP and CIS HF The results obtained in the present study clearly show that

structural differences obtained from the optimized structural . . S .

. . . the protonated state of the retinal Schiff base in visual pigments
parameters at each theoretical level. Therefore, it may be seudis suitable for spectral tuning. In visual piaments. the electric
that a structural difference of this magnitude is most likely P g Pig '

between the ground and excited electronic states. Furtherfleld ansing from ea_ch charge_d or polar amino acid reS|dye
. ) ) . depends on its location and orientation. In this sense, detailed
theoretical studies are needed on this point.

Experimentally, the dimensionless displacement parametersinformation on the protein structure is required to elucidate the
have been estirr;ated for bacteriorhodopsin, which Containsprotein—chromophore interactions that are important for spectral

. . . tuning.
protonated all-trans retinal Schiff base, from its resonance 9

Raman excitation profilé’ For a normal mode located at 1527 Acknowledgment. This study was supported by a Grant-in-

cm!, the dimensionless displacement parameter has beenajd for Scientific Research from the Ministry of Education,
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electronic wave function. These two effects contribute additively
to the field-induced spectral shift. (3) The vibrational mode that
is most important for the vibrational polarization along the
axis is obtained as the primary IR ICM. (4) The vibrational
pattern of this ICM and the structural difference between the
ground and excited electronic states are related to the sign of
the field-induced spectral shift arising from vibrational polariza-
tion.
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