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ABSTRACT We discuss to what extent the vibrational spectra of bacteriorhodopsin that have been observed and
assigned by Smith et al. (1, 2) by means of resonance Raman and by Gerwert and Siebert (EMBO (Eur. Mol. Biol.
Organ.) J. In press) by means of infrared absorption experiments are in agreement with a photo-cycle of
bacteriorhodopsin that involves the sequence BR, 10(all-trans) — K(13,14-cis) — L(13,14-cis) — M(13-cis) —
N(13-cis) — O(all-trans). Our discussion is based on a quantumchemical modified neglect of diatomic overlap
[MNDO] calculation of the vibrational spectra of the relevant isomers of the protonated retinal Schiff base. In
particular, we investigated in these calculations the effects of different charge environments on the frequencies of the
relevant C—C single bond stretching vibrations of these isomers.

INTRODUCTION

Bacteriorhodopsin (BR) in the cell membrane of Halobac-
terium halobium works as a light-driven proton pump
(3-5). In 1978 we proposed a molecular mechanism for the
photo-cycle of BR which was based on a primary all-trans
— 13,14-cis photoisomerization reaction of the chromo-
phore (6). In our subsequent work we carried out quan-
tumchemical calculations on the chromophore, i.e., proton-
ated and unprotonated retinal Schiff bases in various
isomeric states and in different charge environments.
These calculations provided strong arguments for our
proposition (7-10). Recently, the suggested mechanism
has been challenged by Smith et al. (1) on the basis of
calculations that relate geometries and observed vibra-
tional spectra of polyenes. The authors used an empirical
force field in their calculations (11). An alternative
approach is to employ for the vibrational analysis a force
field evaluated from quantum chemical calculations. In
this article we will follow this approach. We will show that
the resonance Raman (RR) data of Smith et al. (2, 12)
and other vibrational spectra (Gerwert, K., and F. Siebert,
EMBO (Eur. Mol. Biol. Organ.) J. In press.) can be
reconciled with our suggestion of a 13,14-cis intermediate
in the BR pump cycle.

The arguments that lead us to postulate a 13,14-cis
cycle in BR had been based on the observations that the
initial state BR4 contains all-trans retinal (13-16) as a
protonated Schiff base which becomes deprotonated and is
13-cis in the long-lived M,,, intermediate (14-17). The
arguments are the following (6, 18, 7, 8): (a) A primary
process all-trans — 13,14-cis involves up to the transition
state the motion of only small masses and, therefore, can be
very fast. This argument is corroborated by the recent
finding of Nuss et al. (19) that the primary process in BR is
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completed after ~430 fs. (b) A 13,14-cis intermediate is
thermally stable against the direct back-isomerization,
whereas a 13-cis intermediate is not (9). The fact that
thermal reversals of the primary reaction have not been
observed in BR and would, indeed, be detrimental to the
pump efficiency, supports our suggestion. (¢) An indirect,
i.e.,, sequential reisomerization 13,14-cis — 13-cis —
all-trans enforces a deprotonation and a subsequent repro-
tonation of the chromophore. Such deprotonation and
reprotonation, in fact, are observed in the cycle.

The arguments of Smith et al. (1) against our mecha-
nism are derived from their observations of the RR spectra
of the intermediates in the bacteriorhodopsin cycle. The
authors substituted the natural carbons '*C at the C,, and
the C,; positions of retinal by *C and determined which of
the vibrational bands are affected by this substitution. In
this way they could assign the C,—C,; stretch vibration.
This vibration is very sensitive to geometrical changes of
the chromophore and, hence, the assignment of this band
for the intermediates of the BR cycle implies information
on the isomeric state of retinal. However, the only key to
this information are calculations of vibrational spectra.

