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ABSTRACT Based on quantumchemical MNDOC calculations it is shown that the ground-state properties of a retinal
Schiff base depend sensitively on its protonation state and charge environment. This is exemplified for the equilibrium
geometry, for the distribution of partial charges and, in particular, for the thermal isomerization barriers around the
7r-bonds. It is demonstrated that a protein, by protonating the retinal Schiff base and by providing one or two negative
ions in its environment, can reduce double-bond isomerization barriers from 50 kcal/mol for the unprotonated
compound to 5S kcal/mol and can increase single bond barriers from 5 kcal/mol to - 20 kcal/mol. Thereby, the
specific location of the ions relative to the polyene chain of the protonated retinal Schiff base determines the barrier
heights. The results explain the ground-state isomerization reactions of retinal observed in bacteriorhodopsin and in
squid retinochrome.

INTRODUCTION
Bacteriorhodopsin (BR) in the purple membrane of Halo-
bacterium halobium acts as a light-driven proton pump
(1, 2). Retinal forms the chromophore of BR (see Fig. 1),
is bound as a protonated Schiff base to the lysine residue
216, and in the light-adapted state absorbs at 568 nm.
Upon light excitation BR enters a reaction cycle in which
at least five ground state intermediates of the chromophore
have been identified spectroscopically. Only the primary
reaction step is of photochemical nature. This step pro-
ceeds within < 10 ps and entails an all-trans -- 13-cis
isomerization of retinal. The resulting red-shifted photo-
product K590 stores 16 kcal/mol of the absorbed light
energy (3). K590 may actually not be the primary photopro-
duct but rather may be preceded by yet earlier discernible
intermediates. In subsequent thermally activated reac-
tions, for which rate constants ranging from 106 to 102 S-I
have been measured, this energy is used to translocate at
least one proton across the membrane and to drive BR
back to its original conformation. In this dark phase of the
cycle, which is accompanied by protein conformational
changes, a transient deprotonation of the Schiff base
occurs and retinal reisomerizes within milliseconds to the
all-trans geometry. Thermal isomerizations of retinal have
been observed also in squid retinochrome (1 1 -cis
13-cis -, all-trans) (4) and during dark adaptation of
initially light-adapted BR568 (all-trans - 13, 15-di-cis)
(5,6,7).

Retinal belongs to the family of polyene dyes, which are
well known for their characteristic structure of alternating
single and double -r-electron bonds. In the ground state a
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rotation around double bonds is prevented by very high
barriers of activation, typically of - 50 kcal/mol. Single
bonds, in contrast, exhibit only low barriers of - 5 kcal/
mol (8, 9). Single-bond rotations proceed readily within
less than a nanosecond whereas thermal double-bond
isomerizations are essentially unobservable. A strong per-
turbation of the polyene bond pattern is, therefore, a
prerequisite for retinal to isomerize in the ground state
around a double bond, as observed in the dark phase of the
BR reaction cycle on a millisecond time scale, and in squid
retinochrome and during dark adaptation of BR568 on a
time scale of minutes. In BR such a perturbation is induced
by the protonation of the Schiff-base nitrogen of the
chromophore (10). The effect of the protonation is wit-
nessed by the strong bathochromic shift of the absorption
maximum from - 360 nm for the unprotonated Schiff base
(11) to values ranging between 430 nm (12) and 610 nm
(13) for the protonated chromophore inside the protein.
This shift can be explained by arguing that the positive
charge of the added proton attracts a 7r-system towards the
terminal nitrogen, thereby transforming retinal to a poly-
enylic cation (1 1, 14). Such cations exhibit, in fact, absorp-
tion bands strongly red-shifted with respect to those of the
parent polyenes, e.g., a red shift of more than 200 nm for a
polyene isoelectronic with the conjugated ir-system of
retinal (14, 15, 16).

However, the transformation of retinal into a polyenylic
ion does not only result in a lowering of the optically
allowed excited state but also alters the ground-state bond
structure. This has been shown in reference 17 on the basis
of quantumchemical MINDO/3 calculations involving
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FIGURE 1 The Schiff base of retinal is shown. The chromophore is
attached through the terminal nitrogen to a lysine residue of bacteriorho-
dopsin.

only a fragment of retinal. Because all steps in the BR
pump cycle after the primary photophysical event involve
ground state reactions only, we want to address ourselves in
this paper to the ground-state stereochemical properties of
the BR chromophore. Using as a quantumchemical tool
the recently developed MNDOC method (18), we will
show how a protein like bacterio-opsin, by protonating the
terminal nitrogen and by providing an appropriate charge
environment, can steer the stereochemical properties of
retinal. In the section entitled Models for the Protein-
Chromophore Interaction in BR, we will first discuss the
available evidence concerning the interaction between reti-
nal and its protein environment in BR and develop some of
the model concepts on which our study is based. The
following section introduces the quantumchemical meth-
ods. The section entitled Equilibrium Structures of Retinal
Schiff Bases presents the calculated equilibrium structure
of a retinal Schiff base in the protonated and unprotonated
state. This investigation is extended in the section entitled
Effect of Protonation on Isomerization Barriers to the
ground-state activation energies for thermal isomerization
around the single and double bonds of retinals conjugated
7r-system. This section contains the key result of the paper
that is the demonstration that protonation partially
reverses the single and double bond character of a retinal
Schiff base. The section entitled Influence of Anions on the
13-14 Isomerization Barrier demonstrates how these
effects are influenced by negatively charged groups at the
chromophore site. As a measure for the perturbation of the
retinal bond structure, we calculate the relevant barriers
for isomerization. Earlier 7r-electron calculations (19, 20)
have indicated already that these barriers should be
strongly influenced by negative charges. In the section
entitled Charge Separation Contribution to Isomerization
Barriers, we show to what extent the thermal activation
energies can be altered in a protein environment if bond
rotations are accompanied by a charge separation between
a negative counterion and the Schiff-base proton and if the
protein dielectric properties are taken into account. A short
summary concludes the paper.

MODELS FOR THE
PROTEIN-CHROMOPHORE
INTERACTION IN BR

Detailed information about the structure of the binding
site of retinal in BR568 and about its conformational
changes during the the photoreaction cycle is still lacking.

Any attempt to model the interaction between the protein
and retinal in the purple membrane relies, therefore, on
some speculations relating the available data.

It is known that the retinal Schiff base (RSB) is
protonated during nearly all stages of the cycle, with the
exception of the intermediate M410 (1, 2). Because the
absorption maximum of the chromophore changes greatly
during the pump cycle and upon variation of certain
external conditions like pH or salt concentration, the
interaction between the protein and retinal must change
correspondingly. The size of the spectral red shift of the
absorption maximum of the protonated retinal Schiff base
(RSBH+) is determined mainly by the interaction of the
positive charge at the nitrogen with the polyene ir-system
(21, 22, 23). If one accepts that the transformation into a
retinylic cation is completed and the spectral red shift
enhanced by removing a possible counterion from the
proton at the terminal nitrogen or by placing additional
negative charges along the polyene backbone near the
cyclohexene ring (24), one is led to several conclusions
concerning the RSB environment in BR. First, one can
conclude from titration experiments (25) and from a study
(26) of the changes in the protonation state of BR during
reconstitution of the chromophore that there exists a coun-
terion ofpK 3 in the vicinity of the proton at the Schiff base
nitrogen (27). A neutralization of this counterion by
protonation can explain the bathochromic shift to 605 nm
observed at low pH, since such a neutralization renders the
transformation of the RSBH+ into a retinylic cation
complete. Similar arguments apply to the red-shifted K
and 0 intermediates of the reaction cycle absorbing at 590
and 640 nm, respectively. Both species appear as immedi-
ate products of isomerization reactions involving a rotation
around the 13-14 bond of the RSBH+. In the case ofK the
isomerization is certain, because this primary photoprod-
uct of all-trans BR568 contains a distorted 13-cis RSBH+
(28, 29). In the case of 0 an isomerization is likely since
the RSBH+ is all-trans in this intermediate (30) and is
13-cis in the unprotonated precursor M410. In both cases
the bond rotation may separate the Schiff-base proton and
its respective counterion which can explain the strong
red-shift.
The above statements about the possible existence of a

