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Abstract

Optogenetics relies on the expression of specific microbial rhodopsins in the neuronal plasma 

membrane. Most notably, this includes channelrhodopsins, which when heterologously expressed 

in neurons function as light-gated cation channels. Recently, a new class of microbial rhodopsins, 

termed anion channel rhodopsins (ACRs), has been discovered. These proteins function as 

efficient light-activated channels strictly selective for anions. They exclude the flow of protons and 

other cations and cause hyperpolarization of the membrane potential in neurons by allowing the 

inward flow of chloride ions. In this study, confocal near-infrared resonance Raman spectroscopy 

(RRS) along with hydrogen/deuterium exchange, retinal analogue substitution, and site-directed 

mutagenesis were used to study the retinal structure as well as its interactions with the protein in 

the unphotolyzed state of an ACR from Guillardia theta (GtACR1). These measurements reveal 

that (i) the retinal chromophore exists as an all-trans configuration with a protonated Schiff base 

(PSB) very similar to that of bacteriorhodopsin (BR), (ii) the chromophore RRS spectrum is 

insensitive to changes in pH from 3 to 11, whereas above this pH the Schiff base (SB) is 

deprotonated, (iii) when Ser97, the homologue to Asp85 in BR, is replaced with a Glu, it remains 

in a neutral form (i.e., as a carboxylic acid) but is deprotonated at higher pH to form a blue-shifted 

species, (iv) Asp234, the homologue of the protonated retinylidene SB counterion Asp212 in BR, 

does not serve as the primary counteranion for the protonated SB, and (v) substitution of Glu68 

with an Gln increases the pH at which SB deprotonation is observed. These results suggest that 

Glu68 and Asp234 located near the SB exist in a neutral state in unphotolyzed GtACR1 and 

indicate that other unidentified negative charges stabilize the protonated state of the GtACR1 SB.

TOC image

*Corresponding Author: Department of Physics, Boston University, 590 Commonwealth Ave., Boston, MA 02215. kjr@bu.edu. 

Notes
The authors declare no competing financial interest.

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.biochem.6b00104.
Examples of peak fitting for both UV-vis data and RRS data (Figures S1, S2, S4, and S5) and a comparison of RRS spectra taken with 
high and low laser powers and with 532 nm excitation (Figure S2) (PDF)

HHS Public Access
Author manuscript
Biochemistry. Author manuscript; available in PMC 2017 September 11.

Published in final edited form as:
Biochemistry. 2016 April 26; 55(16): 2371–2380. doi:10.1021/acs.biochem.6b00104.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Channelrhodopsins (ChRs) are currently used extensively in neuroscience research1–7 and 

are potentially enabling tools for a growing list of biomedical applications.8–11 ChRs were 

first identified in 2002 as membrane-depolarizing phototaxis receptors in chlorophyte 
algae12,13 and found to function as light-gated cation channels when heterologously 

expressed in animal cells.14,15 In 2005, ChR genes were expressed in neurons and shown to 

enable their spatiotemporal photoactivation.16 Since then, thousands of publications have 

appeared reporting the use of ChRs in optogenetic applications.1,2

The most widely used ChRs are channelrhodopsin-2 from Chlamydomonas reinhardtii 
(CrChR2) and its derivatives. When CrChR2 is incorporated into neuronal membranes, 

absorption of blue light causes an inward current of protons and Na+. The subsequent 

depolarization of the membrane triggers an action potential when the light level and level of 

CrChR2 expression are sufficiently high.

Photosuppression (silencing) of nerve activity is also critical for various applications such as 

elucidating neural circuit function. Thus far, silencing has been achieved using outwardly 

directed microbial rhodopsin proton pumps such as archaerhodopsin-3 (AR3) or inwardly 

directed halorhodopsin (HR) anion pumps.17 These proteins hyperpolarize the membrane 

upon illumination due to active transport of positive charge out of the cell (AR3) or anions 

into the cell (HR). However, the current produced by these pumps is limited by translocation 

of only a single ion per photon absorbed, limiting greatly the efficiency of hyperpolarization.

Recently, a new class of natural ChRs, termed anion channel rhodopsins (ACRs), has been 

discovered.18 Unlike AR3 and HR, ACRs function as light-gated anion channels. They 

exclude the flow of protons and other cations and cause hyperpolarization of the membrane 

by allowing the inward flow of chloride into the neuron. ACRs exhibit faster kinetics and 

less than 1/1000th of the light intensity required for neuronal silencing by the most efficient 

currently available optogenetic proteins.18

A major advance at the molecular level was the elucidation of the three-dimensional (3D) 

structure at 2.3 Å resolution of a ChR chimera that combines elements of the first five 

transmembrane helices in CrChR1 and last two from CrChR2 (termed the C1C2 chimera).19 

However, thus far, this is the only atomic-resolution ChR structure available. Furthermore, 

recent FTIR difference studies indicate that substantial differences in the structural changes, 

gating, and desensitization of the C1C2 chimera and CrChR2 exist.20
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A key goal of this study is to compare and contrast aspects of the molecular mechanism of 

ACRs with known channelrhodopsins as well as with microbial rhodopsins in general. For 

this purpose, we have used confocal near-infrared resonance Raman spectroscopy (RRS) to 

characterize an ACR from Guillardia theta (GtACR1). GtACR1 was heterologously 

expressed and extracted from Pichia pastoris cells21 and reconstituted into model bilayer 

membranes. These measurements reveal information about the structure and interactions of 

the retinal chromophore of an ACR, including several unusual features compared to those of 

other microbial rhodopsins.

