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Abstract

The vibrational properties of 13-cis,14-s-trans and 13-cis,14-s-cis protonated retinal Schiff base model compounds are
explored with MNDO calculations. In particular, the effect of isomerization about the C,,~C,5 single bond on the
vibrational properties of the deuterium in-plane rocking vibrations has been examined. Our MNDO calculations, using a
variety of lysine models, lysine conformations and Schiff base charge environments, demonstrate that the C,,-D and C,s-D
in-plane rocking vibrations in the 14,15-dideuterio retinal protonated Schiff base are strongly coupled in 13-cis,14-s-cis
molecules producing a splitting of ca. 80 cm ™' between the symmetric and antisymmetric rocking mode combinations but
that these modes are only weakly coupled in 14-s-frans molecules. This analysis demonstrates that the 14,15-dideuterio
labeling method developed earlier for determining C,,—C,5 conformation (S.P.A. Fodor, W.T. Pollard, R. Gebhard, EM.M.
van den Berg, J. Lugtenburg and R.A. Mathies, Proc. Natl. Acad. Sci. USA, 85 (1988) 2156-2160) is valid, and hence that
the structure of the retinal chromophore in bacteriorhodopsin’s Lss, intermediate is 13-cis,14-s-trans. The reasons for the
misleading conclusions derived from MNDO calculations performed earlier by Schulten and Tavan are discussed.
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1. Introduction

Bacteriorhodopsin (BR) is an intrinsic membrane
protein, found in the bacterium Halobacterium halo-
bium, that functions as a light-driven, trans-mem-
brane proton pump [1,2]. A great deal of spectro-
scopic work has been performed to determine the
structure of the retinal chromophore in the various
photocycle intermediates of BR. At this time there is
a consensus that photon absorption drives an all-trans
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to 13-cis isomerization in 500 fs to produce the J
intermediate [3], that the chromophore deprotonates
upon formation of M, that reprotonation of the chro-
mophore takes place with the formation of the N
intermediate [4], and that the protonated Schiff base
chromophore thermally isomerizes back to all-trans
in the N to O transition [S]. However, there has been
less of a consensus on the conformation of the
chromophore about the C,,—C,; single bond in the
photocycle. Many authors accept the idea that the J,
K, and L intermediates adopt the 13-cis,14-s-trans
structure, thereby dictating that the photoisomeriza-
tion is a simple cis—trans double bond isomeriza-
tion, and that single bond conformational changes of
the chromophore are not involved in the proton-
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pumping mechanism [1,2,6,7]. An alternative picture,
based on theoretical calculations, hypothesizes that
the initial photochemistry is a simultaneous 13-
trans,14-s-trans to 13-cis,14-s-cis isomerization [8]
and elaborate models for proton pumping have re-
cently been published based on this hypothesis [9].
Although there are logical arguments in favor of
both pictures, the ultimate discrimination between
these two mechanisms rests on the unambiguous
determination of the structure of the chromophore in
all of bacteriorhodopsin’s intermediates and espe-
cially in its L, intermediate.

Resonance Raman and FT-IR vibrational spec-
troscopy have been primarily used in the determina-
tion of in situ chromophore structure in retinal pro-
teins [10]. The foundation for the analysis of retinal
chromophore vibrational structure in bacteri-
orhodopsin’s intermediates was established by the
complete analysis of the vibrational spectra of the
all-trans and 13-cis retinals [11,12], of the all-trans
retinal protonated Schiff base [13], and of the light-
adapted and dark-adapted forms of BR [14,15]. The
vibrational analysis of the retinal chromophore in the
L, intermediate of bacteriorhodopsin has been more
controversial.

Smith et al. [16] presented the first analysis of the
vibrational spectra of bacteriorhodopsin’s L, inter-
mediate, arguing that the chromophore was 13-
cis,14-s-trans based on the frequency of the C,,—~C;
stretching mode which was too low to be consistent
with a simple 14-s-cis structure. FT-IR studies on
isotopic derivatives of the Lss, chromophore found
the C,,—C,s stretch at a somewhat higher wave
number and were interpreted in terms of a 14-s-cis
structure [17]). Subsequently, a more detailed analysis
of the vibrational structure of the chromophore in the
L, intermediate was made by examining the cou-
pling between the deuterium in-plane rocking vibra-
tions of chromophores specifically deuterated at the
14- and 15-positions [18]. It was shown that the
interaction of these modes was characteristic of the
conformation about the C,,—C,5 single bond. Linear
polyenes typically exhibit strong coupling between
these modes for the 14-s-cis conformer and weak
coupling for the 14-s-trans conformer [19]. Specific
deuterium substitution was used to assign the C,,-D
and C,s-D rocks, demonstrating that the vibrational
pattern in the L., intermediate is consistent with the

