
SUBSTITUENTS AT THE C13 POSITION OF RETINAL AND

THEIR INFLUENCE ON THE FUNCTION OF

BACTERIORHODOPSIN

PAUL TAVAN,* KLAUS SCHULTEN,* WOLFGANG GARTNER,t AND DIETER OESTERHELT4
*Physik Department, Technische Universitiat Miunchen, 8046 Garching, Federal Republic ofGermany;
and tMax-Planck-Institutfuir Biochemie, 8033 Martinsried, Federal Republic ofGermany

ABSTRACT Retinal analogues in which the 13-methyl group is replaced by H, C2HA, CF3, and OCH3 residues are

studied by means ofquantumchemical modified neglect of diatomic overlap-correlated version (MNDOC) calculations.
The analogues are suitable to test the stereochemical mechanism of proton pumping in bacteriorhodopsin. The results
explain the proton-pumping activities of bacterio-opsin reconstituted with these analogues and elucidate the decisive
role of retinal's ground-state intramolecular properties in the pump cycle of bacteriorhodopsin.

INTRODUCTION

Bacteriorhodopsin (BR) acts in the cell membrane of
Halobacterium halobium as a light-driven proton pump
(1). The light energy absorption and vectorial proton
translocation involves BRs chromophore retinal (see Fig.
1), which 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 BR568 enters a reaction cycle in
which at least five ground state intermediates of the
chromophore have been identified spectroscopically. The
primary photophysical reaction entails an all-trans
1 3-cis isomerization of retinal. The subsequent dark phase
of the cycle is characterized by a transient deprotonation of
the Schiff base and by a thermally activated reisomeriza-
tion of retinal to the all-trans geometry and is accompanied
by conformational changes in the protein. A thermal
isomerization of retinal around the 13-14 bond is also
observed during the dark adaptation of light-adapted
BR568 (2, 3). Hence, this bond and its torsional stability in
the ground and the excited state appear to be of crucial
importance for the function of retinal in BR. To obtain
more insight into BRs pump cycle, one may, therefore,
replace retinal by derivatives that exhibit altered stereo-
chemical properties of the 13-14 bond. Replacement of
retinal's methyl group at C13 by various other substituents
appears to be most promising in this respect. Substituents
like H, C2HA, CF3, or OCH3 will change retinal's intramo-
lecular steric interactions and its electronic charge density
in the region of the 13-14 bond and will modify its
interaction with the protein environment as well. In fact, a
number of experimental investigations used these substi-
tuents (X), i.e., X = H in reference 4, X = CF3 in reference
5, X = C2H5 (Vogel, J., W. Gartner, K. Mauer, S.
Schneider, and D. Oesterhelt, manuscript in preparation)
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and X = OCH3 (Gartner, W., and D. Oesterhelt, manu-
script in preparation).

Retinal is a polyene dye that exhibits the characteristic
structure of alternating single and double ir-electron bonds.
In the ground state a rotation around double bonds is
prevented by very high barriers of activation, typically of
=50 kcal/mol. However, an isomerization around the
13-14 double bond is observed in the dark phase of the BR
pump cycle on a time scale of milliseconds and during dark
adaptation of BR568 on a time scale of minutes. A strong
perturbation of the polyene-bond pattern is a prerequisite
for these reactions. In BR and rhodopsin such a perturba-
tion is induced by the protonation of the Schiff-base
nitrogen of the chromophore and by a specific distribution
of negative charges in the retinal binding site. The effects
of protonation and local electric fields are witnessed by the
strong bathochromic shift of the absorption maximum
from -360 nm for the unprotonated Schiff base (6) to
values ranging between 430 nm (7) and 610 nm (8) for the
protonated chromophore inside the protein (9-12). On the
basis of quantumchemical modified neglect of diatomic
overlap-correlated version (MNDOC) (13) calculations,
we have recently demonstrated ( 14) that the same interac-
tions that induce spectral shifts of the retinal chromophore
also alter its ground-state stereochemical properties in very
specific ways. It has been shown that the thermal isomeri-
zation barriers in the terminal region of retinal close to the
Schiff-base nitrogen are particularly sensitive.

