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Abstract

A recently discovered rhodopsin ion pump (DeNaR, also known as KR2) in the marine bacterium 

Dokdonia eikasta uses light to pump protons or sodium ions from the cell depending on the ionic 

composition of the medium. In cells suspended in a KCl solution, DeNaR functions as a light-

driven proton pump, whereas in a NaCl solution, DeNaR conducts light-driven sodium ion 

pumping, a novel activity within the rhodopsin family. These two distinct functions raise the 

questions of whether the conformations of the protein differ in the presence of K+ or Na+ and 

whether the helical movements that result in the canonical E → C conformational change in other 

microbial rhodopsins are conserved in DeNaR. Visible absorption maxima of DeNaR in its 

unphotolyzed (dark) state show an 8 nm difference between Na+ and K+ in decyl maltopyranoside 

micelles, indicating an influence of the cations on the retinylidene photoactive site. In addition, 

electronic paramagnetic resonance (EPR) spectra of the dark states reveal repositioning of helices 

F and G when K+ is replaced with Na+. Furthermore, the conformational changes assessed by EPR 

spin–spin dipolar coupling show that the light-induced transmembrane helix movements are very 

similar to those found in bacteriorhodopsin but are altered by the presence of Na+, resulting in a 

new feature, the clockwise rotation of helix F. The results establish the first observation of a cation 

switch controlling the conformations of a microbial rhodopsin and indicate specific interactions of 

Na+ with the half-channels of DeNaR to open an appropriate path for ion translocation.
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The microbial rhodopsin family of membrane proteins conducts light energy conversion and 

light-induced signal transduction in bacteria, archaea, and unicellular eukaryotes.1–3 All 

rhodopsins share a conserved topology consisting of seven helical transmembrane segments 

(A–G) that form a pocket for the chromophore retinal, attached in a protonated Schiff base 

linkage to a lysine residue in the protein’s core. Light-driven isomerization of the retinal 

chromophore causes a cyclic series of structural rearrangements in the protein scaffold that 

result in ion transport or sensory signaling.

The best-characterized microbial rhodopsin with regard to the conformational changes 

occurring during its photocycle is the light-driven proton pump bacteriorhodopsin (BR) from 

the archaeon Halobacterium salinarum.4–11 The unphotolyzed (dark) conformation of BR 

exhibits a half-channel to the external medium and a protonated Schiff base poised for the 

release of a proton to the exterior-facing channel. This dark form is the E conformer (Figure 

1, purple). Light induces release of the proton followed by conversion to the C conformer 

(Figure 1, yellow), in which (i) a half-channel forms from the retinal chromophore’s Schiff 

base to the cytoplasm and (ii) the Schiff base switches its connection (i.e., accessibility) to 

the cytoplasmic side for reprotonation. The alternate access of the Schiff base in the E and C 

conformers combined with appropriate timing of pKa changes that control Schiff base proton 

release and uptake makes the proton path through the protein vectorial.

The E → C conformational change in BR entails helix displacements that have been 

characterized by cryoelectron crystallography, X-ray crystallography, and EPR. The largest 

change observed is a lateral outward tilt of the cytoplasmic half of helix F.6,12,13 The helix F 

tilt is accompanied by smaller rearrangements of helices C, E, and G on the cytoplasmic 

side. The movement of helices F and G with respect to each other and to helix B would be 

expected to expand the structure on the cytoplasmic side, thereby opening a proton-

conducting half-channel to the retinylidene Schiff base.

A novel group of microbial rhodopsins with the ability to perform light-driven Na+ transport 

have been recently identified.14–16 The Na+ pump function is correlated with changes in the 

canonical proton donor/acceptor Asp-Thr-Asp (DTD) motif from BR. Three proteins 

containing an Asn-Asp-Gln (NDQ) motif instead of a DTD motif have been tested and 

shown to perform Na+ transport.14–18 The first of the reported microbial rhodopsin Na+ 

pumps, DeNaR (also known as KR2) from the bacterium Dokdonia eikasta (formerly 

Krokinobacter eikastus), uses light to pump protons or sodium ions from the cell depending 

on the ionic composition of the medium.14 DeNaR is of great interest for two reasons. First, 

its dual function provides an opportunity to unravel the mechanistic changes that evolved to 

alter the ion specificity of rhodopsin primary pumps; DeNaR is the only member of the three 

tested NDQ Na+ transporters reported to exhibit dual functionality by also driving H+ 

transport under certain conditions.14 Second, microbial rhodopsins are extensively used as 
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tools for optogenetic control of membrane potential in excitable cells such as neurons19,20 

and cardiomyocytes.21,22 Na+ is a crucial ion for membrane potential control in these cells, 

and therefore, the mechanism of conduction of Na+ by microbial rhodopsins is of practical 

importance.

DeNaR was demonstrated to also effectively pump Li+, but in the presence of mono- or 

divalent cations with masses larger than that of Na+, DeNaR becomes a pump for only H+.14 

There are two possible explanations for the ion selectivity of DeNaR. (i) The DeNaR protein 

undergoes only one set of structural changes in its photocycle and opens conduction 

channels of sufficient diameter for passage of Na+, but not larger cations. Therefore, in the 

presence of cations larger than Na+, only H+ would be transported. (ii) “Cation tuning” 

occurs, and a novel set of structural rearrangements during the photochemical reaction cycle 

yields structurally distinct H+ pump and Na+ pump forms of DeNaR. In this report, we 

demonstrate difierent effects of Na+ and K+ on the structure of DeNaR in both unphotolyzed 

and photostationary states. Our findings indicate two key results. (i) Under certain 

conditions, K+ and Na+ induce small but consistent hypsochromic and bathochromic shifts, 

respectively, in the absorption spectrum of DeNaR, which indicates that the pigment binds 

these cations in the unphotolyzed state. Further evidence of cation-specific effects on the 

dark structure of DeNaR are evident in the line broadening–sharpening patterns in EPR 

spectra in the dark. (ii) Upon illumination, helix F undergoes an outward displacement 

similar to that of BR in the presence of both Na+ and K+, but with an opposite rotation in the 

presence of Na+ that is not observed in samples containing K+.

