THEORETICAL STUDIES OF THE ELECTROCHROMIC
RESPONSE OF CAROTENOIDS IN PHOTOSYNTHETIC

MEMBRANES

TosHIAKI KAKITANI, BARRY HONIG, AND ANTONY R. CROFTS
Department of Physiology and Biophysics, The University of Illinois, Urbana, Illinois 61801

ABSTRACT Molecular orbital calculations are carried out on a number of carotenoids in the presence of an external
charge and a constant electric field. The external charge is used to represent the strong permanent field that is believed
to polarize carotenoids in photosynthetic membranes and thus to account for their linear response to the transmembrane
potential. Our calculations show that the in vitro — in vivo spectral shifts of carotenoids (~25 nm) can be produced by a
charge in close proximity to the molecule. The interaction of the induced dipole moment with a constant field accounts
for the observed magnitude of the electrochromic response in photosynthetic bacteria. The existence of a second pool of
carotenoids that shows a significant (~20 nm) wavelength shift but no electrochromic response can be explained by an
external charge positioned near the center of the molecule that affects its absorption maximum while inducing
essentially no dipole moment. The spectral shift for this pool is due to the induction of higher multipoles. These also
account for discrepancies that arise when one attempts to account quantitatively for available experimental results on
carotenoid band shifts in terms of classical electrochromic theory.

INTRODUCTION

Carotenoid molecules embedded in the membrane of chlo-
roplasts and photosynthetic bacteria have been used exten-
sively as probes of membrane potential (for recent reviews
see references 1 and 2). Their absorption spectrum is
shifted instantaneously in response to an electric field, and
this has made it possible to monitor the kinetics of light-
induced potential changes in vivo. Because of the impor-
tant applications of the carotenoid band shift, considerable
effort has been invested in understanding the mechanism
of its generation. As will be discussed below, a plausible
interpretation now exists in terms of classical electro-
chromic theory. In this paper we provide a molecular
description of the carotenoid band shift by carrying out
quantum-mechanical calculations of carotenoid spectra in
simulated protein environments. The major advantage of
this approach over the classical one is that it leads to an
interpretation of carotenoid band shifts in terms of specific
molecular interactions. This in turn can both extend the
ultimate utility of the method and, as we will show, permits
an explanation of a number of phenomena not easily
understood in terms of the classical theory.
Electrochromism, as defined by Liptay (3), involves
changes in optical absorption induced by an external
electric field. However, these changes may be due to a
number of factors for molecules in a fixed orientation. The
primary factor is the differential interaction of the ground
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and excited state with the external field. The frequency
shift (in cm™'), A, associated with the electronic transition
is then given by

1 = 1 ,
Au—hc(—A,a-F—EAaF). n

Av and Aa denote, respectively, the difference between
ground- and excited-state dipole moments and polarizabili-
ties (A = p. — pug; Aa = a, — ;) and F is the electric
field.

It is evident that molecules such as carotenes, which
have no dipole moment, should exhibit a quadratic
response of » to the field. Molecules with permanent
dipoles will of course exhibit a linear response. As
expected, in vitro experiments on carotenoids do produce a
quadratic response (4, 5). Surprisingly, however, the elec-
trochromic response of carotenoids in vivo has been found
to be linear in all cases that have been studied. This result
has been explained by assuming that carotenoids in vivo
are exposed to a local electric field that is much stronger
than the light-induced field (6). The effect of the local field
is to induce dipoles in the carotenoid that then give rise to a
linear shift in the presence of a weak external field (4, 5).