14-s-trans conformation. This analysis of the depen-
dence of retinal vibrational structure on conforma-
tion is consistent with later studies of locked 14-s-cis
retinal model compounds [20]. Furthermore, time-re-
solved, step-scan FT-IR studies of hydrogen out-of-
plane wagging intensities have shown that the chro-
mophore twists in the Ly, and N intermediates are
very similar and hence that 14-s-cis structures are
not likely to play a role in the bacteriorhodopsin
photocycle [21]. However, Schulten and Tavan ar-
gued on the basis of MNDQ calculations that the
pattern of deuterium rocking vibrations cannot be
used to assign the conformation about the C,,—C,;
bond because the vibrational analysis was claimed to
be highly sensitive to the protonation state /counter-
ion environment of the retinal Schiff base as well as
the structure and conformation of the model lysine
residue [22-24]. We were surprised by this sugges-
tion because vibrational frequencies and couplings
are often predominantly determined by the geometric
structure of the molecule [19]. Therefore, we re-
peated the MNDO analysis performed by Schulten
and Tavan using exactly their methods and parame-
ters. We find satisfactory agreement between our
calculated frequencies for the various 14-s-cis and
14-s-trans rtetinal protonated Schiff base model com-
pounds and those reported by Schulten and Tavan.
However, the complete description of the calculated
normal mode character presented here leads to a very
different analysis and strikingly different conclusions
than those presented previously [22—24). The mode
frequencies, normal mode character, couplings, and
frequency shifts generated using the MNDO method
are, in fact, in good agreement with the analysis of
the C.,-D and C,;-D rocking modes put forward
earlier by Fodor et al. [18], thereby supporting the
13-cis,14-s-trans structure for the chromophore in
bacteriorhodopsin’s L, intermediate. The different
interpretation of the calculations presented here arises
in part from a misidentification of the normal modes
in the earlier work of Schulten and Tavan.

2. Theoretical methods

The protonated retinal Schiff base model struc-
tures used in these calculations were chosen to ad-
dress three issues. First, the triene fragment model
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was compared with a hexaene model in which only
the ionone ring was truncated and C,;, C, and the
C,-methyl group were modeled by R groups having
a mass of 15. The methyl groups in both the triene
and the hexaene models were explicitly included
except for the C-methyl group in the hexaene model.
This comparison was performed to examine the ef-
fect of the smaller fragment on the vibrational struc-
ture as well as the importance of the coupling be-
tween the C,;-methyl rocks and the deuterium rock-
ing vibrations. No significant differences in the nor-
mal mode pattern or couplings were found between
the triene and the hexaene models. We also exam-
ined the dependence of the rocking vibrations on the
specific lysine model that is used as well as its
conformation. To this end, the lysine was modeled
by -R, -CH,R, -CH,CH,, and -CH,CH,R
groups, where R has a mass of 15 and the parameters
of hydrogen. The —-CH,CH, group was used as a
lysine model to reproduce the calculations of Schul-
ten and Tavan {22-24]. The other models of the
lysine group were chosen to examine whether the
—CH,CH; model introduced any artificial couplings
that are not expected in a more realistic model for
the lysine. The effect of the conformation about the
N-C, single bond on the deuterium rocking pattern
was also systematically examined. Finally, the proto-
nated Schiff base environment was modeled with
and without a counterion to explore the sensitivity of
the vibrational pattern to the Schiff base charge
environment. When the counterion was included, we
have placed it 3 A away from the Schiff base proton
with one unit of negative charge and in the polyene
plane as in the previous MNDO work [22-24].

