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Natural anion channelrhodopsins (ACRs) recently discovered
in cryptophyte algae are the most active rhodopsin channels
known. They are of interest both because of their unique natural
function of light-gated chloride conductance and because of
their unprecedented efficiency of membrane hyperpolarization
for optogenetic neuron silencing. Light-induced currents of
ACRs have been studied in HEK cells and neurons, but light-
gated channel conductance of ACRs in vitro has not been dem-
onstrated. Here we report light-induced chloride channel activ-
ity of a purified ACR protein reconstituted in large unilamellar
vesicles (LUVs). EPR measurements establish that the channels
are inserted uniformly “inside-out” with their cytoplasmic sur-
face facing the medium of the LUV suspension. We show by
time-resolved flash spectroscopy that the photochemical reac-
tion cycle of a functional purified ACR from Guillardia theta
(GtACR1) in LUVs exhibits similar spectral shifts, indicating
similar photocycle intermediates as GtACR1 in detergent
micelles. Furthermore, the photocycle rate is dependent on elec-
tric potential generated by chloride gradients in the LUVs in the
same manner as in voltage-clamped animal cells. We confirm
with this system that, in contrast to cation-conducting channel-
rhodopsins, opening of the channel occurs prior to deprotona-
tion of the Schiff base. However, the photointermediate transi-
tions in the LUVs exhibit faster kinetics. The ACR-incorporated
LUVs provide a purified defined system amenable to EPR, opti-
cal and vibrational spectroscopy, and fluorescence resonance
energy transfer measurements of structural changes of ACRs
with the molecules in a demonstrably functional state.

Channelrhodopsins, light-gated ion channels from algae,
have become major neuroscience research tools (1). Optoge-
netic control of excitable animal cells entails two opposite actu-
ators: induction of neuron firing by light-induced depolariza-
tion of the cell membrane and suppression of neuronal activity
by light-induced hyperpolarization. Photoinduction of firing
has been achieved by relatively highly conducting cation
channelrhodopsins (CCRs)2 (1). Until recently, for hyperpo-
larization of cell membranes, low-efficiency ion pumps or
chloride-conducting CCR mutants have been used (2– 4).
High-efficiency natural anion-conducting channelrhodo-
psins (ACRs) were found recently in cryptophyte algae that
exhibit orders of magnitude higher sensitivity than inhibitory
tools used previously (5). Their molecular mechanisms, how-
ever, remain poorly understood.

To elucidate the structural basis of channel gating, what is
needed is a system in which one can measure structural changes
with spectroscopic probes in the protein in functional channels.
There are four requirements of such a system. (i) The system
must allow measurement of light-gated channel conductance,
i.e. light-dependent transmembrane ion flux. (ii) The system
should contain only purified defined components and avoid the
complexity of other components such as those found in electri-
cal current measurements in animal cells, particularly trans-
porters and other channels that potentially influence the chan-
nelrhodopsin activity measurement. (iii) The system should be
amenable to optical and molecular spectroscopic probes that
enable measurements of intramolecular distances: for example,
fluorescent probes for energy transfer measurements or spin
labels for dipolar coupling measurements. Specific labeling
with probes is greatly facilitated by a purified system. (iv) In all
microbial rhodopsins that translocate ions for which structures
are known, including the light-driven ion pumps bacteriorho-
dopsin, halorhodopsin (HR), and proteorhodopsin (PR) (Govo-
runova et al. (29)), and most relevant here, the CCR C1C2 (6, 7),
the extracellular portion of the ion channel is open in both the
dark and the light, and the cytoplasmic portion of the channel is
closed in the dark and opened by light. Therefore, the measure-
ment system requires the ability to easily introduce probes spe-
cifically on the cytoplasmic side of the protein to monitor
distance changes (e.g. EPR spin probes for dipolar coupling
measurements or luminescence resonance energy transfer
probes for energy transfer measurements).

We have succeeded in developing such a system by using
large unilamellar vesicles (LUVs) and the highly conductive
GtACR1. We demonstrate for the first time that purified ACR
retains its light-gated channel activity in vitro. Even for the
much longer studied CCR, in vitro functional activity of puri-* This work was supported by National Institutes of Health Grant

R01GM027750 (to J. L. S.) and Endowed Chair Number AU-0009 from the
Robert A. Welch Foundation. The authors declare that they have no con-
flicts of interest with the contents of this article. The content is solely the
responsibility of the authors and does not necessarily represent the official
views of the National Institutes of Health.

