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Role of Isomerization Batrriers in the pK,; Control of the Retinal Schiff Base: A Density
Functional Study

1. Introduction

The transmembrane protein bacteriorhodopsin (bR) present
in the outer purple membrane éfalobacterium salinarium
(formerly H. halobiun) is one of the simplest known active
membrane transport systems. It functions as a light-driven proton
pump converting light energy into a proton gradient which is
used by the cell as an energy source to activate ATP synthase
Structurally, it folds into seven transmembrane helices, one of
them containing the residue Lysat which the retinal prosthetic
group binds via a protonated Schiff base linkage (for reviews
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The barriers to the rotation of all conventional single and double bonds have been calculated in a model
Schiff base which is structurally very close to the retinal Schiff base chromophore in bacteriorhodopsin (bR).
The calculated values for the torsional barriers can be used, therefore, to estimate the corresponding values
in the retinal Schiff base structure. The torsional barriers are calculated as the energy differences between the
all-trans and 9%rotated conformers, respectively, for optimized structures in both neutral and protonated
species. To study the effect of the isomerization on #gqf the Schiff base, for each 9@otated conformer

the gas-phase proton affinity of the system has also been calculated and compared with the proton affinity of
the all-trans conformer. The results clearly show that protonation of the nitrogen in the Schiff base group has
a profound effect on the barriers to the rotation around different bonds in the system  Faoi€i8d species,
completely different mesomeric structures are predicted for single or double bond rotations as well as for the
protonated and the neutral species. TkeNCdouble bond and the double bond next to the Schiff base group

in the protonated Schiff base (corresponding to the=Ci4 bond of the retinal Schiff base in the bR which

is assumed to rotate during the photoisomerization) have the lowest isomerization barriers among the double
bonds. In the neutral species, however, high barriers to these rotations are predicted. The proton affinity of
the system decreases upon the isomerization around the single bonds, while the rotation around the double
bonds significantly increases the calculated values for the proton affinities. This may be considered as one of
the possible mechanisms by which the protein environment controls Khefpthe retinal Schiff base
chromophore. The predicted low barrier to thg=6Cy4 double bond rotation is needed for the ground-state
isomerization of the chromophore in the last step of the bR photocycle and also in the dark adaptation of the
pigment. Protonation of the retinal Schiff base chromophore, therefore, seems to be a prerequisite for these
ground-state isomerization events in bR.

the inside of the cell to the outside during each cycfeThere
are, however, different proposals regarding when and how the
proton starts to move from the retinal Schiff base to the next
proton accepting group which is suggested to be the negatively
charged carboxylate group of Aggn the protein backbong.
This proton transfer from the protonated Schiff base to theAsp
side chain can be mediated by one or two water molecule(s)
present in the vicinity of the chromophore.

The involvement of water molecules in the stability of the
protonated Schiff base was suggested by DuPuis &amadl by

see refs £5). The chromophore divides the channel formed Hildebrandt and Stockburgeon the basis of the resonance

by the a-helices of the polypeptide into a cytoplasmic par
connecting to the inside of the cell and an extracellular part
connecting to the outside.

The general features of the transport mechanism are now
understood. The absorption of a photon which starts the bR
photocycle induces an excited state of the chromophore followed
by the isomerization of the retinal protonated Schiff base around
the G3s=Ci4 double bond next to the Schiff base group. During
the photocycle of bR, the initially protonated retinal Schiff base
releases a proton into the extracellular part of the channel an

+ Raman study of dried membranes. The presence of water in
the binding site was shown by de Groot ef ain the basis of

the 15N NMR studies. Recent crystal structures of bR also
demonstrate the presence of a few water molecules in the
vicinity of the Schiff base group® The effect of the water
molecules on thekg, of the Schiff base group is demonstrated
by pKa measurement of a series of retinal Schiff base ana-
loguest! The possible positions of hydrogen-bonded water
molecules around the Schiff base group have been theoretically
gexamined>13

will be reprotonated from a proton source located in the ~ The proton transport mechanism in bR is based on the
cytoplasmic part. Therefore, a proton is effectively pumped from sequential changes in th&pvalues of the retinal Schiff base

and vectorially arranged protonatable groups in the protein. The

*To whom all correspondence should be addressed. Fe 6221 42 pKachange of respective groups in the proton channel, especially
2369. Fax: +49 6221 42 2333. E-mail: S.Suhai@DKFZ-Heidelberg.de. the K, of the retinal Schiff base, plays a crucial role in the

10.1021/jp982625d CCC: $18.00 © 1999 American Chemical Society
Published on Web 05/01/1999



pKa Control of the Retinal Schiff Base J. Phys. Chem. B, Vol. 103, No. 21, 1994519

proton-transfer reaction. There are several possible reasonsa Silicon Graphics Indigo2 workstation. The model Schiff base
explaining why the [, of the Schiff base would be lowered at was considered as neutral and protonated species, respectively.
the beginning of the deprotonation step. Among these are theGradient optimization techniques were employed to optimize
disruption of ther-system of the retinal Schiff base chain during the geometry of the molecules at the DFT level, using 6-31G
the trans-to-cis isomerization, which decreases the electronicand 6-31G* basis sets, respectively. Except for the constrains
density on the nitrogen atom of the Schiff base grétis,and used for the 9Brotated species, optimizations were performed
the conformational changes which modify the electrostatic without any geometric restrictions and using the default
environment of the retinal Schiff ba$é”18 or change the = GAUSSIAN 9448 convergence criteria. The hybrid Becke3LYP
orientation of the hydrogen-bonded grodpd? The decrease  (B3LYP) method was used for the DFT calculations. In every
in the K, of the Schiff base is the first step which may induce set of the geometry optimizations of the°9@tated species the
the proton transfer. It should be mentioned, however, that the same geometry constrains were applied for the neutral and
pKa of the retinal Schiff base will be significantly increased in  protonated model Schiff base molecules. All ab initio calcula-
the protein environment as compared with its isolated form. It tions were performed with the GAUSSIAN 93implementation

is known from experimental data that thi€ of the protonated of DFT on an IBM SP2 cluster.

retinal Schiff base in methanol/water (1:1) solution is about  During the spin-unrestricted calculations we have mixed the
7.2122\while the K, of the chromophore in bR is shifted to  highest occupied initial guess orbital with the lowest unoccupied
13.32324The protein environment seems to have a very strong one in order to destroy the closed shell nature of the initial guess.
effect on the [, of the retinal Schiff base. With regard to this, Whenever a lower energy unrestricted Becke3LYP (UB3LYP)
the presence of the negatively charged side chains ofs/Asl solution was found, the geometry was reoptimized by the
Aspi2in the vicinity of the protonated Schiff base is proposed UB3LYP model as well.

