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ABSTRACT. In xanthorhodopsin, a retinal proteticarotenoid complex dbalinibacter ruberthe carotenoid
salinixanthin functions as a light-harvesting antenna in supplying 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 region. The carotenoid in ethanol has very weak optical
activity in the visible region of the spectrum. 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 counterion with a decrease in 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
cyclohexenone ring of the carotenoid and its conformational heterogeneity is restricted.

Salinibacter rubey an extremely halophilic eubacterium OH
in hypersaline brines1( 2), contains the carotenoid salin- WV\MW Qe
ixanthin (Figure 1), responsible for the red color of the cell \z’%

[¢) Salinixanthin
culture @), and a retinal protein, xanthorhodops#).(The
latter is a light-driven transmembrane proton pump like
bacteriorhodopsirng) and archaerhodopsi6)(of the archaea,
proteorhodopsin of marine bacterig,(and leptosphaerium
rhodopsin in fungi 8 and is homologous in sequence to
these proteins4( 9). An unusual feature of xanthorhodopsin
is that besides retinal it contains bound salinixanthin, with a
carotenoid:retinal stoichiometry near 1:1. Action spectra ) o ) )
indicate that salinixanthin serves as a light-harvesting EII’(I.S.ILE)ZI; &:esc):hemlcal structures of salinixanthiB)(and bacteri-
antenna, with~40% of the quanta absorbed by salinixanthin '

transferred to the retinal chromopho#. (Xanthorhodopsin, o the native complex and the action spectrum for proton
therefore, collects light like chlorophyll-based photosynthetic transport 4). Hydrolysis of the retinal Schiff base with

complexes, but instead of many antenna molecules thatpyqyoxylamine results not only in the expected disappearance
collectlv_ely funnel energy to the react|on_ center, it ut|I|z_es of the absorption band of the retinal chromophore near 560
only a single antenna in the complex. This system provides 1yt also in substantial broadening, a decrease in the
a new perspective on how antennae function and raised theytinction coefficient, and a small red shift of the carotenoid
question 4) of how the carotenoid and the retinal could pangs. when such bleaching occurs, the spectrum of the
interact intimately in a heptahelical membrane protein.  c416tenoid becomes almost identical to that of unbound
The sharp, well-resolved bands at around 521 and 486 NM¢4gtenoid 4). These changes are reversed by reconstitution
of bound salinixanthin appear in both the absorption spectrum ¢ the pleached complex with retinal, indicating close and
specific interaction of the retinal and the carotenoid chro-
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with carotenoid bacterioruberin (Figure 1) which follows mixture and purified by precipitating phospholipids with cold
from the sensitivity of the CBbspectrum of cell membranes acetone and removing them by centrifugation as described
to the retinal Schiff base cleavage in archaerhododn ( previously 8). Cell membranes containing archaerhodopsin-1
Bacterioruberin, however, does not have an antenna functionwere isolated fromHalorubrumsp. by dialysis and subse-
as the action spectrum of proton pumping indicates (  quent centrifugation in a way similar to that &. ruber
Xanthorhodopsin has not yet been crystallized, and the receninembranes. Protein identity was confirmed by sequence
X-ray diffraction map of archaerhodopsin contains no clear determination of the archaerhodopsin gene in this organism.

density feature that could be modeled as a conjugated Absorption and circular dichroism spectra were recorded
carotenoid chainX(1). on a Shimadzu UV-1601 spectrophotometer and a Jasco
Are the carotenoids bound to specific sites in xanthor- J-720 spectropolarimeter, respectively. The CD spectra are
hodopsin and archaerhodopsin, both small heptahelicalgiven in degrees of ellipticityd, which is proportional to
membrane proteins that contain a single retinal, and if so, the difference in absorbance of left and right circularly
does the binding site determine that there will be energy polarized light p = 3300 (AL — Ar) (15, 20)]. Quartz 1
migration to the retinal in one rhodopsin but not the other? and 4 mm path length cuvettes (from Helma and Starna cells,
Circular dichroism has been used as a sensitive tool for respectively) were used. The CD spectra were recorded with
studying chromophorechromophore and chromophetre a 1 nm bandwidth resolution, and in 0.5 nm steps at@0
protein interactions in various proteins, including bacterio- Typically, 25 scans were averaged. The absorbance of the
rhodopsin 12), halorhodopsini3, 14), archaerhodopsiri(), samples at the most intense carotenoid 487 nm band was
and carotenoid/chlorophyfiprotein complexes of photosyn- 0.5-0.6. The CD spectra were corrected for the baseline
thetic membranesl6—19). It offers the possibility of testing  distortion by subtracting reference spectra of the correspond-
whether the carotenoid binds to a specific site where it can ing buffers or solvent. Absorption spectra were corrected for
closely interact with the retinal, as implied by the spectro- light scattering.
scopic results with xanthorhodopsid) (but not by the
crystallographic structure of archaerhodopsif)( RESULTS