counterion close to the terminal nitrogen in BR are
confirmed by recent pH-jump experiments that yielded
above pH 11.5 a strongly blue-shifted BR species absorb-
ing at 460 nm. This species contains an unprotonated RSB
chromophore as was shown by resonance Raman spectro-
scopy (31). From these measurements a pK value of 13.3
has been derived for the RSB in BR. This pK value, which
is very large compared to solution values of -6.5, points
towards the stabilizing effect of an anion in the vicinity of
the protonated nitrogen. However, as we will argue below,
a stabilization of the Schiff-base proton can also be induced
by a negative charge that is situated towards the cyclohex-
ene ring and interacts with the 7r-system. The latter
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explanation would also rationalize the spectral maximum
at 460 nm, which is very much in the red range for an
unprotonated RSB. A negative charge somewhere over the
r-electron backbone of retinal could produce, however,
such a spectral shift. This explanation of the spectral shift
is also in accordance with earlier BR reconstitution experi-
ments that revealed the existence of a 430-460 nm inter-
mediate prior to the establishment of the Schiff-base
linkage (32, 33). It was shown that the formation of this
intermediate depends on at least one group with a pK of
3.8, and that another group with a pK of 4.5 as well as a
base with a pK> 10.5 are necessary prerequisites for the
completion of the reaction (34, 35). One may speculate
that the latter group is the e-amino group of the lysine
residue to which retinal becomes covalently bound.
According to reference 26 the group with the pK value of
4.5 has to be identified with the counterion, because its pK
is shifted to a value of 3.0 upon interaction with the
protonated Schiff base. In these measurements a pK shift
from 7 to 9 of yet another group had been observed. We
conclude, therefore, that in addition to the counterion at
the nitrogen there exist in the immediate environment of
the polyene moiety of the RSB in BR at least one
additional negatively charged group (pK 3.8) and a couple
of polar groups.

Chromophore reconstitution experiments with retinal
analogues containing shortened chains of conjugated dou-
ble bonds yielded shifts of the visible absorption maximum
that fit a model with one anion 3.0 A distant from the
Schiff base and another 3.5 A from the C5 atom of the
cyclohexene ring (36). Recently, additional material has
been presented by the same authors to support their model
using the same type of arguments. Spectral shifts of
cyanine dyes upon reconstitution with bacterio-opsin (37)
did compare well with the results of PPP-CI calculations
(38, 39). However, since such calculations cannot unequiv-
ocally determine the positions of the anions, we still
consider the details of the charge distribution in the retinal
binding site of BR to be unknown, although we think that
the "two external point charge model" is quite plausible.

Considerations like those sketched above led us to a
three-step approach for our quantumchemical investiga-
tion of the ground state stereochemical properties of retinal
induced by bacterio-opsin. In a first step we will study the
effect of pure protonation on a RSB using the correspond-
ing cation as a model. Then we will introduce a counterion
and vary its distance from the proton at the Schiff-base
nitrogen. Finally we will add a second anion and move it at
a distance of 3 A along the polyene backbone, keeping the
position of the first anion fixed. For the sake of simplicity
we will use the results on the cation as a reference for
comparisons with experimental data on the BR chromo-
phore. It will become apparent from the investigation of
the effects of negative charges in a protein dielectric
environment on the stereochemical properties of a RSBH+
that this simplification does not impose severe restrictions

on our conclusions (see the sections entitled Influence of
Anions on the 13-14 Isomerization Barrier, and Charge
Separation Contribution to Isomerization Barriers).

QUANTUMCHEMICAL METHODS
We have carried out MNDOC calculations (18) for the
heat of formation and for isomerization potential surfaces
of protonated and unprotonated retinal Schiff bases and
related model compounds. MNDOC is an improved ver-
sion ofMNDO (modified neglect of diatomic overlap) (40)
allowing the explicit inclusion of electron correlation
effects. This method furnishes the most reliable semiem-
pirical description of ground-state properties of organic
molecules containing the elements H, C, N and 0. We
have extended the method to include fluorine (F) because
we wanted to include this atom in our calculations as a
model anion (Tavan, P., and K. Schulten, unpublished
results). Electron correlation is treated in MNDOC by
second-order perturbation theory using Brillouin-Wigner
expansions combined with Epstein-Nesbet energy denomi-
nators (BWEN) (41, 42).
As retinal contains more than 150 electrons, routine ab

initio calculations for many points on a reaction path would
not have been feasible computationally. Even for a semi-
empirical all-valence electron method like MNDOC, the
number of electrons is very large. Therefore, we had to
restrict the geometry optimization to the SCF level. How-
ever, this treatment represents a reasonable approximation
to the correlated MNDOC procedure (18). For the deter-
mination of the equilibrium geometries, nearly all geomet-
ric variables were relaxed except for the torsional angles in
the region between C7 and the terminal nitrogen of the
polyene chain for which a strictly planar conformation was
assumed. For the calculation of isomerization potential
curves only a subset of relevant geometric degrees of
freedom was optimized. This subset comprised - 30 vari-
ables and included the C-C and C-H bond lengths and
angles along the retinal polyene chain as well as the
torsional angles of the CH3-groups in the vicinity of the
respective reaction coordinate. For instance, in the calcula-
tions of the potential curves for the torsion around the
13-14 double bond (see the sections entitled Effect of
Protonation on Isomerization Barriers, Influence of Anions
on the 13-14 Isomerization Barrier, and Charge Separa-
tion Contribution to Isomerization Barriers), in addition to
the polyene geometry parameters all degrees of freedom of
the methyl group at C,3 were optimized because in the
course of the rotation this group interacts sterically with
the hydrogen at C,5. At each point on the reaction path the
SCF geometry optimization was followed by a calculation
of the BWEN correlation correction to the Hartree-Fock
energy. The extended computations necessary were carried
out on a CRAY- 1, by employing a program code optimized
to the parallel processing facilities of this installation.

Although MNDOC is superior in many respects (accu-
racy of calculated bond lengths, bond angles, heat of
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formation, etc.) to earlier semiempirical methods like
CNDO (43), MINDO/3 (44) or MNDO (40), it shares a
common drawback (45, 46). All these methods systemati-
cally underestimate the torsional stability of C-C single
bonds. For example, in the case of the central single bond
of butadiene, MNDO predicts an isomerization barrier of
only 0.5 kcal/mol, and the MNDOC barrier is 1.1 kcal/
mol, whereas the experimental value is 5 kcal/mol (8). If
sterical interactions compete with the torsional stability of
-r-single bonds this failure can lead to the prediction of
strongly twisted polyene geometries. However, if one fixes
such torsional angles during the geometry optimization
e.g., to the experimental values, then MNDOC yields
qualitatively correct descriptions of equilibrium geometries
even for molecules as large as retinal (see Equilibrium
Structures of Retinal Schiff Bases).
The MNDOC Method allows an increase of the tor-

sional stability of C-C single bonds by a change of the
bond-length dependence of the 7r-7r resonance inte-
gral (Tavan, P., and K. Schulten, unpublished results).
With a correspondingly reparametrized method, termed
MNDOC/T, we obtained for butadiene a single bond
isomerization barrier of 1.6 kcal/mol, i.e., the torsional
stability has been improved but is still too small. Conse-
quently, the MNDOC/T results quoted below may serve
only as an estimate for the necesary corrections to the
MNDOC torsional barriers of those C-C ir-bonds, which
are 1.4 A.

EQUILIBRIUM STRUCTURES OF RETINAL
SCHIFF BASES

Fig. 3 shows the bond lengths and bond angles of the
carbon skeleton of the unprotonated RSB shown in Fig. 2
that were obtained by a MNDOC-SCF geometry optimi-
zation. Our calculations have demonstrated (Tavan, P.,
and K. Schulten, unpublished results) that the replacement
of the terminal NCH3 residue by an oxygen atom affects

FIGURE 2 The geometry of the unprotonated retinal Schiff base drawn
to scale as predicted by the MNDOC method is shown. Throughout this
paper we use the following nomenclature for the various retinal deriva-
tives: We characterize them by the residue X appending at the polyene
chain at C15 and by the structure Y of the compound up to X. If Y
matches retinal we designate it as RETINAL. For many calculations we
replaced the carbon atoms C1 and C4 by hydrogen atoms, i.e., we omitted
most of the cyclohexene ring keeping, however, the MNDOC geometry of
RETINAL in the region between C5 and C8. For these smaller
compounds Y is named RET (see Fig. 7). If, in a calculation, ring and
chain are forced to be coplanar a prefix PL- is added to Y. With these
conventions the compound in this figure is RETINAL-NCH3.
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FIGURE 3 The calculated bond lengths and bond angles of the carbon
skeleton of RETINAL-NCH3 are shown; for the purpose of this drawing,
the dihedral angle between the cyclohexene ring and the polyene chain of
830 has been set to 00; (a) bond lengths, (b) bond angles.

