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Proteorhodopsin from Dokdonia sp. PRO95
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Abstract—The gene encoding proteorhodopsin AEX55013 from Dokdonia sp. PRO95 was cloned and expressed in
Escherichia coli cells. Illumination of the proteorhodopsin-producing E. coli cells in Na+-containing media resulted in alkalinization of the media. This response was accelerated by uncoupler CCCP and inhibited by penetrating anion SCN–.
Illumination of the cells in a sodium-free medium (made by substituting Na+ with K+) resulted in SCN–-stimulated and
CCCP-sensitive acidification of the medium. Illumination of the proteorhodopsin-containing E. coli cells caused CCCPresistant transmembrane sodium export from these cells. We conclude that the proteorhodopsin from the marine flavobacterium Dokdonia sp. PRO95 is a primary light-driven Na+-pump. A high level of the heterologous production in E. coli cells
as well as stability and purity of the isolated protein makes this proteorhodopsin an attractive model for studying the mechanism of active sodium transmembrane translocation.
DOI: 10.1134/S0006297915040082
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– + as energetic
The majority of bacteria utilize ∆µ
H
currency on energy conservation. Catalytic activity of different complexes of respiratory and photosynthetic
chains as well as other energy-transducing membraneassociated enzymes is coupled with transmembrane
– + formed is then used to
translocation of H+. The ∆µ
H
drive various energy-consuming processes.
However, enzymatic activity of some bacterial proteins is coupled with transmembrane translocation of Na+
instead of protons. In 1980, Peter Dimroth reported the
discovery of a Na+-translocating oxaloacetate decarboxylase from the enterobacterium Klebsiella aerogenes [1]. It
was further established that all membrane-associated bacterial decarboxylases decarboxylating different carbonic
acids use only Na+ as a coupling ion [2]. Later, other
prokaryotic primary sodium pumps were described: Na+Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone; DDM, n-dodecyl β-D-maltoside; R-E. coli, E. coli
BL21/pRhod_10.1 cells induced for proteorhodopsin synthesis
in the presence of retinal; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; ∆pH, transmembrane pH
– + and ∆µ
– +, transmembrane differences in H+
difference; ∆µ
H
Na
+
and Na electrochemical potentials, respectively; ∆ψ, transmembrane difference in electric potentials.
* To whom correspondence should be addressed.

translocating NADH:quinone-oxidoreductase [3, 4] and
homologous Na+-translocating NADH:ferredoxin-oxidoreductase [5, 6], Na+-motive methyltransferase complex [7] and Na+-formylmethanofuran dehydrogenase [8],
Na+-translocating ATPases (ATP synthases) [9, 10], and
– +
Na+-translocating pyrophosphatases [11]. The ∆µ
Na

established by these enzymes can be used to drive chemical [10], osmotic [12], and mechanical [13] work, thus
forming a sodium cycle of energy transduction [14].
Analysis of prokaryotic genomes reveals that the
above-mentioned Na+-translocating enzymes are widely
distributed among bacteria and archaea [15], especially
among marine, pathogenic, and methanogenic microorganisms. It is not clear yet why the coupling ion is
changed from H+ to Na+ in these organisms. It was supposed that the sodium cycle is advantageous for bacterial
growth at alkaline pH as well as at other conditions
– + level [14]. The primacy of a sodium
decreasing ∆µ
H
cycle in the course of the origin and evolution of energytransducing enzymes is an alternative explanation [15].
The set of primary sodium pumps has been recently
supplemented by an additional enzyme. It was earlier
considered that different bacteriorhodopsins could function as either light-dependent H+ and Cl– pumps or light
receptors [16]. However, it has been established recently
that one of the proteorhodopsins of the marine flavobac-
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terium Krokinobacter eikastus is capable of light-driven
Na+ export from the cytoplasm to the external medium
[17]. In the absence of sodium ions, this protein pumps
protons with the same transport direction, while with significantly slower rate of the photocycle [17]. This specificity to coupling ion is similar to that of some Na+translocating ATPases and pyrophosphatases [18]. Later,
such Na+-proteorhodopsin was described in another
marine flavobacterium, Nonlabens marinus [19]. Analysis
of primary structures of Na+-proteorhodopsins reveals
that they form a phylogenetically distinct group among all
known retinal-binding proteins [20].
The study of Na+-translocating enzymes has some
advantages compared to proton pumps. First of all, with
Na+ pumps it is possible to manipulate freely by concentration of the coupling ion without influence on the stability of the enzyme, which is impossible with H+translocating enzymes. Thus, it is possible to study the
catalytic cycle of a Na+-dependent enzyme on limitation
of its turnover rate by low Na+ concentration and to reveal
the stages that are specifically activated by sodium ion.