Smith et al. determined that the C,—C,s stretch
frequency shifts from 1,201 cm™" for Brsg to 1,195 cm™'
for the low temperature (77°K) primary BR photoproduct
Kgs (1) and 1,172 cm™ for the L, intermediate (2).
Gerwert and Siebert, on the basis of infrared difference
spectroscopy (IR) using the same isotopic labels as Smith
et al. (2) corroborated the Kg,s assignment (20) but
assigned the C,,—~C,; stretch frequency for Lss, to a band at
1,155 cm™' (EMBO (Eur. Mol. Biol. Organ.) J. In press.).
To extract a statement on retinal’s geometry from these
vibrational shifts, Smith et al. (1) quoted a calculation by
Curry (21) on butadiene, which had indicated that the
stretch frequency of the central single bond of this com-
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pound experiences a downshift by ~50 to 100 cm~' upon
rotation around this single bond. Furthermore, these
authors carried out a similar calculation on a protonated
Schiff base fragment of the size of butadiene rendering a
comparably large red shift (69 cm™"') of the single bond
stretch frequency upon s-trans — s-cis isomerization. All
these calculations required to fit a large number of param-
eters for an intramolecular force field (22), in order to
describe with a high degree of accuracy vibrational spectra
of protonated retinal Schiff bases (RSBH*) (11). Since
(a) the result on the Schiff base fragment matched the
butadiene result rather well; (b) the C,;—C,,~C,s—N por-
tion of the all-trans RSBH™* corresponds geometrically to
s-trans butadiene, the corresponding 13,14-cis compound
to s-cis butadiene; and (c¢) the C,—C,; stretch frequency of
retinal does not experience a large downshift upon the Brsg
to K¢ transformation, the authors determined that a
13,14-cis geometry must be excluded for the K interme-
diate. The argument hinges on the validity of intramolecu-
lar forces obtained by fitting indiscriminately the vibra-
tional spectra of polyenes and retinal Schiff bases with
different X\, values, i.e., hinges on the similarity of force
constants between butadiene and the C,,—C,,~C,s—N seg-
ment of RSBH"* in the far red-shifted intermediate K.
We will show below that such similarity does not exist and
that the force fields as witnessed by vibrational spectra can
vary sensitively with the A, values of retinal compounds.

METHODS

To provide a parameter-free, nonempirical description of the vibrational
modes of the BR chromophores we have carried out quantumchemical
MNDQO force calculations for the vibrational spectra of protonated model
compounds representing the complete polyene part of the RSBH*.

We have chosen the MNDO method (modified neglect of diatomic
overlap) (23) as it furnishes a quantitatively correct description of the
ground state properties of protonated retinal Schiff bases. This has been
demonstrated by us in our quantumchemical investigation of the effects of
protonation and electrical interactions (9) and of substituents (10) on the
stereochemistry of retinal Schiff bases. That MNDO gives a correct
account of the changes induced by protonation in the bonding properties
of molecules containing large x-systems has been demonstrated by us also
for the merocyanine dye stilbazolium betaine (24), in which a thermal
isomerization around the central single x-bond is prevented in highly
polar, protonic solvents (25).

For the vibrational analysis we used the MOPAC program package
distributed by the Quantum Chemistry Program Exchange of Indiana
University at Bloomington (QCPE 455). In a typical calculation of the
vibrational spectrum for a model RSBH™* like one of those depicted in Fig.
1 A-E, first the ground state equilibrium geometry is calculated by
minimizing the MNDO total molecular energy E(Q,) with respect to
essentially all nuclear coordinates Q,, i = 1,..., 3N-6, where N is the
number of atoms in the molecule. Next, the full Hessian matrix of second
derivatives 3’E/3QAdQ, with respect to the Cartesian coordinates @, is
evaluated. Multiplication of this MNDO force matrix with the mass
weights and diagonalization yields then the vibrational modes in Carte-
sian coordinates and the corresponding vibrational frequencies. The
assignment of these modes to local internal coordinates like “C,,—~C,s
stretch™ or “C—H rock,” etc., has been achieved by a graphical
representation and visual inspection. To provide some examples, Fig.
1 A-E show the C,,—C,, stretching mode of the model RSBH* for various
chromophore geometries. The assignment has been checked by the
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investigation of suitable isotope effects and by the creation of motion
pictures on a high resolution graphics screen.