The source of the permanent local field is unclear. Reich
and co-workers (7) have suggested that it originates in the
Mg*? ion of chlorophyll, which is complexed to a hydroxyl
group of the carotenoid lutein. However, in photosynthetic
bacteria where the nonpolar neurosporene is the primary
carotenoid, such specific complexation is unlikely. Of
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course, the chlorophyll could still be a source of the
polarizing permanent field, but the many charged and
polar amino-acid residues in the carotenoid binding pro-
teins could serve equally well. Indeed there is considerable
precedent for invoking the presence of charged amino acids
to account for unusual spectral phenomena in carotenoid
molecules. Recently it has been shown that a negatively
charged residue in the vicinity of the 11-cis retinal chromo-
phore of bovine rhodopsin is responsible for the 2,500 cm ™'
(~50 nm) wavelength shifts that produce its in vivo
absorption maximum (8). Similarly, a negatively charged
residue located in a different position with respect to the
all-trans chromophore of bacteriorhodopsin induces the
even larger spectral shifts in bacteriorhodopsin (9).
Charged amino acids have also been implicated in the
energy storage mechanism of both pigments (10).

To quantitatively account for the spectral shifts in
visible pigments and bacteriorhodopsin it was necessary to
place the charged residues in close contact with the retinal
chromophore. Because similar positioning of the external
charge must be made for carotenoids, as we will show, the
assumption of a constant local field is not valid and, as a
result, simple electrochromic theory breaks down. This
leads to a number of deficiencies in the interpretation of
experimental results. It is not, for example, possible to
attribute the source of the field to geometrically defined
molecular interactions. This facility would be of consider-
able interest in cases where carotenoid shifts may be used
to detect charge transfer events among reaction center
components (see, e.g., reference 11).

Another difficulty with simple electrochromic theory is
its inability to account for apparent inconsistencies
between the magnitude of the spectral shift induced by the
postulated local field and that produced by the transmem-
brane potential. According to classical theory, if a nonpolar
molecule is exposed to a local field, a dipole moment will be
induced in the ground and excited states. There should also
be a concomitant change in transition energy that is
quadratic with the magnitude of the field. The ~20-nm
shift in absorption maximum of carotenoids in vivo relative
to, say, their absorption in different solvents, has been
attributed to the effects of the strong local field. However,
in many systems there appear to be two pools of carot-
enoids, one that responds linearly to the external field and
one that does not (12—18). One would expect then that the
former pool would be red shifted with respect to the
solution spectrum and the second pool would exhibit
absorption spectra nearly identical to those observed in
vitro.

This expectation is realized in some, but not all cases. In
spinach chloroplasts De Grooth et al. (19) have shown that
the pool of carotenoids that responds to the field is red
shifted by ~20 nm relative to their in vitro spectrum while
the pool that does not respond shows no wavelength shifts
due to a permanent in vivo field. In contrast, the nonre-
sponding pool is shifted by ~20 nm in G1C mutants of
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Rhodopseudomonas sphaeroides (12-15). As expected,
the responding pool is further redshifted by 5-7 nm.
However, the large red shift of the nonresponding pool
appears inconsistent with classical theory. Conceivably, the
nonresponding pool could be in a completely parallel
orientation with respect to the plane of the membrane, thus
accounting for the absence of an electrochromic response.
However, this seems not to be the case in Rps. sphaeroides
(20, 21), so other explanations must be sought.

To address these questions we report here semiempirical
quantum-mechanical calculations of carotenoid absorption
spectra in the field of local external charges. Our method-
ology, similar to that used in previous studies of visual
pigments (8, 9), is summarized in the next section. We
then attempt to account for the in vivo spectral shifts in
terms of the specific positioning of an external charge with
respect to the carotenoid. Having determined appropriate
locations for the strong permanent field arising from this
charge, we then consider the magnitude of the electro-
chromic response under different conditions.

We should point out here that the shortcomings in
simple electrochromic theory arise when it is assumed that
a constant electric field can be used to represent the
interaction of a molecule with a strong local field. As we
will show, the local field is highly variable over the
dimensions of the molecule and in addition is strong
enough to require that it be included explicitly in a
quantum-mechanical treatment of molecular properties.
However, the major deficiency of simple electrochromic
theory is not the absence of quantum mechanics but rather
the use of a constant field. When we use the term “classical
electrochromic theory” in this work we will be referring to
both assumptions. OQur own treatment is, then, a quantum-
mechanical description of ‘“electrochromism” resulting
from a strong variable electric field. We will use Av' to
denote the frequency shift resulting from a constant field
due to the trans-membrane potential while Av will denote
the shift due to a strong, local, permanent field.