Protonation of a retinal Schiff base reduces, for
instance, the rotational barrier of the 13-14 double bond
from 47 to 11.5 kcal/mol and it increases the isomerization
barrier for the neighboring 14-15 single bond from -5 to
values up to 20 kcal/mol (14, 15). Therefore, protonation
can make double-bond isomerizations thermally feasible
on the millisecond time scale of the BR pump cycle,
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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 BR.

whereas thermal single-bond isomerizations can be pre-
vented on that time scale. Protonation can also make
thermally possible those isomerization processes that
involve simultaneously two double bonds. For example, the
barrier for an all-trans -- 13,15-di-cis isomerization is
predicted at 19.5 kcal/mol corresponding to a time scale of
minutes for this reaction. Because the 13,15 di-cis retinal
conformer exhibits only a minimal geometrical difference
compared with the light-adapted all-trans form, it had
been suggested previously (14-16) that the thermal all-
trans --1 3-cis isomerization observed (2, 3) during dark
adaptation of BR568 should actually comprise an all-trans
- 13,1 5-di-cis reaction. Recently, this conjecture has been

verified by nuclear magnetic resonance (NMR) (18) and
resonance Raman (19) experiments.

From our calculations (14) it has also become apparent
to which extent electrical interactions of a protonated
retinal Schiff base (RSBH+) with negative charges can
modify the magnitude of isomerization barriers. Negative
ions near the protonated Schiff-base nitrogen shift barriers
in the direction of their conventional polyene values,
whereas such ions near the cyclohexene ring have the
opposite effect. Positioning, for instance, a negative F- ion
3 A near the proton at the Schiff-base nitrogen produces an
all-trans -- 13-cis barrier of 25.2 kcal/mol, adding a
second ion 3 A above C11 lowers the barrier to 10.6
kcal/mol. The latter value is nearly identical to the 11.5
kcal/mol value quoted above for the retinylic cation and
suggests that the chromophore structure of a RSBH+ in
the absence of any counterion can model to a certain
degree a structure with two counterions in the retinal
environment distributed symmetrically at both ends of
retinal's polyene chain. In fact, such a two external point
charge model has been envoked in reference 17 to explain
the shifts of the main absorption maxima of retinal analo-
gues containing shortened chains of conjugated double
bonds. However, we prefer in the following the most simple
model of BR's chromophore structure that is a RSBH+
without any counterion. We will also introduce a further
simplification and represent the chromophore by the short-
ened compound shown in Fig. 2, which comprises retinal's
polyene part only. Our previous theoretical investigations
(14) have shown that this model chromophore provides an
excellent description of the properties of the complete
chromophore.

Extending our earlier (14) quantumchemical MNDOC
(13) studies, we want to demonstrate in this paper how the

FIGURE 2 The geometry and atomic partial charges of the polyene part
of a protonated retinal Schiff base as predicted by the MNDOC method
is shown; the charges are given in units of 10-2 e; charges smaller than
2 x 10-2 e are not indicated. The compound in this figure is
1 3-CH3-RET-NH'. (See footnote 1 for the nomenclature for the various
retinal derivatives.)

stereochemistry of a RSBH+ is altered when the CH3
group at C13 is replaced by the residues X = H, C2HA, CF3,
and OCH3 and explain some of the corresponding experi-
mental findings (4, 5; Vogel, J., W. Gartner, K. Mauer, S.
Schneider, and D. Oesterhelt, manuscript in preparation,
and Gartner, W., and D. Oesterhelt, manuscript in prepa-
ration). For this purpose we consider in the Results section
how the effects of protonation on equilibrium geometry,
charge distribution, and ground-state isomerization bar-
riers of a retinal Schiff base are modified when the
13-methyl group is substituted by the residues X listed
above. We will focus the attention on the activation energy
for the thermal all-trans * 13-cis isomerization. The
results are analyzed in the Discussion and a number of the
corresponding experimental findings are explained. The
paper is concluded by a short summary.