In this study, we examine the CD spectrafrubercell
membranes and solubilized xanthorhodopsin and comparey,
the spectra with those éfalorubrummembranes containing
archaerhodopsin. We show that both rhodopsins exhibit
substantial CD bands in the visible wavelength region,
corresponding mostly to the structured spectra of the caro-
tenoids salinixanthin and bacterioruberin. Thus, both caro-
tenoids acquire strong optical activity in their respective
retinal protein-carotenoid complexes. However, only in

Complex CD Spectra of Xanthorhodopsin and Archaer-
odopsin, Dominated by Carotenoid Bandsigure 2A
(spectrum 1) shows the absorption spectrum of cell mem-
branes ofS. ruberwith 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 salinix-

horhodonsin d he chiralitv of the bound i anthin band at 320 nm is present. The CD spectrum of this
xanthorhodopsin does the chirality of the bound carotenol sample (Figure 2B, spectrum 1) exhibits a number of sharp

_depend.critically on the presence of retinal, indicating a tight positive and negative bands in the visible range, at 535 (
interaction of the two bound polyenes. We show further that 513 (+), 480 (), and 455 nm ). The large UV features

In >t<antr:_orho?c3[psnf'1trt]he CDt specttrum IS '?enlsglvre]:_ﬁt% the are likely to originate mostly from the retinal chromophore
protonation state of the counterion to the retinal Schiff base. ;4 aromatic residues in the protein.

MATERIALS AND METHODS C_eII membranes prepared from %Iiniba_ctercu_ltyre
which produced 3-fold less xanthorhodopsin exhibited an
Growth of S. ruber isolation of cell membranes, and absorption spectrum with much less resolved bands from the
partial purification of xanthorhodopsin upon solubilization excess, not bound, carotenoid. The CD spectrum was similar
in dodecylmaltoside were performed as described previouslybut had a correspondingly smaller amplitude (not shown).
(4). Briefly, cell membranes were obtained by breaking the This, as well as the positions of the band maxima, implies
cells with dialysis in the presence of DNAase versus distilled that the source of the CD bands is the retinal protein
water and subsequently washing away other cell componentscarotenoid complex, xanthorhodopsin. The CD spectrum of
and culture medium in at least seven cycles of centrifugation solubilizedSalinibactermembranes contains essentially the
in water. The membranes were finally resuspended in 100same bands for xanthorhodopsin as the native membranes
mM NacCl (pH 8.5). Solubilization was performed in two (e.g., see Figure 5 below), without any obvious changes
steps. Membranes were first washed at low concentrationscaused by the detergent except some reduction in the
of dodecylmaltoside (0.01%). This partially removed un- amplitude.
bound carotenoid and some proteins but did not solubilize  Hydrolysis of the xanthorhodopsin retinal Schiff base with
the membranes. After that, xanthorhodopsin was solubilized hydroxylamine results in the disappearance of the 560 nm
in 0.15% dodecylmaltoside in 100 mM NaCl. The solubilized retinal band, the appearance of absorption a8 nm
pigment was separated from the rest of the membrane byfrom the retinal oxime, and the apparent dissociation (or
sedimentation at 250080This method yielded samples with  |oosening of binding) of salinixanthin in the complef)(
highly purified xanthorhodopsin. Salinixanthin was extracted as indicated by the broadening of its bands (Figure 2A,
from cell membranes using an acetone/methanol (7:3) spectrum 2). Under these conditions, the CD bands in the
visible region disappear (Figure 2B, spectrum 2), and two