As has been observed previously for the complete neglect of diatomic
overlap (CNDO/2) method (26) also, the MNDO force field overesti-
mates systematically all force constants except (see below) those for the
C-C single bond torsions. But as in the case of CNDQO/2 this overesti-
mate can be corrected by an appropriate scaling of the force matrix,
yielding then a satisfactory description of normal modes and vibrational
frequencies. This has been demonstrated by us for the well-known
vibrational spectra of butadiene and hexatriene and their deuterated
derivatives (Tavan, P., Z. Luo, and K. Schulten, unpublished results).
The necessary scaling of the MNDO force matrix is accomplished in our
method by the introduction of MNDO “spectroscopic” masses. The
choice of 1.094 for the hydrogen mass and of 14.75 for the carbon atoms
turned out to reproduce the observed butadiene spectrum, for instance,
with absolute errors of at most 30 cm~' in a spectral range between 0 and
2,000 cm~'. The only exception is the torsional vibration around the
central single bond which is calculated at 41 cm~' and observed at 163
cm™! (26). This failure rests on the qualitatively incorrect description of
the torsional stability of long C-C bonds by MNDO and related
quantumchemical methods which we have discussed in detail in reference
9. Due to this error the dihedral angles of C—C single bonds in unpolar
compounds like the protonated retinal Schiff bases with a close (2 A)
counter ion have to be excluded from the MNDO geometry optimization
(9). However, the important spectral features of polyene dyes and their
derivatives are rather well covered by NDO force calculations like
MNDO or CNDOY/2, since the low frequency single bond torsional modes
couple only weakly to the high frequency hydrogen out of plane wags,
C—C single and double bond stretches and hydrogen in plane rocks, (cf.
reference 26 and references quoted therein). Hence, we have chosen
planar C-C single bond geometries for all isomers of the model RSBH*
with a close counter ion (cf. Fig. 1 4, B, and E) except for the 13,14-cis
isomer, in which a nonplanar geometry is enforced by intramolecular
sterical hindrance. To determine a reasonable model geometry for this
isomer, we have calculated first the equilibrium geometry for the highly
polar 13,14-cis cation relaxing all degrees of freedom, since in such a
compound the above-mentioned error is absent (9). MNDO predicted the
cation to be twisted around the C;-C,, bond by 16° and around the
C,—C,s bond by 22° (cf. Fig. 1 D). As the torsional stability of the
C,;—C,, double bond increases in the less polar compounds, we have
chosen a torsional angle of 45° for the C,—~C,s bond in the 13,14-cis
isomers with a counter ion (cf. Fig. 1 C). It turned out that the calculated
vibrational spectra are insensitive to small (=10°) changes of these
dihedral angles.

As we have shown in reference 9, the model retinal Schiff bases
depicted in Fig. 1 represent the electronic properties of the complete
chromophore very well. They should also provide a good description for
those vibrational modes that are localized in the polyene part of the
molecule toward the Schiff base nitrogen. For most isomeric states and
charge environments the C,—C,, and C,,—~C,; single bond stretches turned
out to be rather well localized in this region. To exclude an artificial
coupling of the in-plane bending modes of the two hydrogen atoms at Cs
and C, of the model compound we have decoupled the motion of these
atoms by assigning them arbitrarily a large mass of 15. The effect of this
decoupling amounted in a nearly uniform shift of the single bond stretches
of ~5 cm™'. For the same reason the counter ions have been spatially
fixed, assigning them a very large mass of 1,000.

RESULTS

We have applied the calculations described in Methods to
determine the C,;—C;, and the C,,—C,; stretch frequencies
of the RSBH*. These vibrations were selected as they
constitute prominent bands in the RR and IR difference
spectra of BR. The question that we investigated first was
to what extent these vibrations are sensitive to the isomeric
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FIGURE 1 The MNDO equilibrium geometry and the C,,—C,, stretch normal mode of the model RSBH™ in the field of a negative charge
and of a Cl~ ion 2 A distant from the proton at the Schiff base nitrogen is shown for four different isomeric states: (A4) all-trans, (B) 13-cis,
(C) 13,14-cis, (E) 13,15-cis. The negative charge 3 A distant from C; and perpendicular to the plane of the molecule has been omitted in the
drawing. Also shown are the geometry and the C,~C,; stretching mode for the 13,14-cis undisturbed cation (D).




state, to the protonation state, and to interactions with
external charges.

