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It is argued on the basis of MNDO-PSDCI calculations that, at the wavelength of electronic dichroism
studies used to infer structure, the transition dipole moment of the retinyl Schiff’s base chromophore of
bacteriorhodopsin makes an angle of 10.5( 3.5° with respect to the long axis of the chromophore. The
magnitude and direction of this off-axis angle helps to reconcile the differences between the deuterium NMR
and optical determinations of the angular orientation of the chromophore in bacteriorhodopsin. Reconciliation
of the NMR and optical dichroism structures is only possible, however, when the chromophore is oriented so
that the imine proton points toward the extracellular surface. After correction, the published electronic dichroism
data predict a chromophore angle ofΩ ) 61 ( 7°, whereΩ is defined as the angle of a line connecting
chromophore atoms C5 and C15 relative to the membrane normal. The corresponding NMR results areΩ )
53.7( 4.1°. The combined data with equal weighting yieldΩ ) 57 ( 8°. This estimate is smaller thanΩ
) 70.6( 3.2° derived from recent diffraction studies, and the possible origins of these differences are discussed.

Bacteriorhodopsin, the light-transducing proton pump in the
purple membrane ofHalobacterium salinarium, is configured
in the membrane based on a 3-fold symmetric trimeric structure
with the retinyl chromophore of each protein monomer oriented
at an angle ofΩ ) 50-75° with respect to the membrane
normal. In previous studies, the angular structure of the
chromophore has been determined by using deuterium NMR1-3

and several optical methods involving electronic4-7 and vibra-
tional8,9 transitions. The more recent deuterium NMR studies1,3

use CD3 deuterated methyl groups at positions 18, 19, and 20
in the retinyl chain (see Figure 1). The precise value of the
orientation of the CD3 groups with respect to the bilayer normal
depends on the specific methyl group. Given that each methyl
group is expected to be normal to the local polyene chain, the
average angle of tilt of the polyene chain determined by this
method isΩ ) 54° relative to the membrane normal.

The dichroism of the electronic absorption spectrum has also
been used to determine this orientational angle. The early
dichroism studies of Heyn, Cherry, and Mu¨ller obtained angles
of Ω ) 78 ( 3° based on transient dichroism measurements
and Ω ) 71 ( 4° based on linear dichroism measurements.4

More recent electronic dichroism studies5-7 measure values of
Ω ) 69°-70° (ref 5), Ω ) 69° (ref 6), andΩ ) 70.3° (ref 7).
All of the experimental data are consistent within the rangeΩ
) 71.5( 7°. This angle (rounded) is also shown in Figure 1.
While one might consider the NMR and optical measurements
to be in reasonable agreement, angular measurements of this
type are usually more accurate. The2H NMR results are believed
to be accurate to about 1°. In an earlier study2 based on2H
NMR using deuterated methyl groups in theâ-ionone ring, a
curvature of the retinyl chain was proposed to explain the
difference between the orientation determined by the optical
and NMR results. The more recent and extensive side chain
deutero methyl results show that while there is apparently a
bend to the polyene chain, the two sets of measurements can

no longer be reconciled by introduction of any further chain
bending since this is now proscribed by the data.

Another possibility noted in earlier studies2 is that the source
of this discrepancy stems from the assumption that the average
chain axis of the retinyl polyene chain is coincident with the
electronic transition moment. Support for this possibility derived
from the observation10 that for a simple alkyl substituted tetraene
the off-axis angle has been shown to be 20° in a condensed-
phase environment. In this paper, we discuss the possible origin
for the∼18° difference in the2H NMR and optical determina-
tions of the average chain tilt angle of the retinal chromophore
of bacteriorhodopsin (BR).

In a recent study in this issue,11 we have reviewed the
experimental work bearing on the off-axis angle for simple
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Figure 1. Orientation of the retinal chromophore relative to the
membrane normal as determined from the average methyl group
orientation, assuming that the methyl groups at positions 18-20 are
perpendicular to the polyene chain compared to the transition dipole
orientation determined from optical dichroism studies.
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polyenes10,12-14 and have compared these experimental results
with the results of semiempirical molecular orbital calculations.
It was shown that properly parametrized15,25 MNDO-PSDCI
calculations are capable of predicting this off-axis angle with
good accuracy.11 Here we apply this same methodology to an
analysis of the chromophore orientation in light-adapted bac-
teriorhodopsin.