MATERIALS AND METHODS

Expression, Purification, and Reconstitution of ChRs

The 7TM domain of GtACR1 was expressed from P. pastoris18 and reconstituted using a 

procedure similar to that described in ref 22 for CaChR1. Cells were grown in BMGY 

(Buffered Minimal Glycerol Yeast) medium. Expression was induced by the addition of 

0.5% methanol every 24 h in the presence of 5 μM all-trans retinal. Cells were grown for 2 

days, harvested by low-speed centrifugation, and disrupted by a bead beater (BIOSPEC 

Products, model 1107900-101). Membrane fragments were collected by centrifugation for 

40 min at 38000 rpm. The protein was partially purified on a Ni-NTA agarose column 

(Qiagen, Hilden, Germany) after solubilization by incubation overnight in 3% N-octyl D-

glucopyranoside (OG). For membrane reconstitution, the protein was eluted in 20 mM 

HEPES (pH 7.4), 100 mM NaCl, 1% OG, and 300 mM imidazole, mixed with Escherichia 
coli polar lipids (ECPL) (Avanti Polar Lipids, Alabaster, AL) at a concentration of 5 μg/mL 

in 10% OG in a 1:10 ratio (GtACR1:ECPL), and incubated at 4 °C for 30 min. The solution 

was transferred into a dialysis membrane cassette (Thermo-Fisher, Slide-A-Lyser, 10K G2 

type) with a 10 kDa cutoff and dialyzed against 50 mM K2HPO4 and 300 mM NaCl (pH 

7.0) for 24 h. After a buffer change, the sample was dialyzed for an additional 4 h. The 

resulting GtACR1 reconstituted into membrane was then spun down at 15000g for 2 min. 

The pellet was washed twice with 5 mM phosphate buffer (pH 7.0) and washed twice with 5 

mM K2HPO4 and 100 mM NaCl (pH 7.3). Similar procedures were used to express and 

reconstitute CaChR1 as previously described.22

Chromophore Substitution with A2 Retinal

A2 retinal (3,4-dehydroretinal) was purchased from Toronto Research Chemicals (catalog 

no. D230075, CAS Registry No. 472-87-7). GtACR1 containing a substituted A2 retinal 

instead of the native A1 was produced as described above except that a 0.5% methanol 

solution containing 10 μM A2 retinal instead of 5 μM A1 was added.

Near-IR Resonance Raman Spectroscopy

The reconstituted ChRs prepared as described above were used for resonance Raman 

studies. GtACR1 samples were measured by confocal near-IR resonance Raman 

spectroscopy using methods similar to those previously reported for AR3 and BR,23 and 

CaChR1 and CrChR2.22 Approximately 30 μg of the reconstituted GtACR1 was spun in a 

SCILOGEX D3024 centrifuge at 15000 rpm for 5 min, and the resulting pellet was 

resuspended in wash buffer (300 mM NaCl and 20 mM Tris/HEPES) adjusted to different 
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pH values using HCl/NaOH titration. The solution was then repelleted and washed at least 

two additional times to form a final pellet. The final pellet was resuspended in a small 

amount of the wash buffer (<5 μL) and transferred using a 10 μL syringe (Hamilton Co., 

Reno, NV) to a 0.5 mm inner diameter square borosilicate glass capillary (Fiber Optic 

Center, New Bedford, MA) with one end sealed. The capillary was spun at a lower speed 

(10000 rpm for 1 min), and then the open side was sealed with Critoseal (Leica 

Microsystems, Buffalo Grove, IL). H/D exchange was achieved by suspending pelleted 

samples in D2O solutions prepared with 300 mM NaCl and 20 mM HEPES at its pH value 

(∼6.3).

RRS spectra were obtained at room temperature on a Renishaw inVia confocal Raman 

microscope equipped with a 20× objective with a numerical aperture (NA) of 0.4 using 785 

nm laser excitation. Unless otherwise noted, the experiments were conducted with a power 

of 300 mW (∼25% throughput at the sample) at an effective pixel resolution of ∼1.2 cm−1. 

The system calibrates frequency accuracy using the 520.9 cm−1 band from an internal 

silicon chip. Data acquisition consisted of series of measurement cycles with each cycle 

consisting of a 30 s data acquisition period followed by a 20 s wait time in the dark. 

Depending on the signal-to-noise ratio, this cycle was repeated 30–1000 times. The spectra 

of the data acquisition period were then averaged. The empty capillary spectrum was 

subtracted from the averaged spectra to remove the fluorescence background. A multipoint 

linear baseline correction was performed to obtain the final reported spectra.

UV–Vis Spectroscopy

Approximately 50 μg of reconstituted GtACR1 was washed in 300 mM NaCl/20 mM 

HEPES buffer (pH 7). To reduce the scattering, the solution was sonicated in three cycles of 

30 s in an ice bath with a 30 s rest between cycles. The solution was placed in a quartz 

cuvette (Thorlabs, Inc., Newton, NJ), and a Cary 6000 spectrometer equipped with a diffuse 

scattering apparatus (Agilent Technologies, Inc., Santa Clara, CA) was used to perform the 

UV–vis absorbance measurement using a 0.1 s per step size of 1 nm (total scan time of 1 

min). Light-adapted sample measurements were performed immediately after illumination 

for >5 min with a 530 nm LED (Thorlabs, Inc.) operating at approximately 10 mW/cm2 at 

the sample. Dark-adapted sample measurements were performed after the sample had been 

kept in the dark for >30 min. To obtain the final reported spectra, baseline correction was 

performed by curve fitting to a combination of Rayleigh and Tyndall scattering curves to 

remove the scattering curve.

