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ABSTRACT The transient dichroic ratio D = AA4;/AA, has been measured in the visible absorption region of
bacteriorhodopsin in purple membrane by a flash photolysis method. D is found to be wavelength independent
throughout the visible absorption band, and reaches 2 maximum value of 2.75 + 0.15 on reduction of the excitation
intensity. This value is close to that expected for a single nondegenerate transition dipole moment and is incompatible
with the strong exciton coupling model used to explain the visible circular dichroism (CD) spectrum of purple
membrane. A time-dependent analysis of the exciton interaction and consideration of the coupling strength suggests an
explanation of these observations. It is concluded that excitation interaction between retinals in purple membrane is of

the weak or very weak type defined by Forster.

INTRODUCTION

The visible absorption spectrum of bacteriorhodopsin

(BR) in the purple membrane of Halobacterium halo-

bium is due to the protein-bound chromophore, retinal,

which takes part in a photochemical cycle associated with

the pumping of protons across the cell membrane (1, 2).

The corresponding bisignate visible CD spectrum has been -
attributed to exciton interaction between adjacent chro-

mophores (3, 4) within the trimeric groups of BR revealed

by electron diffraction (5). These chromophore interac-

tions would be expected to have some effect on the value of
the polarization ratio, or dichroic ratio, for emission or

absorption measurements, respectively, in a photoselection

experiment (6), as the preferred orientation of molecules

photoselected by a linearly polarized excitation will

randomize to a certain extent as the excitation is trans-

ferred to neighboring chromophores having different

orientations. Flash-induced transient linear dichroism

studies on immobilized (in the millisecond time scale) BR

have revealed, however, a high dichroic ratio (7, 8) little

affected by energy transfer, and similar to the dichroic

ratio of BR in the monomeric form in lipid vesicles before

the decay due to protein rotation (9). A high degree of
polarization has also been observed in the steady-state

emission spectrum of BR (10).

In this paper we compare the dichroic ratio for purple
membrane, measured as a function of wavelength, with
the value predicted according to the formalism for strong
coupling of excited chromophores in the BR trimer. We
show that considering the evolution of the exciton system
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over time, and the strength of exciton coupling helps to
reconcile the apparently contradictory CD and photoselec-
tion results.

EXPERIMENTAL

Excitation of BR at wavelengths within the broad visible absorption band
(Amax 568 nm) with a short-duration polarized light pulse results in
anisotropic depopulation of the ground state and dichroism in the
transient absorption spectrum, which persists for the duration of the
photochemical cycle. The dichroic ratio D is defined by D = AA4;/AA,
where AA4; and AA, are the transient absorption changes at a fixed
wavelength, polarized parallel and perpendicular to the polarization of
the exciting light pulse, respectively.

Purple membrane was isolated from H. halobium according to
published procedures (11), and measurements were carried out at 25°C
on an aqueous suspension of light-adapted membrane of optical density
about 1.0 (570 nm, l-cm path length). The dichroic ratio for BR
immobilized in purple membrane was determined using the flash pho-
tolysis apparatus described in reference 12 and outlined in the figure. We
digitized the transient intensity changes parallel and perpendicular to the
polarization of the exciting light pulse, and averaged up to 64 signals for
improved signal-to-noise ratio. The averaged intensity changes were
transferred to a desk-top computer, where the dichroic ratio was calcu-
lated and displayed on a curve plotter. A dead time of 20 us was used
between the laser excitation pulse (2-us duration) and data collection to
minimize the effect of scattered laser light, and the instrumental band-
width was | MHz. An excitation wavelength of 540 nm was used and the
measuring bandwidth maintained at <4 nm.