□S This article contains supplemental Fig. 1.
1 To whom correspondence should be addressed: Center for Membrane Biol-

ogy, Dept. of Biochemistry and Molecular Biology, University of Texas
McGovern Medical School, 6431 Fannin St., Houston, TX 77030. Tel.: 713-
500-5473; E-mail: john.l.spudich@uth.tmc.edu.

2 The abbreviations used are: CCR, cation channelrhodopsin; ��, mem-
brane electric potential; LUV, large unilamellar vesicle; GtACR1, Guillardia
theta ACR1; ACR, anion channelrhodopsin; NaR, sodium pump rhodop-
sin; HR, halorhodopsin; PR, proteorhodopsin; DDM, n-dodecyl-�-D-
maltopyranoside; CCCP, carbonyl cyanide m-chlorophenyl hydrazine;
MTSSL, S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)meth-
ylmethanethiosulfonate; NaPi, sodium phosphate; �ME, �-mercapto-
ethanol; RB, reconstitution buffer.

crossmark

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 49, pp. 25319 –25325, December 2, 2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

DECEMBER 2, 2016 • VOLUME 291 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 25319

ACCELERATED COMMUNICATION

http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.C116.760041&domain=pdf&date_stamp=2016-10-27


fied pigment was demonstrated in only one publication in black
lipid films not amenable to spectroscopic analysis (8). The system
we describe is amenable to optical and molecular spectroscopy.

EPR measurements with spin-labeled GtACR1 inserted into
LUVs showed that the channels in LUVs are oriented nearly
completely inside-out (i.e. with the cytoplasmic domain facing
the medium). Measurements of flash-induced absorption
changes of ACR in LUVs showed overall similarity to changes
from the photocycle in detergent micelles, although rates of
intermediate conversions were faster in LUVs. We definitively
confirm in the LUVs the previous proposal from comparison of
photocurrents in HEK cells and the photocycle in micelles (9)
that opening of the channel takes place before deprotonation of
the retinylidene Schiff base chromophore. Furthermore, the
photocycle rate of GtACR1 in the LUVs is dependent on the
membrane potential, a dependence that exists in biological
membranes.

Results and Discussion

Light-induced Channel Activity in LUVs Containing GtACR1—
GtACR1-inserted in LUVs were prepared with outwardly
directed and inwardly directed chloride gradients. We mon-

itored light-induced chloride fluxes by the secondary passive
flow of protons (10), in this case caused by the light-induced
appearance of chloride conductance. The pH-dependent
fluorescent dye pyranine inside the LUV was used to monitor
pH changes.

We measured the Cl� flux in LUVs that contain Cl� inside
and SO4

2� or Asp� outside, and vice versa. Without the proton
ionophore CCCP, actinic light caused relatively small changes
in pH (Fig. 1), indicating low permeability of the LUV lipid
membrane for protons. In the presence of protonophore
CCCP, light induced a significant increase or decrease of lume-
nal pH depending on the direction of the chloride gradient (Fig.
1). The appearance of light-induced chloride conductance of
the ACR leads to generation of a diffusion electrical potential
(��) across the LUV membrane. This electrical potential drives
protons across the LUV membrane. Alkalization of the internal
space of LUVs (i.e. the lumenal volume) took place when the
chloride gradient was directed from the lumen to the exterior of
LUVs, and acidification took place when the direction of the
gradient was opposite, confirming that they derive from the
passive chloride movement. The proton flux continues until
full dissipation of the chloride gradient.

FIGURE 1. GtACR1 function in LUVs. A and B, light-induced fluorescence changes of the pH-sensitive dye pyranine inside GtACR1-containing LUVs with Cl�

inside and SO4
2� outside (A, top), SO4

2� inside and Cl� outside (A, bottom), Cl� inside and Asp� outside (B, top), and Asp� inside and Cl� outside (B, bottom). Red
and black lines are with and without protonophore (CCCP), respectively. The direction of proton movement corresponds to passive chloride flux out of (A and
B, top) or into (A and B, bottom) the LUVs. The fitted lines are shown on each trace. Light on and off times are indicated by arrows. norm., normalization.
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In all cases, when illumination stopped, the lumenal pH did
not return immediately (Fig. 1). This behavior differs from our
previous results on a sodium pump rhodopsin (NaR) in LUVs,
which actively transport ions (10). The passive nature of the ion
movement in ACR explains the saturation of pH changes after
prolonged illumination and the absence of a light-off response.
Because proton flux is driven by the chloride diffusion poten-
tial, the flow stops when the chloride gradient is dissipated due
to the high chloride conductance of the ACR. Closing of chlo-
ride channels upon switching off the light does not cause fast
changes in ��.

