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ABSTRACT In order to determine the origin of the bisignate CD spectra of native
purple membrane, heterochromophoric analogues containing bacteriorhodopsin regen-
erated with native all-trans-retinal and retinal analogues were investigated. The data
collected for the purple membrane samples containing two different chromophores
suggest the additive character of the CD spectra. This conclusion was supported by a
series of spectra using 5,6-dihydroretinal and 3-dehydroretinal and by using 33% regen-
erated PM in buffer and in presence of osmolytes. Our results support the idea of con-
formational heterogeneity of the chromophores in the bR in the trimer, suggesting that
the three bR subunits in the trimer are not conformationally equal, and therefore, the
bisignate CD spectrum of bR in the purple membrane occurs rather due to a superposi-
tion of the CD spectra from variously distorted bR subunits in the trimer than interchro-
mophoric exciton-coupling interactions. A 2005 Wiley-Liss, Inc. Chirality 18:72–83, 2006.
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Bacteriorhodopsin (bR),1 the single integral protein of
the purple membrane (PM) of Halobacterium halobium,
functions as a light-activated proton translocase and is
one of the best-studied membrane proteins.2 Similar to
rhodopsin, it consists of seven transmembrane helices
and short interhelical loops bearing extramembrane N
and C termini. The native chromophore, all-trans-retinal, is
bound to the q-amino group of Lys-216 via a protonated
Schiff base (PSB).3–5 Bacteriorhodopsin molecules in the
PM are arranged in clusters of three (trimers) which form
two-dimensional hexagonal crystals with P3 symmetry.6–10

Figure 1a depicts the crystallized form of the trimeric
form and the monomeric unit of bR trimer.11–13 The chro-
mophore lies in the intramembrane cavity formed by the
seven helices with its conjugated polyene chain nearly
perpendicular to the membrane.11–14 The chromophoric
plane (defined as the conjugated polyene excluding the
ionone ring) is tilted up slightly (20.5j with respect to the
lipid bilayer), which disposes the b-ionone ring toward
the extracellular side of the membrane, close to helices D
and E (Fig. 1b). The distance between the chromophores
within the same trimer is f26 Å.11,13 Neutron diffraction
studies have determined the intertrimeric chromophore–
chromophore distance to be 38 Å.15

The CD spectra of bR and synthetic analogues have
been used widely to investigate the arrangements of bR in
the membrane,16 the protein conformational changes,17,18
and the photocycle intermediates.19–22 The CD of native

bR and many artificial analogues show bisignate curves of
opposite sign centered at the absorption maxima of the
chromophores. As shown in Figure 1c, in the case of the
natural substrate, all-trans-retinal, the CD spectrum con-
sists of a negative first Cotton effect (CE) at 593 nm, fol-
lowed by a positive second CE at 531 nm. The cross-point
is located at 560 nm, very close to the corresponding lmax

(557 nm). However, this is not always the case: (i) bR
incorporating (5S,6R)-5,6-epoxyretinal yields a hexagonal

lattice (X-ray diffraction) with an absorption at 485 nm and
exhibits a bisignate CD, 460 nm (+)/520 nm (!); in con-
trast, bR with the enantiomeric (5R,6S)-chromophore is
paracrystalline as in the apo-membrane, absorbs at 445 nm,
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and exhibits a positive CD at 435 nm.23 (ii) Reduced Schiff
base of bR (treated with sodium borohydride), which re-
tains the hexagonal structure, shows only a monophasic
positive CD band.24,25 These data clearly demonstrate the
complexity of the nature of the CD spectra.

The biphasic CD spectrum has been interpreted as a
superposition of an intrinsic positive CE arising from the
protein environment and a bisignate CD due to exciton
coupling (EC) within the bR trimer.19,26–30 However, a
number of other explanations for the origin of the biphasic
CD have been proposed that dismiss excitonic cou-
pling.24,31 –33 One suggestion is that the bisignate CD is
due to the superposition of two close-lying long-wavelength
transitions with opposite signs.26,32,34 Alternatively, it has
been suggested that the biphasic CD is the result of the
superposition of multiple intrinsic CD bands arising from
different tertiary structures in the membrane.30 Although
the CD of bR and analogues have been extensively studied
and reviewed,30,32,35,36 the origin of the biphasic CD spectra
remains unclear.