The inset in Fig. 1 shows a typical plot of D against time for a
measuring wavelength of 570 nm and a laser-flash intensity such
that ~8% of chromophores were excited into the photochemical cycle. D
is virtually constant between 20 us and 500 us, though a small rise,
approximately equal to the experimental uncertainty, is noticeable. In all
cases, D is constant up to at least 1 ms, showing that the protein is
immobilized on this time scale. As expected (12, 13) D was found to be
dependent on the percentage of chromophores excited, and hence on the
laser intensity. Table I shows the value of D (extrapolated back over 20 us
to zero time) as a function of the percentage of chromophores excited. At
the lowest laser excitation used (4% chromophore excitation), D reached
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FIGURE 1 Schematic diagram of apparatus used to measure the dichroic

ratio. x, y, z are the molecule-fixed axes, 4, B, & are the laboratory
coordinates defining the excitation and measuring polarization. Inset:
typical plot of D vs. time for purple membrane: 8% chromophore
excitation, average of 64 signals, measuring wavelength 570 nm.

a maximum value of 2.75 + 0.15. This may be compared with the value
of 2.96 + 0.06 reported by Ikegami and co-workers (8) on exciting only
1% of chromophores. The absolute value of D also depends on light
scattering and alignment of the apparatus. For comparison, eosin immo-
bilized in a polymer block gave similar dichroic ratios at comparable
excitation intensities to purple membrane (12).

Table I also shows the value of D at various wavelengths together with
the percentage excitation in each case. Within experimental error, D is
seen to be independent of wavelength throughout the visible absorption
band. The variation in chromophore excitation from ~4.5 to 8.5% would
be expected to cause a variation in D by a factor of only 1.03 (Dr. S.
Kawato, personal communication). Similar results were obtained using
an excitation wavelength of 590 nm. The wavelength independence of D
is consistent with the results of static linear dichroism measurements of
oriented purple membrane (14).

EXCITON COUPLING AND
PHOTOSELECTION

Interaction between the transition dipole moments of a
trimeric system lifts the degeneracy of the monomer
excited-state energy levels, resulting in a single nonde-
generate, ¥, and degenerate pair ¢ of excited stationary
states, separated by 3V, where V is the interaction energy
between the transition dipole moments (15). Transitions to
these three exciton states are mutually orthogonal, the
doubly degenerate pair polarized perpendicular to each
other and to the C; axis, which is normal to the membrane
plane in the present case and along which the nondegener-
ate transition is polarized (15).

Evidence that the CD bands of purple membrane arise
from transition dipole-moment interactions is given by
retinal reconstitution experiments on bleached purple
membrane (3), CD studies on oriented purple membrane
films (16), and from the good correlation between CD
magnitudes and protein aggregation, both in the purple
membrane (17) and in artificial lipid bilayer systems (18).
Although the two theoretical exciton CD bands are of
equal magnitude (but opposite sign), the corresponding
dipole strengths depend on the orientation of individual

TABLE 1

Chromophore

Wavelength excitation* Dt
nm %
570 4.0 2.75
570 5.5 2.55
570 8.0 2.50
570 9.0 2.45
570 14.0 2.20
570 15.0 2.15
570 16.5 2.15
570 17.5 2.10
570 19.5 2.05
570 27.0 1.90
520 5.5 2.60
530 6.0 2.60
540 6.0 2.60
550 8.5 2.55
560 6.5 2.60
580 7.0 2.60
590 8.5 2.50
600 4.5 2.70
610 7.5 2.60
620 7.5 2.60

630 7.5 2.55

*Experimental uncertainty + 0.5%.
$Extrapolated to time zero, experimental uncertainty +0.15.

monomer transition moments (4). Several determinations
indicate that these lie about 20° out of the membrane
plane (14,19, 20). The ratio of in-plane to out-of-plane
dipole strengths is given by the ratio (4) sin® v: cos? «,
which is about 8.5 if 4, the angle between the membrane
normal and the transition moment, is 71° (14). The
probability of excitation into the upper or lower energy
exciton states also depends to some extent on the wave-
length, particularly if the states are separated by a large
energy interval. The indications are, however, that the
exciton splitting in purple membrane is small, so that the
in-plane transition probabilities would dominate irrespec-
tive of wavelength.

Based on this steady-state model of strong exciton
coupling, we now derive the dichroic ratios for two ideal-
ized cases of ground-state absorption depletion, involving
degenerate and nondegenerate transitions, assuming that
the long-lived photoproducts do not themselves absorb
light at the same wavelength as the ground-state mole-
cules.