METHODS

The visible and near-UV absorption spectra of linear polyenes such as
carotenoids arise from transitions of electrons from occupied to unoccu-
pied x orbitals of the molecule. = electron theory that treats the = orbitals
explicitly involves a series of simplifying assumptions that make it
possible to carry out quantum-mechanical calculations on large molecules
containing = electron systems. Basically, one assumes a molecular
geometry and then obtains wave functions, energy levels, etc. in terms of 2
set of integrals that are treated as parameters to be fit from experimental
data (see, e.g., reference 22). The Pariser-Parr-Pople (PPP) method that
is widely used cam, with appropriate parameters, yield remarkably
accurate results for a large set of molecular properties. In particular,
spectroscopic transitions energy can often be obtained with close to
experimental accuracy (see reference 23). The only significant modifica-
tion we have made to PPP theory in this work involves the specific
inclusion of a point charge and a constant electric field in our quantum-
mechanical treatment (8, 23).

The visible absorption spectra of carotenoids are dominated by a single
strong electronic transition. The three or more bands usually observed
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involve transitions to different vibrational levels of the same electronic
state. Our calculations produce only a single transition energy corre-
sponding to the ground-excited state electronic energy difference at the
ground-state geometry. For a broad structureless band, this should
correspond to the absorption maximum (A,.,). When vibrational struc-
ture is evident, as is the case for many carotenoids, the calculated
transition energy corresponds to the most intense vibrational component;
when two lines are of equal intensity comparisons should be made to their
mean.

Calculations were carried out on the = electron systems of the
carotenoids shown in Fig. 1. The calculations differ from those published
previously (23) only in our present use of a linear dependence of the
resonance integral § on the bond length R. The relationship given by Roos
and Sckancke (24) 8, . = —2.43 + 3.21 (R._. — 2.40) was used for
carbon—carbon bonds and 8, , = —2.74 + 4.21 (R,_, — 1.20) was used
for carbon—oxygen bonds. Setting these parameters yields improved
agreement with experiment for carotenoid absorption maxima. A dis-
tance-dependent diclectric constant given by ¢ = r — 2 was used in the
calculation of the coulombic interaction of atomic centers in the molecule
with the external charge (8). The electric field was introduced into the
Hamiltonian through the term ZeF, - F, where e, andT, are, respectively,
the charge and position vector of the atomic center i.

For calculations on neurosporene (Fig. 1) it was assumed that the »
system is planar. Bond lengths were varied as described previously and
bond angles were fixed at 120°. For lutein (Fig. 1), which has a
conjugated double bond in one of its rings, a torsional ring—chain angle
of 40° was assumed. This is a representative value taken from closely
related molecules where steric hindrance distorts the x system (25). As
mentioned above, the semiempirical parameters used in these calculations
were chosen so as to produce reasonable absorption maxima for carot-
enoids. The calculated A,y for lutein is 465 nm, which compares well with
the experimental value in benzene of 460 nm (5). For neurosporene,
comparison is more difficult because the first two vibrational lines are of
approximately equal intensity (13). Thus, the calculated absorption
maximum of 456 nm should, most appropriately, be compared to the
mean of the two lines, which is 452 nm.

A more sensitive test of the theory is its ability to reproduce experimen-
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FIGURE 1  Structural formulas. (a) Lutein, (b) neurosporene, (c) bixin-

dimethylester, (d) crocetindimethylester.
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tally determined polarizabilities and dipole moments. Reich and Sewe (4)
have determined for all-trans-8-apo-8'-carotenoic acid that the dipole
moment difference between the ground and excited state is 10.7 Debye
(D). Our calculated value of 9.9 D is thus in excellent agreement with
experiment.