1 Abbreviations: CD, circular dichroism; dodecylmaltoside, bands with a much smaller amplitude appear at 490and
dodecylo-p-maltopyranoside. 528 nm (). The bands in the UV change also, but less.
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Ficure 2: Absorption (A) and CD (B) spectra of xanthorhodopsin. Ficure 3: Absorption (A) and CD (B) spectra of archaerhodopsin.
Spectrum 1 is for a suspension &. ruber cell membranes Spectra 13 are the initial spectrum dflalorubrumsp. membranes
containing xanthorhodopsin in 100 mM NaCl (pH 8.5), spectrum at pH 7.5 and the spectra after illumination for Zehh at>550
2 for a suspension after illumination at550 nm for 3 h in the nm in the presence of 200 mM hydroxylamine and 10 mg/mL of
presence of 200 mM hydroxylamine and 10 mg/mL bovine serum bovine serum albumin, respectively. After illumination for 9 h
albumin, and spectrum 3 for salinixanthin in ethanol. (C) Difference (spectrum 3), the magnitude of the absorption band of the retinal
CD spectrum between unbleached and bleached cell membraneshromophore decreased to less than 10% of initial value, as
containing xanthorhodopsin: spectrum 1 minus spectrum 2 of panelindicated by absorption decrease at 600 nm and laser flash-induced
B. absorption changes (not shown). (C) Difference CD spectrum:
spectrum 1 minus spectrum 3 of panel B.
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From these observations, the sharp CD bands at 513, 480,
and 455 nm can be assigned to salinixanthin bound to xanthorhodopsin, the sharp absorption bands of the bacte-
xanthorhodopsin. Extracted salinixanthin in ethanol exhibits rioruberin at 543, 506, and 477 nm are superimposed on the
virtually no optical activity (Figure 2B, spectrum 3, and ref band of the retinal chromophore near 5880 nm (Figure
3). The retinal chromophore contributes mostly to the 3A, spectrum 1). Also as in xanthorhodopsin, there are strong
negative CD band at550 nm. In addition to the CD bands positive CD bands at 550, 516, and 485 nm that correlate
of the retinal and the carotenoid, the difference CD spectrum but do not coincide with the carotenoid absorption bands,
produced by reaction with hydroxylamine exhibits a band with a contribution of a positive band from the retinal
in the UV with a maximum at 279 nm and a shoulder at between 550 and 600 nm (Figure 3B, spectrum 1). As for
295 nm (Figure 2C), indicating that aromatic amino acids xanthorhodopsin, there are characteristic features in the UV
undergo chirality changes upon hydrolysis of the retinal region as well. The main difference between the CD spectra
Schiff base and the subsequent loss of specific salinixanthinof the two proteins is that, when calculated for equivalent
binding. concentrations of the proteins, the amplitudes of the bands
Panels A and B of Figure 3 show absorption and CD are ~2-fold greater for archaerhodopsin and the negative
spectra for membranes containing archaerhodopsin. As infeature at>500 nm is absent.
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was observed only at a high occupancy of trimers and was
eliminated upon complete solubilization of the membrane
in Triton (22). It was proposed that the bilobe feature might
originate from exciton interaction of molecules in trimers
(21), although this explanation was later questioned for a
lack of evidence of efficient energy transfer between
molecules in trimers and other observatioB8-25).

In analogy with bacteriorhodopsin, if xanthorhodopsin is
arranged in dimers or trimers, the shape of its CD spectrum
might 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 of 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
SpectrumLowering the pH from 8.5 to 4.5 causes minor
changes in the absorption spectrum of xanthorhodopsin,
which include a ca. 35 nm red shift of the retinal
chromophore band and a slight (ca. 0.5 nm) blue shift of

Wavelength (nm) the carotenoid antenna absorption bar}.(These changes
FiIGUre 4: (A) Absorption changes observed upon reconstitution gre accompanied by a change of the photocycle from one

with all-transretinal of theS. ruber membranes bleached with : : : :
hydroxylamine. Curves 47 are spectra taken 2, 6, 10, 20, 30, 50, that includes M (with deprotonated retinal Schiff base) to

and 90 min after addition of retinal, respectively. (B) CD spectra another that does not, as in bacteriorhodopsin at lowZ¥] (

of reconstituted membranes: (1) 100% reconstitution and (2) 50% and were attributedg) to protonation of the proton acceptor

reconstitution. and counterion to the Schiff base (presumably Asp83,

analogous to Asp85 in bacteriorhodopsin). In the CD

The spectral changes in archaerhodopsin upon hydroxy-gpectrum, increasing the pH causes much more extensive

lamine bleaching of its retinal band are in sharp contrast with changes: overall increase in the amplitude of the carotenoid

those described for the xanthorhodopsin. Figure 3A (spectragnienna bands (Figure 5A, spectrad), with an apparent