RESULTS

Table I shows for various substituents X at C13 the R13
torsional barriers, i.e., the ground-state activation energies,
Ea, for all-trans 13-cis isomerizations. The data result
from MNDOC calculations on the unprotonated and
protonated model compounds 13-X-RET-Y.' The relative
energies E(,-c) of the all-trans and 13-cis isomers are also
given. Protonation reduces the torsional barrier of the
13-14 ir-bond from values of =50 kcal/mol, characteristic
for a polyene-type double bond, to values between 16.4
kcal/mol for X = H and 4.3 kcal/mol for X = OCH3.
Thus, our calculations agree with the common observation
that the unprotonated retinal derivatives are stable with
respect to thermal isomerization. They predict that the
ground-state all-trans *- 1 3-cis isomerization of the corre-
sponding cations can proceed on time scales between
seconds for X = H and nanoseconds for X = OCH3.
Furthermore, the data in Table I prove the conjecture that
the thermal isomerization behavior of the 13-14 bond of a

'Throughout this paper the following nomenclature for various retinal
derivatives is used: We characterize them as compounds 13-X-RET-Y,
where the residues X and Y are appended to the carbon atoms C13 and
C,5, respectively. The structure called RET of the compound excluding X
and Y matches the retinal's polyene part.
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TABLE I
R13 BARRIERS OF RETINAL DERIVATIVES

13-X-RET-Y

X Y Ea* E(t__j
keal/mol

H NH 51.7 -0.9
CH3 NH 46.8 0.2
H NH+ 16.4 -1.1
CH3 NH+ 11.5 1.0
C2H5 NH+ 10.3 1.2
CF3 NH+ 11.3 2.3
OCH3 NH+ 4.3 3.3

MNDOC-BWEN torsional barriers Ea and relative energies E(,t) of cis
and trans isomers for the rotation around the 13-14 bond, which we
denote as R,3, of protonated (Y = NH') and unprotonated (Y - NH)
model retinal Schiff bases 13-X-RET-Y (see footnote 1 for nomencla-
ture). The computational methods by which these results have been
obtained are described in reference 14.
*The energy Ea of the conformation twisted by 900 is defined relative to
the lower of the two isomers.
tE(trans)-E(cis).

RSBH+ depends sensitively on the nature of the substi-
tuent X at C13.

The strong decrease of the torsional stability of the
13-14 double bond induced by protonation is found to be
rather independent of the substituent X. For the two
examples given in Table I, the residues X = H and X =
CH3, this decrease of the activation energy is identical and
amounts to an energy difference of 35.3 kcal/mol. The
decrease is caused by a partial migration of a ir-electron
charge to the protonated nitrogen rendering the polyene
chain positive. The charge shift is effected through the
induction of strong local dipoles between the positively
charged odd numbered carbon atoms and the negatively
charged even numbered carbon atoms (see Fig. 2). In
reference 14 we have shown that the torsional stability of a
ir-double bond decreases with the strength of the dipole
induced by protonation in this bond.
A simple connection exists also between the C-C bond

lengths and the magnitude of the isomerization barriers.
Table II shows the bond lengths L, of the C,-Ci,l bonds,
i = 9,..., 14, obtained for the 13-X-RET-Y molecules.
The lengths of the double bonds are collected in Table II A,
those of the single bonds in Table II B. The unprotonated
compounds (Y = NH) exhibit the characteristic polyene-
bond alternation with double-bond lengths of - 1.35 A and
single-bond lengths of -1.46 A. In the protonated mole-
cules (Y = NH') this bond alternation is much less
distinct, a fact that points towards a much more delocal-
ized character of the 7r-system. The effect of the protona-
tion is strongest in the terminal region of the polyene chain
between C13 and the protonated nitrogen. For most of the
protonated compounds the double-bond length LI3 is found
slightly larger than the single-bond length L14 (see the fifth
column of Table II A, B). A comparison of the lengths L13

TABLE II
C-C BOND LENGTHS OF RETINAL DERIVATIVES

13-X-RET-Y

A. Double bonds

X Y L4 LI, L13

A A A
H NH 1.354 1.345 1.342
CH3 NH 1.354 1.345 1.354
H NH+ 1.374 1.380 1.395
CH3 NH+ 1.372 1.376 1.408
C2HA NH+ 1.372 1.376 1.409
CF3 NH+ 1.376 1.383 1.403
OCH3 NH2+ 1.369 1.371 1.431

B. Single bonds

X Y L1O L12 L,4

A A A
H NH 1.456 1.461 1.473
CH3 NH 1.461 1.480 1.474
H NH+ 1.430 1.411 1.400
CH3 NH2+ 1.435 1.432 1.399
C2HA NH+ 1.435 1.431 1.399
CF3 NH+ 1.430 1.424 1.403
OCH3 NH+ 1.440 1.453 1.384

MNDOC bond lengths Li, i - 9,..., 14, for the model retinal derivatives
13-X-RET-Y.

of the 13-14 double bond with the corresponding activa-
tion energies in Table I shows that the height of the
isomerization barriers increases almost uniformly with the
shortening of the C-C 7r-bonds.