MATERIALS AND METHODS

Overexpression and Purification of Recombinant DeNaR

The gene encoding wild-type D. eikasta sodium-pumping rhodopsin (DeNaR) was 

synthesized by Genewiz, Inc. (Research Triangle Park, NC). Expression vector pET-24b(+) 

and BL21(DE3) chemically competent Escherichia coli were from Novagen (San Diego, 

CA). The XL-10 Gold chemically competent E. coli and Quik-Change XL site-directed 

muta-genesis kit were from Agilent (Santa Clara, CA), and primers, imidazole, kanamycin 

sulfate, all trans-retinal, n-methyl-glucamine (NMG+), tetraphenylphosphonium chloride 

(TPP+), carbonyl cyanide m-chlorophenyl hydrazone, MgCl2, MOPS, and Bis-Tris propane 

were from Sigma-Aldrich (St. Louis, MO). Enzymes were from New England Biolabs 

(Ipswich, MA). Amicon YM-10 centrifugal filters were from EMD Millipore (Billerica, 

MA). The plasmid preparation kit was from Qiagen (Valencia, CA). Ni-NTA agarose, 

glycerol, Tris-HCl, acetonitrile, Luria-Bertani broth, Slide-a-Lyzer 10000 MWCO dialysis 

cassettes, NaCl, and KCl were from Fisher (Swanee, GA). n-Decyl β-D-maltopyranoside 

(DM) and n-dodecyl β-D-maltopyranoside (DDM) were from Anatrace (Maumee, OH), and 

10-DG desalting columns were from Bio-Rad (Hercules, CA). S-(1-Oxyl-2,2,5,5-

tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methylmethanethiosulfonate (MTSSL) was from 

Santa Cruz Biotechnology (Dallas, TX).

The gene encoding DeNaR was cloned into the pET-24b(+) plasmid and confirmed by 

sequencing (Genewiz, Inc.). The DeNaR construct was transformed into BL21(DE3) 

competent cells, plated onto LB-agar containing 50 μg/mL kanamycin, and incubated at 37 
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°C overnight. Starter cultures were made by picking single colonies and inoculating 5 mL of 

LB broth containing 50 μg/mL kanamycin with rotary shaking at 200 rpm and 37 °C 

overnight. Starter cultures were used to inoculate 100 mL of LB broth cultures containing 50 

μg/mL kanamycin and shaking at 200 rpm and 37 °C. One liter LB broth cultures containing 

50 μg/mL kanamycin were inoculated using 20 mL of the overnight 100 mL cultures and 

propagated to an OD600 of 0.4. IPTG was added to a final concentration of 1.0 mM and all 

trans-retinal (ATR) to a final concentration of 5.0 μM, and the cultures were incubated at 37 

°C and 200 rpm for 2.0 h.

The bacteria containing recombinant DeNaR were pelleted at 4000g and 4 °C and 

resuspended in 50.0 mM Tris-HCl containing 15% glycerol (pH 8.0). Cells were broken 

using a microfluidizer, and membranes were collected by centrifugation at 100000g and 4 

°C for 1.0 h. Each liter of harvested cells was resuspended in 10 mL of 50.0 mM Tris 

containing 1.5% (w/v) DM or DDM, 15% glycerol, and 500 mM NaCl (pH 8.0), and the 

mixture was incubated overnight at 4 °C for extraction. The protein extract was centrifuged 

at 120000g and 4 °C for 1.0 h and the supernatant collected. Ni-NTA resin (1.0 mL/L of 

culture) equilibrated with 50 mM Tris containing 0.2% (w/v) DM, 15% glycerol, and 500 

mM NaCl (pH 8.0) was added to the protein extract and the mixture incubated for 2.0 h at 4 

°C. The resin containing bound protein was washed with 5 volumes of 50 mM Tris 

containing 0.2% (w/v) DM, 15% glycerol, and 500 mM NaCl (pH 8.0) and then 10 volumes 

of 50 mM Tris containing 0.2% (w/v) DM, 50 mM imidazole, 15% glycerol, and 100 mM 

NaCl (pH 8.0). The protein was eluted with 5 volumes of 50 mM Bis-Tris containing 0.2% 

(w/v) DM, 200 mM imidazole, 15% glycerol, and 100 mM NaCl (pH 8.0) and concentrated 

using Amicon YM-10 centrifugal filters, and imidazole was removed using a 10-DG 

desalting column. Expression and purification were monitored using 12.5% SDS–PAGE. A 

typical yield was 3 mg of highly purified DeNaR protein per liter of culture. For samples in 

DDM, the purification procedures were identical except 0.1% (w/v) DDM was used after 

extraction.

Preparation of Cysteine Mutants

Positions on helices B, F, and G of DeNaR were selected using a combination of primary 

sequence alignment and in silico structural prediction using the Robetta server software.23 

Site-directed mutagenesis was performed with the QuikChange kit using the wild-type 

DeNaR construct as a template. DNA sequencing was used to check the mutants, followed 

by expression and purification as described above. UV–Vis spectroscopy and flash 

photolysis were used to test the properties of each single- and double-Cys mutant after 

labeling with MTSSL (see below), and only mutants with photochemical and proton 

translocation properties similar to those of wild-type DeNaR were used for EPR studies.