To further investigate the origin of the biphasic CD
spectrum of bR, two different approaches were utilized.

In addition to native all-trans-retinal A, we have incorpo-
rated three analogues with different absorption maxima
upon binding with apo-membrane, merocyanine aldehyde
B (646 nm), 3-dehydroretinal C (594 nm), and cis-5,6-
dihydroretinal D (467 nm), into the apo-membrane in a
stepwise manner and in various ratios in order to form
homochromophoric and heterochromophoric pigments in
the trimeric form of bR (Fig. 2). The potential interaction
of the chromophores within the trimers were investigated
in accordance with rules of ECCD for coupling of degen-
erate and nondegenerate chromophores.37,38 As a second
approach, the spectra of partially regenerated purple mem-
brane (33% regeneration, only one chromophore present
per bR trimer) were recorded in the presence of osmoti-
cally active agents (sucrose, glycerol) in an attempt to
probe the effect of conformational flexibility of the
membrane/protein complex on the shape of the CD spec-
tra. In the presence of a single chromophore, exciton
coupling is excluded, and thus, the shape of the CD
spectrum depends solely on the induced chirality of the
bound chromophore. The CD data obtained for the various
fully and partially reconstituted pigments have led us to

Fig. 1. (a) Crystal structure of bR in the purple membrane. (b) Schematic representation of the cross-section of bR. Retinal is linked to Lys 216
located around the midpoint of the membrane. (c) UV–vis and CD spectra of native bR in 20 mM sodium phosphate buffer, pH 7.0.
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conclude that the apparent bisignate CD spectra result
from the summation of CE of opposite signs rather than
exciton coupling between the pigments of the bR trimer.

MATERIALS AND METHODS

All experiments described herein have been carried out
using large membrane patches (PM or apo-membrane) in
order to preserve the membrane structure and the trimeric

form. The membranes used in this study were all dark-
adapted. Control measurements of light-adapted PM
(containing homogeneous all-trans chromophore) showed
similar results. The PM was isolated by the conventional
procedure1 with an A278/A560 ratio of 1.76 and bleached in
1 M NH2OH at pH 7.6 as previously described.24 The
membrane protein samples were stored in the presence of
sodium azide (0.05%) at !70jC in order to prevent pro-
teolytic digestion, and the identity of the initial PM prep-

Fig. 2. (a) Schematic representation of the stepwise reconstitution of apo-membrane (OOO) to either fully (AAA) or partially (AOO, AAO)
reconstituted PM. X represents the retinal analogues used for homochromophoric and heterochromophoric reconstitution. (b) Native substrate
of bR all-trans-retinal (A) and the analogues used (B–D). lmax of the pigment refers to the absorption of the fully occupied membrane with
each chromophore.
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arations was checked before use by UV–vis (A278/A560

ratio) and CD (A530/A598 ratio). UV–vis spectra were
recorded on PerkinElmer 320 spectrophotometer using
1-cm path length quartz cells. CD spectra were recorded
on a JASCO Model 720 spectropolarimeter immediately
after absorption measurement using optical cells of 1-cm
path length at room temperature (20jC).

Apo-Membrane

The apo-membrane was generated as described pre-
viously through bleaching of the purple membrane.24
Before regeneration, the apo-membrane was subjected to
additional purification using a sucrose gradient (25–45%),
and the fraction at f40% density was collected, washed
three times with deionized water, and finally resuspended
in 20 mM sodium phosphate buffer, pH 7.0. Preparation of
the apoprotein was performed with and without removal
of retinal oxime using bovine serum albumin.39

Chromophores

The merocyanine dye was synthesized as described
earlier,40 stored as the Schiff base, and hydrolyzed to
aldehyde B immediately before binding with the apo-
membrane. 3-Dehydroretinal C was obtained from all-
trans-retinal in two steps as previously described.41 (F)-
cis-5,6-Dihydroretinal D was also prepared according to
reported protocols.42,43

