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Abstract
In xanthorhodopsin, a retinal protein/carotenoid complex of Salinibacter ruber, the carotenoid
salinixanthin functions as a light-harvesting antenna to supply additional excitation energy for retinal
isomerization and proton transport. Another retinal protein, archaerhodopsin, has been shown to
contain a carotenoid, bacterioruberin, but without an antenna function. We report here that the binding
site confers a chiral geometry on salinixanthin in xanthorhodopsin, and confirm that the same is true
for bacterioruberin in archaerhodopsin. Cell membranes containing these rhodopsins exhibit CD
spectra with sharp positive bands in the visible region where the carotenoids absorb, and in the case
of xanthorhodopsin a negative band at 536 nm, as well as bands in the UV. The carotenoid in ethanol
has very weak optical activity in the visible. Denaturation of the opsin upon deprotonation of the
Schiff base at pH 12.5 eliminates the induced CD bands in both proteins. In one of these proteins,
but not in the other, the carotenoid binding site depends entirely on the retinal. Hydrolysis of the
retinal Schiff base of xanthorhodopsin with hydroxylamine eliminates the induced CD bands of
salinixanthin. In contrast, hydrolysis of the Schiff base in archaerhodopsin does not abolish the CD
bands of bacterioruberin. Thus, consistent with its antenna function, the carotenoid binding site
interacts closely with the retinal only in xanthorhodopsin and this interaction is the major source of
the CD bands. In this protein, protonation of the counter-ion upon decreasing the pH from 8 to 5
causes significant changes in the CD spectrum. The observed spectral features suggest that binding
of salinixanthin in xanthorhodopsin involves the cyclohexen-one ring of the carotenoid and its
conformational heterogeneity is restricted.

Salinibacter ruber, an extremely halophilic eubacterium in hypersaline brines (1,2) contains
the carotenoid, salinixanthin (Fig. 1), responsible for the red color of the cell culture (3), and
a retinal protein, xanthorhodopsin (4). The latter is a light-driven transmembrane proton pump
like bacteriorhodopsin (5) and archaerhodopsin (6) of the archaea, proteorhodopsin of marine
bacteria (7), and leptosphaerium rhodopsin in fungi (8), and exhibits sequence homology to
these proteins (4,9). An unusual feature of xanthorhodopsin is that besides retinal it contains
bound salinixanthin, with a carotenoid/retinal stoichiometry near 1:1. Action spectra indicate
that salinixanthin serves as a light-harvesting antenna, with about 40% of quanta absorbed by
salinixanthin transferred to the retinal chromophore (4). Xanthorhodopsin therefore collects
light like chlorophyll-based photosynthetic complexes, but instead of many antenna molecules
that collectively funnel energy to the reaction center it utilizes only a single antenna in the
complex. This system provides a new perspective on how antennae function, and raised the
question (4) of how the carotenoid and the retinal could interact intimately in a heptahelical
membrane protein.
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The sharp, well-resolved bands at around 521 and 486 nm of bound salinixanthin appear in
both the absorption spectrum of the native complex and the action spectrum for proton transport
(4). Hydrolysis of the retinal Schiff base with hydroxylamine results not only in the expected
disappearance of the absorption band of the retinal chromophore near 560 nm, but also in
substantial broadening, decrease of extinction, and a small red shift of the carotenoid bands.
Upon such bleaching, the spectrum of the carotenoid becomes almost identical to that of
unbound carotenoid (4). These changes are reversed by reconstitution of the bleached complex
with retinal, indicating close and specific interaction of the retinal and the carotenoid
chromophores. This conclusion is supported by the observation of light-induced changes of
carotenoid bands during the photocycle (4). Bacteriorhodopsin does not bind carotenoids, but
another related retinal protein, archaerhodopsin, interacts with carotenoid bacterioruberin (Fig.
1) as follows from the sensitivity of the CD spectrum of cell membranes to the retinal Schiff
base cleavage in archaerhodopsin (10). Bacterioruberin however does not have an antenna
function as the action spectrum of proton pumping indicates (6). Xanthorhodopsin has not yet
been crystallized, and the recent x-ray diffraction map of archaerhodopsin contains no clear
density feature that could be modeled as a conjugated carotenoid chain (11).