to have the main influence on the electronic structure and charge The gas-phase proton affinity (PA) of a compound B can be
distribution of the retinal Schiff base in the bR protein calculated as the negative standard reaction enthalpy of proto-

environmeng® nation at 298.15 K:
The dynamics of the excited state of the retinal in bR and N N
the effect of the protein environment on the rate of its B+H"—BH

photoisomerization have been experimentally investigZted. _ +y _ +y

The dynamics of the all-trans and the 13-cis conformers of the PA = —[Eper(BH") — Eper(B) + (Eyip(BHY)

retinal protonated Schiff base has also been studied recently in E,.,(B))] + §RT
different solvents by means of picosecond transient spectros- 2
copy3° Ab initio molecular dynamics calculations on all-trans
and 11-cis retindl have been reported recently, and combined
QM/MM dynamics simulations have been performed in order
to understand the photoisomerization process offdbRhe
dynamic behavior of the retinal Schiff base structure in different

stages of the bR photocycle has been theoretically studied usmgeffect on the relative PA values in different Schiff base
classical force field83° or combined classical and quantum

. o - models?*®-*0Because of the comparative nature of the study and
chemical approaches where ab initio techniques have been

. X . .~ because of the cost of the calculatios, terms are not
applied to calculate the electronic characteristics of the retinal ESio

Schiff b truch btained f lassical molecular d considered in the calculation of the PA values.
>chitbase struc uresE), obtained from classical molecuiar dynam- 1 haq peen shown that the length of the conjugated double
ics simulation of bR In agreement with very first semiem-

> . ; ) . bonds has a significant effect on the PA of the systeifor
pirical simulations of the excned-statg po'gent!al ENET9Y this reason the retinal Schiff base was approximated to a
surfacegl-*3there are very recent papers investigating ab initio conjugated Schiff base including six conjugated double bonds
photoisomerization dynamics of different retinal chromophore

in the present study.
models?445.46 prese y _ ) i
The atomic charges were derived from a Mulliken population

_ In this paper we will present the barriers to the rota_tion of analysis, as implemented in the GAUSSIAN 94 program. The
different double bonds and single bonds of a model Schiff base. 5t mic charge reported for each heavy atom includes the charges
The isomerization barriers will be presented for both protonated ¢ the connected hydrogen(s) o it.
and unprotonated species of the molecule. The torsional barriers |, the 90-rotated species the molecule can be considered as
will be computed on the basis of the relative energies of the ¢qnisting of two isolatedr-electronic subsystems which do
all-trans and 9Brotated species for the optimized structures in 5t have anyr—x interaction with each other. For simplifying
both neutral and protonated species calculated at the spinhe giscussion, we refer to the nitrogen containing moiety and

restricted and spin-unrestricted Becke3LYP density functional {he other part of the molecule as N-part and C-part, respectively.
levels of theory and using 6-31G and 6-31G* basis sets. To

study the potential effect of the isomerization on ti& pf the 3. Results and Discussion

Schiff base, at each 99otated geometry the gas-phase proton o

affinity (PA) of the system has also been calculated. The 3:1. Model Description. The structure of the all-trans
obtained results will be discussed on the basis of the atomic Protonated retinal Schiff base which is proposed to be the

charges, bond alternation, and different mesomeric structuresStarting configuration of the chromophore at the beginning of

presented for planar and 9€otated species of the protonated the bR photocycle and its conventional atom numbering are
and unprotonated Schiff base molecules. depicted in Figure 1. The structure of the model Schiff base

which was used to represent the retinal Schiff base in the present

study is also shown in Figure 1. The atom numbering N

Ci12) and the bond numbering {(Bo B;;) used in the present
For the computer graphics and the initial construction of the study for the model Schiff base structure start from the nitrogen

molecular models we used the Insightll softw/dneinning on atom and its double bond, respectively, and continue toward

Here Eper will be obtained from the DFT calculation&p
includes the zero point energy and temperature corrections to
the vibrational enthalpy, an#,RT includes the translational
energy of the proton and th&(PV) term. It is shown that the
inclusion of the zero point energies does not have any significant

2. Computational Details
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J\ J\ J\ with other methodologies applying higher levels of theory with

Lysyie. D e~ - _ ol o respect to the description of the*9btated species in the double
m\rllw/\c14 c12/\c10 ca/\ Cs C, bond rotations as well as the single bond rotations. The results
H ‘ from DFT spin-unrestricted calculations reasonably describe the

"/ 90°-rotated structures which will be formed during the rotation

of the double bonds. The applicability of DFT in the calculation
of the isomerization barriers and the description of the transition

©_ B B4 56 58 Bw//“\ states of such rotations has been reported for neutral polyene
H & =~ P = = /
\ri1{1\c3/s;s\cs/lss\c7/n7\c.,/39\cﬂ a11H systems such_ g3-carotene analoguég. _

H DFT techniques have also been used for studying the

Figure 1. Retinal Schiff base structure in the ground state of the bR CONjugated Schiff base structures, and the ability of DFT
photocycle and its conventional numbering scheme (top). Atom and calculations in description of the 9@otated species are
bond numbering used in the text in the case of the all-trans structure comparable with CASSCF level of theory calculatiorf8:5°
of the model Schiff base with six conjugated double bonds (PSB) However, it seems that when theelectronic system under
(bottom). study is significantly polarized, DFT calculations result in an
overestimatedr-electron delocalization effect. The results from