One can discriminate between three general mecha-
nisms for the effects of substituents at C13 on the torsional
stability of the neighboring 13-14 bond: (a) a large residue
can stretch this bond by means of intramolecular steric
interactions and, thereby, reduce the isomerization barrier;
(b) a highly polar residue can increase or decrease the local
dipole by changing the electron density pattern at the
polyene backbone and correspondingly weaken or
strengthen the bond; and (c) a residue containing lone pair
electrons can alter the ir-bond by conjugation with the
polyene 7r-system. Depending on the chemical nature of the
respective substituent, the variation of the RI3 activation
energies exhibited by Table I is caused by a combination of
these mechanisms.

The energy difference E(t_C) of the all-trans and 13-cis
isomers gives a good indication for the relative importance
of intramolecular steric interactions (see Table I). Only for
the des-methyl compound (X = H) is the all-trans state
energetically below the 13-cis state by -1 kcal/mol. The
reason is the absence of a steric hindrance in the all-trans
isomer for this derivative, whereas there is a weak repul-
sion between the hydrogens at C12 and C15 in the 13-cis
configuration. This steric interaction is illustrated in Figs.
3 a and b by means of the C12-C13-C14 bond angles. Due to
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a

FIGURE 3 The equilibrium geometry of the protonated Schiff-base
13-H-RET-NH' is drawn to scale as obtained from the MNDOC
method; (a) all-trans, (b) 1 3-cis.

the repulsion of the two hydrogen atoms, this angle is
widened from its all-trans value of 1240 to a value of 1290
in the 1 3-cis isomer. The steric effect of a larger residue at
C,3, however, should be weaker on the 13-cis than on the
all-trans state. This can be inferred by a comparison of
Figs. 3 and 4 that show the all-trans and 1 3-cis isomers for
the 1 3-desmethyl and 1 3-methoxy derivatives. Upon intro-
duction of a large residue, the energy of the all-trans state
is increased relative to that of the 1 3-cis state because in
the 13-cis state the residue interacts only with the neigh-
boring hydrogen at C,,, whereas in the all-trans state it
interacts with two hydrogens, the one at C,, and the one at
C15. Due to this interaction, the polyene chain of all-trans
retinal assumes the well-known (20) banana-type curva-
ture with a compressed bond angle at C13 and with
enlarged angles at C12 and C14 (compare Fig. 3 a with Figs.
4 b and 2). The E(,-C) values in Table I demonstrate that the
increase of intramolecular steric interactions in the all-
trans state relative to the 1 3-cis state rises in the sequence
X = H, CH3, C2H5, CF3, OCH3. Due to a stretching of the
13-14 bond, the activation energies Ea decrease and the
bond lengths L13 increase when X = H is replaced by more
bulky substituents. Bulkiness is defined here as a measure
of the lateral extension of the residue in the polyene plane.
Hence, one may conclude that increasing the size of the
substituent X reduces more and more the barrier for the
all-trans --1 3-cis isomerization.

The simple rationalization just introduced is not yet
sufficient to understand the data in Table I. For instance,
our calculations predict the OCH3 group to cause the
largest steric hindrance in the all-trans state although this
group is not more voluminous than the C2H5 residue. In the
equilibrium geometry the latter substituent minimizes its
steric interaction with the polyene chain by sticking out of
the polyene plane at a right angle. However, according to
our MNDOC description, such a perpendicular orientation
is energetically unfavorable for the methoxy residue. The

FIGURE 4 MNDOC geometry of 13-OCH3-RET-NH' is shown; (a)
all-trans, (b) 1 3-cis.

most favorable conformation is the one shown in Fig. 4 a in
which the OCH3 group is coplanar with the polyene chain.
In this conformation the intramolecular steric interaction
attains a maximum value. The corresponding increased
nuclear repulsion energy is, however, overcompensated by
a gain of ir-electron binding energy caused by a conjuga-
tion of one of the oxygens lone pairs with retinal's 7r-
system. In the coplanar conformation the oxygen orbitals
form an approximate sp2 hybrid and its doubly occupied
p,-orbital contributes to two 7r-molecular orbitals that bind
the oxygen atom to the atoms CH, C12, and C13 and are
anti-bonding in the region between C13 and C14. As a
consequence of this added conjugation the electron density
increases slightly in the 7r-system between C5 and C,2 and
the bond alternation becomes more distinct in this region.
This is reflected in the data of Table II. Of all protonated
compounds the OCH3 derivative has the shortest double-
bond lengths 4 and LI I and the longest single-bond lengths
L1O and L12. In the terminal region the OCH3 group
produces the opposite effect. The added 7r-electron conju-
gation contributes here to the strength of the 14-15 single
bond such that L14 assumes its shortest value in the OCH3
compound.