Preparation of Pigments (Fig. 2)

For binding experiments, the calculated amount of all-
trans-retinal or retinal analogue in ethanolic solution (final
ethanol concentration was kept at <1% by volume) was
added to the apo-protein in phosphate buffer (identical
concentration of apo-membrane stock solution was used)
and the mixture was incubated for 8 h under stirring in
the dark at room temperature (20jC) and monitored by
UV–vis and CD. PM was regenerated using 1.5 equiv of
retinal (excess retinal is required for complete binding44).
Homochromophoric pigments BBB, CCC, and DDD
were obtained in a similar manner using retinal ana-
logues B, C, and D, respectively. Due to instability of the
merocyanine aldehyde B, an additional amount of freshly
prepared chromophore was added 4 h later to ensure com-
plete reconstitution of the apoprotein with the chromo-
phore to yield a fully saturated system. The q of mc-bR
BBB was estimated to be 69,000 M!1 cm!1 by assuming
that the binding yield is similar to that of PM regeneration
at equal apoprotein concentration. The absorbance at the
lmax of the fully regenerated dark-adapted pigment was
used to estimate the equivalence or percentage of pigment
regeneration. The lmax and q of the dark-regenerated
pigments are as follows: bR (AAA) 557 nm, 52,000 M!1

cm!1; mc-bR (BBB) 646 nm, q = 69,000 M!1 cm!1;
3-dehydro-bR (CCC, ‘‘Blue Membrane’’),45 594 nm, q =
47,000 M!1 cm!1; and cis-5,6-dihydro-bR (DDD),43,46
467 nm, q = 40,000 M!1 cm!1.

Partially Regenerated Purple Membrane AOO and AAO

The 33% regenerated PM (AOO) was used as starting
material for heterochromophoric samples AXO and AXX.

Regeneration of the known amount of apo-membrane to
33% was achieved using 0.33 equiv of all-trans-retinal.
Binding to the apo-membrane was evaluated by CD spec-
troscopy. The single positive CD band observed for 33%
regenerated PM indicated the presence of predominantly
only one chromophore per bR trimer resulting from the
even distribution of the chromophores within the mem-
brane. The 66% regenerated PM (AAO) was obtained in
a similar manner and was also monitored with UV–vis and
CD spectroscopy (note: the sucrose studies described
below utilized 33%, 50%, and fully regenerated PM). The
percentage of regeneration was confirmed by UV–vis
spectra via correlation with the fully regenerated apo-
membrane as a reference.

Preparation of Heterochromophoric Membrane Samples

ABO (bR/mc-bR, 1:1:0) was obtained by further re-
constitution of AOO (33% regenerated PM) with 0.33 equiv
of merocyanine analogue B. AAB (mc-bR/bR, 2:1) was
prepared by addition of merocyanine aldehyde B to
66% regenerated PM (AAO). ABB (mc-br/bR, 1:2) was
prepared by addition of merocyanine aldehyde B to ABO.
Other AXO and AXX heterochromophoric samples were
obtained similarly using 3-dehydroretinal (C) or 5,6-
dihydroretinal (D).

Change of the Pigment Media by a Precipitation/
Resuspension Procedure

In order to monitor the solvent-induced reversible
conformational changes for partially regenerated purple
membrane in various solutions, 2.5 ml of a suspension
of 33% regenerated PM (0.85 OD) in phosphate buffer
(pH 7.0) was concentrated to 0.9 ml using Amicon filters
(10,000 MW cutoff) and sonicated for 10 s, and the UV–vis
and CD spectra were recorded. The sample was then
spun down at 27,000 rpm, the pellet was resuspended in
50% sucrose in phosphate buffer (0.9 ml), sonicated (10 s),
and used for the second UV–vis and CD measurements.
The same 33% regenerated sample was subsequently
resuspended in the 35% sucrose (or glycerol) solution,
and the corresponding UV–vis and CD spectra were re-
corded. For each preparation, corresponding spectra were
also recorded in phosphate buffer as well in order to as-
sure the reversible character of the observed conforma-
tional changes.

