Chapter 17
Xanthorhodopsin

Janos K. Lanyi and Sergei P. Balashov

17.1 Introduction

The extremely halophilic Archaea have acquired a capability for phototrophy based
on a single protein with an attached retinal chromophore. It captures light and
utilizes the energy gained by performing transmembrane ion transfer to generate
electrochemical gradients (Drachev et al. 1976; Michel and Oesterhelt 1980) that
are used for ATP synthesis, motility, and transport. The classical examples are
bacteriorhodopsin, the proton pump of Halobacterium salinarum (Oesterhelt and
Stoeckenius 1973), and halorhodopsin, the light driven chloride pump (Schobert and
Lanyi 1982). This type of simple energy transducer and light sensor was a very
useful “invention” early in evolution, and it has spread far beyond the halophilic
world in the form of the homologous proteorhodopsins found in the genomes of
eubacteria, inhabiting sea waters (B€ja et al. 2000, 2001; Venter et al. 2004; Gomez-
Consarnau et al. 2007) and fresh waters (Sharma et al. 2009). They are present in an
ancient Siberian permafrost (Petrovskaya et al. 2010), and were found in many
eukaryotes as well (Brown and Jung 2006). Xanthorhodopsin (Balashov et al. 2005)
was discovered in and isolated from a cultured extremely halophilic eubacterium,
Salinibacter ruber, which shares its environment with haloarchaeca (Anton et al.
2002). It was soon recognized that, besides xanthorhodopsin, its genome contains
three other retinal proteins, one homologous to halorhodopsin (Pefia et al. 2005)
and two sensory rhodopsins (Mongodin et al. 2005). Xanthorhodopsin is unique in
that it has a light-harvesting antenna in addition to retinal.

Photosynthetic systems in biology depend on specialized colored molecules that
are suitable both for collecting light and converting the absorbed electromagnetic
energy into usable forms. Because of chemical constraints, these requirements are
not always both optimally achieved, and the chromophores in reaction centers are
often supplemented by auxiliary pigments, which harvest light and funnel energy to
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the center. Chlorophyll-based photosynthesis utilizes carotenoids and other pig-
ments in large multi-chromophore protein complexes as antennae (McDermott
et al. 1995; Polivka and Frank 2010). Bacteriorhodopsin of Halobacterium
salinarum, a much simpler energy transducer, does not have such an antenna
(Oesterhelt and Stoeckenius 1973; Litvin et al. 1977) whereas xanthorhodopsin
contains a carotenoid, salinixanthin (Lutnaes et al. 2002), serving as antenna. Other
than being a dual-chromophore system (with one retinal and one carotenoid mole-
cule), this small heptahelical transmembrane protein (Balashov et al. 2005; Luecke
et al. 2008) is similar to bacteriorhodopsin and especially its eubacterial
counterparts, the proteorhodopsins (Béja et al. 2000, 2001). Much is known already
about this protein. Action spectra indicated that both chromophores participate in
driving proton transport (Balashov et al. 2005; Boichenko et al. 2006), and the
observed dependence of a tight and specific carotenoid binding on the presence of
retinal (Balashov et al. 2005, 2006; Imasheva et al. 2008) suggested their close
interaction. Recent steady-state and ultrafast spectroscopy confirmed the postulated
energy transfer from the excited state of the carotenoid to the retinal, and described
features of the excited states involved (Balashov et al. 2008; Polivka et al. 2009;
Zhu et al. 2010). The deduced geometry of the two polyene chains from spectro-
scopic data (Balashov et al. 2008) is consistent with the recently solved crystal
structure of the protein (Luecke et al. 2008), the first one for an eubacterial proton
pump. The structure revealed not only the precise location of the carotenoid antenna
but also entirely new features in architecture of the proton conducting pathways,
especially on the extracellular side where proton release takes place. It is probable
that these structural features are present in many eubacterial retinal proteins,
proteorhodopsins and other proteins homologous to xanthorhodopsin.

The genome of Salinibacter ruber and the relationship of the xanthorhodopsin
gene to other retinal proteins (Fig. 17.1a) were described (Mongodin et al. 2005).
Alignment of the amino acid sequences indicates that xanthorhodopsin has slightly
higher homology to proteorhodopsins than to bacteriorhodopsin (61 identities vs.
58, Fig. 17.1b). A xanthorhodopsin-like gene was found in an abundant coastal
ocean methylotroph that utilizes methanol and formaldehyde as sources of carbon
(Giovannoni et al. 2008). This gene forms a clade with the xanthorhodopsin of
Salinibacter ruber and the rhodopsins of cyanobacterium Gloeobacter violaceus
and the dinoflagellate Pyrosystis lunula, and homologous to several other diver-
gent organisms (Sharma et al. 2008; Imasheva et al. 2009). It appears that
xanthorhodopsin-like retinal proteins might be as widespread and numerous as
the homologous proteorhodopsins (Béja et al. 2001; Fuhrman et al. 2008).