Extra complications arise in this case because the chromo-
phore of bacteriorhodopsin is a protonated Schiff’s base. This
significant substitution, which reverses the 2Ag/1Bu excited state
ordering of symmetric polyenes, is likely to result in a significant
change in the dipole orientation. The second interesting issue
is the possible influence of the counterion and other secondary
interactions such as hydrogen bonding of the Schiff’s base
proton on the transition dipole orientation. Finally, it must be
born in mind that the lower symmetry of the protonated Schiff’s
base results in significant intensity in the “2Ag-like” state that
has extensive double excitation character. This state is known
from two-photon studies to lie slightly higher in energy than
the “1Bu-like” state in bacteriorhodopsin (see discussion below).
The transition dipole orientation of these two transitions might
have different orientations relative to the molecular axis system.

Methods and Results

Ground-state minimizations of the binding site models
examined were carried out by using MNDO/PM3 all-valence
electron semiempirical molecular orbital procedures.15-18 Our
first set of calculations were carried out on simple, minimalized
models of the chromophore binding site (Figure 2). The Schiff
base chromophore and the lysine side chain were included, and
the chromophore was locked into a planar all-trans, 6-s-trans
geometry. Aspartic acid side chains were simulated using CH3-
COO- groups, the Arg-82 side chain by NH4

+, and the divalent
metal cation using Mg2+. The model binding sites studied,
labeled A-J, shown in Figure 2, represent a series of neutral
and charged binding sites made up of various combinations of

the chromophore, water, and positively or negatively charged
counterions. In each case, the geometry was optimized with
fixed intramolecular hydrogen bond lengths or metal-to-oxygen
separations of 1.8 Å (dashed lines in Figure 2). The spectro-
scopic properties of these binding sites are summarized in
Figures 3 and 4. Full protein binding site calculations were
carried out on a subset of a more complete set of binding sites
examined in ref 19. An MM2 calculation including the entire
protein was carried out first, after assigning the local geometry
of Arg-82 and, where applicable, Mg2+ (see Figures 5 and 6).
TheR-helical backbone atoms were fixed in all simulations to
those based on electron cryomicroscopy data provided by
Henderson and co-workers.20 Following this optimization, a
further minimization was carried out on the residues shown in
Figures 5 and 6 using MNDO-PM3 theory. Excited-state
calculations were carried out by using MNDO-PSDCI molec-
ular orbital theory.21-25 The CI basis set included all single and
all double excitations, including triplet-triplet coupled doubles,
from theπ-electron system of the chromophore.25 The MNDO-
PSDCI spectroscopic parameters for Mg2+ are given in ref 19.
The σ- and π-electron mobilities,m, were chosen on the
recommendations of Zerner (mσ ) 1.25, mπ ) 0.585).26 The
resulting over-correlation of the ground state was handled by
multiplying the S0 correlation energy by one-third prior to
calculating the transition energies [see discussion in refs 25,
27, and 28].

Figure 3 (upper panel) shows the value calculated for the
transition moment angle relative to the axis direction indicated
in Figure 1, which runs from carbon-5 to carbon-15 for each of
the 10 model cases shown in Figure 2. The lower solid symbols
are for the “1Bu

*+” excitation, which is dominated by theπ
HOMO-LUMO singly excited configuration. The vertical
position of the symbol and the number below it specifies the
transition moment angle. The thickness of the symbol here (and
in the lower panel) represents the calculated oscillator strength
for the transition (also given numerically in the lower panel).