Proton Flux Measurements

Freshly harvested E. coli from 1.0 L cultures expressing either wild-type DeNaR or the 

cysteine mutants were washed with 100 mM NaCl or 100 mM KCl three times by 

centrifugation and resuspended in 15 mL of 100 mM NaCl, 10 mM MgSO4, 0.1 mM CaCl2, 

and either 100 mM NaCl or KCl. The OD600 for proton flux measurements was 10. The 

light source for the illumination of the samples was a 21 V, 150 W tungsten–halogen 
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illuminator (Cole Parmer, Vernon Hills, IL). The light was passed through a heat filter and 

one long pass >520 nm colored glass filter and focused onto the sample in a cuvette with 

vigorous magnetic stirring. pH changes were measured by a Ross glass combination micro 

pH electrode and an Orion Star A211 pH meter (Thermo, Chelmsford, MA) connected to a 

computer.

Preparation of Cation-Free Samples

For cation-free EPR and UV–Vis sample preparation, sodium was removed from samples by 

extensive dialysis against a 1000-fold excess of 50 mM Bis-Tris containing 0.2% (w/v) DM 

and 15% glycerol (pH 6.0), with a total of five buffer changes for 24 h at 4 °C. For samples 

in DDM buffers, the removal of sodium was identical except 0.1% (w/v) DDM was used.

UV–Vis Spectroscopy and Flash Photolysis

UV–Vis spectra were recorded using a Varian CARY 4000 spectrophotometer equipped 

with an integrating sphere. Changes in the UV–Vis spectrum of DeNaR upon addition of 

K+, Na+, NMG+, or Mg2+ to cation-free samples were monitored from 300 to 850 nm. 

Flash-induced absorption changes in samples containing spin-labeled single- and double-

cysteine mutant DeNaR to be used for the EPR measurements were acquired with a 

laboratory-constructed cross-beam laser flash photolysis system as described previously24 

but with a GaGe Octopus digitizer board (model CS8327, DynamicSignals LLC, Lockport, 

IL) at a sampling rate of up to 40 ns/point. All comparative UV–Vis and flash photolysis 

data were collected from the same initial batch of salt-free protein with cations added prior 

to data collection to avoid sample variation. Data analysis was performed with OriginPro 

version 9.1 (OriginLab, Northampton, MA).

Site-Directed Spin Labeling EPR Measurements

Samples for EPR were prepared by the addition of a 20-fold molar excess of MTSSL to each 

protein sample [MTSSL dissolved in acetonitrile to a final concentration of 200.0 mM and 

then diluted in 50.0 mM Bis-Tris containing 0.2% (w/v) DM, 15% glycerol, and 100.0 mM 

NaCl (pH 6.6) to a final concentration of 5.0 mM prior to addition to protein samples]. The 

spin-labeling reaction was allowed to proceed for 16 h at 4 °C while the sample was being 

gently rotated. Excess MTSSL was removed by extensive dialysis as described above. Spin-

labeled samples were tested using UV–Vis and flash photolysis to ensure behavior similar to 

that of wild-type DeNaR.

EPR spectra were recorded on a Bruker EMX X-band spectrometer using a modulation 

amplitude of 2.0 G, a modulation frequency of 100 kHz, and a microwave power of 16 mW 

for room-temperature measurements and 0.1 mW for frozen samples. Room-temperature 

spectra were recorded in a 50 μL capillary tube placed at the center of a 5.0 mm outer 

diameter quartz EPR tube (KIMAX-51, Gerreshimer, Quretaro, Mexico). Illumination of the 

sample was achieved with an illuminator (FOI-250, Titan Tool Supply Inc., Buffalo, NY) 

with a 250 W tungsten–halogen lamp equipped with a light guide. The light beam was 

passed through a heat filter and a long-pass filter transmitting >520 nm light through the 

front window of the 4119HS resonator. For liquid N2 EPR experiments, the sample was 

illuminated for 5 min inside a 5.0 mm tube using the combination of light source and filters 
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described above. The EPR tube containing the sample was kept in a 15 mL conical tube 

lined with foil to create a reffective surface, and actinic light was applied from above. After 

illumination, ethanol from an ethanol/dry ice bath was poured around the sample tube to 

quickly freeze the sample while under continuous illumination and then quickly transferred 

to a liquid N2 Dewar prior to placement in the instrument. All EPR data were collected from 

the same initial batch of salt-free protein with cations added prior to data collection to avoid 

sample variation. All data acquisition and analyses were conducted using WinEPR.

RESULTS

Light-Induced pH Changes in E. coli Suspensions

Following the protocol and criteria of Inoue et al.,14 we confirmed the Na+ and H+ pumping 

activities of wild-type DeNaR expressed in E. coli cells (Figure S1 of the Supporting 

Information). The results confirmed the function of DeNaR as an outward H+ pump in the 

presence of K+, becoming a Na+ pump when Na+ is substituted for K+ as previously 

reported.14 The key criteria used to establish light-induced Na+ pumping based on pH 

measurements of cell suspensions are (i) a light-induced pH increase corresponding to flux 

of protons into the cells, (ii) CCCP enhancement of the proton influx showing that proton 

movement is passive, (iii) TPP+ elimination of the passive proton flux, showing that the flux 

was derived from electrical hyperpolarization of the membrane, (iv) dependence of the 

CCCP-enhanced proton influx on Na+, and (v) independence of the nature of the anion in 

suspension. The criteria for light-induced H+ pumping are (i) light-induced outward proton 

flux and (ii) eliminated by CCCP.