Our results are summarized in Table I. This table
provides the vibrational frequencies for the relevant geom-
etries of retinal: all-trans, 13-cis, 13,14-cis, 13,15-cis. The
model retinal Schiff base was chosen protonated with a
ClI-! jon as counter ion at a distance of 2 A and 3 A near
the proton at the terminal nitrogen and with no counter
ion. In addition, a negative charge has been located at a
distance of 3 A near Cs. The first compound represents a
chromophore with a spectrum in the blue, i.e., at ~480 nm,
the second compound a chromophore with a spectrum at
~550 nm, and the last compound a chromophore with a
spectrum at 640 nm. To demonstrate the influence of the
negative charge near C; we have also included the data on
the pure cations representing chromophores with spectra at
~600 nm (27, 28). Therefore, in comparisons with experi-
mental data, we will take the 2-A compounds as models for
protonated Schiff bases in solution, the 3-A compounds as

TABLE I

THE MNDO-FORCE C,—C,; AND C,—C, STRETCH
FREQUENCIES FOR THE MODEL RSBH*

CH_CIS Cl(!_cll
Compound
IZC‘ lH IJC ZH IZC, IH llc ZH
em™  em™ em™ em™! em™ em™!
all-trans
2A,C 1,222.8 1,207.4 1,224.1 1,178.6 1,177.4 1,183.3
3A,C 1,229.6 1,209.7 1,229.4 1,179.3 1,177.3 1,187.3
cat., C 1,268.9 1,259.9 1,207.6 1,205.1
cat. 1,215.4 1,207.2 1,182.3 1,180.3
13-cis
unprot. 1,218.6 1,188.1
2A,C 1,208.7 1,201.3 1,216.3 1,189.4 1,183.6 1,189.6
3A,C 1,212.8 1,203.8 1,194.2 1,188.5
cat.,C 1,236.2 1,228.5 1,2209 1,219.0
cat. 1,226.5 1,214.8 1,204.2 1,201.1

13-cis, 14s-cis

2A,C 1,.138.8 1,125.0 1,196.4 1,194.7

3A.C 1,168.1 1,143.2 1,202.9 1,199.3

cat.,C 1,230.1 1,227.3 1,217.8 1,214.1

cat. 1,218.0 1,209.0 1,185.0 1,183.2
13,15-cis

2A,C 1,155.1 1,211.5 1,193.9 1,190.6
3A,C 1,182.4 1,229.9 1,195.7 1,195.5
cat., C 1,215.6 1,204.5 1,220.7 1,219.9

cat. 1,205.4 1,240.0 1,189.7 1,190.6

The MNDO-force C,—C,s and C,,—C,, stretch frequencies for the
model RSBH* are given for various isomeric states, charge environments,
and isotopic modifications. The column labels specify the isotopic substi-
tutions considered. The column labeled by >C, 'H gives the frequencies
for the unsubstituted compounds. The *C column gives those for the
14,15-1C isotopes. The 2H column gives those for the deuterated Schiff
bases. The charge environment is characterized by the letter “C” if a
negative charge was placed 3 A distant to atom Cj. It is characterized by
the distances “2 A” or “3 A" if a CI~ ion was positioned at that distance
from the proton at the nitrogen, and by the keyword “cat.” if no counter
ion was present in the calculation.
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maodels for BR chromophores absorbing ~550 nm, and the
cations with and without negative charge near C; as
models for the Kg,s and Og,y intermediates. The above
choice of model charge environments had been motivated
by the experimental investigation of the BR binding site by
Derguini et al. (29), by the corresponding theoretical
analysis in terms of an external point charge model
(30, 31), and by our own analysis of the thermal isomeriza-
tion properties of retinal in BR (9).

We have identified the vibrational modes in Table I by
visual inspection of all the eigenmodes of the chromo-
phores. Those stretching vibrations most localized around
the 10-11 and 14-15 bonds were included. However, to
prove that the vibration selected are indeed identical to the
ones identified in the experimental spectra we applied the
same criteria as the experimentalists and for this purpose
determined how the frequencies are shifted upon isotopic
substitutions, i.e., either °C substitution at the C,, and the
C,;s positions or substitution of N-H by N-D. The reader
may consult the corresponding entries of Table I when we
make comparison between our calculated vibrational fre-
quencies and those observed by Smith et al. (2, 12) and by
Gerwert and Siebert (EMBO (Eur. Mol. Biol. Organ.) J.
In press.).

Structure of Brg,

When our earlier quantumchemical calculations revealed
that an RSBH* can thermally undergo concerted isomeri-
zations around two double bonds, i.e., all-trans — 13,15-
cis, we suggested (7) that the dark-adapted pigment Bri,,
may exist in a 13,15-cis geometry. The observation by
Oesterhelt et al. (13) that an all-trans — 13-cis isomeriza-
tion takes place during dark-adaptation had been the
experimental background for this suggestion. Fig. 1 A and
E, shows that the geometry of 13,15-cis retinal is very close
to that of the all-trans compound, and that one may
consequently expect that both compounds are about
equally stable in the BR binding site.

