
Transformation of solar energy plays a key role in the

functioning of the Earth’s biosphere. So far, two funda-

mentally different mechanisms to conserve energy of light

quanta have been discovered in living organisms: (i)

chlorophyll-containing photosynthetic complexes (pho-

tosystems), and (ii) retinal-containing proteins (such as

bacteriorhodopsin, halorhodopsin, and Na+-translocat-

ing rhodopsin). The former mechanism has higher quan-

tum yield and higher efficiency of energy conservation

compared to retinal-containing proteins. In addition, this

mechanism supplies a cell with low-potential reducing

equivalents that along with ∆
_
µH+ (ATP) are essential for

the autotrophic type of metabolism. These properties

probably allowed chlorophyll-containing photosynthetic

complexes to prevail over retinal-containing proteins in

the course of biological evolution [1].

Chlorophyll-containing photosynthetic complexes

have an additional advantage over rhodopsins. The cap-

ture of light energy by these complexes is significantly

enhanced by an array of accessory pigments (light-har-

vesting complexes or antennae), which assist harvesting

light energy over a wider spectral and polarization range

as well as greatly increase the cross-section for light

absorption [2]. Light-harvesting mechanisms seem to be

absent in the case of most rhodopsins. The absence of

antennae appears to result in the formation of such exot-

ic bacteriorhodopsin-containing structures as purple

membranes of Halobacterium salinarium that in fact rep-

resent two-dimensional crystals of bacteriorhodopsin.

However, it was recently found that a bacterio-

rhodopsin homolog from the bacterium Salinibacter ruber

M31, xanthorhodopsin, contains a tightly bound

carotenoid molecule that functions as a simple light-har-

vesting antenna [3]. Absorption of a light quantum by this

antenna results in very fast energy transfer from carotenoid

to retinal, and this energy can be further conserved by xan-

thorhodopsin in the form of ∆
_
µH+ [3, 4]. Xanthorhodopsin

uses the main carotenoid of S. ruber, salinixanthin [5], as

the antenna chromophore (the chemical structure of

salinixanthin is shown in Fig. 1). The three-dimensional

structure of xanthorhodopsin was determined by X-ray

diffraction [6]. The structure reveals that salinixanthin is

bound in xanthorhodopsin in such a way that the angle

between the axes of the polyene moiety of the carotenoid

and retinal is 46°. The ring moieties of salinixanthin and

retinal are within 5 Å of each other, and part of the retinal

β-ionone ring is in van der Waals distance of the

carotenoid keto-ring [6]. The structural analysis revealed
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amino acid residues of xanthorhodopsin involved in bind-

ing of the carotenoid antenna. Replacement of the bulky

Trp151 residue of bacteriorhodopsins (numbering is given

in accordance to bacteriorhodopsin from H. salinarium)

with the glycine residue in xanthorhodopsins (Fig. 2) plays

a critical role in carotenoid binding. This replacement

results in the formation of a hydrophobic cavity in xan-

thorhodopsin located in close proximity to the β-ionone

ring of retinal. It is this cavity that is used for binding of the

keto-ring of salinixanthin [6].

Carotenoid antenna can be removed from xan-

thorhodopsin and reconstituted in vitro by incubation of

this retinal protein with the carotenoid [7, 8]. It was

shown that the C=O group of the salinixanthin ring is

indispensable for the binding of the carotenoid by xan-

thorhodopsin. For example, salinixanthin with reduced

C=O bond, salinixanthinol, is unable to form a complex

with xanthorhodopsin on reconstitution [8, 9]. Apart

from xanthorhodopsin of S. ruber, a similar antenna-con-

taining rhodopsin from the cyanobacterium Gloeobacter

violaceus has been described. The latter protein apparent-

ly uses the keto-carotenoid echinenone as an antenna in

vivo, but in vitro it can also form a functional complex

with salinixanthin [9, 10].

Previously, various retinal-containing proteins were

found to function as light-dependent pumps of H+ or Cl–

and as light receptors (for review see [1, 11]). Recently, it

was found that one of the rhodopsins of the marine

flavobacterium Krokinobacter eikastus NBRC 100814T is

capable of light-dependent transport of Na+ from the

cytoplasm to the external medium [12]. In the absence of

Na+, this protein transfers H+ in the same direction,

albeit at a much lower rate [12]. Recently, the three-

dimensional structure of Na+-translocating rhodopsin

(NaR) from K. eikastus was determined by X-ray diffrac-

tion [13, 14]. This approach revealed a high structural

similarity of NaR with xanthorhodopsin [13, 14].