the retinal geometry only slightly. Consequently, the crys-
tal-structure data for retinal (47) shown in Fig. 4 can be
taken as an experimental reference for the theoretical
results in Fig. 3. We find comparing these data that
MNDOC reproduces the crystal geometry quite well, the
deviations being a few hundredths of an angstrom for the
bond lengths and 30 for the bond angles at most. The
typical banana-type curvature of the polyene chain is
somewhat exaggerated by the MNDOC method as it
predicts the bond angles adjacent to the methyl groups to
be 128.80 on the average whereas a value of 126.30 is
observed. The conformation of the cyclohexene ring can be
characterized by the C2-C,-C6-C5 torsion angle. This
angle measures 190 in the retinal crystal and is predicted to
be 210 by MNDOC. However, this good agreement may be
accidental because the crystallographic bond angles and, in
particular, torsion angles depend sensitively on the details
of the crystal structure (48). The only serious deviation of
our quantumchemical description from the experimental
findings is the dihedral angle between the plane of the ring
and that of the chain. Our calculations consistently predict
a torsional angle of 830, which is larger than the observed

a
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C30
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110.L 18.4 118.35

/Z) 2559
122 1

24.3 ~~~~~~~~~~~~0
C\

FIGURE 4 Retinal crystal structure data from reference 45 is shown; (a)
bond lengths, (b) bond angles.
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angle of 620, because MNDOC does not assign enough
torsional stability to the 6-7 ir-single bond to compete with
the steric interaction between the methyl groups at Cl and
C5 and the hydrogens at C7 and C8.

Protonation of a RSB induces a drastic change of its
equilibrium geometry as shown in Fig. 5. Although bond
and torsion angles are nearly unaffected, the pattern of
alternating short and long bonds exhibited clearly by
RETINAL-NCH3 (see the caption to Fig. 2 for the
nomenclature) is partially destroyed in RETINAL-
NH+CH3, in which the short ir-bonds have become longer
and the long bonds have become shorter (see Figs. 3 and 5).
This tendency is more pronounced towards the terminal
nitrogen, so that the 13-14 double bond is even longer than
the neighboring 14-15 single bond. This observation sug-
gests that protonation of a RSB exercises a selective
influence on the ir-bonds, and should affect in particular
the stereochemical properties of the terminal region of the
polyene chain.
The weakening of the double bonds and the strengthen-

ing of the single bonds is caused by a partial migration of a
ir-electron charge to the terminal nitrogen, rendering the
ir-system positive. This is illustrated in Fig. 6, which
compares the partial charges of the unprotonated and the
protonated Schiff base RETINAL-NCH3 and RETI-
NAL-NH+CH3, respectively. The charge shift is seen to
be effected through the induction of strong local dipoles
between the odd and even numbered carbons in the
7r-system (49, 50). One observes that more electron density
is subtracted from the odd numbered carbon atoms than is
added to the even numbered ones; the missing charge is
shifted to the terminal nitrogen. With the progressive
elongation of the double bonds the strength of the asym-
metric dipoles increases along the chain. Consequently, the
electron density loss is largest at C13 and the corresponding
gain is most pronounced at C14.

All protonation effects are confined essentially to the
polyene moiety of the RSBH+. Fig. 7 presents the
MNDOC charge distribution for the protonated model
compound RET-NHRCH3, which comprises the polyene

a

b

FIGURE 6 Protonation effect on the charge distribution of a retinal
Schiff base; atomic partial charges of (a) RETINAL-NCH3, (b) RETI-
NAL-NH +CH3; charges are given in units of 10-2 e; charges <2 x 10- 2 e
are not indicated (see captions to Figs. 2 and 3).

part of RETINAL-NHRCH3 only. A comparison with
the data in Fig. 6 b shows that along the polyene chain
between C7 and the terminal nitrogen the partial charges of
the two cations are virtually identical. Corresponding
statements hold for the bond lengths and angles. Conse-
quently, the influence of the cyclohexene ring on the
structure of the chain is weak and the RET-NCH3 and
RET-NH+CH3 molecules should be excellent models for
the study of stereochemical protonation effects in that part
of the chain which ranges from C9 to N. Similar investiga-
tions have shown that the perturbation of the chain struc-
ture caused by the methyl group attached to the nitrogen is
also very small, such that the RET-NH and RET-NH2
molecules are suitable models as well as long as steric
hindrances induced by the terminal methyl group upon
bond isomerization can be neglected. In order to reduce the
computational effort we have applied, therefore, most
calculations to these smaller model compounds.

EFFECT OF PROTONATION ON
ISOMERIZATION BARRIERS

The change of the polyene structure caused by the protona-
tion of the Schiff base is most clearly and dramatically
reflected by the ground-state isomerization barriers. The

112.0

28 11

1 128912
111. 1002 12125 1 11 13 21 17 27812

1130 1231 1228 ~~~~~~~~NH'

FIGURE 5 Calculated equilibrium geometry of the protonated Schiff
base RETINAL-NH+CH3 (see captions to Figs. 2 and 3).

FIGURE 7 Partial charges of the protonated model compound RET-
NH+CH3 (see captions to Figs. 2 and 6 for further information).
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TABLE I
ISOMERIZATION BARRIERS OF UNPROTONATED

RET - NH

MNDOC

SCF BWEN
Ri

Ea* E(t-c)* Ea* E(t-c)4

R13 56.1 -0.1 46.8 0.2
R 14 -0.5 -1.0 -1.9 -1.0

MNDOC/T

R14 0.7 0.0 1.4 0.0

MNDOC and MNDOC/T torsional barriers Ea* and relative energies of
cis and trans isomers E(,-,t for the rotations R,, i = 14, 15, around the
i - i + 1 bonds of the unprotonated model RSB RET-NH. Energies are
given in kilocalories per mole.
*The energy Ea of the conformation twisted by 900 is defined relative to
the lower of the two isomers.
tE (trans) -E (cis).

MNDOC-SCF and MNDOC-BWEN results for the ther-
mal activation energies Ea for rotation around various
bonds along the polyene chain are collected in Tables I and
II for the unprotonated and protonated model RSB's
RET-NH and RET-NH+, respectively.

For the unprotonated compound only the two torsional
barriers around the 13-14 and 14-15 ir-bonds have been

ISOMERIZATION
TABLE II
BARRIERS OF PROTONATED

RET-X

MNDOC
SCF BWEN

-x R
Ea* E(t-c)4 Ea* E(, cA:

-NH+ Rg 24.8 0.1 25.6 1.5
RI, 18.3 -4.0 19.1 -3.7
RI2 5.8 0.1 7.6 0.5
RI3 11.2 0.5 11.5 1.0
R14 13.1 -4.2 13.0 -3.0

-NH+ CH3 R15 16.3 -1.2 17.2 -1.5
-NH+ RI + R13 18.8 -3.5 19.7 -3.8

-NH+ CH3 RI3 + R15 17.6 -0.8 19.5 -0.5
-NH+ RI3 + R14 37.7 -3.9 35.2 -3.7

MNDOC/T

-NH+ RI3 11.2 0.5 12.7 0.4
RI4 18.9 -3.3 20.4 -3.1

MNDOC and MNDOC/T torsional barriers Ea* and relative energies of
cis and trans isomers E(, _A: for the rotations R,, i = 9, .., 15, around the
i-i + 1 bonds and for the simultaneous rotations Ri + Rj around the i-
i + 1 and j- j + 1 bonds of the protonated model retinal Schiff base
RET -X. X is the residue appending at the carbon atom C15 of the
polyene moiety. Energies are given in kilocalories per mole.
*The energy E, of the conformation twisted by 900 is defined relative to
the lower of the two isomers.
tE (trans) -E (cis).

calculated to represent the behavior of typical polyene
double and single bonds. The MNDOC-BWEN result of
46.8 kcal/mol for the rotation R13 (rotation around the
13-14 bond, see the caption to Table I for the nomencla-
ture) is well within the expected order of magnitude and
testifies the extraordinary stability of double bonds with
respect to thermal isomerization reactions. In contrast, the
14-15 single bond is found to be unstable against torsional
motions. The prediction of a shallow potential minimum
(Ea = -1.9 kcal/mol) at the conformation twisted by 900
around the 14-15 bond is due to the fact that MNDOC
overestimates the weak steric interaction between the
methyl group at C13 and the hydrogen atom at C15 and
underestimates the considerable torsional stability of the
14-15 7r-single bond. This failure is qualitatively corrected
by MNDOC/T in that this method assigns a positive
activation energy of 1.4 kcal/mol to RW4. The correct value
should be < 5 kcal/mol.