Figure 2. Model structures used for determination of the effect of the counterion and hydrogen bonding environment on the excitation energy and
transition dipole orientation of the two lowest energy transitions of the retinal protonated Schiff’s base.
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The upper symbols in gray represent the same information for
the “1Ag*-” excitation dominated by doubly excited configura-
tions. The significant intensity of this transition reflects the
absence of inversion symmetry for these iminium model cases

and significant mixing due to the large static dipole moment in
the ground state.

The main point of this comparison is that the value of the
off-axis direction varies considerably depending on the local
binding site environment. The bare protonated retinal Schiff’s
base cation has the lowest value of only 5.1°, considerably
smaller than the value calculated (13.5°) and observed (13.1°)
for a conjugated hexaene.11 The largest off-axis angle of 18.7°
is observed for the model with two carboxylate anions directly
neighboring the iminium nitrogen. The other negative or neutral
models all give higher angles than the cation models. This
pattern makes sense in terms of the effect of the bare iminium
(model A) to result in a delocalized charge distributed over the
π system and thus to have more nearly equal bond orders. The
limiting case would be a cyanine dye that has, by symmetry,
no off-axis component to its transition dipole orientation. The
presence of negative or hydrogen bonding groups in the neigh-
borhood of the iminium charge probably results in charge
localization and (as seen in the lower panel) a blue shift of the
electronic excitation energy for the “1Bu*+” excitation toward
the polyene value of 3.7 eV. Figure 4 shows that there is a
strong correlation between the excitation energy and the off-
axis angle for this excitation. Whatever the origin of this cor-
relation, it suggests that models that give a reasonable excitation
energy will give a finite off-axis angle.

Figure 3. Excitation energies and transition dipole orientations of the model systems shown in Figure 2. The angle is defined with respect to a line
drawn through atoms 5 and 15, as shown in Figures 1 and 6.

Figure 4. Correlation of the excitation energy and off-axis transition
dipole orientation for the 10 models indicated in Figure 2 and the three
protein binding site models indicated in Figure 5. The extreme cases
of models A and E are indicated. The protein binding site models are
also indicated and are labeled according to the legend for Figure 5.
The dashed line is drawn at the excitation energy observed for
bacteriorhodopsin.
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Clearly, the environment of the protonated Schiff base
chromophore has a large effect on the off-axis angle. Just as
the bare chromophore cannot be used to model the observed
absorption maximum of 2.2 eV (left and right ends of the bottom
panel), we do not expect it to provide a good model for the
off-axis angle. Models that give approximately the right
excitation energy (e.g., model D) give off-axis angles of 9°-
10° (9.8° for model D). This is indicated in Figure 4.

It should be noted that the values of the angles given here
refer to the specific model in vacuuo. There is a correction that
must be applied in order to convert these values to the value
expected in any condensed phase consisting of an elliptical
cavity in a medium with some dielectric constant. This local
field effect has been discussed previously29 in a general context
and has been applied in the context of the effect on apparent
angle to the experimental determinations of the off-axis angle
for simple polyenes10,12-14 before making comparison to the
corresponding theoretical (vacuum) values for those com-
pounds.11 The results are self-consistent, indicating that this
elliptical cavity correction is accurate to within a half a degree
or better. The magnitude of this elliptical cavity correction is
about 5°, with the isolated molecule (vacuum) angle being
smaller than the condensed phase value. Thus, a correction of
this magnitude must be added to our calculated values unless

the dispersive medium is explicitly included in the calculation.
Our calculations include the dispersive medium only at the
ground-state level, although overlap of theπ system into neigh-
boring residues is explicitly included in the CI calculations. To
be conservative, therefore, we include the full range of pos-
sible corrections (0°-5°) in our final value and error estimate.

The origin of this angular correction factor derives from the
fact that the presence of a dielectric medium external to the
chromophore increases the electric field. If a chromophore is
spherical, this external dielectric is excluded uniformly for all
polarization directions. However, if the chromophore is elon-
gated, the dielectric is more excluded and is less effective in
enhancing the external field for electric fields parallel to the
molecular long axis. If the electronic transition dipole is aligned
along this long axis, this has no effect on the apparent
polarization direction but only influences the apparent magnitude
of the transition dipole moment. However, if the dipole is
oriented at some angle with respect to the principal axes of the
molecular elliptical cavity, the long and short axis components
will be differently affected and the apparent angle will be
changed.