These criteria were tested to confirm that our recombinant system expresses DeNaR with 

transport activity as reported by Inoue et al.,14 and in later experiments, where mutations 

were introduced, as a benchmark for proper wild-type DeNaR behavior. We also confirmed 

the previously reported pumping behavior of DeNaR in the presence of alkali metals14 (data 

not shown). DeNaR behaves as a H+ pump in the presence of all group I cations, except for 

Li+ and Na+. We also confirmed that in our recombinant system DeNaR is also a H+ pump 

in the presence of all group II cations, which further supports the dual function of DeNaR as 

a H+ pump and a Na+ pump. For purposes of discussion, DeNaR in the presence of K+ or 

Na+ will be termed the H+ pump form or Na+ pump form, respectively.

Effects of Cations on the Unphotolyzed (dark) State of DeNaR

In purified recombinant wild-type DeNaR in detergent micelles, we observed a red shift in 

the visible absorption maximum (λmax) caused by replacement of K+ with Na+, shifting the 

λmax from 517 nm in the presence of 100 mM KCl to 525 nm in DeNaR samples containing 

100 mM Na+ (Figure 2 and Figure S2 of the Supporting Information). We considered the 

possibility that the 8 nm red shift caused by the substitution of K+ with Na+ was due to an 

ionic strength effect. To determine whether this was the case, we substituted NMG+, a large 

cation that is not pumped by DeNaR, for Na+ and K+. NMG+ did not change the UV–Vis 

spectrum from that of the salt-free condition (Figure S2 of the Supporting Information). 

Further confirmation that the effects of K+ and Na+ on the UV–Vis spectrum of DeNaR 

were not due to a salt effect was obtained by adding Mg2+ to a cation-free sample of the 
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pigment. The absorption spectrum of DeNaR in the presence of Mg2+ is indistinguishable 

from the cation-free sample (Figure 2).

Inoue et al. reported that spectral shifts were not observed in their DeNaR samples.14 A 

primary difierence between our measurements and those reported by Inoue and co-workers 

was their use of DDM instead of DM for extraction and subsequent experimental 

procedures. We repeated our measurements using DDM for extraction and confirmed that 

the DeNaR visible spectrum in DDM detergent micelles is not sensitive to Na+ or Mg2+ 

(Figure 2) as reported by Inoue et al.14 We observed a similar blue shift in the optical 

spectrum of DeNaR in the presence of K+ (Figure 2) in both DM- and DDM-extracted 

pigment. The difierences in absorption spectra do not answer the question of whether there 

is a cation-induced structural difierence in the dark-state protein, which we investigated by 

SDSL EPR measurements (next section).

Expression and Characterization of Cys Mutants for SDSL

Site-directed spin labeling and EPR have been used to map helix rearrangements during the 

photocycle of several microbial rhodopsins, including the prokaryotic pigments BR,4,5,7,25 

sensory rhodopsins I and II,26,27 and more recently extended to an algal 

channelrhodopsin.28,29 The approach entails nitroxide spin labeling of endogenous or 

introduced Cys residues within the scaffold of the protein, using interactions of Cys-specific 

spin-labels (MTSSL) to triangulate the direction of helix movements. In BR and SRII, light-

induced helix movements are nearly identical and are most evident by comparison of sites 

on helices B, F, and G in pairwise combinations. Because the prokaryotic DeNaR sequence 

is most similar to that of other prokaryotic opsins, we selected the helix positions for 

substitution of Cys on the hypothesis that DeNaR undergoes light-induced helix movements 

in its H+ pump form similar to those in BR and SRII. As in BR and SRII, there are no 

endogenous Cys residues in DeNaR.

To guide the selection of positions on the protein that would be suitable for mutations, we 

used the Rosetta structural prediction software30 in the Robetta Full-Chain Protein Structure 

Prediction Server, to identify the rhodopsin template structure that most closely matches 

DeNaR and predict structural models of DeNaR. These models were used to select positions 

for the introduction of single- and double-Cys mutations. Robetta predicted a DeNaR 

structure based on xanthorhodopsin31 (Protein Data Bank entry 3DDL) by homology 

modeling (Figure S3 of the Supporting Information). According to the phylogenetic analysis 

by Inoue et al.,14 DeNaR is most closely related to xanthorhodopsin than to other microbial 

rhodopsin pumps. Using a combination of sequence alignment and our in silico structural 

model, we chose 16 difierent positions on helices B (F57, S60, N61, I62, L63, and V67), F 

(I203, L204, S205, N206, I207, and W208), and G (L262, G263, N264, and L265) for 

single-point mutations. These single-Cys mutants were expressed in E. coli and tested for 

transport activity by light-induced proton flux measurements. Of the 16, only V67C showed 

poor expression under our conditions. Expression levels of the mutants were used as a 

screening factor, and poor expression (i.e., <80% compared to that of wild-type DeNaR) was 

considered as an indication of improper folding.

da Silva et al. Page 7

Biochemistry. Author manuscript; available in PMC 2016 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We next identified the single Cys mutations that do not perturb the pumping activity and 

show normal photochemistry by flash photolysis (Figures S4 and S5 of the Supporting 

Information) and purified the single-mutant DeNaR proteins for SDSL experiments. Room-

temperature CW EPR was used to screen which single-Cys mutants showed good 

immobilization of the MTSSL spin-label identified as considerable line broadening when 

compared to free spin-label (data not shown). Many of the single-Cys mutants (F57C, 

N61C, I62C, L63C, L204C, S205C, N206C, W208C, L262C, and G263C), although 

functional in ion transport and expressed at levels similar to that of wild-type DeNaR, 

exhibited EPR spectra with high mobility of the spin-label very similar to that of free spin-

label and were excluded.