the other end of the chain. The results obtained from the the DFT calculations on the retinal (containing a carbonyl group
calculations performed on different conjugated Schiff base as the terminal group), for example, predict a smaller bond
structures have shown that, compared to the effect of the numberaliternation for the planar structure of the moleétisss compared
of the double bonds conjugated to the Schiff base groepNi; to the experimental values.
the presence of the methyl groups on the main chain or the  For the conjugated Schiff base structures, the calculations
alkylation of the nitrogen atom has much less effect on the extent carried out using a multireference wave function predict a larger
of the z-electron delocalization of the systefhThe location bond alternation for both neutPaland protonated specié&?6.59
of the methyl groups on the polyene side chain is, however, of a5 compared to the DFT results (see ref 59 for detailed
utmost importance in determining the overall Shape of the retinal Comparison)_ The difference is more Significant for the proto_
analogues used as ligands for bR during experimérilbese  nated species. In the B3LYP/6-31G* optimized structure of a
structural effects, added to the dominant steric and electronic conjugated Schiff base model with four double bonds, for
restrictions of the binding pocké%?2” would explain the example, the bond distances of BN;=C,) and B (Ca=C,)
discrimination exhibited by the protein binding site for different double bonds of the all-trans conformer are 1.323 and 1.385 A,
analogues during incubation studfsSuch effects can also  respectively®® The corresponding bond lengths are 1.293 and
influence the rate of the photoisomerization and the dynamics 1.362 A, respectively, according to the CASCF calculations
of the ground and excited states of the retinal Schiff B&s&. applying eight electrons and eight orbitals in the active space.
The importance of the methyl groups has also been discussedror the single bonds, on the other hand, DFT results in shorter
during the study of the excited-state potential energy surface bond distances. The,BC,—Cs) and B, (C4—Cs) single bonds,
of the isomerization in different isomers of the retif@a?3 We for example, are calculated to be 1.398 and 1.412 A, respec-
also believe that the methyl substitutions can significantly tively, according to the DFT result§ whereas the CASSCF
influence the PA values and the barriers against the rotation of calculations predict the values of 1.423 and 1.439 A, respec-
the double bond¥ In the present study, however, the model tively, for these bonds.
Schiff base will be treated as an isolated system and without Because of the larger bond alternation in GASCF calcula-
inclusion of the protein environment, and we try to understand tions, the isomerization barriers calculated for the single bonds
the trend of the effect of the rotation of different bonds on the and the double bonds are respectively smaller and larger than
PA of the model Schiff base. Therefore, for the sake of computer the corresponding values in DFT calculations. The barrier
time, the methyl groups will not be considered in the model. against the rotation of the ;Bdouble bond (in a Schiff base

A ring-chain s-trans planar conformation adopted by the model with four conjugated double bonds) calculated using
retinal chromophore in the bR binding pocket, rather than the CAS—SCF calculations are 43.2 and 47.3 kcal/mol, respectively,
twisted s-cis conformation energetically favored in solution, has for protonated and neutral species. According to the DFT results,
been experimentally shown. The planarity of ring-chain was the corresponding values for the barrier against this rotation in
first suggested by Schreckenb&éliThe s-trans conformation  the protonated and neutral species are 39.0 and 42.0 kcal/mol,
was deduced fror®®C NMR chemical shifts of bR by Mathies  respectively. This point has to be kept in mind whenever the

and Griffir®® and supported by studies with locksdetis- and absolute values for the barriers, which are calculated using DFT
s-transretinal which were incorporated into BRFor the all- calculation in the present paper, are considered.
trans conformer, both the ab initio calculatiéh¥ and the The lowering effect of the protonation on the double bond

experimental crystallographic studigslemonstrate a planar isomerization barriers and the consequent effect on the PA of
structure. Therefore, to model the chromophore in bR, a Schiff the molecule, however, have the same trends in DFT and-CAS
base with six conjugated double bonds was selected. The result$SCF calculations. In the above example, energetic comparison
of our previous study clearly showed that the length of the shows that the increase of the PA change of the molecule during
conjugated double bond system has a significant effect on thethe rotation of the B3 double bond is even slightly larger for
electronic structure, the atomic charges, and the PA values ofthe CAS-SCF calculations (4.0 kcal/madly,as compared to
the protonated Schiff basé$Therefore, we kept the complete  the DFT results (3.0 kcal/mol). Therefore, despite the differences
conjugated double bonds in the model applied for the calcula- in the absolute values of the rotational barriers, it seems that
tions. the effect of the protonation on the barriers and the PA changes
Density functional theory (DFT) has been used in the during the isomerizations are appropriately predicted using DFT
calculation of the potential energy surface of the isomerization calculations.
of both single and double bonds for very similar structdfe&8:5° 3.2. Isomerization Barriers. In the present study, using DFT
It has been reported that the results are in a good agreementalculations, we have calculated the barriers to the rotation of
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TABLE 1: Bond Distances (A) Calculated for the All-Trans and Different 90°-Rotated Species of the Neutral Model Schiff Base
bond distancés
81 Bg B3 B4 Bs Be B7 Bs BQ BlO Bll

all-trans 1.2842 1.4521 1.3559 1.4372 1.3610 1.4347 1.3612 1.4366 1.3578 1.4463 1.3446
B1-90 (R) 1.2918 1.4551 1.3625 1.4312 1.3643 1.4318 1.3628 1.4352 1.3585 1.4458 1.3448
B2-90 (R) 1.2748  1.4878 1.3467 1.4454 1.3575 1.4375 1.3598 1.4378 1.3573 1.4467 1.3445
B3-90 (U) 1.3158 1.4083 1.4720 1.3602 1.4292 1.3829 1.4034 1.4056 1.3808 1.4324 1.3533
B4-90 (R) 1.2803 1.4619 1.3431 1.4800 1.3481 1.4462 1.3562 1.4405 1.3559 1.4476 1.3441
B5-90 (U) 1.2989 1.4285 1.4047 1.3767 1.4757 1.3638 1.4235 1.3933 1.3909 1.4267 1.3571
B6-90 (R) 1.2827 1.4554 1.3508 1.4492 1.3471 1.4802 1.3473 1.4486 1.3526 1.4497 1.3432
B7-90 (U) 1.2930 1.4376 1.3843 1.3982 1.4205 1.36591.4760 1.3719 1.4120 1.4156 1.3646
B8-90 (R) 1.2836 1.4534 1.3539 1.4412 1.3558 1.4464 1.34831.4805 1.3447 1.4564 1.3408
B9-90 (U) 1.2902 1.4421 1.3751 1.4101 1.4001 1.3856 1.4276 1.3612.4748 1.3935 1.3836
B10-90 (R) 1.2841 1.4525 1.3553 1.4384 1.3595 1.4376 1.3575 1.4453 1.34844831 1.3345

aThe rotated bond is shown by the bold presentation of its distance. For the bond and atom numbering refer to Figure 1. The data are derived
from the calculations at the restricted B3LYP/6-31G* level of theory except when there was an unrestricted solution with lower energy. In these
cases the unrestricted B3LYP/6-31G* bond distances are reported. U and R stand for unrestricted and restricted B3LYP/6-31G* calculations,
respectively.