This review examines current issues concerning xanthorhodopsin as a simple
dual-chromophore system for absorption and utilization of light. The outstanding
questions include the structure of eubacterial proton pump, the way the large
carotenoid salinixanthin (Fig. 17.2) is accommodated by the relatively small pro-
tein, the mechanism of inter-chromophore excitation energy transfer, and the
distinctive features of xanthorhodopsin in comparison with the earlier studied
bacteriorhodopsin and archaerhodopsin of the halobacteria and the proteorho-
dopsins of marine bacteria. For background material, the reader is directed to
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Fig. 17.1 (a) A likelihood phylogeny of retinal protein genes of Salinibacter ruber. Note the
distant relationship of xanthorhodopsin to the archaeal proton pump bacteriorhodopsin, and the
much greater homology to the rhodopsins of Gloeobacter violaceus. Three other genes in S. ruber,
halorhodopsin (HR) and two sensory rhodopsin-I like proteins (SRI), are nearer their archaeal
homologues and imply lateral gene transfer. From Mongodin et al. (2005). (b) Alignment of amino
acid sequences of xanthorhodopsin (XR), proteorhodopsin (PR) and bacteriorhodopsin (BR). Red,
residues conserved in all three proteins; yellow, conserved in PR and XR; purple, conserved in XR
and BR; cyan, residues involved in carotenoid binding. Top row of numbers refer to the XR
sequence; bottom row, to the BR sequence. From Luecke et al. (2008)
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Fig. 17.2 Chemical structure of carotenoid salinixanthin from the cell membrane of Salinibacter
ruber. From Lutnaes et al. (2002). An arrow around C6—C7 bond illustrates the turn of the ring in
the xanthorhodopsin binding site as shown in (Balashov et al. 2006; Luecke et al. 2008)

earlier review articles on microbial retinal proteins (Oesterhelt 1998; Spudich
and Jung 2005), bacteriorhodopsin (Balashov and Lanyi 2006; Hirai et al. 2009),
proteorhodopsins (Fuhrman et al. 2008), xanthorhodopsin (Balashov and Lanyi
2007; Lanyi and Balashov 2008) and carotenoid antennae in different photosyn-
thetic systems including xanthorhodopsin (Polivka and Frank 2010).

17.2  Action Spectrum of Xanthorhodopsin in Live
Salinibacter ruber Cells

The first evidence for involvement of salinixanthin in proton transport was from
measurements of action spectra for light-induced pH changes in vesicles produced
by sonication of Salinibacter ruber cells (Balashov et al. 2005) and oxygen
consumption in live cells (Balashov et al. 2005; Boichenko et al. 2006). The latter
approach produced an especially detailed spectrum. Illumination of Salinibacter
ruber cells causes decrease of respiration rate up to 50% (detected as increase
in steady-state oxygen content of cell suspensions) from back-pressure of the light-
induced proton electrochemical potential created by xanthorhodopsin on the elec-
tron transfer steps in the respiratory chain (Boichenko et al. 2006). Under excitation
with single flashes the change in respiration rate occurred with a 0.2 s time constant,
consistent with the turnover of the xanthorhodopsin photocycle (100-200 ms). The
action spectrum for photoinhibition of respiration in Salinibacter ruber cells at high
spectral resolution (4 nm) indicated participation of the carotenoid in proton
pumping. The high accuracy of the spectrum made it possible to deconvolute it
into two components: retinal and carotenoid (Fig. 17.3a). The derived spectrum of
the carotenoid component is particularly useful for estimations of the efficiency of
the antenna (ca. 40%), since the Salinibacter cell membrane preparations always
contain a variable fraction of carotenoid unbound to xanthorhodopsin, which
complicates determination of the exact spectrum of the bound component when
using absorption spectroscopy.

Measurements of action spectra in archacon Halorubrum sp. AIC cells
containing another proton pump, archaerhodopsin (Mukohata et al. 1991), and the
carotenoid bacterioruberin (Britton et al. 2004), showed that, unlike in xantho-
rhodopsin, in this system there is no energy transfer from bacterioruberin to retinal
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Fig. 17.3 (a) Action spectrum (1) of photoinhibition of respiration in Salinibacter ruber cells
and its retinal (2) and carotenoid (3) components. Light absorbed by the carotenoid decreases
the rate of cell respiration (as a result of back pressure from the light-induced electrochemical
proton gradient), indicating its involvement in collecting energy for the transport process.
From Boichenko et al. (2006). (b) Absorption spectra of fractions of Salinibacter ruber cell
membrane containing: 1, xanthorhodopsin with bound salinixanthin; 2, salinixanthin not bound
to xanthorhodopsin

(Boichenko et al. 2006). This finding emphasizes the uniqueness of proteins like
xanthorhodopsin, and implies that antenna function utilizing excitation energy
transfer did not emerge among the archaea but appeared later during evolution.
The function of bacterioruberin in archaecal membranes must be primarily
photoprotection and structural stability (Yoshimura and Kouyama 2008), whereas
salinixanthin has a clear energetic role, perhaps in addition to the two others.

17.3 Spectroscopic Evidence for a Specific Binding Site
for Salinixanthin and Its Interaction with Retinal

The cell membrane of Salinibacter ruber after dialysis was separated into two
fractions (Balashov et al. 2005); the lighter fraction in the supernatant was
characterized by an absorption spectrum with a maximum at 488 nm and poorly
resolved shoulders on both sides. It contained salinixanthin which accounts for
>95% of all carotenoids with a small amount of B-carotene also present (Lutnaes
et al. 2002). The heavier fraction in the pellet exhibited sharp, well resolved bands
at 522, 486 and 456 nm from the salinixanthin bound to xanthorhodopsin and a
broad retinal band with maximum at ca. 560 nm (Fig. 17.3b), bands similar to those
in the action spectrum.