We now turn to treatments of realistic models of the retinyl
binding site of BR. These calculations are based on full binding
sites that are partially illustrated in Figures 5 and 6. In these

Figure 5. Basic molecular structure of the chromophore binding site along with the transition moment angles as a function of the charge on the
binding site. The models examined are labeled N1 [negatively charged, Arg-82 down, no Ca(II)], U1 (neutral, Arg-82 up, no Ca(II)], and P1
[positively charged, Arg-82 down, Ca(II) as shown]. The transition moment angle is calculated relative to the chromophore polyene axis and is
equal to 19.7° (N1), 8.8° (U1), or 9.9° (P1) and is thus dependent upon the nature of the binding site. However, we can rigorously rule out a
negative binding site (N1), and thus the realistic range of values is 8.8°-9.9°, with the former value more likely based on analysis of the calculated
spectroscopic properties (see ref 19). The MNDO calculations used Mg(II) in place of Ca(II) because the parameters were better defined for the
former divalent metal cation, and experiments indicate that replacement of Ca(II) with Mg(II) has no observable impact on the spectroscopic
properties of the light-adapted protein (see ref 24).
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calculations, all of the residues and peptide backbone in contact
with the chromophore are included in the MNDO-PSDCI
calculation. Only chromophoreπ f π* single and double
excitations are included. The details of our models and our
calculational procedures may be found in refs 19 and 21-24.

Figure 5 gives results for three different binding site models
that have negative, neutral, and positive net charges in the
binding pocket. In each case, there are two negatively charged
aspartic acid residues close to the imine linkage of the protonated
Schiff’s base. With the side chain of arginine-82 in a distant
position, the pocket is net negative. Movement of the arginine-
82 side chain into the pocket makes it net neutral. Movement
of the arginine away from the pocket and bonding of a Ca2+

ion makes it net positive. The resulting transition dipole angles
are 19.7° (negative; N1), 8.8° (neutral; U1), and 9.9° (positive;
P1). The angles, and the corresponding excitation energies, are
consistent with the correlation found for the model systems as
shown in Figure 4. Figure 6 gives additional information for
one of these three binding site models, specifically the neutral
U1 model. We choose this model for more detailed examination
because it yields the best agreement with the one- and two-
photon spectral data.19 In addition to the transition dipole

orientation of 8.8° for the “1Bu
+” excitation, the figure shows

the orientation for the “1Ag*-” transition of 20.9°. The “1Ag*-”
transition is calculated to be at a higher energy than the “1Bu*+”
transition and to have a relative oscillator strength that is
approximately 40% of that of the “1Bu*+” transition. This
transition is expected to dominate in the blue tail of the
absorption spectrum. This will result in an expected dispersion
of the polarization angle as indicated in the inset to Figure 6.
We concentrate here on the “1Bu*+” transition because this
transition dominates in the region of the optical dichroism
studies.

This best overall fit model predicts that in the peak of the
absorption spectrum and to the red of this region the off-axis
transition moment will be on the order of 9°. This angle,
however, refers to the results of such an experiment performed
in vacuuo. (As noted above, our calculation does not include
the dispersion interactions between the chromophore and nearby
amino acids.) To make this condensed-phase correction, we use
the method based on the considerations of ref 29 and the
arguments as to the effective cavity shape and refractive index
given in ref 30. Because of the very approximate nature of this
local field cavity correction procedure and because of the gross

Figure 6. U1 binding site, a neutral chromophore binding site model that provides the best agreement with experiment based on an analysis of the
one-photon and two-photon properties of light-adapted bacteriorhodopsin (see ref 19 for details). The lowest-lying1Bu* +-like state is calculated to
have a transition moment of 8.8° relative to the chromophore polyene axis based on MNDO-CISD calculations. The excited1Ag* --like state is
calculated to have a transition moment of 20.9° relative to the chromophore polyene axis. By using the observed transition energies and bandwidths
of these two states, we can estimate the effective transition moment angle as a function of the wavelength of excitation. The resulting dispersion
is graphed at the lower right.