TABLE 2: Bond Distances (A) Calculated for the All-Trans and Different 90°-Twisted Species of the Protonated Model Schiff
Base

bond distancés
B]_ Bg B3 B4 B5 BG B7 BB BQ BlO Bll

all-trans 1.3318 1.3876 1.3962 1.3976 1.3891 1.4069 1.3804 1.4182 1.3694 1.4370 1.3488
B1-90 (R) 13926  1.3622 1.4244 1.3806 1.4047 1.3953 1.3904 1.4100 1.3757 1.4324 1.3515
B2-90 (R) 1.2946  1.4534  1.3647 1.4253 1.3701 1.4234 1.3686 1.4286 1.2623 1.4425 1.3459
B3-90 (R) 1.3716 13497 1.4691  1.3680 14177 1.3888 1.3953 1.4067 1.3781 1.4307 1.3525
B4-90 (R) 1.3095 1.4163 1.3650 1.4656 1.3535 1.4390 1.3602 1.4355 1.3583 1.4454 1.3445
B5-90 (R) 1.3514 1.3664 1.4315 1.3573 1.4659  1.3720 1.4117 1.3980 1.3843 1.4271 1.3545
B6-90 (R) 1.3192 1.4013 1.3801 1.4220 1.3633 1.4703  1.3496 1.4453 1.3540 1.4482 1.3432
B7-90 (U) 1.3381 1.3836 1.4090 1.3811 1.4254 1.36301.4700 1.3724 1.4093 1.4149 1.3630
B8-90 (R) 1.3251 1.3943 1.3883 1.4076 1.3776 1.4266 1.36011.4736  1.3453 1.4554 1.3404
B9-90 (U) 1.3321 1.3907 1.3974 1.3960 1.4012 1.3883 1.4199 1.3671.4692  1.3929 1.3831
B10-90 (R) 1.3294 1.3899 1.3935 1.4008 1.3854 1.4123 1.3742 1.4302 1.357104782 1.3339

aThe rotated bond is shown by the bold presentation of its distance. For the bond and atom numbering refer to Figure 1. The data are derived
from the calculations at the restricted B3LYP/6-31G* level of theory except when there was an unrestricted solution with lower energy. In these
cases the unrestricted B3LYP/6-31G* bond distances are reported. U and R stand for unrestricted and restricted B3LYP/6-31G* calculations,
respectively.

all of the conventional single and double bonds in a model Schiff than the corresponding value of 1.284 A in the unprotonated
base structure which is structurally very close to the retinal Schiff base. The weakening of the double bonds and the
Schiff base. Results from our previous stffishowed that the  strengthening of the single bonds will significantly influence
most important parts of the retinal structure are in these kinds the rotation barriers of different single or double bofitfg;61.62

of studies the conjugated double bonds which can significantly This effect can be explained by the partial migration of
influence the electronic properties of the Schiff base={g s-electron charge to the Schiff base nitrogen, rendering the other

group. Therefore, we performed our calculations on a model part of thewr system positive as it can be clearly observed from
Schiff base structure which contains six conjugated double bondsthe pattern of charge distributions (Tables 3 and 4).

(including the Schiff base group).

3.2.1. Protonated Schiff BasEhe protonation has a profound
effect on the conjugated electronic structure of the studied model
Schiff base and significantly influences both the charge distribu-
tion and the bond alternation of the conjugated system.
Comparison of the structures of the neutral and protonated
species of the model Schiff base shows that the pattern of
alternating short and long bonds, which is exhibited most clearly
by the neutral form, will be partially destroyed in the protonated

species in which the short double bonds become longer an . ) .
the long single bonds become shorter. This effect is more MESOMErc structures (8G) can be obtained by shifting the

pronounced toward the terminal nitrogen, so that, in the case €€ctrons of the Schiff base double bone+R) to the nitrogen
of the protonated Schiff base, the Bouble bond (1.396 A) is atom. This leaves the positive cha}rge on t_he other part of the
even longer than the Bsingle bond (1.388 A) (Tables 1 and molecglg, namely the carbon containing m0|et.y.(C-part), where,
2). It has to be mentioned, however, that the large effect of the PY shifting of other double bonds, the positive charge can
protonation on the bond alternation of the molecule could be formally be assigned to different carbon atoms in different
partly related to the overestimation of theelectron delocal- ~ Mesomeric structures (BG), as depicted in Figure 2.
ization when using DFT calculations and such bond length  Isomerization barriers calculated for the protonated model
inversion of a single bond and a double bond has not beenSchiff base at different single or double bonds and using
observed in calculations using a multireference wave function. different levels of theory are presented in Table 5. These barriers
The bond length of the €N group in the protonated Schiff  are calculated using the energy difference between the all-trans
base is, on the other hand, 1.332 A which is significantly longer structure and the S@wisted species for each bond. In each

Because of the presence of a positive charge in the molecule,
different mesomeric structures can be considered for the
protonated Schiff base. These mesomeric structures are sche-
matically presented in Figure 2. In the first structure (A in Figure
2) the positive charge is formally carried by the nitrogen atom
and the double bonds are drawn according to the convention
which is generally used to describe the retinal Schiff base. This
mesomeric structure can appropriately describe the planar, cis
gdor trans, conformers of the protonated Schiff base. Other
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TABLE 3: Calculated Atomic Charges (e x 107?) for the A) ol L
All-Trans and Different 90°-Rotated Species of the Neutral \hll
Model Schiff Base

N; C C3 C Cs Cs C; Cg Cyg Cip Cii Ci2

altrans -26 17 3 2 1 1 1 1 1 1 1-1 . .
BI9OR) —-31 19 2 3 1 2 1 1 1 1 7 -6 B) \TW C) ’?W
B2-90(R) -2014 -1 5 0 0 0 0 O 0 7 -7
B3-90(U) —24 17 4 -5 5 0 0 0 0 1 6 —6
B4-9O(R) —25 18 8-3 -4 5 0 0 0 0 7 —7 D) i Seoryr E) \N‘Jﬁ)\(g)@\fkfk
B5-90(U) —25 16 5 5-2 -4 5 1 0 1 6 —6 ! !
B6-90(R) —26 17 3 2 6-4 -5 5 0 0 7 -7
B7-90(U) —26 16 4 1 2 5 3 4 4 1 6 —6
BS-9O(R) —26 17 3 2 1 1 5-4 -4 5 7 —7 F) sy sser Q) \MW%
B9-9O(U) —-26 16 4 1 1 1 1 5-4 -3 9 -5 ' !
3 2 1 1 1 1 5-4 3 —2

B10-90 (R) —26 17
@ The position of the rotated bond is shown as being between the H) \C,}) PN |) \?MH)\

atoms identified by bolded charges in adjacent columns. For the bond
and atom numbering refer to the text and Figure 1. The data are derivedFigure 2. Mesomeric structures for the protonated Schiff base model.

from the calculations at the restricted B3LYP/6-31G* level of theory . .
except when there was an unrestricted solution for description of the Present study from the calculations on the protonated Schiff

system. In these cases the unrestricted B3LYP/6-31G* geometries andbase. In the protonated Schiff base the bond alternation is
charges are used. U and R stand for unrestricted and restricted B3LYP/completely destroyed in the N-terminal moiety of the chain.

