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Abstract: Channelrhodopsins (ChRs) are light-gated ion channels that are receiving increasing
attention as optogenetic tools. Despite extensive efforts to gain understanding of how these channels
function, the molecular events linking light absorption of the retinal cofactor to channel opening
remain elusive. While dark-state structures of ChR2 or chimeric proteins have demonstrated the
architecture of non-conducting states, there is a need for open- and desensitized-state structures to
uncover the mechanistic principles underlying channel activity. To facilitate comprehensive structural
studies of ChR2 in non-closed states, we report a production and purification procedure of the D156C
form of ChR2, which displays prolonged channel opening compared to the wild type. We demonstrate
considerable yields (0.45 mg/g fermenter cell culture) of recombinantly produced protein using S.
cerevisiae, which is purified to high homogeneity both as opsin (retinal-free) and as functional ChR2
with added retinal. We also develop conditions that enable the growth of ChR2 crystals that scatter
X-rays to 6 Å, and identify a molecular replacement solution that suggests that the packing is different
from published structures. Consequently, our cost-effective production and purification pipeline
opens the way for downstream structural studies of different ChR2 states, which may provide a
foundation for further adaptation of this protein for optogenetic applications.

Keywords: optogenetics; channelrhodopsin-2; open state; production; purification; crystallization

1. Introduction

Channelrhodopsins (ChRs) are extraordinary proteins that have revolutionized the
field of neurobiology, exploited in transgenic mice to control and map neural circuits [1–3].
They function as light-gated ion channels that rapidly depolarize the cell membrane, and
have as such attracted enormous interest as optogenetic tools to remotely control muscle
and neuron activity in neural cell cultures and living animals [4–6]. ChRs have also been
explored as novel treatments against severe neurological diseases such as Parkinson’s
disease [7], and for restoration of sight in patients [8]. Consequently, these targets are of
high biochemical and biomedical relevance.

Channelrhodopsin-1 (ChR1) and Channelrhodopsin-2 (ChR2) from the unicellular
algae Chlamydomonas reinhardtii were the first identified and characterized light-gated
ion channels [4,9]. They primarily serve as sensory photoreceptors to regulate flagellar
function that guides the organism to ambient light conditions—a process also known as
phototaxis [10]. Additional channelrhodopsins have been identified, such as VChR1 from
Volvox carteri, CsChR from Chloromonas subdivisa, CoChR from Chloromonas oogama, and
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SdChR from Scherffelia dubia [11,12]. Because of its high expression level in host cells and
activation at lower light intensities, ChR2 is the first choice in optogenetics, and several
forms with desirable properties have been engineered [13].

ChRs belong to the large family of microbial rhodopsins. They consist of seven
transmembrane helices (TM1–TM7), with a covalently bound retinal cofactor attached to
a highly conserved lysine via a protonated so-called “Schiff base” (SB), i.e., linked via
the nitrogen atom of the lysine side chain. Light is initially sensed by the bound retinal,
triggering a photocycle—a series of conformational changes, some of which are detectable
spectrophotometrically, that allow for permeation of a variety of monovalent and divalent
cations as well as water-mediated protons in ChRs or, for example, proton pumping in
bacteriorhodopsins (bRs) [14–18].

A variety of methods—such as UV/Vis, FTIR, and Raman spectroscopy, together
with mutational studies and high-resolution structural information—have improved our
mechanistic understanding of ChRs [19–23]. Two principal states—closed state 1 (C1)
and open state 1 (O1)—have been described for ChR2 under single-turnover conditions
(Figure 1). Continuous illumination initiates a branched photocycle, with two additional
main states: closed state 2 (C2) and open state 2 (O2) [24,25]. The C2 state can revert to
the closed state C1 when left in the dark for some time [26]. Compared to the open O1
state of the single-turnover photocycle, the corresponding open O2 state under continuous
illumination shows significantly reduced conductance [27]. This dual photocycle provides a
foundation for the phenomenon of desensitization, associated with a decay of photocurrents
to lower steady-state currents, and light adaptation with smaller peak currents, which
cannot be described by a single-turnover reaction cycle [26,27].
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Figure 1. Light-dependent photocycle model of ChR2: To the left and right, the reaction cycles under
single light turnover and continuous illumination, respectively, are shown, leading to the conducting
open states O1 and O2, respectively. The cycles are interconnected through the closed states.