Are the carotenoids bound to specific sites in xanthorhodopsin and archaerhodopsin, both small
heptahelical membrane proteins that contain a single retinal, and if so does the binding site
determine that there will be energy migration to the retinal in one rhodopsin but not the other?
Circular dichroism has been used as a sensitive tool for studying chromophore-chromophore
and chromophore-protein interactions in various proteins, including bacteriorhodopsin (12),
halorhodopsin (13,14), archaerhodopsin (10), and carotenoid/chlorophyll-protein complexes
of photosynthetic membranes (15-19). It offers the possibility to test whether the carotenoid
binds to a specific site where it can closely interact with the retinal, as implied by the
spectroscopic results with xanthorhodopsin (4) but not by the crystallographic structure of
archaerhodopsin (11).

In this study we examined the CD1 spectra of Salinibacter ruber cell membranes and
solubilized xanthorhodopsin, and compared the spectra with those of Halorubrum membranes
containing archaerhodopsin. We show that both rhodopsins exhibit substantial CD bands in
the visible wavelength region, corresponding mostly to the structured spectra of the
carotenoids, salinixanthin and bacterioruberin. Thus, both carotenoids acquire strong optical
activity in their respective retinal protein/carotenoid complexes. However, only in
xanthorhodopsin does the chirality of the bound carotenoid depend critically on the presence
of retinal, indicating a tight interaction of the two bound polyenes. We show further that in
xanthorhodopsin the CD spectrum is sensitive to the protonation state of the counter-ion to the
retinal Schiff base.

MATERIALS AND METHODS
Growth of Salinibacter ruber, isolation of cell membranes, and partial purification of
xanthorhodopsin upon solubilization in dodecylmaltoside were performed as described earlier
(4). Briefly, cell membranes were obtained by breaking the cells with dialysis in the presence
of DNAase vs. distilled water, and subsequently washing away other cell components and
culture medium in at least 7 cycles of centrifugation in water. The membranes were finally
resuspended in 100 mM NaCl, pH 8.5. Solubilization was performed in two steps. Membranes
were first washed at low concentration of dodecylmaltoside (0.01%). This partially removed
unbound carotenoid and some proteins, but did not solubilize the membranes. After that,
xanthorhodopsin was solubilized in 0.15% dodecylmaltoside in 100 mM NaCl. The solubilized
pigment was separated from the rest of the membrane by sedimentation at 250,000 g. This

1Abbreviations: CD, circular dichroism; dodecylmaltoside, n-dodecyl-α-D-maltopyranoside.
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method yielded samples with highly purified xanthorhodopsin. Salinixanthin was extracted
from cell membranes using an acetone/methanol (7:3) mixture, and purified by precipitating
phospholipids with cold acetone and removing them by centrifugation as described earlier
(3). Cell membranes containing archaerhodopsin-1 were isolated from Halorubrum sp. by
dialysis and subsequent centrifugation in a way similar to that of Salinibacter ruber
membranes. Protein identity was confirmed by sequence determination of the archaerhodopsin
gene in this organism.

Absorption and circular dichroism spectra were measured on a Shimadzu UV-1601
spectrophotometer and a Jasco J-720 spectropolarimeter, respectively. The CD spectra are
given in degree of ellipticity, θ, which is proportional to the difference in absorbance of left
and right circularly polarized light: θ = 3300° (AL-AR) (15,20). Quartz 1 mm and 4 mm
pathlength cuvettes (from Helma and Starna Cells, respectively) were used. The CD spectra
were recorded with 1 nm bandwidth resolution, and in 0.5 nm steps at 20°C. Typically 25 scans
were averaged. Absorbance of the samples at the most intense carotenoid 487 nm band was
0.5-0.6. The CD spectra were corrected for the baseline distortion by subtracting reference
spectra of the corresponding buffers or solvent. Absorption spectra were corrected for light
scattering.

RESULTS
Complex CD spectra of xanthorhodopsin and archaerhodopsin, dominated by carotenoid
bands

Fig. 2A (spectrum 1) shows the absorption spectrum of cell membranes of Salinibacter
ruber with a high xanthorhodopsin content. The characteristic spectral signature of this protein
is a shoulder at 560 nm from the broad retinal band and well-resolved sharp maxima from the
bound salinixanthin at 519 and 487 nm. At shorter wavelengths an additional, smaller
salinixanthin band at 320 nm is present. The CD spectrum of this sample (Fig. 2B, spectrum
1) exhibits a number of sharp positive and negative bands in the visible range, at 535 (−), 513
(+), 480 (+) and 455 nm (+). The large UV features are likely to originate mostly from the
retinal chromophore and aromatic residues in the protein.