Nondegenerate Transition

Fig. 1 illustrates the geometry of a photoselection experi-
ment involving a nondegenerate transition in which 4, b
and ¢ are unit vectors defining the laboratory-fixed axes.
The orientation of the molecular-fixed coordinate system
x, y, z is defined by the Euler angles, which we collectively
call @ (21), that rotate the molecular frame into the
laboratory axes. The transition dipole moment is assumed
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to lie along the x-axis and the excitation pulse is &-
polarized and travels along the #-axis. After excitation, the
absorption changes A A4), parallel, and A 4,, perpendicular,
to the &-axis are measured along the direction b. A A is
taken to be proportional to the compound probability that
a molecule orientated in the direction @ would have
absorbed light polarized parallel to ¢ if it had been in the
ground state, multiplied by the probability that it is not in
the ground state, having been excited by the initial pulse.
Thus,

AA) = [#(Q) - &°[R(Q) - &°P(2) 1
and similarly for A4,
AA, o« [1(Q) - & [R(Q) - 8]°P(1) (2)

where P(¢) is the probability that the molecule remains in
an excited or photochemically modified state during the
measurement. Replacing the scalar products () - € etc.
by the direction cosines that rotate the molecular frame
into the laboratory frame (21), and averaging over all
directions in space we find that

8 8
AAHOZP(I)'S'Wzlﬁ|4 and AALGP(I)E’Irzlﬁ.P,

giving a dichroic ratio of 3. The polarization ratio for
emission f}/1, involving two different transition moments
has the same value provided the two moments are parallel

(6).

Degenerate Transitions

Assuming that the two degenerate transition moments are
polarized along the x and y molecular axes, the absorbance
changes now depend on the probability that either the x or
y molecular axes are favorably oriented with respect to the
exciting and measuring polarizations. Thus

Ady e [ Q) - 87 + [2,(Q) - H[a(Q) - &
+ [8,(Q) - E°lP@)  (3)

and
AA, = {[2(Q) - & + [2,(Q) - H[EQ) - &)
+ [2,(Q) - APIP(r). (4)

As before, we average over all directions to give
64 48
AAy oxP(t)szlﬁl“ and AALocP(t)Erzlﬁl“.

The dichroic ratio D is now 4, again the same as for
emission measurements (6). In the case of triple degen-
eracy, involving three mutually orthogonal transition
moments, D reduces to 1, as there is no preferred orienta-
tion of photoselected molecules (6).

The exciton transitions involved in the steady-state
description of the purple membrane CD spectrum cor-

respond closely to the case of double degeneracy, since the
major absorption intensity is associated with the in-plane
moments. The dichroic ratio would then be expected to be
4, this value being reduced if the out-of-plane transition is
included. In practice, instrumental factors, depolarization
due to light scattering and nonnegligible excitation of the
sample tend to reduce the dichroic ratio from the idealized
theoretical value (6, 13). However, the experimental D
was found to be at least 2.75 + 0.15, and similar to that for
eosin immobilized in a polymer matrix, an example of a
nondegenerate transition.

An explanation of the CD and photoselection results
might be provided by dimer (22) rather than trimer
coupling, if, for example, the three retinals were not
structurally identical. Dimer exciton coupling would
approximate to the nondegenerate case (see Nondegener-
ate Transition, above) if the in-plane transition was domi-
nant. There is, however, no evidence to support this idea.
For example, chemical analysis shows that all three reti-
nals are in the all-trans conformation in the light-adapted
membrane (23, 24). Further, the high value of D would
only be compatible with a very minor contribution from
the out-of-plane transition moments.

TIME-DEPENDENT EXCITON ANALYSIS
AND COUPLING STRENGTH

The steady-state exciton model pictures the excitation as
essentially delocalized over the entire trimeric system. A
complementary time-dependent view is that the excitation
transfers rapidly from one chromophore to another in a
time that may be roughly estimated from the uncertainty
principle, = ~ A /3V (25). A small interaction energy, V,
implies an exciton migration rate which may be less than
the rates of relaxation processes from the excited state.
The dichroic ratio will depend on the competition between
energy transfer and relaxation processes.

A general time-dependent wave function describing the
evolution of the exciton-coupled system after excitation
may be written as a sum of the complete set of steady-state
functions (26).