Two monomers assemble and form two independent ion conductance pathways, each
with four internal cavities separated by three gates [19]. Associated with the central gate
and directly linked to the retinal chromophore is the so-called DC pair, formed by residues
C128 of TM3 and D156 of TM4, which is of particular functional importance for the channel
kinetics [28–30]. The C128T mutant, for instance, exhibits a 200-fold extended lifetime [31],
and substitution of D156 with alanine or cysteine also results in a dramatically long-lasting
open state compared to wild-type ChR2 [29,32]. The current dogma is that light-induced
isomerization of retinal leads to rearrangement of the internal hydrogen bonding network,
opening the gates for ion passage.

However, to date, no high-resolution structural information of ChR2 in an open or
desensitized state is available; hence, details of the ion pathway remain enigmatic, and it
is not clear how photoactivation is linked to ion conductivity, or how desensitization and
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light adaption occur at a molecular level. The latter two processes represent key limitations
of ChR2 for exploitation as an optogenetic tool [33]. Therefore, it is also of importance
for future neurological and biotechnical applications to understand the molecular basis
for light-activated ion conductance in ChR2, thereby permitting downstream rational
adaptation of ChRs.

In order to obtain a deeper understanding of the molecular mechanism behind channel
opening, structural information on ion-conducting or light-adapted states is critically
required. Thus, mutants with an extended lifetime of the conducting state represent
attractive forms for such structural studies. However, an existing C128T ChR2 structure
revealed an obstructed dark-state conformation [19]. Nevertheless, as substitutions of
DC pair residues display different photochemistry, mutant forms of D156 may still be
promising to shed further light on the conductance mechanisms [29,30].

Here, we report production and purification procedures of two different D156 ChR2
mutants from S. cerevisiae. The folding and stability of the D156C form appears to be
independent of retinal, and we describe conditions that yield crystals that diffract to
6 Å and solve the structure using molecular replacement. The packing of this crystal
form is different compared to published structures, with two biological dimers in the
asymmetric unit.

2. Materials and Methods
2.1. Construction and Overexpression of Recombinant Plasmids

The cDNAs for two mutants of ChR2—ChR2 (D156C) and ChR2 (D156A)—were
provided by Georg Nagel, Julius-von-Sachs-Institut of Biosciences, Julius Maximilian Uni-
versity of Würzburg, Germany. The cDNAs were amplified by PCR with AccuPol DNA
polymerase and, together with the cDNA for yEGFP, transformed into the S. cerevisiae strain
PAP1500 along with BamHI- and HindIII-digested pEMBLyex4 [34] to generate ChR2-
GFP-8His expression plasmids via homologous recombination. The sequences of the two
plasmid constructs were verified by DNA sequencing (Eurofins, Hamburg Germany). Over-
production of the constructs was performed essentially as described previously [33,35–38].
After 96 h, the cells were harvested at 3000× g for 10 min at 4 ◦C.

2.2. Protein Quantification Estimation by Whole-Cell Fluorescence

A total of 200 µL of the yeast culture was harvested at 1000× g for 5 min and resus-
pended in 200 µL of Milli-Q water. The fluorescence of the GFP-tagged protein constructs
was measured on a Spectro microplate fluorometer (Fluoroskan Ascent, Thermo Labsys-
tems, Vantaa, Finland) at 485 nm excitation and 520 nm emission. Milli-Q water was used
as a control. The amount of produced protein was calculated with separately purified GFP
that was mixed with yeast membranes as a standard, as described elsewhere [35,36].

2.3. Bioimaging of Live Yeast Cells

Cellular localization of the C-terminal GFP fusions was detected by live cell bioimaging
at 1000× magnification, using a Nikon Eclipse E600 microscope equipped with an Optronics
MagnaFire model S99802 camera.