These data offer direct evidence that purified GtACR1 acts
as a light-gated Cl� channel in vesicles. The direction of pH
changes corresponds to the expected direction of chloride flux-
es: alkalization when chloride ions (and therefore protons) flow
out of the LUV and acidification when chloride ions (and there-
fore protons) flow into the LUV lumen.

To estimate the pH change from the fluorescence intensity
change, we measured the fluorescence intensity of free pyra-
nine in buffer as a function of pH. In typical LUV samples, the
fluorescence intensity change was �7% and �8% for Cl� out-
flow and inflow, which corresponds to pH changes of �0.06 and
�0.07 units, respectively. These pH change values underesti-
mate the Cl� flux because 2 mM phosphate buffer diminishes
�pH in our system.

EPR Measurement of Insertion Orientation—In our previous
study of NaR-inserted LUVs, the orientation of the pigment was
evident from the direction of membrane potential changes
because NaR is a unidirectional ion pump (10). Unlike in ion
pumps, in ACRs, ions move in either direction through the
channel depending on the sign of the gradient (5). Therefore,
the orientation of the ACR molecule in LUVs membrane is not
deducible from the photocurrent direction.

To detect the orientation of the GtACR1 protein in LUVs, we
determined the accessibility of Cys-reactive spin labels in the
LUVs with EPR spectroscopy (11). In a model structure built
with the Robetta server based on the structure of C1C2 (Protein
Data Bank (PDB) ID: 3UG9) (9), out of nine Cys residues in the
molecule, six are located in the transmembrane helices and
hence buried in the lipids; two, Cys-6 and Cys-21, are on the
extracellular N-terminal region; and Cys-219 is on the loop
between helices F and G facing the extracellular side (Fig. 2A).
Our SDS-PAGE analysis showed that GtACR1 runs as a dimer
(�66 kDa) in the absence of �-mercaptoethanol (�ME), and as
a monomer (�33 kDa) in the presence of �ME (supplemental
Fig. 1), indicating that GtACR1 forms a dimer, likely through
one (Cys-21) or two disulfide bonds (both Cys-6 and Cys-21 are
candidates for disulfide bond formation). Therefore, in the lipid
environment, one or two cysteines that face the extracellular

FIGURE 2. EPR measurements of MTSSL-labeled GtACR1-inserted LUVs to detect the insertion orientation. A, in the predicted structure of GtACR1, the six
cysteines in cyan are in the transmembrane helices, and the three cysteines in green face the extracellular side; Ala-54 shown in blue faces the cytoplasmic side.
The labels inside and outside refer to the LUVs, of which the lipid bilayer is displayed in gray. B, GtACR1_WT-inserted LUVs (top) and GtACR1_A54C-inserted LUVs
(bottom) were incubated with MTSSL. Ala-54 is predicted to face the cytoplasmic side of GtACR1 (panel A), and inserted A54C is labeled by MTSSL. The protein
is colored in red, LUVs are represented as two concentric circles, and the spin label is indicated as an asterisk. C, EPR spectra of the frozen LUVs from different
treatments were normalized based on their protein concentrations as described under “Experimental Procedures.” The EPR signals are shown for: labeled
WT-inserted LUVs, black; labeled WT inserted in leaky LUVs, green; and labeled A54C-inserted LUVs, red. Rel., relative. D, room temperature continuous wave EPR
spectra of GtACR1_A54C-inserted LUVs in the dark and light-activated states. The black and red lines are the dark and light spectra, respectively, and the green
areas are the light-minus-dark difference spectrum.
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medium in the cell are expected to be exposed and available for
spin labeling, and none face the cytoplasm.

When GtACR1 were reconstituted into LUVs and then spin-
labeled (Fig. 2B), the ratio between spin label and protein was
only 0.2 � 0.1 (n � 3) (Fig. 2C). This result indicated that the
exposed Cys residues face the LUV lumen, preventing them
from being labeled by the lipid-impermeable spin label (1-oxyl-
2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate
(MTSSL). When GtACR1-LUVs were prepared in leaky or dis-
rupted LUVs in the presence of the detergent n-dodecyl-�-D-
maltopyranoside (DDM) and spin-labeled, the concentration
ratio of spin label versus protein rose to 2.2 (Fig. 2C), agreeing
with the modeled structure suggesting that two free cysteines
were accessible. These results indicate that two cysteines not
buried in the lipid face the inside of the LUVs, preventing them
from being accessible to the spin label.