To obtain a value for ground-excited-state polarizability difference,
Aa, we calculated transition energies of various carotenoids in the
presence of a constant electric field. Classical theory predicts a straight-
line relationship between Av and F™™E, (hev = hevy — 'hAx, F3,) where
Aay, and F,, are components of the polarizability difference and electric
field, respectively, along the long axis of the molecule. The expected
straight-line relationship (see, e.g., Fig. 2 for neurosporene) was obtained
for all molecules up to high values of the field, thus showing that our
quantum-mechanical calculations reduce to simple electrochromic theory
for small constant fields. The slope of the plot of » vs. F}, yields the
theoretical value for Aa,,. For lutein (Fig. 1a), bixindimethylester (Fig.
1¢) and crocetindemethylester (Fig. 1d) we find values of 653 A%, 891 A?
and 634 A’ which should be compared with the experimental values of
1,070; 1,550; and 780 A® (26), respectively. Clearly the quantitative
agreement is not good, with the calculated values ranging from 60-80% of
the experimental ones. However, qualitatively, we obtain values in the
proper range, and this is all that is required for the part of our analysis
that makes use of calculated polarizabilities. The calculated value of Aa;,
for neurosporene, which can be obtained directly from Fig. 2, is 585 A®.
This is reasonably close to the experimental value for crocetindimethyles-
ter (780 A%, which has been used previously as an estimate for
neurosporene (15). The calculations summarized in Fig. 2 differ from
those used in the rest of this work in that no external charges were
included and as a result, the molecule had no permanent dipole moment.
All the calculations reported below included an external charge which
induced a permanent dipole in neurosporene.

RESULTS

Our first goal was to determine the positions of the external
charges that reproduce the ~20-nm shifts in absorption
due to the permanent local fields. A point charge was
placed in different positions around the = system of
neurosporene, as shown in Fig. 3, and absorption maxima
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FIGURE 2 Plot of the calculated frequency shift (Ar) in neurosporene vs.

F},. No external charge is included in these calculations. The dashed line
is an extension of the line defined by the initial slope.
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FIGURE 3  electron system of neurosporene with various positions for
an external negative charge denoted by lower case letters. Numbers
besides each letter correspond to calculated adsorption maxima. Numbers
in parenthesis are the difference in dipole moment between the ground
and excited state (Ax) induced by the external change. @, positions for the
charge 3.7 A from the nearest atom. A, positions 6 A from the nearest
atom.

were calculated. As is evident from the figure, there are
many locations for the charge that reproduce the correct
shift. However, in all of these the external charge must be
placed in van der Waals contact with the chromophore.
The local field so induced is extremely large (assuming a
dielectric constant of 2 it is ~5 x 10" V/cm for an atom in
contact with the charge, and is reduced to ~5 x 10° V/cm
for an atom 10 A further down the chain). Our results
suggest, then, that carotenoids that exhibit large in vivo
wavelength shifts must be quite close to one or more
charged amino acids or polar groups. Because charged
amino acids are likely to be paired with another charge of
opposite sign, it is necessary to assume that the resulting
dipole is oriented so that one end is much closer to the
chromophore than the other. Otherwise, the effects of the
two charges would cancel. Fig. 3 implicitly assumes that
the dominant interaction is with the proximal member of
the charge pair.

We wish to emphasize here that our calculations in no
way imply that a single charge or dipole is responsible for
the wavelength shift and linear electrochromic response of
carotenoids in vivo. Rather, we are assuming the simplest
possible model in order to investigate the possible insights
arising from a quantum mechanical description of the
electrochromic response. One question of interest concerns
the extent to which a strong constant electric field can be
used to represent the effects of a point charge, that is, what
errors are introduced by assuming that classical electro-
chromic theory can be used to represent the permanent
electric field. We first test the self-consistency of this
assumption by calculating the induced dipole moment
difference along the molecular axis, Ay, using two dif-
ferent methods.

According to classical theory, hcAv = —'hAa,;, F}, and
Au,, = Aa;, Fy,. Combining the two equations we have

2

1
-—— 2
Ay 2hCAa“ ( )
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This equation states that the frequency shift induced by an
electric field is proportional to the square of the induced
dipole moment. The two straight lines in Fig. 4 are plots of
Eq. 2 using our calculated value for neurosporene of Aa =
585 A® (see Fig. 2) and the value of 780 A® used by Symons
et al. (15) in their analysis.