The normal mode analysis was carried out using
the semi-empirical MNDO method [25] using
MOPAC software (QCPE Program #4535, available
from the Department of Chemistry, Indiana Univer-
sity, Bloomington IN 47405). The starting geome-
tries used in the MNDO calculations were generated
by a QCFF/PI calculation [26]. All geometric pa-
rameters (bond lengths, bond angles, dihedral angles)
were minimized. The force field was calculated with
the MNDO Hamiltonian using the energy-minimized
geometry. The normal modes were then calculated
using MNDO force field and the spectroscopic
masses previously shown to be necessary to globally
scale the force field to produce reasonable results

[27]. The normal modes were labeled as a particular
stretching or rocking vibration by identifying the
highest component of the relevant internal coordinate
character in the normal mode and by careful exami-
nation of the mass-weighted eigenvectors of the nor-
mal modes interactively through display on a graph-
ics terminal.

3. Results and discussion

The purpose of this paper is to develop a better
understanding of the factors that effect the frequen-
cies of the 14-D and 15-D rocking vibrations in the
14-s-cis and 14-s-trans rtetinal Schiff base chro-
mophores. Space limitations preclude the presenta-
tion of all of our calculations so only a representative
summary will be given here. The interested reader is
referred to the more detailed presentation which will
appear separately [28]. The 14,15-dideuterio labeling
method was first introduced by Fodor et al. to deter-
mine the conformation of retinal chromophores about
the C,,—C,5 bond [18]. The essence of this method
is presented in the top panel of Fig. 1. Theoretical
modeling, either classical Wilson-FG or semi empiri-
cal QCFF /Pl and MNDO, predicts that the C,,-D
and C,;-D rocking vibrations are both found at 970
cm~! when either carbon center is deuterated sepa-
rately. In the 14,15-dideuterio derivatives of 14-s-
trans conformers, the two rocking vibrations are also
predicted near 970 cm ™! with only weak coupling
between the two deuterium rocks. This is characteris-
tic of s-trans polyenes [19], and is in complete
agreement with experimental observations on bacte-
riorhodopsin’s L, intermediate reconstituted with
14-D, 15-D and 14,15-D, labeled retinals [18]. How-
ever, when the conformation about the C,,—Ci;
single bond is changed to 14-s-cis, the coupling
between the deuterium rocking vibrations increases
dramatically producing calculated modes near 1015
and 859 cm ™! that are the in-phase and out-of-phase
combinations of the individual rocks. The increased
splitting and the mixed normal mode character pro-
vide a clear indication that the 14-s-cis conformer
produces strong coupling between the deuterated
rocking vibrations. This analysis was used to argue
that the L, intermediate in bacteriorhodopsin con-
tains a 14-s-trans chromophore because of the
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demonstrated weak coupling between its 14-D and
15-D rocking modes [18]. The bottom panel in Fig. 1
summarizes the later analysis of the vibrational struc-
ture of 14-s-cis model compounds presented by
Schulten and Tavan [22-24). In their calculations,
the splitting between the 14-D and 15-D rocking
modes in the 14-s-cis model compound was slight,
and they argued that the lack of coupling between
these modes in bacteriorhodopsin’s Ly, intermedi-
ate could therefore not be used to eliminate the
possibility of a 14-s-cis chromophore conformation

A
% 9
14 15
1000 |
o
- 971 t:m'l
i
970cm
950
By
o
900 B e
850 \-
1000 |~ B 986
u E———
. ]
950 |- g 967
900 L

in the photocycle. It was suggested that this differ-
ence in calculated normal mode pattern was due to
the substitution of the nitrogen with a more complete
ethylamine (N-CH,CH ;) model of the lysine group.
Here we explore the validity of this alternative inter-
pretation by reproducing the MNDO calculations of
Schulten and Tavan and providing a more complete
presentation and analysis of the results.

Fig. 2 presents calculated MNDO normal modes
and frequencies for the 14-s-cis and 14-s-trans con-
formers of the model retinal Schiff base cation. The
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Fig. 1. Top: calculated deuterium rocking normal modes of 14-s-trans and 14-s-cis 14,15-D, protonated Schiff base model compounds from
Fodor et al. [18). Bottom: calculated normal modes of 14,15-D, retinal protonated Schiff base model compounds adapted from Fig. 7 of

Tavan et al. [22].