Notably, a carotenoid binding site similar to that of xan-

thorhodopsin is found in NaR [13, 14]. This site was

unoccupied in the crystallized NaR. However, as NaR

production for crystallography was carried out in

Escherichia coli cells unable to synthesize carotenoids, it

was assumed that in K. eikastus cells NaR does contain a

carotenoid antenna [13, 14].

Recently, we established that one of the rhodopsins

of the marine flavobacterium Dokdonia sp. PRO95

(GenBank accession code: AEX55013) having high simi-

larity with NaR from K. eikastus (98% identity) is a pri-

mary light-driven Na+-pump [15]. NaR from Dokdonia

sp. PRO95 contains the same amino acid residues that are

presumably involved in carotenoid antenna binding in

NaR from K. eikastus [16], including the key Trp151Gly

replacement (Fig. 2). It would be of interest to establish

whether NaR from Dokdonia sp. PRO95 contains a

carotenoid antenna as was proposed for its analog from K.

eikastus. The direct study of this question in Dokdonia sp.

PRO95 cells is hampered by a lack of developed genetics

techniques for this bacterium. Therefore, we attempted to

solve this question by reconstitution of a hypothetical

antenna of NaR from Dokdonia sp. PRO95 using

carotenoids isolated from this bacterium.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Dokdonia sp.

PRO95 and S. ruber M31 were obtained from Leibniz

Institute collection of microorganisms and cell cultures

(DSMZ). Dokdonia sp. PRO95 cells were grown at 25°C

in Difco™ Marine Broth 2216 as described previously

[16]. Salinibacter ruber cells were grown at 37°C as

described by Anton et al. [17].

Fig. 1. Chemical structures of salinixanthin and zeaxanthin.

Fig. 2. Sequence alignment of several rhodopsins. BR, bacteriorhodopsin from H. salinarium (GenBank accession code, AAA72504); XR_Sr

and XR_Gv, xanthorhodopsins from S. ruber (ABC44767) and G. violaceus (BAC88139), respectively; NaR, Na+-translocating rhodopsin

from Dokdonia sp. PRO95 (AEX55013). The position of the Trp151 residue in BR is marked by an asterisk. Amino acid residues of XR_Sr

involved in salinixanthin binding [6] as well as identical to those residues of XR_Gv and NaR are marked by black boxes.
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Purification of Na+-pumping rhodopsin. Heterologous

expression of the gene of NaR from Dokdonia sp. PRO95 in

E. coli BL21 and isolation of the recombinant 6×His-tagged

protein was performed as described previously [15].

Extraction of carotenoids. Carotenoids of Dokdonia

sp. PRO95 and S. ruber were extracted from correspon-

ding bacterial cells with acetone–methanol (7 : 3 v/v)

mixture. Phospholipids were removed from the extract by

several cycles of precipitation with cold acetone as

described previously [5]. Carotenoids of egg yolk were

purified as described by Sommerburg et al. [18].

Spectroscopy. Circular dichroism (CD) spectra were

recorded using a Chirascan CD spectrometer (Applied

Photophysics, Great Britain). Optical absorption spectra

were measured on an Agilent-8453 spectrophotometer.

The following values of extinction coefficients were used

for quantification: salinixanthin in methanol ε480nm ≈

140 mM–1·cm–1 [19], zeaxanthin in methanol ε450nm =

145 mM–1·cm–1 [20], NaR ε522nm = 33.9 mM–1·cm–1 [12].

Thin-layer chromatography (TLC). Carotenoids were

separated by means of TLC on silica gel plates (Sorbfil,

15 × 15 cm) by single development with acetone–hexane

(2 : 3 v/v).

Preparation of membrane vesicles from S. ruber cells.

Salinibacter ruber cells were disrupted by osmolysis upon

overnight dialysis against distilled water. Membranes con-

taining xanthorhodopsin were isolated as described previ-

ously [19].