Evidence for specific and rigid binding of salinixanthin in xanthorhodopsin is
from experiments in which the retinal chromophore was removed and then
reconstituted with all-frans retinal (Balashov et al. 2005, 2006). Incubation with
hydroxylamine results in cleavage of the C=N bond that connects the retinal to the
protein and elimination of the 560 nm retinal chromophore band, which shifts to
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Fig. 17.4 (a) Absorption spectra of: 1, membranes containing xanthorhodopsin; 2, after incuba-
tion with 0.2 M hydroxylamine during illumination (to hydrolyze the C=N bond and remove
retinal from the binding site). (b) Absorption changes accompanying: 1, hydrolysis of the Schiff
base with hydroxylamine (curve 2 minus 1 in panel (a)); 2, reconstitution of xanthorhodopsin with
all trans retinal. Adapted from Imasheva et al. (2008)

362 nm upon formation of the retinal oxime (Fig. 17.4). This is typical for retinal
proteins. Surprisingly, the carotenoid bands are also strongly affected (spectra 1
and 2 in Fig. 17.4a and the difference spectrum 1 in Fig. 17.4b). They become less
intense and broader than in untreated xanthorhodopsin. Addition of retinal after
treatment with hydroxylamine results in the re-formation of the C=N bond and the
reappearance of retinal protein band, accompanied by reversal of the changes in the
absorption spectrum of the carotenoid (spectrum 2 in Fig. 17.4b): the vibronic
bands become narrower and more intense as in the untreated protein. The structured
spectrum was attributed to decreased conformational heterogeneity of the carote-
noid because of restriction of the rotation of its ring around the C6—C7 bond by the
retinal protein (Balashov et al. 2006); such rotations and conformational hetero-
geneity are typical for similar compounds with conjugated rings (Christensen and
Kohler 1973; Buchecker and Noack 1995). The conjugated keto group is known to
eliminate the vibronic structure of carotenoid spectra (Britton 1995), but it can be
at least partially recovered in nonpolar solvents where interaction with carboxyl
oxygen are minimized, and in frozen solvents where intramolecular motions are
reduced (Ke et al. 1970).

The restoration of the well resolved structure of the carotenoid spectrum by
insertion of the retinal into its binding site occurs before (and even in the absence
of) formation of the protonated Schiff base, as experiments with retinal analogs
indicate (Imasheva et al. 2008). In reconstitution experiments, the 13-desmethyl
retinal analogue as well as the analogue with a “locked” C13=C14 bond, forms
the protonated Schiff base linkage much more slowly than retinal (Imasheva et al.
2008). This provided the opportunity to observe carotenoid changes at various
stages of retinal binding. When immobilization of the salinixanthin keto ring is
followed by measuring the development of its highly structured bands, it is found to
occur earlier than the appearance of the 560 nm band of the protonated Schiff base
as retinal analogues with slower reconstitution rates are used. Thus, the carotenoid
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is “re-bound” (assumes its twisted and immobilized conformation) in its specific
site even before the covalent bond to a lysine via a Schiff base is formed (Imasheva
et al. 2008; Smolensky and Sheves 2009).This implicates the retinal chain and
ionone ring in the interaction with the carotenoid, as was recently confirmed by
X-ray crystal structure (Luecke et al. 2008), see below. When reconstitution is with
retinol, which cannot form a Schiff base, the carotenoid exhibits spectral changes
similar to those when retinal is added. This provides further evidence that restric-
tion of conformational heterogeneity of the carotenoid is through steric interaction
with the retinal, as the retinal enters the binding site.

Salinixanthin in an organic solvent does not exhibit optical activity in the visible
(a Cotton effect), but when bound it becomes chiral, as detected by circular dich-
roism (CD) (Balashov et al. 2006). Thus, the native xanthorhodopsin complex has
an asymmetric conformation. Like the structured absorption spectrum, the bands of
the CD spectrum are controlled by the retinal. Hydrolysis of the retinal Schiff base
with hydroxylamine and the ensuing removal of retinal from the binding site
abolish optical activity (Balashov et al. 2006). This shows that in the native state
the retinal is responsible for forcing the antenna into an asymmetric conformation.
Analogies with other carotenoids (Buchecker and Noack 1995) suggest that this
involves a turn of its ring moiety (Balashov et al. 2006). Part of the CD spectrum
is likely to be from electronic interactions of the conjugated systems in the two
chromophores, as in the light harvesting complexes of photosynthetic bacteria
(Georgakopoulou et al. 2004).

Independent evidence for close interaction of the carotenoid antenna with the
retinal chromophore was obtained in studies of spectral changes that accompany the
photocycle reactions. Formation of the K intermediate causes a small (1-2 nm) blue
shift of the carotenoid spectrum (Balashov et al. 2005) which might originate from
changes in either electrostatic field or steric interaction with the ionone ring of
retinal (see below). At a later time in the cycle, the carotenoid exhibits a different
type of transient change, which can be described as a broadening of the spectrum
from increased freedom for bond rotations, i.e., loosening of the binding site
(Balashov et al. 2005).

The carotenoid antenna can be selectively oxidized with ammonium persulfate
with relatively little effect on the retinal absorption spectrum and photocycle
kinetics. The latter exhibits only a small decrease in the photocycle turn-on
(Imasheva et al. 2011).