Protonation reduces the C-C double-bond isomeriza-
tion barriers progressively along the chain. The predicted
barriers are 25.6 kcal/mol for Rg, 19.1 kcal/mol for R,
and 11.5 kcal/mol for RI3. The latter barrier allows a
thermal isomerization reaction around the 13-14 bond to
proceed within milliseconds. Our calculation rationalizes
the observation that such thermal isomerization occurs in
BR in connection with the formation of the 0 intermediate.
Conversely, MNDOC-BWEN predicts a considerable
increase of torsional stability for the single bonds. The
predicted isomerization barriers in this case are 7.6 kcal/
mol for RI2 and 13.0 kcal/mol for RI4. The surprising
result emerges that the ground state activation energy for
the single bond isomerization all-trans -- 14s-cis is larger
than the activation energy for the double-bond isomeriza-
tion all-trans -- 13-cis. If one employs the MNDOC/T
method this reversal of bond stability is even more pro-
nounced: the calculated activation energies are 12.7 kcal/
mol for R,3 and 20.4 kcal/mol for RW4. On the time scale of
the BR reaction cycle an activation energy like the latter
would prevent a 14s-cis --1 4s-trans isomerization. Fig. 8
a for RI3 and Fig. 8 b for R14 illustrate the protonation
effects discussed above showing typical torsional potential
curves as obtained from MNDOC-BWEN and MNDOC/
T-SCF calculations on the model compounds RET-NH
and RET-NH'2
Our MNDOC-BWEN double-bond isomerization bar-

riers for the RSBH+ are predicted at much lower values
than those calculated in previous quantumchemical studies
(17, 50). So, for instance, our RI1 value of 19.1 kcal/mol is
9 kcal/mol lower than that predicted in reference 50 on the
basis of an INDO-CISD treatment. In this case the
difference is mainly due to the fact that in our calculation
all essential geometric parameters were allowed to relax at
each value of the torsional reaction coordinate, whereas in
the calculation of reference 50 a polyene-type model
geometry had been assumed for the RSBH+ and had been
kept fixed along the reaction path.
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FIGURE 8 Effect of protonation on double-bond and single-bond
isomerization potential curves for a model retinal Schiff base; ( )
unprotonated compound; (---) protonated compound; the curves represent
a cubic spline interpolation of the numerical values calculated at 300
intervals; all-trans is at a torsion angle a of 1800, the cis states are at 0°;
(a) MNDOC-BWEN potential curves for R,3; (b) MNDOC/T-SCF
potential curves for R,4.

The dependence of the torsional barriers on the protona-
tion state entails the possibility of stereochemical pK shifts
of a RSB. If, for instance, in the initial intermediates K and
L of the BR reaction cycle the protein forces retinal into a

strained conformation twisted around the 14-15 single
bond, then, according to our data, the Schiff base can be
converted into a strong acid, although it is a strong base
with a pK value of 13.3 in the relaxed all-trans conforma-
tion of BR568. As shown in Fig. 8 b an R14 torsion by 600
energetically shifts the protonated state by - 14 kcal/mol
relative to the unprotonated state. This shift corresponds to
a reduction of the pK value by - 10 units. Conversely, a
torsion around a double bond can increase the pK value of
the terminal nitrogen (51).
To test the validity of the conjecture that the smaller

compounds RET-X provide an essentially correct
description of the isomerization properties of the polyene
moiety of a complete RSB we have calculated the 13-14
rotation potential curve for RETINAL-NH'. The SCF
result of 10.8 kcal/mol for the barrier height (see Table
III) is in excellent agreement with the corresponding
RET-NH' value of 11.2 kcal/mol. Inclusion of electron
correlation by means of a BWEN treatment reduces the
RETINAL-NH' barrier to 9.9 kcal/mol instead of
yielding a small increase to 11.5 kcal/mol as in the case of

TABLE III
13-14 ISOMERIZATION BARRIER OF PROTONATED

RETINAL

SCF BWEN
Compound

Ea* E(t-c)t Ea* E(t-c)t

RETINAL -NH2+ 10.8 0.6 9.9 0.0
PL-RETINAL -NH+ CH3 9.0 0.5 9.0 1.6

MNDOC torsional barriers Ea* and relative energies of cis and trans
isomers E(,JC4 for the rotation R13 around the 13-14 bond of protonated
RETINALs. Energies are given in kilocalories per mole.
*The energy Ea of the conformation twisted by 900 is defined relative to
the lower of the two isomers.
tE (trans)-E (cis).

RET-NH . Because the resulting difference of 1.6 kcal/
mol does not point toward any qualitatively different
behavior of the two compounds and because, on the
contrary, the lower RETINAL-NH' value even under-
lines the conclusions drawn from the discussion of the RET
data, the restriction to the smaller compounds seems to be
justified entirely.

Spectral investigations of BR reconstitution reactions
yielded indications that bacterio-opsin may force retinal
into a conformation in which ring and chain are coplanar
(34, 35). We therefore calculated the R,3 potential curve
also for the planarized compound PL-RETINAL-
NH CH3. The effective enlargement of the ir-system
caused by the planarization yields a further reduction of
the activation energy to 9.0 kcal/mol underlining, again,
our inferences. In the section entitled Influence of Anions
on the 13-14 Isomerization Barrier we will show that the
protein can induce such a planarization by pure electro-
static interactions.
The small decrease of the R,3 barrier height for the two

protonated RETINAL molecules as compared to the
RET-NH+ model compound is due to the greater flexi-
bility of their electron system in the region of the cyclohex-
ene ring. The ring region affects the barriers because in the
transition state for the rotation R,3, an additional and
considerable shift of positive charge occurs towards this
region. This is shown in Table IV, which presents the shifts
DQi (i = 9,..., 15) of the partial charges at the chain
atoms C7-C,5 and N of RET-NH+ in the 900 transition
states of the bond rotations Ri. The charge shifts DQi are
defined relative to the all-trans state, the charge distribu-
tion of which is also presented in Table IV. The location of
the i - i + 1 ir-bond broken in the 900 conformation is
indicated by a line in the table. This line divides the
polyene ir-system into an initial part and a terminal part,
the latter comprising the protonated Schiff base.

For all double-bond rotations (i = 9, 11, 13, 15) the
transition state is characterized by an additional migration
of electron charge density towards the terminal nitrogen of
the RSBH+. The charge shift of - 25 x 10-2 e increases
the charge density at the nitrogen and decreases the
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TABLE IV
TORSION INDUCED PARTIAL CHARGE SHIFTS

FOR RET - NH2

Atom Q DQ9 DQ,1 DQ13 DQ,5

C7 +5 +24 +15 +8 +7
C8 -13 -10 -7 -5 -4
C8 +10 +27 +17 +11 +8
CI0 -17 -13 -5 -4 -3
Cl, +18 -5 +11 +7 +6
C12 -21 +3 -7 +1 0
C13 +21 -12 -12 +2 -2
C14 -27 +3 +2 -4 +12
C15 +28 -11 -10 -10 -2
N -23 -8 -8 -10 -19

Atom Q DQ12 DQ14 DQ13+15 DQ13+14

C7 +5 -5 -5 +11 +2
C8 -13 +3 +3 -5 -1
Cg +10 -8 -7 +12 +3
CI0 -17 +5 +4 -4 -1
C,, +18 -11 -7 +6 +2
C12 -21 0 +4 +2 +1
C13 +21 +2 -9 +3 +3
C14 -27 +2 -4 +8 -9
C15 +28 +4 +10 12 +4
N -23 +6 +10 -19 +1

Shift DQi of the partial charges Q(900, i) at the C-atoms 7 -15 and at
the terminal nitrogen of RET - NH' upon rotation of the i - i + I bond
by 900; the partial charges Q of all-trans RET - NH' are also given; DQ,
is defined by DQ1 = Q(900, i) - Q (see text and caption to Figure 6 for
further information). Also given are the charge shifts DQ13+15 and
DQ13+14 for the rotations R13 + R,5 and R13 + R14.

induced dipoles in the terminal part such that this region
appears more like a polyene with alternating double and
single bonds in an order opposite to that of the unproton-
ated retinal Schiff base. This behavior is proven by moni-
toring the change of the C-C bond lengths along the
chain as a function of the torsion angle a, the reaction
coordinate for Ri. As a typical example Fig. 9 shows the
variation of the 10-11 single-bond length during the
rotation Rg. The bond length is found to range between
1.435 A in the all-trans and 9-cis conformations and 1.347

1.44

-1.42

1.40-

1.38

1.346
-90 O 900 180g a 270

FIGURE 9 Relaxation of the 10-11 single-bond length in the course of
the 9-10 double-bond isomerization for RET-NH'; 9-cis is at ai = 00.