The suggestion of a 13,15-cis Brs, compound was
proven to be correct by Smith et al. (2) on the basis of RR
and by Harbison et al. (32) on the basis of nuclear
magnetic resonance (NMR) spectra. Here we want to
show that an application of our own results to the RR
spectra of Brg and Brsg reproduces this assignment. For
this purpose we present in Fig. 2 the relevant data taken
from Table I as well as the experimental observations (2).
These data represent the effects of deuteration of the
Schiff base nitrogen on the C,,—C,; stretch frequency. The
calculations show that a C-N bond with a trans geometry
of the nitrogen proton relative to the hydrogen at C,, (see
Fig. 1 A) does not exhibit a frequency shift of the C,—C;
stretch upon deuteration. However, due to the coupling of
the N—H rocking mode to the C,,—C,; stretch, a C-N bond
with a proton in the cis-position (see Fig. 1 E) reveals a
rather strong deuteration effect, i.e., an upshift of 48 cm™".
Fig. 2 shows that the C,,—C,; stretch frequency of Brsg
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FIGURE 2 The effect of deuteration of the Schiff base nitrogen on the
C,—Cs stretch frequency calculated for the model RSBH* in the field of
a Cl~ ion at a distance of 3 A is compared with the experimental findings
by Smith et al. (2).

does not exhibit a deuteration effect, whereas the C,,~C;;s
stretch frequency of Brs,s does; its shift upon deuteration
measures 41 cm™'. Such an analogy between calculation
and observation led Smith et al. (2) to assign the 13,15-cis
geometry (with a cis-proton at the C-N bond) to Brs.
These authors calculated an upshift of 5 to 12 cm™' for a
trans C-N bond and an upshift of 62 cm™' for a cis C-N
bond. Fig. 2 demonstrates that our calculations are in
harmony with the results of Smith et al. (2), reproducing
the behavior of the pigments Brsg and Brss even somewhat
better.

Effect of Electrical Interactions on the
Vibrational Spectra of the Isomers of RSBH™

In this section we want to demonstrate that, in addition to
the geometry, electrical interactions also have an impor-
tant effect on the vibrational spectra of some of the retinal
isomers. Before presenting our results we wish to point out
that electrical interactions and their variation during the
pump cycle play an important role in BR, a role which can
be easily witnessed from the strong spectral shifts of the
pigment (28).

In Fig. 3 A we present the C,,—C,s stretch frequency for
the model RSBH™ in the all-trans, the 13-cis, the 13,15-
cis, and the 13,14-cis isomeric state. The electrical interac-
tions considered correspond to an RSBH* without a
counter ion and with a counter ion at distances of 2 A and 3
A. All these compounds are subjected to the field of a
negative charge near C,. The effect of removal of this
charge is represented by the data on the pure RSBH*
cation. The results in Fig. 3 4 are the main results of this
paper.

Fig. 3 A demonstrates that an alteration of the electrical
interactions has a considerable effect on all the isomers.
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FIGURE 3 The effect of a varying charge environment on (A4) the
C,~C,s and (B) the C,,~C, stretch frequency is shown for four isomers
of the model RSBH*. The charge environment is indicated by the
distance of a possible C1~ ion to the Schiff base proton and by the letter C
indicating the presence of a negative charge 3 A near C;. Related
chromophore structures are connected by dotted lines. Also given are the
observed values for BRsg (12), BRyyy (2), Lsso (Gerwert, K., and F.
Siebert, EMBO (Eur. Mol. Biol. Organ.) J. In press.), for an all-trans and
13-cis RSBH* in solution (33) and our tentative assignment of bands in
the spectra of Alshut and Stockburger (personal communication) to the
N intermediate (see Results, Mechanism of the Proton Pump for
discussion).

This effect is smallest in the case of the 13-cis compound.
The effect of electrical interactions is only a little stronger
for the all-trans compound. However, in the case of the
13,15-cis compound, the different charge environments
induce large shifts. These shifts are found to be even larger
for the 13,14-¢cis compound.