V(r, 1) = 2 (P 1 (r, 1) )
exp[—iH(t — 1)/ Rl¥u(r) (5)

where y,(r) are steady-state wave functions and H is the
complete system Hamiltonion. Assuming that at some
initial time ¢,, the chromophore ¢ alone is excited, ¥ (r, ¢,)
may be replaced by the product function ¢,¢,0.
exp (—iHt,/h) and the sum over k states reduced by
consideration of the orthonormalization properties of the
wave functions, giving for the time variation of the
system,

\I,(r7 t) = aa¢’a¢b¢c + ab¢a¢;)¢c + ac¢a¢b¢:‘
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where the coefficients a,, a, and a, are time-dependent and
¢; (i = a, b, ¢) are monomer wave functions. The exciton
motion among the chromophores is characterized by the
time varying composition of ¥(r, t) in terms of the individ-
ually excited configurations, the probability that the exci-
tation rests on one particular chromophore, i, being given
by the square of the relevant coefficient a¥ a; (25, 27).
Thus, e.g.,

ata.= (4cos3Vt/h + 5) ', (6)

showing that the probability that the monomer c is excited
varies from a maximum of 1 at time O to its first minimum
attime r = h/6V.

A wide range of values for V have been suggested in the
literature. A curve-fitting analysis of the purple membrane
spectra (4) gives ¥ = 209 cm™' corresponding to a
calculated interchromophore distance of 15 A, considera-
bly less than the 26 A revealed by a recent neutron
diffraction study (20). Another estimate (27), 487 cm™', is
derived on the assumption, probably incorrect (4), that the
monomer absorption spectrum is given by that of the
protein solubilized by detergent, and leads to a distance of
only 10 A between retinals. Hemenger (28) has proposed a
value of 64 cm™', based on a moments analysis of the
absorption and CD spectra, which should be independent
of the effect of vibronic band shapes and monomer absorp-
tion wavelength. This value can accommodate an inter-
chromophore distance of up to 20 A. Consistent with this
value is the analysis of absorption and CD measurements
on thin films of purple membrane by Muccio and Cassim
(16), which suggest that Vis about 54 cm~". In view of the
lack of wavelength dependence of the linear dichroism of
purple membrane (14), which supports a small exciton
splitting and the sounder analysis of Hemenger, we use V'
= 60 cm™', corresponding to an excitation transfer time of
about 0.09 ps.

The results of picosecond absorption studies (29, 30) on
the primary intermediates in the BR photochemical cycle
following excitation have recently been analyzed by Otto-
lenghi and co-workers (2, 31). They conclude that the first
detected intermediate, observed to rise within 1 ps after
excitation (29) is a ground state entity Jy,5, absorbing at
625 nm and corresponding to an isomerized chromophore,
which relaxes, accompanied by proton transfer, to a
species absorbing at 610 nm, K. Ippen et al. (29), on the
other hand, suggest that the 1-ps intermediate is associated
with an induced protein conformational change due to
electron redistribution in the chromophore. Whatever the
true nature of the first intermediate in the BR photocycle,
it is clear that the excited retinal can undergo rapid
conversion to a species absorbing at a different energy to
the normal ground state, thereby competing with reson-
ance energy transfer. However, the 1-ps conversion time is
considerably slower than the estimated exciton transfer
time above, suggesting that the excitation may transfer

4

between the three chromophores many times before photo-
conversion, randomizing the initial orientations of the
photoselected molecules and reducing D to about 4 (see
above).

It is of course possible that formation of the first
intermediate competing with energy transfer is not detect-
able at the present level of instrumentation. Further, the
measured rise time is that from excitation to the appear-
ance of a ground-state species (31) absorbing at a different
energy to the 568 nm transition. A more direct comparison
with 7 would be the time of conversion of the initial excited
electronic state of BR to a form inhibiting energy transfer.
For example, torsional twisting about a bond in the excited
state could occur in subpicosecond times.

A consideration of the strength of exciton coupling
suggests an alternative means of accounting for the photo-
selection results. The exciton-coupling formalism outlined
above is strictly applicable only to the case of strong
exciton coupling, that is when V is much larger than w, the
electronic bandwidth (25, 32). This condition implies that
exciton transfer is very rapid compared with the time
taken for the nuclei to relax to their equilibrium configura-
tion after excitation. This vibrational relaxation time is
characterized by the electronic bandwidth w. The converse
condition, 2V « w, defines the weak coupling regime (32),
in which vibrational relaxation can occur faster than
excitation transfer. In the strong coupling limit, all
vibronic levels of one monomer are in resonance with those
of the others. For weak coupling, however, resonance
interaction is between individual vibronic levels only, and
the interaction energy is reduced by a factor Z, S, the
square of the Franck-Condon overlap integral summed
over vibrational levels of excited » and unexcited v vibronic
states (33).