2278 J. Phys. Chem. A, Vol. 103, No. 14, 1999 Hudson and Birge



approximations utilized in its implementation (i.e., deciding what
cavity dimension to use for the chromophore in the interior of
the protein), we do not give the details of this calculation here
but rather calculate extreme limits. Specifically, using the
measured refractive index of BR films of 1.53,30 we can
calculate the effect of a cylindrical cavity of various axial ratios
on the off-axis angle. Because the angle is near 0° the effect is
small. One value of the ratio of the length to the diameter of
the cavity is 2.5, as suggested by the analysis of ref 30. Just for
the sake of argument, we also take a value that is twice as large,
i.e., 5. The initial (vacuum) value of 8.8° then converts, in the
first case, to a final value of 12.9° and, in the second case, to
a value of 14.0°. Factors of two in the axial ratio result in
changes of a degree in the angle. In this reasonable range, the
magnitude of this effect is to increase the angle by 4°-5°.
However, as noted below, a portion of the effects described by
this field effect are included in the calculation. It is thus possible
that no field adjustment should be applied to those values
calculated for the full binding site. We thus include this
possibility in assigning the error range of the correction factor.

Discussion

We now return to the structural issue at hand with reference
to Figure 1. The calculations presented above indicate that there
will be an off-axis angle for a reasonable model of the retinyl
binding site of BR on the order of 10.8( 2.5°. This range is
roughly that needed to reconcile the optical and2H NMR values
within their respective errors. It should also be noted that various
experiments have served to determine the orientation of the plane
of the retinyl chromophore in terms of up versus down.7 The
proper orientation is as shown in Figure 1. Because of this orien-
tation, the off-axis angle sense makes a difference; an angle of
∼10.5° in the other direction would increase rather than decrease
the level of disagreement between theory and experiment.

Several arguments can be given to the effect that, whatever
the inherent limitations of the quantum mechanical methods
used, this estimate of the off-axis angle of 10.5( 3.5° is quite
reliable. The first is that the same MNDO-PSDCI method,
including the condensed-phase correction procedure, agrees
((0.4°) with the experimental values for simple linear polyenes
where the experimental situation is unambiguous.11 The second,
relevant to the differences between retinal Schiff’s base cations
and simple polyenes, is that the correlation between the off-
axis angle and the transition energy shown in Figure 4 for 10
simple protonated retinal Schiff’s base/environment models plus
the three binding site models strongly suggests that any model
that yields the correct transition energy will generate ap-
proximately the same off-axis angle. This observation suggests
that the details of the BR site are not critical in determining the
off-axis angle so long as the result deduced from the proposed
site has the correct transition energy. In other words, the angle
is sensitive to the same factors as is the excitation energy. The
variations of the condensed-phase corrections with axial ratio
are so small that they can be neglected. The correction direction
and magnitude (anincreaseof a few degrees) is certainly correct.

The last argument, off course, is that the conclusion of this
investigation helps to reconcile the optical measurements with
the 2H NMR measurements. The resulting structure for the
orientation of the chromophore and the orientation of its
transition dipole (Figure 1) are roughly consistent within
experimental error. Thus, the chromophore angle with optical
dichroism results and standard deviation can now be adjusted
to 61 ( 7°. The corresponding NMR results are 53.7( 4.1°.
An evenly weighted reconciliation yields 57( 8°. The observed

discrepancy is also consistent with the absolute orientation (“up”
vs “down”) and that the effect of flipping over the chromophore
would be a discrepancy between these two methods of greater
than 30°, well beyond the mutual limits of tolerance of the two
methods. We note further that these calculations make the
interesting prediction that the dichroism should exhibit disper-
sion as shown in the insert to Figure 6. This prediction appears
to be in general agreement with the observations reported by
Druckmann and Ottolenghi.38

After this paper was submitted, the atomic coordinates from
the three recent diffraction studies were released.31-33 These
studies ranged in resolution from 2.3 to 2.8 Å, and all three
studies observed electron density from the nonhydrogen atoms
of the chromophore. The chromophore structure from the highest
resolution study of Luecke et al.33 is shown in Figure 7.
Calculations on the properties of the binding site yielded results
within a few percent of those calculated for our optimized
structure shown in Figure 6. In addition to these diffraction
coordinates, a new NMR study has been published providing
an additional angular assignment of the chromophoreâ-ion-
ylidene ring.34 All of the NMR and diffraction results are
compared in Table 1.