2.4. Membrane Preparation

Crude membranes of yeast were prepared by disrupting the cells mechanically with
glass beads, as described previously [37]. Briefly, cells were resuspended in lysis buffer
containing 20 mM Tris-HCl (pH = 7.5), 500 mM NaCl, and 10% v/v glycerol and protease in-
hibitors (1 mM PMSF and 1 SIGMAFAST protease inhibitor cocktail tablet (Sigma, St. Louis
Missouri, MO, USA) at a ratio of 40–50 g wet cell weight for 200 mL of buffer. Cells were
lysed through high-speed mixing in the presence of glass beads for 6 × 1 min, with 2 min
breaks on ice. The supernatant was collected and the glass beads were washed twice in
50 mL of ice-cold lysis buffer. Unbroken cells and cell debris were removed from the
combined supernatants by centrifugation at 5000× g for 20 min at 4 ◦C. The membranes
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were pelleted via ultracentrifugation at ~142,000× g for 3 h at 4 ◦C. The membranes were
resuspended in lysis buffer using a ratio of 1 g of wet weight of membrane per 50 mL of
buffer with protease inhibitors, and kept at −80 ◦C until further usage.

2.5. Protein Purification

Crude membranes were thawed on ice and subsequently solubilized in ice-cold sol-
ubilization buffer (20 mM Tris-HCl (pH = 7.5), 500 mM NaCl, 10% (v/v) glycerol, 2 mM
β-mercaptoethanol, 1 mM PMSF, and 1 mM retinal supplementation for retinal-bound
state purification, without adding 1 mM retinal for non-retinal-bound state purification)
supplemented with SIGMAFAST protease inhibitor cocktail by slow stirring for 4 h at 4 ◦C
in the presence of 1% (w/v) n-dodecyl-β-D-maltopyranoside (DDM, Anatrace, Maumee,
OH, USA) and 0.33% (w/v) cholesteryl hemisuccinate Tris salt (CHS) (Anatrace, Maumee,
OH, USA). The solubilized protein was ultracentrifuged at ~142,000× g for 30 min at 4 ◦C
and then filtered through a 0.45 µm filter membrane. The solubilized material was loaded
onto a 5 mL pre-equilibrated Ni-NTA HisTrap column (Cytiva, München, Germany) and
washed and eluted stepwise using imidazole (5 CVs (column volumes) 0 mM imidazole,
10 CVs 60 mM imidazole, and 10 CVs 250 mM imidazole) in purification buffer (20 mM
Tris-HCl (pH = 7.5), 500 mM NaCl, 10% (v/v) glycerol, 2 mM β-mercaptoethanol). The peak
fractions were pooled and digested by TEV using a protein-to-TEV ratio of 1:10 (w/w) dur-
ing dialysis in buffer (20 mM Tris-HCl (pH = 7.5), 500 mM NaCl, 10% (v/v) glycerol, 2 mM
β-mercaptoethanol, 0.03% (w/v) DDM, and 0.01% (w/v) CHS) at 4 ◦C. After 12–18 h, the
digested protein was purified by reverse-affinity purification in order to remove the cleaved
GFP-8His tag, His-tagged TEV, uncleaved recombinant protein, and possible contaminants
from the initial affinity purification procedure. The sample was concentrated to 10 mg/mL
using Vivaspin 50 kDa MWCO concentrators (Vivaproducts, Littleton, MA, USA) and
stored at −80 ◦C. The protein was further purified by size-exclusion chromatography (SEC)
using a Superdex increase 200 10/300 GL column (Cytiva) pre-equilibrated in SEC buffer
(50 mM sodium citrate (pH = 5.5, 100 mM NaCl, 5% (v/v) glycerol, 5% (w/v) sorbitol, 2 mM
β-mercaptoethanol, 0.4% (w/v) n-nonyl-β-D-glucoside (Anatrace, Maumee, OH, USA),
and 0.02% (w/v) CHS). SDS–PAGE was used to assess the purity of samples throughout
the purification procedure.

2.6. Crystallization and Optimization

The peak fractions from the SEC purification were pooled and concentrated to 5 mg/mL
and 10 mg/mL, respectively, using Vivaspin 50 kDa MWCO concentrators, and then crys-
tallized via the hanging-drop vapor-diffusion method. The initial crystals were obtained
using 1 µL of protein (5 mg/mL) and 1 µL of precipitant solution of 6% (v/v) Tacsimate pH
= 6.0, 0.1 M MES monohydrate pH = 6.0, and 25% (w/v) polyethylene glycol 4000, from
the PEGRx2 commercial screen (Hampton Research). Crystals were optimized, yielding
the final crystallization condition, which was used to collect the following data: 41% (w/v)
PEG400, 6% (w/v) Tacsimate pH = 6.0, and 0.1 M MES pH = 6.0, plus 1% cyclofos-7 and
0.2 M NDSB-195. Crystals were harvested by using Litholoops (Molecular Dimensions,
Holland, OH, USA) and flash-cooled in liquid nitrogen.