Spectral Analysis

Spectral subtractions, baseline corrections, and peak fitting were all performed using 

GRAMS/AI version 7.02 (ThermoFisher Scientific, Inc.), except for baseline correction for 

UV–vis spectra, which was performed using MATLAB (MathWorks, Natick, MA). The 

GRAMS/AI version 7.02 spectral analysis software package, which incorporates iterative χ2 

minimization, was used to fit the subcomponent bands in the ethylenic and SB region of the 

RRS spectrum and in the visible absorption spectrum. RRS spectra were fitted from 1480 to 

1600 cm−1 in the ethylenic region and from 1590 to 1700 cm−1 in the SB region with a 

linear baseline. For the ethylenic region, the curve fitting program found three Voigtian 
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peaks, which resulted in an R2 value better than 0.99. The same routine was used for curve 

fitting the UV–vis spectrum in the range of 350–700 nm resulting in three Voigtian peaks 

with an R2 value better than 0.99.

RESULTS

UV–Visible Absorption

The UV–visible absorption of the dark-adapted spectrum of GtACR1 reconstituted into 

EPCL lipids is very similar to the spectrum of GtACR1 in 0.05% DDM detergent micelles21 

and also the action spectrum previously reported.18 The unfitted λmax of the visible 

absorption spectrum is at 515 nm. Curve fitting reveals the major component of the 

absorption is at 520 nm, with smaller components at 467 and 419 nm (Figure S1). This 

compares closely to the visible absorption of CaChR1 that has a λmax at 519 nm with fitted 

components at 524, 474, and 415 nm.22 Light adaptation of GtACR1 for 10 min followed 

immediately by measurement of the UV–visible spectrum did not alter the absorption 

compared to the dark-adapted pigment except for a small drop in overall absorbance (Figure 

S1).

Similarity of the GtACR1 with the BR and CaChR1 Raman Spectra

The near-IR RRS spectrum of GtACR1 is very similar to CaChR1 and BR spectra (Figure 

1), especially in key regions, including the ethylenic and fingerprint regions (see ref 24 for 

RRS spectra of BR along with complete band assignments). In an earlier near-IR RRS study, 

it was concluded that CaChR1 has an all-trans retinal configuration on the basis of its 

similarity to BR.22 We conclude GtACR1 also has an all-trans retinal configuration. In 

contrast, the spectrum of CrChR2 is significantly different, consistent with the existence of a 

mixed chromophore composition of all-trans and 13-cis isomers in this ChR.25

Fingerprint Region

The fingerprint region of retinal reflects mainly the vibration from the various mixed C–C 

stretching modes of the chromophore.24,26,27 A comparison of this region for BR, GtACR1, 

and CaChR1 (Figure 1) reveals bands with similar frequencies and relative intensities near 

1161–1168, 1171, 1184, 1200, 1207–1214, 1253, and 1272 cm−1. As established by retinal 

isotope labeling combined with the Wilson-FG normal-mode analysis in the case of BR,24 

these bands are highly characteristic of the C–C stretch modes of an all-trans configuration 

of a protonated SB (PSB) retinylidene chromophore. The most similar bands in the 

fingerprint region of these three spectra are the 1200, 1253, and 1273 cm−1 bands that are 

assigned in the case of BR to the C14–C15, C12–C13, and 11H in-plane bend plus lysine 

vibrations, respectively.24 This result indicates that the retinal structure in this region of the 

chromophore is very similar for all three proteins.

However, there are several small differences in the fingerprint region among BR, GtACR1, 

and CaChR1. For example, the small band near 1171 cm−1 in GtACR1 and CaChR1 does 

not appear in BR. This is most likely due to a frequency upshift of the band near 1161 cm−1 

(1163 cm−1 in CaChR1) to 1168 cm−1 in BR. In the case of BR, the 1168 cm−1 band is 

assigned to a localized C10–C11 stretching mode.24 An increase in the bond strength (and 
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hence stretching frequency) is expected to occur for BR because of its red-shifted λmax, 

which causes an increased level of delocalization of electron density in the polyene chain. In 

support of this explanation, AR3 with a λmax almost identical to that of BR, also displays a 

C10–C11 stretching mode near 1168 cm−1.24,28 In contrast, the more blue-shifted green 

proteorhodopsin (GPR; λmax ∼ 525 nm) and blue proteorhodopsin (BPR; λmax ∼ 480 nm) 

exhibit a band near 1162 cm−1 with a small shoulder near 1171 cm−1.29 Additional 

unexplained differences in the fingerprint region of GtACR1 and CaChR1 compared to BR 

and AR323 are the smaller 1207 cm−1 shoulder (relative to the more distinct shoulder at 

1214 cm−1) and a new band appearing at 1235 cm−1.

Ethylenic C=C Stretch Region

Bands arising from the C=C stretching modes of the retinal chromophore appear in the 

1500–1600 cm−1 region. In the case of GtACR1 and CaChR1, an intense band appears at 

1532 cm−1 compared to the 1526 cm−1 band appearing in BR (Figure 1). The similarity of 

the ethylenic frequency between GtACR1 and CaChR1 and the difference with BR are 

expected because of the approximate inverse relationship between λmax and νC=C found for 

most microbial and animal rhodopsins.30–32

Curve fitting of this region reveals that in addition to the major component at 1532 cm−1, 

GtACR1 has a smaller component near 1545 cm−1, and as previously reported, CaChR1 has 

a second component at 1549 cm−1 (Figure S2).22 One possible explanation for two 

components is that two different forms of the protein exist in equilibrium in the 

unphotolyzed state. This would also be supported by the observation of multiple components 

in the visible absorption of GtACR1 and CaChR1. However, as discussed previously for the 

case of CaChR1,22 the second component in the visible absorption could also arise from 

vibronic coupling as commonly seen for other microbial rhodopsins such as NpSRII.33,34 

Similarly, in the case of the RRS spectrum, the second component may arise from a second 

major ethylenic mode such as that seen in the L intermediate of BR.35,36 In general, normal-

mode analysis of PSB all-trans retinals reveals multiple combination C=C stretching 

modes.24 Future experiments, including a study of the wavelength dependence of the 

GtACR1 photocycle using FTIR difference spectroscopy and the temperature dependence of 

the RRS spectrum, are planned to distinguish among these different possibilities.