RESULTS AND DISCUSSION

The experiments detailed below were designed to in-
vestigate the principal cause that leads to the bisignate CD
spectrum observed for bR in the PM. According to the
published crystal structure of the bR, the distances be-
tween the retinal molecules within the trimeric form can
allow for exciton coupling.37,38 Because the objective is to
ascertain whether the bisignate CD spectrum observed is
due to excitonic coupling between the chromophores in
the bR trimer, proper understanding of the corresponding
arguments is critical.

Exciton-coupled circular dichroism (ECCD) spectra
arise from the through-space interaction of the electric
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transition dipole moments of two or more independently
conjugated chromophores that are chirally disposed.37,38
The basic principles of the ECCD method that are directly
associated with the present discussion are as follows:

(i) The A value, i.e., the difference in Dq values of the
two extrema of an exciton split curve is inversely
proportional to R2, the square of interchromo-
phoric distances.

(ii) The A value is proportional to the square of the mo-
lecular extinction coefficient of the coupled chromo-
phores (q2).16 Chromophores with strong absorption,
such as porphyrins (Soret band lmax at 415 nm, q =
350,000 M!1 cm!1), couple at distances of >50 Å.47–49

(iii) In vicinal systems, the A value is maximal at a chro-
mophoric projection angle of ca. 70j.

(iv) In bichromophoric systems, exciton coupling occurs
even when the absorption maxima of the two chro-
mophores differ by 9,000 cm!1, as has been shown
experimentally and theoretically for the p-bromoben-
zoate (lmax 244 nm, q = 19,500 M!1 cm!1)/p-dimeth-
ylaminobenzoate system (lmax 307 nm, q = 28,500 M!1

cm!1) coupling, where the difference is ca. 8,500 cm!1.
(v) In systems containing two different chromophores,

two opposite Cotton effects appear, slightly red- and
blue-shifted from the respective maxima of the non-
interacting chromophores.

(vi) The principle of pairwise additivity holds in systems
comprising of three or more chromophores. For
example, in 130 hexapyranoses substituted with p-
bromobenzoate and p-methoxycinnamate, the ob-
served CDs are in excellent agreement with the pair-
wise summation curves.50 This is also supported by
theoretical calculations.51

In the work described herein, we plan to exploit the fact
that nondegenerate chromophores, with close lmax, can
efficiently couple through space to yield ECCD spectra.
In particular, by using homo- and heterochromophoric
reconstituted bR within membranes, we will be able to
obtain further insight as to whether the observed split CD
of the native bR is due to excitonic coupling or coincidental
overlap of two or more opposing Cotton effects.

The structural organizations of the PM and apo-
membrane are not identical.52,53 In the case of apo-
membrane (OOO), it is known that bacterio-opsin (bO)
molecules are aligned in a paracrystalline structure.8,22
Addition of all-trans-retinal triggers protein conformational
changes leading to steric complementarity and restoration
of the hexagonal crystal lattice.8,23,54,55 Recent experi-
ments using atomic force microscopy have revealed that,
although bleaching of the PM results in loss of crystal-
linity, the trimeric form is preserved.56–59 This is of
primary importance for the following experiments because
it is assumed that the trimeric form is maintained
throughout, and thus the possibility of excitonic coupling
is present in the regenerated pigments.

The regeneration of the pigment, by addition of
chromophore to bleached apo-membrane, can be moni-

tored by UV–vis and CD since the spectra reflect the
extent of the occupied binding sites.33 The early stage of
regeneration (less than 50%) is characterized by a broad
positive CE around the absorption maximum, which turns
into a bisignate CD curve, with an increasing negative
band becoming apparent after ca. 50% of the binding sites
are occupied by the chromophore (although statistical
formation of AAO and AAA is also possible upon addition
of 0.33 equiv of retinal, experiments by Ottolenghi and co-
workers suggest that filling of apo-membrane takes place
sequentially).44 The CD spectrum of the fully regenerated
PM (Fig. 3a), clearly indicates the presence of a bisignate
CD peak with a crossover point at 560 nm, in good agree-
ment with the corresponding UV–vis absorption maxi-
mum (557 nm). Because the trimeric organization is
maintained for the bleached apo-membrane,56 one could
argue that the observed CD spectrum is the result of ex-
citon coupling between the all-trans-retinal molecules
within the bR trimer.