We find excellent agreement between the diffraction and
NMR studies with respect to the angles measured on the
â-ionylidine ring. For example, the angle of the C5-C18 bond
with the membrane normal is measured by NMR to be 37°
(Figure 1, ref 3), and the average of the three recent diffrac-
tion studies is 38( 7° (Table 1). Similarly, the angle of the
C1-C17 bond with the membrane normal is measured by NMR
to be 68.7( 2° (ref 34), and the average of the three recent
diffraction studies is 72( 5° (Table 1). In contrast, the angles
measured for the C19 and C20 methyl groups by the two methods
differ significantly (Table 1). Because these angles are of
significant importance in assigning the total angular orientation
of the chromophore, there is a significant difference between
the NMR chromophore angle (Ω ) 53.7( 4.1°) and the average
value deduced from the diffraction data (Ω ) 70.6 ( 3.2°).
This discrepancy between the two methods for angles near the
imine nitrogen has been noted before, and it has been suggested
that the diffraction studies are contaminated by the presence of
13-cis,15-syn dark-adapted species.34 This view is not unreason-
able given the difficulty of fully light-adapting a crystalline
matrix.6 An additional source of discrepancy between the two

Figure 7. Structure of the chromophore as deduced from the 2.3 Å
diffraction study of light-adapted bacteriorhodopsin by Luecke et al.
(ref 33). The key angles for comparison with the optical dichroism
and NMR studies are indicated.
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methods is due to the procedure of calculating the chromophore
angle. The NMR study3 calculated the value ofΩ by using the
following relationship:

which is based on the assumption that the chromophore angle
is perpendicular to the methyl group bonds. This assumption is
reasonable for a polyene chromophore that is not bent. The
highest resolution diffraction measurement33 suggests rather
significant bending of the chromophore, and thus the methyl
group angles diminish systematically in moving from the
â-ionylidene ring toward the imine nitrogen (Figure 7). Indeed,
if we use eq 1 to calculate the chromophore angle based on the
diffraction coordinates, we get an average value in much better
agreement with the NMR results (Ω ) 60.5( 1.5°, Table 1).
It should also be noted that a structure obtained with a resolution
of ∼2.5 Å would allow for angular ranges for the entire
chromophore of about 8° and local angular ranges as large as
20°. However, the observation that all three of the recent
diffraction studies yield a total chromophore angle ofΩ ) 70.6
( 3.2° suggests a surprising level of agreement given the
resolution. In summary, the diffraction result is in agreement
with the revised optical dichroism result (Ω ) 61 ( 7°) but is
not within reach of the NMR result (Ω ) 53.7( 4.1°). Further
experimental work will be required to resolve this discrepancy.

In closing, we examine a more general result that concerns
the relevance of model compounds such as retinal to the
transition moment of the protonated retinyl Schiff’s base
chromophore. The crystal dichroism results for retinal35 have
been used in some analyses of rhodopsin dichroism studies36,37

and have been noted in some studies of bacteriorhodopsin.
Figure 8a gives the results of calculations of the off-axis angle
for retinal, the unprotonated Schiff’s bases, and the protonated
Schiff’s base with no counterion for two different conformations
of the 6-7 bond. (It is interesting to note that the conformational
effect on the “1Bu*+” transition moment is consistently 3.4(