2 and 3) shows the progressive removal of the retinal band k. of 6.4, near that of the iy, of the counterion [ca. 6.0

during the hydroxylamine treatment. Unlike the salini_xanthin_ (26)], and alterations in their relative amplitude and peak
bands, the well-resolved absorption bands of bacterloruberlnposmons, as seen in the difference CD spectrum between

dc_n not proac_jen and do not shift, when the thiﬁ base linkage pH 8.5 and 4.5 (Figure 5B). The observed changes of the
with retinal is hydrolyzed. As reported previousiOf and
confirmed here (Figure 3B, spectrum 3), in this protein the
induced carotenoid CD bands of archaerhodopsin are some
what affected, but largely preserved, after hydroxylamine X
treatment. The difference CD spectrum between the un- Increasing the pH te-12.5 causes not only a large blue
bleached and bleached sample in Figure 3C contains a largehift of the retinal absorption band from ca. 560 to 372 nm
contribution from retinal at-550 nm, as a positive rather ~from deprotonation of the Schiff bas2g) but also a decrease
than a negative band, but much smaller contributions from in the extinction and resolution of the carotenoid absorption
changes in the carotenoid. bands analogous to those observed upon hydrolysis of the
Restoration of the CD Bands upon Reconstitution of Schiff base with hydroxylamine2g). Increasing the pH to
Hydroxylamine-Bleached Membranes with all-trans-Retinal. 13 results in the complete loss of the intensity of the CD
Addition of alltransretinal to theS. ruber membranes, ~ bands (Figure 5A, spectrum 5). The same was observed for
bleached with hydroxylamine and subsequently washed fromarchaerhodopsin (not shown), confirming that, like salinix-
it, induces reconstitution of both the retinal chromophore anthin, bacterioruberin does not have intrinsic optical activity
band and sharp bands of the bound salinixanthin (Figure 4A).in the visible region. Abolition of the induced CD bands will
This is accompanied by the appearance of the CD bands inhave been caused by either deprotonation of the retinal Schiff
the visible which are practically identical to those observed base or the subsequent denaturation of the opsin. In archaer-
in the membranes before bleaching (see curve 1 of Figurehodopsin, it was possible to decide between these alterna-
4B). An interesting question is whether the shape of the CD tives. Because removing the retinal Schiff base did not
spectrum depends substantially on the fraction of reconstitu- abolish the optical activity of the carotenoid (Figure 3B) but
tion, as observed for bacteriorhodopsin in purple membranes.increasing the pH of a hydroxylamine-bleached archaer-
In the latter case, apparently interaction of pigment molecules hodopsin sample eliminated all induced CD bands, we can
within the trimers affected the CD spectrum by adding a conclude that the loss of bacterioruberin chirality at high pH
bilobe component to a broad positive ba@d)( This feature is caused by denaturation of the opsin.
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peak ratio and their exact position indicate that the CD
spectrum is likely to be composed of several components,
which vary differently with the environment in the protein.
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Ficure 5: pH dependence of the CD spectrum of xanthorhodopsin.
(A) Purified xanthorhodopsin solubilized in 0.15% dodecylmaltoside
atpH 4.5, 5.9, 6.7, 8.5, and 12.8 in spectreb] respectively. (B)

Difference spectrum of “pH 8.5 minus pH 4.5” (spectrum 4 minus
spectrum 1 of panel A).
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DISCUSSION

Origin of the Complex CD Spectra of Xanthorhodopsin
and ArchaerhodopsirThe sharp positive maxima in the CD
spectrum of xanthorhodopsin resemble the absorption maxim
of salinixanthin but do not coincide with them. The same

Balashov et al.
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Ficure 6: Decomposition of the CD spectra of xanthorhodopsin
(A) and archaerhodopsin (B) to conservative and nonconservative
components. The former was approximated by the first derivative
of the absorption spectrum. (A) Spectrum 1 is the CD spectrum of
xanthorhodopsin solubilized in 0.15% dodecylmaltoside at pH 8.5,
spectrum 2 the first derivative of the absorption spectrufdddl
multiplied by A2 (42 dA/dA = —dA/dv) and scaled to fit the
amplitude of main peaks in the CD spectrum, and spectrum 3 the
spectrum 1 minus spectrum 2 difference spectrum. (B) Spectrum 1
is the CD spectrum of cell membranes containing archaerhodopsin,
spectrum 2 the first derivative multiplied byA?, and spectrum 3
athe spectrum 1 minus spectrum 2 difference spectrum.
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can be said about archaerhodopsin. The intense absorptiomonchiral lycopene and rhodopin of light-harvesting com-
bands of carotenoids with a long chain, such as salinixanthin plexes of photosynthetic bacterit7. The CD bands in such

(3) (11 conjugated bonds in the chain and two in the ring)
and bacterioruberir2@) (13 conjugated bonds in the chain),
in the visible range arise from transition to vibrational

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.