We now show that the experimental results for the Rps.
sphaeroides G1C mutant lead to a contradiction if the
straight-line relationship indicated by classical electro-
chromic theory is used to estimate Au. The frequency shift
(Av) of the carotenoid pool that responds to the permanent
field in GIC is ~1,100 cm™' (25 nm). On the dashed line of
Fig. 4 this corresponds to a value of Au of ~18.5 D. We can
obtain an independent estimate for Ap from the magnitude
of the electrochromic response to the trans-membrane
potential that was found by Symons et al. (15), to be 137
mV/nm shift. (Others [8-10] have found smaller shifts,
the use of which would, as will become evident, only
strengthen the argument.) Using an angle of 45° for the
orientation of the carotenoid molecules with respect to the
membrane (22) the relationship hcAv' = Ay, F,, predicts a
value of 12.2 D for Au,, (or smaller, if smaller values for
the electrochromic response are used). Comparing this
with the value of Ay,, = 18.5 D required to account for the
25-nm shift due to the permanent field, it is apparent that
the two numbers, both obtained from classical theory, are
in poor agreement.

The value of 12.2 D is more reasonable as classical
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FIGURE 4 Frequency shifts (A») as a function of the square of the
excited-to-ground-state dipole moment differences (Au).”> The points
designated with letters correspond to the positions for the external charge
given in Fig. 3. The solid and dashed line are obtained from Eq. 2. The
calculated value of Aa = 585 A’ is used for the solid line and the
experimental value of Aa = 780 A? for crocetindimethylester that is often
assumed to be approximately correct for neurosporene (11), is used to
obtain the dashed line. The point R represents the responding pool of
neurosporene in G1C mutants where Av is taken from the observed
wavelength shift and Au from the magnitude of the electrochromic
response found by Symons et al. (11). The point NR corresponds to the
nonresponding neurosporene pool where Ay is assumed to be zero because
no electrochromic response is observed.
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theory is certainly valid for the transmembrane potential.
The experimental point, indicated on Fig. 4 as R, uses this
value for Au,, and the experimental value of 25 nm
(~1,100 cm™") for Av. Another way of describing the
discrepancy discussed above is to note the deviation of the
experimentally determined point (R) from the straight
lines that are based on Eq. 2. Clearly Eq. 2 is not valid.

We can determine another experimental point from the
nonresponding pool of carotenoids. These show no electro-
chromic response, so Ax = 0. On the other hand they are
shifted by ~900 cm™' relative to their solution absorption
spectra. The point corresponding to these values of Ay and
Ay is designated VR on Fig. 4. The deviation from Eq. 2 is
obviously quite dramatic.

Clearly, for both the responding (R) and nonresponding
(NR) pool of carotenoids, the observed frequency shift due
to the permanent field is much larger than expected from
Eq. 2, which uses the magnitude of the electrochromic
response to determine Av. The discrepancy results from the
breakdown of classical theory when large and variable
fields are involved. This may also be seen clearly from the
calculated points (a—m, see Fig. 3) given in Fig. 4 that
show large deviations from the solid line, which is based on
classical theory (though it uses our calculated Aa). Notice
that for weaker fields, corresponding to point charges
relatively far away from the carotenoid, agreement with
classical theory is excellent. It is also worth pointing out
that the experimental point R corresponds quite well with a
number of possible positions for the external charge. It
appears that our simple model of a single charge which
determines both Av and Au succeeds quite well in account-
ing for both the constant wavelength shift (Ar) and the
electrochromic shift (Av' of the carotenoid pool that
responds to the transmembrane potential.