Accordingly, investigation of Na+-pumping proteorhodopsins is important not only for studying of sodium
cycle, but it can also lead to significant progress in determination of the functioning mechanism of retinaldependent energy transducing enzymes.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Dokdonia sp.
PRO95 was obtained from the Leibniz Institute collection
of microorganisms and cell cultures (DSMZ). The
Dokdonia sp. PRO95 cells were grown at 25°C in Difco™
Marine Broth 2216 as described in [21]. Escherichia coli
cells were grown at 37°C in LB or TB medium. When
necessary, the media were supplemented with 125 µg/ml
ampicillin.
Construction of an expression vector bearing the gene
encoding the C-terminal 6´His-tagged proteorhodopsin
AEX55013 from Dokdonia sp. PRO95. The gene sequence
encoding the AEX55013 protein was amplified by PCR
with High Fidelity Tersus polymerase (Evrogen, Russia)
and primer pair rhod_dir (5′-GCCATGGCACAAGAACTAGGA) and rhod_rev (5′-CGAGCTCCTATTTGCTTCGACTAG) using genomic DNA of Dokdonia sp.
PRO95 as a template. The amplified 849-bp fragment was
cloned into a pBAD-TOPO vector (Invitrogen, USA),
resulting in the pTopo_Rhod_10 plasmid. To remove the
N-terminal leader sequence provided to the cloned gene
by the pBAD-TOPO vector, the pTopo_Rhod_10 construct was digested by NcoI and self-ligated accordingly to
the pBAD-TOPO TA expression kit manual, resulting in
the pRhod_10.1 plasmid. The cloned fragment was verified by DNA sequencing. The final plasmid pRhod_10.1
was transformed into E. coli BL21 cells.

Isolation of recombinant 6´His-tagged proteorhodopsin. For proteorhodopsin synthesis induction, E.
coli/pRhod_10.1 cells were grown at 37°C in the TB medium to late exponential phase (A600 ≈ 1.5), after which the
growth medium was supplemented with 0.15% (w/v) Larabinose and 1.5 mg/liter all-trans retinal. The cells were
further grown for 16 h at 15°C [22]. The cells were harvested by centrifugation (10,000g, 10 min) and washed twice
with medium containing 300 mM KCl, 10 mM Tris-HCl,
and 5 mM MgSO4 (pH 8.0). The cell pellet was suspended
in medium A containing 300 mM KCl, 20 mM Tris-HCl,
5 mM MgSO4, 1 mM phenylmethylsulfonyl fluoride, and
5 mM imidazole-HCl (pH 8.0), and the suspension was
passed twice through a French press (16,000 psi). Cell
debris and unbroken cells were removed by centrifugation at
22,500g (10 min), and the supernatant was further centrifuged at 200,000g (75 min). The pellet was suspended in
medium A, solubilized with 1.5% n-dodecyl β-D-maltoside
(DDM), and centrifuged at 200,000g for 60 min. The
6×His-tagged proteorhodopsin was purified from the supernatant using affinity chromatography. This was accomplished by loading the supernatant onto a Ni-NTA column
equilibrated with solution B containing 300 mM KCl,
10 mM Tris-HCl, 0.05% DDM, and 10 mM imidazoleHCl (pH 8.0); washing the column twice, first with solution
B and then with solution B containing 100 mM imidazoleHCl; and eluting the 6×His-tagged protein with solution B
containing 250 mM imidazole-HCl. The protein obtained
was concentrated and kept frozen at –80°C until use.
Protein concentration was determined by the bicinchoninic
acid method [23] using bovine serum albumin as a standard.
Measurement of light-driven proton transport in E.
coli cells. The induced E. coli/pRhod_10.1 cells (R-E.
coli) were collected by centrifugation (10,000g, 10 min),
washed twice with medium containing 100 mM Na2SO4
(or K2SO4), 10 mM Tris-HCl, and 5 mM MgSO4
(pH 8.0), suspended in the same medium, and kept
anaerobically at 4°C for 16 h. This procedure resulted in
depletion of endogenous substrates and in loading of the
cells by the desired cation (Na+ or K+). The depleted cells
were washed twice with 100 mM Na2SO4 (or K2SO4) and
resuspended in the same solvent at protein concentration
2 mg/ml. The suspension was placed in a 1.4-ml chamber
equipped with a pH electrode, and the pH level was
adjusted to pH 7.0 with NaOH (or KOH). The chamber
was placed in darkness and then illuminated for 3 min
using a 100 W halogen lamp. The pH electrode was calibrated with argon-saturated H2SO4 solution.