The mutants with wild-type activity and good MTSSL immobilization based on signal 

broadening observed in the EPR spectra were used as templates for mutations on a second 

helical position. We made several pairs of mutants to generate a library of double mutants to 

cover B/F, B/G, and F/G helical pairs. The double mutants were tested for expression level, 

ion pumping, and flash photolysis (Figures S4 and S6 of the Supporting Information). 

Finally the double-mutant pairs B60/F203, B60/F207, B60/G264, B60/F265, F203/G264, 

F203/G265, F207/G264, and F207/G265 (Figure 3; bold letters indicate helix) were 

selected as the final candidates for EPR studies because their function most closely 

resembled that of the wild-type protein and their spin labeling resulted in samples with 

suitably immobile probes. The room-temperature EPR spectra of these Cys mutant pairs all 

showed significant signal broadening consistent with good immobilization of the spin-label 

via ligation with the protein, in combination with line broadening effects caused by dipolar 

coupling of the nitroxide spin-labels at each position.32 To eliminate the possibility that the 

broadening and sharpening patterns in the room-temperature EPR experiments had 

significant contributions from the rotational motion of the spin-label, we selected four 

mutants with the highest signal intensity for liquid N2 EPR experiments (Figure S7 of the 

Supporting Information). Our results show that the broadening and sharpening patterns were 

consistent upon comparison of the signals at room temperature to those collected at liquid 

N2 temperatures. Moreover, the mobility of the spin-label headgroup is not a significant 

contributor to our room-temperature spectra because the rotational correlation time is mostly 

dictated by the protein motion. Because our samples are detergent-solubilized, the apparent 

molecular weight is much larger than that predicted by a DeNaR monomer. The rotational 

correlation time estimated for a 2.5 kDa molecule yields approximately 1 ns based on the 

Stokes–Einstein relationship.33 We routinely use spin columns with a molecular weight 

cutoff of 100 kDa without protein loss, which suggests that in detergent micelles the 

effective molecular weight of the protein is large enough so that the major contribution to 

the line broadening is expected to be from the dipolar interaction of the MTSSL labels. 

Moreover, the outermost hyperfine line separation in the room-temperature EPR spectra of 

all singly labeled mutants ranged from 66 to 68 G, near the value of Az, suggesting that the 

mobility of the label is not a concern in our measurements.

Cation-Specific Helical Arrangement in the Dark State

Line shape broadening and sharpening in CW EPR measurements are used as fingerprints 

for the interaction of two magnetically coupled spin-labels. The degree of broadness of the 
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line shape of an EPR spectrum is a function of solvent accessibility and distance between 

two labels. As the distance between two spin-labels decreases, the dipolar coupling (HD) 

between two nitroxide spins follows:

where μe is the electron magnetic dipole moment, θ is the angle between the external 

magnetic field and the vector connecting the two interacting spins, and r is the distance 

between them. Thus, the EPR signal broadening due to dipolar interaction of a specific spin 

pair is a very sensitive function of distance, inversely proportional to the third power.

Considering the dual function observed in DeNaR, we used spin labeling to test whether the 

H+ pump and Na+ pump forms of the protein have a structurally difierent initial dark state. 

Difierence EPR spectra between the dark states of H+ and Na+ pump forms of DeNaR reveal 

that DeNaR undergoes a helical rearrangement caused by the substitution of Na+ for K+ in 

the dark. First, helix F tilts inward toward helix B when Na+ substitutes for K+. This 

conclusion was based on line broadening (i.e., the difierence signal intensity is in the 

opposite direction of the original signal) observed in the K+ minus Na+ difierence dark EPR 

spectra (Figure 4) for in the B60/F203 and B60/F207 mutants. Because both of these 

mutants show a signal broadening when Na+ substitutes for K+, we can also conclude that 

there is no significant rotational motion between helices B and F.

A second difierence is that in the Na+ pump form of DeNaR the distance between helices B 

and G is larger than in the H+ pump form. The line sharpening effect (i.e., signal intensity is 

in the same direction of the original spectrum) is observed in the B60/G264 and B60/G265 

mutants (Figure 4), again indicating helix tilting. Note that because of the proximity of 

residues 264 and 265 on helix G, it is dificult to detect rotational changes in the position of 

that helix, and further studies will be needed to determine if such a change exists. In our 

attempts to produce spin-labeled DeNaR mutants that were both functionally similar to the 

wild-type protein and showed good immobilization of the MTSSL nitroxide label, residues 

264 and 265 were the only positions on helix G in the selected region that met our criteria.

Third, the substitution of K+ with Na+ also causes an effect on the relative positions of 

helices F and G. The dark-state spectrum of the F203/G264 mutant shows a slight 

broadening effect that is reffected on a shifted spectrum, whereas in the F203/G265 mutant, 

sharpening is observed. Line sharpening is observed also in both the F207/G264 and F207/

G265 mutants. This pattern of broadening and sharpening indicates that helix F moves 

toward helix G with a slight clockwise rotation because the broadening observed for the 

F203/G264 mutant does not result in a full flip of the difierence EPR signal and is 

demonstrated more as a shift, and the intensities of the signal sharpening observed for the 

F207/G264 and F207/G265 mutants are quite small in comparison.

Cation-Specific Light-Induced Conformational Changes

The results mentioned above demonstrate that the H+ pump and Na+ pump forms of DeNaR 

exhibit a cation-specific structural rearrangement between their unphotolyzed (dark) states. 
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This observation suggested that further difierences might exist in the set of light-induced 

helical movements for each form of DeNaR. Confirming this possibility, we observed a 

cation-specific modulation of light-induced helix motion in DeNaR, evident in the 

movement of helix F with respect to helix B in the illuminated photostationary state. 

