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Abstract

The recent discovery of a carotenoid light-harvesting antenna in xanthorhodopsin, a retinal-based
proton pump in Salinibacter ruber, made use of photoinhibition of respiration in whole cells to obtain
action spectra [Balashov et al. Science 309, (2005) 2061-2064]. Here we provide further details of
this phenomenon, and compare action spectra in three different systems where carotenoids have
different functions or efficiencies of light-harvesting. The kinetics of light-induced inhibition of
respiration in Salinibacter ruber was determined with single short flashes, and the photochemical
cross section of the photoreaction was estimated. These measurements confirm that the
xanthorhodopsin complex includes no more than a few, and most likely only one, carotenoid
molecule, which is far less than the core complex antenna of photosynthetic bacteria. Although the
total cross-section of light absorption in the purple bacterium Rhodospirillum rubrum greatly exceeds
that in Salinibacter, the cross-sections are roughly equivalent in the shared wavelength range. We
show further that despite interaction of bacterioruberin with archaerhodopsin, another retinal-based
proton pump, there is no significant energy transfer from this carotenoid. This emphasizes the
uniqueness of the salinixanthin-retinal interaction in xanthorhodopsin, and indicates that
bacterioruberin in Halorubrum species has a structural or photoprotective rather than energetic role.
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1. Introduction

The evolution and the diversity of life on Earth depend critically on the activity of
photosynthetic organisms to convert solar energy flux, in the 350-1000 nm range, into
biochemically usable form. There are two known mechanisms for light-energy transduction,
driven by either a) (bacterio)chlorophyll photooxidation followed by transmembrane electron
transfer and in its secondary events proton transfer in photosynthetic organisms, or b) retinal
photoisomerization followed by transmembrane proton [1] or chloride [2] transport. These
light-energy transducing membrane systems are different in their general design. The (bacterio)
chlorophyll-based photosystems contain a supramolecular organization of the photosynthetic
units, with specialized reaction centers and antennas of tens to hundreds of light-harvesting
chromophores [3,4]. In contrast, the retinal-based complexes operate as functionally
independent monochromophoric [5-7], or bichromophoric in the case of S. ruber [8], units. In
contemporary aquatic and terrestrial ecosystems, the dominating groups are the oxygen
evolving cyanobacteria, algae, and higher plants. The anoxygenic photosynthetic bacteria, and
particularly cells utilizing light-energy with retinal based ion-pumps, were thought to occupy
mostly other ecological niches, with extreme environmental conditions. Recent findings have
shown, however, that the latter are abundant also in the oceans [9-11], and their retinal proteins
have energetic functions not only in archaea and bacteria but potentially also in some
eukaryotes [12]. It appears, therefore, that competition for solar energy has given rise to a
variety of light-harvesting pigments, in all ecosystems [4].

The energy-transducing membranes of microorganisms that contain both respiratory and
photosynthetic systems usually exhibit interdependence of the two functions, via feedback
regulation mechanisms. Although the details of these mechanisms in many cases are not well
established, analysis of light-induced modulation of partial reactions of the energy-transducing
systems, particularly O, gas exchange, has provided valuable information about the structural
and functional organization of the relevant photosynthetic complexes in situ [13]. In the case
of the archaeon Halobacterium salinarum, the light-induced transmembrane electrical
potential generated by bacteriorhodopsin [14,15] is responsible for photoinhibition of
respiration [1,5].

Recently we reported that the cells of the extremely halophilic eubacterium Salinibacter
ruber display light-induced inhibition of respiratory O, uptake rates [8], similarly to species
containing either a retinal-based light driven proton pump (bacteriorhodopsin in H.
salinarum) [1,5,16] or bacteriochlorophyll-based type Il photosystems (purple bacteria
[17-19]) or chlorophyll-based photosystem | (cyanobacteria [20-22] and algae [23,24]). Unlike
in bacteriorhodopsin, the action spectra of the photoprocess in S. ruber revealed tight energetic
coupling of a carotenoid and the retinal in the H*-pump, xanthorhodopsin [8]. The carotenoid
salinixanthin [25] is bound to this retinal protein and performs the function of light-harvesting
antenna, increasing the flow of light quanta available to energize proton transport by about 2-
fold [8]. Xanthorhodopsin exhibits substantial homology to bacteriorhodopsin and
proteorhodopsin [8], and even greater similarity to the rhodopsin of cyanobacterium
Gloeobacter violaceus [26]. Other genes in the Salinibacter genome encode a halorhodopsin-
like protein [26,27] and two sensory rhodopsins [26], but expression of only xanthorhodopsin
was detected so far [8].