RESULTS AND DISCUSSION

Carotenoid composition of Dokdonia sp. PRO95

cells. Dokdonia sp. PRO95 cells have a bright yellow color

indicative of a high carotenoid content in this bacterium.

We extracted these carotenoids by treatment of the cells

with acetone–methanol mixture, which was done twice.

It is noteworthy that after such treatment the cell pellet

became uncolored, suggesting completeness of the

extraction.

Separation of the extract using TLC resulted in a sin-

gle colored band (Rf = 0.74, data not shown) that indicates

that Dokdonia sp. PRO95 cells contain only one major

carotenoid. Figure 3 shows the electronic absorption spec-

trum of the carotenoid extract in methanol. The shape of

the spectrum and the position of its main maximum at

449 nm suggest that the extracted carotenoid is a β-

carotene derivative and has 10 conjugated double bonds

[21]. Positions of the absorption maxima (Fig. 3) as well as

the spectral fine structure III/II = 21% (A476-466/A449-466,

%) were identical to those for the earlier determined

absorption spectra of zeaxanthin [20, 21]. Furthermore,

the carotenoid isolated from Dokdonia sp. PRO95 cells had

the same mobility on TLC as the zeaxanthin purified from

egg yolk. Thus, we identified the predominant carotenoid

of Dokdonia sp. PRO95 as zeaxanthin (the chemical struc-

ture of this carotenoid is shown in Fig. 1). This conclusion

is in good agreement with results of previous analyses of

carotenoid content of different Flavobacteriia, which

revealed that zeaxanthin is the most abundant carotenoid

among species of this bacterial class [21-24].

Binding of carotenoids isolated from Dokdonia sp.

PRO95 with NaR from this bacterium studied by optical

absorption spectroscopy. It was earlier established that

xanthorhodopsins reconstitution made by incubation of

their carotenoid-free forms with salinixanthin or echi-

nenone is accompanied by a strong sharpening of the

vibronic bands in the absorption spectra of the

carotenoids [7-10]. We tested this effect on incubation of

NaR, produced heterologously and purified from E. coli

cells, with carotenoids isolated from Dokdonia sp.

PRO95. Figure 4a shows absorption spectra for NaR,

carotenoids of Dokdonia sp. PRO95, and their mixture

after one hour of incubation. As can be seen from the

inset of this figure, incubation of the carotenoids with an

excess of NaR did not result in any noticeable changes in

the carotenoid spectrum. The same results were obtained

after longer incubations with duration up to 8 h. These

data indicated that no carotenoid binding to NaR

occurred. However, it is important to note that zeaxan-

thin, the predominant carotenoid of Dokdonia sp.

PRO95, in contrast to salinixanthin, does not contain the

C=O group in the carotenoid ring (Fig. 1). Thereby, zea-

xanthin exhibits a well-structured spectrum even in a sol-

vent (Fig. 3), which can decrease the sensitivity of the

method used for the detection of NaR–zeaxanthin inter-

action. For this reason, it was important to study this

interaction by additional technique(s).

Binding of carotenoids isolated from Dokdonia sp.

PRO95 with NaR studied by chromatographic separation. To

further test the ability of NaR to bind an antenna

Fig. 3. Optical absorption spectra of carotenoids isolated from

Dokdonia sp. PRO95 (zeaxanthin, solid curve) and S. ruber (salini-

xanthin, dotted curve) in methanol. Peak labels refer to maxima of

the spectrum of the Dokdonia sp. PRO95 carotenoids.
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carotenoid, membrane vesicles from E. coli cells producing

6×His-NaR [15] were isolated and incubated for 2 h (i) with

1.5% DDM or (ii) with 1.5% DDM and a high excess of the

carotenoids from Dokdonia sp. PRO95 (at the

carotenoid/NaR molar ratio equal to 5 : 1). We purified

NaR from these two mixtures by means of affinity chro-

matography on a Ni-NTA column and compared spectral

properties of the obtained NaR preparations. As Fig. 5

makes clear, the optical absorption spectrum of NaR puri-

fied after incubation with the carotenoids was identical to

that of NaR not exposed to the carotenoids. Neither spec-

trum had peaks characteristic for the carotenoids of

Dokdonia sp. PRO95 (see Fig. 3). Thus, this technique also

indicated the inability of NaR to bind carotenoids isolated

from Dokdonia sp. PRO95. It was however possible to

assume that NaR has low affinity to carotenoids and they

are washed out from the protein during NaR purification on

the Ni-NTA column. It was therefore important to study

the NaR–carotenoid interaction by a method that does not

depend on the stability of this hypothetical complex.