To confirm that the cytoplasmic surface of GtACR1 faces
outward in the LUV, we introduced a cysteine mutation on
Ala-54 on the loop between helices A and B on the cytoplasmic
side and spin-labeled GtACR1_A54C-inserted LUVs (Fig. 2B).
The concentration ratio between nitroxide and protein was
1.1 � 0.2 (n � 3) (Fig. 2C), indicating that A54C is labeled in
essentially all of the ACR protein molecules in the LUVs.
Therefore, we conclude that GtACR1 has an essentially com-
pletely inside-out orientation, in which the cytoplasmic side
faces the exterior medium of the LUVs (Fig. 2A), opposite to
that in the cell membrane. Comparison of the labeling between
A54C and WT (Fig. 2C) indicates that GtACR1 is inserted
�93% in the inside-out orientation under our experimental
conditions.

We conclude that GtACR1, like all other microbial rho-
dopsins that have been inserted in LUVs, namely bacteriorho-
dopsin (12), HR (13), PR (14), and NaR (10), is “inside-out,” i.e.
the cytoplasmic side of the protein faces the medium. This ori-
entation has been suggested to be due to the greater number of
charged residues in the C-terminal region than in the N-termi-
nal region, favoring more rapid hydrophobic N-terminal inser-
tion into the preformed LUVs (15).

The cytoplasmic side of GtACR1 has no cysteine residue
accessible to a spin label (Fig. 2A). Therefore, one can site-
specifically introduce Cys residues at positions on the cytoplas-
mic side of the protein without endogenous Cys residues com-
peting for probe attachment. This ability greatly facilitates
future EPR measurements, as well as use of other Cys-attached
probes, to map the structural changes involved in channel
opening under illumination.

The EPR spectrum of A54C-inserted LUVs at ambient tem-
perature is characteristic of a solvent-exposed nitroxide (16, 17)
(Fig. 2D). We also compared the EPR line shape of A54C-in-
serted LUVs under illumination that activates GtACR1. The
EPR spectrum in the light did not exhibit a significant differ-
ence from that in the dark, indicating similar mobility of the
probe on Ala-54 in these two conditions.

Flash Photolysis of GtACR1-inserted LUVs—The photocycle
of GtACR1 in detergent micelles strongly differs from those of
other microbial rhodopsins (9). In particular, decay of L-like
intermediates and accumulation of an M-like intermediate (a
measure of the chromophore Schiff base deprotonation) are

very slow. The M-like intermediate occurs long after the
appearance of the conductive state. We monitored the flash-
induced absorption changes of GtACR1-LUVs at three repre-
sentative wavelengths (410, 460, and 590 nm) and compared the
photocycle kinetics between GtACR1 in LUVs and DDM
micelles (Fig. 3, A–C). The stages in the photocycle in LUVs are
similar to those in the micelles. The rise and decay of the inter-
mediates are more rapid in LUVs, with some phases �5-fold
faster (Fig. 3, A–C). Nevertheless, the appearance of the con-
ductive state of GtACR1 in LUVs occurs prior to deprotonation
of the Schiff base, as was suggested from comparison of photo-
currents in HEK cells with photocycle measurements in DDM
micelles (9). This observation of a more rapid photocycle rate in
LUVs than in micelles concurs with the faster M-like interme-
diate formation in Pichia membranes than in detergent (9). In a
previous study on a CCR, CaChR1 (ChR1 from Chlamydomo-
nas augustae), the photocycle rate of the pigment in Pichia
membranes was also 3-fold faster than that in micelles (18).
Furthermore, HR and PR exhibited faster photocycle kinetics in
liposomes than in micelles (19, 20), suggesting that the kinetics
of microbial rhodopsins are generally more rapid in the pres-
ence of lipids.