Cell membranes prepared from a Salinibacter culture which produced 3-fold less
xanthorhodopsin exhibited an absorption spectrum with much less resolved bands from the
excess, not bound, carotenoid. The CD spectrum was similar but had correspondingly smaller
amplitude (not shown). This, as well as the positions of the band maxima, implies that the
source of the CD bands is the retinal protein/carotenoid complex, xanthorhodopsin. The CD
spectrum of solubilized Salinibacter membranes contains essentially the same bands for
xanthorhodopsin as the native membranes (e.g., see Fig 5 below), without any obvious changes
caused by the detergent except some reduction in the amplitude.

Hydrolysis of the xanthorhodopsin retinal Schiff base with hydroxylamine results in the
disappearance of the 560 nm retinal band, the appearance of absorption at 320-380 nm from
the retinal oxime, and the apparent dissociation (or loosening of binding) of salinixanthin in
the complex (4), as indicated by the broadening of its bands (Fig. 2A, spectrum 2). Under these
conditions the CD bands in the visible region disappear (Fig. 2B, spectrum 2), and two bands
with much smaller amplitude appear at 490 nm (+) and 528 nm (−). The bands in the UV change
also, but less. From these observations the sharp CD bands at 513, 480 and 455 nm can be
assigned to salinixanthin bound to xanthorhodopsin. Extracted salinixanthin in ethanol shows
virtually no optical activity (Fig. 2B, spectrum 3 and (3)). The retinal chromophore contributes
mostly to the negative CD band at > 550 nm. In addition to the CD bands of the retinal and the
carotenoid, the difference CD spectrum produced by reaction with hydroxylamine exhibits a
band in the UV with a maximum at 279 nm and a shoulder at 295 nm (Fig. 2C), indicating that
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aromatic amino acids undergo chirality changes upon hydrolysis of the retinal Schiff base and
the subsequent loss of specific salinixanthin binding.

Figs. 3A and B show absorption and CD spectra for membranes containing archaerhodopsin.
As in xanthorhodopsin, the sharp absorption bands of the bacterioruberin at 543, 506 and 477
nm are superimposed on the band of the retinal chromophore near 570-580 nm (Fig. 3A,
spectrum 1). Also as in xanthorhodopsin, there are strong positive CD bands at 550, 516, and
485 nm, that correlate but do not coincide with, the carotenoid absorption bands, with a
contribution of a positive band from the retinal between 550 and 600 nm (Fig. 3B, spectrum
1). As for xanthorhodopsin, there are characteristic features in the UV as well. The main
difference between the CD spectra of the two proteins is that, when calculated for equivalent
concentrations of the proteins, the amplitudes of the bands are about 2 fold greater for
archaerhodopsin, and the negative feature at > 500 nm is absent.

The spectral changes in archaerhodopsin upon hydroxylamine bleaching of its retinal band are
in sharp contrast with those described for the xanthorhodopsin. Fig. 3A (spectra 2 and 3) shows
the progressive removal of the retinal band during the hydroxylamine treatment. Unlike the
salinixanthin bands, the well-resolved absorption bands of bacterioruberin do not broaden and
do not shift, when the Schiff base linkage with retinal is hydrolyzed. As reported earlier (10),
and confirmed here (Fig. 3B, spectrum 3), in this protein the induced carotenoid CD bands of
archaerhodopsin are somewhat affected, but largely preserved, after hydroxylamine treatment.
The difference CD spectrum between the unbleached and bleached sample in Fig. 3C contains
a large contribution from retinal at > 550 nm, as a positive rather than a negative band, but
much smaller contributions from changes in the carotenoid.

Restoration of the CD bands upon reconstitution of hydroxylamine-bleached membranes
with all-trans retinal

Addition of all-trans retinal to the Salinibacter ruber membranes, bleached with
hydroxylamine and subsequently washed from it, induces reconstitution of both the retinal
chromophore band and sharp bands of the bound salinixanthin (Fig. 4A). This is accompanied
by the appearance of the CD bands in the visible which are practically identical to those
observed in the membranes before bleaching (See Fig. 4B, curve 1). An interesting question
is whether the shape of the CD spectrum depends substantially on the fraction of reconstitution,
as was observed for bacteriorhodopsin in purple membrane. In the latter case, apparently
interaction of pigment molecules within the trimers affected the CD spectrum by adding a
bilobe component to a broad positive band (21). This feature was observed only at high
occupancy of trimers and was eliminated upon complete solubilization of the membrane in
Triton (22). It was proposed that bilobe feature might originate from exciton interaction of
molecules in trimers (21), although this explanation was later questioned for lack of evidence
for efficient energy transfer between molecules in trimers and other observations (23-25).