Schiff Base C=N Stretch Region

The C=N SB stretching mode (both protonated and deprotonated) falls in the 1600–1700 

cm−1 region. Because this region can reflect other vibrational modes, including 

nonresonance contributions from the protein amide I band,37 a retinal PSB C=N mode is 

assigned by using hydrogen/deuterium (H/D) exchange, which is expected to cause a 

frequency downshift of this band38 (but not an unprotonated retinal SB). Furthermore, the 

magnitude of the downshift provides information about the hydrogen bonding strength of the 

PSB.39,40

As seen in Figure 2, H/D exchange of GtACR1 causes the disappearance of a small band at 

1640 cm−1 and the appearance of a new band at 1622 cm−1. The frequency and magnitude of 

the H/D-induced downshift are very similar to those of the PSB C=N mode assigned to BR 
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(1639 cm−1 downshifts to 1622 cm−1)22 and also AR3.23 Thus, we conclude that the SB of 

GtACR1 is protonated and has a hydrogen bonding strength similar to those of BR and AR3. 

In contrast, CaChR1 has a higher SB C=N stretch frequency (1646 cm−1) and a larger H/D-

induced downshift (26 cm−1) (Figure 2), indicative of stronger hydrogen bonding near the 

C=N bond. CrChR2 also displays a higher frequency for the C=N stretch (1659 cm−1) and a 

larger H/D-induced downshift (28 cm−1).25 It is also interesting to note that HRs from 

Halobacterium salinarum (HsHR) and from Natronobacterium pharaonis (NpHR) both 

exhibit C=N frequencies near 1632 cm−1 with much smaller H/D-induced downshifts of 

approximately 10–12 cm−1.41,42

The second band observed in this region of the GtACR1 RRS spectrum at 1656 cm−1 most 

likely arises from the Amide I mode, which is normally the strongest band in the Raman 

spectrum of proteins that are not resonance-enhanced.43 One example is the Raman 

spectrum of opsin measured in a photoreceptor membrane where the retinylidene 

chromophore has been removed.37 Near-IR Raman spectroscopy of microbial rhodopsins 

with 785 nm excitation causes nonresonant contributions to appear such as from the strong 

amide I protein mode due to weaker resonance enhancement of retinal vibrations. In support 

of this argument, the putative amide I band does not appear when 532 nm excitation is used 

to measure the RRS spectrum (Figure S3).

Note that in this case photoproducts are likely to be produced by the 532 nm excitation. This 

is supported by the increase in intensity near 1534 cm−1 indicative of the formation of a 

blue-shifted photoproduct(s). In addition, this photo-product is likely to have a 13-cis-retinal 

configuration because of the increase in intensity of a band at 1184 cm−1 characteristic of a 

13-cis-retinal isomer.28 In contrast, photoproducts are unlikely to be produced using 785 nm 

excitation even at high powers as indicated by the similarity of the RRS spectra recorded at 

300 mW and at 1/1000th of this power (300 μW) (Figure S3).

NH In-Plane Bending Region

The NH in-plane bending (rocking) is also assigned to part of a band near 1350 cm−1 in BR. 

Note that this band also contains contributions from the C15H in-plane bending motion.24 

The NH portion of the mode downshifts to 976 cm−1 upon H/D exchange.24 As seen in 

Figure 2, bands are observed in GtACR1 and CaChR1 in D2O at 973 and 969 cm−1 

respectively. Along with the similar frequency and H/D-induced downshift of the C=N 

stretching mode, the similarity of the frequency of the ND in-plane bending mode indicates 

that the hydrogen bonding interactions near the PSB of these three proteins are similar.

HOOP Region

The region from 800 to 1000 cm−1 consists mainly of bands due to the retinal hydrogen-out-

of-plane (HOOP) modes [sometimes termed wags (w)]. The intensity and frequency of these 

modes are highly sensitive to torsions around the single and double bonds that produce 

nonplanar polyene configurations.44–46 For polyenes with completely planar configurations, 

the HOOP modes are expected to have only weak RRS spectral intensity.44,47

Several GtACR1 bands are observed in this region at 863, 880, 900, 941, 958, 969, and 980 

cm−1, which match well the frequency and intensity of BR and CaChR1 HOOP modes but 
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not those of CrChR2.22 On the basis of earlier assignments of HOOP modes in BR,24 these 

bands provide information about the specific configuration and interaction of specific 

regions of the retinal, including 14w (880 cm−1), 10w (900 cm−1), NHw (940 cm−1), and 

11w+12w (958), which must be very similar in the unphotolyzed states of all three proteins. 

One exception is the unassigned 863 cm−1 band that appears to be unique for GtACR1.