In this paper, we present the results of our continuing study of the xanthorhodopsin-mediated
modulation of respiration rate, and compare it to analogous phenomena in photosynthetic
bacteria and an archaerhodopsin-containing archaeal species. The latter contains the carotenoid
bacterioruberin which interacts with the retinal protein [28], but as we report here, without
antenna function.
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2. Materials and Methods

Salinibacter ruber M31 (DSM 13855) was routinely grown in the slightly modified medium
[29] with the concentrations of salts (per L): 195 g NaCl, 49.5 g MgSOg4-7H,0, 34.6 g
MgCl,-6H,0, 1.25 g CaCl,-2H,0, 5 g KCI, 0.25 g NaHCO3, 0.625 g NaBr and 2 g of yeast
extract. The pH was adjusted to 7.0 by adding 10 N NaOH. A 400 ml culture was inoculated
with 40 ml of 7 days old starter culture, and grown at 37 °C in 2 L flasks loosely covered with
foil in an incubator shaker (Series 25, New Brunswick Scientific, NJ, USA) at 180 rpm for 2
days. Fresh medium (0.8 L) was then added to each flask 1.2 L to decrease aeration, and the
culture was grown under illumination of ~ 1 mW cm2 (400-700 nm) for another 5 days while
shaking at the same speed.

The culture of archaeon Halorubrum sp. strain Alc, isolated from the same solar salterns as
S. ruber and closely related to strains AUS-1 [28] with 99% similarity in the almost complete
(1385bp) 16S rRNA gene sequence to Halorubrum xinjiangense [30], was grown under the
same conditions. The archaerhodopsin gene [31] was identified by PCR sequencing (Laragen,
Inc., Los Angeles, CA) using primers: aR 5’ Fwd- ATGGACCCGATAGCGCTAACC and aR
3’ Rev- TCAGTCCGCGGCGGAGG.

A 2-3 day culture of the purple bacterium Rhodospirillum rubrum was grown anaerobically in
Ormerud medium at 30° C and continuous light of ~1 mW cm2 (400-900 nm).

The membranes of S. ruber and Halorubrum sp. were isolated using osmotic shock and dialysis
as described earlier [8].

Light-induced oxygen gas exchange was measured with a bare-platinum electrode as described
previously [20,33]. A sample of 20 pl cell suspension, with optical density of 0.1-0.2 at 525
nm, was placed on a 6 mm platinum disc in a groove of 0.65 mm depth, covered by cellophane
membrane forming the assay microchamber. The surrounding chamber of ~30 ml with a
reference Ag/AgCl electrode was filled up by a solution of 3.4 M NaCl, 50 mM KC1 and 50
mM Na-phosphate buffer, pH 7.0, to the level of the membrane, retaining free air-space over
its surface. The deposited cells were allowed to settle for 1-2 hours before the measurements.
The samples in the setup were illuminated by one of three kinds of light sources: a
monochromator, a “cool light” projection system through interference or cut-off filters with a
fiber-optic illuminator OVS-2 (Russia), and an 1SS-100-3M (Russia) xenon flash tube
generating 1.8 s flashes via a range of interference filters. The intensities of the light beams
on the electrode were varied by neutral density filters and measured by a calibrated
thermoelement, RTN-20S (Russia). Polarographic signals were detected by amplifier 137
(Russia) and recorded at ~0.1 s time resolution. Under typical experimental conditions, the
rate of O, uptake in the dark by 20 ul assay of S. ruber cells with the optical density of 0.1 at
522 nm was 1.0-1.5 pmoles/s. For convenience of comparison of light-induced changes of
respiration the initial dark rates were taken as 100%.