Binding of carotenoids isolated from Dokdonia sp.

PRO95 with NaR studied by CD spectroscopy. Due to a

very short lifetime of the S2 exited state of carotenoids, a

close proximity between carotenoid and retinal is essen-

tial for efficient energy transfer from the former to the lat-

ter chromophore, i.e. for functioning of the carotenoid as

an antenna [3]. Accordingly, the distance between the

ring moieties of salinixanthin and retinal is <5 Å in xan-

thorhodopsin [6]. Strong excitonic coupling between

these chromophores due to such proximity can be easily

seen using CD spectroscopy. In line with this, xan-

thorhodopsin has an intense CD spectrum [7] (see also

Fig. 6, solid curve), disappearing if either salinixanthin or

retinal is removed from the protein [7, 8]. To further test

the ability of NaR to bind an antenna carotenoid, CD

spectra of NaR, carotenoids of Dokdonia sp. PRO95, as

well as their mixture after 4 h of incubation were deter-

mined. As shown in Fig. 6 (dotted curve), incubation of

NaR with the carotenoids from Dokdonia sp. PRO95 was

not accompanied by the appearance of any additional

lines in the CD spectrum. Thus, the results obtained

using CD spectroscopy also indicated the absence of a

carotenoid antenna in NaR.

Fig. 4. Interaction of NaR with carotenoids measured by optical

absorption spectroscopy. Spectra were determined in medium

containing 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 0.1%

DDM. a) Interaction of NaR with carotenoids isolated from

Dokdonia sp. PRO95. Dashed curve, spectrum of the carotenoids

(2 µM); dotted curve, spectrum of NaR (15 µM); solid curve,

spectrum of the carotenoid and NaR mixture (2 and 15 µM,

respectively) after 1 h of incubation. b) Interaction of NaR with

salinixanthin. Dashed curve, spectrum of salinixanthin

(0.86 µM); dotted curve, spectrum of NaR (5.4 µM); solid curve,

spectrum of salinixanthin and NaR mixture (0.86 and 5.4 µM,

respectively) after 1 h of incubation. Insets on panels (a) and (b)

show spectra of corresponding carotenoids before (black curves)

and after their incubation with NaR (gray curves). The latter

spectra (gray curves) were obtained by subtracting spectra of NaR

(dotted curves on the main panels) from spectra of the mixtures

(solid curves on the main panels).
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Analysis of the Dokdonia sp. PRO95 genome. In

summary, all methods used in the current study of the

NaR–zeaxanthin interaction did not support the hypoth-

esis of a carotenoid antenna in NaR [13, 14, 16] since we

were unable to detect any binding of Dokdonia sp. PRO95

carotenoids by this protein. Nevertheless, there is a possi-

bility that not zeaxanthin, but an additional, minor, and

non-extractable carotenoid presumably contained in

Dokdonia sp. PRO95 cells operates as the NaR antenna.

Genome analysis of Dokdonia sp. PRO95 reveals that

this bacterium contains a gene encoding β-carotene

15,15′-monooxygenase (GenBank accession code,

AEX55004) that is essential for retinal synthesis and

therefore for production of the active form of rhodopsin.

The Dokdonia sp. PRO95 genome also contains a gene for

β-carotene hydroxylase CrtZ (AEX55023), an enzyme

catalyzing appending of hydroxyl group(s) into β-ionone

ring(s) of β-carotene, i.e. the zeaxanthin synthesis [25],

which is in good agreement with our data for the

carotenoid content of this bacterium.

The C=O group in the carotenoid ring is known to

be essential for interaction of antennal carotenoids with

xanthorhodopsins [8, 9]. During keto-carotenoid synthe-

sis, the C=O group is appended into the β-ionone ring by

β-carotene ketolase CrtO (CrtW) [25]. Genome analysis

of Dokdonia sp. PRO95, however, reveals that this bac-

terium does not contain a gene for this enzyme, which

was noted already on the genome sequencing [16]. This

means that Dokdonia sp. PRO95 cannot contain an

endogenous carotenoid with C=O group in the

carotenoid ring, which again argues against the operation

of a carotenoid antenna in NaR of this bacterium.