In the OCH3 derivative the extreme elongation of L13 to
1.431 A is explained only in part by the steric repulsion
between the CH3 group and the hydrogen at C15. The
elongation derives mainly from the increased polarization
of the 13-14 bond, which is induced by the oxygen bearing
a negative partial charge of -16 x 10-2 e. The negative
charge induces an additional positive partial charge of + 14
x 10-2 e at C13 and an additional negative partial charge of
-5 x 10-2 e at C14 as can be seen from Table III. This
table shows the changes AQ of the partial charges at the
retinal backbone upon substitution of the 13-methyl group.
The extraordinarily low barrier predicted for the all-trans

13-cis isomerization of 13-OCH3-RET-NH+ can be
rationalized mainly through the enhanced local dipole in
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TABLE III
SUBSTITUENT-INDUCED PARTIAL CHARGE

SHIFTS

Q AQ
Atom

CH3 H C2H5 CF3 OCH3

C7 +5 +1 0 +2 -1
C8 -13 0 0 -1 0
C9 +10 +1 0 +2 -1
CI0 -17 0 0 0 0
Cl, +18 +1 0 +1 0
C,2 -21 0 +1 +1 -1
C,3 +21 +1 -1 -14 +14
C,4 -27 0 +1 +2 -5
C15 +28 -1 -1 0 -2
N -23 +1 0 +1 -2

Shifts AQ of the partial charges Q at the C-atoms 7-15 and at the
terminal nitrogen of 13-X-RET-NH+ upon replacement of the 13-CH3
group by the residues X = H, C2H5, CF3, and OCH3; the partial charges
Q of all-trans 13-CH3-RET-NH+ are given as a reference; The charge
shifts AQ are defined by AQ = Q(CH3) -Q(X).

the 13-14 bond. In contrast, the CF3 substituent reduces
this dipole. The carbon atom of this group carries a positive
partial charge of +48 x 10-2 e, attracts electron density
towards C13 and diminishes, therefore, the induced dipole
of the 13-14 bond (see Table III). Hence, in this case the
increased electron density counteracts the stretching of the
bond due to the steric repulsion caused by this rather bulky
derivative and leads to the relatively large activation
energy of 11.3 kcal/mol for the CF3 derivative. As shown
in Table III, the other substituents at C,3 (H and C2HA) do
not cause significant changes of the partial charge pattern
along the retinal backbone such that for these residues the
steric interactions appear to be the main source of the
predicted variations of the 13-14 isomerization barriers.

To elucidate further the effect of the OCH3 residue on
the adjacent double bond caused by a combination of
conjugation, polarization, and steric hindrance, we have
also determined the all-trans * 9-cis isomerization barrier
for 9-OCH3-RET-NH'. Table IV compares the potential
curve for this isomerization with the potential calculated
for the compound 9-CH3-RET-NH . Again, replacement
of the methyl by a methoxy group decreases drastically the
isomerization barrier of the adjacent bond from a value of
25.6 kcal/mol for the RSBH+ to 10.4 kcal/mol for the
9-OCH3 derivative and increases the steric hindrance in
the all-trans configuration relative to that in the 9-cis
isomer (compare the E(t-c) values of the two compounds in
Table IV). As in the 1 3-OCH3 compound these effects are
caused by a coplanar position of the methoxy group leading
to a conjugation of its pr-lone pair with the 7r-system and
by an enhancement of the dipole in the 9-10 double bond.