Analysis of the light-minus-dark difierence EPR spectra of the H+ pump form of DeNaR 

shows signal sharpening in the B60/F203 mutant (Figure 5). When Na+ substitutes for K+, 

helix F undergoes clockwise rotation as demonstrated by the line broadening observed in the 

B60/F203 mutant and the contrasting sharpening observed in the B60/F207 mutant, as 

evident in the K+-minus-Na+ difierence spectra (Figure 6). An outward displacement of 

helix G is also observed in the EPR spectra for both forms of the protein, as demonstrated by 

the sharpening of the EPR spectra upon illumination of the B60/G264 and B60/G265 

mutants. The difierence spectra of K+ minus Na+ for both B/G helical pairs also show 

sharpening, which indicates that helix G undergoes a light-induced outward movement with 

respect to helix B in the Na+-pumping form of DeNaR.

With mixing of the anisotropic g and A tensors into the X-band EPR spectrum and the 

compounding mobility of the nitroxide probe and the labeled protein, the room-temperature 

EPR spectrum of the spin-label is intrinsically complex.34 To confirm our findings from the 

room-temperature experiments, we performed duplicate EPR measurements under cryogenic 

conditions for four doubly labeled mutants showing the largest signals using frozen 

powdered samples by fitting to the resolved broadening function contributed by dipolar 

interaction only, to quantify only the protein conformational changes induced by the specific 

cations (Figure S7 of the Supporting Information). We can establish an approximation of the 

effect of cations on the helical movements in DeNaR by analyzing the broadening and 

sharpening effects of the EPR line shapes in the presence of K+ or Na+. The helical 

movements can be summarized as modulation of helices F and G by the presence of K+ 

versus Na+. Our interpretation is that DeNaR organizes itself into difierent conformations 

for transport of H+ or Na+ in the dark state (Figure 4), as shown above, and that the two 

conformations exhibit difierences in helix motions during illumination (Figures 5 and 6). 

Overall, both forms exhibit helix movements similar to that of the canonical rhodopsin H+ 

pump BR, and the difierences observed can be described as cation-modified E → C 

conformer conversions.3

DISCUSSION

The first indications of cation binding of DeNaR that we observed were the small shifts in 

the visible spectrum in the presence of Na+ (λmax = 525 nm) relative to the spectra in the 

presence of K+ (λmax = 517 nm) and a salt-free solution of the protein (λmax = 521 nm) 

(Figure 2 and Figure S2 of the Supporting Information). These shifts indicate either (i) a 

direct effect of cation binding near the retinal Schiff base (RSB) chromophore altering its 

charge environment or (ii) an allosteric effect on the chromophore, possibly caused by the 

cation-specific helical repositioning that we observed in the unphotolyzed state. The spectral 

shifts are not an effect of ionic strength changes because the UV–Vis spectrum of DeNaR in 

a salt-free solution is indistinguishable from that of DeNaR in the presence of NMG+ and 

Mg2+ (Figure 2 and Figure S2 of the Supporting Information), which we interpret as a lack 

of accessibility of those large cations to binding sites accessible to Na+ and K+. Our findings 
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therefore show a cation-specific effect on the optical spectrum of DeNaR. Binding near the 

protonated Schiff base (PSB) is an appealing possibility because retinal photoisomerization-

induced PSB proton transfer or proton repositioning1–3,8 is a central part of the mechanism 

for transport of other ions by microbial rhodopsins. If the spectral shifts were due to a direct 

effect on the chromophore, the data would imply size-limited specific interaction site(s) near 

the PSB.

Mutations in DeNaR characterized by H+ flux measurements, optical and vibrational 

spectroscopy, and laser flash photolysis led to the conclusion that unphotolyzed DeNaR 

contains a Na+ binding site located on the extracellular side of the protein but that binding of 

Na+ to DeNaR does not alter its visible absorption spectrum.14,35 The difierences between 

our finding of a Na+-induced absorption spectrum shift and these findings appear to be 

largely due to difierences in the detergent used. The measurements we reported above used 

DeNaR samples prepared in DM micelles, whereas the previously published work14,35 used 

DDM. Accordingly, we repeated the UV–Vis experiments using DDM-extracted protein. 

We confirm that as previously reported,14 Na+ does not affect the UV–Vis spectrum of 

DeNaR in DDM micelles (Figure 2). In our measurements, K+ induced a slight blue shift in 

the optical spectrum of DeNaR in both DM and DDM micelles. Addition of Mg2+ did not 

affect the optical spectra of DeNaR under our conditions. Our results indicate the following. 

(i) In DM micelles, a Na+ binding site is accessible in DeNaR in the unphotolyzed state, 

whereas in DDM, this site is not accessible or the bathochromic shift is prevented by a 

difierence in the structure of the protein in this detergent. (ii) K+ binds to DeNaR in both 

DM and DDM micelles. (iii) Na+ and K+ induce bathochromic and hypsochromic shifts, 

respectively, in the optical spectrum of DeNaR that are not due to a salt/ionic strength effect, 

as evidenced by the lack of spectral shifts in the presence of NMG+ and Mg2+. The Na+ 

binding we observed has important mechanistic implications, namely that DeNaR has 

evolved to selectively recognize and pump Na+. Binding of Na+ near the RSB was recently 

proposed on the basis of a high-affinity site for Na+ forming transiently during the 

photochemical reaction cycle (photocycle) of the homologous light-driven Na+ pump from 