The action spectra measurements were carried out using cycles of intermittent 1 min
illumination, followed by 2-3 min dark period between two successive wavelengths at 5-10
nm intervals. The spectral half-width of the monochromatic beam was 4-12 nm. Its intensity
varied in the ranges 0.1-1 nE cm2 s’ in the spectral range of 400-900 nm. Action spectra were
corrected for a small nonlinearity in the light energy-dependent curves by estimation of the
energies at different wavelengths producing the same photochemical yields at a control
wavelength, usually at 570 nm. Correction for time-dependent changes during scanning was
routinely introduced by measuring the ratio of signals at the given wavelength versus the signal
at 570 nm. The spectra were corrected also for the spectral coefficient of light reflection by the
platinum surface through the settled cells. The relative error of spectral efficiency was <5%.
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Absorption spectra were measured on Shimadzu 1601 UV-Vis spectrophotometer.

3. Results and Discussion

3.1. Light modulation of respiration in whole cells of S. ruber under continuous illumination:
kinetics, components of the action spectra, effects of inhibitors.

Xanthorhodopsin-containing cells of S. ruber exhibit light-induced reversible decrease of O,
uptake rate (Fig. 1). Typically, the photoinhibition of respiration in S. ruber saturates at light
intensities of > 2 mW cm in the spectral range 400-600 nm, similarly to H. salinarum [5],
and the maximal depression of the O, uptake rate is 40-50% (Fig. 2). This is a 2-3 times greater
effect than in the bacteriorhodopsin-containing archaeon [5,16]. Measurements of cells with
different contents of xanthorhodopsin (as a result of variations in the culture growth conditions
or strain features) revealed that the light-saturated level of photoinhibition is less variable than
the initial slope of the light-saturation curves, which in early-harvested cultures sometimes
have a more or less marked S-like shape (data not shown). Like bacteriorhodopsin in H.
salinarum, the expression of xanthorhodopsin was stimulated by illumination and low aeration
of the culture, although a systematical study of the dependence was not done.

The wavelength dependence of the relative efficiency of monochromatic light in
photoinhibition of respiration (action spectrum) is shown in Fig. 3. It is characterized by the
band at 560 nm from the retinal, and sharper bands at 522 nm, 490 nm as well as a shoulder at
460 nm which correspond the absorption maxima of the salinixanthin. The action spectrum
almost coincides with the earlier published one [8], but this spectrum was obtained under
narrower spectral bandwidth of excitation (4 nm versus 6 nm), which slightly improved the
resolution of the carotenoid bands and the overall accuracy of the spectrum. The action
spectrum can be deconvoluted into two components, the broad band with maximum at 559 nm
from the retinal chromophore and a set of four sharp vibronic bands at 522, 489, 460 and 432
nm from the absorption spectrum of bound salinixanthin (see Figure legend for the relative
intensities and half-widths of the bands). The positions of the sharp bands coincide with the
corresponding bands in the absorption spectrum of the Salinibacter ruber cell membranes. This
coincidence indicates that light absorbed by salinixanthin is transferred to the retinal
chromophore, and used for electrogenic proton transport [8]. It should be noted that the
carotenoid bands in the action spectrum are narrower and better resolved than the bands in the
absorption spectrum of cells or cell membranes. The reason for that is that cell membranes in
most cases contain additional salinixanthin not bound to xanthorhodopsin, which exhibits
poorly resolved and substantially broader bands. Only upon binding to xanthorhodopsin does
salinixanthin exhibit a well-resolved spectrum as in the action spectrum in Fig. 3. The
amplitudes of the two main carotenoid bands in the action spectrum are roughly the same as
the amplitude of the retinal band. The extinction of salinixanthin is about 3 times larger than
that of the retinal band [8,25]. With these assumptions, the efficiency of energy transfer from
salinixanthin to the retinal chromophore can be estimated at 33%.

In experiments with metabolic inhibitors and poisons, we find that respiration in S. ruber cells
is rather resistant to cyanide, maybe at least partly from a low permeability across the cell wall.
Cyanide inhibited the dark rate by only ~20% at 10 mM concentration. It did not affect, or
even slightly increased, photoinhibition of respiration (Fig. 4A). In contrast, the rather
unspecific inhibitor of the cellular energy metabolism, ortho-phenanthroline, strongly inhibited
both the respiratory rates and the amplitude of the photoinhibition. Pretreatment of the cells
with the inhibitor of HF-ATPase, DCCD (1 hr incubation at 0.5 mM, followed by washing with
buffer), decreased both dark respiration and photoinhibition by 30-40% (Fig. 4B). There was
no reversal of the light-induced signal to yield photostimulation of respiration, as was observed
in H. salinarum [5]. In both control (see [8]) and DCCD-treated (Fig. 4B) cells, the uncoupler
of phosphorylation, CCCP, strongly suppressed the photoinhibition. This effect of CCCP
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suggests that the photoinhibition of respiration is produced by the light-induced
electrochemical proton gradient as in the haloarchaea [5] and partly in the purple bacteria
[17,18].