In order to test the latter hypothesis bleached apo-
membrane was reconstituted in a stepwise fashion in the
presence of different chromophores to afford heterochro-
mophoric membrane samples. The chromophores used
(Fig. 2b) were retinal derivatives with absorption maxima
within a 100-nm range. Assuming that in the presence of
the retinal analogues, the heterochromophoric PM main-
tains a similar trimeric organization, one would expect that
these chromophores can interact with each other in space,
giving rise to a heterochromophoric ECCD spectrum.

Heterochromophoric PM samples were constructed
using limited stepwise regeneration of apo-membrane with
native all-trans-retinal, up to 33% (AOO) or 66% (AAO),
followed by appropriate reconstitution with the second
chromophore. The first series of experiments described
involve the use of the native all-trans-retinal (A), merocya-
nine dye B, and retinal analogues C and D (Fig. 2b). The
CD spectra of the fully regenerated homochromophoric
pigments with AAA and BBB are shown in Figure 3a. As
can be seen, they both exhibit a bisignate peak with the
crossover very close to the maximum absorbance of the
corresponding chromophore, f557 and 646 nm, respec-
tively. The significant difference in the CD intensity can be
attributed to the different structural arrangement of the
merocyanine chromophores in the trimeric arrangement
and/or to the different dipolar strengths. The resemblance
between the two sets of bisignate peaks obtained from
AAA and BBB supports the suggestion that both pig-
ments can assume a similar lattice membrane packing.

Formation of the partially reconstituted heterochromo-
phoric pigment ABO (66% occupancy) produced the first
indication that questions the validity of ECCD as the
source of the bisignate appearance of the CD spectra. In
this 1:1:0 heterochromophoric system, the CD spectrum
reveals the presence of two positive peaks, 544 and 642 nm,
that appear to match the UV–vis peaks of the pigment
(547 and 640 nm, respectively) in a straightforward
manner (Fig. 3b). According to ECCD rule (iv) mentioned
above, the small difference of ca. 2700 cm!1 between the
547 and 640 nm absorption maxima of A and B should
lead to efficient coupling if in fact the two chromophores
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are oriented in a manner that allows for exciton coupling.
However, the CD appears to represent simple superposi-
tion of two Cotton effects associated with two independent
chromophores. The small deviations between the UV–vis
maxima and the CD crossover wavelength, 557 versus
547 nm for chromophore A and 646 versus 640 nm for
chromophore B, could be ascribed to the difference in
binding site environments when all sites are filled as op-
posed to cases when they are only partly filled. This is also
confirmed by the fact that the lmax of pigment AAA at
557 nm (Fig. 3a) also differs from the lmax of pigment
AOO at 547 nm (Fig. 4a) in which only one-third of the
chromophoric binding sites is filled.

For a direct comparison with the fully regenerated sys-
tem (AAA), heterochromophoric fully reconstituted com-
plexes AAB and ABB were formed. Considering that, as
previously discussed, both homochromophoric fully re-
constituted complexes AAA and BBB exhibit bisignate
CD spectra, one can argue that occupancy of the third
binding site is essential for reinstating the correct confor-
mation and structure that leads to the original CD. How-
ever, for the heterochromophoric case, even when all the

binding sites are fully occupied (AAB and ABB), there is
no evidence of coupling between the two chromophores
in either case, as should be present according to ECCD
criteria (v) and (vi). Instead, it appears that both UV–vis
and CD are simple summations of the component spectra
(Fig. 3c,d). Namely, the CD of pigment AAB could be a
summation of biphasicAA andmonophasicB spectra while
the CD of pigment ABB could be a summation of mono-
phasic A and biphasic BB spectra. In view of the afore-
mentioned ECCD rules, it is concluded that no exciton-type
heterochromophoric interaction is observed between
chromophores A and B. Extrapolation of the latter data
to native PMwould suggest that the bisignate CD spectrum
is not due to EC, although it is possible that fully regen-
erated homochromophoric systems are required for at-
taining ECCD. In another words, one could argue that
heterochromophoric systems do not achieve the correct
conformation for EC, yet the homochromophoric systems
are capable of EC due to their unique conformation. The
above experiments cannot probe this possibility.