Effects of A2 Retinal Substitution

To further assign retinal vibrational bands in the near-IR RRS spectra, A2 retinal (3,4-

dehydroretinal) was substituted for the native A1 retinal chromophore of GtACR1. As 

shown in Figure 3, this substitution causes a significant downshift in the major ethylenic 

band from 1532 to 1513 cm−1 along with the appearance of a second distinct band appearing 

at 1538 cm−1. Curve fitting reveals that as expected the major component of the visible 

absorption red-shifts to 552 nm along with several subcomponents contributing at 511, 481, 

and 432 nm (Figure S4). Similar red-shifts are observed in many (but not all) microbial 

rhodopsins upon substituting A2 for A1 retinal, including CaChR1 and CrChR2.48

Upon H/D exchange, the major component of the ethylenic mode at 1513 cm−1 downshifts 

slightly (∼1 cm−1), whereas the higher-frequency component at 1539 cm−1 downshifts 4 

cm−1. This greater sensitivity of the high-frequency ethylenic mode may be explained by an 

increased level of coupling of this mode to the C=N stretch, which downshifts ∼18 cm−1 

upon H/D exchange. A similar effect may also be occurring for the high-frequency ethylenic 

component of GtACR1 with A1 retinal at 1545 cm−1, thus explaining the apparent upshift of 

the overall ethylenic band to 1537 cm−1. In this case, the higher-frequency component 

downshifts, causing an apparent upshift of the entire ethylenic peak.

Interestingly, there is little effect of the A2 retinal substitution on the SB C=N stretch 

frequency for either H2O or D2O. This indicates that the increased level of electron 

delocalization in the polyene chain caused by the A2 substitution does not extend to the 

C=N bond. On the other hand, as discussed above, the frequency of the C10–C11 stretching 

mode at 1161 cm−1 24 upshifts to 1166 cm−1, obscuring the 1171 cm−1 band due to 

increased electron density in the single bond.

Effects of pH

The RRS spectrum of GtACR1 is insensitive to pH changes over the entire range of 3–11 

(Figure 4). For example, only a small increase was detected in the frequency of the major 

component of the ethylenic band of less than ∼1 cm−1. Other regions of the spectrum 

discussed above, including those assigned to the C=N stretch, NH bend, fingerprint, and 

HOOP modes, also remain essentially unaltered. At pH 12, a gradual increase in intensity of 

a band at 1578 cm−1 is observed along with the almost complete disappearance of the 1532 

cm−1 band at pH 12.5. In analogy with the high frequency of the BR M intermediate with an 

ethylenic C=C stretch frequency of 1567 cm−1, the 1578 cm−1 band is likely to correspond 

to the ethylenic stretch of an M-like blue-shifted species formed due to deprotonation of the 

SB. In detergent micelles, visible absorption measurements reveal a transition with a pK of 

∼9 that involved the formation of an M-like product.49 The higher pH for this transition 

observed by RRS for reconstituted membranes is likely due to the combination of two 
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factors: (i) a shift in pKa for this transition to a higher pH due to reconstitution of GtACR1 

in ECPL lipid membranes compared to detergent micelles and (ii) the resonance 

enhancement from the 785 nm excitation that is expected to be weak for a blue-shifted 

deprotonated SB retinal species causing much smaller amounts of the low-pH form to be 

detected in the RRS spectrum even at high pH. Note that other vibrational modes, such as 

from the C=N stretch of the deprotonated SB, are also not expected to be detected due to the 

weak RRS enhancement.

Changes are also detected below pH 3, including an increase for bands most likely 

originating from nonresonance contributions such as bands at 1656 cm−1 and near 1450 

cm−1 that likely arise from the protein. The increased intensity of the 1184 cm−1 band 

characteristic of a 13-cis-retinal isomer28 also occurs, indicating that the retinal is no longer 

in a pure all-trans form.

Effects of Substitution of Glu for Ser97

Ser97 is in the position corresponding to Asp85, the primary SB counterion and proton 

acceptor in BR, and Glu169 in CaChR1. As in HsHR and NpHR, where Ser is found at this 

position, Ser97 is not expected to exist in an ionized form and thus cannot act as a 

counterion to the SB. The S97E mutation at pH 7 causes a 4 cm−1 downshift in the ethylenic 

υC=C (from 1532 to 1528 cm−1) (Figure 5). On the basis of the inverse correlation between 

λmax and υC=C, a red-shift in the visible λmax is expected, which was verified by visible 

absorption spectroscopy (Figure S5). Because introduction of a negative charge near the SB 

is expected to cause an increase in υC=C and a blue-shift in λmax, the result suggests that the 

Glu97 carboxylic acid side chain remains in a neutral state at least at pH 7. There is also 

almost no change in the fingerprint region, in-plane NH bending, and HOOP modes for 

S97E, indicating the chromophore remains in an all-trans configuration similar to that of 

wild-type GtACR1.

However, at higher pH (Figure S6), a transition to a blue-shifted species is observed with an 

ethylenic υC=C at 1545 cm−1. This transition agrees with a large 35 nm blue-shift in the 

visible absorption maximum observed for this mutant with a pKa of ∼849 and most likely 

corresponds to deprotonation of Glu97. At pH >10.5, we also observe the appearance of a 

band at 1579 cm−1, which is similar to the case of WT, can be attributed to deprotonation of 

the SB and formation of an M-like intermediate.