3.2. Flash-induced photoinhibition of respiration in S. ruber: estimation of the photochemical
cross section.

Single flashes of 2 us duration produced transient photoinhibition of respiration which arose
with half-times of ~0.2 s and decayed with ~1.2 s (Fig. 5A). These changes are also abolished
by CCCP. Presumably, the first (rise) phase corresponds mainly to a limiting step in the
generation of the proton gradient and its interaction with respiratory electron transport chain,
whereas the second (decay) phase displays apparently the kinetics of relaxation of the
photoinduced proton gradient to a dark level. Comparison of this kinetics with flash-induced
pulses of photoinhibition of respiration in the purple bacterium Rhodospirillum rubrum (Fig.
5B), measured with the same set-up and time constant of the amplifier, showed that the
photoprocess in S. ruber develops considerably slower than in the photosynthetic bacterium.
The differences in the initial kinetic phases of the species might be caused by direct competition
of the respiratory chain with the photosynthetic electron transport chain for a common pool of
electron carriers. This type of interaction of the two chains explains also why the flash-induced
photoinhibition in photosynthetic bacteria is insensitive to the uncoupler CCCP (data not
shown, cf [17,18]).

Analysis of the light-intensity dependence of the flash-induced photoinhibition can be used for
determining photochemical cross-section of the photoprocess at selected wavelengths [13,
34]. It provides a way of the estimating the size of the light-harvesting antenna. Under our
experimental conditions, the yields of photoinhibition (integral under the flash-induced kinetic
curve) per 2 us xenon flashes were not fully saturated even for white light in the spectral range
of 400-700 nm of the lamp emission. Thus, the maximum yield was roughly estimated by
extrapolating a Poissonian curve (1-exp-(col)) for white light flashes of varying energies. The
photochemical cross-sections ¢ at wavelengths of interference filters with calibrated
transmitted energy were calculated from the ratios of corresponding yields versus the maximum
yield. As shown in Fig. 6, the values of calculated photochemical cross-sections of flash-
induced photoinhibition at the selected spectral bands are well fit to the contour of the action
spectrum, which can be hence defined now as an absolute action spectrum of the photoprocess.
The cross-section of the retinal band at 560 nm (~4 A?) is 2.7 times larger than the expected
value of about 1.5 A2 for a single xanthorhodopsin molecule, i.e., the product of the absorption
cross-section ~2.4 A2 (corresponding to the extinction coefficient, 63 mM-1 cm1 [35]) and
the quantum efficiency of the photocycle (0.64 [36,37]) in bacteriorhodopsin. The higher
experimental value might indicate an arrangement of xanthorhodopsin molecules in trimeric
units in the cytoplasmic membrane of S. ruber, similarly to bacteriorhodopsin molecules in
purple membranes of H. salinarum, but with energy coupling of monomers within the trimers,
unlike in the latter [38]. However, we cannot exclude the possibility that the experimental value
is overestimated because of errors in extrapolation from a not completely saturated light-
intensity dependence.

On the other hand, the increased cross-section at 522 nm is from the additional contribution of
the antenna carotenoid, salinixanthin [8] (Fig. 6), which, as follows from the deconvolution in
Fig. 3, has a maximum cross-section equal to that of the retinal chromophore. The shape of the
action spectrum and estimated cross-sections are consistent with the conclusion that
xanthorhodopsin complex includes only a few chromophore molecules, most likely one retinal
and one carotenoid molecule as an accessory light-harvesting antenna per monomeric unit

[8].
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3.3. Comparison of energy transfer efficiency in xanthorhodopsin with other light energy
transducing complexes: light-harvesting systems of Rhodospirillum rubrum and
Halorubrum strain Alc.