0.1°.) The calculated “1Bu*+” transition angle value is quite
different for these three species. It is thus fortuitous that the
value for the protonated Schiff’s base when the counterion and
environment are included (8.8°, Figure 6) differs from that of
retinal by only 3°. It is clear, however, that the use of dichroism
to analyze chromophore orientation must take into account the
protonation state of the chromophore as well as the transition
energy. The latter variable is important even for studies of the
same chromophore in changing protein environments (Figure
5). In general, all of the effects, whether associated with
environment or chromophore protonation state, appear to scale
roughly as a function of the transition energy (Figures 4 and
8b). We alluded to this possibility before in discussing Figure
4, but the examples shown in Figure 8a provide a more
structurally varied sample and yield the same observation. When
dichroism is used to deduce chromophore angle, we suggest
that a correction for the effect of transition energy on the
transition moment angle be included. The following formula
provides a best fit of the transition moment of the strongly
allowed “1Bu*+” state relative to the chromophore polyene axis
for all of the systems studied here:

This equation will typically underestimate the transition moment
angle for polyenes and can be viewed as a gentle (rather than

TABLE 1: Bacteriorhodopsin Chromophore Orientation
Relative to Membrane Normal as Determined by NMR and
Diffraction Studies

angles based on diffraction studies

anglea
deuterium
NMRb,c ref 20d ref 31e ref 32f ref 33g avh

Methyls
[ú-1-17] 68.7( 2° c 67.4° 66.4° 74.7° 75.1° 72 ( 5°
[ú-5-18] 37° 38.6° 45.2° 33.8° 33.8° 38 ( 7°
[ú-9-19] 40° 29.2° 37.9° 39.2° 30.1° 36 ( 5°
[ú-13-20] 32° 16.1° 9.4° 16.7° 19.6° 15 ( 5°

Polyene
Ω(〈C-Me

⊥ )i 53.7( 4.1° 62.0° 59.2° 60.1° 62.2° 60.5( 1.5°
Ω [ú-5-15]j 70.7° 70.3° 74.0° 67.6° 70.6( 3.2°

a The angles relative to the membrane normal are defined in Figure
7. b All data from ref 3 unless noted otherwise.c Datum from ref 34.
d Angles relative to thezaxis with coordinate data from PDB file kindly
provided by Richard Henderson.20 e Angles relative to thez axis with
coordinate data from Brookhaven PDB file: 1AP9.31 f Angles relative
to thezaxis with coordinate data from Brookhaven PDB file: 1AT9.32

g Angles relative to thezaxis with coordinate data from PDB file 1BRX
kindly provided by Janos Lanyi.33 These angles are shown in Figure 7.
h Average of the angles derived from the three recent diffraction studies,
all of which resolve the chromophore electron density (refs 31-33).
i Chromophore angle based on the assumption that the polyene chain
is perpendicular to the methyl group bonds:Ω(〈C-Me

⊥ ) ) 90° - (1/
3)([ú-5-18] + [ú-9-19] + [ú-13-20]). j Chromophore angle based on a
line drawn through atoms C5 and C15 (see Figure 1). This is the
definition used in deriving our correction for the optical dichroism data.

Ω(〈C-Me
⊥ ) ) 90°-1

3
([ú-5-18] + [ú-9-19] + [ú-13-20]) (1)

Figure 8. Calculated transition dipole orientations for selected retinal
isomers and derivatives based on the MNDO-PSDCI method. In
calculations involving 6-s-cis species, the angle is calculated relative
to a line connecting atoms C6 and the carbonyl oxygen or imine nitrogen
atom. The graph in insert (b) shows the effect of transition energy on
the transition moment angle for the set of molecules shown in (a). The
resulting fit displays a slope and intercept very similar to that observed
in Figure 4 for the model protonated Schiff base chromophores.

θ ) 2.246°(1240 nm
λmax

) + 0.7846°(1240 nm
λmax

)2

(350 nm< λmax < 700 nm) (2)
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aggressive) correction factor. In that regard, it does not include
contributions from higher lying excited states nor the cavity
field correction discussed above. Both factors will tend to
increase the angle by about 4°-5° for an all-trans retinyl
polyene.
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