Effects of Substitution of Asn for Asp234

Asp234 is the homologue of the SB counterion Asp212 in BR. Unlike Asp234, where the 

side chain could exist as a neutral carboxylic acid or negatively charged carboxylate, Asn 

remains neutral. Note, however, that it can still participate in hydrogen bonding with the SB 

as indicated for example for the D85N mutant in BR.50 In contrast to S97E, the D234N 

mutation causes a 3 cm−1 upshift in the ethylenic υC=C to 1535 cm−1 and a blue-shift of the 

visible λmax (Figure S5). As discussed above, the upshift of υC=C is inconsistent with a 

simple point charge model in which Asp234 serves as the primary counterion for the PSB. In 

this case, neutralization of Asp234 would be expected to cause a downshifted υC=C and red-

shifted λmax. A change in peak intensity in the fingerprint region is also found possibly due 
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to an increase in the intensity of the 1184 cm−1 band indicative of an increased level of the 

13-cis isomer. The band at 1356 cm−1 assigned to the in-plane NH bending mode also 

disappears, indicative of a change in the hydrogen bonding of the SB. The SB υC=N appears 

upshifted to 1645 cm−1 compared to WT.

Effects of Substitution of Gln for Glu68

Glu68 is in the corresponding position of Glu90 in CrChR2. On the basis of the 3D structure 

of the C1C2 chimera, this residue is likely to be located sufficiently close to interact with the 

GtACR1 PSB,19 and its mutation has significant effects on the channel gating mechanism of 

GtACR1.21 However, the E68Q mutant measured at pH 7 produced no detectable change in 

the RRS spectrum relative to that of WT. Note that although visible absorption 

measurements in detergent micelles reveal a 3 nm red-shift,49 the corresponding shift in the 

ethylenic υC=C is expected to be too small to detect. This observation indicates that Glu68 

most likely exists in a neutral form at neutral pH because otherwise a larger change would 

have occurred. A similar conclusion was also reached for the homologous residue E90 in 

CrChR2 based on UV–visible and FTIR measurements of WT CrChR2 and the E90Q 

mutant.22,51,52 Interestingly, the substitution increases the pH at which SB deprotonation is 

observed compared to that of WT. Like WT, E68Q is very stable up to pH 11 (Figure S7). 

However, at pH 12, unlike WT, no increase was found at 1578 cm−1, indicating that the SB 

has yet not undergone appreciable deprotonation. Instead, a small band appears at 1555 

cm−1, which might correspond to a much smaller blue-shift. At pH 13, both WT and E68 

appear to undergo complete bleaching because no retinal bands are detected in the RRS 

spectra (data not shown). These results suggest interaction of E68 with the PSB in 

agreement with visible absorption effects of the E68Q mutation.49

DISCUSSION AND CONCLUSIONS

More than 50 ChRs have thus far been discovered from chlorophyte algae.53 They constitute 

a phylogenetically diverse group that displays a range of spectroscopic, photocycle, cation 

selectivity, and electrical properties.54 Because of their function as light-activated cation 

channels, chlorophyte ChRs provide important tools for activating excitable cells such as 

neurons. The recent discovery of a new phylogenetically distinct class of type 1 rhodopsins 

from cryptophyte algae that function as anion channel rhodopsins (ACRs) considerably 

expands the repertoire of microbial rhodopsin function. In addition to providing an attractive 

system for studying passive chloride transport through membranes, ACRs hold great 

promise for effective optogenetic inhibition of neurons and other excitable cells.18

Our goal in this study is to investigate the retinal chromophore structure and retinal–protein 

interactions of ACRs. GtACR1 from G. theta is thus far the best characterized ACR.18,21,49 

Some of the key residues in chlorophyte ChRs are conserved.18,21 However, Asp85, the 

helix 3 residue in BR that serves as the primary SB counterion and proton acceptor, is 

replaced with the neutral serine (Ser97) (Figure 6) located near the SB. This residue is also 

neutral (alanine) in the third ACR reported, PsuACR1.55 In contrast, nearly all chlorophyte 

ChRs thus far examined such as CrChR1, CrChR2, and CaChR1 have a glutamic acid 

residue at that position54,56 (one exception is Dunaliella ChR53).
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HRs also have a neutral residue, usually threonine, at the BR Asp85 position.57 In this case, 

the negative charge provided by Asp85 in BR is replaced with a Cl− located near the 

SB.41,42,58–60 The acid purple form of BR produced at pH <2, where both Asp85 and 

Asp212 are neutral,61 also has a monovalent anion located close to the SB. It is possible that 

Asp234, the homologue for BR Asp212, serves as the primary SB counterion. Indeed, it was 

recently established for CaChR1 at pH 7 that Asp299 (the homologue of BR Asp212) serves 

as the primary SB counterion (and SB proton acceptor),62,63 while Glu169, the Asp85 

homologue, is protonated (e.g., neutral).22,63,64 An alternate possibility is that another 

residue such as Glu68, a Cl− ion similar to HR, or a combination of these function as the 

primary counterion.

To investigate these different possibilities, we used near-IR confocal resonance Raman 

microscopy. The production of photointermediates during RRS measurements was 

minimized by the near-IR excitation wavelength (785 nm), which is significantly red-shifted 

relative to the λmax of GtACR1 at 515 nm (Figure S1). Importantly, preresonance with the 

retinal is still obtained, which significantly enhances retinal chromophore vibrations relative 

to other nonresonance vibrations of the protein and lipids. This effect has previously been 

demonstrated with other microbial rhodopsins such as proteorhodopsin, archaerhodopsin, 

and ChRs using excitation wavelengths red-shifted as far as 1060 nm.29,65,66 Confocal 

microscopy also allows small volumes of the sample (several microliters) to be measured in 

a stationary capillary, thus avoiding the use of larger volume flow and spinning cells.

Several conclusions can be drawn from the current results.