17.4 Xanthorhodopsin as a Proteorhodopsin Homologue:
Similarities in the pK, of the Counterion and the
Photocycle

Proton pumps depend on the reversible protonation and deprotonation of groups
inside the protein and at its surface, and thus their proton affinities are of interest,
especially that of the counterion to the protonated retinal Schiff base. The pK, of the
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counterion of xanthorhodopsin is lower value in detergent (Imasheva et al. 2006),
more like that in proteorhodopsin, pK, 7.5 (Dioumaev et al. 2003; Imasheva et al.
2004) than in bacteriorhodopsin, pK, 2.6 (Balashov et al. 1996) or archaerhodopsin,
pK. 3.5 (Ming et al. 2006). In the latter microbial retinal proteins the pK, of the
counterion can be easily determined by a large (30-40 nm) red shift of retinal
absorption band at low pH. Surprisingly, in xanthorhodopsin there is only a small
(3 nm) red shift between pH 2 and 12 (Imasheva et al. 2006). A similarly small shift
was observed for the highly homologous Gloeobacter thodopsin (Miranda et al.
2009). The pH dependence of the yield of the M photointermediate, another
indication of the counterion protonation (because one of the aspartate groups in
the counterion, Asp85 in bacteriorhodopsin serves as a proton acceptor during the
photocycle), yields the same pK,. This provides independent evidence that the pK,
of the counterion in xanthorhodopsin is 6.0 in detergent (Imasheva et al. 2006). In
bacteriorhodopsin, the counterion is a pair of aspartates (Asp85 and Asp212). The
unusually small spectral shift in xanthorhodopsin indicates that the counterion in
this protein might have a different structure. This was confirmed by the crystallo-
graphic structure. It showed rotation and close interaction of Asp96 (homologous to
Asp85 in bacteriorhodopsin) with a histidine and presence of only single water at the
active site, corresponding to Wat402 in bacteriorhodopsin. The high pK, makes
xanthorhodopsin a proteorhodopsin-like proton pump, different from bacteriorho-
dopsin. Mutagenesis of proteorhodopsin indicated that the aspartate serving as a
counterion to the Schiff base interacts with histidine in this protein also (Bergo et al.
2009). Unlike the archaeal rhodopsins, the eubacterial rhodopsins do not function at
neutral or acid pH, because the counterion will not function as proton acceptor below
its pK, (Dioumaev et al. 2003).

Studies of the pH dependence of the recovery of the initial state in the photo-
cycle of xanthorhodopsin reveal two pK,’s, 6.0 and 9.3. The changes with pK, 6
reflect the two kinds of photocycles, at acidic and alkaline pH. They originate
from the protonation state of the counterion (presumably Asp96, or probably the
Asp96-His62 pair, see below). The second pK,, at 9.3, has been attributed to
the pK, of the acidic group (GlulQ7) that is the internal proton donor to the
deprotonated retinal Schiff base in the M intermediate (Imasheva et al. 2006).
It is 2 pH units higher than in bacteriorhodopsin (Balashov 2000).

Overall, the photocycle of xanthorhodopsin exhibits features more similar to
those of proteorhodopsin than bacteriorhodopsin, with proton uptake occurring
first, followed by release coincident with the last step at the end of the photocycle.
The sequence of reactions includes formation of the K, L, M, N and O like
intermediates. The kinetics at pH 8.8 can be fit with six exponentials (7.5 ps,
35 ps, 280 ps, 1.3 ms, 10 ms and 100 ms) (Balashov et al. 2005). The K to L
reaction is slower, and occurs at a higher cryogenic temperature than in bacterio-
rhodopsin, >175 K versus 130 K (Litvin et al. 1975; Lozier et al. 1975; Balashov
et al. 2005). That helped to establish the evolution of the primary photoproduct K as
at least two subsequent states, XR < Ko — Kg, where K is observed almost as
a pure species at 80 K and undergoes transition to Kg between 80 and 180 K
(Dioumaeyv et al. 2010). The two K forms are analogous to those in bacteriorhodopsin
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(Rothschild et al. 1985; Maeda et al. 2004). They differ substantially in their
HOOPs bands and water bands and most likely represent untwisting and relaxation
in the strained 13-cis retinal chromophore after its photoisomerization from the
initial all-trans in the XR — K, photoreaction.

[lumination of xanthorhodopsin at low pH (pH 3) results in formation of long-
lived photoproducts (Imasheva et al. 2006) similar to the 13-cis-states observed in
proteorhodopsin (Imasheva et al. 2004, 2005). Remarkably, the spectral bands of
the antenna carotenoid are greatly affected in these states (showing broadening and
decrease in the maximum amplitude), indicating a connection between the isomeric
state of the retinal chromophore and the carotenoid binding.

17.5 Excited States and Fluorescence of the Retinal and
the Salinixanthin Chromophores of Xanthorhodopsin:
Efficiency and Pathway of Energy Transfer

Direct evidence for excitation energy transfer from the carotenoid to the retinal was
obtained by detecting fluorescence of the retinal chromophore induced by quanta
absorbed by the carotenoid (Balashov et al. 2008). It eliminated alternative
interpretations of the action spectra, e.g., that the carotenoid is involved in proton
transfer through an unknown mechanism, or regulates in some manner the func-
tioning of retinal but without supplying the energy for the pump. Fluorescence of
the retinal can be detected from its strongly allowed 1B, " excited state (using the
Cyn, symmetry group notation), which in retinal proteins with protonated Schiff
bases is the lowest excited state, the S; state (Birge 1990). The retinal fluorescence
is weak (quantum yield ca. 2-5 x 10~*, depending on pH) but the emission from
the carotenoid is tenfold weaker (see below). The presence of the carotenoid bands
in the excitation spectrum for the retinal emission at 720 nm (Fig. 17.5) provided
the final evidence for excited-state energy transfer (Balashov et al. 2008; Lanyi
and Balashov 2008).

The excitation spectrum for the retinal emission, sampled at 720 nm, is similar to
the excitation spectrum obtained earlier for the physiological responses (Fig. 17.2),
i.e., light-induced proton transport and photoinhibition of respiration (Balashov
et al. 2005; Boichenko et al. 2006). From the comparison of the relative amplitude
of the carotenoid bands in the excitation and absorption spectra (Fig. 17.5a, spectra
1 and 2), and taking into account a small contribution from the carotenoid fluores-
cence (see below), the efficiency of energy transfer from salinixanthin to the retinal
was estimated to be 45 + 5% (Balashov et al. 2008). This was determined without
using extinction coefficients for the two chromophores. The earlier lower estimate
at 33% (Boichenko et al. 2006) was obtained with the assumption that the extinction
of the carotenoid is ca. threefold larger than that of the retinal chromophores. This
appears to be an overestimate: a more accurate ratio is about 2.5, in the range of
130,000-150,000 L/(mol cm) (Balashov et al. 2008).
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Fig.17.5 (a) Components of the excitation and absorption spectra of xanthorhodopsin, pH 5.5: 1,
carotenoid component in the absorption spectrum; 2, carotenoid component in the excitation
spectrum; 3, retinal component in the absorption and excitation spectra. (b) 1, fluorescence
spectrum of xanthorhodopsin upon excitation at 470 nm. The bands at 529 and 565 nm are from
salinixanthin emission. A broader band with maximum at 690 nm belongs to retinal fluorescence;
2, 3 and 4, Gaussian fits (components) of the salinixanthin emission from the S, excited state; 5,
their sum, approximating the short wavelength part of bound salinixanthin emission spectrum; 6,
same as 1, but after hydrolysis of the Schiff base with hydroxylamine. Both retinal component and
sharp bands of bound salinixanthin are missing from this spectrum. After Balashov et al. (2008)