Gillisia limnaea (GLR, in our nomenclature GlNaR).16

In BR, there is an outward tilting and counterclockwise rotation of helix F and outward 

movement of helix G that take place in late stages of the photocycle after deprotonation of 

the Schiff base (Figure 1).3 These movements lead to the conversion of the extracellularly 

open E conformer to the cytoplasmically open C conformer. SRII exhibits the same 

canonical helix motions indicating an E → C conformer conversion25–27 despite being a 

signaling protein rather than a transporter, a striking similarity that is understood in terms of 

the shared features of the respective mechanisms of BR and SRII.36 Light-induced 

displacement/rotation of helix F in the photocycle of the SRI–HtrI attractant signaling is in 

the direction that is the opposite of that in BR and SRII, which agrees with other data 

showing that SRI undergoes a C → E conversion in the SRI–HtrI molecular complex.24,26,37

A priori, from its H+ pumping BR-like functionality in the absence of Na+, one would 

expect that DeNaR in K+ undergoes an E → C conformational change similar to that of BR. 

Comparing the light-induced helix movements of the proton pump form of DeNaR (Figure 

5) with those of BR confirms their expected similarity in that the principal movements in 
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BR, lateral tilts of helices F and G away from the protein’s center that open the cytoplasmic 

half-channel (Figure 1), occur in DeNaR to similar extents. Difierences appear in the 

presence of Na+ both in the positions of these two functionally crucial helices in the dark 

state and in their movements during the light-induced conformational change. In the dark 

state, the Na+ pump form is altered by helix F tilting inward toward helices G and B and 

helix G tilting away from helix B toward helix F (Figure 7). As in the H+ pumps, both 

helices F and G move laterally outward during the photocycle. However, in contrast to the 

counterclockwise rotation of helix F exhibited by BR (and SRII), helix F in the DeNaR Na+ 

pump form undergoes a clockwise rotation (Figure 8). A possible consequence of Na+ 

tuning of the H+ transport mechanism on cytoplasmic-side helix positions is a rearrangement 

of helices F and G in the dark, preparing the molecule for an altered light-induced channel 

opening accommodating transport of the larger Na+ ion. In this model, the difierence in the 

helix positions in the dark state and their altered motion would be responsible for the 

opening of half-channels for selective H+ or Na+ conduction.

Light-induced outward displacement of helix F and to a lesser extent helix G occurs in the 

cytoplasmic half-channel of BR as the largest changes during the E → C conformer 

conversion11,38 (Figure 1). SRI and SRII have been shown to undergo a similar movement 

of helix F in their light-induced conversions between E and C conformers.26,27 A two-

conformer model of BR is supported well by the library of structures obtained from 

structures of spectral intermediates in the BR photocycle.39 The structures of the dark-state 

conformation and the early intermediates K and L are approximated well by the E 

conformer, while the structures of late intermediates M–O are approximated well by the C 

conformer. The conformational change is believed to occur during the lifetime of the M 

intermediate in a spectrally silent M1 → M2 conversion.38 We observe that in both K+- and 

Na+-bound forms of DeNaR, the outward movements of helices F and G match those of the 

E → C conformer conversion of BR. This result provides confidence that we are observing 

the analogous conformational change in the light-minus-dark EPR difierence spectra. In the 

Na+-bound form but not in the K+-bound form, we see a rotation of helix F that is the 

opposite of that observed in EPR measurements with spin-labels at the corresponding 

positions in BR.

The rotation difierence between the K+- and Na+-bound forms may be due to this helix 

movement not occurring in the K+-bound form. However, we cannot exclude the possibility 

that the known difierent photocycle kinetics in the Na+- and K+-bound forms14 lead to 

accumulation of difierent C conformer substates in the light because the conversion from the 

E to C conformer may not be concerted but may involve a sequence of steps. The difierence 

in the dark structures we observed suggests that the light-induced conformational changes 

may also exhibit difierences, but we cannot distinguish between an absolute difierence and a 

difierence in conformational substate accumulation in photostationary-state measurements.

The cation tuning of structure exhibited by DeNaR is a unique observation among microbial 

rhodopsins; however, there are other transmembrane proteins that exhibit an analogous 

phenomenon. The well-characterized potassium channel from Streptomyces lividans 

(KcsA)40 binds both K+ and Na+, each of which induces conformational changes in the 

protein that alter its conductive state.41 Na+ ions increase the helical content of KcsA with 
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respect to that in K+, rendering it nonconductive.40 The cation selectivity of KcsA involves 

not only Asp and Glu residues and backbone carbonyl groups in the pore but also a 

selectivity filter at the mouth of the channel.42–44 The selectivity filter of KcsA entails the 

protein assuming a difierent conformation upon Na+ binding (i.e., cation tuning analogous to 

that of DeNaR) that prevents K+ transport. Another example is the cation-driven rabbit 

isoform of the Na+/glucose cotransporter SGLT1.45 In SGLT1, the protein’s transport 

activity is modulated by H+, Li+, and Na+;46 however, it is only in the presence of Na+ that 

full activation of the transporter is achieved. DeNaR also shows a similar promiscuity, as it 

is able to transport Li+ and Na+ and becomes a H+ pump in the presence of K+.14

While this work was under review, two simultaneous reports of crystal structures of dark-

state DeNaR were published.47,48 Two aspects of the structures are of direct relevance to the 

interpretation of the work presented here. First, the predicted structure we used as a basis for 

the selection of mutants for the SDSL EPR measurements matches closely the published 

structures, with the helix positions and the residues used for spin labeling overlapping 

almost perfectly (Figure S8 of the Supporting Information). Hence, the crystal structures 

validate our predicted dark structure, confirming the conformation of DeNaR to be nearly 

identical to that of the E conformer of BR, and validate our interpretation of the relative 

positions of the residues used for spin labeling. Second, neither study reported internally 

bound Na+, but the acidic pH of the mother liquor solutions used for crystallization may 

have precluded sodium binding. Also it is challenging to distinguish water from Na+ even at 

the high resolutions obtained by both groups. Gushchin and co-workers47 identified a well-

defined sodium binding site at the DeNaR oligomerization interface in their crystals of 