In analogy with bacteriorhodopsin, if xanthorhodopsin is arranged in dimers or trimers, the
shape of its CD spectrum should depend on the fraction of reconstitution. We produced partial
reconstitution, by adding 50% of the retinal needed for complete occupancy. The resulting
spectrum (curve 2 in Figure 4B) shows all the features present in the spectrum of the fully
reconstituted sample, and thus does not provide evidence for a significant contribution from a
possible supramolecular arrangement of the chromophores to the CD spectrum.

Probing the interaction between the retinal Schiff base and the carotenoid with the pH
dependence of the CD spectrum

Lowering the pH from 8.5 to 4.5 causes minor changes in the absorption spectrum of
xanthorhodopsin, which include a ca 3-5 nm red shift of the retinal chromophore band and a
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slight (ca 0.5 nm) blue shift of the carotenoid antenna absorption bands (26). These changes
are accompanied by a change of the photocycle from one that includes M (with deprotonated
retinal Schiff base) to another that does not, as in bacteriorhodopsin at low pH (27), and were
attributed (26) to protonation of the proton acceptor and counter-ion to the Schiff base
(presumably Asp83, analogous to Asp85 in bacteriorhodopsin). In the CD spectrum raising
the pH causes much more extensive changes: overall increase of the amplitude of the carotenoid
antenna bands (Fig. 5A spectra 1 to 4), with an apparent pKa 6.4, near that of the pKa of the
counter-ion (ca 6.0 in (26)), and alterations in their relative amplitude and peak positions, as
seen in the difference CD spectrum between pH 8.5 and 4.5 (Fig. 5B). The observed changes
of the peak ratio and their exact position indicates that CD spectrum is likely to be composed
of several components, which vary differently with the environment in the protein.

Raising the pH to > 12.5 causes not only a large blue-shift of the retinal absorption band from
ca. 560 nm to 372 nm from titration of the Schiff base (26), but also decrease in the extinction
and resolution of the carotenoid absorption bands analogous to those observed upon hydrolysis
of the Schiff base with hydroxylamine (26). Raising the pH to 13 results in the complete loss
of the intensity of the CD bands (Fig. 5A, spectrum 5). The same was observed for
archaerhodopsin (not shown), confirming that, like salinixanthin, bacterioruberin does not have
intrinsic optical activity in the visible. Abolition of the induced CD bands will have been caused
by either deprotonation of the retinal Schiff base or the subsequent denaturation of the opsin.
In archaerhodopsin it was possible to decide between these alternatives. Because removing the
retinal Schiff base did not abolish the optical activity of the carotenoid (Fig. 3B), but raising
the pH of a hydroxylamine-bleached archaerhodopsin sample eliminated all induced CD bands,
we can conclude that the loss of bacterioruberin chirality at high pH is from denaturation of
the opsin.

DISCUSSION
Origin of the complex CD spectra of xanthorhodopsin and archaerhodopsin

The sharp positive maxima in the CD spectrum of xanthorhodopsin resemble the absorption
maxima of salinixanthin but do not coincide with them. The same can be said about
archaerhodopsin. The intense absorption bands of carotenoids with a long chain, such as
salinixanthin (3) (11 conjugated bonds in the chain plus two in the ring) and bacterioruberin
(28) (13 conjugated bonds in the chain), in the visible range arise from transition to vibrational
sublevels of the second excited state, S2, since transition to the first singlet excited state is
prohibited for symmetry reasons (reviewed in ref. (29)). The sum of vibronic transitions to the
0, 1, 2, and 3 sublevels of the C=C and C-C stretching vibrations of the conjugated chain is
almost entirely responsible for the typical four-band carotenoid spectra of rhodopin glucoside
in the light-harvesting complex of Rhodopseudomonas acidophila (17). A similar origin for
the absorption maxima should be expected for salinixanthin and bacterioruberin. Each of these
vibrational levels will contribute to the CD spectrum.