RA. Mathies, X.-Y. Li / Biophysical Chemistry 56 (1995) 47-55 51

¢ & ~
! N
& B, )
B,
088 988
/ \;q _: ------------------- e — . -
974 ~,‘~ ________ ~ SN
966 N
= —- -~ \\\ yan > /
Ag 45 e NC,C* - A,
s 2\ 907
=N / = o s
= & \ 7N
NC.C" + B, A,

Fig. 2. MNDO calculated normal modes for (left) the 14-s-trans and (right) the 14-s-cis conformations of the 14,15-D, protonated retinal
Schiff base cation. The lysine group is approximated by an ethyl group with the N-s-cis conformation.
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Fig. 3. MNDO calculated normal modes for (left) the 14-s-trans and (right) the 14-s-cis conformations of the 14,15-D, protonated retinal
Schiff base cation with a counter ion 3 A from the Schiff base nitrogen. The lysine group is approximated by an ethyl group with the N-s-cis
conformation.
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frequencies and normal mode descriptions for all the
modes that contain significant 14-D and/or 15-D
character are given. In our calculations, 3 normal
modes were found to contain significant 14-D and
15-D character. In the 14-s-trans molecule, these are
the antisymmetric rock combination at 988 cm™!
(labeled as B, in the C,, symmetry of the trans-
butadiene model), the symmetric rock combination at
974 cm ™! (labeled as A g in C,4), and the mixture of
the B, rock combination with the in-phase combina-
tion of the N-C_ and C_—C single bond stretches of
the lysine group at 945 cm ™! (which we will call an
NCC stretch for notational simplicity). The calcu-
lated B, and A, rocking modes are in reasonable
agreement with the previous calculations of Schulten
and Tavan. However, the presence of the mixed B,
rocking and NCC stretching mode was not recog-
nized in their work. This is of importance for the
analysis of the vibrational pattern of the 14-s-cis
conformer where three modes are again observed
with significant 14-D, 15-D and in-phase NCC stretch
character. Inspection of the normal mode vectors

R.A. Mathies, X.-Y. Li / Biophysical Chemistry 56 (1995) 47-55

shows that the frequency ordering of the modes has
changed. The high wave number 988 cm ™! mode is
still a B-rocking combination while the downshifted
907 cm ™! mode collects the majority of the A-sym-
metry rocking motion. The NCC stretch has now
shifted up to 966 cm™! where it picks up a small
amount of A-rocking character, presumably due to
mixing with the A-symmetry rock. This pattern
makes it clear that 14-s-cis isomerization has low-
ered the symmetric rocking combination below the
frequency of the NCC stretch thereby pushing the
latter mode up from 945 to 966 cm~!. This is
consistent with the vibrational pattern identified ear-
lier by Fodor et al. [18]. The positions of the two
higher frequency vibrations are in reasonable agree-
ment with the calculated frequencies presented by
Grossjean et al. [23] (see bottom panel of Fig. 1).
However, in their analysis the NCC stretch was
misidentified as the A-rock combination suggesting
erroneously that the coupling between the C,,-D and
C.s-D rocks was small in the 14-s-cis conformer.
To explore the robustness of this analysis, we
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Fig. 4. MNDO calculated deuterium rocking normal mode frequencies for the protonated Schiff base cation model compound in the
14-s-trans N-s-cis, 14-s-cis,N-s-cis, 14-s-trans,N-s-trans, and 14-s-cis,N-s-trans conformations. This figure superimposes calculations for

the 14-D (---), 15-D (—), and 14,15-D, (—) derivatives.
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present in Fig. 3 calculations performed on the same
14-s-cis and 14-s-trans retinal protonated Schiff base
model with a counter ion placed 3 A away from the
Schiff base nitrogen. The calculated frequencies and
normal mode eigenvectors are very similar to those
obtained without the counterion. In the 14-s-trans
molecule the B-rock combination is at 991 cm ™}, the
A-rock combination is found at 975 cm™!, and the
NCC stretch is at 950 cm ™' mixed with the B rock.
When the chromophore is isomerized to the 14-s-cis
conformation, the A-symmetry rock drops from 975
to 899 cm ™! and the B rock is found at 988 cm .
As observed previously, the NCC stretch couples
with the downshifted A-symmetry rock and is found
at 964 cm~'.