It is of interest to consider the source of the breakdown
in classical theory. Fig. 4 shows that, in general, the
calculated frequency shifts are larger than those expected
from the @ - F interaction Eq. 2. Our analysis indicates
that the additional shift is due to quadrupoles and higher
multiples induced by the external charge. As two exam-
ples, we consider charge distribution induced in neurospor-
ene by a negative charge placed near the end and middle of
the chromophore (point b and d, respectively). Qualitative-
ly, one expects positive charge to be built up near the
external negative charge, and negative charge to be distrib-
uted at other points along the chain. This should result in a
primarily dipolar distribution for point b and a quadrupo-
lar distribution for point d. This general pattern is evident
from the calculated values of the excited-ground state
charge densities given in Fig. 5. A net increment of positive
charge is built up in the vicinity of the external negative
charge although the actual charge distribution is fairly
complex. In any case, it is clear that higher multipoles are
induced; it is the interaction of these moments with the
variable field that is responsible for deviations from the
linear Av vs. Au? relationship expected from classic theory.

KAKITANIETAL. Electrochromic Response of Carotenoids
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FIGURE 5 Calculated excited-ground charge distribution in neurospor-
ene induced by an external charge.

Because these moments do not contribute to the electro-
chromic response (Av' but do effect Av), they are responsi-
ble for the breakdown of Eq. 2, which assumes that both Av
and Av' arise totally from Ap.

The existence of induced quadrupole moments provides
an explanation for the absence of an electrochromic
response in carotenoids that show relatively large (~20
nm) shifts due to the permanent field. Taking point d in
Figs. 3 and 4 as an example, note that a ~20-nm shift is
produced by a charge located near the middle of the
carotenoid even though Au is only — 1.3 Debye. Because
the interaction with the transmembrane potential is only
through the Au term the electrochromic response will be
negligible. Thus we find that it is possible to obtain a large
permanent wavelength shift due to an induced quadrupole
while the electrochromic response is small. This can
account for the large Av (~900 cm™') exhibited by the
nonresponding carotenoid pool. The close proximity of
position d in Fig. 4 to the experimental point for this pool
(NR in Fig. 4), though undoubtedly fortuitous, is certainly
suggestive.

Finally we consider the electrochromic response of neu-
rosporene exposed to an external charge fixed at position b.
As can be seen from Fig. 4, this position is one of a number
of possibilities that succeeds in reproducing both the
experimental Av as determined from the permanent
absorption shift, and the experimental A as determined
from the electrochromic response to the transmembrane
potential. We carried out calculations on neurosporene
exposed to both a fixed charge at position b, and to a
constant electric field. Fig. 6 describes how the various
molecular properties are influenced by constant field due
to the transmembrane potential. First, it is evident that the
ground-excited state dipole moments are only marginally
affected by the field, with Au varying by ~5% as F, goes
from O to 10° V/cm. The oscillator strength f decreases by
an even smalier amount for the same variation in field
strength and thus cannot be responsible for the observed
electrochromism. The same conclusion has been reached
previously (15). It is apparent then, in keeping with
classical theory, that the overwhelming determinant of the
electrochromic response is the linear variation of A with
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FIGURE 6 The calculated electrochromic response of neurosporene with
an external charge at position b in Fig. 3. Absorption maxima (A,,.),
ground- and excited-state dipole moments (u, and u,.), and oscillator
strengths ( /) are plotted as a function of constant electric field. The point
differs from Fig. 2 in that an external charge and an electric field are
included in the quantum-mechanical calculations.

F,,. Moreover, using the tilt angle of neurosporene with
respect to the plane of the membrane of 45° (21) and
assuming a membrane thickness of 50 A, we calculated an
electrochromic response of 133 mV/nm which is in close
agreement with the 137 mV/nm result of Symons et al.

(15).

DISCUSSION

We have seen that classical theory provides an excellent
description of the electrochromic response of carotenoids,
if it is assumed, as originally suggested by Reich and
co-workers (4-6), that a dipole is induced in the responding
carotenoids by a strong local electric field. In this paper we
have shown that a quantum-mechanical treatment is
required for a quantitative description of the strong perma-
nent field. The model we have used assumes that this field
results from a single point charge in the vicinity of the
carotenoid. Before commenting on the implications of the
model it is worth discussing the reliability of the calcula-
tions upon which it is based.