Measurement of light-driven Na+ transport in R-E.
coli cells. The depleted, Na+-loaded R-E. coli cells were
prepared as described above. The suspension was placed
in darkness and then illuminated using a 100 W halogen
lamp. Then the cell suspension was filtered (45 µm;
Millipore, USA), the filter was washed with 5 ml 0.5 M
mannitol solution, and the sodium content on the filter
was measured by flame photometry [24].
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RESULTS AND DISCUSSION
We chose “putative xanthorhodopsin” from the
marine flavobacterium Dokdonia sp. PRO95 (GenBank
accession number AEX55013) as a model object for
studying Na+-translocating proteorhodopsin. The primary structure of this protein is highly similar to those of
two known Na+-pumping proteorhodopsins of K. eikastus
(98% identity) and N. marinus (84% identity). The amino
acid sequence of the protein from Dokdonia sp. PRO95 as
well as sequences of known Na+-pumping proteorhodopsins contains characteristic substitutions of conserved glutamate residues involved in transmembrane
proton translocation in H+-pumping bacteriorhodopsins,
Glu85Asn and Glu96Gln (numbering is in accordance to
bacteriorhodopsin from Halobacterium salinarium), i.e.
the so-called NQ-motif [20]. Thus, analysis of the primary structure of proteorhodopsin AEX55013 points to
Na+ as the coupling ion of this light-driven pump. This
along with growth characteristics of Dokdonia sp. PRO95
and availability of the complete genome sequence of this
bacterium [21] makes the protein an attractive object for
study of the mechanism of light-driven transmembrane
Na+ translocation.
To study proteorhodopsin from Dokdonia sp.
PRO95, the gene of this protein was cloned into expression vector pBAD-TOPO. The resulting construct was
transformed into E. coli BL21 cells. Upon induction of
the cloned gene expression in the presence of all-trans
retinal, the cells became purple-colored, which indicated
a high production level of a retinal-binding protein.

Ion-pumping properties of the produced protein
were studied by measuring light-dependent transmembrane H+ translocation. Earlier, on studying Na+-translocating NADH:quinone-oxidoreductase from Vibrio alginolyticus, it was shown that addition of O2 to an anaerobic
cell suspension of this bacterium in the presence of an
uncoupler gives rise to an alkalization of the medium
[25]. This effect was interpreted as electrophoretic H+
uptake supported by ∆ψ generated by the transmembrane
Na+ transport. Later, this method was successfully
applied for studying various ion-translocating enzymes
including different rhodopsins [17, 19, 26, 27].
As can be seen from Fig. 1a (gray line), 3-min illumination of an anaerobic suspension of R-E. coli cells in
Na2SO4 solution resulted in progressive alkalinization of
the medium, which decayed to the initial pH values after
switching the light off. Illumination of control E. coli
cells, which did not contain the pRhod_10.1 plasmid, did
not lead to any pH changes (data not shown). Both the
rate and amplitude of the light-dependent response of RE. coli cells were increased significantly by the uncoupler
carbonyl cyanide m-chlorophenylhydrazone (CCCP)
(Fig. 1a, black line). Addition of the penetrating anion
SCN– resulted in substantial inhibition of the pH changing (Fig. 1a, dotted line), indicating that the alkalization
is a passive ∆ψ-driven H+ uptake. These results suggest
the ability of proteorhodopsin from Dokdonia sp. PRO95
to pump some other ion different from H+.
In contrast, illumination of the R-E. coli suspension
in a sodium-free medium (in K2SO4 solution) did not
lead to pH changes (Fig. 1b, gray line). Addition of pen-
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Fig. 1. Light-dependent ∆pH generation by E. coli cells producing proteorhodopsin from Dokdonia sp. PRO95. Anaerobic suspension of RE. coli cells (2 mg protein per ml) in 100 mM Na2SO4 (a) or 100 mM K2SO4 (b) was illuminated using a 100 W halogen lamp for 3 min. a)
Gray line, without addition; black line, in the presence of 20 µM CCCP; dotted line, in the presence of 20 µM CCCP and 25 mM KSCN. b)
Gray line, without addition; black line, in the presence of 25 mM KSCN; dotted line, in the presence of 25 mM KSCN and 20 µM CCCP.