To rationalize the strong effects of external charges on
the C,,—C,; stretch frequency in the isomers, we present in
Table II a comparison of the bond lengths of the four
13,14-cis protonated retinal Schiff bases considered so far:
the compounds in the field of the negative charge near C;
with a Cl~ counter ion at a distance of 2 A and 3 A, or
without a Cl~ and the pure cation, i.e., without the charge
and without a Cl~. Table II shows that the single and
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TABLE II

THE MNDO EQUILIBRIUM BOND LENGTHS OF THE
13,14-cis MODEL RSBH*

Bond description 2A,C 3A,C cat., C cat.
A A A A
Single bonds
Ci—C, 1.463 1.462 1.448 1.461
C—C, 1.477 1.474 1.449 1.469
C,—Cy 1.460 1.455 1.418 1.440
Ci—C,; 1.467 1.460 1.415 1.437
Co—Cys 1.461 1.452 1.396 1.414
Double bonds
Ci—C, 1.355 1.355 1.364 1.354
C—C, 1.358 1.360 1.377 1.364
C,—Cyo 1.370 1.373 1.402 1.383
C,—C,; 1.363 1.368 1.405 1.386
C;—Ci, 1.370 1.377 1.424 1.405
C—N bond
Nys—Cig 1315 1.320 1.359 1.347

The MNDO equilibrium bond lengths of the 13,14-cis model RSBH* are
given as a function of the charge environment (see the caption to Table I
for an explanation).

double bonds near the C-N bond are most strongly
affected by a change in the charge environment as repre-
sented by these four compounds. For example, the length
of the C,,~C,; single bond varies between 1.46 and 1.40 A.
The effect on the bond length develops mainly upon
removal of the counter ion, i.e., corresponds to the differ-
ence between the 3-A compound and the compounds
without counter ion. The negative charge near C; amplifies
the effect of protonation, as is revealed by a comparison of
the geometries of the two cations: the cation in the field of
the charge exhibits nearly equal single and double bond
lengths in the part of the carbon chain between atoms C,
and C. This compound resembles more a cyanine dye
than a polyene with bond alternation. In contrast, the pure
cation still shows some degree of bond alteration in the
region between Cy and C,,.

One expects that the alteration of a bond length reflects
a change in the force constant of this bond and, therefore,
that the variation of the bond length should be accompa-
nied by an alteration in the stretch frequency. This is, in
fact, the behavior shown in Fig. 3 4. However, for a
complete understanding of the calculated vibrational fre-
quencies, one has to also consider the coupling of the bond
stretch motions to other degrees of freedom. This coupling
as well as the frequency distribution of the other degrees of
freedom is also subject to change upon alterations of the
charge environment. Furthermore, this coupling may dif-
fer in the various isomeric states. Hence, the effect of a
charge redistribution on the stretch frequencies cannot be
attributed to a single cause (force constant), but rather is
the result of a complex interplay of several causes (force
constants, kinetic couplings).

Fig. 3 reveals also how the C,,—C,; stretch frequency
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changes solely due to geometry changes when the charge
environment is not altered. As an example we may consider
the nonpolar 2-A compound. Its C,~C; stretch frequency
downshifts by only 14 cm™' upon an all-trans — 13-cis
isomerization. For retinal Schiff bases in solvents one
observes a value of 15 cm™' (1,11, 33). An all-trans —
13,15-cis isomerization has a stronger effect, downshifting
the frequency by 45 cm™"'. The largest effect is found for
the all-trans — 13,14-cis isomerization, which lowers the
C,~C,s stretch frequency by 84 cm™". This latter shift is in
agreement with the aforementioned behavior of butadiene
when it undergoes isomerization around its central single
bond. In the butadiene case, MNDO predicts a downshift
of 99 cm™'.