DISCUSSION

The data in Table I on the torsional potential curves
around the 13-14 bond divide the protonated retinal Schiff

TABLE IV
Rg BARRIERS OF RETINAL DERIVATIVES

9-X-RET-NH2

X Ea* E(ts)*

keal/mol
CH3 25.6 1.5
OCH3 10.4 2.8

MNDOC-BWEN torsional barriers E. and relative energies E(,,) of cis
and trans isomers for the rotation around the 9-10 bond, which we denote
as R9, of protonated retinal Schiff-bases 9-X-RET-NH'.
*The energy E. of the conformation twisted by 900 is defined relative to
the lower of the two isomers.
tE(trans)-E(cis).

bases 1 3-X-RET-NH' roughly into three classes concern-
ing their thermal isomerization behavior.
The first class is made up of compounds with isomeriza-

tion barriers very similar to that of retinal and consists of
the X = C2H5 and X = CF3 derivatives. If the intramolecu-
lar properties of retinal are decisive for the proton-
pumping activities of BR, one can expect that these retinal
derivatives, when reconstituted with bacterio-opsin, should
exhibit activities close to those of BR. This is, in fact, what
has been observed for these two retinal derivatives
although the corresponding artificial BR chromophores
show quite remarkable spectral shifts in opposite direc-
tions. The 1 3-trifluoromethyl-retinal chromophore absorbs
at 624 nm far to the red of BR568, whereas the 13-
ethyl-retinal chromophore is slightly shifted to the blue
absorbing at 560 nm (5; Vogel, J., W. Giirtner, K. Mauer,
S. Schneider, and D. Oesterhelt, manuscript in prepara-
tion). In spite of these spectral differences, the proton-
pumping activity of both derivatives is comparable to that
of BR. In the case of the 13-ethyl compound, the photocy-
cle is accelerated because here the M intermediate decays
faster (Vogel, J., W. Gartner, K. Mauer, S. Schneider, and
D. Oesterhelt, manuscript in preparation). Because this
decay involves a thermal isomerization around the 13-14
double bond, the acceleration is in agreement with our
theoretical results that predict a reduction of the RI3
barrier by 1.2 kcal/mol upon ethyl substitution (see Table
I).

The second class, characterized by a significantly larger
13-14 isomerization barrier, comprises only the 1 3-desme-
thyl derivative. Its calculated RI3 barrier of 16.4 kcal/mol
is 4.9 kcal/mol higher than that of retinal and, conse-
quently, the thermal reisomerization of 1 3-desmethyl-
retinal in the pump cycle is predicted to occur on a time
scale of seconds instead of the time scale of milliseconds of
natural BR. Again, our theoretical description matches the
experimental results (4). There are, of course, also observa-
tions that cannot be explained on the basis of our quantum-
chemical results. Such disagreements may indicate inter-
actions between the protein and the RSBH+. An example
is the isomeric composition of retinal and 13-desmethyl-
retinal in the BR binding site. Dark-adapted BR548 consists
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of roughly 50% all-trans, 15-anti retinal, and of 50% of the
13-cis, 15-syn isomer (18, 19), whereas the energy differ-
ence of 1.0 kcal/mol calculated for the isolated all-trans
and 13-cis ground states suggests a 15% all-trans and 85%
13-cis composition in thermal equilibrium. Similarly, the
isomeric composition of 13-desmethyl-retinal in the BR
binding site is 15% all-trans and 85% 1 3-cis (4) in contrast
to our MNDOC result that predicts the reverse ratio.
Thus, it becomes clear that the protein-retinal interactions
are the main source of the relative stabilization of the
all-trans and 1 3-cis states inside the protein. Furthermore,
the measurements together with our calculations indicate
that this stabilization measures not more than -2 kcal/
mol. In view of the small magnitude of these energy values,
it cannot be excluded, however, that the disagreements
discussed above are in part also due to numerical inaccura-
cies of our calculations.

The 13-methoxy compound belongs to the third class
characterized by a drastically reduced activation energy
for isomerization around the 13-14 bond. This reduction is
illustrated in Fig. 5, which compares the RI3 potential
curves of retinal and of the 1 3-methoxy derivative. Fig. 5
implies, in particular, that the barrier for an all-trans --

13-cis isomerization is only 1.0 kcal/mol, which corre-
sponds to 1.7 kT at room temperature. Consequently, the
thermal equilibration between the two isomers should be
completed on a time scale of nanoseconds. Furthermore,
the all-trans state experiences strong sterical hindrance
and is predicted at 3.3 kcal/mol above the 13-cis state. A
protein-induced stabilization of the all-trans configuration
relative to the 1 3-cis configuration should not considerably
alter this energy difference. One must conclude, therefore,
that in thermal equilibrium a (meta-)stable all-trans
isomer of 1 3-methoxy-retinal cannot exist in the BR
binding site at a noticeable concentration (see Fig. 5). But
because only retinal's all-trans isomer is capable of pump-
ing protons in BR (21), this conjecture implies that the
1 3-methoxy derivative cannot perform as an efficient