A positive-inside �� is generated in LUVs with Cl� inside
under laser flash excitation with no CCCP present, and a neg-
ative �� is generated in LUVs with Cl� outside. We observed
no difference between the absorption spectra of the two condi-
tions, as well as between absorption of pigment in LUVs and
in DDM micelles. We measured the photocycle kinetics of
GtACR1 under these two different membrane potentials. Fit as
first order processes, the main component of absorbance recov-
ery at 500 nm is �30% faster when Cl� is outside than inside
(Fig. 3D). Hence, GtACR1 under a negative potential has a
faster photocycle rate than under a positive potential (Fig. 3D).
The main component of channel closing of GtACR1 in HEK
cells is strongly dependent on voltage, and a positive potential
inside the cell membrane causes acceleration of closing (21).
Because the insertion orientation of GtACR1 is opposite to that
in the cell membrane, the faster photocycle decay rate under
negative voltage in LUVs matches our previous result showing
faster channel closing under positive voltage in HEK cells (21).

SDS-PAGE analysis on detergent-purified GtACR1 indicates
that, as with C1C2 (7), GtACR1 forms a disulfide-linked dimer
(supplemental Fig. 1). Because GtACR1-LUVs were prepared in
the absence of any reducing agent, presumably the pigment is
present as a dimer. Because GtACR1-LUVs demonstrate light-
induced chloride channel activity, the dimeric form is appar-
ently a functional state. CrChR2 (ChR2 from Chlamydomonas
reinhardtii) also forms disulfide-linked dimers and has been
shown to form a dimer even without disulfide bonds, indicating
a dimer-stabilizing role of the disulfide linkages (22).

In summary, we have developed a system amenable to optical
and molecular spectroscopic measurements of structural
changes of anion channelrhodopsin with the molecules in a
demonstrably functional state. GtACR1 in LUVs allows func-
tional and spectroscopic measurements in defined lipid com-
position. The in vitro system developed enables investigation of
channel-conductive mechanisms without perturbation by bio-
energetic ion fluxes encountered in living cells. This in vitro
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system is amenable to molecular methods such as time-resolved
flash UV-visible spectroscopy, vibrational spectroscopy, and EPR,
as well as fluorescence methods such as luminescence resonance
energy transfer, for characterizing light-induced protein confor-
mational changes and atomic distance measurements under con-
ditions in which a functional state of ACRs is confirmed.

Experimental Procedures

Cloning, Expression, and Purification of GtACR1—The opsin
domain of human codon-adapted GtACR1 (residues 1–295)
with a C-terminal His8 tag was subcloned into the pPIC9K vec-
tor (Invitrogen). The single colony obtained as described previ-
ously (9) was used for expression.

For protein expression and purification, the procedures were
followed as described (9) with several improvements. Briefly, a
starter culture was inoculated into buffered complex glycerol
medium, after which the cells were transferred to 1 liter of buff-
ered complex methanol (0.5%) medium supplemented with 5

�M all-trans-retinal (Sigma-Aldrich) and grown at 30 °C with
shaking at 240 rpm. After 24 h, the cells were harvested and
lysed in 100 ml of ice-cold buffer A (20 mM sodium phosphate,
pH 7.4, 100 mM NaCl, 1 mM EDTA, 5% glycerol) by French
press. Cell debris was removed by centrifugation at 5,000 � g
for 10 min. Membrane fragments were collected by ultracen-
trifugation at 190,000 � g for 1 h, and then solubilized with 20
ml of buffer B (20 mM Hepes, pH 8.0, 500 mM NaCl, 5% glycerol)
and 1% DDM at 4 °C for 1 h. Non-solubilized material was
removed by ultracentrifugation with a TLA-100.3 rotor at
110,000 � g for 1 h. The supernatant was mixed with 2 ml of
nickel-nitrilotriacetic acid resin (Qiagen) with 15 mM imidaz-
ole, incubated at 4 °C for 1 h, and loaded in a gravity flow col-
umn (bed dimensions 5 � 25 mm, Bio-Rad). After washing the
resin thoroughly with 10 column volumes of buffer B contain-
ing 0.02% DDM and 40 mM imidazole, the protein was eluted
with buffer B containing 0.02% DDM and 300 mM imidazole.
The protein was concentrated using 4-ml Amicon� Ultra cen-