2.7. Data Collection and Analysis

X-ray diffraction data were collected at 110 K at the Swiss Light Source, the Paul
Scherrer Institute, Zurich (https://www.psi.ch/sls/, accessed on 3 October 2017), at the
X06SA beamline. The collected data were scaled and processed by XDS [38]. The initial
phases of the structure were obtained by molecular replacement using PHASER [39] in the
Phenix package, with the wild-type ChR2 (PDB-ID:6EID) [19] as a search model.

https://www.psi.ch/sls/
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3. Results and Discussion
3.1. Production and Localization in S. cerevisiae

The lack of structural information on desensitized and open states of ChR2 severely
restricts our understanding of the molecular mechanisms underlying light-induced ion
passage, light adaptation, and desensitization. With the aim of producing high amounts of
ChR2 for comprehensive structural studies on ChR2’s desensitized and open states, the
ChR2 mutants D156A and D156C are of particular interest, since they exhibit prolonged
channel opening [29,32]. Hitherto, ChR2 has primarily been recombinantly produced in
insect cells, worm cells, and Pichia pastoris [19,40,41] for structural and functional studies,
and through supplementation of retinal in order to obtain stable protein [42]. However,
successful post-production addition of retinal has been demonstrated for several microbial
rhodopsins synthesized using E. coli [43]. In contrast, it has been observed that the limited
amount of available all-trans-retinal in Xenopus oocytes is insufficient to produce stable
ChR2, as the protein is rapidly degraded [44]. When generated in Drosophila, it was found
that the D156C mutant possessed improved features compared to wild-type ChR2, such as
higher expression levels, a prolonged open lifetime, and high photocurrents [32]. In this
work, production of ChR2 in Saccharomyces cerevisiae was exploited for the first time without
the supplementation of retinal, as protein production in yeast is advantageous due to low
costs, the fast growth of large cultures, and the ease of genetic manipulation. We applied
an inducible production platform especially developed for challenging membrane proteins
with a C-terminal GFP fusion [33,35,36], and were able to recover high amounts—up to
9 mg protein/L cell culture of ChR2 (D156C) (Figure 2A). The production levels of the
D156A mutant were much lower, and for this reason we focused our work on the D156C
mutant. The GFP signal detected in cells suggests that ChR2 was correctly folded, as
C-terminal GFP fusions are frequently exploited as reporters of the protein quality [45]
(Figure 2B,C).
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Figure 2. Protein production levels of the ChR2 forms and live cell bioimaging of ChR2 (D156C):
(A) The measured fluorescence signal in whole cells was converted to protein concentration by
applying a GFP standard, as described previously [32]. The scale represents mg of protein per liter of
cell culture. (B) Differential interference contrast microscopy and (C) GFP fluorescence microscopy,
showing cells 96 h after induction with galactose.
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3.2. Purification and Absorption Spectra