, , , , , , , ,
10

w 4

2

-2 _

-90° 90 180 270°

FIGURE 5 The effect of 13-methoxy substitution on R13 isomerization
potential curves for the model retinal Schiff-bases 13-X-RET-NH' is
shown; X = CH3 ( ); X = OCH3 (---); 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, 1 3-cis is at 00.

proton pump. These conclusions have been verified by the
observation that 13-methoxy-retinal upon reconstitution
with bacterio-opsin forms a chromophore absorbing at 515
nm that, in fact, contains the 1 3-cis isomer2 and does not
exhibit proton-pumping activity.

The explanation of the observations on the artifical BR
chromophore reconstituted from 13-methoxyl-retinal in
terms of the intramolecular properties of the corresponding
RSBH+ is corroborated by chromophore reconstitution
experiments with 9-cis 9-methoxy-retinal. As is well
known, no 9-cis isomer of retinal flts into BR's binding site
(22). Correspondingly, a mixture of 9-cis 9-methoxy-
retinal with bacterio-opsin absorbs at 410 nm, a spectral
position that indicates that no protonated Schiff-base
linkage has been formed. Light-induced isomerization
around the 9-10 double bond leads to the formation of a
560-nm chromophore containing the all-trans isomer. This
chromophore is thermally unstable and decays to the
410-nm mixture containing the 9-cis configuration of the
derivative (Gartner, W., and D. Oesterhelt, manuscript in
preparation). This behavior is explained by the data in
Table IV, which demonstrate that the all-trans state of
9-OCH3-RET-NH' is thermally unstable with respect to
an all-trans 9-cis isomerization in contrast to the
properties of the corresponding 9-methyl RSBH+.

SUMMARY
We have demonstrated on the basis of quantumchemical
MNDOC calculations in how far the ground-state intra-
molecular properties of the protonated retinal Schiff base
are decisive for the proton-pumping activity of BR. In
particular, the torsional stability of the 13-14 double bond
is found to be of cardinal importance. The barrier for the
isomerization around this bond is modified upon substitu-
tion of the methyl group at C13 by the residues H, C2H5,
CF3, and OCH3. The activation energy for a thermal
all-trans -- 13-cis isomerization is increased for the 13-
desmethyl compound, is found similar to retinal for the
CF3 residue, is slightly smaller for the C2H5 substituent,
and is strongly decreased for the 13-methoxy derivative.
Depending on the magnitude of the isomerization barrier,
BRs proton pump cycle is slowed down, remains unaltered,
is accelerated, or is prevented. Our study proves the value
of quantumchemical calculations for an understanding of
substitution effects and intramolecular chromophore prop-
erties on the function of BR.
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physik is gratefully acknowledged.
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2Extraction experiments from 13-methoxy-retinal BR revealed the exis-
tence of two isomers, 13-cis and g, 13-di-cis. No trace of the all-trans
isomer could be detected (Gartner, W., and D. Oesterhelt, manuscript in
preparation).

BIOPHYSICAL JOURNAL VOLUME 47 1985354



REFERENCES

1. Stoeckenius, W., and R. Bogomolni. 1982. Bacteriorhodopsin and
the purple membrane of Halobacteria. Ann. Rev. Biochem.
51:587-616.

2. Oesterhelt, D., M. Meentzen, and L. Schumann. 1973. Reversible
dissociation of the purple complex and identification of 1 3-cis and
all-trans retinal as its chromophores. Eur. J. Biochem. 40:453-
463.

3. Maeda, A., T. Iwasawa, and T. Yoshizawa. 1977. Isomeric composi-
tion of retinal chromophore in dark-adapted bacteriorhodopsin. J.
Biochem. 82:1599-1604.

4. Gartner, W., P. Towner, H. Hopf, and D. Oesterhelt. 1983. Removal
of methyl groups from retinal controls the activity of bacteriorho-
dopsin. Biochemistry. 22:2637-2644.