(1) GtACR1 Has an all-trans Chromophore with a Configuration Similar to That of BR and 
CaChR1

Although many microbial rhodopsins such as BR have exclusively an all-trans chromophore 

configuration, some microbial rhodopsins in their unphotolyzed state exhibit a mixture of 

different retinal isomers. For example, a recently discovered microbial rhodopsin termed 

middle rhodopsin (MR) can bind 11-cis retinal as does vertebrate rhodopsin.67 In the case of 

ChRs, RRS measurements of CrChR2 reveal a mixture of all-trans and 13-cis retinal in the 

unphotolyzed pigment.22,51,52 In contrast, CaChR1 was found to contain almost exclusively 

an all-trans retinal chromophore on the basis of near-IR RRS.22

We can conclude from the current RRS measurements that the unphotolyzed state of 

GtACR1 contains almost exclusively an all-trans-retinal chromophore. Especially striking is 

the agreement among the GtACR1, BR, and CaChR1 fingerprint, in-plane NH bend, and 

HOOP-mode regions. As discussed above, small differences in the fingerprint region of 

GtACR1 and BR are most likely due to their different visible λmax values at 515 and 570 

nm, respectively.

(2) The GtACR1 SB Is Protonated and Has a Hydrogen Bonding Strength Similar to That of 
BR

RRS-based H/D exchange measurements conclusively show that the SB of GtACR1 is 

protonated in its unphotolyzed state over a wide pH range (see point 3 below). Furthermore, 

on the basis of the magnitude of the H/D-induced υC=N downshift, the hydrogen bonding 
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strength is weaker than those of ChRs previously characterized using this method.22 For 

example, CaChR1 and CrChR2 have 26 and 28 cm−1 H/D-induced downshifts, 

respectively,22,68 compared to a value of 18 cm−1 for GtACR1. A weaker SB hydrogen 

bonding strength might be attributed to the presence of a neutral Ser97 residue instead of a 

negatively charged Asp or Glu residue located close to the SB. However, BR, which has a 

negatively charged Asp85, still exhibits approximately the same H/D downshift. 

Furthermore, RRS and UV–visible pH titration studies indicate that in CaChR1, Glu169, the 

Asp85 homologue, is protonated (e.g., neutral) in the unphotolyzed state of the 

protein.22,63,64 Thus, the overall cause of differences in measured SB hydrogen bonding 

strength between GtACR1 and other microbial rhodopsins is likely to be more complex and 

as described below may involve a number of factors, including the interaction of one or 

more water molecules and possibly a Cl− anion in the active center.

(3) The Protonation State of the SB and Nearby Residues Is Insensitive to pH Changes 
over a Wide pH Range

The RRS spectrum of GtACR1 over the pH range of 3–11 is largely unchanged. For 

example, the ethylenic υC=C shifts less than 1 cm−1. Furthermore, no changes are detected in 

the SB υC=N, fingerprint, in-plane NH bend, and HOOP-mode regions. This lack of changes 

indicates that the retinal chromophore remains in an all-trans protonated SB form and that 

nearby pH titratable groups such as Asp234 do not undergo changes in their protonation 

state (see below).

Part of this insensitivity to pH can be attributed to the presence of a neutral Ser97 at the 

Asp85 primary counterion position. Unlike Asp and Glu residues in BR and many ChRs, the 

neutral Ser OH side chain group is not expected to ionize over this pH range. In contrast, 

Asp234, which is also located near the SB, could undergo a change in protonation in this pH 

range. However, as discussed below, evidence indicates this residue exists in a neutral state 

at least at pH 7.

At pH 12, the intensity of the band at 1578 cm−1 increases, and eventually, the chromophore 

appears to completely bleach as indicated by an absence of strong RRS retinal vibrations 

(data not shown). The appearance of the 1578 cm−1 band is most likely due to deprotonation 

of the SB, which leads to formation of a blue-shifted GtACR1 species that absorbs near 380 

nm typical of an unprotonated retinal SB. For example, at high pH, the BR mutant D85N 

(alkaline form) causes a visible absorption shift from 590 nm to near 400 nm accompanied 

by an upshift of the υC=C from 1515 to 1567 cm−1.50,69 As noted above, the actual 

formation of the deprotonated SB species may occur at a pH lower than that indicated by the 

appearance of the 1578 cm−1 band, because the resonance enhancement from the 785 nm 

excitation is expected to be weak for a blue-shifted deprotonated SB retinal species. This 

effect along with the expected increase in pKa for alkaline titrations in membranes versus 

detergent micelles may explain the lower pKa (∼9) observed for this transition based on 

visible absorption spectroscopy.49

At pH 2.5, changes were observed mainly in bands at 1656 cm−1 and near 1442 cm−1, which 

may be due to protein denaturation and a subsequent increase in nonresonance contributions 

such as the amide I mode. However, major bands assigned to the PSB retinal are still 
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present. In contrast, protonation of the primary counterion Asp85 in BR occurs below pH 3, 

causing a red-shift in λmax from 570 to ∼600 nm and a downshift in νC=C from 1527 to 

1518 cm−1.70 It is thus likely that no change in the protonation state occurs at least down to 

pH 2.5 for residues located close to the SB in GtACR1, including Asp234.