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Fig. 2. Light-dependent Na+ transport in E. coli cells producing
proteorhodopsin from Dokdonia sp. PRO95. An anaerobic suspension of Na+-loaded R-E. coli cells in 100 mM Na2SO4, 10 mM
Tris-HCl (pH 8.0), and 5 mM MgSO4 was illuminated using a
100 W halogen lamp in the absence (squares) or presence (circles)
of 20 µM CCCP.
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Fig. 3. Electronic absorption spectrum of recombinant proteorhodopsin from Dokdonia sp. PRO95 purified from E. coli cells.
The spectrum was determined in medium containing 20 mM
KH2PO4 (pH 7.0) and 0.05% DDM.

etrating anion SCN– resulted in a small light-dependent
acidification of the medium (Fig. 1b, black line). This
response was fully inhibited by the uncoupler CCCP
(Fig. 1b, dotted line). As the media used (Fig. 1a versus
Fig. 1b) differed only in the cation (Na+ or K+), we conclude that the proteorhodopsin from Dokdonia sp. PRO95

Fig. 4. SDS-PAGE analysis of recombinant proteorhodopsin from
Dokdonia sp. PRO95 purified from E. coli cells. Coomassie Bluestained gel, the bars with numbers on the left side denote positions
and molecular masses of marker proteins (in kDa).
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pumps Na+ in sodium-containing media. In the absence
of sodium ions, this protein is able to use the proton as the
coupling ion. The H+-translocating activity of the proteorhodopsin from Dokdonia sp. PRO95 was less expressed
compared to the Na+-translocating proteorhodopsin
from K. eikastus [17]; in this respect, the studied protein
is more similar to its analog from N. marinus [19].
To test the conclusion on Na+-pumping activity of
Dokdonia sp. PRO95 proteorhodopsin, we measured
light-dependent sodium transport in R-E. coli cells. As
shown in Fig. 2, illumination of the R-E. coli cells resulted in progressive decrease in cytoplasmic Na+ concentration. This process was slightly accelerated by CCCP, or it
was at least resistant to this uncoupler. Thus, it is impossible to attribute the measured transport to any secondary
process like activity of a Na+/H+-antiporter. It is noteworthy that either medium alkalization in the presence of
CCCP (Fig. 1a) or Na+ transport (Fig. 2) had similar
kinetics. Moreover, both these processes had similar
amplitudes for the first 3 min of illumination (~90 nmol
H+ per mg protein and ~110 nmol Na+ per mg protein,
respectively). This supports the assumption that lightdependent CCCP-activating alkalinization of the medium (Fig. 1a) is caused by active transmembrane Na+
transport. Thus, the data indicate that proteorhodopsin
from Dokdonia sp. PRO95 is a primary sodium pump.
Na+-translocating proteorhodopsin was isolated
from R-E. coli cells by one-step affinity chromatography
purification yielding about 3 mg of purified protein per
liter of cell culture. As shown in Fig. 3, the electronic
absorption spectrum of the preparation showed maxima
at 279 and 523 nm. The short-wavelength peak corresponds to absorption by aromatic amino acid residues,
while the long-wavelength peak is due to light absorption
by the protein-bound retinal. The maximum for the latter
peak at 523 nm is quite similar to the spectral properties
of known Na+-translocating proteorhodopsins [17, 19].
Relatively low ratio of amplitudes of the peaks
(A279/A523 = 2.7) indicates high purity of the preparation
[22]. It is noteworthy that the absorption spectrum of the
proteorhodopsin preparation did not contain any additional peaks, in particular in the area of γ-peaks of
cytochromes (400-450 nm). This indicates absence of the
bo-type quinol oxidase in the preparation, which is the
main contaminant at 6×His-tagged proteins purification
from E. coli membranes. High purity of the proteorhodopsin preparation was confirmed by SDS-PAGE
analysis. As seen in Fig. 4, SDS-PAGE revealed only one
protein band with apparent molecular mass of about
33 kDa (calculated mass of the 6×His-tagged proteorhodopsin, 34.8 kDa). These data demonstrate both spectral and protein content purity of the preparation, which
is sufficient for further study.
Thus, we conclude that proteorhodopsin AEX55013
from the marine flavobacterium Dokdonia sp. PRO95 is a
primary light-dependent sodium pump. A high level of
BIOCHEMISTRY (Moscow) Vol. 80 No. 4 2015
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heterologous production of this protein in E. coli cells as
well as stability and purity of the purified preparations
makes this protein a useful model for investigation of the
mechanism of active transmembrane Na+ translocation.
This work was supported by the RSCF research project 14-14-00128.
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