In xanthorhodopsin, the effective energy migration from salinixanthin to retinal increases the
photochemical cross-section of the complex about 2-fold [8]. This will provide some advantage
to S. ruber in competition with haloarchaea for survival in the same ecological niche under
limiting light intensity, although the maximum efficiency of light-harvesting by the retinal-
based photosystems is more than one order of magnitude less compared with even the smallest
bacteriochlorophyll-based photosynthetic unit, complex of reaction center and LH1 antenna
in purple bacteria like Rhodospirillum rubrum (Fig. 7). It should be noted however that in the
spectral region of 450-650 nm the photochemical cross sections are comparable in S. ruber
and R. rubrum. In the latter species, there is a lower efficiency for energy migration from
spirilloxanthin to bacteriochlorophyll [39].

S. ruber shares its habitat, the crystallizer ponds in solar salterns, with extremely halophilic
archaea that numerically dominate in these environments [29]. Halorubrum species, in turn,
dominate the culturable fraction of archaea in crystallizer ponds [40,41], although culture-
independent methods indicate that Walsby square archaea are numerically dominant in many
hypersaline environments [42]. Our strain Halorubrum sp. Alc contains the carotenoid
bacterioruberin, and the retinal protein was identified as archaerhodopsin from the gene
sequence that indicated an amino acid sequence identical to that published earlier [31]. The
membranes isolated from this strain exhibited a CD spectrum with the characteristic bands of
bacterioruberin (data not shown) similar to those described earlier [28], confirming an earlier
result from which interaction of the bacterioruberin and archaerhodopsin was proposed [28].
Thus, a question arises about the possibility of energy transfer from bacterioruberin to the
chromophore of the interacting retinal protein. Earlier attempts to detect such process by
measuring the relative efficiency of proton transfer upon excitation at two different
wavelengths produced a negative answer [28]. Our recent results with Salinibacter ruber
stimulated us to undertake a comparative study.

As in bacteriorhodopsin-containing Halobacterium salinarum [5], photoinhibition of
respiration in the cells of Halorubrum sp. strain Alc was significantly lower than in S. ruber
(Fig. 2). Typically, the initial slope and saturation level of the light curves for photoinhbition
of respiration in the archaeon were about 6-7-fold and 3-5-fold less, compared to those in S.
ruber, respectively, despite similar dark rates of respiration in the two species. The observed
significant difference between the two species in the efficiency of modulation of respiration
by light-driven proton pumps can be caused by different proportions of various oxidases with
different sensitivities to the light-induced proton electrochemical gradient and/or by different
proton gradient generation capabilities of xanthorhodopsin and archaerhodopsin.

The action spectrum for Halorubrum sp. strain Alc (spectrum 1 in Fig. 8A) exhibits a single
maximum at 576 nm from archaerhodopsin. Unlike the action spectrum in Salinibacter
ruber (spectrum 2 in Fig. 8A), there is no significant energy transfer from the carotenoid to the
retinal chromophore of archaerhodopsin, at least in this isolate. The prominent bands of
bacterioruberin at 477, 506 and 543 nm in the absorption spectrum of Halorubrum cell
membranes (spectrum 1 in Fig. 8B) are missing in the action spectrum. The band of retinal in
the archaerhodopsin is ~16 nm red-shifted compared to that in xanthorhodopsin, whereas the
maxima of salinixanthin are close to the minima of bacterioruberin (Fig. 8B). This might
indicate specific spectral tuning of the absorption maxima of xanthorhodopsin and
archaerhodopsin in the coexisting cultures to maximize light absorption.
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4. Conclusions

Recent genomic studies have revealed a widespread and continuously widening family of
microbial type 1 rhodopsins [43], photoactive retinal-proteins with sensory or energy-
transducing functions in phylogenetically diverse species from haloarchaea [44],
proteobacteria [11,45], cyanobacteria [46], fungi [12] and algae [47]. Among the energy-
transducing light-driven proton pumps, there are a few known and rather well characterized
examples, i.e., bacteriorhodopsin and archaerhodopsin of haloarchaea and proteorhodopsin of
marine proteobacteria. With the exception of bacteriorhodopsin, the significance of these
pumps in cellular metabolism, particularly in the proteobacteria which have not been cultured,
is still poorly understood. Our earlier [8] and present study shows that analysis of light-induced
modulation of respiration [13] is a useful tool for in situ characterization of the proton pump
functioning in intact cells. It demonstrated that xanthorhodopsin of Salinibacter ruber is a
novel pigment complex combining a carotenoid antenna, salinixanthin, with the retinal proton
pump to increase light-harvesting to a broader spectral range. The light-harvesting carotenoid
of xanthorhodopsin remains to this day a unique feature in the retinal based ion pumps; perhaps
representing one of the early chromophore complexes that utilizes excitation energy transfer
for proton translocation. Despite interaction between bacterioruberin and the retinal protein
archaerhodopsin, no efficient energy transfer was found between them. This suggests that
unlike in xanthorhodopsin, the function of bacterioruberin is limited to a structural and/or
photoprotective role.
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Fig. 1.