A in the transition state; this latter value corresponds to a
strong 7r-double bond. Conversely, all former double bonds
of the terminal part, i.e., 1 1-12, 13-14, 15-16, are strongly
elongated upon double-bond rotations. From this analysis
one can deduce bonding patterns for the transition states
like the one drawn for Rg in Fig. 10 b. (For comparison the
bond pattern of all-trans RET-NH' has been given in
Fig. 10 a.) The withdrawal of electron density from the
initial region of the chain increases the induced dipoles (see
Table IV) and, correspondingly, yields transition state
bond lengths of an intermediate size of 1.41 A for all
bonds in this region.

All the above statements have to be reversed if thermal
single-bond isomerizations of a RSBH+ are considered. As
one can see from the charge shifts DQ12 and DQ14 in Table
IV the transition states of single-bond isomerizations are
characterized by a shift of electron density towards the
initial part and a decrease of the induced dipoles in this
region yielding, for example, in the case of R,2 the
schematic bond pattern shown in Fig. 10 c.
The bond patterns in Fig. 10 suggest that simultaneous

rotations around two double bonds or two single bonds may
have activation energies only slightly larger than isomeri-
zations comprising one of these bonds only. Such bicycle-
pedal-type rotations (52) could be preferred in a protein
environment due to steric requirements. On the other hand,
the patterns in Fig. 10 suggest that simultaneous isomeri-
zations around a single and a double bond should have very
high barriers of activation since torsion around a double
bond strengthens the remaining single bonds and vice
versa.

These hypotheses are confirmed by the examples for
combined rotations Ri + Rj in Table II. The barrier for the
RI3 + RI5 rotation around the 13-14 and 15-16 bonds is
predicted by the MNOC-BWEN method at 19.5 kcal/
mol, i.e., it is only 2.3 kcal/mol higher than the barrier for
the sole R,5 rotation. The concerted R13 + RI5 isomeriza-
tion reaction implies a much smaller motion of the terminal

a

*. '. N/ all-trans RET-NH2

Hb - 90~~~~~~~~N al-rnsRT- H*

7S< N/

b
0 900

H

c ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~IIo
C 90'

> NN

H

R9 ,90'

R12 .90'

FIGURE 10 ir-bonding patterns for RET-NH+from MNDOC (a) in the
all-trans conformation, (b) at the 900 transition state for the double-bond
rotation R9 and (c) at the 900 transition state for the single-bond rotation
R12.
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nitrogen relative to the cyclohexene ring than the sole RI3
rotation. Therefore, we had suggested previously (17) that
the thermal all-trans -, 13-cis isomerization observed
during dark adaptation of BR568 (5) may comprise an
all-trans - 13,1 5-di-cis reaction. Recently this conjecture
has been verified by NMR (6) and resonance Raman (7)
experiments. The calculated barrier of 19.5 kcal/mol is
only slightly smaller than the observed activation enthalpy
of 24 kcal/mol (53). However, the latter value represents
only an upper bound to the calculated value, since it
pertains to the retinal-protein complex and may contain
energetic contributions due to protein conformational
changes, and, therefore, such a difference has to be
expected.
A concerted thermal isomerization involving the 11-12

and 13-14 double bonds has been observed recently for the
retinal chromophore of squid retinochrome (4), a photopig-
ment that shows common characteristics with the BR
chromphore in the effects of salt and pH on the absorption
spectrum (54). Here, the direct 1l-cis - all-trans isomeri-
zation is hindered by large protein conformational contri-
butions, as indicated by a large activation entropy of 189
cal/(deg x mol) and a correspondingly large activation
enthalpy of 82.9 kcal/mol. The consecutive 1 l-cis >
13-cis and 13-cis - all-trans isomerizations require only
smaller changes in the protein structure, as indicated by
the activation entropies of 8.5 cal/(deg x mol) and 12.8
cal/(deg x mol), respectively. Consequently, the activa-
tion enthalpy of 27.5 kcal/mol reported for the concerted
rotation R,, + RI3 should be mainly due to retinal. Again,
our MNDOC-BWEN barrier of 19.7 kcal/mol for R,, +
RI3 is of the correct order of magnitude and is only 0.6
kcal/mol larger than the R,, barrier (see Table II). Hence,
the occurrence of the concerted R,, + RI3 isomerization
suggests, that retinal is bound as a protonated Schiff base
also to the retinochrome apo-protein. This inference is
corroborated, on the one hand, by the observation that
retinochrome reconstituted with 9-cis retinal does not
induce a thermal isomerization to the all-trans form (3)
and, on the other hand, by our prediction that the 9-10
double bond is much less affected by protonation than the
11-12 and the 13-14 bonds (see Table II).

In contrast to the concerted double-bond isomerization
barriers discussed above, the RI3 + RI4 activation energy
of 35.2 kcal/mol for the combined isomerization of neigh-
boring single and double bonds is 11 kcal/mol larger than
the sum of the activation energies for RI3 and RI4 isomeri-
zations. Consequently, if the primary photophysical event
in the BR pump cycle involves a simultaneous RI3 + R,4
isomerization reaction as we suggest (17, 51, 55), then the
thermal reisomerization back to all-trans has to proceed by
consecutive R,3 and R14 isomerizations. Furthermore, due
to the very large R14 barrier in the protonated state, only a
transient deprotonation allows the R,4 back reaction to
proceed within the millisecond time scale of the cycle
explaining, therefore, the occurrence of an unprotonated

intermediate in the pump cycle of BR (51). The high
barrier of the R,3 + R14 isomerization provides an explana-
tion how the K intermediate can store 16 kcal/mol energy
(3). Such storage requires an energy barrier for the
thermal back reaction considerably larger than 16 kcal/
mol, i.e., a barrier larger than the 11.5 kcal/mol calculated
for R13. Therefore a 13-cis K-intermediate should react
directly back to BR unless a strong sterical protein-
chromophore interaction intervenes. Such a mechanism for
the energy storage is feasible, in particular on the short
time scale of the lifetime of K or at low temperatures.
However it appears more plausible that the converted
energy is stabilized by intramolecular forces of the chro-
mophore in a 13,14s-di-cis conformation. A 13,14s-di-cis
geometry is also supported by the result of references 17
and 51 that an all-trans -- 13,14s-di-cis photoisomeriza-
tion is energetically allowed.

INFLUENCE OF ANIONS ON THE 13-14
ISOMERIZATION BARRIER

The magnitude of the rotation-induced charge shifts in the
polyene moiety implies that a protein can selectively steer
the stereochemical properties of a RSBH+ by providing an
appropriate charge environment. For instance, negative
charges in the vicinity of the ring part of the chromophore
stabilize the transition states of double-bond rotation and
lower the corresponding ground-state isomerization bar-
riers ( 19, 20) whereas the opposite is true for anions closer
to the terminal part. The extent to which a particular
torsional barrier is altered depends on the specific location
and chemical nature of the charges. Since the distribution
and chemical nature of the charges and polar groups
around retinal in the binding site of BR are unknown we
study here to which degree the isomerization barriers can
be changed by a systematic placement of surrounding
anions. Thereby we use F- ions as model anions for
computational simplicity.
As discussed in the section entitled Models for the

Protein-Chromophore Interaction in BR, for BR the avail-
able experimental evidence points towards the existence of
a counterion close to the protonated Schiff base of retinal
and of a second anion in the vicinity of the polyene chain.
Consequently it seems that the pure RSB cations studied so
far do not form sufficiently good approximations to the
chromophore structure in BR.
The extent to which protonation perturbs the ir-system

depends on the distance D of the anion from the proton at
the Schiff-base nitrogen. A close counterion repulses the
ir-electrons which, therefore, are not displaced towards the
proton. An increased distance D of the counterion implies
an increasing displacement of the -r-electrons in this direc-
tion together with the ensuing bathochromic shift and
changes in the bond structure. In fact, an increasing
red-shift of the absorption maximum has been shown
experimentally on the basis of in vitro measurements using
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counterions of increasing size corresponding to larger
effective D values ( 16, 56). The observed spectral shifts are
reproduced by simple ir-electron calculations assuming
different distances of a counterion (22, 23, 24). For the
perturbation of the ir-system in the ground state the
all-trans - 1 3-cis activation energy can serve as a measure
because this 13-14 double bond is the bond most affected
by protonation. We have also chosen this isomerization
reaction as a test case because it is known to occur in the
dark phase of the BR pump cycle. Similar calculations for
RI, have strengthened the conclusions drawn below (Tav-
an, P., and K. Schulten, unpublished results).