It has been reported that the function of the D156C mutant is less dependent on the
supplementation of retinal, and this was explained by a higher affinity of the D156C mutant
for retinal [32]. In this light, and considering that the cofactor binds covalently to apo-ChR
(also known as opsin), we typically only provided retinal (e.g., all-trans, 15-anti) during
solubilization, without addition in the pre- or post-purification steps. ChR2 was solubilized
from isolated yeast membrane using DDM doped with cholesterol (CHS), and subsequent
affinity purification and reverse-affinity purification following removal of the GFP-His
tag yielded samples with high purity (Figure 3). Size-exclusion chromatography (SEC)
was performed as a final purification step. In line with previous studies, the absorption
maximum of retinal-bound D156C was 480 nm; hence, the elution profile of the SEC
was monitored at both 280 nm and 480 nm. The obtained SEC profile indicates that the
sample is monodisperse, and the position of the peak at 280 nm correlates well with
the position of the peak at 480 nm, thus indicating that retinal has bound to the protein,
representing a key quality marker of the generated sample as compared to other microbial
rhodopsins (Figure 3A) [46,47]. SDS–PAGE analysis of SEC-purified D156C underscores
the high purity of the protein, displaying two protein bands that represent monomeric
and a dimeric (partially SDS-resistant) forms of the purified protein that have also been
reported previously [19] (Figure 3C).
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(A) Size–exclusion profile of ChR2 (D156C) with retinal supplementation from solubilization of the
membranes, and throughout the subsequent purification steps. The blue and orange lines indicate
the absorbance at 280 and 480 nm, respectively. (B) As in panel A, but without retinal throughout
production and purification. (C) Coomassie–stained SDS–PAGE of SEC–purified fractions with elution
volumes from 11 to 15 mL (lanes 1–6). Insert: an Eppendorf tube containing the purified protein sample.
(D) The absorption spectrum of free retinal is shown in yellow, with maximum absorption at 380 nm.
The absorption spectrum of ChR2 (D156C) supplemented with retinal only during purification, with
absorption maxima at 280 nm and 480 nm, is shown in blue. The 280 nm/480 nm ratio for the sample is
2.06, indicative of A well-folded and well-purified ChR2 sample.
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Interestingly, we were also able to produce and purify the D156C mutant in the
complete absence of supplemented retinal (throughout the production and purification
procedure), obtaining stable protein, as displayed through comparison of the SEC profiles
of the D156C form in both the presence and absence of retinal (Figure 3A,B). Subsequent
addition of retinal indicated that binding may also be achieved at later stages, as indicated
by the absorption shift from 380 nm (free retinal) to 480 nm in the presence of protein—again
indicative of well-folded protein (Figure 3D).

3.3. Crystallization

Crystallization screening with vapor diffusion was performed at 4 and 18 ◦C, using
continuous illumination with blue light, with the aim of obtaining a desensitized or open
state of ChR2. Initial clustered crystals (Figure 4A) in 6% v/v Tacsimate pH = 6.0, 0.1 M
MES monohydrate pH = 6.0, and 25% w/v polyethylene glycol 4000 were optimized to
separate individual cubic crystals in 41% PEG400, 6% Tacsimate pH = 6.0 and 0.1M MES
pH = 6.0, cyclofos-7, and NDSB-195 (Figure 4B). These crystals diffracted to 6 Å and the
space group was determined to be C222, with unit cell parameters a = 117.2 Å, b = 179.9 Å,
and c = 125.0 Å (Table 1). A molecular replacement (MR) solution was identified using
Phaser [35] by performing the search with one biological dimer of the wild-type structure
(PDB-ID: 6EID) [19] (Figure 5A), yielding a translation function Z-score of 5.7 and a log-
likelihood gain of 73.8 [39]. Notably, a comparable solution was also found by providing
only one monomer of the wild-type structure as the search model, strengthening the
correctness of the molecular replacement solution.

Cells 2022, 11, x FOR PEER REVIEW 8 of 12 
 

 

Interestingly, we were also able to produce and purify the D156C mutant in the com-
plete absence of supplemented retinal (throughout the production and purification pro-
cedure), obtaining stable protein, as displayed through comparison of the SEC profiles of 
the D156C form in both the presence and absence of retinal (Figure 3A,B). Subsequent 
addition of retinal indicated that binding may also be achieved at later stages, as indicated 
by the absorption shift from 380 nm (free retinal) to 480 nm in the presence of protein—
again indicative of well-folded protein (Figure 3D). 

3.3. Crystallization 
Crystallization screening with vapor diffusion was performed at 4 and 18 °C, using 

continuous illumination with blue light, with the aim of obtaining a desensitized or open 
state of ChR2. Initial clustered crystals (Figure 4A) in 6% v/v Tacsimate pH = 6.0, 0.1 M 
MES monohydrate pH = 6.0, and 25% w/v polyethylene glycol 4000 were optimized to 
separate individual cubic crystals in 41% PEG400, 6% Tacsimate pH = 6.0 and 0.1M MES 
pH = 6.0, cyclofos-7, and NDSB-195 (Figure 4B). These crystals diffracted to 6 Å and the 
space group was determined to be C222, with unit cell parameters a = 117.2 Å, b = 179.9 
Å, and c = 125.0 Å (Table 1). A molecular replacement (MR) solution was identified using 
Phaser [35] by performing the search with one biological dimer of the wild-type structure 
(PDB-ID: 6EID) [19] (Figure 5A), yielding a translation function Z-score of 5.7 and a log-
likelihood gain of 73.8 [39]. Notably, a comparable solution was also found by providing 
only one monomer of the wild-type structure as the search model, strengthening the cor-
rectness of the molecular replacement solution. 