DeNaR pentamers. The ion is bound to the Tyr25 side chain and Thr83 and Phe86 backbone 

oxygens of one protomer and to the Asp102 side chain of the other protomer. Cross 

protomer interaction (hydrogen-bonding rather than ion-mediated) has been observed in 

crystals of proteorhodopsin oligomers (pentamers and hexamers) and shown to have a 

functional role in ion (proton) transport in that protein.49 The question of whether the Na+ 

binding observed in the crystal structures is responsible for the Na+-induced absorption shift 

we report here remains open. In the former case, the absorption effect would be expected to 

be indirect because it is not near the retinylidene chromophore.

Our observations indicate that DeNaR has evolved a unique set of helical rearrangements to 

support its dual function as a H+ and Na+ pump. Further investigation is needed to identify 

the specific structural constraints in DeNaR that impart this cation tuning and to identify the 

path of Na+ through the protein, including the initial cation binding/filter site or region. Our 

results demonstrate that microbial rhodopsins show cation tuning as seen in transporter 

proteins from higher organisms, and that variation exists in the light-induced structural 

rearrangement of the canonical E → C conformer conversion in microbial rhodopsins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

DeNaR D. eikasta sodium-pumping rhodopsin (also known as KR2)

BR bacteriorhodopsin

SRI sensory rhodopsin I

SRII sensory rhodopsin II

EPR electron paramagnetic resonance

NMG n-methyl-glucamine

TPP tetraphenylphosphonium chloride

CCCP carbonyl cyanide m-chlorophenyl hydrazone

MOPS 3(N)-morpholinopropanesulfonic acid

DM n-decyl β-D-maltopyranoside

DDM n-dodecyl β-D-maltopyranoside

MTSSL S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-

yl)methylmethanethiosulfonate

LB Luria-Bertani

IPTG isopropyl β-D-thiogalactopyranoside

SDS–PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis

RSB retinylidene Schiff base

PSB protonated Schiff base

ATR all trans-retinal

λmax wavelength of maximal absorption
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Figure 1. 
Cytoplasmic view showing the overlap of the E conformer (Protein Data Bank entry 1C3W, 

purple) and the C conformer (Protein Data Bank entry 1FBK, yellow) of BR demonstrating 

the helical movements observed in the photochemical reaction cycle of BR. The retinylidene 

is shown as red sticks. During the E → C conversion, helix F undergoes an outward tilt with 

counterclockwise rotation and helix G undergoes a lateral outward movement.
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Figure 2. 
Comparison of the effect of the cation on the UV–Vis spectrum of DeNaR in DM and DDM 

micelles. In each case, the absorption spectra are the average of wavelength scans from four 

independent measurements normalized to their absorption at their λmax. The difierence 

spectra are from the spectra above fast Fourier-transform-smoothed for the sake of clarity. 

The green bars at peaks in the difierence spectra indicate the standard error of the mean at 

that wavelength.
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Figure 3. 
Cytoplasmic view of the predicted structure of DeNaR with the residues chosen for Cys 

mutations used in SDSL experiments shown as gold spheres.
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Figure 4. 
Effect of cation on the initial helical organization of DeNaR during the dark state. The solid 

black lines are the dark-state EPR spectra of DeNaR in the presence of K+; the red areas 

represent the difierence spectra of the EPR spectra of DeNaR in the presence of K+ minus 

DeNaR in the presence of Na+. Bold letters indicate helices. The width of the abscissa in 

each of the panels represents 150 G. All first-derivative EPR spectra were normalized to a 

constant spin concentration prior to subtraction.
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Figure 5. 
Room-temperature CW EPR spectra of helix B/G, B/F, and F/G spin-labeled mutants in the 

presence of Na+ or K+. The solid black lines are the dark spectra, and the red areas are the 

light-minus-dark difierence spectra. The width of the abscissa axis in each of the panels 

represents 150 G.
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Figure 6. 
Effect of cation on the helical movement of DeNaR during the photostationary illuminated 

state. The solid black lines are the dark-state EPR spectra of DeNaR in the presence of K+; 

the red areas represent the difierence spectra of the illuminated EPR spectra of DeNaR in the 

presence of K+ minus DeNaR in the presence of Na+. Bold letters indicate helices. The 

width of the abscissa axis in each of the panels represents 150 G. All first-derivative EPR 

spectra were normalized to a constant spin concentration prior to subtraction.
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Figure 7. 
Structural summary of the helical rearrangement in DeNaR caused by substitution of Na+ for 

K+ in the dark (cytoplasmic view). The difierence EPR spectra in the unphotolyzed state 

show that Na+ causes a movement of helix F toward the center of the protein, with a 

movement of helix G away from helix B and toward helix F.
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Figure 8. 
Structural summary of the light-induced helical movements observed in DeNaR. In the 

presence of K+ (left), we observed an outward lateral tilt of helix F away from both helices 

B and G and an outward lateral tilt of helix G (cytoplasmic view). In the presence of Na+ 

(right), we observed an outward movement of helix F, an outward movement of helix G, and 

a clockwise rotation of helix F relative to helix G. In the presence of K+, DeNaR undergoes 

a BR-like rearrangement that is consistent with the H+ pumping activity observed under 

those conditions. In the presence of Na+, helix F undergoes a rotation that is the opposite of 

that in BR.
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