According to a previous (3) and the present study, salinixanthin has very weak optical activity
in ethanol solution or in the membrane when not bound to a retinal protein. As we report here,
large CD bands arise only when the carotenoid is in the native rhodopsin complex, i.e., when
perturbed by the constraints of a rigid binding site as for other carotenoids in photosynthetic
membranes (30). For example, optical activity was observed for the otherwise nonchiral
lycopene and rhodopin of light-harvesting complexes of photosynthetic bacteria (17). The CD
bands in such cases will originate from interaction of the chromophore with the protein in an
asymmetric environment, or from an enforced asymmetric conformation of the carotenoid
chain. In some cases, the CD spectrum is “conservative,” and contains negative and positive
lobes resembling the first derivative of the absorption spectrum. The maxima of the
xanthorhodopsin CD bands are 5-8 nm blue-shifted relative to the absorption maxima, and very
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nearly coincident with the maxima of the first derivative of the absorption spectrum (compare
Fig. 6A, spectra 1 and 2). When this contribution is subtracted, the remaining spectrum (Fig.
6A, spectrum 3) has an overall bilobe character, with a broad positive band near 450-500 nm
(from the carotenoid) and a negative band at 550 nm (from the retinal). This bilobe might
originate from dipole interaction between salinixanthin and the retinal in xanthorhodopsin.
Such interaction is expected because the two chromophores must be very near each other in
order energy migration with quantum efficiency of ca. 40% from salinixanthin to retinal could
occur (4). This becomes clear if one takes into account that the energy transfer should occur
from the very short-lived S2 state (lifetime typically ca. 250 fs) because S1 state is expected to
be below the lowest retinal singlet excited state. The requirement for rapid transfer from S2 is
relevant also to the spectral changes which salinixanthin undergoes upon formation of the
native xanthorhodopsin complex. The narrowing of the absorption bands indicates restriction
of out of plane motions within the conjugated chain. The prime candidate for a site, which
undergoes such immobilization, is the ring. Its angular movements around the C6-C7 bond are
most likely primarily responsible for the broadening of the spectrum of unbound salinixanthin
as was found for retinal (31,32) and other carotenoids (33). If this is so, the ring and part of the
chain close to the C6-C7 bond is the site of interaction of salinixanthin with the retinal protein.
Immobilization of this part will serve two purposes: improve alignment of the two
chromophores, and increase the life time of the S2 state by lowering the rate of internal
conversion. The result is an increase in the rate and the quantum efficiency of energy transfer.
The ring is fixed not in plane of the conjugated chain but apparently at some angle to it because
a slight blue shift is observed in the absorption maximum upon formation of the complex. This
asymmetric conformation is probably one of the sources of chirality and optical activity of
bound salinixanthin. It might not be the only source (others, like an asymmetric environment)
and exciton coupling might also contribute.

Bacterioruberin does not contain a ring but exhibits a strong CD signal when it interacts with
archaerhodopsin. The CD maxima of archaerhodopsin are 7-10 nm red-shifted from the
absorption maxima, and they agree with the first derivative of the absorption spectrum as in
xanthorhodopsin but taken with a minus sign (compare the CD spectrum to the first derivative
of the absorption spectrum in Fig. 6B, spectra 1 and 2). However, when this conservative
contribution is subtracted from the CD spectrum, the spectrum that remains (Fig. 6B, spectrum
3) does not have a bilobe character. Instead, the contributions of the carotenoid and the retinal
seem to be both positive. Such dissection of the CD spectra into components raises an
interesting question: do the differences in the complex CD spectra provide evidence for exciton
exchange between carotenoid and retinal in xanthorhodopsin but not in archaerhodopsin,
consistent with the antenna function of the carotenoid in this protein only? The bilobe feature
of the CD spectrum in xanthorhodopsin is consistent with excitonic interaction, but
experiments with retinal and carotenoid analogues that affect their interaction, and calculations
when the geometry of the donor and acceptor pair become available, will be necessary to draw
a firmer conclusion.