Table V A shows the R,3 activation energies for various
distances D of an F- counterion from the proton at the
nitrogen. To avoid the effects of an H+-F- charge separa-
tion in these calculations, the F- ion has been kept in a
fixed position on the line through the nitrogen and the
trans proton of the NH' group during the isomerization.
For the smallest distance, D = 1.5 A, the MNDOC-
BWEN barrier height of 46.0 kcal/mol is nearly identical
to the 46.8 kcal/mol activation energy of the unprotonated
compound (see Table I) and the corresponding 13-14 bond
is approximately an ordinary ir-double bond. Hence, it
appears that a close F- repels the ir-electrons strongly

TABLE V

RI3 BARRIERS OF RET - NH2
COUNTERION

WITH ONE F-

A.
SCF BWEN

D
Ea* E(t-C)4 Ea* E(t-c):

kcal/mol kcal/mol
1.5 45.8 0.1 46.0 0.5
2.0 35.1 0.4 35.8 0.5
3.0 25.2 0.7 21.6 0.8
3.3 23.4 0.7 19.6 0.4

B.
SCF BWEN

Pi
Ea* E(t-c)j Ea* E(t-c)t

kcal/mol keal/mol
P13 11.4 0.1 8.9 0.8
P,, 5.2 1.6 4.0 1.4
P9 1.8 1.2 -0.9 1.0

F- in the terminal region (A): MNDOC torsional barriers Ea and relative
energies E(,-c) of cis and trans isomers for the rotations R13 around the
13-14 bond of the protonated model retinal Schiff-base RET - NH' as
a function of the distance D between the F- and the proton at the
nitrogen. During the torsion the F- is kept at a fixed distance D from the
terminal trans hydrogen. F- in the initial region B: MNDOC torsional
barriers for the rotation R,3 around the 13-14 bond of the protonated
model retinal Schiff-base RET -NH' as a function of the position Pi,
where i = 9, 11, 13, of the counterion F- located 3.0 A above C-atom C,.
*The energy E. of the conformation twisted by 900 is defined relative to
the lower of the two isomers.
tE(trans) - E(cis).

enough to prevent a positive charge from delocalizing into
the polyene ir-system. Increasing the distance of the anion
successively reduces the coulomb repulsion and, at a
distance D = 3.3 A, lowers the activation energy to 19.6
kcal/mol. For an infinite separation of the counterion
corresponding to the pure cation the barrier is 11.5 kcal/
mol. These calculations show that the ground state tor-
sional stability of the 13-14 double bond as well as that of
the other 7r-bonds in the terminal region can be regulated
by variation of D. Since in our calculations the distance D
represents a measure of the strength of the coulomb
attraction between the counterion and the positive charge
at the Schiff base, a similar regulation of the RSBH+
structure can be achieved by a protein upon variation of the
dielectric shielding of the anion. Neutralization of the
counterion produces a chromophore structure similar to
that of the pure cation. Spectroscopically this should show
up in a strong red-shift of the absorption spectrum as has
been observed, indeed, at low pH (25).

If instead of placing an anion into the terminal region
(see the section entitled Effect of Protonation on Isomeri-
zation Barriers) a protein places the anion towards the ring
part of the polyene chain, then the activation energy will be
reduced below the pure cation value of 11.5 kcal/mol. This
is due to the fact that the anion stabilizes the rotation-
induced migration of positive charge to the ring and
thereby favors the reversal of the alternating bond struc-
ture in the terminal part (see Fig. 10). As an illustration we
have calculated the MNDOC R,3 potential curves for
RET-NH' as a function of the position Pi, where i = 9,
11, 13, of the F- ion. Pi denotes the position above the
carbon atom Ci in the plane parallel to that of the polyene
at a distance of 3 A between the planes, i.e., at Pi the anion
is located 3 A "above" Ci. From the data in Table V B it is
seen that the R13 isomerization barrier becomes smaller
when the ion is shifted towards the cyclohexene moiety of
the RSBH+. At P13 the barrier measures 8.9 kcal/mol, at
P9 the 13-14 bond has become as weak as the 14-15 single
bond of the unprotonated molecule (see Table I). Such a
scenario with a single counterion in the initial region of the
chain probably does not apply to the binding site of retinal
in BR because it would imply a reduced perturbation of the
ir-system upon protonation of the ion and, correspondingly,
a blue-shift of the BR absorption at low pH contrary to the
experimental findings.

In summary, we may state that a counterion placed at
the terminal part of the chain diminishes the effects of
protonation on torsional barriers, whereas protonation
effects are enhanced if the ion is positioned towards the
cyclohexene ring. Of course, these two opposite effects can
be combined if two negative ions are positioned around an
RSBH+. This is demonstrated by the RI3 activation ener-
gies displayed in Tables VI and VII.

Table VI shows the 13-14 isomerization barriers in case
of a close (D = 1.5 A) and a distant (D = 3.0 A) F-
counterion in the terminal region of RET-NEH+ for

BIOPHYSICAL JOURNAL VOLUME 47 1985424



TABLE VI
R13 BARRIERS OF PROTONATED RET

WITH TWO F- IONS
NH2

D§ Pi Ea*§ E(t-C)4§

1.5 P13 37.2 0.0
P,, 29.0 -0.7
P9 25.9 -1.3

3.0 P13 18.7 0.1
P,, 10.6 - 1.0
P9 6.3 -1.0

MNDOC-BWEN torsional barriers Ea and relative energies E(,-c) of cis
and trans isomers for the rotation RI3 around the 13-14 bond of the
protonated model retinal Schiff-base RET - NH' as a function of the
distance D between the counterion F- and the proton at the nitrogen and
of the position Pi, where i = 9, 11, 13, of a second F- located 3.0 A above
C-atom C,.
*The energy Ea of the conformation twisted by 900 is defined relative to
the lower of the two isomers.
4E(trans) - E(cis).
§Energies are given in kilocalories per mole and distances are given in
angstroms.

various positions Pi, where i = 9, 11, 13, of a second F-. In
the 1.5 A case, addition of the second F- at P,3 lowers the
activation energy from 46.0 kcal/mol to 37.2 kcal/mol.
Shifting the second F- to P9 yields a reduction to 25.9
kcal/mol. In the 3.0 A case the dependence of the activa-
tion energy on the position of the second ion is analogous,
though the activation energy values are much smaller.
With the second F- at PI, the barrier (10.6 kcal/mol) is
roughly as high as in the case of the pure cation (11.5
kcal/mol), whereas at P9 with a value of 6.3 kcal/mol it is
only half as large. Thus, in the latter case, by the joint
action of protonation and of two distant anions, the
torsional stability of the 13-14 double bond has been
reduced to an order of magnitude characteristic for single
bonds in unperturbed polyenes. To investigate the degree
of bond order reversal in the terminal part of a RSBH+ for
such a charge distribution we have also calculated the
isomerization barrier for the neighboring 14-15 single
bond. The activation energy of 14 kcal/mol resulting from
a MNDOC-BWEN treatment demonstrates that the tor-
sional stability of this single bond has been considerably
increased.
The overall reduction of double-bond torsional barriers

caused by the positioning of the second negative charge
away from the terminal nitrogen is modified by a local
effect due to the strong alteration of positive and negative
partial charges at the C atoms of the chain in the transition
state (see the section entitled Effect of Protonation on
Isomerization Barriers). This effect is exhibited in Table
VII showing the R13 barriers of PL-RET-NH' with an
F- at the Schiff base in a distance D = 3.0 A and a second
F- in the initial region of the conjugated system. The
double bond of the cyclohexene ring is fully conjugated
with the -r-system of the chain in this molecule. The

torsional barrier for RI3 is lowest (5.8 kcal/mol) for the F-
positioned at P5 above the cyclohexene moiety. Moving the
ion along the chain towards the terminal nitrogen leads to a
monotonic growth of the RI3 barrier as long as only
positions above odd numbered C-atoms (which acquire
positive charge in the transition state) are taken. However,
if the ion is also moved above the even numbered C's
(which acquire negative charge in the transition state) a
small oscillation of the activation energy values Ea is
superimposed. For instance, Ea is 3.4 kcal/mol larger at P10
than at P,1. Again we note that the P,1 value of Ea (11.4
kcal/mol) is similar to that of the pure cation (11.5
kcal/mol), which shows that the cation can be considered
as a good model of the chromophore structure even if two
external charges are present in the retinal binding site of
BR.
An anion above C5 induces not only a particularly large

weakening of the 13-14 bond but also a reversal of the
whole bonding pattern along the chain as indicated sche-
matically in Fig. 11. Hence, one can expect the planarizing
force of the 6-7 7r-bond to increase strongly enough to
overcome the steric hindrances responsible for the 620
dihedral angle between ring and chain in retinal. Though
MNDOC is not the most appropriate method to clarify this
question, as it exaggerates the torsional effects of steric
hindrances for weak ir-bonds, the data in Table VIII on the
R6 rotational potential curve still allow very clear conclu-
sions. MNDOC predicts for the cation RETINAL-
NH2' a ring-chain conformation twisted by 830 and a
planarization barrier of 10.8 kcal/mol. This is probably an
overestimate as indicated by the MNDOC/T result, yield-
ing only 6.6 kcal/mol for the barrier. When an F- is placed
3 A above C5 the equilibrium angle as calculated by
MNDOC is only 300 and the planarization barrier is
reduced to 0.4 kcal/mol. The conformation twisted by 830