Fig. 4 presents a comparison of the deuterated
rocking frequencies for the 13-cis,14-s-cis and 13-
cis,14-s-trans models and explores the sensitivity of
the patterns of frequency shifts presented above to
changes in the conformation of the lysine group. For
the 13-cis,14-s-trans molecule, the main effect of
N-s-cis to N-s-trans isomerization is a lowering of

the A and B symmetry deuterium rocking combina-
tions by from 6 to 7 cm™! and an increase of the
frequency of the NCC stretch from 945 to 953 cm™!.
It thus appears that the coupling between the NCC
stretch and the rocks has decreased in the N-s-trans
conformer. Isomerization to the N-s-cis conforma-
tion has even less of an effect on the calculated
frequencies of the 14-s-cis conformer (shifts <4
cm™!). Evidently the modest changes of couplings
caused by NC isomerization have less effect when
the molecule adopts the 14-s-cis conformation where
the modes are better separated. This basic normal
mode pattern is also found to be preserved when the
N-C_-C plane is twisted away from the C,;=N
plane [28]. These results indicate that the choice of
lysine conformation has little effect on the results.
Fig. 5 presents a similar analysis for the retinal
model compound when a counterion is placed 3 A
from the Schiff base nitrogen. The pattern of fre-
quency shifts is nearly identical to that presented for
the cation calculations, indicating that the location of
the counterion is not particularly critical [28]. We
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Fig. 5. MNDO calculated deuterium rocking normal mode frequencies for the protonated Schiff base model co:'npound in the 14-s-trans,N-
s-cis, 14-s-cis,N-s-cis, 14-s-trans,N-s-trans, and 14-s-cis,N-s-trans conformations with a counterion placed 3 A away from the Schiff base
nitrogen. This figure superimposes calculations for the 14-D (---), 15-D (—), and 14,15-D, (—) derivatives.
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conclude that the introduction or exclusion of the
counterion and the choice of lysine conformation
will have a small effect on the basic outcome of the
calculations.

It is also important to examine whether the ob-
served coupling between the chain C-D rocks and
the in-phase NCC stretching mode is a genuine
characteristic of retinal chromophores or an artifact
of the particular lysine model chosen by Schulten
and Tavan. To explore this question we have also
modeled the lysine group with —-CH,R and
—CH,CH,R groups. In both cases the coupling be-
tween the C—D rocks and the in-phase NCC stretch
is almost completely lost. Thus, the coupling be-
tween the C-D rock and the NCC stretch is appar-
ently an artificial effect that is observed only when
the lysine is modeled by a —CH,CH group that has
the unphysical CH; group at the end. When the
more realistic CH,CH,R structure is used, the cou-
pling goes away. In addition, if there were coupling
between the chain C-D rocks and the NC_C stretch-
ing mode, one would expect to observe an isotopic
shift of the 970 cm ™! deuterium rocking band when
the 14,15-D, labeled chromophore is also labeled
with >C on the lysine. Raman experiments on 14,15-
D, and 14,15-D,—"*C_labeled bacteriorhodopsin
show that the 970 cm ™" band in L, does not shift
at all upon 13CE-labeling [28]. This demonstrates that
the computational results and conclusions of Schul-
ten and Tavan are an artifact of the lysine model that
they employed and, furthermore, that there is no
experimental support for coupling between the NCC
stretch and the C;,D and C;sD rocks in L.s,.

In summary, the calculations presented here allow
us to understand the discrepancy between the compu-
tational predictions first presented by Fodor and
coworkers [18] and those subsequently presented by
Schulten and Tavan [22—-24]. We have discovered
that when all the relevant calculated normal modes
are presented and examined, the 14,15-dideuterio
rock coupling pattern identified by Fodor and
coworkers is found to be a valid method for the
determination of C,,—C,s; conformation. In 14-s-
trans molecules, the 14-D and 15-D rocks are weakly
coupled and should be found nearly degenerate at ca.
970-980 cm ~!. In 14-s-cis conformers, these rock-
ing modes will couple strongly producing mixed

rocking modes that are split from 70 to 90 cm™’.

This vibrational coupling pattern is shown to be
insensitive to the choice of lysine conformation, to
the choice of the lysine model, and to the presence or
absence of a Schiff base counterion. The discrepancy
between the results of our calculations and those
presented earlier by Schulten and Tavan is appar-
ently due to the misidentification of the lysine NCC
stretching mode by the latter workers and to the
choice of an inappropriate model structure for the
lysine group. Furthermore our results show that the
previous determination of the conformation of the
retinal chromophore in bacteriorhodopsin’s L, in-
termediate using the 14,15-dideuterio labeling
method is valid, and hence that the chromophore has
the 14-s-trans conformation. Thus, models for the
mechanism of proton pumping by bacteriorhodopsin
that require 14-s-cis conformers in the photocycle
must be abandoned [8,9].
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