6-31G* calculations, respectively. Therefore, closed-shell calculations are expected to be able to
TABLE 4: Calculated Atomic Charges (e x 10-?) for the a_lpproprlately pred|ct_the electronic configuration for the transi-
tion state of the rotation of the double bonds close to the Schiff

All-Trans and Different 90°-rotated Species of the
Protonated Model Schiff Basé

Np, C C C G G C; Cg Cg Cio Cip Co2

all-trans 93 1 8 3 7 4
B1-90(R) -8 25 9 10 5 10 5
B2-90(R) 2940 -6 10 1 5 2

B3-90(R) —2 27 -8 7 10 11 6 1
B4-90(R) 18 42 911 -4 8 1 3
B5-90 (R) 1 27-2 8 -5 8 10 12

base (E=N) group in the protonated species. Moving to the
other end of the system (C-part) the bond alternation is gradually
recovered. The bond distance of;Bn the protonated Schiff
54 107 118 155 base model is 1.349 A which is quite comparable to the
2 5 8 2 corresponding value in the neutral Schiff base (1.345 A).
6 11 11 12 Therefore, since the rotation of a double bond in this region
1 4 8 0 can be considered as a homolytic bond break, for the appropriate
g 12 11 13  description of the transition state of the rotation of the double
8
-3
4

7
10
5
1

1

B6-90O(R) 15 38 4 12 97 -4 7 3 8 -1 ; _ o . .
B7-90(U) 832 2 6 4 8 1 4 9 9 09 bﬁndﬁjw[;the Cé)art of the molecule, spin-unrestricted calculation
B8-90(R) 12 36 3 10 4 9 95 7 8 -1 should be used. _ _
B9-90(U) 10 34 3 8 5 6 7 9 1 10 3 The results of the calculations show that, for thé-80isted
B1090(R) 10 35 2 9 3 8 4 8 84 5 4 species of the double bond isomerizations in the protonated

2 The position of the rotated bond is shown as being between the model Sch'ﬁ base, '_n mos_t cases, Sp'n'unr?St”Cted B3LYP
atoms identified by bolded charges in adjacent columns. For the bond €ollapses into the spin-restricted B3LYP solution and leads to
and atom numbering refer to Figure 1. The data are derived from the the same geometries and energies. Therefore, as it can also be
calculations at the restricted B3LYP/6-31G* level of theory except when observed in Table 5, the calculated barriers are the same for
there was an unrestricted solution with lower energy. In these caseshoth closed-shell and open-shell approaches for the double bond
the unrestricted B3LYP/6-31G* charges ar*e reported. U and R stand By, B3, and B; rotations. As we get closer to the other end of
for unrestricted and restricted B3LYP/6-31G* calculations, respectively. the polyene chain, however, the bond alternation is more

case the geometry of the molecule is fully optimized except pronounced. The double bonds located in this regionaiigl
for the constrains imposed for keeping the molecule & 90 By, have more double bond character than other double bonds
twisted conformation. In the case of the protonated Schiff base in the protonated Schiff base, and therefore, their rotations can
most of the 9@-twisted structures as well as the all-trans be considered as homolytic bond breaks. Therefore, the isomer-
conformer are properly described by the spin-restricted B3LYP izations at B and B double bonds cannot be properly described
calculations, and repeating the calculations using UB3LYP doesby the closed-shell calculations.
not lead to a lower energy solution for the electronic configu-  As it can be observed in Table 5, B3LYP and UB3LYP
ration of the system. calculations result in different isomerization barriers for these
As shown by Figure 2, for the mesomeric structures@in two bonds. B3LYP/6-31G* level of theory predicts the values
the N-part of the molecule (depending on the position of the of 40.98 and 49.19 kcal/mole for the barriers against the rotation
positive charge in the main chain) a number of the double bonds of B; and B, respectively. Application of the UB3LYP/6-31G*
are converted to single bonds and vice versa. One of thelevel of theory, on the other hand, results in the values of 37.28
consequences of this picture is that lower barriers to the rotationand 39.98 kcal/mol for B and B isomerization barriers,
at the conventional double bonds are predicted in the protonatedrespectively (Table 5). The UB3LYP calculations are able to
Schiff base as compared to the unprotonated species. This hasletermine more energetically favored solutions for the transition
clearly been described for the conjugated Schiff base structuresstates of these two rotations, and the barriers calculated for the
in previous studie¥>4%62Another point which may be concluded B; and B rotations by this level of theory are 3.60 and 9.21
from the mesomeric structures depicted in Figure 2 is that kcal/mol, respectively, less than the corresponding values in the
depending on the weight of the mesomeric structure drawn for B3LYP calculations. To appropriately describe the transition
the protonated Schiff base, the°9visted species for isomer-  state of these rotations {End B), we have to consider other
ization of some of the double bonds in the protonated model mesomeric structures showing the biradical character of the 90
Schiff base can be properly described by spin-restricted calcula-rotated species. Two of these mesomeric structures for the B
tions. This is quite consistent with the results obtained in the and B rotations, H and I, respectively, are depicted in Figure
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TABLE 5: Calculated Barriers (kcal/mol) to the Rotation of Different Dihedrals in the Protonated Model Schiff Base

method B B, Bs B, Bs Bs Bs Bs Bo B1o
B3LYP/6-31G 28.46 31.69 29.88 29.03 35.25 22.97 41.13 17.35 60.39 11.40
UB3LYP/6-31G 28.46 31.69 29.88 29.03 34.50 22.97 37.33 17.35 39.15 11.40
B3LYP/6-31G* 28.76 30.43 29.46 28.30 35.08 22.50 40.98 17.03 49.19 11.24
UB3LYP/6-31G* 28.76 30.43 29.46 28.30 35.08 22.50 37.28 17.03 39.98 11.24

aFor the bond numbering refer to Figure 1.

2. In each case, the radical can be stabilized by propagatingindicates that a completely different bond alternation can be
through the conjugated chain on each side (in order to savefound in the transition state (Table 2). Considering the N-part
space, these structures are not drawn). Although similar meso-of the molecule, all of the conventional double bonds of the
meric structures to H and | in Figure 2 can also be depicted for all-trans conformer (mesomeric structure A in Figure 2) are

the rotation of all of the double bonds, except for theaBd converted to single bonds in the Ofbtated structure and all
By double bond rotations, they have small weights and, therefore, single bonds of the N-part in the planar structure can be
are not shown here. considered as double bonds in the9@isted species. In the

In the case of single bond rotations, on the other hand, the all-trans conformer the positive charge, although being distrib-
90°-twisted transitions are well described by spin-restricted uted along the polyene chain, is mainly located on thatGm.
B3LYP calculations and there is no better open-shell solution In the 90-twisted structures of the double bond rotations,
for the electronic configuration (Table 5). The isomerization however, the positive charge is completely transferred to the
barriers to the different single or double bonds along the chain C-part of the molecule (Table 4). For the double bond
are predicted to be very variable in the protonated Schiff base isomerizations, therefore, the C-part can be considered as a