The contribution of carotenoid emission to the total emission at 720 nm (where the
retinal emission was sampled) is small, as indicated by the good agreement of the
“physiological” action spectrum and the fluorescence excitation spectrum. Neverthe-
less, an estimate of the contribution from the fluorescence spectrum of carotenoid
was necessary. Detection of this emission was crucial also for determining the
mechanism and pathway of the energy transfer. Fluorescence of carotenoids with
long conjugated chains has been detected before, but only from solutions of caro-
tenoids in organic solvents. It occurs from a 1Bu+ — like state (S,), and is extremely
weak (reviewed in (Frank and Cogdell 1993; Polivka and Sundstrom 2004)).

In the xanthorhodopsin fluorescence spectrum, three sharp bands (different from
the retinal bands and the background signal) at 529, 565 and 595-605 nm were
identified as the carotenoid emission (Balashov et al. 2008). These bands (shown in
Fig. 17.5b) exhibit the features peculiar to the fluorescence from the S, excited state
of carotenoids with long conjugated chains studied in organic solvents: very low
quantum yield (4 x 107°), small Stokes shift (ca. 300 cm™ "), and an approximate
mirror-image symmetry of the absorption and fluorescence spectra. The contri-
bution of carotenoid emission to the total emission at 720 nm is less than 5%. The
quantum Yyield corresponds to a very short (ca. 70 fs) lifetime for the excited state of
bound carotenoid (Balashov et al. 2008), a value confirmed by direct time resolved
experiment following the decay of the absorption band associated with the S, to S,
transition (Polivka et al. 2009).

The energy transfer occurs from the S, excited state of the carotenoid to the S;
state of the retinal. The intense absorption bands of carotenoids are from electron
transitions from the ground S, to the S, excited state. Transition from S, to the
S, state is forbidden but the latter state is populated in internal conversion from S,.
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In the light-harvesting complexes of green plants and photosynthetic bacteria,
the carotenoid to chlorophyll energy transfer occurs from both the S, and S, excited
state levels of a carotenoid (Polivka and Sundstrom 2004). The S; level of
salinixanthin is estimated to be in the near IR region, between 750 and 850 nm
(Balashov et al. 2008). Thus, in xanthorhodopsin, the carotenoid S; level cannot
serve as a donor because it is below the S; level of the retinal at 560 nm. Energy
transfer must occur mostly from the S, excited state level of salinixanthin to the
S level of retinal (Balashov et al. 2005).

This prediction is confirmed in experiments with sodium borohydride (Balashov
et al. 2008). Reduction of the double C=N bond of the retinal Schiff base to a single
bond shifts the absorption of retinal from 560 to 360 nm, with no (or almost no)
effect on the carotenoid absorption bands because retinal remains in the binding
site. The large blue shift of the retinal band upon reduction eliminates any possibi-
lity of energy transfer since its energy level becomes much higher than that of the
carotenoid. Under these conditions there is a twofold increase in the intensity of
the carotenoid emission at 529 and 565 nm, characteristic of the S, level (Balashov
et al. 2008). This provides evidence that the S, level is the only (or the major)
source of energy for the S; state of retinal chromophores, the lowest resolved
singlet excited state (Birge and Zhang 1990).

Measurements of the spectral changes in the excited state and their dynamics on
the femtosecond time scale confirm and extend the conclusions from steady-state
spectroscopy (Polivka et al. 2009). Here also, borohydride treatment, which reduces
the retinal Schiff base C=NH" from double to single bond and shifts the absorption
maximum far to the blue but unlike the hydroxylamine treatment retains the retinal
in its binding site, affords suitable comparison of the system with and without
energy transfer. The more rapid decay of the S, state of salinixanthin when the
retinal chromophore is available as energy acceptor, 66 fs versus 110 fs, reveals the
presence of the expected additional decay channel, and yields an efficiency of ca.
40% for the energy transfer (Polivka et al. 2009). No change in the decay of the
carotenoid S; state is found (ca. 3 ps), consistent with the expectation that its level is
below the S; state of the retinal (scheme in Fig. 17.6). These results are supported
by a recent independent femtosecond study (Zhu et al. 2010).

The rate constant for the Forster resonance energy transfer is proportional to the
spectral overlap integral of carotenoid emission and retinal absorption and the
square of the coloumbic interaction (electronic coupling) of the two chromophores,
V (Scholes 2003). From the spectral and kinetic data the latter was estimated to be
in the range of 160210 cm ™' (Polivka et al. 2009), a value comparable with those
in carotenoid-bacteriochlorophyll antenna systems (Krueger et al. 1998). Theore-
tical calculations based on the crystal structure of xanthorhodopsin, that took into
account the mutual geometry of the chromophores yielded a similar estimate
(Fujimoto and Hayashi 2009).