TABLE VII

RI3 BARRIERS OF PROTONATED PL-RET - NH2
WITH TWO F- IONS

Pi Ea* E(t _j
P13 19.3 0.3
P12 22.8 -0.6
Pl 11.4 -0.7
P0O 14.8 -1.4
P9 7.5 - 1.0
P7 6.9 -0.5
P5 5.8 -1.4

MNDOC-BWEN torsional barriers Ea and relative energies E(,-c) of cis
and trans isomers for the rotation RI3 around the 13-14 bond of the
protonated model retinal Schiff-base PL-RET - NH' having a first
counterion F- at a distance D = 3.0 A from the proton at the Schiff-base
nitrogen as a function of the position Pi, where i = 5,. 13, of the second
F- located 3.0 A above C-atom Ci.
*The energy Ea of the conformation twisted by 900 is defined relative to
the lower of the two isomers.
tE(,-c) is E(trans) - E(cis).
§Energies are given in kilocalories per mole.
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TABLE VIII
6-7 PLANARIZATION BARRIER OF PROTONATED

RETINAL

MNDOC-BWEN
Case

E(0°) E(30°) E(60°) E(83°)

1 0.0 -3.8 -8.0 -10.8
2 0.0 -.4 1.7 5.4

MNDOC/T-BWEN

1 0.0 -2.3 -5.7 -6.6

MNDOC and MNDOC/T torsional potential curves E(a) for the
rotation R6 around the 6-7 bond of protonated retinal. The reaction
coordinate a is the dihedral angle between ring and chain. Case I refers to
RETINAL -NH' without counterion, whereas in case 2 an F- has been
placed 3.0 A above C5, i.e., above the cyclohexene ring. Energies are given
in kilocalories per mole.

has been lifted strongly by 16.6 kcal/mol showing that the
6-7 bond gains considerable double-bond character.
Hence, one can expect that a negative charge near the
cyclohexene ring can induce a ring-chain planarization.
The bonding pattern shown in Fig. 11 implies a covalent

bond between the terminal nitrogen and the proton and
suggests that the protonated state can be stabilized not
only by a counterion at the protonated nitrogen but also by
an anion above the polyene chain. We have confirmed this
hypothesis that a distant anion can shift the pK value of the
Schiff-base nitrogen by calculating the energies of RET-
NH and RET-NH' in the presence of an anion
3 and 4 A above C9, respectively. For the unprotonated
compound the state with the anion at a 4 A distance is 1.0
kcal/mol below the state with the anion at a 3 A distance.
For the protonated molecule the 4 A state is 7.5 kcal/mol
above the 3 A state. Thus, protonation of the compound is
energetically favored by 8.5 kcal/mol if the anion is placed
at a distance of 3 A rather than at a distance of 4 A. This
stabilization corresponds to an increase of the pK by about
6.5 units and can, therefore, rationalize the unusually high
pK of 13.3 of the RSB in BR (31).

CHARGE SEPARATION CONTRIBUTION TO
ISOMERIZATION BARRIERS

We have demonstrated above how a protein like BR can
change the RSB structure of alternating single and double
bonds completely by protonation and by placing two or

H

FIGURE 11 Schematic ir-bonding pattern for RETINAL-NH+CH3
with an F- ion above C5.

more anions into the neighborhood of the chromophore.
For the ground state all-trans - 13-cis isomerization, in
particular, activation energies ranging from 6 kcal/mol to
46 kcal/mol, have been calculated depending on the
protein-chromophore electrical interactions. The question
we will address now is to which extent charge separation in
a protein dielectric environment will contribute to these
activation energies. This question is motivated by the
following consideration: According to our results the
unprotonated 1 3-cis RSB of the M410 intermediate has to
become reprotonated before the isomerization reaction can
occur thermally. The reprotonation leaves a negatively
charged amino acid side group near the Schiff base that
remains at its position while the protonated nitrogen moves
away in the course of the 13-14 bond rotation. The
resulting separation combined with the dielectric screening
of the charges by the protein can explain the extreme
red-shift to 640 nm of the reaction product 0.
A separation of the counterion from the protonated

nitrogen measured by the distance D will have two opposite
effects on the barrier height. On the one hand the barrier
will decrease since the 7r-bonding forces decrease with
increasing distance D as shown above. On the other hand
the barrier will increase due to the coulomb potential
between the two charges being separated. To obtain an
estimate of the relative importance of these effects we have
investigated the 13-14 isomerization reaction for the
model RSBH+ RET-NH' in the electric field of a
negative charge that is spatially fixed during bond rota-
tion.

If in the all-trans conformation an F- counterion is
located at a distance D of 2.8 A from the trans proton of
the terminal NH' group and if it is kept fixed at this
position, the proton is moved to a distance of 5.3 A from the
F- ion in the 1 3-cis conformation. As a consequence of this
charge separation we predict an energy of the 1 3-cis state
E(0°) = 12.9 kcal/mole' above the all-trans state (see
Table IX, column 4, for the R,3 SCF-energy E as a
function of the reaction coordinate a). In case that the
counterion moves along with the protonated nitrogen at a
distance 3 A the 13-cis energy is E"(00) = -0.7 kcal/mol.
If no counterion is present the energy is E'(00) = -0.5
kcal/mol (see Tables II and VA and Table IX, columns 6
and 7). Because the barrier height E (900) = 31.8 kcal/mol
for a fixed charge is considerably larger than the value
E"(900) = 24.5 kcal/mol obtained for the case in which the
ion is moving with the terminal group, one might conclude
that the charge separation contribution to the barrier
greatly exceeds the weakening of the -r-bonding forces due
to the increasing counterion distance. Furthermore, a
thermal all-trans -- 13-cis isomerization reaction might
appear to be impossible for a charge distribution like the

'All energies are defined relative to the all-trans state in this section.
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TABLE IX

RI3 POTENTIAL CURVE WITH ONE SPATIALLY
FIXED F- ION

a* Ect EC/E§ Eli Ej1 E'** E"tt

1800 0.00 0.00 0.00 0.00 0.00 0.00
1200 20.50 9.79 14.61 4.82 7.80 16.42
900 43.75 20.88 31.77 10.89 10.66 24.46
600 36.08 17.22 26.08 8.86 7.62 15.63
00 28.08 13.40 12.87 -0.53 -0.53 -0.71

Separation of the contributions caused by charge separation and by
7r-bonding forces to the potential curve for the all-trans - 1 3-cis
isomerization reaction in the electric field of an F- counterion spatially
fixed with respect to the initial part of RET -NH'. Energies are given in
kilocalories per mole.
*a is the reaction coordinate; all-trans is at 1800, 1 3-cis at 00.
tEc is the coulomb energy of RET - NH' partial charges calculated
from MNDOC-SCF in the field of the F-.
§Ec/E is the coulomb energy for dielectric constante = 2.09.
II E is the R,3 MNDOC-SCF potential curve in the electric field of an F-
counterion fixed with respect to the initial part of the molecule.
lTE, is the contribution of 7r-bonding forces to E.
**E' is the MNDOC-SCF torsional potential without counterion.
#4E" is the MNDOC-SCF torsional potential with counterion moved
along with the terminal region of the molecule.

one considered here because of the very large activation
energies E(900) and E"(900). However the quantum-
chemical calculation neglects the dielectric shielding in a
protein and, therefore, the potential curves E and E",
treating the case of an unshielded charge in the terminal
region of a RSBH+, represent only upper bounds to the
torsional potential in a protein environment. Analogously,
the E' curve is a lower bound as it refers to the case of a
totally shielded counterion.
To obtain an estimate of the potential curve in the

dielectric environment of a protein we will determine in an
approximate manner the contribution of the charge sepa-
ration to the torsional potential curve E(a). For this
purpose we evaluate at each point of the potential curve the
coulomb energy of the molecule in the electric field of the
ion by summation over the coulomb energies of the atomic
partial charges obtained from the quantumchemical calcu-
lation. The resulting coulomb energy Ec shown in Table
IX is much too high because the dielectric properties of the
RET-NH' molecule have been neglected in this calcu-
lation. The magnitude of the error introduced can be
estimated by the following comparison: According to the
quantumchemical calculations the energy E(00) is only
12.9 kcal/mol above all-trans in the presence of the
counterion and -0.5 kcal/mol below all-trans in its
absence as follows from the E'(00) value in Table IX. The
resulting increase AE (00) of the cis state energy due to the
action of the counterion is AE(00) = E(0°) - E'(00) =
13.4 kcal/mol. This energy is smaller, however, than the
coulomb energy difference between the cis and the all-
trans state, which measures 28.1 kcal/mol. The difference

can be attributed to a dielectric shielding effect arising
from the electrons in RET-NH', which is accounted for in
the quantumchemical calculation. The corresponding
dielectric constant is: e = Ec(00)/AE(00) = 2.1. In the
13-cis conformation the molecule has the largest average
distance from the ion compared to all the other points on
the reaction path. Therefore, the shielding of the charge by
the molecule is better for points close to the all-trans
conformation and the dielectric shielding will be more
effective for these points. Also, in a protein environment
one can expect an additional contribution to the dielectric
constant due to the protein environment.