(Table 5) and can be significantly influenced by the proximity Polyenyl cation in the 9Btwisted structures. Very similar charge
of the bond to the protonated Schiff base group. relocalizations have been reported for the conical intersection

Rotation around a single or a double bond breaks the electronic structure described for other protonated conjugated

conjugation between the Schiff base group (N-part) and the otherSchiff base models during the isomerization of a double
part (C-part) of the polyene structure. The localization of the bond:546
positive charge in the transition state for single or double bond ~Because of the localization of more positive charge in the
isomerizations is, however, completely different. The rotation C-part region, the bond alternation in this region is also
breaks, in both cases, the long conjugated system in two isolatednfluenced during the rotation of double bonds. Compared to
smaller conjugated subsystems. In the case of single bondthe all-trans conformer less bond alternation will be obtained
isomerizations, at the 9@wisted transition state, the positive ~for the C-part region of the Sawisted species (Table 2).
charge stays in the N-part and the other part of the molecule 3.2.2. Unprotonated Schiff Basgs compared to the proto-
can be considered as an isolated neutral polyene system. At thenated species, the model Schiff base shows significantly larger
90°-twisted transition state of single bond isomerizations, the bond alternation in the neutral form. Due to the absence of any
bond alternation in the C-part is calculated to be significantly positive charge on the system only a slight perturbation of the
larger than the all-trans conformer. This can clearly be seen pattern of bond alternation can be observed in this case. The
from Tables 2 and 4, where bond distances and atomic chargesond distances calculated for different bonds of the all-trans
are reported for all-trans and Q@wisted structures. For all single  neutral species (Table 1) demonstrate very close values to pure
bond isomerizations we have a very large bond alternation in single or double bonds. In the case of the bonds in the region
the 90-twisted structure in the C-part region where the sums close to the nitrogen (Band slightly By), however, one can
of the charges are very close to zero (Table 4). The N-part of observe a small conjugation which slightly disorders this general
the 90-twisted structures of single bond rotations, on the other expression.
hand, can be considered as an isolated protonated Schiff base Regarding bond isomerizations, therefore, different bonds in
in which the conjugation is much smaller than the all-trans neutral species can be considered either as a pure single bond
conformer. For the 9Btwisted species in single bond isomer-  which can readily isomerize or as a strong double bond which
izations, the positive charge is completely localized in the N-part is predicted to have a relatively large isomerization barrier. In
region (Table 4). the case of the single bond rotations in the unprotonated model,
The picture describing double bond isomerizations is com- therefore, the potential energy surface can properly be described
pletely different. As it was mentioned before, in the case of by closed-shell calculations. The isomerization event of the
most of the rotations around conventional double bonds, double bonds, on the other hand, should be described by open-
especially around those which are closer to the Schiff base shell calculations which may appropriately handle the bond-
(C=N) group, the 98-twisted conformer can be appropriately breaking nature of the rotation, especially at the transition state
described by a closed-shell picture and there is no open-shellregion.
solution for electronic configuration of the molecule. Depending  In the unprotonated species, the all-trans conformer as well
on the position of the rotating bond, one or more mesomeric as the 90-rotated species of the single bond isomerizations can
structures, depicted in the Figure 2, can be considered also forappropriately be described by the mesomeric structure A in
the 90-rotated conformer. Therefore, on the basis of the Figure 3. In the case of the single bond rotations, no UB3LYP
mesomeric structures, in the case of the double bond rotations solution could be found for the 9@wisted structures in the
we expect a different charge distribution and bond alternation unprotonated model (Table 6). The calculated barriers for the
in the 90-twisted species for both N-part and C-part regions single bond rotations in the unprotonated species are abott 9.0
of the molecule as compared to the corresponding values in11.0 kcal/mol for 6-31G and 6-31G* basis sets (Table 6). The
the all-trans conformer. The N-part of the molecule is converted isomerization barriers to the different single bonds along the
to a neutral enamine structure with a more pronounceéd sp chain are predicted to be very close to each other, and in contrast
hybridization state. Examination of the bond lengths in this part to the protonated Schiff base, do not change, significantly. No
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TABLE 6: Calculated Barriers (kcal/mol) to the Rotation of Different Dihedrals in the Neutral Model Schiff Base?

method B B, B3 B4 Bs Be B, Bs Bg Bio
B3LYP/6-31G 37.20 11.01 60.59 10.93 56.00 11.31 55.78 10.88 59.57 9.15
UB3LYP/6-31G 37.20 11.01 37.41 10.93 34.06 11.31 33.67 10.88 35.97 9.15
B3LYP/6-31G* 38.95 10.43 60.73 10.69 56.03 11.14 55.73 10.74 59.48 9.05
UB3LYP/6-31G* 38.94 10.43 37.90 10.69 34.37 11.14 33.89 10.74 36.12 9.05
aFor the bond numbering refer to Figure 1.
A) A TABLE 7: Calculated Proton Affinities (kcal/mol) for the
"N All-Trans and Different 90 °-Rotated Species of the Model
Schiff Basé

B3LYP/ UB3LYP/ B3LYP/ UB3LYP/

B) - E) W method 631G 6-31G 6-31G*  6-31G*
~* o P P = s ~,
“W NE all-trans  264.52 264.52 257.65 257.65

B1-90 273.26 273.26 267.84 267.84
B2-90 243.84 243.84 237.65 237.65

B3-90 29522 272.04 288.92 266.12

C) \”Wf% F) \NWKH)\ B4-90 246.42 246.42 240.04 240.04
8 " B5-90 28527 264.08 278.60 256.94
B6-90 252.86 252.86 246.30 246.29

B7-90 27917 260.86 272.41 254.26

B8-90 258.05 258.05 251.35 251.35

D) N//J\HYL%\?L{L G) \”%/W\ B9-90 263.71 261.35 267.94 254.79
- * - B10-90 262.27 262.27 255.45 255.45
Figure 3. Mesomeric structures for the neutral Schiff base model.

significant changes can be recognized in the atomic charges of
the transition state species of single bond rotations as comparedransition state (Table 1). As compared to the values of 1.3559
to the ones in the planar conformer (Table 3). The examination 1.3612 A obtained for the 8Bs, B7, and B double bonds of
of the bond distances of the conjugated system (Table 1) showsthe all-trans conformer, the length of the rotating bond is about
that, except for the rotating bond which becomes longer in the 1.4720-1.4760 A in the corresponding 9®wisted isomers. In
90°-rotated species, there are only slight increases in the bondthe case of the double bond rotations, the bond alternation of
alternation, especially next to the rotating bond, on both C-part both the N-part and C-part sides are more significantly perturbed
and N-part sides. During the rotation of the single bonds, the in the 9C0-twisted species of the double bond rotations (Table
rupture of the conjugated system in the°90tated species  1). This can be related to the stabilizing effect of theystem
increases the bond alternation for both the C-part and N-parton the radicals produced at the°9fisted conformers.
sides, respectively. The atomic charges are also influenced by the rotation of