FIGURE 3. Flash photolysis measurements of GtACR1 in LUVs and micelles. A–C, laser flash-induced absorption (Abs) changes of GtACR1 in LUVs and DDM
monitored at three representing wavelengths: 410 (A), 460 (B), and 590 nm (C). The blue lines represent GtACR1-LUVs, and the black lines represent GtACR1 in
DDM. The fitted lines and rates are shown on each curve. rel. u., relative units. D, laser flash-induced absorption changes of GtACR1-LUVs monitored at 500 nm
with Cl� inside and Cl� outside are shown in black and red, respectively.
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trifugal filters with 10,000 molecular weight cut-off (Millipore)
at 4 °C to about 200 �l. 100 �l of protein was further loaded into
a size exclusion column using Superdex 200 10/300 GL (bed
dimensions 10 � 300 mm, GE Healthcare) and eluted with
buffer B with 0.02% DDM at the flow rate of 0.25 ml/min. A
large portion of the protein with the peak retention volume at
�11 ml was separated from the aggregated proteins in the void
volume. The fractions of the major peak were pooled and concen-
trated using the centrifugal filters. The purity of GtACR1 was
examined using SDS-PAGE in the presence and absence of �ME.

Site-directed mutagenesis was performed with the Quik-
Change kit (Agilent, Santa Clara, CA) using the WT GtACR1
construct as template. We generated a structural model of
GtACR1 based on the structure of C1C2 (PDB ID: 3UG9) using
the homology model program at the Robetta server. Ala-54 is
observed to be on the loop between helices A and B, facing the
cytoplasmic side. The A54C mutant of GtACR1 was expressed
and purified, as was WT. The absorption spectra of A54C
matched that of GtACR1_WT, and the mutant had full light-
gated Cl� channel function assessed by photoelectrophysiology
measurement in HEK293 cells.

Reconstitution of GtACR1 into LUVs—Reconstitution of
GtACR1 into LUVs and fluorescence measurements were
based on the basic procedures established by Rigaud and co-
workers (12, 23, 24). 9 mg of soy L-�-phosphatidylcholine (PC)
(Avanti, Alabaster, AL) and 1 mg of 1,2-dioleoyl-sn-glycero-3-
phospho-(1	-rac-glycerol) (DOPG) (Avanti) in chloroform
were mixed and dried into a thin film by Argon gas, and further
dried under vacuum. Reconstitution buffer (RB) was as follows:
2 mM sodium phosphate (NaPi) and 100 mM NaCl, pH 7.4, for
Cl� outflow experiment; 2 mM NaPi and 50 mM Na2SO4, pH 7.4,
for Cl� inflow experiment. 1 ml of RB with 0.5 mM pyranine
(Acros Organics) was added to resuspend and rehydrate the
lipid film. The lipid suspension was passed through polycar-
bonate membranes in an extruder (Avanti) to generate LUVs.
20 �l of 10% DDM was added to LUVs and incubated for 1 h,
and GtACR1 in DDM was added to the lipids/DDM at the ratio
of 1:80 (w/w) and incubated for 1 h. Bio-beads (Bio-Rad) were
added to the mixture three times at room temperature, and
then incubated overnight at 4 °C. External pyranine was
removed by size exclusion chromatography using a Sephadex
G-50 column, and the LUVs were eluted with RB containing
Na2SO4 for Cl� outflow, or RB containing NaCl for Cl� inflow
at 4 °C. The eluate was collected for fluorescence measure-
ments. The concentration of GtACR1 in LUVs was 0.3 � 0.1 �M

calculated from its absorbance (see below). GtACR1-LUVs
were between 100 and 200 nm in size and relatively homogene-
ous by electron microscopy measurement. GtACR1 was recon-
stituted into LUVs in 2 mM NaPi buffer at pH 7.4 and 100 mM

NaCl or 50 mM Na2SO4 for flash photolysis measurements,
without the addition of pyranine.

UV-visible Spectroscopy and Laser Flash Photolysis—Absorp-
tion spectra of detergent-extracted GtACR1 and GtACR1-
LUVs were collected using a Cary 4000 spectrophotometer
(Varian, Palo Alto, CA) equipped with an integrating sphere.
Absorption spectra of the LUVs were obtained by subtracting a
baseline from the logarithmic scale of absorbance in Origin 7.0
(OriginLab, Northampton, MA) to eliminate light scattering

following an established method (25). The protein concentration
in LUVs was determined from absorbance at 515 nm divided by
the extinction coefficient of 45,000 M�1 cm�1, a commonly used
first approximation for microbial rhodopsins (26, 27).