5. Gartner, W., D. Oesterhelt, P. Towner, H. Hopf, and L. Ernst. 1981.
13-(trifluoromethyl) retinal forms an active and far-red-shifted
chromophore in bacteriorhodopsin. J. Am. Chem. Soc. 103:7642-
7643.

6. Erickson, J. O., and P. E. Blatz. 1968. N-retinylidene-l-amino-
2-propanol: A Schiff base analog for rhodopsin. Vision Res.
8:1367-1375.

7. Autrum, H., and V. von Zwehl. 1964. Die spektrale Empfindlichkeit
einzelner Sehzellen des Bienenauges. Z. Vgl. Physiol. 48:357-
384.

8. Bernard, G. D. 1979. Red-absorbing visual pigment of butterflies.
Science (Wash. DC). 203:1125-1127.

9. Suzuki, H., T. Komatsu, and H. Kitajima. 1974. Theory of the
optical property of visual pigment. J. Phys. Soc. Jpn. 37:177-185.

10. Honig, B., A. Greenberg, U. Dinur, and T. G. Ebrey. 1978. Visual
pigment spectra: Implications of the protonation of the retinal
Schiff base. Biochemistry. 15:4593-4599.

11. Honig, B., U. Dinur, K. Nakanishi, V. Balogh-Nair, M. A. Gawino-
wicz, M. Arnaboldi, and M. Motto. 1979. An external point-
charge model for wavelength regulation in visual pigments. J. Am.
Chem. Soc. 101:7084-7086.

12. Schulten, K., U. Dinur, and B. Honig. 1980. The spectra of

carbonium ions, cyanine dyes, and protonated Schiff base poly-
enes. J. Chem. Phys. 73:3927-3935.

13. Thiel, W. 1981. The MNDOC method, a correlated version of the
MNDO model. J. Am. Chem. Soc. 103:1413-1419.

14. Tavan, P., K. Schulten, and D. Oesterhelt. 1985. The effect of
protonation and electrical interactions on the stereochemistry of
retinal Schiff bases. Biophys. J. 47:

15. Orlandi, G., and K. Schulten. 1980. Coupling of stereochemistry and
proton donor-acceptor properties of a polyene Schiff base. A
model of a light-driven proton pump. Chem. Phys. Lett. 64:370-
374.

16. Schulten, K. 1978. An isomerization model for the photocycle of
bacteriorhodopsin. In Energetics and Structure of Halophilic
Microorganisms. S. R. Caplan and M. Ginzburg, editors. Else-
vier/North Holland Biomedical Press, Amsterdam. 331-334.

17. Nakanishi, K., V. Balogh-Nair, M. Arnoldi, K. Tsujimoto, and B.
Honig. 1980. An external point-charge model for bacteriorhodop-
sin to account for its purple color. J. Am. Chem. Soc. 102:7945-
7947.

18. Harbison, G. S., S. 0. Smith, J. A. Pardoen, C. Winkel, J.
Lugtenburg, J. Herzfeld, R. Mathies, and R. G. Griffin. 1984.
Dark-adapted bacteriorhodopsin contains 1 3-cis, 15-syn and all-
trans, 15-anti retinal Schiff bases. Proc. Natl. Acad. Sci. USA.
81:1706-1709.

19. Smith, S. O., A. B. Myers, J. A. Pardoen, C. Winkel, P. P. J. Mulder,
J. Lugtenburg, and R. Mathies. 1984. Determination of retinal
Schiff base configuration in bacteriorhodopsin. Proc. Natl. Acad.
Sci. USA. 81:2055-2059.

20. Hamanaka, T., T. Mitsui, T. Ashida, and M. Kakudo. 1972. The
crystal structure of all-trans-retinall. Acta Crystallogr. Sect. B.
Struct. Crystallogr. Cryst. Chem. 28:214-222.

21. Fahr, A., and E. Bamberg. 1982. Photocurrents of dark adapted
bacteriorhodopsin on black lipid membranes. FEBS (Fed. Eur.
Biochem. Soc. ) Lett. 140:251-253.

22. Schreckenbach, T., B. Walckhoff, and D. Oesterhelt. 1978. Specific-
ity of the retinal binding site of bacteriorhodopsin: Chemical and
stereochemical requirements for the binding of retinol and retinal.
Biochemistry. 17:5353-5359.

TAVAN ET AL. Substituents at the C,3 Position ofRetinal 355