 
Figure 4. Crystals of ChR2 (D156C): (A) Initial crystals grown with reservoir solution containing 6% 
(v/v) Tacsimate pH = 6.0, 0.1 M MES monohydrate pH = 6.0, and 25% (w/v) polyethylene glycol 4000. 
(B) Optimized conditions containing 41% (v/v) PEG400, 6% (v/v) Tacsimate pH = 6.0, 0.1 M MES pH 
= 6.0, 1% cyclofos-7, and 0.2M NDSB-195, yielding cubic crystals. 

Table 1. Summary of data collection statistics. Values in parentheses are for the highest resolution 
shell. 

Space Group C222 
a, b, c, Å 117.095 179.928 126.471 
α, β, γ, ° 90.00 90.00 90.00 

Figure 4. Crystals of ChR2 (D156C): (A) Initial crystals grown with reservoir solution containing 6%
(v/v) Tacsimate pH = 6.0, 0.1 M MES monohydrate pH = 6.0, and 25% (w/v) polyethylene glycol 4000.
(B) Optimized conditions containing 41% (v/v) PEG400, 6% (v/v) Tacsimate pH = 6.0, 0.1 M MES
pH = 6.0, 1% cyclofos-7, and 0.2M NDSB-195, yielding cubic crystals.

The crystals pack as type I crystals, and two biological dimers are found in the asym-
metric unit (Figure 5B) in contrast to the wild type and the C128T structure, where the
asymmetric unit consists of two inversely orientated protomers (Figure 5C) [19]. The differ-
ent packing and crystal contacts in the D156C mutant may indicate a distinct conformation
compared to previously published structures, but optimization of the crystals to yield
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higher resolution data will be required in order to refine and confidently interpret the
structural model in detail.

Table 1. Summary of data collection statistics. Values in parentheses are for the highest resolu-
tion shell.

Space Group C222

a, b, c, Å 117.095 179.928 126.471
α, β, γ, ◦ 90.00 90.00 90.00

Resolution, Å 50–5.0 (5.3–5.0)
Rmerge % 30.1 (337.5)

I/σ 2.7 (0.5)
Completeness, % 99.4 (98.4)

CC(1/2) 100.0 (79.4)
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Figure 5. MR solution of the D156C mutant and comparison to the crystal packing of the wild type:
(A) Molecular replacement solution of the D156C mutant, using the wild-type structure (PDB-ID:
6EID) as a search model. The 2FO-FC density map is shown in purple, at σ = 1.0. The FO-FC density,
with negative values indicated in red and positive values indicated in green, is shown at σ = 3.0.
(B) The obtained crystal packing of the ChR2 (D156C) crystals. The unit cell is indicated in black.
(C) Packing of the wild-type ChR2 crystals (PDB ID: 6EID) [19], with the unit cell indicated by a
black line.

4. Conclusions

Our established procedure for the production and purification of high amounts of
pure and stable ChR2 (D156C) will be beneficial for downstream crystal optimization
efforts. Considering that spectroscopic, structural, and computational studies hint that
the conformational changes in ChRs are substantial, densely packed crystals such as those
reported from LCP experiments may not be amenable for light-triggered structural studies.
In contrast, the alternative packing obtained here using vapor diffusion may be more
suitable for such studies, following further optimization. However, it remains possible that
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complementary crystal forms—e.g., those grown in detergent, in meso, or in the presence of
high concentrations of lipids and detergent—may be applicable as well [48–50]. Neverthe-
less, the isolation method and the particular ChR2 mutant form likely pave the way for the
structural determination of an open-state structure, but such an ambition may also require
time- and light-resolved data collection strategies, as previously successfully applied to
obtain high-resolution structures of, for example, bacteriorhodopsin [51]. Nevertheless,
the D156C mutant is especially promising for these purposes, due to its prolonged open
lifetime compared to the wild-type ChR2 [32], as well as its high production levels and
stability, as reported here. Thus, the ChR2 (D156C) mutant deserves more attention so as to
obtain further structural information to shed more light on the overall reaction cycle, and
thereby to enable modulation of ChR2 for optogenetic applications.
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