Considering e as an average constant along the reaction
path and scaling the coulomb energies Ec(a) with e as
determined above one obtains an approximation and upper
bound for the coulomb contribution to the potential curve
E(a). Subtracting the scaled coulomb contribution Ec/e
from E gives an estimate and lower bound for the contribu-
tion EI(a) of the internal forces to E(a) through: EI(a) =
E(a) -Ec(a)/e. Ec/E and E, are given in columns 3 and 5
of Table IX, respectively. If the charge distribution around
retinal in the binding site of bacteriorhodopsin was as given
and if steric interactions between the protein and retinal
could be neglected, then one could construct from Ec and
El a realistic potential curve by adding to the internal
contribution El a coulomb contribution Ec/e' scaled with a
dielectric constant e' > e that accounts for additional
shielding effects due to the protein.
We will now discuss the effect of the protein dielectric

constant c'. The value of E' is unknown but it determines
sensitively the properties of the potential curve. The choice
El = 5, for instance, gives an activation energy Ea = 19.6
kcal/mol. This barrier is lower than the E" value of 24.5
kcal/mol showing that in a protein environment the
decrease of bond stability upon removal and dielectric
shielding of the counterion can overcompensate its increase
due to the corresponding charge separation. Also, the
calculated barrier is low enough to allow a thermal isomer-
ization to proceed within a few seconds. If one applies this
estimate to determine the coulomb energy stored in an
all-trans - 13-cis photoisomerization one arrives at a
value of 5 kcal/mol. This low energy value limits the extent
to which the primary form of energy stored in the light-
driven pump cycle of BR can be a coulomb energy derived
from charge separation upon 1 3-cis isomerization, as sug-
gested in reference 27, if the choice E' = 5 is realistic. An
even larger choice of e' = 15 for the dielectric constant
inside a protein yields an RI3 barrier of 13.8 kcal/mol that
is similar to that of the pure cation and corresponds to a
time scale of milliseconds for thermal isomerization.
Hence, if one assumes a rather strong shielding of elec-
trical charges by a protein environment, then it appears
that the sterochemical properties of the RSBH+ in BR
might be rather well represented by the pure cation
investigated in the section entitled Effect of Protonation on
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TABLE X
R13 POTENTIAL CURVE WITH TWO SPATIALLY

FIXED F- ION

a Ec Ec/E E El E' E"

1800 0.00 0.00 0.00 0.00 0.00 0.00
1200 20.75 11.79 12.31 0.52 0.29 6.04
900 25.99 14.77 15.66 0.90 0.69 8.30
600 24.40 13.86 14.08 0.22 0.03 6.25
00 16.73 9.50 8.35 -1.16 -1.16 1.01

See the caption to Table IX. For this calculation a second F-- ion has been
added 3 A above C9 and for the dielectric constant E a value of 1.76 has
been calculated.

Isomerization Barriers. This result justifies a posteriori
that we have taken the data on the cation as a reference for
comparisons with observations on BR.
To test the validity of the concept of an average dielec-

tric constant we compare in Table IX the internal contri-
bution E1(a) with the potential curve E'(a) for the proton-
ated RET-NH' without counterion. As we have stated
above, the latter curve represents a lower bound to the
torsional barrier of the 13-14 bond in case a counterion is
attached to the RSBH+. For the transition state at 900 and
for the 600 conformation, for which the average distance
between the ion and the molecule is comparable to the
1 3-cis conformation, the El values are only slightly larger
than the corresponding E' values. This indicates, that the
influence of the ion on the binding forces of the molecule is
rather weak in these configurations. The low value of El at
1200 shows that we underestimated, as expected, the
dielectric shielding for conformations close to all-trans.

All these inferences are corroborated by a similar analy-
sis of the data in Table X referring to a charge distribution,
in which an additional F- ion has been put on position P9.
The upper bound to the barrier in this case if 15.7
kcal/mol, the lower bound is 0.9 kcal/mol, and with E' = 5
one derives an activation energy of 6.1 kcal/mol which,
again, is smaller than the value E"(900) = 8.3 kcal/mol
calculated for the counterion moving with the terminal
group. Due to the second ion in the initial region all
barriers are greatly reduced and allow thermal isomeriza-
tions to proceed at rates ranging from -1O' to 109s-' and
larger. Hence, one can expect that for both charge distribu-
tions an isomerization around the 13-14 bond can become
thermally feasible in a protein environment even if the
coulomb attraction to a spatially fixed counterion is taken
into account.

SUMMARY

It has been well known for a long time that protonation and
electrical interactions induce strong shifts of the spectrum
of retinal, an effect which has been invoked to explain the
different absorption maxima of the visual pigments and of
bacteriorhodopsin. This explanation extends to the inter-

mediates appearing after optical excitation of the rhodop-
sins and of bacteriorhodopsin, e.g., to the sequences prelu-
mi-, lumi-, m,-, m,,-rhodopsin and K-, L-, M-, N-, and
0-bacteriorhodopsin. In this article we have provided
evidence that the chromophore-protein interactions
reflected by the spectral differences of these intermediates
deserve particular attention. On the basis of quantum-
chemical calculations we have demonstrated that the same
interactions that induce spectral shifts of the retinal chro-
mophore do also alter its ground state stereochemical
properties in very specific ways. Protonation and deproton-
ation of the retinal Schiff base together with electrical
interactions can steer the chromophore along a desired
stereochemical pathway. We found that protonation of the
Schiff-base nitrogen alters the isomerization barriers of
retinal in that double-bond rotational barriers are lowered,
e.g., from 47 kcal/mol to 11.5 kcal/mol for the 13-14
bond, and single-bond isomerization barriers are increased,
e.g., to values up to 20 kcal/mol for the 14-15 bond. Thus
protonation makes double-bond isomerizations thermally
feasible on the time scale of a millisecond, whereas thermal
single-bond isomerizations can be prevented on that time
scale. Protonation can also make those isomerization pro-
cesses thermally feasible that involve simultaneously two
double bonds. For example, the barrier for an all-trans a
11,13-di-cis (13,15-di-cis) isomerization is predicted at
19.7 (19.5) kcal/mol.

Electrical interactions with negative ions also contribute
to the magnitude of isomerization barriers. Negative ions
near the protonated Schiff-base nitrogen shift barriers in
the direction of their conventional polyene values, whereas
negative ions near the cyclohexene ring have the reverse
effect. Positioning, for instance, a negative F- ion 3 A near
the proton at the Schiff-base nitrogen produces an all-trans
-1 3-cis barrier of 25.2 kcal/mol, adding a second ion 3 A

above C9 lowers the barrier to 6 kcal/mol. These barriers
heights result when the first F- ion rotates along with the
isomerizing retinal at a fixed juxtaposition to the Schiff-
base nitrogen. However, our calculations have demon-
strated that in a protein environment thermal double-bond
isomerizations can also be reconciled with a spatially fixed
counterion. Negative ions near the cyclohexene ring have
the additional effects of bringing the pK of the Schiff-base
nitrogen to values above 10 units and to introduce a
ring-chain planarization.
Our computational results indicate that the batho-

chromic shifts of protonated retinal Schiff bases are
accompanied by profound alterations of the ground-state
stereochemical properties. The stereochemical properties
predicted appear significant in view of retinal's role during
the activity of squid retinochrome, rhodopsin, and bacteri-
orhodopsin and support the suggestion in references 17, 51,
and 55 that the stereochemical pathway of retinal during
the pump cycle of bacteriorhodopsin involves the sequence
of stereoisomers all-trans, 13,14s-di-cis, (deprotonation),
1 3-cis, (protonation), all-trans.
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