Light-induced changes of respiratory O, uptake rates in cells of S. ruber: 1 through 5, kinetic
curves of reversible photoinhibition of respiration upon illumination with 400-650 nm of 0.1,
0.24,0.5, 0.9 and 2 mW cm2, respectively. Up and down arrows show light on and off,
respectively.
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Fig. 2.
Light-saturation curve of the photoinhibition of respiration in cells of: 1, Salinibacter ruber;
2, Halorubrum sp. strain Alc.
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Fig. 3.

A. Action spectrum of light-induced photoinhibition of respiration (PIR) in suspension of S.
ruber cells and its components: 1, action spectrum measured with a spectral half-band of 4 nm;
the amplitude was normalized to 1 at 560 nm; 2, retinal chromophore component of the action
spectrum. At L >560 nm it coincided with the action spectrum. This part can be approximated
well by a Gaussian band with maximum at 559 nm and half width of 2150 cm™L. The part of
the spectrum at A 560 nm was approximated by a spectrum of bacteriorhodopsin shifted 9 nm
to shorter wavelengths. 3, carotenoid component of the action spectrum obtained as a difference
“spectrum 1 minus spectrum 2”. This spectrum can be very well approximated by a sum of
four Gaussian bands at 522 nm (A=1.03; Avy, = 860 cm™1), 490 nm (A=1.0, Avy, = 1110
cm™1), 460 nm (A = 0.62, Avy, = 1430 cm™1), 432 nm (A = 0.17, Avy, = 1490 cm™1).
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Fig. 4.

Effects of metabolic poisons on light-induced changes of respiratory O, uptake rates in S.
ruber. A. 1, light-induced changes of respiration at 2 mW cm-2 of white light; 2, shift of dark
level and light-induced changes of respiration in the cells after addition of 10 mM KCN; 3,
after subsequent addition of 10 mM of o-phenanthroline. B. 1, light-induced changes of
respiration in control cells; 2, in the cells pretreated for 1 h with 0.5 mM DCCD; 3, and after
subsequent addition of 1 uM CCCP. The breaks in the traces A and B correspond to ~20-30
min of equilibration of O, concentration in the microchamber.
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Fig. 5.

Typical kinetic curves of a single 2 ps flash-induced O, exchange rates in S. ruber and in
photosynthetic bacteria. A. Time course of flash-induced pulse of inhibition of respiration in
cells of S. ruber grown in the standard medium. B. Normalized kinetics of flash-induced O,
exchange rates in: 1, S. ruber; 2, Rhodospirillum rubrum. The different measurements were
carried out with the same set-up at ~0.1 time constant and displayed with a logarithmic time
scale for convenience of comparison.
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Fig. 6.

Photochemical cross sections of the photoprocess of inhibition of respiration in cells of S.
ruber. 1, absolute action spectrum of photoinhibition of respiration in the cells obtained by
adjustment of the data of monochromatic light measurements with the data of estimated
photochemical cross sections from energy-saturation behavior of the flash-induced
photoprocess at several wavelengths, assigned by interference filters (open circles); 2, optical
cross section spectrum of isolated bacteriorhodopsin molecule (evaluated from [35]).
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Fig. 7.
Comparison of absolute action spectra of photoinhibition of respiration in: 1, S. ruber; 2, R.
rubrum. Note the 20-fold difference of the ordinate axis for the spectra.
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Fig. 8.

Differences of energetic coupling of carotenoids with archaerhodopsin and xanthorhodopsin.
A. Normalized action spectra of photoinhibition of respiration (PIR) in cells of: 1,
Halorubrum sp., strain Alc; 2, Salinibacter ruber. B. Absorption spectra of isolated cell
membranes of: 1, Halorubrum sp. strain Alc; 2, Salinibacter ruber.
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