A most remarkable feature of the frequency behavior
shown in Fig. 3 A is the invariance of the C,,—C,; stretch
frequency of the compounds without counter ion (cations).
The C,—C;; stretch frequency in these compounds exhibits
a behavior that is completely different from its behavior in
the nonpolar compounds. None of the isomerization pro-
cesses affects the C,,—C; stretch frequency in a significant
way. The reasons for this behavior are opposing effects
from geometry changes and changes in the electronic
structure. The difference in the behavior of the cation
compounds and the 2-A compound is manifested by the
fact that the C—C; stretch frequency of the 13,14-cis
pure cation lies above that of the all-zrans pure cation,
whereas this frequency in the 13,14-cis 2-A compound
experiences a very strong downshift compared with its
all-trans relative. Furthermore, the C,,~C,s stretch fre-
quencies of both 13,14-cis cations lie only ~8 cm™" below
those of the corresponding 13-cis compounds, whereas very
large downshifts of 70 and 45 cm™" upon 14s-trans — s-cis
isomerization are predicted for the more nonpolar, poly-
ene-like 2 A and 3-A 13-cis compounds, respectively. This
dramatic difference, which is not predicted by the
empirical calculations of Smith et al., provides our key
argument against the geometric assignment of these
authors (reference 1): the empirical force field employed
by these authors may be of some use for the description of
nonpolar molecules as it has been derived from small
polyene-like compounds. But it fails in the description of
the highly polar, far red-shifted chromophores.

Fig. 3 B shows that the C,,~C,, stretch frequency
exhibits only a minor dependence on charge alteration and
isomerizations around the three terminal bonds.

Assignment of a 13,14-cis Intermediate

To use the results of Fig. 3 4 we note that the primary
intermediate K of the pump cycle in BR has a strongly
red-shifted absorption spectrum and should, therefore,
correspond to one of the cation compounds. This correspon-
dence implies, then, according to Fig. 3 A, that the C,,—C;;
stretch frequency should not allow a differentiation
between a 13-cis and a 13,14-cis geometry for the K
intermediate. This is in disagreement with Smith et al. (1),
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who claimed that they can assign a particular one of these
geometries to this intermediate by comparing the very
small downshift of 6 cm™' observed in the transition from
BR,ss to Kq,s with the frequency shift of butadiene: the
authors claimed that a 50 to 100 cm~' downshift should
have been observed relative to all-trans Brgg, if the K
intermediate were to assume a 13,14-cis geometry.

Fig. 3 A suggests, however, that one should look at the L.
intermediate for a decision between a 13-cis and a 13,14-
cis geometry. Such decision can be derived since Brgg,
Brgs, and L, have all similar spectra which should
correspond to the 3-A compounds in Fig. 3 A. The fact that
the C,,—C,; stretch frequency of the L intermediate lies 46
cm™! below the corresponding frequency of Brs; (all-
trans) and still 12 ¢cm™' below that of Brsg (13,15-cis)
should imply that the L intermediate is 13,14-cis. This
argument is strongly supported by the assignment of
Gerwert and Siebert (EMBO (Eur. Mol. Biol. Organ.} J.
In press.) of the C,~C;s stretch frequency at 1,155 cm™!
for L. The suggestion of Smith et al. of a 13-cis geometry
for L cannot be reconciled with the results of Fig. 3 A.
Even the previous assignment of a band at 1,172 cm™' to
the C,,—C,s stretch by Smith et al. (2) appears to be at
variance with a 13-cis conformation of L because a 13-cis
RSBH" in solution has a C,,~C,s stretch frequency of
1,175 ¢cm~' (33) and because one has to expect an upshift
by ~10 cm™! upon incorporation into the protein (11). In
our calculations this “opsin” shift is reflected in the general
upshift of the stretch frequencies of the 3-A compounds as
compared with the 2-A compounds. Assuming that no
isomerization takes place in the K — L transition we
assign also a 13,14-cis geometry to K.

Mechanism of the Proton Pump

In this final section we would like to summarize our results
in view of a mechanism of the pump cycle in BR. The
pump cycle is presented in Fig. 4. We will first provide the
arguments that lead to this pump cycle and demonstrate
then by means of Fig. S that the calculated C,,—C,; stretch
frequencies of the isomers occurring in the cycle are in
harmony with the available data.

The cycle in Fig. 4 presents the terminal part of the
retinal chromophore and three acids A; which alter their
protonation state during the cycle. The protonation states
of the three groups assumed here were suggested by
Engelhard et al. (34) on the basis of their difference IR
spectra. These authors also claim that the three groups A,
shown are aspartic acids. The protonation changes of these
acids are connected with either the approach or the release
of protons from the vicinity of retinal, as indicated in Fig.
4. If protons released and absorbed are originating from
different sides of the purple membrane, the reaction
sequence of Fig. 4 can obviously explain a vectorial proton
pump.