In the case of double bond isomerizations, on the other hand,the double bonds. The calculated atomic charges of the 90
depending on the location of the rotating double bond, tife 90 rotated species, however, are within less than 0.1 e different
twisted transition state can be better described by the otherfrom the atomic charges in the all-trans conformer (Table 3).
mesomeric structures (BG) depicted in Figure 3. For the 3.3. Proton Affinity. DFT has been reported to be very
double bond rotations, the transition states cannot be properlyreliable in calculating PA and in reproducing the experimental
described by the application of the spin-restricted calculations. results within a few kcal/mdi® The results of DFT calculations
Because of the absence of any formal positive charge on theshow a significant improvement over Hartreeock results, and
Schiff base group, the bond alternation is significantly larger it has also been reported that MP2 and MP4 do not significantly
in the neutral species, as compared to the one in protonatedmprove the DFT-calculated PA valugsThis is also evident
form. Therefore, rotation around a double bond breaksathe from comparison of the calculated PA values of methylenimine
bond of the rotating double bond and results in biradical speciesat the MP3/6-31G* (214.2 kcal/mol, ref 64) and Becke3LYP/
at the 90-twisted conformer. The radicals happening on either 6-31G* (216.2 kcal/mol, ref 49) levels of theory.
sides of the rotating bond are stabilized, to some extent, by the To study the potential effect of the rotation of different bonds
remainder of the conjugated system in both the C-part and on the K, of the retinal Schiff base, we have also calculated
N-part regions. A number of possible mesomeric structures the gas-phase proton affinity (PA) of our model Schiff base in
which can be used to describe the90tated species for each  90°-twisted conformers as well as in the all-trans conformer.
rotation are presented in Figure 3. The PA values calculated using B3LYP or UB3LYP methods

The isomerization barriers for the unprotonated model are and different basis sets are presented in Table 7. The PA values
shown in Table 6. Compared to the other double bonds, the calculated at the UB3LYP/6-31G* level of theory are also
C=N bond has a relatively lower isomerization barrier (about graphically depicted in Figure 4. As compared to the UB3LYP/
38.0 kcal/mol). The isomerization barriers of the other double 6-31G results, application of the larger basis set, 6-31G*, causes
bonds are predicted to be too high within the spin-restricted a systematic shift of 6:867.0 kcal/mol in the PA values for both
B3LYP calculations. The rotation barriers of 55.60.0 kcal/ all-trans and 9%-rotated structures (Table 7). Therefore, the
mol obtained by the B3LYP method will be reduced to about application of a larger basis set does not influence the conclu-
34.0-38.0 kcal/mol in the spin-unrestricted calculations (Table sions about the isomerization effect on the,f the Schiff
6). As compared to the protonated Schiff base, the calculatedbase in the present study. This observation has also been
isomerization barriers for double bonds in the neutral species previously reported in comparative studies of the analogous
are also relatively invariable and do not change along the chain. Schiff base structure$:>° In those studies it was found that

In the case of the double bond rotations, the rotating bond application of 6-31G* or 6-31G** basis sets, although resulting
becomes much longer and converts to a single bond at thein different absolute PA values, caused a constant systematic

aFor the bond numbering refer to Figure 1.
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270 from the calculations applying multireference wave functions,
25 the changes in the PA of the system show the same trends in
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260 DFT and CAS-SCF calculations.
s ‘ The calculated increase of the PA at thé-86tated species
of the B; rotation can be rationalized by the inspection of the
H atomic charges (Table 4) and the bond alternation (Table 2) of
|| the protonated polyene structure in the’90tated species, as
‘ compared with the corresponding values of the planar con-
former. The rotation of a double bond separates the conjugated
Rotated bond system into two segments which will substantially differ from
Figure 4. Comparison of the calculated proton affinity for all-trans their electronic state in the all-trans conformer. At the-90
and 90-rotated species of the model Schiff base. For the bond rotated conformer, we have a more negative (less positive in
numbering refer to Figure 1. The data are calculated on the basis ofthe case of protonated species) N-part at one side and a more
s et B Sl ot o ey POt C-patt o the ther s (Tabe 4. ths way,cuting
W . .
the protonated and/or neutral species. In these cases the energ)éticall'ghe rotation of the dqyble bonds, the protonated Schiff base
more favorable unrestricted B3LYP/6-31G* energies of the protonated rouplleaves the positive charge on Fhe C-part of .the.molecule
and/or neutral species were used. and will be converted to a neutral amine group which is known
to have a much largerfy than a protonated Schiff base group.
shift of PA and could not influence the PA differences calculated For the B rotation, the total charge located in the Schiff base-
for different molecules. The application of the larger basis set, containing region (N Cz, and G) of the protonated species at
6-31G**, resulted in the higher PA values (about 2.0 kcal/mol) the transition state is only 0.17 e which is significantly smaller

calculated for the Conjugated Schiff base structﬂ?@m”e in than the Corresponding value of 0.44 e in the all-trans conformer
the present study larger basis set resulted in the lower absolute(Table 4). For the discussion of bond alternation changes we
PA values. refer to the previous sections (isomerization barriers in the

In a recent paper we showed that, in a small conjugated modelProtonated and neutral species).
Schiff base, isomerization can significantly influence the  The single bond rotations, on the other hand, have completely
calculated PA of the system. More interestingly the rotation of different influences on the calculated PA of the Schiff base. At
a double bond was shown to have a completely different effect a torsion angle of 90of a single bond, the molecule can be
on the PA as compared with the rotation of a single b#nd. considered as two mutually isolatedelectronic systems. In
Due to the short length of the model Schiff base studied in that this case, the rotation of a single bond shortens the length of
study4® however, to have a more reliable and more quantitative thes-electronic system conjugated to the protonated Schiff base
conclusion, we decided to study here how the isomerization may group and, therefore, the PA is predicted to decrease during
influence the PA in a model Schiff base with six conjugated the single bond isomerizations. The C-part of the conjugated
double bonds. As it can be seen from the results presented insystem at the 9Btwisted transition state of the single bond
Table 7 and Figure 4, the rotation of a double bond increasesrotations can be best described as an isolated neutral polyene
the PA of the Schiff base. This effect is much more significant chain with a larger bond alternation as compared to the all-

for the double bonds close to the Schiff base grougK, trans conformer. Therefore, in agreement with the previously
and the increase of the PA due to the double bond rotations isreported result$;#°we conclude that any deviation of the single
most significantly observed in the case of the Bz, and B bonds from the planar structure of the retinal Schiff base
rotations, respectively. decreases thelKp of the system.