sublevels of the second excited state, S2, since transition toln some cases, the CD spectrum is “conservative” and

the first singlet excited state is prohibited for symmetry
reasons (reviewed in r@D). The sum of vibronic transitions
to sublevels 683 of the G=C and C-C stretching vibrations

contains negative and positive lobes resembling the first
derivative of the absorption spectrum. The maxima of the
xanthorhodopsin CD bands are shifted&®nm to the blue

of the conjugated chain is almost entirely responsible for relative to the absorption maxima and very nearly co-incident

the typical four-band carotenoid spectra of rhodopin gluco-

side in the light-harvesting complex Bhodopseudomonas
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 repor8)and the study presented

with the maxima of the first derivative of the absorption
spectrum (compare spectra 1 and 2 of Figure 6A). When
this contribution is subtracted, the remaining spectrum
- (Figure 6A, spectrum 3) has an overall bilobe character, with
a broad positive band near 45600 nm (from the caro-
tenoid) and a negative band at 550 nm (from the retinal).
This bilobe might originate from dipole interaction between

here, salinixanthin has very weak optical activity in ethanol salinixanthin and the retinal in xanthorhodopsin. Such
solution or in the membrane when not bound to a retinal interaction is expected because the two chromophores must
protein. As we report here, large CD bands arise only when be very near each other for energy migration with a quantum
the carotenoid is in the native rhodopsin complex, i.e., when efficiency of ca. 40% from salinixanthin to retinal to occur
perturbed by the constraints of a rigid binding site as for (4). This becomes clear if one takes into account that the
other carotenoids in photosynthetic membran&®.(For energy transfer should occur from the very short lived S
example, optical activity was observed for the otherwise state (lifetime of typically 250 fs) because the Sate is
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expected to be below the lowest retinal singlet excited state.hodopsin. The results are thus consistent with the earlier
The requirement for rapid transfer from 8 relevant also  finding of antenna function in the forme#)( but not the
to the spectral changes which salinixanthin undergoes uponlatter, complex as earlierl() and our unpublished data
formation of the native xanthorhodopsin complex. The indicate.
narrowing of the absorption bands indicates restriction of  Electrostatic Effects of the Retinal Schiff Base Region on
out-of-plane motions within the conjugated chain. The prime Bound SalinixanthinThe spatial relationship of retinal and
candidate for a site which undergoes such immobilization is salinixanthin in xanthorhodopsin is not yet clear, but an
the ring. Its angular movements around the-@& bond obvious question is whether the retinal Schiff base
are most likely primarily responsible for the broadening of counterion dipole is sufficiently close to the carotenoid to
the spectrum of unbound salinixanthin as was found for affect it. Indeed, we find that protonation of the Schiff base
retinal 31, 32) and other carotenoid89). If this is so, the counterion decreases considerably the overall amplitude of
ring and part of the chain close to the €67 bond form  the CD spectrum (Figure 5A). This indicates that the charge
the site of interaction of salinixanthin with the retinal protein. state of the counterion is a major factor in determining the
Immobilization of this part will serve two purposes: improve interaction of the retinal protein with the carotenoid antenna.
alignment of the two chromophores and increase the lifetime In spite of the large decrease in the amplitude of the CD
of the $ state by lowering the rate of internal conversion. spectrum at low pH, there are only minor effects on the
The result is an increase in the rate and quantum efficiency absorption spectrum, with the carotenoid maxima undergoing
of energy transfer. The ring is fixed not in the plane of the very small blue shifts without a substantial change in the
conjugated chain but apparently at some angle to it becauseaesolution of the vibronic band£26). The latter is mostly
a slight blue shift is observed in the absorption maximum determined by steric factors restricting movements of the
upon formation of the complex. This asymmetric conforma- chain and particularly the ring. Thus, the effect of the
tion is probably one of the sources of chirality and optical protonation of the counterion on the CD spectrum must be
activity of bound salinixanthin. It might not be the only for electrostatic rather than steric reasons.
source (others, like an asymmetric environment), and exciton  |n conclusion, the CD spectrum of xanthorhodopsin and
coupling might also contribute. its changes upon retinal chromophore hydrolysis and pro-
Bacterioruberin does not contain a ring but exhibits a tonation of the counterion provide evidence of tight inter-
strong CD signal when it interacts with archaerhodopsin. The action of the carotenoid antenna with the retinal. This kind
CD maxima of archaerhodopsin are shiftedI0 nm to the  of interaction is not present in archaerhodopsin in which no

red from the absorption maxima, and they agree with the energy transfer from carotenoid to the retinal takes place.
first derivative of the absorption spectrum as in xanthor-
hodopsin but taken with a minus sign (compare the CD ACKNOWLEDGMENT

spectrum to the first derivative of the absorption spectrum . .
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in Figure 6B, spectra 1 and 2). However, when this Halorub i haerhodonsi 4 Jennif
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