The individual vibronic exciton matrix elements may be
written v,, = VSZ. Under weak coupling, then, the exciton
transfer rate is reduced by a factor of the order Z,, S2,
which may easily increase 7 by an order of magnitude
from the expected strong coupling value (25).

Many of the discussions of strong and weak coupling,
with respect to spectral band shapes (34-36), assume that
the individual vibronic bands are themselves infinitely
sharp. However, the shortening of vibronic lifetimes, due
to vibrational energy exchange among the many vibra-
tional modes of a condensed system, broadens these bands
so that their widths, Ae, are significant compared with w.
The overlapping of many such bands, z say, such that
zAe > w, is one reason for the smooth, featureless absorp-
tion bands observed in solution spectra. Forster (25)
considers this factor to be important in the discussion of
exciton energy transfer in many systems, in particular for
those in which Ae » 2u,, which defines the very weak
coupling region. Following his argument, if the coupling
strength is larger than for very weak coupling, i.e., if v,, »
A¢/2, and if the spectrum is smooth due to z Ae > w, then
2V ~2zu,» zAe > w, so that we are in the strong coupling
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region. Conversely, if 2V « w, then 2v,, « A¢, and the very
weak coupling condition applies. For continuous spectra
then, the weak coupling range reduces to zero, or is at most
closely limited (25). The CD and absorption spectra of
purple membrane are smooth and featureless, even at low
temperatures (4) and V is certainly much less than the
absorption bandwidth (~3,200 cm™' at room tempera-
ture), implying that the Forster very weak condition
applies and that previous analyses (4, 27) of the purple
membrane CD in terms of strong exciton coupling are at
best an oversimplification (29).

Under very weak coupling the excitation transfer rate is
fundamentally altered from that for strong or weak
coupling (25). In the latter cases the probability of exciton
transfer shows a quadratic time dependence, at times so
short that 3¥¢/h is small. However, vibrational energy
exchange in the case of very weak coupling results in a
linear initial variation of a¥ a. with time.

The argument presented above assumes that vibrational
energy exchange, a kind of collisional process, is the major
factor determining vibronic bandwidths and hence the
overall absorption band shape. An alternative to this
lifetime broadening however, in particular for solid-state
or aggregate spectra, is the inhomogeneous broadening
resulting from differences in the local environments of
chromophores (37, 38). This broadening is not based on an
excited-state relaxation probability and would not inhibit
efficient energy transfer within the trimer (25). However,
the absorption bandwidths of the free chromophore (2)
and the detergent solubilized BR (27) are similar to that of
BR in the purple membrane, suggesting that lattice site
inhomogeneities at least do not significantly affect the
absorption bandwidth.

The very small apparent value of ¥ supports at least the
weak if not the very weak coupling description for purple
membrane, and a greatly reduced exciton transfer rate
from that associated with strong coupling. Because the
relative rates of exciton transfer and photochemical
conversion determine the probabilities of these competing
pathways, it is apparent that the probability of preserva-
tion of the original transition moment direction is
enhanced under the weaker coupling, so that the dichroic
ratio would be expected to be greater than the value for a
degenerate electronic transition. The question of finite
excitation transfer time and photoselection was first raised
by Ebrey et al. (4). Their discussion, however, was
couched in terms of strong exciton coupling, involving very
rapid exciton transfer and degenerate steady states, which,
as we have shown, necessarily involve low dichroic ratios.

The strong exciton coupling model has often been used
to rationalize inorganic (15) and organic (22,39) CD
spectra, particularly in assigning absolute configurations
from the energy ordering and signs of the exciton bands.
When the coupling strength is relatively small, however, it
becomes important to allow for vibronic effects to ensure
correct assignment of configuration (40). Hemenger (28)

has shown that analysis of real CD spectra with finite
bandwidths can at best lead to certain constraints on
possible geometries, rather than exact chromophore orien-
tations and separations. A theoretical treatment of exciton
CD in the very weak coupling region does not appear to
have been carried out. The increasing structural informa-
tion available on the purple membrane might provide a
good test for any such treatment.
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