In order to directly address the latter, the CD spectra of
bR, partially and fully regenerated, were recorded under

Fig. 3. CD (top trace) and UV–vis (bottom trace) of homochromophoric and heterochromophoric bR systems recorded in 20 mM sodium
phosphate buffer, pH 7.0: (a) bR (AAA) and mc-bR (BBB); (b) ABO (bR/mc-bR/bO); (c) AAB (bR/mc-bR, 2:1); (d) ABB (bR/mc-bR, 1:2).

77CD STUDIES OF PURPLE MEMBRANE

Chirality DOI: 10.1002/chir



different conditions to investigate whether or not different
environmental factors can influence their shape. Polyhy-
dric alcohols, such as sucrose and glycerol, are known as
neutral osmotically active agents and are widely used as
protective additives in protein solutions.60–65 Although the
exact molecular mechanism of their effect on proteins and
protein assemblies is not clear, direct interactions of the
protein with the small molecules and indirect effects
mediated by the redistribution of water and lipid molecules
have both been implicated.61,62,66–71 For bR, a continuous
network of hydrogen-bound water molecules on the
extracellular side of the retinylidene chromophore as well
as on the cytoplasmic side have been identified72–74 and
confirmed by the crystal structure.11 The effects of the
osmotically active solutes on the PM structure have been
previously studied by applying an osmotic pressure that can
withdraw the aforementioned water molecules from the
protein interior, distort the protein landscape, and there-
fore, alter the local environment and the chromophore–
protein interactions.66,67

As shown in Figure 4a, a solution of 33% regenerated
pigment (A33%, AOO) in phosphate buffer, lmax 557 nm,
exhibits a monophasic positive CD at 547 nm; however,
upon centrifugation and resuspension of the precipitated
pellet in 50% sucrose, the CD undergoes a sign inversion
exhibiting a single negative CE at 592 nm (under both
conditions, the UV–vis is maintained at 561 nm; data not
shown). The CD curves in buffer and sucrose can be
reversibly interchanged upon repetition of the centrifuga-
tion/resuspension sequence, confirming reversible con-
formational changes upon solute-induced distortion. Thus,
the spectral differences observed are believed to be due to
the dramatic effect the medium exerts on the environment
of the binding site, resulting in conformational changes.

Further addition of all-trans-retinal to the A33% buffer
suspension yielded the A50% pigment. As shown in Fig. 4b,
the CD of A50% in buffer mostly consisted of a positive

peak at 543 nm, with a very small negative peak at 596 nm.
However, when the same sample was resuspended in 50%
sucrose solution, a bisignate CD resembling an exciton-
coupled system was observed. Further addition of retinal
affords pigment AAA, which maintains a bisignate curve
under both buffer and sucrose conditions (Fig. 4c). At this
point, the question remains as to why the sucrose effect
does not affect the monomers in the fully regenerated
pigment (AAA) but induces conformational changes in the
partially regenerated pigment (A33% and A50%), resulting
in significantly altered CD spectra. It is plausible, however,
that saturation of the subunits (AAA) can lead to a more
rigid species that exists in the same conformation under
both media.

Although the merocyanine aldehyde is structurally
similar to retinal, one can argue that the structural dif-
ferences can cause additional spectral differences. There-
fore, 3,4-dehydroretinal (C) and 5,6-dihydroretinal (D)
were chosen for this study as retinal analogues that can
yield red- and blue-shifted pigments, respectively. The CD
spectra of both bR AAA (Fig. 3a) and mc-bR BBB (Fig. 5a)
in buffer and sucrose are similar except for minor dif-
ferences in the crossover wavelengths, thus indicating
only minor conformational changes between the two
solutions. In contrast, the CD of the red-shifted dehydro-
pigment CCC, lmax 594 nm (Fig. 5b) in buffer is nearly
monophasic with a positive CE at 542 nm, while in sucrose
the positive CE is accompanied by a weaker negative CE
at 628 nm. This trend is more pronounced in the CD of
the blue-shifted bR analogue DDD, lmax 467 nm (Fig. 5c),
which displays a clear difference in the spectra recorded
under different conditions.46,75 Namely, in sodium phos-
phate buffer it exhibits a single positive CE at 449 nm,
whereas in sucrose it exhibits a bisignate CD with a cross-
over at 475 nm.