(4) Glu68, Ser97, and Asp234 Do Not Serve as the Primary Counterions for the SB at pH 7

RRS measurements indicate that unlike in BR, the homologues of Asp85 and Asp212 in 

GtACR1, Ser97 and Asp234, respectively, are unlikely to serve as primary counterions for 

the PSB. First, the high pKa of the Ser hydroxyl group rules out Ser97 ionization. Even 

when Ser97 is replaced with Glu97, our results indicate that it remains in a neutral form (i.e., 

as a carboxylic acid) at neutral pH and deprotonates at higher pH. Second, the magnitude 

and direction of υC=C and visible λmax shifts for D234N indicate that Asp234 does not 

strongly interact with the PSB in an ionized form. In fact, replacement of an ionized Asp234 

with a neutral Asn234 is expected on the basis of a simple point charge model42,71 to cause a 

decrease in υC=C and an increase in visible λmax, while the opposite response is observed 

for D234N (Figure 6 and Figure S5).

An alternative candidate for the primary counterion for the SB is Glu68. On the basis of 

homology modeling with the C1C2 chimera, this residue is expected to be in a position that 

would allow interaction with the SB.19 However, the effects of the E68Q substitution on the 

RRS spectrum are not consistent with this residue interacting with the SB in an ionized state 

at neutral pH. Instead, the substitution appears to increase the pH for SB deprotonation 

compared to that of WT. One possible explanation is that because Glu68 already exists in a 

neutral form, substitution of a neutral Gln does not alter significantly the environment of the 

chromophore near the PSB at neutral pH. On the other hand, at higher pH, deprotonation of 

Glu68 may precede SB deprotonation. If this were true, then substitution with a 

nonionizable Gln residue might raise the pH required for SB deprotonation as observed.

In view of these results, an obvious possibility is that an anion such as chloride acts a Schiff 

base counterion similar to halorhodopsins. However, recent experiments reveal that the 

visible absorption and photocycle kinetics of GtACR1 are insensitive to deionization and 

replacement of Cl− with SO4
2−.49 In this regard, FTIR difference spectroscopy, which can be 

sensitive to alterations in anion–protein interaction(s),41 may be used to further investigate 

the effects on GtACR1 structure and photocycle conformational changes.

It is also important to note that the protonation of an Asp or Glu residue in the unphotolyzed 

state of GtACR1 does not necessarily exclude it from functioning as an acceptor group for 

the SB proton during the active photocycle. In fact, in a previous study of CaChR1, RRS and 

FTIR evidence supported a model in which Glu169 (the BR Asp85 homologue) is 

protonated in the unphotolyzed “ground” state, is deprotonated during the K 

photointermediate, and accepts a proton from the SB during formation of the M 

intermediate.63 A similar “two-step” process may apply to Glu68, which appears to be a 

likely candidate for the SB proton acceptor.49 For example, Gln substitution results in a 4–5-

fold decrease in the degree of accumulation of the M intermediate and corresponding 

disappearance of fast channel closing at pH 7.4. In addition, this substitution eliminates a 
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pH-dependent shift in the maximal absorption wavelength of the unphotolyzed WT.49 FTIR 

difference measurements currently underway are designed to further test this model.

Supplementary Material

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

ACR anion channelrhodopsin

ChRs channelrhodopsins

RRS resonance Raman spectroscopy

FTIR Fourier transform infrared

GtACR1 ACR from G. theta

CaChR1 channelrhodopsin-1 from Chlamydomonas augustae

CrChR2 channelrhodopsin-2 from C. reinhardtii

BR bacteriorhodopsin

HR halorhodopsin

H/D hydrogen/deuterium

SB protonated Schiff base

C1C2 chimera of CrChR1 and CrChR2

PSB protonated Schiff base

HsHR HR from H. salinarum

NpHR HR from N. pharaonis
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Figure 1. 
RRS spectra of the BR (in the purple membrane), GtACR1, and CaChR1 (reconstituted into 

E. coli polar lipids). Data were recorded at room temperature using a 785 nm probe laser 

with a power of 100 mW (40 mW measured at the sample) for BR and CaChR1 and with a 

power of 300 mW (70 mW measured at the sample) for GtACR1. In this figure and Figures 

2–5 and Supplementary Figures 6 and 7, except where noted, spectra were not smoothed and 

were scaled using the intensity of the peaks in the fingerprint region and a background 

spectrum of the borosilicate capillary and buffer was subtracted from the sample. Additional 

details are given in Materials and Methods.
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Figure 2. 
Comparison of resonance Raman spectra of GtACR1 and CaChR1 recorded in H2O and 

D2O. Data were recorded at room temperature using a 785 nm probe laser with a 100 mW 

power (40 mW measured at the sample) for CaChR1 and with a 300 mW power (70 mW 

measured at the sample) for GtACR1.
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Figure 3. 
Comparison of resonance Raman spectra of GtACR1 with A1 and A2 retinals recorded in 

H2O and D2O. Data were recorded at room temperature using a 785 nm probe laser with a 

100 mW power (40 mW measured at the sample) for BR and CaChR1 and with a 300 mW 

power (70 mW measured at the sample) for GtACR1.
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Figure 4. 
Resonance Raman spectra of GtACR1 recorded at various pH values ranging from 2.5 to 

12.5. Data were recorded at room temperature using a 785 nm probe laser with a 300 mW 

power (70 mW measured at the sample). Spectra were not smoothed and were scaled using 

the intensity of the peaks in the fingerprint region (except for pH 12.5, which was scaled 

using the protein band near 1004 cm−1).
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Figure 5. 
Comparison of resonance Raman spectra of GtACR1 WT and its mutants E68Q, S97E, and 

D234N. Data were recorded at room temperature using a 785 nm probe laser with a 300 mW 

power (70 mW measured at the sample).
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Figure 6. 
Sequence of GtACR1 and its predicted folding pattern. Highlighted residues include Ser97 

and Asp234, which are homologues of Asp85 and Asp212, respectively, in BR that comprise 

the complex counterion to the SB.
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