Light-induced absorption changes were measured with a
laboratory-constructed crossbeam apparatus as described pre-
viously (9). Excitation flashes (532 nm, 6 ns, up to 40 mJ) were
provided by a Surelite I Nd-YAG laser (Continuum). Signals
were amplified by a low-noise current amplifier and digitized
with a GaGe Octopus digitizer board (model CS8327, Dynamic-
Signals), with maximum sampling rate of 50 MHz. The time
interval between excitation flashes was 15 s, and up to 100
sweeps were averaged for each wavelength. Data analysis was
performed with pClamp 10.2 (Molecular Devices) and Origin-
Pro 7 (OriginLab) software. Logarithmic filtration of the data
was performed by using the GageCon program (kindly pro-
vided by L. S. Brown, University of Guelph, Ontario, Canada).
Flash-induced absorption changes at four representative wave-
lengths were recorded: 410, 460, 590, and 500 nm. The absorp-
tion increase at 410 nm monitors the deprotonation of the reti-
nylidene Schiff base. The absorption changes at 590 and 460 nm
are associated with the biphasic decay of the earliest interme-
diate in the photochemical reaction cycle, a red-shifted species
characteristic of microbial rhodopsins called K, and formation
of the subsequent blue-shifted L-like intermediate, which in
ACRs represents the conductive state, respectively (9). The
absorption change at 500 nm near the absorption maximum of
the unphotolyzed state of GtACR1 monitored the overall pho-
tocycle of the pigment.

Light-induced Ion Transport in GtACR1-inserted LUVs Mon-
itored with Fluorescence—GtACR1-LUVs were placed into a
quartz cuvette with constant stirring, and the fluorescence
intensity was measured using a QuantaMaster model QM3-SS
(Photon Technology International, Edison, NJ) fluorometer at
5 °C. The fluorescence excitation and emission for pyranine
were set at 450 and 500 nm, respectively, and the fluorescence
intensity of pyranine increased as pH increased (28). Actinic
illumination of vesicles was performed with a halogen-tungsten
light source (Ushio, Cypress, CA) equipped with a heat filter
and a long-pass orange filter (transmitting 530 –700 nm)
through a flexible light guide whose aperture was positioned
above the cuvette. An interference filter transmitting 500 � 20
nm was placed along the emission path to remove further stray
and diffuse light. The excitation and emission slits were
adjusted to obtain near-maximal fluorescence intensity. Proto-
nophore CCCP (0.5 �M in ethanol) was used.

Spin Labeling and EPR Measurement of GtACR1-inserted
LUVs—GtACR1 in detergent micelles and LUVs were labeled
with spin label (MTSSL, Santa Cruz Biotechnology, Dallas, TX)
in our measurements. GtACR1 was exchanged into buffer C (10
mM MES, 100 mM NaCl, pH 6.2) with 0.02% DDM and subse-
quently incorporated into LUVs in buffer C. GtACR1_WT-
LUVs and A54C-LUVs were labeled with MTSSL using a molar
ratio of GtACR1:MTSSL � 1:20 overnight at 4 °C or room tem-
perature for 5 h. Unreacted MTSSL was removed by dialysis in
a 1-ml Slide-A-LyzerTM G2 dialysis cassette (Thermo Fisher)
four times against 1 liter of buffer C at 4 °C for 2–3 days.
GtACR1-LUVs were concentrated by pelleting with centrifuga-
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tion at 190,000 � g and resuspending in buffer C. In a separate
experiment, GtACR1-LUVs were prepared in the presence of
DDM, and the resulting LUVs were incubated with MTSSL. The
unreacted spin label was removed by extensive dialysis as men-
tioned against buffer C with 0.02% DDM. All GtACR1-LUVs were
then frozen and stored in liquid N2 before EPR measurements.

EPR spectra were recorded with a Bruker EMX spectrometer
at 115 K or ambient temperature. Data analyses and spectral
integrations were conducted using the WinEPR program fur-
nished with the EMX system (11). The following parameters
were used for the EPR measurements: frequency, 9.3 GHz;
microwave power, 1 milliwatt (115 K) and 10 milliwatt (ambi-
ent temperature); modulation frequency, 100 kHz; modulation
amplitude, 2 or 4 G (115 K) and 2 G for ambient temperature
EPR; and time constant, 0.16 s. The spin densities of the frozen
samples were calculated based on the double integrations of the
EPR signals and compared with that of a 1 mM Cu2� standard (11).

Ambient temperature EPR spectra of LUVs were recorded
with samples placed in 50-�l capillary tubes. Illumination of the
sample was achieved with the same light source equipped with
a light guide and a heat and long-pass yellow filter through the
front window of the resonator.
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