Interestingly, the crtO (crtW) gene is absent not only

in Dokdonia sp. PRO95, but also in all other

Flavobacteriia with sequenced genomes. This correlates

well with previous analyses of carotenoid content of vari-

ous flavobacteria: only carotenoids with hydroxyl but not

keto-group in the carotenoid ring(s) were detected in

these microorganisms [21-24]. Thereby, not only NaR

from Dokdonia sp. PRO95, but also all other known NaRs

(as all of them were identified among different flavobac-

teria) apparently do not contain a carotenoid antenna.

Due to the high structural similarity between NaR and

xanthorhodopsin [13, 14] it is possible to assume that evo-

lutionarily NaR originated from some xanthorhodopsin.

The gene of NaR was presumably transferred into an orig-

inal flavobacterium by horizontal gene transfer, but the

crtO gene, essential for keto-carotenoids synthesis, was not

acquired during this process. Apparently, this is the reason

why NaRs of the present flavobacteria do not contain the

carotenoid antenna. It would thus be of interest to deter-

mine whether NaR from Dokdonia sp. PRO95 can form

antenna with some model keto-carotenoid even if this

carotenoid is missing in this flavobacterium.

Binding of salinixanthin by NaR from Dokdonia sp.

PRO95. Salinixanthin, a carotenoid with a C=O group in

the β-ionone ring [5], was isolated from S. ruber cells and

used as the model keto-carotenoid. It is noteworthy that

salinixanthin can operate as an antenna in the currently

studied xanthorhodopsins from S. ruber and G. violaceus

[3, 10]. As can be seen from Fig. 4b, incubation of salini-

xanthin with an excess of NaR did not result in any

changes in the absorption spectrum of this carotenoid,

indicating absence of salinixanthin binding by NaR. The

same results were obtained using CD spectroscopy. As

Fig. 6 (dashed curve) makes clear, incubation of salinix-

anthin with NaR was not accompanied by the develop-

ment of the characteristic CD spectrum comparable with

that of native xanthorhodopsin in S. ruber membranes

(Fig. 6, solid curve) and indicative of strong excitonic

coupling between salinixanthin and retinal. These results

clearly show that NaR from Dokdonia sp. PRO95 is

unable to use carotenoid with the C=O group as the

antenna, at least, such as salinixanthin. Apparently, the

prolonged evolution of NaR in bacteria unable to synthe-

size keto-carotenoids resulted in the accumulation of

mutations that prevented binding of these chromophores.

Our results indicate that NaR from Dokdonia sp.

PRO95 is unable to bind carotenoids in spite of structural

similarity of NaR to antenna-containing xan-

thorhodopsin. Due to very short lifetime of the S2 exited

state of carotenoids [3], for efficient energy transfer from

carotenoid to retinal close proximity (<5 Å) between these

Fig. 6. Interaction of NaR with carotenoids measured by CD spec-

troscopy. Spectra were determined in medium containing 20 mM

Tris-HCl (pH 8.0), 100 mM NaCl, and 0.1% DDM. Dotted curve,

alteration in CD spectra of NaR and carotenoids of Dokdonia sp.

PRO95 after their mixing and joint incubation for 4 h. Dashed

curve, alteration in CD spectra of NaR and salinixanthin after

their mixing and incubation for 4 h. The curves were obtained by

subtracting from the spectrum of NaR and carotenoid mixture (at

11-µM concentration of both components) the individual spectra

of NaR and corresponding carotenoid. Solid curve (positive con-

trol), CD spectrum of xanthorhodopsin in membrane vesicles of S.

ruber, normalized to 11-µM xanthorhodopsin concentration.
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chromophores is required [26]. Since no binding provid-

ing such proximity was detected, we conclude that NaR

from Dokdonia sp. PRO95 and possibly the other

flavobacterial NaRs do not contain a carotenoid antenna.

This is an intriguing example when a functionally impor-

tant and advantageous trait, such as the carotenoid anten-

na of xanthorhodopsin, was lost in the course of evolution.

We are grateful to Dr. M. D. Mamedov for help in

carotenoids extraction.
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