The S, state of salinixanthin being very short-lived, the efficient energy transfer
requires close proximity of the donor to the acceptor. The efficiency of the excita-
tion energy transfer depends on the overlap integral of the donor fluorescence
and acceptor absorption and their distance. The fluorescence from the S, level of
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Fig. 17.6 Scheme of excited states of the retinal and the carotenoid chromophores of
xanthorhodopsin, the energy transfer pathway from the S, of the carotenoid to S; of retinal and
alternative relaxation processes as inferred from femtosecond time resolved absorption changes
(Polivka et al. 2009). Numbers by the arrows are time constants for the pathways of energy
conversion in xanthorhodopsin (pH 8). S* is a substrate of the S; state. T is a triplet state. The
lifetime of the S, state is 66 fs (sum of the two processes with time constants 110 and 165 fs).
Dotted vertical line separates the excited states of the retinal chromophore (to the left) and
salinixanthin antennae (to the right). From Polivka et al. (2009)

carotenoid, with maxima at 529 nm and 565 nm, optimally overlaps with the retinal
absorption with a maximum at 560 nm. Calculations using the Forster equation for
the efficiency of energy transfer and the experimentally obtained values for overlap
integrals and quantum yield of carotenoid S, fluorescence yielded the distance
between the centers of the carotenoid polyene chain and the retinal as ca. 11 A
(Balashov et al. 2008). This is a very rough estimate only, because the dimensions
of the two linear chromophores are comparable to this distance, a case that is not
described accurately by the original Forster equation.

The contribution of the salinixanthin bands to the excitation spectrum of the
retinal chromophore fluorescence strongly depends on the polarization of the exci-
tation and emission beams (Balashov et al. 2008). This means that there is
a substantial angle ( > 0°) between the transition moments of the S, — S, caro-
tenoid absorption and S; — Sy retinal fluorescence. From measurement of the
excitation anisotropy the angle was determined to be 56 £ 3° (Balashov et al.
2008), near the 46° angle between the geometric axes of the two conjugated
chains (Fig. 17.7a) determined later by X-ray diffraction (Luecke et al. 2008). The
discrepancy is most likely because of an off-axis orientation of the transition
moment, as in rhodopin (Georgakopoulou et al. 2003). The angle appears to be
a compromise between the best efficiency for energy transfer (parallel) and the
ability to collect incident light by the dual chromophore system at all angles of
polarization (perpendicular). In bacteriorhodopsin the retinal is tilted 21° from the
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Fig. 17.7 Left panel. Location of salinixanthin (orange) and retinal (magenta) in the X-ray structure
of xanthorhodopsin. (a) The extended carotenoid is tightly bound on the surface of xanthorhodopsin.
The angle between the chromophore axes is 46°. Horizontal lines indicate the approximate
boundaries of the lipid bilayer. (b) The binding pocket of the salinixanthin keto ring is formed by
Leul48, Gly156, Phe157, Thr160, Met208, and Met211, as well as the retinal -ionone ring. (¢) The
keto ring of the carotene is rotated 82° out of plane of the salinixanthin-conjugated system and is in
van der Waals distance of the retinal 3-ionone and the phenolic side chain of Tyr207. From Luecke
et al. (2008). Right panel. Comparison of bacteriorhodopsin and xanthorhodopsin. (d) A view on
bacteriorhodopsin and xanthorhodopsin from the extracellular side showing a cleft extended to the
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membrane plane. The high degree of homology of residues in the retinal binding
sites of the two proteins suggests that the retinal will be oriented similarly in
xanthorhodopsin. In this case, the carotenoid will be tilted either 13° or 55° to the
membrane normal, and the structure of the protein (Luecke et al. 2008) indicates that
the latter is the case. The tilt ensures that all but the glycoside moiety of the long and
roughly linear carotenoid is immersed in the hydrophobic region of the membrane.

17.6 Crystal Structure of Xanthorhodopsin on Carotenoid
Binding Site and Novel Features of the Eubacterial
Proton Pump

In the crystal structure (Luecke et al. 2008) the carotenoid is seen to be buried at the
protein—lipid boundary, and lies transverse against the outer surface of helix F at
a 56° angle to the membrane normal (Fig. 17.7a). Its keto ring contacts residues at
the extracellular ends of helices E and F and the B-ionone ring of the retinal, and is
rotated 82° from the plane of the methyl group of its polyene chain and therefore
from the plane of the extended nt-system (Fig. 17.7b). The keto group oxygen is not
hydrogen-bonded. Immobilization of the ring and its acutely out-of-plane orienta-
tion minimizes participation of its two double bonds in the conjugated m-system,
and explains the well-resolved vibronic bands of the bound carotenoid, the lack of
a red-shift of the bands relative to the bands in organic solvents, and the strong CD
bands in the visible region. The dependence of the carotenoid spectrum on the
retinal is explained by the fact that the retinal B-ionone ring is part of the carotenoid
binding site. The relatively rigid polyene chain is wedged in a slot on the outside of
helix F, with one side formed by the Leu194 and Leu197 side-chains and the other
by the [le205 side-chain. The carotenoid glucoside is hydrogen-bonded to the C=0
and the NH, of the amide side-chain of Asn191, as well as NH1 of Argl84.

The keto ring of the carotenoid is in the space occupied by Trp-138 in bacterio-
rhodopsin, whose bulky side-chain fixes the position of the retinal ionone ring in
that protein. In xanthorhodopsin it is replaced by a glycine, whose smaller volume
makes room for the carotenoid. Another difference is Glul41 of xanthorho-
dopsin, which is an alanine in bacteriorhodopsin but a conserved glutamate in
proteorhodopsins involved in spectral tuning (Kralj et al. 2008).