The carotenoid binding sites appear to be specific enough in both rhodopsins to confer chirality
on the chromophores. If the carotenoids are bound inside the helical bundles their geometry
will be fully dependent on the binding site, but if they are bound to the hydrophobic surfaces
of these integral membrane proteins (11) the sites must have distinct shapes also to ensure a
fixed geometry. In the crystal structure of bacteriorhodopsin (34) the lipid chains at the protein
periphery follow the grooves formed by side-chains of the protein. Importantly, however, the
sites differ in the two rhodopsins we examine here. The abolition of the CD bands upon removal
of the retinal Schiff base by hydroxylamine bleaching indicates close retinal-carotenoid
interaction in xanthorhodopsin, but this is not so in archaerhodopsin. The results are thus
consistent with the earlier finding of antenna function in the former (4), but not the latter,
complex as earlier (10) and our unpublished data indicate.
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Electrostatic effects of the retinal Schiff base region on bound salinixanthin
The spatial relationship of retinal and salinixanthin in xanthorhodopsin is not yet clear, but an
obvious question is if the retinal Schiff base – counter-ion dipole is near enough to the
carotenoid to affect it. Indeed, we find that, protonation of the Schiff base counter-ion decreases
considerably the overall amplitude of the CD spectrum (Fig. 5A). This indicates that the charge
state of the counter-ion is a major factor in determining the interaction of the retinal protein
with the carotenoid antenna. In spite of the large decrease in the amplitude of the CD spectrum
at low pH, there are only minor effects on the absorption spectrum, with the carotenoid maxima
undergoing very small blue-shifts without substantial change of the resolution of the vibronic
bands (26). The latter is mostly determined by steric factors restricting movements of the chain
and particularly the ring. Thus the effect of the protonation of the counter-ion on the CD
spectrum must be for electrostatic rather than steric reasons.

In conclusion, the CD spectrum of xanthorhodopsin and its changes upon retinal chromophore
hydrolysis and protonation of counter-ion provides evidence for tight interaction of the
carotenoid antenna with the retinal. This kind of interaction is not present in archaerhodopsin
in which no energy transfer from carotenoid to the retinal takes place.
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Figure 1.
Chemical structures of: salinixanthin (3) and bacterioruberin (28).
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Figure 2.
Absorption (A) and CD (B) spectra of xanthorhodopsin. Spectrum 1, suspension of Salinibacter
ruber cell membranes containing xanthorhodopsin in 100 mM NaCl, pH 8.5; spectrum 2, after
illumination at >550 nm for 3 hours in the presence of 200 mM hydroxylamine and 10 mg/ml
of bovine serum albumin. Spectrum 3, salinixanthin in ethanol. C. Difference CD spectrum
between unbleached and bleached cell membranes containing xanthorhodopsin: spectrum 1
minus spectrum 2 in Figure 1 B.
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Figure 3.
Absorption (A) and CD (B) spectra of archaerhodopsin. Spectra 1 through 3, initial spectrum
of Halorubrum sp. membranes at pH 7.5 and after illumination for 2 and 9 hrs at >550 nm in
the presence of 200 mM hydroxylamine and 10 mg/ml of bovine serum albumin, respectively.
After 9 hrs of illumination (spectrum 3) the absorption band of the retinal chromophore
decreased to less than 10% of initial value, as indicated by lowered absorption at 600 nm and
laser flash induced absorption changes (not shown). C. Difference CD spectrum: spectrum 1
minus spectrum 3 in Fig. 2B.
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Figure 4.
A. Absorption changes observed upon reconstitution with all-trans retinal the Salinibacter
ruber membranes bleached with hydroxylamine. Curve 1 through 7, spectra taken 2, 6, 10, 20,
30, 50, 90 min after addition of retinal. B. CD spectra of reconstituted membranes: 1, 100%
reconstitution; 2, 50% reconstitution.
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Figure 5.
pH dependence of the CD spectrum of xanthorhodopsin. A. Purified xanthorhodopsin
solubilized in 0.15% dodecylmaltoside at pH 4.5, 5.9, 6.7, 8.5, and 12.8, in spectra 1 through
5, respectively. B. Difference spectrum “pH 8.5 minus pH 4.5” (spectrum 4 minus spectrum 1
in Fig. 5A).
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Figure 6.
Decomposition of the CD spectra of xanthorhodopsin (A) and archaerhodopsin (B) to
conservative and non-conservative components. The former was approximated by the first
derivative of the absorption spectrum. A. Spectrum 1, CD spectrum of xanthorhodopsin
solubilized in 0.15% dodecylmaltoside at pH 8.5; spectrum 2, first derivative of the absorption
spectrum dA/dλ, multiplied by λ2 (λ2dA/dλ = − dA/dν) and scaled to fit the amplitude of main
peaks in the CD spectrum; spectrum 3, the difference “spectrum 1 minus spectrum 2”. B.
Spectrum 1, CD spectrum of cell membranes containing archaerhodopsin; spectrum 2, first
derivative multiplied by −λ2; spectrum 3, “spectrum 1 minus spectrum 2”.
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