Our work on model compounds summarized in the
Methods section indicates that the molecular orbital
approach we used accounts quite well for the relevant
properties (Ax, Av, A) of the isolated molecules. The
quantitative reliability of our treatment of the external
point charge is less certain, and as a result the dependence
of Av and Ap on the position of the charge, as given in Fig.
4, is likely to be only qualitatively correct. Nevertheless,
internally consistent and physically reasonable features of
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our calculations lend them an enhanced credibility. First, it
is reassuring that positions for the charge that produce
25-nm red shifts also produce values of Au (~12 D) that
account for the magnitude of the electrochromic response.
Second, the possible locations we find for the charges place
them in van der Waals contact with the carotenoid.
Smaller distances would of course be physically unaccept-
able while charges much further away would be unlikely to
be effective.

Previous work on visual pigments (8) and bacteriorho-
dopsin (9) identified charged groups that are also in van
der Waals contact with a chromophore responsible for the
color of these pigments. The much larger wavelength shifts
in these retinal-containing pigments, relative to the carot-
enoids, are due to their cationic character (23). It is
perhaps somewhat disconcerting to postulate a charged
species in close contact with the hydrophobic chain of the
carotenoid in the low dielectric medium of the membrane.
However, there is strong evidence for the existence of
related interactions in the retinal containing pigments that
are also embedded in membranes. Apparently, charges or
charge pairs can be stabilized by hydrogen bonding to
other polar groups on the protein that provide a form of
internal solvation.

It is important to emphasize that our calculations are
based on a purely phenomenological model that represents
the strong local field postulated by Reich et al. (4) in the
form of a single point charge. It is possible that a number of
polar but neutral functional groups appropriately posi-
tioned and oriented could provide a field of equivalent
strength. Nevertheless, a single point charge in van der
Waals contact with a molecule generates an enormous
local field and thus places limits on acceptable molecular
models for the interaction. It would be extremely interest-
ing in this regard to calculate the magnitude of the
wavelength shifts induced by the interactions of carot-
enoids with chlorophylls. In one case, the specific complex-
ation of lutein with chlorophyls a and b, experimental data
are available (5). No direct interactions between chloro-
phylls and nonpolar carotenoids are found in vitro; how-
ever, this by no means precludes significant effects in vivo.
On the other hand, there is no a priori reason to suspect
that the local electric field is due to chlorophylls; charged
amino acids could be at least as effective.

A quantitative treatment of the electrostatic interaction
of charged species with carotenoids allows one, in principle,
to extract useful geometric information from induced
wavelength shifts. For example, Cogdell et al. (11) have
found that Rps. sphaeroides reaction centers can induce
both red and blue shifts in bound carotenoid, the direction
of the response depending on the distribution of charge
among the components of the reaction center. Given the
orientation of the carotenoid with respect to the reaction
center components, careful analysis of spectral shifts might
allow one to determine the distances between the various
molecules.
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Finally, we summarize the major conclusions of this
work:

(a) A quantum-mechanical treatment is required for a
quantitative description of the spectroscopic effects of a
strong local field on carotenoid molecules.

(b) Depending on the placement of the field, dipoles,
quadrupoles, or higher multipoles may be induced in the
carotenoid.

(¢) The magnitude of the electrochromic response to the
transmembrane potential depends only on the interaction
of the dipolar term with the field. Thus, the correlation of
Ap with Av expected on the basis of classical electro-
chromic theory is not experimentally or theoretically
observed.

(d) Placement of an external charge near the center of
the carotenoid induces almost no dipole, but a large
quadrupole moment is induced. It is possible in this case to
see a large spectral red shift but no electrochromic
response. This provides a possible explanation of the non-
responding pool of red-shifted carotenoids in Rps. sphae-
roides.

(e) A charge located near the end of neurosporene can
quantitatively account for the observed (in vitro — in vivo)
25-nm wavelength shift and for the magnitude of the
electrochromic response to the transmembrane potential.

(f) Once an induced Au is assumed, the assumptions of
classical electrochromic theory are valid.
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