The center-to-center distance of the two chromophores is 11.7 A, i.e., about the
same as the 11 A estimate. The two polyenes may interact more intimately than
this distance predicts, however, because the retinal B-ionone ring is within van der
Waals distance of the carotenoid keto ring (Fig. 17.7c). Both rings are in contact

Fig. 17.7 (continued) retinal in xanthorhodopsin. Retinal is in pink, Arg82 and its homolog is in
blue and Asp212 is in green. (e) Active site structure in bacteriorhodopsin and xanthorhodopsin
based on high resolution crystal structures, 1.55 A for bacteriorhodopsin, 1C3W, (Luecke et al.
1999b) and 1.9 A for xanthorhodopsin, 3DLL (Luecke et al. 2008)
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with the aromatic ring of Tyr207 between them. This is unlike the crystal structure
of archaerhodopsin (Yoshimura and Kouyama 2008), the other proton pump that
contains a carotenoid, bacterioruberin, but without antenna function, where the
corresponding inter-chromophore center-to-center distance is 17 A, and the closest
approach of bacterioruberin to the retinal at 12 A. Energy transfer in that protein is
obviously excluded by the large distance between the chromophores.

Solving the X-ray structure of xanthorhodopsin defined not only the geometry
of carotenoid-retinal interaction, but provided also better understanding of the
broader question of the transport mechanism in microbial light-driven proton
pumps. Until now, a crystal structure was not available for any of the numerous
proteorhodopsins, but at this stage, because they share many common features
with xanthorhodopsin, the new structure may be considered as a model for
eubacterial rhodopsins in general. The structure helped to improve the initial
sequence alignment of xanthorhodopsin and proteorhodopsin (Balashov et al.
2005), and points to an even large homology with the latter (Fig. 17.1b).

Remarkably, in the 1.9-A resolution structure of xanthorhodopsin there are
great differences from the disposition of the main-chain of bacteriorhodopsin
(Fig. 17.7a). Helices A and G are longer by four and nine residues, respectively,
and their tilt and rotation, particularly of helix A, are considerably different. The 28
residues that comprise helix B are four residues shifted in the sequence toward the C
terminus (i.e., toward the extracellular side). In bacteriorhodopsin, the interhelical
B-C antiparallel B-sheet interacts with the D-E loop, while in xanthorhodopsin it
reorients dramatically to interact with the Arg8 peptide C=0O near the N terminus,
where it forms a three-stranded PB-sheet. As a result, the B—C loop is displaced,
by as much as 30 A, toward the periphery of the protein. This uncovers a large
cleft at the extracellular surface that extends far into the interior and brings the
aqueous interface near to functional residues that are buried in bacteriorhodopsin
(Fig. 17.7d). The absence of a hydrogen-bonded network of polar groups and water
in this region correlates with the observed lack of proton release to the extracellular
surface upon deprotonation of the retinal Schiff base in the photocycle (Luecke
et al. 2008; our unpublished results).

In bacteriorhodopsin, Wat402 receives a hydrogen-bond from the protonated
retinal Schiff base and donates hydrogen-bonds to the two anionic residues, Asp85
and Asp212 (Luecke et al. 1998). This arrangement is conserved in xanthorho-
dopsin. However, the extracellular hydrogen-bonded aqueous network is missing
entirely (Fig. 17.7e), and the single glutamate is far removed from Arg93, the
homologue of Arg82 in bacteriorhodopsin (>18 Avs.73 Ain bacteriorhodopsin).
Rearrangement of the Arg93 side-chain is unlikely to occur in the xanthorhodopsin
photocycle, because its NH1 and NH2 are both hydrogen-bonded to the peptide
carbonyl of GIn229 instead of water molecules. In bacteriorhodopsin, a pair of
glutamate residues, Glu194 and Glu204 (Brown et al. 1995; Balashov et al. 1997),
coordinates a hydrogen-bonded water network from which a proton is released to
the extracellular surface (Garczarek et al. 2005) after the retinal Schiff base is
deprotonated and the counterion is protonated in M intermediate and the side-
chain of Arg-82 moves toward the glutamate pair (Luecke et al. 1999a). As
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xanthorhodopsin, the other eubacterial pumps also contain only one of these
carboxylic acid residues, homologous to Glul194 of bacteriorhodopsin.

One of the distinguishing features of eubacterial proton pumps is that the pK, of
the primary proton acceptor is not as low as 2.6 in bacteriorhodopsin, but near 67
(see above). The origin of the increased proton affinity had been an unsolved
problem. In xanthorhodopsin, ND1 of His62 is hydrogen-bonded to OD1 of
Asp96 (Figs. 17.7e and 17.8). With a length of 2.4-2.5 A, this is a very short
hydrogen-bond that suggests that the proton is strongly shared by the imidazole ring
and the carboxylate. The aspartate—histidine complex, with an expected pK, higher
than the aspartate alone, must be thus regarded as the Schiff base counterion. The
archaeal rhodopsins do not contain this histidine. If otherwise the analogy with
bacteriorhodopsin holds, it is the anionic, rather than the neutral complex, that is
the proton acceptor of the Schiff base in the photocycle.

A histidine at this position is highly conserved in the proteorhodopsins,
making it likely that the aspartate—histidine complex is a general characteristic of
eubacterial pumps. Once protonated in the photocycle, the His62—-Asp96 complex
would be a good candidate for the origin of the proton released to the medium upon
deprotonation of the retinal Schiff base, but at neutral pH, at least, such early proton
release does not occur (Luecke et al. 2008). Asp—His pairs connected with a strong
short hydrogen bond are involved in catalysis of different reactions in many
enzymes, such as a-chymotrypsin (Cleland et al. 1998).