When the trimeric subunits are fully occupied with the
same chromophore as in AAA, BBB, and CCC, the simi-

Fig. 4. (a) CD of 33% regenerated PM (A33%) in phosphate buffer (solid line) and the same sample transferred into 50% sucrose in phosphate buffer,
pH 7.0 (dashed trace); (b) the same for 50% regenerated and (c) fully regenerated bR.
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larity in the biphasic shape of the CD in phosphate buffer
and in 50% sucrose suggest that, in contrast to the partially
occupied A33% and A50% cases, the packed membrane
subunits lack conformational flexibility. Similar results
were obtained for the heterochromophoric ABB system,
where the presence of sucrose enhances the negative peak
resulting in a more symmetric bisignate shape (Fig. 5d).
However, the most dramatic difference was observed for
DDD, which incorporates the saturated b-ionone ring.
While in buffer the CD peak consists of exclusively posi-
tive peaks, with a major peak at 449 nm, the 50% sucrose
spectrum reveals the presence of a bisignate CD with a
negative first CE at 501 nm and a positive CE at 441 nm.
The difference in the shape of the two CD spectra can be
due to the more flexible nature of the chromophore, which
results in different ligand/binding-site interactions. The
latter result directly suggests that the apparent bisignate
CD in homochromophoric systems is not due to exciton

coupling, and that the bisignate shapes in some of the
CD spectra are due to binding site heterogeneity that is
medium- and pigment-dependent.

To exclude the possibility of exciton coupling and
further investigate the effect of the protein environment
on the spectra when the pigment is only partially regen-
erated, the CD spectra of 33% reconstituted PM (A33%)
in four different media (sodium phosphate buffer, 35% and
50% sucrose, and 50% glycerol) were recorded (Fig. 6a).
The 33% regenerated PM in phosphate buffer exhibits
positive CE, which is consistent with published results.24
The absence of any negative CE around 590 nm strongly
suggests that the amount of randomly formed fully
reconstituted PM (AAA), if any, is very low and not ob-
served by CD, thus confirming that the distribution of
retinal is even amongst the apo-membrane.

Upon examination of the latter data, it is easy to notice
that differences in the medium can induce conformational

Fig. 5. CD of homochromophoric BBB (a), CCC (b), and DDD (c) and heterochromophoric ABB (d) in 20 mM phosphate, pH 7.0 (solid line), and
50% sucrose (dashed line).
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changes leading to different CD spectra. In particular, the
spectrum of A33% recorded in 35% sucrose is significantly
different than that in 50% sucrose. Although the latter
consists of a negative peak centered at 592 nm (Fig. 6a),
suspension in more dilute sucrose (35%) leads to a bisig-
nate form. In fact, the CD in 35% sucrose of a pigment
occupying only 33% of the subunit binding capacity closely
matches that of AAA bR. The above result demonstrates
that even a single chromophore in the membrane can
exhibit a biphasic CD spectrum (Fig. 6a), which is clearly
not the result of excitonic interactions between chromo-
phores. Although the possibility exists that a 35% sucrose
solution could have forced the disproportionation of A33%

to yield some fully occupied trimers, this seems very un-
likely for large landscapes like PM patches. The spectrum
of A33% recorded at 50% glycerol also exhibits the biphasic
curve, which is significantly different from the one re-
corded in buffer. This further supports the suggestion that
different environmental interactions and/or conforma-
tional changes can induce different CD spectra for the
same chromophore, even without interaction with other
chromophores. These results strengthen arguments pro-
posing that exciton coupling is not the origin of the bi-
signate curve present in the CD spectrum of native PM.
The cumulative spectrum can be due to the superposition
of spectra of opposite signs originated from the hetero-
geneity of the protein environment within the different
monomers of the trimeric bR.