At the 9C-rotated species of the sBrotation, the PA is According to the available crystallographic data for reffh&l

calculated to be 266.12 kcal/mol, which is about 8.50 kcal/mol and N-methyl-N-phenylimine retinal Schiff basé the retinal
larger than the corresponding value in the all-trans conformer polyene molecule has a planar structure in the crystal form. The
(257.65 kcal/mol). This PA difference corresponds toka p  large steric hindrance of the substituted methyl group on the
change of about 6.0 pH unit. However, since it is unlikely that polyene chain is, to some extent, compensated by the adoption
the retinal chromophore adopts a°@@isted structure in the  of a banana-shaped structure by the molecule. In the protein
protein environment, the PA changes calculated here can onlyenvironment, however, the steric interaction of the binding
be qualitatively used to estimate the effect of a twist on the pocket with the chromophore influences the structure adopted
pK, of the retinal Schiff base. It is worthwhile to have a closer by the chromophore. There are experimental and theoretical
and more detailed look at the shape of the potential energy studies which propose a twisted structure of the retinal Schiff
surface of this rotation in a large conjugated system like the base in the bR protein environment. The biphasic nature of the
one used in the present study. In this way, one may estimateCD spectrum of the retinal Schiff base in bR has been explained
the PA change of the retinal Schiff base in its twisted on the basis of adoption of a twisted structure by the chro-
conformers. These calculations are being performed in this mophore® In a very recent paper, more evidence for nonpla-
laboratory. narity of the retinal Schiff base structure in the protein
The lowering effect of the protonation on the double bond €nvironment has been reported after the analysis of the optical
isomerization barriers, which has been experimentally sfdwn rotation of the second harmonic radiation from retinal in bR
(particularly for G=N and Gs=Cy4 double bonds of the retinal monomers in LangmuirBlodgett film® Polarized infrared
Schiff base, it is shown that the ground-state rotation can only SPectroscopy studies also suggest the existence of distortions
happen in the protonated form), can be used as an energeti@round different dihedral angles along the retinal cHaid.
basis for explaining why the PA increases during the rotation = There are experimental studies which demonstrate the ground-
of a double bond. As mentioned before, although the absolute state rotation of the €N and Gs=C,4 double bonds in different
values for the isomerization barriers calculated using single- analogues of the protonated retinal Schiff b&s&.In these
reference DFT calculations in the present work are different studies GN and Gz=C,4isomerization have been monitored
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using NMR techniques. In the present work, we found that the the biradical character of the transition states, other double bond
barriers against the rotation oI and G3s=C;4 double bonds rotations in the protonated Schiff base, as well as all double
of a model Schiff base are lower than the other double bonds. bond rotations in the unprotonated Schiff base, however, should
Although, on the basis of the calculated bond alternation, DFT be considered using spin-unrestricted calculations. The isomer-
seems to predict lower barriers for the rotation of double bonds ization barriers to the different single or double bonds along
than CAS-SCF, the computed barriers (about 30 kcal/mol in the chain are predicted to be very variable in the protonated
the present study) are still too high to explain the ground-state Schiff base and can be significantly influenced by the proximity
isomerization of the chromophore around these two double of the bond to the protonated Schiff base group. The isomer-
bonds in room temperature. ization barriers calculated for the single and double bonds in
With regard to the high barriers calculated for the rotation of the neutral species, on the other hand, do not change signifi-
the double bonds, as compared to the experimental observationsgantly for different bonds along the chain.
we are not aware of any reported methodological problem. The The results clearly show that protonation of the nitrogen atom
addition of the methyl groups to the applied model can improve in the Schiff base (€N) group has a profound effect on the
(decrease) the rotational barriers. Preliminary results of our barriers to the rotation around different bonds in the system.
calculations show that, in such a methylated model, the barrier For the 90-twisted transition states, completely different
against the Band B rotations will be decreased about a few mesomeric structures for both single and double bond rotations
kcal/mol. This effect can be related to the steric effect of the of protonated and neutral species are predicted. The rotations
substituted methyl groups, which is more significant in the around the Schiff base group#\) and the double bond next
planar structure (compared to the twisted one), and the stabiliza-to the Schiff base in the protonated species (corresponding to
tion effect of the methyl groups on the relocalized positive the rotating bond during the photoisomerization of the retinal
charge of the C-part of the 9@wisted conformer. Schiff base in the bR) have the lowest rotational barriers among
However, the decreasing effect of the methyl groups on the the double bonds. In the neutral species, however, higher barriers
isomerization barriers is not large enough to explain the room- to these rotations are predicted. Therefore, in agreement with
temperature rotation of the double bonds. We think that the the accepted scheme of the bR photocycle and the dark
strong polarization effects of the environment (solvent or protein adaptation of the pigment and the experimental results, the
matrix), which are absent in our calculations, are important ground-state isomerizations of the chromophore around the
factors responsible for such differences. For planar structures,C1s=Ci4 bond may only happen when the Schiff base group is
for example, we showed that the application of an implicit in the protonated form. Protonation seems to be essential for
solvent model significantly influences the energies and the the chromophore to be able to overcome the high barrier which
structures of the conjugated Schiff base models, as comparedeXists against the rotation of this conventionally double bond.

to the gas-phase calculatiotsTherefore, the application of a The PA of the system decreases upon isomerization around
solvent model in the calculations may have significant effects the single bonds, while ground-state rotation around the double
on the calculated isomerization barriers. bonds, particularly in the region close to the Schiff base group,

The isomerization barriers of the;Bnd B double bond significantly increases the calculated values of PA. Because of

should be low enough to let the chromophore do ground-state the known small barriers against the rotation of the=Nie
isomerization in bR. It has been reported that the protonateda@nd Gs=Ci4 double bonds in the retinal Schiff base and steric
retinal Schiff base chromophore performs ground-state rotation interactions of the chromophore with the protein environment,
around the &N and Gs=Cy4 double bonds in the protein @ twisted structure can be proposed for the polyene in its binding
environment. These ground-state isomerization events happerPocket. In this case, according to the results of the present work,
during the last step of the bR photocycle as well as in the dark the [Kaincrease of the retinal Schiff base in bR can be partially
adaptation of the pigment and require a low barrier to teeN\C ~ related to such a twisted structure.

and G3z=Ci4 double bond rotations. bR contains in its dark
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