The geometries of retinal assumed in the cycle of Fig. 4
are those that we suggested since our first proposal (6).
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FIGURE 4 The 13,14-cis model for the BR proton pump cycle. For each
intermediate the chromophore conformation and the Schiff base charge
environment are indicated schematically. Note that the pump cycle as
described transports two protons when O is involved and one proton when
O is bypassed.

What is new in the representation of Fig. 4 are the relative
positions of the acids A; and retinal. The positions have
been chosen to rationalize the spectra of retinal observed at
the different stages of the cycle (28). In the Brsg stage the
Schiff base nitrogen forms a salt bridge, i.e., sees a close
counter ion and therefore assumes a spectrum intermediate
between a red and a blue extreme. At the K stage the
Schiff base nitrogen moves from A;~ to A H, i.e., to the
vicinity of an uncharged group. Hence, the spectrum is red
shifted. At the L stage the group A, deprotonates and
becomes charged, a process which results in a blue shift of
the spectrum. At the two M stages (only the second might
be stable) the spectrum is necessarily moved to the extreme
blue. At the N stage the chromophore interacts with a
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FIGURE 5 Comparison of calculated and observed C,—C,s stretch
frequencies for the 13,14-cis model shown in Fig. 4. The experimental
assignments for K, are from Gerwert et al. (20), those for Oy, are from
Smith et al. (12) and for M,,, it is our assignment according to a spectrum
by Smith et al. (1). For the remaining assignments see the caption to Fig.
3.
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charged group A,”, the interaction being very similar to
that at the L stage. Hence, the N spectrum should be very
similar to that of L. Since the rate constants of the
transitions in this part of the cycle are all of similar
magnitude, it might be difficult to separate N from L by
time-resolved spectroscopy. The N intermediate reisomer-
izes to the O stage (12) in which the situation arises that
the Schiff base nitrogen sees an uncharged group A,H.
Hence, O should exhibit a red-shifted spectrum. The
removal of a proton from A, restores the initial Brsg stage.

The diagram in Fig. 4 also shows that side reactions
shortcutting the cycle by means of slightly altered protona-
tion—deprotonation reactions are possible. The shortcut
would leave out the O intermediate. This implies the
prediction that a strong correlation should exist between
the appearance of O in the cycle and the yield of H*'s
pumped. Such correlation has, in fact, been observed by
Renard et al. (39).

Fig. 4 attributes a distinct isomeric state to each stage of
the pump cycle. The interactions of the chromophore with
the indicated acids suggest that the retinal Schiff base
should correspond to different categories in the nomencla-
ture used above: we identify Br, L, and N with a 3-A
compound, K and O with a pure cation, and M with the
unprotonated Schiff base. In Fig. 5 we compare for the
assumed intermediates the calculated and the observed
C,,—C,; stretch frequencies. Except for a systematic slight
upshift of the calculated frequencies, Fig. 5 demonstrates a
very clear parallelism between theory and observation. We
take this parallelism as evidence that the geometries of
retinal in the pump cycle have been assigned correctly. The
small deviations remaining for the K and O intermediates
can easily be rationalized in terms of a small perturbation
of the cationic w-system by a local electric field near C;
(36).

We would like to note that the N intermediate may have
been observed recently in RR experiments: Alshut and
Stockburger observed at high pH a long-lived species with
the same decay time as the M,,, intermediate and with an
RR spectrum very similar to that of L (personal communi-
cation). Assuming that this is a spectrum of N and that N
is 13-cis, we have assigned in Fig. 3 4 and B, the lowest two
fingerprint vibrations to the C,—C,, and C,—C;; stretches.
It would be worthwhile to identify the C,,—C, vibration in
this spectrum by repeating the experiment with "*C labeled
retinal.

We wish to conclude that the stereodynamics of retinal
in BR’s pump cycle appears to be in agreement with our
original suggestion (6). This suggestion has stated already
that the stereodynamics determined here from the vibra-
tional spectra imply that retinal plays the role of a proton
switch in BR. However, the conclusion reached needs to be
confirmed by further investigations. The most pressing
questions in this respect are: (@) What is the energy of the
C,—C,; stretch vibration of Ls? (b) Can other “finger-
print” vibrations elucidate structural details of the Schiff
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base segment of retinal in BR? (¢) Does an intermediate N
exist and can its isomeric state be elucidated by RR or IR
spectra? (d) Can the solid state NMR methods (32)
resolve the structure of intermediates in the pump cycle?
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