Protein–protein, protein–lipid, and protein–chromo-
phore interactions allow numerous possibilities for the
chromophores in the trimer to adopt different confor-
mations. The experimental data presented here with
partially regenerated PM in various solutes clearly
demonstrate the conformational flexibility of the chromo-
phores inside bR. This flexibility is illustrated as a solute-
induced chirality (environment-induced conformational
changes) observed as CD spectra of opposite signs and/
or shapes. The conformational heterogeneity of retinal

chromophores in the bR trimer can be explained as the
result of different protein–protein interactions.52,76 Fur-
ther evidence for heterogeneity comes from the work of
Ottolenghi and Sheves, who demonstrated this through
measuring the rate of binding of retinal with the apo-
membrane.44

In an attempt to further demonstrate that the overall CD
of bR could be due to the physical summation of Cotton
effects rather than exciton coupling, the three experimen-
tal spectra mentioned before, A33% in buffer, 50% glycerol,
and 50% sucrose were added to yield an apparent CD
curve, which closely resembles an actual experimental
AAA spectrum (Fig. 6b). The described summation oper-
ation, which has no physical meaning demonstrates that
an apparent bisignate CD curve, generated by summation
of various bR conformations can satisfactorily match the
CD of native bR.

Although we believe that the heterochromophoric ap-
proach has weakened the arguments for the presence of

Fig. 6. (a) CD of A33% in 20 mM phosphate, pH 7.0 buffer (blue), glycerol (green), 35% sucrose (red), and 50% sucrose (magenta). (b) CD of AAA in
20 mM phosphate, pH 7.0 buffer (blue), and in 50% sucrose (red). The purple trace is the physical summation of the four traces of A33% presented in (a).

Fig. 7. (a) Three all-trans-retinal chromophores as they appear in the
crystal structure of PM (trimer) with the protein removed. (b) Chro-
mophores in the PM are arranged in a positive helical orientation.
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ECCD in the native PM, one can always contemplate that
the homochromophoric systems might enjoy a confor-
mation that is ECCD active, and thus is necessarily dif-
ferent than the heterochromophorically bound membrane.
The crystal structure of the trimer could provide another
means by which the question can be probed. Figure 1a
depicts the three-dimensional structure of the PM. Strip-
ping the protein away, one is left with the disposition of
three retinal chromophores (Fig. 7). Inspection of the
helicity defined by the chromophores leads to sugges-
tion that if the observed CD spectrum for PM is due to
EC, then the expected sign will be positive. In fact, the
observed bisignate CD spectrum obtained for PM is neg-
ative and thus seems to contradict the expected CD
based on the crystal structure of the homochromophoric
system. Clearly, it can be argued that neither the crystal
structure, nor removing the protein that insulates the
chromophores is a true representation of the PM in solu-
tion. However, the latter analysis indicates that any antic-
ipated ECCD would have a sign opposite that observed
for PM.

In conclusion, the present experimental results using
PM preparations with partially or fully occupied subunits,
incorporating the same or different chromophores, in
different media, along with analysis of the trimer crystal
structure support the suggestion that the bisignate curve
present in the CD spectrum of bR is not due to inter-
chromophoric EC interactions. Our data directly support
the idea of conformational heterogeneity of the chromo-
phores in the bR in the trimer, indicating that the three
bR subunits in the trimer are not conformationally equal,
thus the bisignate CD spectrum of bR in the purple mem-
brane is a result of the superposition of the CD spectra
from variously distorted bR subunits in the trimer rather
than interchromophoric exciton-coupled interactions.
Although our results appear to agree with recently pub-
lished observations regarding the suggested heterogene-
ity of the bR trimer,44 they do not directly address the
issue of when this heterogeneity arises, namely whether
the monomers in the unoccupied OOO trimer are heter-
ogeneous or the addition of chromophore results in a het-
erogeneous AAA trimer.
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