In the cytoplasmic region of bacteriorhodopsin, the proton donor Asp96 is in an
anhydrous environment that constitutes the hydrophobic barrier in the cytoplasmic
half of the protein (Belrhali et al. 1999; Luecke et al. 1999b). This, and the fact that
it donates a hydrogen-bond to OD1 of Thr46, raises its pK,. The aspartic acid
becomes a proton donor to the Schiff base during the photocycle only after hydra-
tion of this region that includes a hydrogen-bonded chain of four water molecules to
connect the proton donor to its acceptor (Schobert et al. 2003). In xanthorhodopsin,
as in the proteorhodopsins, these residues are replaced by a glutamic acid and
a serine. The carboxyl is hydrogen-bonded to Wat502 that connects to the peptide
carbonyl of Lys240. It appears therefore, that in xanthorhodopsin part of the
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cytoplasmic hydrogen-bonded chain of water molecules between the retinal and the
proton donor is in position favorable for proton transport already in the initial state,
which might explain accelerated reprotonation of the Schiff base in the photocycle.

17.7 Other Retinal Proteins with Light-Harvesting
Antennae: Reconstitution of Gloeobacter Rhodopsin
with Salinixanthin and Echinenone

The X-ray structure of xanthorhodopsin reveals that the 4-keto ring is in the space
created by replacement of the bulky Trpl138 of bacteriorhodopsin with a Gly
in xanthorhodopsin. This gave the clue for a search of other retinal proteins that
might contain an antenna similar to salinixanthin. Over a dozen of sequences of
retinal proteins, presumably pumps and sensors, from various groups (Alphapro-
teobacteria, Actinobacteria, Cyanobacteria, Flavobacteria and others), especially
in xanthorhodopsin clade, have Gly instead of Trp at this site (Table 17.1). To

Table 17.1 Representative list of organisms harboring genes homologous to xanthorhodopsin of
Salinibacter ruber

Accession Homology to  Key homologous

Species carrying gene homologous to XR ~ number® XR (%) residues”
Salinibacter ruber DSM 13855 YP_445623 100 HDEG
Gloeobacter violaceus PCC 7421 NP_923144 53 HDEG
Thermus aquaticus Y51MC23 ctg62 ZP_03495873 53 HDEG
Roseiflexus sp. RS-1 YP_001277280 52 HDEG
Methylophilales bacterium HTCC2181 ZP_01551538 49 HDEW
Alphaproteobacterium BAL199 EDP63929 48 HDEG
Octadecabacter antarcticus 238 ZP_ 05063020 47 HDEG
Actinobacterium MWH-EgelM2-3.D6 ACN42852 46 HDEG
“Candidatus Aquiluna rubra” ACN42850.1 45 HDEG
Fulvimarina pelagi HTCC2506 ZP_01440547 34 SNQG

Geodermatophilus obscurus DSM 43160 ZP_03889903 32 ADEG
Kineococcus radiotolerans SRS30216 EAM73404 32 SDEG

Exiguobacterium sp. AT1b YP_002885111 31 HDKG
Polaribacter sp. MED152 ZP_05108337 32 HDEG
Dokdonia donghaensis MED134 EAQ40507 31 HDEG
Polaribacter irgensii 23-P ZP 01117885 31 HDEG
Flavobacteria bacterium BAL38 ZP_01734914 29 HDEG
Psychroflexus torquis ATCC 700755 ZP_01253360 29 HDEG

“Protein sequence accession numbers obtained from NCBI using BLASTP

"Four residues homologous to H62, D96 (proton acceptor), E108 (proton donor) and G178 of
xanthorhodopsin. All sequences shown in the table except one contain glycine homologous to
Gly178 of xanthorhodopsin, which makes these proteins potential candidates for binding of
a carotenoid antenna with a keto ring similar to that in salinixanthin as shown for gloeobacter
rhodopsin (Imasheva et al. 2009)
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test that at least some of them are indeed capable of binding carotenoid antenna,
we “implanted” (reconstituted) salinixanthin into gloeobacter rhodopsin expressed
in E. coli, and showed that it transfers energy to the retinal chromophore (Imasheva
et al. 2009). Replacing the Gly with a Trp abolishes carotenoid binding, thus
confirming that accommodation of the ring is crucial for the antenna binding.
Surprisingly, minor modification of salinixanthin that involves reduction of its
4-keto C=0 group to C—OH also practically eliminates binding and energy transfer
in both Gloeobacter thodopsin (Balashov et al. 2010) and xanthorhodopsin
(Imasheva et al. 2011). This suggests the importance of the 4-keto group in the
carotenoid binding and energy transfer. This conclusion was supported by the
experiments with B-carotene and echinenone (Balashov et al. 2010). The host
organism, Gloeobacter violaceus, does not contain salinixanthin, but a simpler
carotenoid, echinenone, also with a 4-keto ring but lacking glucoside and acyl
tale, is present in addition to B-carotene and oscillol. We found that while B-
carotene does not bind, its 4-keto derivative, echinenone, does, as follows from
the characteristic changes in the absorption and CD spectra and fluorescence exci-
tation spectrum which shows echinenone bands in addition to the retinal band
(Balashov et al. 2010). This result again points to the 4-keto group as a key factor
in the binding of carotenoids in these proteins. Reconstitution with echinenone
is slower than with salinixanthin, apparently from lack of the 2’ hydroxy group
and the acyl glycoside.

17.8 Conclusions

Despite the short history of xanthorhodopsin research, it has uncovered new
features not seen before in light-driven retinal based pumps. This includes the
existence of a light-harvesting carotenoid antenna, and a structure for the proton
translocating pathways dramatically different from those in bacteriorhodopsin.
Genetic homology with many members of xanthorhodopsin clade and proteorho-
dopsins suggest that these features might be common to other numerous eubacterial
pumps and represent a considerable variation of a design of retinal-based proton
pump as has been known from bacteriorhodopsin research.
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